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Kupe Virus, a New Virus In the
Family Bunyaviridae, Genus
Nalirovirus, Kenya

Mary B. Crabtree, Rosemary Sang, and Barry R. Miller

We have previously described isolation and prelimi-
nary identification of a virus related to Dugbe virus (DUGV),
family Bunyaviridae, genus Nairovirus. Six isolates of the
virus were obtained from pools of Amblyomma gemma and
Rhipicephalus pulchellus ticks collected from hides of cattle
in Nairobi, Kenya, in October 1999. We report results of
further characterization of this virus, including growth kinet-
ics in cell culture and full-length genome sequencing and
genetic characterization, which show it to be distinct from
DUGV. We suggest that this is a new virus in the family
Bunyaviridae, genus Nairovirus, and we propose that it be
designated Kupe virus.

he genus Nairovirus in the family Bunyaviridae com-

prises 7 species groups containing primarily tick-borne
viruses, some of which have been identified as human or
animal pathogens. The genome of the nairoviruses consists
of 3 segments of negative-sense, single-stranded RNA,
small (S), medium (M), and large (L), which encode the
nucleocapsid protein, glycoproteins (Gn and Gc), and vi-
ral polymerase, respectively. Additionally, an M segment—
encoded nonstructural protein, NS, , was recently identified
in the nairovirus Crimean-Congo hemorrhagic fever virus
(CCHFV) (1). Inrecent years, nucleotide and amino acid se-
quence information has become available so that additional
characterization of these viruses is possible, including fur-
ther analysis of relationships among members of the genus.
Full-length sequence data are now available for CCHFV,
Hazara virus (HAZV) and Dugbe virus (DUGV), and par-
tial sequences are available for many other members of the

Author affiliations: Centers for Disease Control and Prevention,
Fort Collins, Colorado, USA (M.B. Crabtree, B.R. Miller); and Ke-
nya Medical Research Institute, Nairobi, Kenya (R. Sang)

DOI: 10.3201/eid1502.080851
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genus. CCHFV, which ranges from sub-Saharan Africa to
western People’s Republic of China, is currently the most
well characterized member of the genus. DUGV, also well
characterized, is commonly isolated in surveillance studies
conducted in Africa and appears to be endemic in most of
the drier parts of this continent. DUGV is transmitted by
ticks to vertebrates, including humans, and causes a mild
febrile illness and thrombocytopenia (2).

In a recent survey of ticks infesting market livestock
in Nairobi, Kenya, we identified 26 isolates of DUGV and
additionally obtained several isolates of a virus that was
identified as a nairovirus related most closely to DUGV (3).
We report further characterization of the K611 isolate of
this virus, including the full-length genome. Our findings
suggest that this is a new virus in the genus Nairovirus, and
we propose that it be designated Kupe virus (Kupe is the
Kiswabhili word for tick).

Materials and Methods

Isolates of viruses were obtained from pools of ticks
collected at abattoirs in Nairobi, Kenya, as described (3).
The K611 isolate used in this study was obtained from a
pool of Amblyomma gemma ticks in October 1999.

Characterization of Viruses in Cell Culture and Mice
Growth of Kupe virus and DUGV was tested in Vero
(African green monkey kidney), LLC-MK, (rhesus mon-
key kidney), BHK (baby hamster kidney), SW-13 (hu-
man adrenal cortex carcinoma), HelLa (human cervical
adenocarcinoma), HUH-7 (human hepatocarcinoma),
and C6/36 (Aedes albopictus mosquito) cells in culture.
Growth kinetics of the 2 viruses were compared in a 13-
day growth curve in which cells were infected at a mul-
tiplicity of infection of 0.01 and aliquots removed daily.
Virus titers were assayed on Vero cell monolayers in
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6-well plates by using a published double-overlay method
(4). Second overlays containing neutral red were added at
6-days postinfection.

Nucleic Acid Sequencing

Viruses to be sequenced were amplified in Vero cells,
and viral RNA was extracted from cell culture supernatant
by using the QIAamp Viral RNA Mini Kit (QIAGEN, Va-
lencia, CA, USA). Reverse transcription—PCR was con-
ducted by using the Titan One Tube Reverse Transcription—
PCR system (Roche, Indianapolis, IN, USA). Amplified
products were purified by agarose gel electrophoresis, and
DNA fragments were extracted by using the MinElute Gel
Extraction Kit (QIAGEN). Purified DNA fragments were
sequenced by using the BigDye 3.1 kit (PE Applied Bio-
systems, Foster City, CA, USA) and analyzed by using
a model 3130 automated sequencer (PE Applied Biosys-
tems). Both strands of the DNA were sequenced.

The full-length genome of Kupe virus isolate K611
was sequenced, beginning with fragments amplified by
Nairobi sheep disease virus (NSDV)—specific primers or
DUGV-specific primers from each segment. Full-length
sequence was obtained by using a previously described
method of primer walking and the 5/3" Rapid Amplifi-
cation of cDNA Ends (RACE) Kit (Roche), which was
used to determine the sequence of the segment ends (5).
Fragments of the S (nt 413-916), M (nt 408-2372), and L
(nt 6656-8185) segments from other Kupe virus isolates
were also sequenced for comparison (3). Additionally,
fragments of the S, M, and L segments from isolates of
DUGV collected in 1999 from the Nairobi abattoirs were
sequenced by using primers designed from the published
sequence of DUGV (3).

Genome Characterization and Comparison
with Other Viruses

The nucleotide sequence of each segment of the
Kupe virus genome was analyzed for open reading frames
(ORFs) by using the EditSeq module of Lasergene (DNAS-
TAR, Inc., Madison, WI, USA) and translated into deduced
amino acid sequence. Identification of protein motifs and
potential sites for glycosylation was accomplished by us-
ing Prosite (http://ca.expasy.org/prosite), psi-BLAST and
CDS-BLAST (www.ncbi.nlm.nih.gov/BLAST), NetOGlyc
3.1, and MOTIFS in the Wisconsin Package version 11.1.2
(6,7). Nucleotide and amino acid sequences were compared
with DUGV, CCHFV, NSDV, and HAZV sequences. Gen-
Bank accession numbers for sequences used in this study
are listed in Table 1 or in the text below. Sequence align-
ments were performed by using the PILEUP and GAP pro-
grams in the Wisconsin Package. Sequence identities were
calculated by using the GAP program (Wisconsin Package)
or MegAlign (Lasergene; DNASTAR, Inc.). Phylogenetic
analysis of alignments was conducted by using the maxi-
mum parsimony method with 500 bootstrap replicates in
MEGA, version 3.1 (www.megasoftware.net).

Results

Viruses were isolated from pools of ticks collected
from livestock driven to market at 2 abattoirs in Nairobi,
Kenya, as described (3). Several isolates made from pools
of A. gemma and Rhipicephalus pulchellus ticks collected
on 4 days during the fall of 1999 were identified as similar
to DUGV on the basis of nucleotide sequence of a frag-
ment of the S segment genomic RNA. This virus has been
designated Kupe virus.

Growth kinetics of Kupe virus and DUGV were com-
pared in 7 cell types (Figure 1). Neither virus replicated

Table 1. Virus sequences used in phylogenetic comparisons*

GenBank nucleotide GenBank amino acid

Genome segment Virus Strain accession no. accession no.
Small Dugbe ArD44313 AF434161 AAL73396
Dugbe KT281/75 AF434165 AAL73400
Dugbe IbAr1792 AF434164 AAL73399
Dugbe IbH11480 AF434163 AAL73398
Dugbe ArD16095 AF434162 AAL73397
Nairobi sheep disease RV082 AF504294 AAM33324
Hazara JC280 M86624 AAA43842
Crimean-Congo hemorrhagic fever IbAr10200 us8s410 AAB48501
Kupe K611 EU257626 NA
Medium Dugbe ArD44313 M94133 AAA42974
Hazara JC280 DQ813514 ABHO07417
Crimean-Congo hemorrhagic fever IbAr10200 AF467768 AAM48106
Kupe K611 EU257627 NA
Large Dugbe ArD44313 U15018 AAB18834
Hazara JC280 DQO076419 AAZ38668
Crimean-Congo hemorrhagic fever IbAr10200 AY389508 AAQ90157
Kupe K611 EU257628 NA

*NA, not available.
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Figure 1. Growth of Dugbe (black lines) and Kupe (red lines) viruses in A) Vero (African green monkey kidney), B) LLC-MK, (rhesus monkey
kidney), C) BHK (baby hamster kidney), D) SW-13 (human adrenal cortex carcinoma), E) HeLa (human cervical adenocarcinoma), and F)

HUH-7 (human hepatocarcinoma) cells in culture.

in C6/36 mosquito cells. Kupe virus and DUGV replicated
in all mammalian cell types tested, and maximum titers
were observed 1-2 or 2—4 days postinfection, respective-
ly. The Kupe virus titer increased more rapidly than the
DUGYV titers and achieved peak titers 1-2 days earlier. The
subsequent decrease in titer was also more rapid (Figure
1). In all mammalian cell types except BHK cells, we ob-
served earlier appearance of cytopathic effects (CPE) in
Kupe virus—infected cells; CPE progressed more rapidly
in DUGV-infected BHK cells. However, in all but LLC-
MK, cells, Kupe virus caused greater overall destruction
of the cell monolayer by the end of the growth curve ex-
periment. In Vero cell plaque assays, DUGV plaques were
slower to form than those caused by Kupe virus, although
plaque morphology of the 2 viruses was similar (2—4 mm
in diameter).

Genome Analysis

The 3 genomic RNA segments of Kupe virus, isolate
K611, were completely sequenced, ORFs were identified,
and deduced amino acid sequences were determined. Simi-
lar to other viruses in this family, the ends of each RNA
segment contain a conserved sequence, the terminal 9 nt of
which are identical to those found in all segments of DUGV,
CCHFYV, and HAZV and in the S segment of NSDV (se-
quence of other NSDV segments not available). The S seg-
ment of Kupe virus has 1,694 nt, an ORF of 483 aa, and
5" and 3’ noncoding regions (NCRs) of 49 nt and 193 nt,

Emerging Infectious Diseases * www.cdc.gov/eid ¢ Vol. 15, No. 2, February 2009

respectively. The DUGV S segment has 1,716 nt, 5" and 3’
NCRs of 51 nt and 213 nt, and an ORF of 483 aa (8,9).

The Kupe virus M segment RNA has 4,818 nt and con-
tains 1 ORF flanked by 5’ and 3’ NCRs of 47 nt and 121
nt, respectively. The DUGV M segment has 4,888 nt and
its 5" and 3’ NCRs are 47 nt and 185 nt, respectively (9).
As observed in other nairoviruses, the Kupe virus M ORF,
which has 1,549 aa, is longer than those of other members
of Bunyaviridae (9,10). The Kupe virus M ORF contains
8 potential sites for N-linked glycosylation (N-gly); the
DUGV M OREF contains 10 potential sites (Table 2). Kupe
virus contains a unique potential N-gly site in the Gn and

Table 2. Potential N-linked glycosylation sites in the medium
segment of Dugbe and Kupe viruses

Amino acid location*

Dugbe virus Kupe virus Regiont
25 16 Mucin-like, variable
30 - Mucin-like, variable
80 - Mucin-like, variable
142 140 Upstream of Gn
413 414 Gn
- 612 Gn
827 829 Unknown
848 - Gc precursor
1201 1203 Gce
1258 - Ge
1420 1421 Gce
— 1514 Gce

*Amino acid location in the translated open reading frame.
1Gn and Gc are glycoproteins.
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Gc glycoprotein regions (aa 612 and aa 1514) and was
missing potential sites found at aa 30, 80, 848, and 1258 in
DUGYV. Further analysis is necessary to determine which of
the potential N-gly sites are used in DUGV and Kupe virus
proteins. DUGV and Kupe virus M segment ORFs contain
a highly variable, mucin-like region near the amino termi-
nus, as described for the genome of CCHFV (9,11). This
~100-aa region in DUGV and Kupe virus is shorter than the
243-248-aa region identified in CCHFV, but this region in
both viruses contains similarly high amino acid sequence
variability, increased frequency of serine, threonine, and
proline residues, and more highly predicted O-linked gly-
cosylation than for the rest of the ORF.

Previous studies of CCHFV and DUGYV suggest that
precursors of Gn and Gc glycoproteins are produced and
then post-translationally cleaved to form mature glycopro-
teins. Potential tetrapeptide cleavage sites for SKI-1/S1P
protease or a related protease have been identified immedi-
ately upstream of the N-termini of the CCHFV (RRLL"-
Gn, RKPL'™— G¢) and DUGV (RKLL*"- Gn, RKLL*¢-
Gc[predicted]) glycoproteins; similar peptides are found in
the Kupe virus ORF (RRIL?”® and RRLL*#) (11-13). Addi-
tionally, a furin-like cleavage recognition motif (RSKR**7)
has been identified in CCHFV upstream of the amino ter-
minus of Gn that has been shown to produce an additional
glycoprotein; however, DUGV and Kupe virus do not share
this motif (14). They contain an additional SKI-1/S1P-like
cleavage motif in this region (DUGV-RRII**; Kupe virus—
RRIL>?).

As reported for DUGV and CCHFV, the length of the
L segment RNA (12,330 nt) and ORF (4,050 aa) of Kupe
virus is almost twice that of other bunyaviruses (15,16). The
L RNA contains a 5" NCR of 40 nt and a 3’ NCR of 137
nt; the 5" and 3’ NCRs of DUGV are 40 and 104 nt, re-
spectively. The Kupe virus ORF aa sequence shows a high
degree of homology to that of DUGV, with the exception of
a highly variable region (Kupe virus aa 755-896) that shows
low homology (24.8%) and in which the DUGV sequence
is 14 aa shorter than Kupe virus (42 nt deletion in DUGV

relative to Kupe virus). In this same region, a 92-nt deletion
has been shown in CCHFYV relative to DUGV, and a similar
deletion is observed in HAZV (17). All conserved motifs
in the RNA-dependent RNA polymerase (RDRP) module
(region 3), as well as other conserved domains upstream and
downstream of the polymerase module (regions 1, 2, and 4),
were conserved in the Kupe virus ORF, as shown in DUGV
and CCHFV (16). Kupe virus L segment ORF also contains
several protein motifs previously identified in DUGV and
CCHFV, including an ovarian tumor-like cysteine protease
domain, a DNA topoisomerase—like domain (aa 76-94),
and a C2H2-type zinc finger motif (aa 608-631) (17,18).
However, Kupe virus ORF did not contain the leucine zip-
per motif identified in CCHFV and DUGV.

Phylogenetic Analysis

Nucleotide and deduced amino acid sequences of
Kupe virus segments were compared with sequences from
other nairoviruses available in GenBank and with partial
sequences of DUGYV isolates obtained in the 1999 Kenya
survey in which Kupe virus was isolated (Tables 3-6) (3).
Comparison of full-length S segment sequences showed
68.8%—-609.4% nt and 74.9%—75.5% aa sequence identity
between Kupe virus and 5 strains of DUGV. Identities
among the 5 DUGV strain sequences were nt 90.9%—
99.4% and aa 98.1%-99.8%. Pairwise, full-length S seg-
ment nucleotide and amino acid identities among DUGV,
CCHFV, NSDV, and HAZV ranged from 59.0%—64.1%
and 55.3%—63.2%, respectively (see Table 3 for specific
pairwise identities). A 428-nt fragment of the S segment,
corresponding to Kupe S nt 44-471, was also sequenced
from 26 DUGYV isolates obtained during the 1999 abattoir
survey (GenBank accession nos. FJ422213-FJ422238) and
compared with available DUGV sequences from GenBank
(Table 1) and Kupe virus. Results of these comparisons
are shown in Table 6. Nucleotide and amino acid sequence
identities among 5 Kupe virus isolates for a 504-nt frag-
ment (nt 413-916) of the S segment were 95.0%-98.4%
and 98.8%—100.0%, respectively (GenBank accession nos.

Table 3. Pairwise comparison of full-length nucleotide and amino acid sequences of the small segment of Kupe virus with other

nairoviruses*

Dugbe Dugbe Dugbe Dugbe Dugbe

Virus Kupe ArD44313 ArD16095 KT281/75 1bH11480 IbAr1792 NSDV HAZV CCHFV
Kupe 69.3 69.4 69.4 68.8 69.1 65.1 60.4 61.2
Dugbe ArD44313 75.2 99.3 91.1 98.9 99.1 63.6 60.0 59.6
Dugbe ArD16095 75.2 99.4 91.7 99.2 99.2 64.1 59.9 59.6
Dugbe KT281/75 74.9 98.1 98.3 91.0 90.9 63.3 59.1 59.0
Dugbe IbH11480 74.9 99.6 99.4 98.6 99.4 63.7 59.6 60.3
Dugbe IbAr1792 75.5 99.8 99.6 98.3 99.8 63.8 59.6 60.1
NSDV 64.0 59.9 60.1 59.5 59.9 60.1 63.5 63.1
HAzZV 57.6 55.7 55.7 55.3 55.7 55.9 63.2 60.4
CCHFV 57.5 56.4 56.2 56.4 56.0 56.2 62.7 59.5

*Nucleotide identity (%) is shown above the diagonal, and amino acid identity (%) is shown below the diagonal. NSDV, Nairobi sheep disease virus;

HAZV, Hazara virus; CCHFV, Crimean-Congo hemorrhagic fever virus.
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Table 4. Pairwise comparison of full-length nucleotide and amino
acid sequences of the medium segment of Kupe virus with other
nairoviruses*

Dugbe
Virus Kupe ArD44313 HAZV  CCHFV
Kupe 61.9 54.7 52.1
Dugbe ArD44313 57.0 53.7 52.5
HAZV 47.7 44 .4 50.8
CCHFV 43.0 38.3 41.4

*Nucleotide identity (%) is shown above the diagonal, and amino acid
identity (%) is shown below the diagonal. HAZV, Hazara virus; CCHFV,
Crimean-Congo hemorrhagic fever virus.

EU257626, EU816906-EU816909). Results of phyloge-
netic analysis of the full-length S segment amino acid se-
quence alignment is shown in Figure 2, panel A. Kupe vi-
rus is shown as most closely related to DUGV, although it
is distinct from the clade containing the 5 DUGYV strains.

Full-length M segment sequences are available for only
3 of the known nairoviruses: DUGV (strain ArD 44313),
HAZV, and CCHFV. Comparison of these viruses with
Kupe virus M segment sequence showed 61.9%, 54.7%,
and 52.1% nt identity and 57.0%, 47.7%, and 43.0% aa
identity, respectively (Table 4). Additionally, a 308-nt
fragment (Kupe M segment, nt 2181-2488) was sequenced
from 25 DUGYV isolates obtained in Kenya in 1999 (Gen-
Bank accession nos. FJ422239-FJ422263) and compared
with DUGV ArD44313 and Kupe virus. Results of these
comparisons are shown in Table 6. Sequence identities be-
tween 5 Kupe virus isolates for a 1,965-nt fragment of the
M segment (nt 408-2372) were 90.9%-98.8% for nt and
96.0%-99.4% for aa (GenBank accession nos. EU257627,
EU816902-EU816905). Phylogenetic analysis of full-
length M segment amino acid sequences resulted in a tree
with topology similar to that of the S segment tree (Figure
2, panel B).

Full-length L segment sequences are available only for
DUGYV (strain ArD 44313), HAZV, and CCHFV. Compar-
ison of these sequences with Kupe virus sequence showed
77.4%, 62.8%, and 61.5% nt identity and 89.0%, 66.3%,
and 63.7% aa identity, respectively (Table 5). As expected
from this data, phylogenetic analysis of full-length L seg-
ment aa sequence resulted in a tree showing Kupe virus
more closely related to Dugbe virus than in the S or M seg-
ment trees (Figure 2, panel C).

Nucleotide and amino acid sequence comparisons of a
441-nt fragment of the highly conserved L segment RDRP
catalytic core domain (Kupe virus nt 6986—7426) were also
made between Kupe virus and sequences of 14 other virus-
es representing 7 groups of the Nairovirus genus published
by Honig et al. (19). A phylogenetic tree derived from the
amino acid alignment of these sequences shows Kupe virus
most closely related to DUGV (82.8% nt identity/95.9% aa
identity), NSDV (74.9%/92.5%), CCHFV (71.9%/88.4%),
and HAZV (71.7%/87.8%) (Figure 3). An additional 603-nt

Kupe Virus, Kenya

L fragment alignment overlapping the RDRP core domain
(Kupe virus nt 7292-7894) included sequences from 26
DUGYV isolates obtained in Kenya in 1999 (GenBank ac-
cession nos. EU359010-EU359035), DUGV ArD 44313,
and Kupe virus. Results of these comparisons are shown in
Table 6. Sequence identities among 5 Kupe virus isolates
for this fragment were nt 91.2%-100.0% and aa 98.5%—
100.0% (GenBank accession nos. EU257628, EU816898—
EU816901).

Discussion

Although little genetic information is available for
most viruses in the genus Nairovirus, current classification
of the diverse group of viruses in the genus is in relative
agreement with available genetic analyses (19,20). Genetic
information is useful in identifying emerging viruses and in
analysis of relationships between viruses, especially given
the segmented nature of the nairovirus genome, which can
lead to generation of new viruses by segment reassortment
(21). Within the genus, however, limited species and strain
comparisons are available, making the definition of a ge-
netic classification criteria difficult, and the segmented na-
ture of the genome confounds the analysis. These findings
are shown by a recent in-depth genetic analysis of CCHFV
strains that demonstrated a high degree of genomic plas-
ticity and RNA segment reassortment among virus strains
studied (22).

Detailed study of the complete genome of 13 geo-
graphically and temporally diverse strains of CCHFV dem-
onstrated nt/aa sequence identities of 80%/92%, 69%/73%,
and 78%/90% for the S, M and L segments, respectively
(22). Similarly, comparison of published full-length S seg-
ment sequences from 5 strains of DUGV isolated in Sene-
gal, Nigeria, and Kenya between 1964 (IbAr1792) and 1985
(ArD443143) demonstrated sequence identities >90% at the
nucleotide and amino acid levels (Table 3). Likewise, >89%
identities were observed when a fragment of S segment se-
quence from these 5 strains was compared with 26 DUGV
isolates from the 1999 Kenya abattoir survey (Table 3). S
segment sequence identity between Kupe virus and DUGV
falls well below identities observed among strains of ei-
ther DUGV (Tables 3, 6) or CCHFV and is closer to that

Table 5. Pairwise comparison of full-length nucleotide and amino
acid sequences of the large segment of Kupe virus with other
nairoviruses®

Dugbe
Virus Kupe ArD44313 HAZV  CCHFV
Kupe 77.4 62.8 61.5
Dugbe ArD44313 89.0 63.4 62.1
HAZV 66.3 66.1 62.3
CCHFV 63.7 63.4 64.0

*Nucleotide identity (%) is shown above the diagonal, and amino acid
identity (%) is shown below the diagonal. HAZV, Hazara virus; CCHFV,
Crimean-Congo hemorrhagic fever virus.
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Table 6. Nucleotide and amino acid sequence comparisons between fragments of Kupe and Dugbe viruses*

Segment and virus Virus

Small (428 nt) Kupe Dugbe, Kenya, 1999 Other Dugbet
Kupe 68.8-70.9 69.2-70.9
Dugbe, 1999, Kenya 67.6-69.7 89.3-97.9
Other Dugbet 69.0 95.8—-100.0

Medium (308 nt) Kupe Dugbe, Kenya, 1999 Dugbe ArD44313
Kupe 63.9-65.2 65.8
Dugbe, 1999, Kenya 61.8-64.7 86.8-92.3
Dugbe ArD44313 63.7 93.1-98.0

Large (603 nt) Kupe Dugbe, Kenya, 1999 Dugbe ArD44313
Kupe 81.8-82.4 81.3
Dugbe, 1999, Kenya 94.5-96.0 91.0-92.0
Dugbe ArD44313 94.5 96.0-98.0

*Nucleotide identity (%) is shown above the diagonal, and amino acid identity (%) is shown below the diagonal.

tDugbe viruses listed in Table 1.

observed in S segment sequence comparisons among
DUGYV, CCHFV, NSDV, and HAZV (Table 3) (22).
Although comparison of full-length M segment se-
quence among multiple DUGYV strains is not possible be-
cause of lack of available sequence information, sequence
identities for comparison of a fragment of the M segment
of DUGV ArD44313 and the 26 isolates obtained in Kenya
in 1999 were >86% for nt and >93% for aa. In contrast,
identities observed between Kupe virus and the DUGV se-
quences were considerably lower and, similar to the S seg-
ment sequence, were closer to identities observed among
DUGV, CCHFV, and HAZV. In addition, differences in

A Dughbe |bAr 1762
Dughe ArD 44313
Dugbe lgH 11480

s
ag |—

Dugbe ArD 16085
Dugbe KT 281/75

the number and positions of potential N-gly sites in the M
segment ORF between DUGV and Kupe virus suggest sub-
stantial differences between these viruses.

Comparison of Kupe virus L segment sequences was in-
conclusive in determining its relationship to DUGV. Again,
because of lack of available sequence information, compar-
ison of multiple full-length DUGYV strains is not possible
at this time; comparison of a fragment of the L segment
between the Kenya DUGYV isolates and DUGV ArD44313
showed identities >91%. The relatively high full-length L
segment nt/aa sequence identities of 77.4%/89.0% observed
between Kupe virus and DUGV strain ArD 44313 are simi-

Figure 2. Phylogenetic trees produced by
using maximum-parsimony analysis with 500
bootstrap replicates on alignments of full-
length amino acid sequences of the A) small
segment, B) medium segment, and C) large
segment of Kupe virus with other available

‘ full-length nairovirus sequences. Scale bars
upE indicate branch length and bootstrap values
Nairobi sheep disease >50% are shown above branches.
Hazara
53 Crimean-Congo hemorrhagic fever
p—
0
100 Dugbe ArD 44313
L Kupe
Hazara

Crimean-Congo hemorrhagic fever

Crimean-Congo hemorrhagic fever

P
100
100 — Dugbe ArD 44313
I Kupe
Hazara
S
200

152

Emerging Infectious Diseases *« www.cdc.gov/eid ¢ Vol. 15, No. 2, February 2009



Serogroup

99 Qalyub
alyub
54 Bandia Qaly
Abu Mina
Ll Abu Hammad

Tillamook

Farallon
98 -|: Raza
Punta Salinas

Erve

Dera Ghazi Khan

Sakhalin

Y N I IS |y E— |

Hughes

Thiafora

Hazara Crimean-Congo

ic fever

ic disease

J 1L

Crimean-Congo

91 | Nairobi sheep disease — Ganjam

Nairobi sheep disease Nairobi

Dugbe sheep disease

9 L Kupe

B

Figure 3. Phylogenetic tree produced by using maximum parsimony
analysis with 500 bootstrap replicates on amino acid alignment of
nairovirus large segment fragment (147-aa sequence translated
from 441-nt sequence). Scale bar indicates branch length, and
bootstrap values >50% are shown above branches.

lar to identity levels reported among full-length L segment
comparisons of CCHFV strains. This finding suggests that
the L segment of Kupe virus may have been acquired from
DUGYV by reassortment. However, identities observed for
the highly conserved 603-nt L segment fragment between
Kupe virus and DUGV ArD44313 were somewhat lower
compared with identities between DUGV ArD44313 and
other Kenya DUGYV isolates. These lower identities, com-
bined with differences observed in the L segment variable
region (Kupe virus aa 755-896), suggest otherwise.

Little is known about the ecology of Kupe virus other
than its isolation from ticks infesting cattle. DUGV has
been reportedly isolated from several tick species, includ-
ing A. gemma and R. pulchellus, the species from which
Kupe virus was isolated (19,23,24). In the 1999 Kenya ab-
attoir survey, DUGV was isolated from 4 species of ticks,
A.variegatum, A. gemma, A. lepidum, and R. pulchellus (3).
Although ~1,000 specimens each of A. variegatum and A.
lepidum were collected and tested in that study, no isolates
of Kupe virus were found in those species, which suggested
that vector hosts for DUGV and Kupe virus may differ (3).
Specific vector competence studies will be needed to re-
solve this point. The pathogenesis, if any, of Kupe virus in
mammals is unknown.

Kupe virus and DUGV were observed to replicate and
cause CPE in a variety of cultured mammalian cell types.
Kupe virus was observed to have a more rapid increase and
subsequent decrease in viral titer, an earlier onset of visible
CPE, and greater destruction of the cell monolayer in most
of the mammalian cells tested. These findings show that
this virus is more virulent than DUGV in the mammalian
cells tested.

Taxonomic classification of viruses is an evolving
discipline that in early years was based primarily on mor-
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phologic characters. More recently, better classification has
been obtained by using antigenic relationships and infor-
mation gained from genetic characteristics. The Interna-
tional Committee on Taxonomy of Viruses has defined a
virus species as “a polythetic class of viruses that constitute
a replicating lineage and occupy a particular ecological
niche” (25). This definition and its use in virus classifica-
tion has been the subject of much discussion in the litera-
ture, and its application to newly described viruses is often
difficult because of incomplete descriptive information
about the new virus and other viruses in the group to which
it is related (26,27).

For Kupe virus, nucleotide and amino acid sequence
variation between the S and M segments of Kupe virus and
DUGYV, or any other genetically characterized nairovirus,
was greater than expected between strains of a single virus
in the genus Nairovirus. We also noted differences in other
genetic characteristics between Kupe virus and DUGYV, in-
cluding M segment N-gly sites, L segment variable region,
and NCR length variations. This evidence, combined with
increased virulence of Kupe virus in cultured mammalian
cells and potential differences in vector hosts, shows that
Kupe virus is substantially different from, although closely
related to, DUGV and is a new virus in the genus Nairovi-
rus. However, further studies are necessary to determine
the hosts, vectors, and geographic range of Kupe virus
along with its virulence as a human or animal pathogen.
Such information will aid in appropriate classification of
this new virus.

Ms Crabtree is a researcher at the Centers for Disease Con-
trol and Prevention in Fort Collins, Colorado. Her research inter-
est is the molecular biology of arboviruses.
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Oseltamivir-Resistant Influenza

Viruses A (H1N1),

Norway, 2007-08

Siri H. Hauge, Susanne Dudman, Katrine Borgen, Angie Lackenby, and Olav Hungnes

In Norway in January 2008, unprecedented levels of os-
eltamivir resistance were found in 12 of 16 influenza viruses
A (H1N1) tested. To investigate the epidemiologic and clinical
characteristics of these viruses, we used sequence analysis
to test all available subtype H1N1 viruses from the 2007-08
season for resistance. Questionnaires from physicians pro-
vided information on predisposing diseases, oseltamivir use,
symptoms, and complications. Clinical data were obtained
for 265 patients. In total, 183 (67.3%) of 272 viruses were
oseltamivir resistant. Resistance was not associated with
prior use of antiviral drugs. Symptoms and hospitalization
rates did not differ for patients infected with a resistant or
a susceptible virus. Oseltamivir-resistant influenza viruses A
(H1N1) did not show diminished capability to spread in the
absence of selective pressure. The ability of these viruses to
sustain their fithess and spread among persons should be
considered when shaping future strategies for treating and
preventing seasonal and pandemic influenza.

easonal influenza, caused by influenza A subtypes

H3N2 and HINI and influenza B viruses, occurs as
annual epidemics. Although vaccination remains the pri-
mary measure for prevention, antiviral drugs are available
for prevention and treatment of influenza. The influenza
virus neuraminidase inhibitors zanamivir and oseltamivir
were introduced into clinical practice in various parts of
the world from 1999 through 2002 (1). Oseltamivir lim-
its replication of both influenza A and B viruses (1). In
most European countries, neuraminidase inhibitors are not
widely used to treat seasonal influenza, but they are being
stockpiled in many countries as part of their pandemic in-
fluenza preparedness. In Norway, oseltamivir is registered
for prophylactic and therapeutic use in persons >1 year of

Author affiliations: Norwegian Institute of Public Health, Oslo, Nor-
way (S.H. Hauge, S. Dudman, K. Borgen, O. Hungnes); and Health
Protection Agency, London, UK (A. Lackenby)
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age; however, it is not available without a prescription and
it is rarely prescribed (2).

Until 2007, resistance against neuraminidase inhibi-
tors was rarely observed (1,3,4). Nevertheless, to better un-
derstand the potential for development of resistance against
neuraminidase inhibitors, surveillance of antiviral suscep-
tibility in influenza virus in Europe has been ongoing since
2004 (5). As part of the World Health Organization (WHO)
Global Influenza Surveillance Network, the national in-
fluenza centers in Europe submit influenza viruses to the
WHO Influenza Collaborating Centre in the United King-
dom each influenza season. Within the framework of the
European Surveillance Network for Vigilance against Viral
Resistance (VIRGIL), these viruses are also tested for drug
susceptibility at the Health Protection Agency in London.

In mid-January 2008, antiviral susceptibility testing
(enzyme inhibition assays) of the first shipment of influ-
enza viruses from Norway for the 2007-08 season showed
an unusually large proportion (5/7) of influenza viruses A
(HINT) with high-level resistance to oseltamivir. In sub-
sequent days, testing of additional viruses from Norway at
the Norwegian national influenza center and at the Health
Protection Agency confirmed the high proportion of os-
eltamivir resistance. This unexpected and unprecedented
discovery had possible public health implications of in-
ternational concern. On January 25, 2008, the Norwegian
Institute of Public Health notified WHO of these findings
under the International Health Regulations (6) and notified
the European Commission through the Early Warning and
Response System. The Institute also informed hospitals and
physicians in Norway about a possible lack of therapeutic
effect when treating patients with oseltamivir. By the end
of January, oseltamivir-resistant viruses had been reported
from several European countries (7).

The oseltamivir-resistance trait is caused by a previous-
ly described point mutation in the virus neuraminidase gene
(histidine to tyrosine at position 275 of the N1 neuramini-
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dase, commonly referred to as H274Y in N2 numbering),
which is known to confer high-level resistance to oselta-
mivir while retaining susceptibility to zanamivir (8). Influ-
enza viruses A (HIN1) carrying the H274Y mutation have
reduced ability to replicate and transmit efficiently when
compared with parental, susceptible virus, but the clini-
cal implications of infection with these viruses have been
largely unknown (9). Consequently, we undertook studies
to determine whether the emergence and spread of the re-
sistant viruses were associated with exposure to oseltami-
vir, whether resistant viruses would continue to circulate in
similar proportions into the epidemic phase of the season,
and whether the new resistant viruses differed from their
susceptible counterparts in their ability to cause disease. To
do so, we tested all influenza viruses A (HIN1) available
from the 2007-08 outbreak for oseltamivir susceptibility.
We furthermore enhanced surveillance by collecting an ex-
tended set of data regarding clinical symptoms, complica-
tions, and prior exposure to oseltamivir for all laboratory-
verified cases of influenza viruses A (HIN1) infection.

Methods

The influenza viruses A (HIN1) included in this study
were obtained from the sentinel and nonsentinel collabora-
tors as part of routine national virologic influenza surveil-
lance. From all 19 counties, 71 sentinel practices collect
samples from patients with influenza-like illness and send
them to the national influenza center for diagnostic test-
ing. From all parts of the country, 15 medical microbiol-
ogy laboratories submit materials containing influenza A or
B materials (original specimens, nucleic acid preparations
from original specimens, or viral isolates) to the national
influenza center for further characterization. Most of these
samples originate from primary care clinics; the rest, from
hospitals.

Viruses confirmed as influenza A (H1), by either re-
verse transcription—-PCR (RT-PCR) or virus isolation in
MDCK cells and subsequent subtyping by immunofluores-
cence, were included in the study. In-country susceptibility
testing was performed by detecting the H274Y mutation by
sequence analysis, through either a pyrosequencing assay
targeting the single relevant point mutation (10) or through
full- or partial-length cycle sequencing of the coding region
for the viral neuraminidase. These analyses were mostly
performed on RNA prepared from the original patient speci-
men. A large proportion of the isolated viruses were sent to
the WHO Collaborative Centre for Influenza Research and
Reference in the National Institute of Medical Research,
Mill Hill, UK, for further characterization. Within the frame-
work of VIRGIL, these viruses were forwarded to the Health
Protection Agency for phenotypic antiviral susceptibility
testing and more extensive genotypic analyses. To determine
neuraminidase susceptibility, assays to determine the drug
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concentration that provides 50% inhibition (IC, ) were per-
formed by using the fluorescent substrate methylumbellif-
eryl N-acetylneuraminic acid based on the method described
by Wetherall et al. (11) with minor modifications.

Relative quantitative data on virus shedding, i.e., vi-
rus RNA content in the patient specimens, were obtained
through a real-time RT-PCR targeting a conserved part
of the matrix protein (M1) gene of influenza A virus.
Two microliters of nucleic acid prepared from specimens
(MagNApure LC Total Nucleic Acid Isolation Kit; Roche
Diagnostics, Mannheim, Germany) was added to a 23-uL
reaction mixture containing 0.3 uM forward primer M52c
(5"-CTT CTA ACC GAG GTC GAA ACG-3"); 0.3 uM re-
verse primer M149r (5'-CTT GTC TTT AGC CAT TCC
ATG AG-3'); 0.15 pM probe M93c (FAM-5' CCG TCA
GGC CCC CTC AAA GCC GA 3'-Black Hole Quencher
1); and 5% QIAGEN OneStep RT-PCR buffer, AINTP mix-
ture, and enzyme mixture according to the manufacturer’s
instructions (QIAGEN OneStep RT PCR Kit; QIAGEN,
Hilden, Germany). Forward primer and probe sequences
were as described by Fouchier et al. (12), and the reverse
primer was designed by Tom Qystein Jonassen (Akershus
University Hospital, Lerenskog, Norway). Reactions were
run in a Corbett Rotorgene RG-3000 or RG-6000 thermocy-
cler (Corbett Research Pty Ltd, Sydney, New South Wales,
Australia) with the following cycling conditions: reverse
trancription for 30 min at 50°C, then 15 min at 95°C, fol-
lowed by 50 cycles at 95°C for 10 sec, 54°C for 30 sec, and
72°C for 20 sec.

Participants and Study Design

We included all patients with a diagnosis of influenza
virus A (HIN1) infection made by national influenza center
during the 2007-08 influenza season. For the 72 patients
who received this diagnosis before the end of January
2008, data were collected retrospectively. From February
on, data were collected as soon as possible after labora-
tory confirmation of influenza virus A (HIN1) infection.
Structured questionnaires returned from consulting physi-
cians provided auxiliary information about clinical signs
and symptoms, complications, predisposing diseases for
severe outcome of influenza (diabetes, cardiac disease,
lung disease, and immunodeficiency), use of oseltamivir,
and influenza vaccination status. If the questionnaire was
not returned by mail within 3 weeks, a reminder call was
made. When available, relevant clinical information on the
original referral sample form was used to supplement the
data from the written questionnaire. The consulting physi-
cian, usually the primary care physician, was not informed
about the result of the susceptibility testing when the infor-
mation was collected. Information for the first 12 patients
infected with a resistant virus was collected from the con-
sulting physicians by telephone.
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Statistical Analysis

Data from the questionnaires and selected laboratory
testing outcomes were merged, checked for quality, and
analyzed by using Stata version 9.0 (StataCorp LP, Col-
lege Station, TX, USA). We used the Fisher exact test to
compare the proportions of possible confounders among
those infected with a resistant and a susceptible virus. To
estimate the association between exposure (resistant virus
infection) and outcome (subsequent clinical findings and
complications), we calculated crude risk ratios (RRs) and
95% confidence intervals (Cls). We used binomial regres-
sion to calculate RRs adjusted for possible confounders.
For each variable, we used the number of respondents as
the denominator, except for predisposing disease, for which
missing values were coded as “no.”

Results

The overall influenza activity in Norway was low in
2007-08 compared with that of previous years. Virologic
surveillance showed most influenza virus A and 95% of
subtyped viruses to be subtype HIN1 (13). From the sen-
tinel practices, the national influenza center received 229
specimens for influenza testing. Of the 108 that were posi-
tive for influenza virus, 61 were type A, subtype HINI,
and most of the rest were type B. In total, 297 patients
had an influenza virus A (HIN1) infection confirmed by
the national influenza center in Norway from week 47 in
2007 until the end of week 20 in 2008. We obtained a
resistance profile for 272 of the 297 viruses. We could
not determine the resistance profile for the remaining 25
because of low virus content and consequently excluded
them from analysis.

A total of 196 viral isolates were available (133 carried
the resistance mutation); of these, 113 (79 with the resistant
genotype) were reference tested by the VIRGIL laboratory.
Phenotypic and genotypic reference analysis results agreed
completely with the in-country genotypic testing results; all
mutant viruses showed large reductions in susceptibility to
oseltamivir when compared with non-H274Y viruses (IC,,
260-2,161 nM, mean 673 nM, for the 274Y mutant and
0.4-5.6 nM, mean 2.6 nM, for the nonmutant viruses). No
evidence of mixed genotype or phenotype was observed.
In phylogenetic analysis of the H1 gene, all viruses tested
grouped together in subclade 2B (Figure 1). In the phylo-
genetic tree, the resistant viruses from Norway all formed
a single branch that was distinct, but closely related, to the
susceptible viruses from Norway.

Of the 272 influenza viruses A (HIN1), 183 (67.3%)
were oseltamivir resistant (Table 1). The proportion of re-
sistant viruses did not differ between samples from sentinel
67.9% (38/56) and nonsentinel 67.1% (145/216) practices
and persisted throughout the season (Figure 2). No differ-
ence in virus shedding, as quantified by real-time RT-PCR
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of available patient specimens, was observed between sus-
ceptible and resistant viruses (Figure 3). From the original
sample form, we obtained demographic information for
all 272 patients. Returned questionnaires provided infor-
mation for 265 patients (97.4%), but the response rate on
individual questions varied. Of the 272 patients infected
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Figure 1. Phylogenetic reconstruction of the H1 genes of influenza
viruses A (H1N1) in Norway, 2007-08 season. The analysis was
performed on an alignment spanning positions 84—1054 of viral RNA
segment 4. Pairwise distances were calculated by using the Kimura
2-parameter model with a transition:transversion ratio of 2.0; the
phylogenetic tree was constructed by the neighbor-joining method,
as implemented in the programs DNADIST and NEIGHBOR in the
PHYLIP package (14,15). Published sequences were obtained
from the Influenza Sequence Database, Los Alamos National
Laboratory (16). Boldface indicates viruses from the 2007-08
influenza season in Norway; red indicates oseltamivir-resistant
viruses; blue, susceptible viruses. New sequences presented in
this analysis have been deposited in GenBank (accession nos.
CY036664—-CY036694).
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Table 1. Proportion of oseltamivir-resistant and oseltamivir-susceptible influenza viruses A (H1N1), 2007-08 influenza season, Norway

Sample source Total no. samples

No. (%) resistant samples No. (%) susceptible samples

All 272 183 (67.3) 89 (32.7)
Type of practice
Sentinel 56 38 (67.8) 18 (32.1)
Nonsentinel 216 145 (67.1) 71 (32.9)
Patient gender
Male 132 85 (64.4) 47 (35.6)
Female 140 98 (70.0) 42 (30.0)
Patient age group, y
0-4 45 27 (60.0) 18 (40.0)
5-14 45 25 (55.6) 20 (44 .4)
15-24 31 20 (64.5) 11 (35.5)
25-59 138 102 (73.9) 36 (26.1)
60—99 13 9(69.2) 4 (30.8)
Patient with predisposing disease
Diabetes 10 9(90.0) 1(10.0)
Lung disease 11 8 (72.7) 3(27.3)
Cardiac disease 5 2 (40.0) 3(60.0)
Immunodeficiency 5 3(60.0) 2 (40.0)
Any 27 20 (74.1) 7 (25.9)

with influenza viruses A (HIN1), 132 (48.5%) were male
(Table 1), and slightly more than half (50.7%) were 29-64
years of age (median 27 years, range 2 months—71 years);
median ages of those infected with a resistant and a suscep-
tible virus were 31 and 21 years, respectively. The highest
proportion of resistant virus infection was found for those
25-59 years of age (102/138, 73.9%) and differed signifi-
cantly from the proportion for only those 5-14 years of age
(25/45, 55.6%) (Fisher exact p = 0.03). We obtained influ-
enza viruses A (HIN1) from 18/19 counties (Figure 4).The
oseltamivir resistance proportion was >80% in 8 counties
in southern Norway, compared with 63.5% in the rest of the
country (Fisher exact p = 0.001).

Information about use of antiviral drugs was obtained
for 237 patients. No patients had received antiviral treat-
ment in the 14 days before the onset of symptoms, and none
had been in close contact with others known to have used
antiviral drugs. Oseltamivir was received after sampling by

M Resistant
O Susceptible

No. viruses

45 46 47 48 49 50 51 52 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
Week
Figure 2. Oseltamivir-resistant (n = 183) and oseltamivir-susceptible
(n=89)influenza viruses A (H1N1) in the 2007-08 influenza season
in Norway, by week of sampling.
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7 patients, 5 of whom were infected with an oseltamivir-
resistant virus. Of 225 patients, 9 had traveled abroad in
the week before symptom onset; 4 were infected with a
resistant virus. Of all 272 patients, 2 had been vaccinated
against influenza and were both infected with a resistant
virus.

We received information about predisposing disease
for 213 patients. Having a predisposing disease more
than doubled the risk for complications (RR 2.5, 95% CI
1.2-5.4) but was not clearly associated with being infected
with a resistant virus (RR 1.4, 95% CI 0.6-3.2). Informa-
tion about clinical symptoms was obtained for 252/272
patients; most frequently reported were fever (229/242)
and dry cough (182/218). Resistant virus infection was not
associated with any particular symptom (Table 2). Of 241
patients, 58 (24.1%) had >1 complications recorded, but
no difference was observed between those infected with
a resistant virus and those infected with a susceptible vi-
rus (Table 2). Bronchitis and pneumonia were the most
frequent complications, reported for 22 and 17 patients,
respectively. The age of the 17 patients who had pneumo-
nia ranged from 8 months to 65 years (mean 29 years): 2
(12.5%) were 0—4 years of age, 5 (31.3%) were 514 years
of'age, 2 (12.5%) were 15-24 years of age, 4 (25.0%) were
25-59 years of age, and 3 (18.8%) were >59 years of age.
Of the 17 patients with pneumonia, 15 were infected with a
resistant virus. The attack rates of pneumonia and of sinus-
itis were higher for those infected with a resistant virus than
for those infected with a susceptible virus, although the risk
ratios were not statistically significant after adjusting for
age, gender, and predisposing disease (pneumonia RR 3.2,
95% CI1 0.7-13.7; sinusitis RR 1.7, 95% CI 0.4-7.5) (Table
2). Of 264 patients, 45 had been hospitalized, 28 and 17 in-
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Table 2. Reported associations for patients infected with oseltamivir-resistant or oseltamivir-susceptible influenza virus A (H1N1),

2007-08 influenza season, Norway*

Association

Resistant, n = 183

Susceptible, n = 89

Crude
associations

Adjusted
associationst

Attack rate, %

No. responses

Attack rate, %

No. responses

RR (95% CI)

RR (95% CI)

Sign or symptom

Productive cough 38.4 125 31.9 47 1.2 (0.8-1.9)
Fever 94.4 162 95.0 80 1.0 (0.9-1.1)
Myalgia 72.9 129 73.3 60 1.0 (0.8-1.2)
Dry cough 82.1 145 86.3 73 1.0 (0.8-1.1)
Headache 63.4 131 67.2 58 0.9 (0.8-1.2)
Sore throat 57.5 134 67.2 58 0.9 (0.7-1.1)
Runny nose 62.2 127 66.1 56 0.9 (0.8-1.2)
Complication
Pneumonia 9.2 153 29 69 3.2(0.7-13.5) 3.2 (0.7-13.7)
Sinusitis 6.2 145 3.0 67 2.1(0.5-9.4) 1.7 (0.4-7.5)
Otitis media 48 145 4.4 69 1.1(0.34.2) 1.3(0.4-4.8)
Bronchitis 8.7 149 11.8 76 0.7 (0.3-1.7) 0.8 (0.4-1.8)
Any 24.4 164 221 77 1.1(0.7-1.8) 1.1 (0.7-1.8)
Hospitalization 15.8 177 19.5 87 0.8 (0.5-1.4) 0.8 (0.5-1.3)

*RR, risk ratio; Cl, confidence interval.
1TRR adjusted for age, gender, and predisposing disease.

fected with a resistant and a susceptible virus, respectively.
No deaths were reported for patients included in the study.

Discussion

During the 2007-08 influenza season in the Northern
Hemisphere, widespread circulation of oseltamivir-resis-
tant influenza viruses A (HIN1) was observed. Percentage
of resistant viruses circulating in different countries var-
ied markedly; the highest proportion reported worldwide
(67%) was in Norway (17,18).

Our study did not show any association between os-
eltamivir use in Norway and emergence of the oseltami-
vir-resistant influenza viruses A (HIN1). Because only a
minority of influenza cases are laboratory confirmed, os-
eltamivir use in nonsampled persons could have contrib-
uted to the development of resistance. However, for this
suggestion to be plausible, use of oseltamivir would have
to be widespread to exert substantial selective pressure on
the viruses. Sales of oseltamivir in Norway have been low:
699 5-day regimens (0.15/1,000 population) were sold
in 2004; 66,249 (14.4/1,000 population) in 2005; 33,573
(7.3/1,000 population) in 2006; and 4,686 (1.0/1,000 pop-
ulation) in 2007 (2). In countries where oseltamivir use
has been high, e.g., Japan, the proportion of oseltamivir-
resistant influenza viruses A (HIN1) reported during the
2007-08 season was low (18). Because influenza strains
from Norway were genetically similar to resistant viruses
that appeared just as early in several other European coun-
tries (A. Hay, pers. comm.), we consider it unlikely that
the resistant variant originated in Norway. Conceivably,
the initial emergence of a resistant virus could be asso-
ciated with oseltamivir use elsewhere. Our data indicate
that the viruses carrying this resistance mutation are fully
capable of persistence and spread in the absence of selec-
tive pressure.

In Norway, the initially high proportion of resistant in-
fluenza viruses A (HIN1) was maintained throughout the
entire 2007-08 influenza season; countrywide, 2 of 3 viruses
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Figure 3. Comparison of virus shedding, measured as relative viral
RNA content, in respiratory specimens taken from patients infected
with oseltamivir-susceptible and oseltamivir-resistant influenza
viruses A (H1N1), respectively, during the 2007-08 influenza
season in Norway. Viral RNA content is expressed as the reverse-
transcription—PCR cycle number (Ct) during which the fluorescence
threshold was exceeded.
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Figure 4. Proportion of oseltamivir-resistant influenza viruses A
(H1N1) in the 2007-08 influenza season in Norway, by county of
sampling. The total number of samples analyzed for each county is
given inside each county.

were resistant. The reason for this exceptionally high resis-
tance proportion is unknown. However, it likely reflects the
proportion of resistant viruses introduced into Norway in
the fall of 2007. Globally, the proportion of resistant influ-
enza viruses A (HIN1) reported is highly variable between
the different countries for which data are available (18).
This large variation, apparently in the absence of oseltami-
vir selective pressure, suggests that a high level of random-
ness determined the frequency of resistance. In temperate
countries, the influenza viruses are reintroduced each au-
tumn after the absence of influenza during the summer. If
only a limited number of viruses are reintroduced into each
country and initiate virus circulation and outbreaks, the
result will be considerable random variation in virus vari-
ant proportions between the different countries. Consistent
with this result, almost all the characterized influenza vi-
ruses A (HIN1) in Norway could be assembled into a small
number of genetically discernible groups (Figure 1). We
propose that such randomness in virus introductions may
be sufficient to explain the differences in the proportions of
resistant viruses between the countries.

Conceivably, a difference in the antigenic characteris-
tics of the resistant and susceptible viruses could have fa-
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vored one virus over the other in the face of host population
immunity. Such differences might contribute to different
relative effect of the 2 viruses in different populations (e.g.,
countries) or subpopulations (e.g., age groups). However,
the resistant and susceptible viruses were closely related
and were not distinguishable in hemagglutination inhibi-
tion tests (19).

Overall, the observed clinical manifestations associ-
ated with influenza viruses A (HIN1) in this study were as
expected for seasonal influenza. No differences were noted
for virus shedding, primary symptoms, or overall compli-
cation and hospitalization rates caused by oseltamivir-re-
sistant and -susceptible viruses. We did find, although not
a statistically significant finding, that patients infected with
a resistant virus appeared to be more likely than those in-
fected with a susceptible virus to have pneumonia or sinus-
itis. Patients with more severe illness may be more likely
to be sampled; however, the resistance pattern of the virus
was not known by the physician at the time of sampling
and reporting. We therefore believe that these findings are
not influenced by selection bias. Adjusting for possible
confounders (age, sex, and predisposing disease) did not
change the results. Because of our limited sample size, the
precision of our estimates is low, but they do indicate find-
ings that warrant further investigation. Our data will also
be analyzed with data from other European countries, and
the findings may strengthen the conclusions about the clini-
cal implications of oseltamivir-resistant influenza viruses
A (HINI1).

The future effect of resistant influenza viruses A
(HINT1) is unpredictable. In Europe, the HIN1 subtype was
predominant during the 2007-08 influenza season and, ac-
cording to historical patterns, is unlikely to predominate
during the 2008-09 influenza season. In the following
2008-09 season in the Northern Hemisphere, influenza vi-
ruses A (HIN1) may well predominate in areas where they
had not recently been present in large numbers. Early re-
porting from the Southern Hemisphere 2008 influenza sea-
son indicates that detection of influenza virus A (HIN1) is
low (20). However, in South Africa, oseltamivir resistance
has been detected in 100% of influenza viruses A (HIN1)
tested (21).

Whether oseltamivir-resistant viruses will persist be-
yond 2008 depends on several factors. First, their persis-
tence will depend on the prevalence of resistant viruses
in the populations that are the source of global influenza
spread. Countries in East and Southeast Asia have been
proposed as the most likely source for global dissemina-
tion of new influenza virus variants (22). The prevalence
of resistant influenza viruses A (HIN1) in this region may
therefore be more likely to influence future occurrence of
these viruses than the prevalence in Europe; resistance
monitoring thus needs to be global. Second, changes in re-
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cent influenza viruses A (HIN1) may have provided a ge-
netic background that permits H274Y mutants to replicate
and transmit. Previous studies have concluded that resistant
viruses are less pathogenic and less transmissible than their
susceptible counterparts (9,23). In contrast, however, re-
verse genetics—derived mutants (A/WSN/33 or PRS8 back-
bone) had the same phenotype as wild type viruses in vitro
and in vivo (24,25). A recent study on the enzymatic prop-
erties of the N1 neuraminidase of the resistant viruses from
the 2007-08 season suggested some genetic background
changes that could potentially be involved (26).

As long as such a postulated permissive genetic back-
ground is common, resistant mutants may arise anew in
purely oseltamivir-susceptible influenza virus A (HIN1)
populations. Identification of such predisposing genetic
traits and monitoring of their occurrence in influenza virus-
es A (HIN1) and other influenza viruses should continue.

Similar resistance can arise in viruses other than the
current human influenza viruses A (HIN1). Resistance in a
more virulent influenza virus can have serious public health
implications because of fewer therapeutic and prophylactic
options, which may result in more persons being affected
by influenza and more severe illness and death in those who
become infected. Oseltamivir is a prime option for influen-
za treatment and prophylaxis and forms a substantial part of
pandemic preparedness in many countries. The prevalence
of oseltamivir-resistant viruses reported in Europe through-
out the 2007-08 influenza season clearly shows that this
resistant mutation is stable and that these viruses sustain
their fitness and ability to spread among persons. These
findings should be taken into consideration when shaping
future strategies for treating and preventing seasonal and
pandemic influenza.
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Epidemiology of Vibrio
parahaemolyticus Outbreaks,
Southern Chile

Erika Harth,* Luis Matsuda, Cristina Hernandez, Maria L. Rioseco, Jaime Romero,
Narjol Gonzalez-Escalona, Jaime Martinez-Urtaza, and Romilio T. Espejo

Disease outbreaks caused by Vibrio parahaemolyticus
in Puerto Montt, Chile, began in 2004 and reached a peak
in 2005 at 3,600 clinical cases. Until 2006, every analyzed
case was caused by the serovar O3:K6 pandemic strain. In
the summer of 2007, only 475 cases were reported; 73%
corresponded to the pandemic strain. This decrease was
associated with a change in serotype of many pandemic
isolates to O3:K59 and the emergence of new clinical
strains. One of these strains, associated with 11% of the
cases, was genotypically different from the pandemic strain
but contained genes that were identical to those found on
its pathogenicity island. These findings suggest that patho-
genicity-related genes were laterally transferred from the
pandemic strain to one of the different V. parahaemolyticus
groups comprising the diverse and shifting bacterial popula-
tion in shellfish in this region.

n 1998 in Antofagasta, Chile (23°39'S, 70°24'W), =300

human cases of infection with Vibrio parahaemolyticus
caused by consumption of contaminated seafood were re-
ported (1). Outbreaks have not been observed in this region
since 1998. During 20042007, ~7,000 cases were reported
farther south in Puerto Montt (41°29'S, 72°24'W) (2-5).
However, outbreaks generally have been decreasing; there
were ~1,500 cases in 2004, 3,600 in 2005, 900 in 2006, and
475 in 2007 (6) (http://epi.minsal.cl/epi/html/Actualidad/
Vibrio.htm).
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Until 2006, =100% of the cases analyzed were caused
by a clonal group originally observed in Southeast Asia in
1996 (4,5,7). This group was known as the V. parahaemo-
Iyticus pandemic strain because it had reached coastal en-
vironments worldwide and caused outbreaks. It belongs to
the O3:K6 serovar, although at least 21 serovariants have
emerged since 1996 (8). These serovariants also have spe-
cific sequences corresponding to genes such as toxRS/new
(9), open reading frame 8 (0rf8) (10), and tdh, but lack oth-
ers such as trh, which is found in other pathogenic strains.

Genome sequencing of the RIMD2210633 pandemic
strain showed that it has 2 sets of gene clusters that en-
code the type III secretion system (TTSS) apparatus (11).
This apparatus is used by several gram-negative pathogenic
bacteria to secrete and translocate virulence factor proteins
into the cytosol of eukaryotic cells (12). TTSS1 is involved
in cytotoxicity against HeLa cells, and TTSS2 is involved
in enterotoxic activity in a rabbit ileal loop test (13). The
first cluster is located on the large chromosome, and the
second is located on the small chromosome. The second
cluster contains 2 copies of the tdh gene and is located on
a pathogenicity island (a discrete genetic unit that contains
genes responsible for pathogenicity and virulence) prob-
ably obtained by recent lateral transfer (11). TTSS2 has
been found only in strains showing B-type hemolysis on
a specialized blood agar medium known as Wagatsuma
agar (11). This hemolysis is called the Kanagawa phenom-
enon and is considered a useful marker for identification
of pathogenic strains. Recently, TTSS genes related to the
TTSS2 cluster were reported in clinical and environmental
non-01, non-0139 V. cholerae strains (14).

The clonal nature of the pandemic V. parahaemolyti-
cus isolates was ascertained by the similarity of patterns

'Current affiliation: Helmholtz Centre of Infection Research,
Braunschweig, Germany.
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obtained by genome restriction fragment length polymor-
phism—pulsed-field gel electrophoresis (15), arbitrarily
primed PCR (7,9), direct genome restriction enzyme analy-
sis (DGREA) (4), and multilocus sequence typing (MLST)
(16,17). However, the pandemic strain is a minor fraction
of a diverse and shifting V. parahaemolyticus population
found in shellfish in Puerto Montt (2). In an effort to under-
stand the epidemiology of these outbreaks, we studied V.
parahaemolyticus isolates obtained from human cases and
shellfish during the summer of 2007. Our results indicate
replacement of the O3:K6 pandemic strain by new serotype
03:K59 and new pathogenic V. parahaemolyticus groups.
The decrease in the number of clinical cases may have been
caused by diminution of the V. parahaemolyticus 03:K6
pandemic group in regional seafood.

Methods

Strains

V. parahaemolyticus RIMD 2210633 (VpKX) and
RIMD 2210086 (Vpl) were obtained from the Research
Institute for Microbial Diseases, Osaka University, Osaka,
Japan. The Chilean environmental strains, identified as
PMA with a number according to origin and year of isola-
tion, were obtained from shellfish samples obtained dur-
ing outbreaks from 2004 though 2007. Most strains have
been described (4). PMC38.7, PMC60.7, PMC53.7, and
PMC75.7 are isolates from clinical samples obtained in
2007. Each of these isolates corresponds to the isolate type
of the 23 groups differentiated by DGREA as described (4)
and reported in this article.

Analysis

Samples of clinical cases and shellfish were obtained
and analyzed as described (4). Isolation, growth, and char-
acterization of isolates, including their DGREA patterns,
were conducted as described (4,5). Each DGREA pattern
found in 2007 was compared with those for previous years.
When similarities in patterns were observed, their identity
was checked by comparing patterns obtained in the same
electrophoretic analysis.

PCR assays were performed by using =10 ng of to-
tal bacterial DNA per reaction tube. Amplification condi-
tions were those previously reported for tlh, tdh, and trh
(18), orf8 (19), and toxRS/new (9) genes. T3SS2 genes
(VPA1335, VPA1338, VPA1339, VPA1341, VPA1342,
VPA1346, VPA1349, VPA1354, VPA1355, VPA1362,
and VPA1367) were amplified by using primers reported
for a microarray assay at 61°C by Meador et al. (20). Genes
VPA1321 and VPA1376, which are located at the extremes
ofthe pathogenicity island, were amplified by using primers
designed using the Primer3 program (http://primer3.source-
forge.net). Sequences of these primers were VPA1321f: 5'-

164

TGACATGCACGGCAATAGAT-3',VPA1321r:5-ACAG
AGTTGGTTTCGCAGGT-3', VPA1376 f: 5'-CATCGAG
CGATCTTTCACAA-3', and VPAl1376r: 5'-ACCGG
TTTCCAACCTTCTCT-3'. Housekeeping genes for MLST
were amplified by using primers for V. parahaemolyti-
cus (17) and from the MLST website (http://pubmlst.org/
vparahaemolyticus) developed by Keith Jolley (University
of Oxford, Oxford, UK) (21).

PCR products were purified by using either the Wiz-
ard SV Gel or PCR Clean-Up Systems (Promega, Madison,
WI, USA) and sequenced in both directions by Macrogen
(Seoul, South Korea) or by McLAB (South San Francis-
co, CA, USA) by using forward and reverse amplification
primers or primers M13F and M13R (MLST loci). DNA
sequences were analyzed individually and manually assem-
bled. Alignments and sequence similarities were obtained
by using BioEdit software (22). Sequences obtained were
deposited in GenBank under accession nos. EU185060—
EU185092.

Amplification and sequencing of the variable region
of the 16S rRNA (rrs) between nucleotides 357 and 518
(Escherichia coli numbering) were performed as described
(23). This analysis consisted of separation of rrs alleles in
PMC38.7 by pulsed-field gel electrophoresis and PCR am-
plification of the variable region in excised bands as de-
scribed (24).

Results

V. parahaemolyticus Associated with
Human Cases in 2007

V. parahaemolyticus isolates from 37 human case-
patients with diarrhea from the summer of 2007 in the
Puerto Montt region were analyzed and grouped according
to serotype, presence of genetic markers (0rf8, toxRS/new,
tlh, tdh, trh), and distinctiveness of their DGREA patterns
(Table 1; Figure 1). One isolate from each patient was char-
acterized. On the basis of genetic markers and DGREA pat-
tern, isolates from 27 patients corresponded to the pandem-
ic clonal group. However, 40% of the 20 serotyped strains
of this group contained a K, capsular antigen instead of
the characteristic K, antigen, and 25% cross-reacted with
antisera for K, and K, antigens. Another difference from
strains of previous years was that the relative number of
cases associated with the pandemic strain (73%) was lower
than the 100% observed in previous summers (4). Isolates
from the other 27% of patients with clinical cases lacked
the characteristic markers of the pandemic strains, i.e.,
orf8 and toxRS/new, and had 4 new DGREA groups. One
of these groups contained 4 tdh-positive isolates (11% of
cases). A second group contained 4 isolates positive for tdh
and trh genes. The other 2 groups contained 1 isolate each,
and both were negative for these 2 markers (Table 1). One
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Table 1. Properties of Vibrio parahaemolyticus clinical isolates from Puerto Montt, Chile, summer 2007*

DGREA

Isolate tlh tdh trh orf8 ToxRS/new  Serotype group MLST STt
PMC50.7, 51.7,41.7,72.7,1.7, 15.7, 16.7 + + - + + 03:K6 VpKX 3
PMC55.7, 56.7, 58.7, 28.7, 44.7, 73.7, 14.7, 18.7 + + - + + 03:K59 VpKX ND
PMC29.7, 42.7,70.7, 11.7, 19.7 + + - + + 03:K6,59 VpKX ND
PMC59.7, 63.7, 64.7, 65.7, 66.7, 20.7, 22.7 + + - + + ND VpKX ND
PMC38.7, 47.7, 57.7, 68.7 + + - - - 010:K20 38.7 63
PMC60.7, 25.7, 26.7, 27.7 + + + - - O1:KUT 60.7 64
PMC53.7 + - - - 03:K59 1.5 28
PMC75.7 + - - - - O1:KUT 75.7 65

*Isolates with an undetermined serotype are in boldface. orf, open reading frame; DGREA, direct genome restriction enzyme analysis; MLST, multilocus

sequence typing; ST, sequence type; ND, not determined.
tSequences are available from http://pubmist.org/vparahaemolyticus.

isolate chosen as the type strain of each group was typed
by MLST (17). MLST sequence type corresponded with
groups determined by other analyzed genetic properties
(Table 1).

Characterization of Nonpandemic Strains

Strains positive for tdh, other than the pandemic strain,
had not been isolated from patients with clinical cases in
Puerto Montt during the 3 previous summer outbreaks. It
has been reported that this gene may be spread by insertion
sequence—like elements (25,26). The possibility that tdh
found in nonpandemic strains was derived from the pan-
demic strain was explored. PCR amplicons of the tdh gene
of the 2 nonpandemic groups was sequenced in isolates
designated as type strains for each group: PMC60.7 for the
group containing tdh and trh and PMC38.7 for the group
containing only tdh. The amplicon of isolate PMC60.7 had
an identical sequence to that reported for tdhA except for
1 nucleotide (11). Conversely, PMC38.7 had an identical
sequence to that expected for a mixture of the 2 tdh genes
in VpKX. These 2 genes differ slightly and the mixture of
their PCR products should show polymorphisms in specific
sites (11).

This observation suggested the presence of tdhS and
tdhA genes in PMC38.7 with identical sequences to those
found in the pandemic strain. Because these 2 genes are
located close to each end of the pathogenicity island in
chromosome 2 of the pandemic V. parahaemolyticus (11),
the presence of the entire island was explored by PCR am-
plification of 11 genes of TTSS2 located in the island and
of genes VPA1321 and VPA1376 located at the extremes
of the island near tdhA and tdhS, respectively. Each tested
gene was found in the PMC38.7 strain, and sequences of
their PCR products were identical to those reported for the
pandemic strain genes, except for 1 nucleotide in VPA1342.
Serotyping of PMC38.7 indicated an O10:K20 serovar. Be-
cause MC38.7 is genetically different from the pandemic
strain (Table 1, Figure 1), the high degree of homology of
these genes suggested that the entire pathogenicity island
had recently been transferred from the pandemic strain.
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PMC38.7 also differs from the pandemic strain and
most clinical isolates by the presence of intragenomic het-
erogeneity among its multiple 16S rRNA genes, a feature
seldom observed in clinical isolates but frequently observed
among environmental isolates. This finding is probably
caused by lateral transfer of rrs (23). Three rrs genes, with
sequences corresponding to V. parahaemolyticus groups
VpD1-B4, ATA65-B2, and VpKX-AB (23), were observed
in PMC38.7.

V. parahaemolyticus Associated with Shellfish

There are a large number of V. parahaemolyticus
strains in the environment in the Puerto Montt region. Only
the pandemic strain was isolated from clinical samples
before and during the summer of 2006, but 20 different
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Figure. 1. Direct genome restriction enzyme analysis with Nael of
clinical isolates of Vibrio parahaemolyticus representative of the
5 patterns observed during the outbreaks in Puerto Montt, Chile,
January and February, 2007. Lanes MW, 100-bp size ladder; lane
2, PMC38.7; lane 3, PMC60.7; lane 4, PMC53.7; lane 5, PMC75.7;
lane 6, VpKX. (O3:K6 pandemic isolate).
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Table 2. Properties of Vibrio parahaemolyticus isolates from shellfish from Puerto Montt, Chile, summer 2007*

DGREA
Isolate tth tdh trh orf8  ToxRS/new  group MLST STt
PMA4.7,5.7,6.7,7.7,8.7,15.7, 16.7, 17.7, 19.7, 20.7, 22.7, + - - ND ND 34.6 ND
23.7,24.7,25.7,26.7, 27.7, 28.7, 33.7, 37.7,41.7, 42.7,
43.7,47.7,48.7,49.7
PMA9.7,10.7, 12.7, 14.7, 18.7, 38.7 + - - ND ND 118 10
PMA1.7,2.7,3.7 + - - ND ND 1.7 ND
PMA11.7,13.7 + - - ND ND 11.7 ND
PMA21.7 + - - ND ND 21.7 ND

*orf, open reading frame; DGREA, direct genome restriction enzyme analysis; MLST, multilocus sequence typing; ST, sequence type; ND, not determined.

+Sequences are available from http://pubmlst.org/vparahaemolyticus.

strains were isolated from shellfish during that period (2).
Characterization of 52 isolates from 20 shellfish samples
during the summer of 2007 indicated >5 DGREA groups; 3
of them were not previously observed (Table 2; Figure 2).
This finding increases the number of different strains found
in shellfish of the region to 23. Figure 3 shows the num-
ber of shellfish samples containing each of the 23 DGREA
groups found during the past 4 years, including the sum-
mer of 2007 (2; this study). Only 4 of the 20 shellfish sam-
ples examined produced tdh-positive enrichment cultures,
which is indicative of pathogenic strains. However, no tdh-
positive isolates were obtained from these enrichments af-
ter plating on thiosulfate citrate bile salts sucrose agar.

T3SS2 Genes in Other Nonpandemic V. parahaemolyti-
cus Strains

Because the presence of TTSS2 genes is not exclusive
to the pandemic strain (20), their occurrence in the other
environmental and clinical V. parahaemolyticus DGREA

groups found in Puerto Montt was explored. We analyzed
MW 2 4 5 6 7 8 MW
bp L. IJ I !
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Figure 2. Direct genome restriction enzyme analysis with Nael of
Vibrio parahaemolyticus isolates from shellfish collected in Puerto
Montt, Chile, summer 2007. Gel shows representative strains for
every observed pattern. Patterns of groups observed in previous
years are next to the type isolate of that group. Lanes MW, 100-bp
size ladder; lane 2, PMA4.7; lane 3, 34.6; lane 4, PMA9.7; lane 5,
118; lane 6, PMA1.7; lane 7, PMA11.7; lane 8, PMA21.7.
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by PCR amplification 20 strains corresponding to 18 envi-
ronmental DGREA groups (PMA79, 112, 118, 189, 337,
339, 3316, 1.5, 19.5, 22.5,27.5, 13.6, 34.6, 36.6, 40.6, 1.7,
11.7, and 21.7) and 1 strain from each of 3 new clinical
groups (PMC60.7, 53.7, and 75.7) found in Puerto Montt in
2007 for the VPA 1335 gene (found in T3SS2). Among these
strains, only PMA339, isolated from shellfish in the sum-
mer of 2004, was positive. PCR amplification of PMA339
for the other genes in the pathogenicity island showed posi-
tive reactions for all the genes tested in PMC38.7. Never-
theless, sequences of amplicons showed strong differences
from those found in PMC38.7 and those reported for the
pandemic strain genome. Similarity ranged from 99.4%
for VPA1362 to 93.8% for VPA1346; the average for all
genes tested was 97.7%. These differences indicate a much
larger evolutionary distance between the T3SS2 genes in
PMA339 and the pandemic strain than between PMC38.7
and the pandemic strain.

Discussion

The epidemiology of outbreaks caused by V. parahae-
molyticus in the Puerto Montt region is changing. The num-
ber of clinical cases caused by the pandemic strain has de-
creased, accompanied by a change of serotype from O3:K6
to 03:K59. The changing serotype of the pandemic strain
has been recently reviewed by Nair et al. (8). These authors
showed that the more recent serotypes do not have the pro-
pensity for increasing hospital admissions observed with
03:K6, and some type of change in the epidemic process
seems to be evident. Genes for the biosynthesis of capsular
polysaccharides, which are major antigens (K) of V. para-
haemolyticus, are probably encoded in a gene cluster char-
acterized by variability that may occur through lateral gene
transfer (27). Isolates reacting with antisera for K, and K
antigens may have changed part of the K epitopes reacting
with the commercial polyclonal antiserum.

The percentage of clinical cases caused by the pan-
demic strain decreased from 100% in 2006 to 73% in 2007.
Four clinical strains, not previously observed, emerged in
2007. Among these, 1 group representing 11% of the clini-
cal cases, with type strain PMC38.7, may have recently
received the genes on the pathogenicity island of the pan-
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Figure 3. Number of seafood samples containing Vibrio parahaemolyticus corresponding to different direct genome restriction enzyme
analysis (DGREA) groups observed in Puerto Montt, Chile, each summer, 2004—2007.

demic strains. Pathogenicity island genes identical to those
in the pandemic strain in this bacterial group and differ-
ences in housekeeping genes and DGREA patterns are best
explained by transfer of the pathogenicity island from the
pandemic strain to an indigenous strain. The indigenous V.
parahaemolyticus population in shellfish is diverse, and the
predominant strains seem to change every year. A detailed
examination of the putative genomic island in PMC38.7, its
integration site, and its flanking regions, will probably help
differentiate among possible mechanisms of DNA transfer.

The presence of TTSS2 genes is not exclusive of the
pandemic and PMC38.7 strain; they were also found in an
environmental isolate of V. parahaemolyticus (PMA339).
However, PMA339 has not been observed among clinical
isolates. TTSS2 genes have been found in other V. para-
haemolyticus clinical strains (20); however, we identified
them in environmental strains. On the basis of sequences
obtained from their amplicons, TTSS2 genes in PMA339
seem to have independently evolved from the pandemic
strain over a considerable time. Nevertheless, they are still
more closely related to the TTSS2 of V. parahaemolyticus
than to those recently found in non-O1 or non-O139 V.
cholerae (14).

Little is known of the origin of the other 3 clini-
cal groups (60.7, 1.5, and 75.7). Group 60.7 contains tdh
and trh, but this tdh does not seem to be derived from the
pandemic strain. Strains of groups 1.5 and 75.7 lack both
pathogenicity-associated genes, but finding these isolates in
patients is not unusual (28). PMC75.7, a clinical strain, con-
tains a recA gene that is closely related to that of PMA339,
the environmental isolate containing TTSS2 genes (17 and
http://pubmlst.org/vparahaemolyticus). However, in view
of a recent report (29), one should consider that the 2 hu-
man isolates lacking tdh or trh genes may correspond to
nonvirulent strains that proliferate during infection with a
virulent strain.
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The abundance and frequency of pandemic and non-
pandemic V. parahaemolyticus in shellfish seem to have
been less in 2007 than in previous years. In 2006, 10 of
20 shellfish samples were positive for tdh after enrichment;
in 2007, only 4 of 20 samples were positive. PCR ampli-
fication of colonies obtained after plating the enrichment
culture on thiosulfate citrate bile salts sucrose agar enabled
identification of tdh-positive colonies in 6 samples in 2006;
none could be identified by the same method in 2007. The
observed decrease in outbreaks was probably caused by a
decrease in raw seafood consumption as a result of a public
health campaign and a decrease in the load of the highly
virulent pandemic strain in shellfish. However, this tenden-
cy could change on the basis of dispersion and virulence of
emerging pathogenic strains.
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Identification of Melioidosis
Outbreak by Multilocus Variable
Number Tandem Repeat Analysis

Bart J. Currie, Asha Haslem, Talima Pearson, Heidie Hornstra, Benjamin Leadem, Mark Mayo,
Daniel Gal, Linda Ward, Daniel Godoy, Brian G. Spratt, and Paul Keim

Endemic melioidosis is caused by genetically diverse
Burkholderia pseudomallei strains. However, clonal out-
breaks (multiple cases caused by 1 strain) have occurred,
such as from contaminated potable water. B. pseudomallei
is designated a group B bioterrorism agent, which neces-
sitates rapidly recognizing point-source outbreaks. Pulsed-
field gel electrophoresis (PFGE) and multilocus sequence
typing (MLST) can identify genetically related isolates, but
results take several days to obtain. We developed a sim-
plified 4-locus multilocus variable number tandem repeat
analysis (MLVA-4) for rapid typing and compared results
with PFGE and MLST for a large number of well-charac-
terized B. pseudomallei isolates. MLVA-4 compared favor-
ably with MLST and PFGE for the same isolates; it discrimi-
nated between 65 multilocus sequence types and showed
relatedness between epidemiologically linked isolates from
outbreak clusters and between isolates from individual pa-
tients. MLVA-4 can establish or refute that a clonal outbreak
of melioidosis has occurred within 8 hours of receipt of
bacterial strains.

elioidosis is endemic in Southeast Asia and northern

Australia (1,2). The reported incidence of melioido-
sis has been increasing within this region, and new foci and
outbreaks of melioidosis are being described within this
region and in distant locations such as Brazil (3) and New
Caledonia (4). It remains unclear how much of this expan-
sion of the global distribution boundaries is from recent
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spread of the causative bacterium, Burkholderia pseudo-
mallei, and how much is from unmasking of disease after
events such as the 2004 Asian tsunami (5,6). Molecular
studies have shown considerable genetic diversity within
B. pseudomallei (1,2,7). For instance, in northern Australia,
isolates from patients are generally distinct from each other
(8) unless there is a point-source outbreak, such as occurred
in 2 episodes after B. pseudomallei contamination of com-
munity water supplies (9,10).

In disease-endemic regions, melioidosis case numbers
surge in the monsoonal wet season, and individual cases
are typically caused by different B. pseudomallei strains.
However, under some circumstances, a series of cases can
be caused by 1 strain, indicating that a clonal or point-
source outbreak has possibly occurred and an urgent pub-
lic health response may be required. Because several days
are required to perform the currently available molecular
typing methods of ribotyping, multilocus sequence typ-
ing (MLST) and pulsed-field gel electrophoresis (PFGE),
the ability to rapidly distinguish endemic infection from
a clonal outbreak has not been possible. Furthermore, B.
pseudomallei is classified as a group B bioterrorism agent
by the US Centers for Disease Control and Prevention, and
the implications of a possible deliberate release warrant
the availability of a robust method to quickly ascertain if
concomitant cases of melioidosis are caused by 1 bacterial
strain.

We recently described using a BOX-PCR for rapid
typing of B. pseudomallei (11). We have now adapted
and simplified multilocus variable number tandem repeat
(VNTR) analysis (MLVA) for rapid typing because this
analysis potentially enables precise international strain
comparisons. We have compared MLVA results on a wide
range of well-characterized B. pseudomallei isolates with
those for MLST and PFGE.
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Methods

MLVA, PFGE, and MLST

U’Ren et al. initially described 32 VNTR loci for B.
pseudomallei that had 7-28 alleles (12). Thirty of these
VNTR markers were subsequently used for fine-scale
analysis of 121 isolates of B. pseudomallei (13). Various
combinations of markers were tested by MLVA; we chose
4 markers that were highly discriminatory, enabling single-
run, 4-color analysis in a DNA sequencer. The 4 VNTR
loci chosen were 2341, 389, 1788, and 933 (12). Table 1
shows the PCR primers used and the repeat region ampli-
fied for each locus. VNTR loci 2341 and 933 are from B.
pseudomallei chromosome 1, and loci 389 and 1788 are
from chromosome 2.

PCRs contained 0.88 U HotStarTaq DNA Polymerase
(QIAGEN, Hilden, Germany) per reaction, 1x PCR buffer,
1.2 M Betaine, 3 mmol/L MgCl,, 0.2 mmol/L deoxynucle-
oside triphosphates, 0.2 uM fluorescently labeled forward
primer, 0.2 uM reverse primer, 1 uL template DNA (0.5 ng/
uL), and double-distilled water to give a volume of 11 uL
per reaction. Amplifications were conducted in Palm Cy-
clers (Corbett Research, Sydney, New South Wales, Aus-
tralia). All PCRs underwent initial denaturation at 95°C for
5 min, then 34 cycles of 94°C for 30 s, 68°C for 30 s, and
72°C for 30 s, followed by a final extension step of 72°C
for 5 min and 15°C for 3 min.

PCR products of each colored primer (FAM, NED,
PET, and VIC; Table 1) were then pooled. Pooled PCR
products were diluted with 200 uL of double-distilled wa-
ter, and 1.2 pL. of PCR product was added to a mixture of a
1:6 ratio of Hi-Di formamide (Applied Biosystems, Foster
City, CA, USA) and GeneScan 1200 LIZ (Applied Bio-
systems) fluorescently labeled size standard. PCR products
were then electrophoretically separated by using a 3100xl1
DNA Sequencer (Applied Biosystems) and analyzed by
using the ABI software program GeneMapper version 3.5

(Applied Biosystems). PFGE with Spel and MLST were
performed as described (7,14).

Data Analysis

For 4-locus multilocus VNTR analysis (MLVA-4),
GeneMapper peak files were imported into BioNumerics
version 4.61 (Applied Maths BVBA, Sint-Martens-Latem,
Belgium). Relatedness of isolates was assessed by using
a matrix of the pairwise differences of the 4 VNTR loci,
with a dendrogram produced by using the unweighted pair
group method with arithmetic averages (UPGMA).

For PFGE, gel images were analyzed with BioNumerics
version 4.61. BioNumerics application modules used were
Fingerprint Types and Comparison and Cluster Analysis
modules. PFGE bands (150-700 kbp) were manually as-
signed on visual inspection. PFGE dendrograms were pro-
duced with Dice UPGMA with position tolerance settings of
0.5% optimization and 1.0% band position tolerance.

For MLST, alleles at each of the 7 previously described
loci (7) were assigned for each isolate by comparing se-
quences to those at the B. pseudomallei MLST website
(15). Following the standard MLST protocol, each allele
was assigned a different allele number, and the allelic pro-
file (string of 7 integers) was used to define the sequence
type (ST) for that isolate. Allelic profiles of isolates were
imported into BioNumerics version 4.61, and relatedness
of isolates was displayed as a dendrogram by using the ma-
trix of pairwise differences in the allelic profiles and UP-
GMA clustering.

B. pseudomallei Isolates

To assess the discriminatory power of MLV A-4, direct
comparisons were made between the MLST dendrogram
for 65 B. pseudomallei isolates, each representing a distinct
ST, and the MLV A-4 dendrogram for these isolates. The
65 isolates were all from Australia and included human,
animal, and environmental sources. There were 16 pairs of

Table 1. Characteristics of 4 VNTR loci used for identification of Burkholderia pseudomallei*

VNTR loci
Characteristic 2341 1788 933 389
Color-labeled forward primer FAMGGCTTCGCACC PETGCGCGGCGAGA NEDATGGTGGCGGC VICGTTACAAGC
sequence (5' — 3') CGCCCCATTTCAGC ACGGCAAGAACGAA CGTCGGCGAAAACC GCGGGTCGGCA
AGAGGCTGAAA
Reverse primer sequence (5' — 3) GCACCGGGCGCGGC GAGCATCGGGTGGG GCTCGAATGGGTGT GCCGGTGTTGA
GCACTCG CGGCGCGTATTGAT ACGAAGGGCCACGC ACGAGTGGGTG
TGATTC GCGTAAGC
Repeat sequence (5' — 3) TTCGTGCGC GTCGTGCGATCCTG CGGCGAGGGAAA GACGAACC
CT
Minimum size, bpt (no. repeats) 111 (2) 235 (4) 171 (3) 221 (1)
Maximum size, bp (no. repeats) 243 (17) 382 (13) 337 (17) 292 (10)
No. alleles 16 10 13 9
No. null alleles - - 2/65 STs -

*VNTR, variable number tandem repeat; STs, sequence types.
TError range in fragment sizing is + 3 bp.
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single-locus variants (SLVs; isolates sharing identical al-
leles at 6/7 loci by MLST).

To assess the ability of MLVA-4 to identify clonal
clusters, direct comparisons were made between the PFGE
dendrogram for 4 defined clonal groups and the MLVA-4
dendrogram for these isolates. Clonal cluster I and clonal
cluster II consist of 8 and 7 isolates, respectively, from the
tropical Northern Territory of Australia and were previ-
ously identified as clustering by PFGE (16). These 2 clonal
clusters represent geographically linked but epidemiologi-
cally unrelated isolates from our prospective melioidosis
studies in northern Australia. Clonal cluster III consists of 3
isolates of identical ST cultured from a detergent container
implicated in an outbreak of melioidosis in Northern Terri-
tory involving 2 garage mechanics (14). Clonal cluster [V
contains 6 isolates (5 from humans, 1 from water) from an
outbreak of melioidosis in a remote indigenous community
in Northern Territory. The outbreak was linked to contami-
nation of the unchlorinated community water supply, with
several deaths reported (10).

Finally, to assess the ability of MLVA-4 to link iso-
lates from patients, we analyzed multiple isolates from 3
patients. Patient A had chronic pulmonary melioidosis,
and 5 B. pseudomallei isolates were recovered over 22
months. Patient B had chronic pulmonary melioidosis, and
7 isolates were recovered over 6 years, including 2 isolates
from this patient’s water supply. Patient C died of melioi-
dosis septicemia; 6 isolates were recovered over 14 days.
To construct the dendrogram for these clinical isolates,
we chose 6 unrelated isolates representing the diversity of
Australian isolates seen with MLVA-4 (Table 2). These 6
isolates are indicated in Figure 1. This study was reviewed
and approved by the Human Research Ethics Committee of
the Northern Territory Department of Health and Commu-
nity Services and the Menzies School of Health Research,
Darwin, Northern Territory, Australia (approval 02/38).

Results

Table 1 shows size variation with calculated number of
repeats and number of alleles for each of the 4 VNTR loci.
Locus 933 showed null alleles for 2 of the 65 MLST STs.

Identification of Melioidosis Outbreak

Figure 1 shows the relationship between the 65 discrete
MLST STs and the MLVA-4 for these isolates. MLVA-4
was able to discriminate between each ST. Relationships
between STs seen on the MLST dendrogram were gener-
ally not preserved with MLV A-4. This is expected because
VNTRs change too rapidly and too few loci were used to
compensate for homoplasy at individual loci and to provide
phylogenetic content to the assay. However, strains that
were closely related by MLST (SLVs) could in some cases
be seen to be related by using MVLA-4 (Figure 1).

Figure 2 shows results for the 24 isolates in the clus-
ter study, with 4 additional unlinked isolates, each from a
different ST included for comparison. There was gener-
ally excellent agreement between PFGE and MLVA-4 for
each of the 4 clonal clusters. PFGE clonal clusters I (MLST
ST 132) and II (ST 109), each containing epidemiologi-
cally unrelated strains, also clustered on MLVA-4, with
the exception of isolate MSHR 1429, which by MLVA-4
was located outside its cluster group. The detergent clus-
ter III (ST 123) was indistinguishable by MLVA-4, and
the community outbreak strains in cluster IV (ST 125, ST
126) separated into 2 closely linked MLV A-4 patterns, 1 of
which included the isolate from the community water sup-
ply (MSHR491, ST 126).

Figure 3 shows MLV A-4 results for the 3 patients. Iso-
lates from patient A (ST 243) and B (ST 131) with chronic
pulmonary melioidosis each had closely linked MLVA-4
results with a suggestion of fine-scale differentiation over
the years of infection. The 2 water supply isolates from pa-
tient B were identical to 5 of her clinical isolates. The 6
clinical isolates from patient C, who had fatal melioidosis,
were identical by MLVA-4, including isolates from blood
and sputum.

Discussion

Ribotyping was the first method widely used for typ-
ing B. pseudomallei (17), followed by PFGE. To date,
PFGE has been considered the standard method for inves-
tigating potential point-source outbreaks of bacterial infec-
tions. We have previously used PFGE to link case clusters
of melioidosis to water supply contamination (10) and to

Table 2. Fragment size and repeat copy number (MLVA-4 code) for 6 Burkholderia pseudomallei strains used as MLVA-4 standards*

VNTR loci
2341 389 1788 933
Repeat copy Repeat copy Repeat copy Repeat copy
Strain Size, bpt no. Size, bpt no. Size, bpt no. Size, bpt no.
MSHR978 189.85 11 236.19 8 265.63 6 254.8 10
MSHR1822 190.25 11 245.02 9 282.56 7 290.55 13
MSHR114 145.49 6 252.32 10 298.4 8 242.57 9
MSHR1641 154.5 7 236.22 8 315.39 9 230.81 8
MSHR1153 127.93 4 236.24 8 298.51 8 194.96 5
MSHR1123 172.34 9 260.28 11 331.48 10 218.91 7

*MLVA-4, 4-locus multilocus variable number tandem repeat analysis.
TError range in fragment sizing is + 3 bp.
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MLST

Figure 1. Comparison of multilocus sequence
typing (MLST) and 4-locus multilocus
variable number tandem repeat analysis

MLVA-4

(MLVA-4) dendrograms for 65 Burkholderia
pseudomallei isolates. MLST sequence
type (ST) is shown for each isolate, with the
corresponding isolate number listed for the
MLVA-4 profile and shown by the colored
lines. The red asterisks indicate 6 isolates that
represent diversity of MLVA-4; these isolates
were used to calibrate the dendrogram in
Figure 3.

contamination of a container of detergent (14). However,
such outbreaks are rare, and we have shown that, in the
melioidosis-endemic region of northern Australia, case
clusters during extreme weather events are usually not ge-
netically linked by PFGE (8). These clusters simply reflect
the close association between rainfall and infection from
the diverse range of B. pseudomallei strains in soil and
surface water.

Recently, MLST has enabled new insights into region-
al and global epidemiology of melioidosis (7,16,18-20).
Although there is excellent congruence between PFGE and
MLST, with PFGE and MLST providing similar results
for local epidemiologic investigations (16), MLST has the
major advantage of absolute comparative ability across

9% Similarity

laboratories through the MLST website and unambiguous
sequence type characterization.

Ribotyping and PFGE take several days to generate
results, and MLST is expensive and requires sequencing
and analysis capability. PCR-based typing methods have
enabled more rapid availability of results. Randomly ampli-
fied polymorphic DNA (RAPD) analysis has been used to
analyze relationships between clinical and environmental B.
pseudomallei (21,22). However, it is not possible to make
valid comparisons of RAPD results between laboratories
and sometimes even between runs in the same laboratory.
Thus, despite the speed of RAPD, we no longer use it.

Analyzing bacterial genomes for VNTRs has enabled
MLVA assays to be developed to differentiate among me-

Figure 2. Comparison of pulsed-field gel
electrophoresis (PFGE)and 4-locus multilocus

9% Similarity

MSHR1119
MSHR1179

0207 (ST132)
465A (ST132)

variable number tandem repeat analysis

0767 (ST132) MSHR1182

(MLVA-4) profiles for isolates in 4 clonal

1031 (ST132)
1128 (ST132)
1603 (ST132)
1840 (ST132)
1099 (ST132)

0719 (ST109) | =
0786 (5T109) | 2
0910 (ST109) | ©
1105 (ST109) 5

Clonal cluster |

s

MSHRO0767
MSHR1840
MSHRO0875
MSHR0719

MSHR1128
MSHR0207
MSHR1031
MSHR1099
MSHR1603
MSHR465A

Clonal cluster Il

1429 (ST109)
0888 (ST109)
1892 (ST109)
1869 (ST337)
1119 (ST123)
1182 (ST123)
1179 (ST123)
1153 (ST117)
433A (ST126)
445A (ST126)

MSHR0786

MSHR0888
MSHR1892

MSHR0910

ISHR1105
MSHR0435
MSHR0449
MSHR433A
MSHR445A

0343 (ST126)
0435 (ST126)
0449 (ST126)
0491 (ST126)
0875 (ST115)
1839 (ST336)

MSHR0343
MSHR0491

MSHR1153
MSHR1839
MSHR1869

MSHR1429 ——M

groups (see text for details). Isolate number
with its MLST sequence type (ST) is listed
for each isolate on the PFGE profile, with the
corresponding isolate number listed for the
MLVA-4 profile. Four unrelated isolates are
included for comparison: 0875 (ST115), 1869
(ST337), 1839 (ST336) and 1153 (ST117).
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Figure 3. Dendrogram showing 4-locus multilocus variable number
tandem repeat analysis profiles for isolates from 3 patients with
melioidosis, with isolate number and multilocus sequence typing
sequence type (ST) listed (see text for details). Six isolates used to
calibrate the dendrogram are indicated by asterisks in Figure 1 and
listed in Table 2. CSF, cerebrospinal fluid.

thicillin-resistant Staphylococcus aureus strains that are in-
distinguishable by PFGE (23) and to differentiate Neisseria
meningitidis strains with identical MLST STs (24). Liu et
al. developed the first MLVA system for B. pseudomallei
(25). They selected 5 VNTR loci from the B. pseudomallei
genome to include in a multiplex PCR—based MLVA that
enabled them to demonstrate extensive diversity among 32
B. pseudomallei strains obtained during an unprecedented
4-month increase in melioidosis cases in Singapore in early
2004. Their results clearly excluded a point-source out-
break and suggested that the case cluster was related to the
particularly high rainfall that occurred that year.

B. pseudomallei contains numerous VNTRs. Using a
32 VNTR system, U’Ren et al. showed extensive diversity
within a global B. pseudomallei isolate set (26). When 30
of these VNTR loci were used to analyze 9 epidemiologi-
cally related B. pseudomallei isolate sets, fine-scale diver-
sity was found even among closely related strains, includ-
ing sequential isolates from persons (13). We sought to
develop a rapid and robust minimum loci B. pseudomallei
MLVA that differentiated unrelated strains and maintained
the ability to link isolates from a point-source outbreak.
Our approach was similar to that developed for MLVA of
N. meningitides, in which an 8-locus system was used to
look at the global epidemiology, with clustering similar to
that obtained with MLST. In this system, 4 highly variable
VNTR loci were then chosen to analyze N. meningitidis
serogroup C strains collected during a meningococcal out-
break in the Netherlands (24).

Our 4-locus MLVA for B. pseudomallei separated all
65 MLST STs analyzed. In addition to being highly dis-
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criminatory, the MLV A-4 had good specificity in clustering
genetically linked B. pseudomallei strains and performed
as well as PFGE in identifying clonal clusters. In particu-
lar, MVLA-4 could distinguish between epidemiologically
unlinked strains that were identical by MLST and PFGE
(groups I and II; Figure 2), while isolates from confirmed
point-source outbreaks (groups III and IV; Figure 2) were
either identical or closely clustered. Similarly, multiple iso-
lates from a patient with acute disease obtained over 2 weeks
were all identical (patient C; Figure 3), and those recovered
over a much longer period from patients with chronic dis-
ease were closely clustered but showed some diversification
(patients A and B, chronic disease over years; Figure 3).

Because PFGE takes >5 days to obtain results, alter-
native typing methods are required to rapidly determine
whether a cluster of melioidosis cases is genetically linked
and therefore potentially an outbreak that requires an ur-
gent public health response. We recently demonstrated that
BOX-PCR can perform similarly to PFGE and MLST in
typing B. pseudomallei, with the ability to usually discrimi-
nate between unrelated isolates, while also showing relat-
edness of epidemiologically linked isolates (11). However,
although BOX-PCR can provide results within 10 hours
of a laboratory receiving the bacterial strains, it is less re-
producible than PFGE, and a reliable comparison of BOX-
PCR results between laboratories is not possible (27). We
found variation in BOX-PCR results when we compared
results from different PCR machines in our own laboratory
and band-density differentials dependent on DNA template
concentration (11).

MLV A-4 results are generally reproducible and can be
obtained quickly (24). In the initial B. pseudomallei MLVA
used to investigate the Singapore cluster, agarose gel elec-
trophoresis was used to size multiplexed PCR products and
enabled analysis on the basis of the VNTR banding profile
(25). However, use of a DNA sequencer for simultaneous
sizing of the 4 fluorescently labeled PCR products enables
>16 isolates to be analyzed in 1 run with our MLVA-4,
and results are potentially available 8 hours after receipt
of bacterial strains. For related but not identical MLVA-4
patterns, we assessed the specificity of strain clustering by
generating dendrograms that compared strains in question
with 6 reference strains that represented the considerable
diversity seen on MLV A-4 (Figures 1, 3). Table 2 provides
fragment size and repeat copy number (MLVA-4 code)
data on these 6 strains for use as standards by other labo-
ratories in generating their own MLV A-4 results for their
own B. pseudomallei strains, with potential for direct com-
parison of MLV A-4 results between different laboratories.
Subsequently, MLST can be used to verify relatedness of
strains through the MLST database.

In summary, we have developed a simplified 4-locus
MLVA that compares favorably with PFGE and MLST.
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This analysis can be used to recognize or exclude a point-
source outbreak of melioidosis within 8 hours of receipt of
B. pseudomallei strains.
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Cross-species transmission of retroviruses is common
in Cameroon. To determine risk for simian T-cell lympho-
tropic virus (STLV) transmission from nonhuman primates
to hunters, we examined 170 hunter-collected dried blood
spots (DBS) from 12 species for STLV. PCR with generic
tax and group-specific long terminal repeat primers showed
that 12 (7%) specimens from 4 nonhuman primate species
were infected with STLV. Phylogenetic analyses showed
broad diversity of STLV, including novel STLV-1 and STLV-3
sequences and a highly divergent STLV-3 subtype found in
Cercopithecus mona and C. nictitans monkeys. Screening
of peripheral blood mononuclear cell DNA from 63 HTLV-
seroreactive, PCR-negative hunters did not identify human
infections with this divergent STLV-3. Therefore, hunter-
collected DBS can effectively capture STLV diversity at the
point where pathogen spillover occurs. Broad screening us-
ing this relatively easy collection strategy has potential for
large-scale monitoring of retrovirus cross-species transmis-
sion among highly exposed human populations.

Primate T-lymphotropic viruses (PTLVs) are com-
posed of simian and human T-lymphotropic viruses
(STLVs and HTLVs, respectively). To date, only 4 major
PTLV groups have been identified. PTLV-1, PTLV-2, and
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PTLV-3 include human (HTLV-1, HTLV-2, and HTLV-3)
and simian (STLV-1, STLV-2, and STLV-3) viruses (1-6).
PTLV-4 consists of only HTLV-4, which was recently re-
ported in a person in Cameroon known to have been ex-
posed to nonhuman primates (NHPs) (7). A simian coun-
terpart of this virus has yet to be identified. More recently, a
highly divergent STLV-1-like virus from captive macaques
(Macaca arctoides) has been described (8); further analy-
sis suggests a possible new lineage outside the diversity of
PTLV-1, provisionally named STLV-5 (9).

Both HTLV-1 and HTLV-2 have spread globally and
are pathogenic in humans (10-13). HTLV-1 causes adult
T-cell leukemia/lymphoma, HTLV-l-associated myel-
opathy/tropical spastic paraparesis, and other inflamma-
tory diseases in <5% of those infected (2,11,13). HTLV-2
is less pathogenic than HTLV-1 but has been associated
with a neurologic disease similar to HTLV-1-associated
myelopathy/tropical spastic paraparesis (10,12). HTLV-1
and HTLV-2 are known to be transmitted by sexual con-
tact, breast-feeding, and exposure to contaminated blood
or blood products through transfusion and injection drug
use (11-13). Less is known about the transmissibility and
pathogenicity of HTLV-3 and HTLV-4. Nevertheless, re-
cent full-length sequence analysis of the HTLV-3 (14,15)
and HTLV-4 genomes (W.M. Switzer et al., unpub. data)
suggested ancient origins of these viruses and showed
functional motifs that affect viral expression and possibly
oncogenesis (14,15; W.M. Switzer et al., unpub. data).

The recent discovery of HTLV-3 and HTLV-4 dem-
onstrates that the diversity of PTLV is far from understood

'Current affiliation: Stanford University, Stanford, California, USA.

2Current affiliation: University of Pittsburgh Graduate School of
Public Health, Pittsburgh, Pennsylvania, USA.
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(7). Studies have shown that the diversity of HTLV is di-
rectly related to the genetic diversity of the STLVs from
which the primary zoonotic infection originated (5,16). Ev-
ery HTLV-1 subtype except A is composed of genetically
related HTLV-1 and STLV-1 strains from many different
primate species, all found geographically near each other.
Similarly, PTLV-3s exhibit broad diversity among NHPs
in the wild; currently, 3 subtypes have been suggested ac-
cording to the geographic origin of the strains (17): East
African STLV-3 subtype A includes STLV-3 (PH969)
found in a baboon (Papio hamadryas) from Eritrea (18)
and from captive gelada baboons (Theropithecus gelada)
(19); West and Central African STLV-3 subtype B includes
STLV-3 (CTO-604) and STLV-3 (CTO-602) found among
mangabeys (Cercocebus torquatus) from Cameroon (20)
and STLV-3 (PPAF3) from baboons (P. hamadryas papio)
from Senegal (17); and Central African STLV-3 subtype
C includes divergent strains (Cni217 and Cni227) from
Cercopithecus nictitans monkeys from Cameroon (21).
Together, this clustering by geography rather than host spe-
cies suggests the ease with which STLVs are transmitted
among NHPs and possibly to humans (2,3,5,22,23).

We used a hunter-based field surveillance approach to
investigate STLV diversity among primate bushmeat sam-
ples collected from 12 NHP species in different locations
in Cameroon. We also sampled NHPs in the surrounding
region for the STLV source of the HTLV-4—infected indi-
vidual. In addition, we examined the utility of using dried
blood spots (DBS) in the field for surveillance of cross-
species transmission of retroviruses.

Materials and Methods

Sample Collection and Preparation

Before the study began, Institutional Animal Care and
Use Committee approvals were obtained. Self-identified
hunters from 4 study sites in southern Cameroon volun-
teered to collect DBS from freshly hunted NHP bushmeat
(Figure 1). Hunters were educated about the risks associ-
ated with direct contact with NHPs and about appropriate
prevention measures. Preliminary identification of hunted
species was undertaken by using pictographs of NHPs
common in the region (24). Confirmation of species was
performed by analysis of mitochondrial cytochrome oxi-
dase subunit II and/or glucose-6-phosphate dehydrogenase
sequences (25,26). Over 2 years, a total of 362 DBS from
hunted NHPs were collected on Whatman filter paper (Kent,
UK), air dried, and stored locally at room temperature in en-
velopes with dessicant until processed. Nucleic acids were
extracted by using the NucliSens nucleic acid isolation kits
(bioMérieux, Durham, NC, USA). DNA quality and yield
were determined by semiquantitative PCR amplification
of the B-actin gene as previously described (27,28). DNA
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Figure 1. Distribution of primate T-lymphotropic viruses identified
in humans and nonhuman primates from rural villages and forests
in southern Cameroon. Colored circles and diamonds correspond
to human (HTLVs) and simian T-lymphotropic viruses (STLVs)
(subtypes), respectively, found at each study site in the current study
and reported previously (7). Shaded triangles indicate approximate
sampling sites where STLV-3-like strains have been reported by
others (9). The 4 locations where Old World monkey and prosimian
species were sampled in this study are boxed in white. AB, Abat;
MV, Mvangan; NY, Nyabissan; NL, Ngoila; MN, Manyemen; BA,
Bangourain; MA, Massangam; YI, Yingui; ND, Ndikinimeki; NGV,
Ngovayan; SA, Sobia; LE, Lomie; MO, Mouloundou.

preparation and PCR assays were performed in different
laboratories specifically outfitted for processing and testing
of NHP samples only, according to established precautions
to prevent contamination. Specimens were coded by using
a strategy previously described (15).

PTLV Sequence Detection and Sequence Analysis

DNA samples from NHPs were tested for tax sequences
by using generic and nested PCR assays capable of detect-
ing viruses from all 4 major PTLV groups (7,19,27). Phylo-
genetic resolution was achieved by analysis of long terminal
repeat (LTR) sequences using PTLV group-specific prim-
ers (7). PCR amplification of overlapping regions of the 5’
and 3" STLV-1 LTR (4) and partial STLV-3 LTR (7,19)
sequences were performed using primers and conditions re-
ported elsewhere. A PCR-based genome-walking approach
(15) was used to obtain partial viral genome fragments of
a highly divergent PTLV from monkeys Cmo8699AB and
Cni7867AB (Table 1). (NHPs are coded as follows: the
first letter of the genus is followed by the first 2 letters of
the species name, e.g., Cag, Cercocebus agilis; Cni, C. nic-
titans; Cmo, C. mona; and Lal, Lophocebus albigena. The
last 2 letters in the code indicate the study site, e.g., AB,
Abat; MV, Mvangan.)

To screen humans for the divergent STLV-3 sub-
type, we developed a nested PCR assay based on STLV-3
(Cmo8699AB) tax sequences. Similar strategies have been
used to screen for the novel HTLV-3 and HTLV-4 viruses
in NHP hunters from Cameroon (1,7). DNA for PCR test-

Emerging Infectious Diseases *« www.cdc.gov/eid ¢ Vol. 15, No. 2, February 2009



Simian T-Lymphotropic Virus Diversity, Cameroon

Table 1. Nucleotide sequences of primer sets used to amplify tax and long terminal repeat sequences of simian T-lymphotropic virus—3

(Cmo8699AB and Cni7867AB)*

Region Primer set Forward primer and sequence (5' — 3) Reverse primer and sequence (5" — 3') bp
tax Outer 8699TF1 PGTAXR1 779
GTACCCTGTCTACGTTTTCGGCGAT GAIGAYTGIASTACYAAAGATGGCTG
Inner 8699TF2 PGTAXR2 658
TTACTGGCCACCTGTCCTGAACAC TTIGGGYAIGGICCGGAAATCAT
Outer P5TAXF3t P5TAXR3 244
CCCTCAAGGTCCTCACCCCGCCGC TAACGGCCAGGTCATTGGAGGTGT
Inner P5TAXF21 P5TAXR1 174
AAGTTCCTCCCTCCTTCTTCCATG TGGTAGAGGTATAAGCACACGATGGTG
tax-LTR Outer 8699TF6 PGTATA1+2R1 721
CATCCGGACCAACTAGGGGCCTTC TCCTGAACYGTCYYYRCGCTTTTATAG
Inner 8699TF7+ PGTATA1+2R1 695
AACAAAAATCCCTACCAAACGCTT TCCTGAACYGTCYYYRCGCTTTTATAG
Inner 8699TF88§ PGTATA1+2R1 589
CAGCCCACCCGCGCACCAGTAATT TCCTGAACYGTCYYYRCGCTTTTATAG
LTR Outer 8699LF3 PGPBSR1n 612
CTCTGACGTCTCTCCCTGCCTTGT ATCCCGGACGAGCCCCCA
Inner 8699LF4 PGPBSR1n 585
CCGGAAAAAACCTTAAACCACCCA ATCCCGGACGAGCCCCCA

*bp, basepair; LTR, long terminal repeat; |, inosine; S, G/C; Y, T/C; R, A/G. Nonhuman primates are coded as follows: the first letter of the genus is
followed by the first 2 letters of the species name: Cmo, Cercopithecus mona; Cni, C. nictitans. The last 2 letters in the code indicate the study site: AB,

Abat.

tPrimers used to screen human peripheral blood mononuclear cell DNA for simian T-lymphotropic virus-3 (Cmo8699AB)-like tax sequences.

FPrimer set used for Cni7867AB.
§Primer set used for Cmo8699AB.

ing was available from a previous study in which plasma
from 63 hunters showed a range of seroreactivity to HTLV
antigens by Western blot (WB; Genelabs Diagnostics 2.4 kit
[7]). WB profiles were HTLV-1-like (n = 2), HTLV-2-like
(n =4), HTLV-positive but untypeable (n = 8), and HTLV-
indeterminate (n =49) (7). New STLV-3 (Cmo8699AB)-tax
specific primers were designed to screen peripheral blood
mononuclear cell DNA from all 63 hunters previously nega-
tive for sequences by using generic primers that can detect
PTLV-1, PTLV-2, PTLV-3, and PTLV-4 (7).The assay
could reliably detect 10 copies of STLV-3 (Cmo8699AB)
tax plasmid sequences in a background of human DNA.
STLV-3 (Cmo8699AB) tax sequences were not amplified
from PTLV-1, PTLV-2, PTLV-3, and HTLV-4 cell line
DNA or tax-containing plasmid DNA or from HTLV non-
reactive blood donor DNA samples (data not shown), which
shows the high sensitivity and specificity of the assay.

PCR products were purified by using QIAquick PCR
or gel purification kits (QIAGEN, Valencia, CA, USA)
and were either directly sequenced in both directions on
an ABI 3130xl sequencer (Applied Biosystems, Foster
City, CA, USA) or were sequenced after cloning into a
TOPO vector (Invitrogen, Carlsbad, CA, USA). Sequence
and phylogenetic analyses were performed according to
methods previously described (15). Molecular dating of
STLV-3 (Cmo8699AB) was based on an alignment of 881-
bp tax sequences and used previously reported methods
(15). GenBank accession numbers for the STLV-1 LTR,
STLV-3 LTR, STLV-3 (Cmo8699AB) tax-LTR, and small
tax sequences are EU152271-EU152276, EU152277-
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EU152279, EU152280-EU152281,
EU152293, respectively.

and EU152282—-

Results

A total of 362 DBS representing 12 NHP and prosim-
ian species were collected (Figure 1), of which 215 (60%)
were of adequate quality and quantity for nucleic acid ex-
traction, and 170 (79%) of the 215 yielded adequate am-
plifiable DNA (Table 2). Blood clots and limited volumes
of blood on some DBS accounted for poor DNA yield of
some samples.

Because of the limited amount of DBS material avail-
able, we used a PCR assay that detects sequences from
all 4 major PTLV groups. We observed a broad range of
PTLV diversity over a wide geographic distribution. Of
the 170 samples screened, 12 (7%) from 4 NHP species
were positive for PTLV tax sequences (Table 3). Phylo-
genetic analysis of the short tax sequences from these 12
samples showed that 7 NHPs (2 Cercocebus agilis and 5 C.
nictitans monkeys) were infected with STLV-1 and that 3
(C. agilis, C. nictitans, and Lophocebus albigena monkeys)
were infected with STLV-3 (Figure 2; Table 3). We did not
find any evidence of STLV-2, HTLV-4-like STLV, or dual
STLV-1 and STLV-3 infections as have been found in C.
agilis monkeys in other studies (25).

Samples Cmo8699AB and Cni7867AB, each collected
near the same village but from 2 different NHP species,
contained nearly identical STLV sequences with highest
nucleotide identity to viruses in the PTLV-3 group, but they
exhibited high divergence in this small region of tax (Figure 2;
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Table 2. Primate T-lymphotropic virus distribution among wild simian and prosimian species, Cameroon*

DBS extracted,

B-actin positive, tax positive,t STLV-1LTR  STLV-3LTR

Taxonomic name (common name) no. no. (%) no. (%) positive, no.  positive, no.
Old World monkeys
Cercocebus agilis (agile mangabey) 6 3 (50) 3 (100) 2 1
C. cephus (moustached monkey) 41 32 (78) 0 0 0
C. mona (mona monkey) 40 36 (90) 1(2.7) 0 1
C. neglectus (de Brazza's monkey) 1 1(100) 0 0 0
C. nictitans (spot-nosed monkey) 98 73 (74.5) 7(9.6) 4 2
C. pogonias (crowned monkey) 9 8 (88.8) 0 0 0
Colobus guereza (guereza colobus) 3 2 (66.7) 0 0 0
Lophocebus albigena (gray-cheeked monkey) 10 9 (90) 1(11.1) 0 1
Prosimian
Arctocebus aureus (golden angwantibo) 2 1(50) 0 0 0
A. calabarensis (calabar angwantibo) 2 2 (100) 0 0 0
Galago alleni (Allen's galago) 1 1 (100) 0 0 0
Perodicticus potto (potto) 2 2 (100) 0 0 0
Total 215 170 (79.1) 12(7.1) 6 (3.5) 5(2.9)

*DBS, dried blood spots; STLV, simian T-lymphotropic virus; LTR, long terminal repeat.
+Samples negative for R-actin sequences were not tested for primate T-lymphotropic virus sequences.

Table 4). BLAST analysis (www.ncbi.nlm.nih.gov/blast/
Blast.cgi) of these divergent tax sequences identified se-
quence similarity (292%-93%) to short STLV-3-like
tax sequences (219 bp) from 4 C. nictitans monkeys
from southern Cameroon (Cni217, Cni227, Cni3034, and
Cni3038; GenBank accession nos. AY039033, AF412120,
AM746663, and AM746660, respectively) (Table 4)
(9,21). However, further phylogenetic analysis of STLV-3
(Cmo8699AB) and STLV-3 (Cni7867AB), including the
small tax sequences from 3 of the 4 C. nictitans monkeys
(Cni3034 was omitted because it had a shorter but identical
tax sequence to Cni3038) and from other STLV-3—infected
species (L. albigena, C. agilis, and C. cephus) from the same
region (9,21), showed that our viruses clustered tightly with
high bootstrap support (99%) as a distinct monophyletic
subtype of STLV-3 (Figure 3). Because nucleotide diver-
gence is generally <3% within viral subtypes and up to 15%
between viral subtypes in the tax region (7), the 7% diver-
gence seen in the tax sequences of STLV-3 (Cmo8699AB)

and STLV-3 (Cni7867AB), along with the clustering of
these viruses outside the diversity of other STLV-3-like
viruses (9,21), suggested the identification of a new and
highly divergent PTLV-3 subtype (Figure 3; Table 4).

Phylogenetic Resolution of a Novel PTLV-3 Subtype
The identification of highly divergent STLV-3-like
sequences in Cmo8699AB and Cni7867AB was investigat-
ed further by additional analyses of a larger tax sequence
(1,015 bp). Both tax sequences were nearly identical
(99.9%) despite nucleic acid extraction, PCR amplification,
and sequencing for both animals all being performed on
different days. Analysis of mitochondrial DNA sequences
also confirmed the Cercopithecus species of each monkey
and the absence of admixtures of specimens from different
NHP species. STLV-3 (Cmo8699AB) tax sequences share
72%—74% nucleotide identity with PTLV-1, PTLV-2, and
PTLV-4, but they have the highest nucleotide identity to
the PTLV-3 group (82%-84%) in this highly conserved

Table 3. Primate T-lymphotropic virus diversity and geographic distribution among wild nonhuman primates, Cameroon*

No. Code Species (common name) Site Province PTLV (subtype)
1 Cag9812NL Cercopithecus agilis (agile mangabey) Ngoila East STLV-1 (f)
2 Cag9813NL C. agilis Ngoila East STLV-1 (f)
3 Cag9748NL C. agilis Ngoila East STLV-3 (b)
4 Cmo8699AB C. mona (mona monkey) Abat Southwest STLV-3 (d)
5 Cni10026NL C. nictitans (spot-nosed monkey) Ngoila East STLV-1t
6 Cni10225NL C. nictitans Ngoila East STLV-1 (d)
7 Cni8284NY C. nictitans Nyabissan South STLV-1 (d)
8 Cni8286NY C. nictitans Nyabissan South STLV-1 (d)
9 Cni8348NY C. nictitans Nyabissan South STLV-1 (d)
10 Cni7882AB C. nictitans Abat Southwest STLV-3 (b)
11 Cni7867AB C. nictitans Abat Southwest STLV-3 (d)
12 Lal9589NL Lophocebus albigena (gray-cheeked monkey) Ngoila East STLV-3 (b)

*PTLV, primate T-lymphotropic virus; STLV, simian T-lymphotropic virus. Nonhuman primates are coded as follows: the first letter of the genus is followed
by the first 2 letters of the species name: Cag, C. agilis; Cmo, C. mona; Cni, C. nictitans.; Lal, L. albigena. The last 2 letters in the code indicate the study

site: AB, Abat; NL, Ngoila; NY, Nyabissan.
TSubtype not determined.
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Figure 2. Primate T-lymphotropic virus (PTLV) phylogeny inferred
by using 161-bp tax sequences. New sequences from nonhuman
primates (NHPs) from Cameroon in this study are in boldface.
Support for the branching order was determined by 1,000 bootstrap
replicates; only values >60% are shown. Branch lengths are
proportional to the evolutionary distance (scale bar) between the
taxa. Nonhuman primates are coded as follows: the first letter of
the genus is followed by the first 2 letters of the species name:
Cmo, Cercopithecus mona; Cni, Cercopithecus nictitans; Cto,
Cercocebustorquatus; Ppa, Papio papio; Ph, Papiohamadryas; Tge,
Theropithecus gelada. Cag, Cercocebus agilis; Lal, Lophocebus
albigena; Mnd and msp, Mandrillus sphinx; PanP and PP, Pan
paniscus; Ptr, Pan troglodytes; Ggo, Gorilla gorilla; Tan, tantalus
monkey; Cag, Cercocebus agilis; Mar, Macaca arctoides; Pha,
Papio hamadryas; Pan, Papio anubis; Bab, baboon; HYB, hybrid
baboon (Pha X Pan); Cae, Chlorocebus aethiops (AGM, African
green monkey); Cpo, Cercopithecus pogonias; Cmi, Cercopithecus
mitis; Cce, Cercopithecus cephus; Ang, Allenopithecus nigroviridis;
Wrc, Western red colobus. The last 2 letters in the code indicate
the study site: AB, Abat; MV, Mvangan; NY, Nyabissan; NL, Ngoila;
MN, Manyemen; BA, Bangourain; MA, Massangam; YI, Yingui;
ND, Ndikinimeki; NG, Ngovayan; SA, Sobia; LE, Lomie; MO,
Mouloundou.
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region where intragroup sequence identity is typically
>90%. Phylogenetic analysis of 881-bp tax sequences (Fig-
ure 4) from these 2 monkeys with other PTLVs, using bo-
vine leukemia virus as an outgroup, inferred a new lineage
with high bootstrap support (99%) from the diversity of
other PTLV-3 subtypes (larger tax sequences representing
PTLV-3 subtype C were not available for inclusion in this
analysis), which suggests a long, independent evolution of
this divergent virus.

Similar PTLV-3 tree topologies were obtained by
analysis of 275-bp LTR sequences (Figure 5) in which
STLV-3 (Cmo8699AB) and STLV-3 (Cni7867AB) had
only 70%—74% identity to LTRs from other members of
the PTLV-3 group that share >84% nucleotide identity be-
tween subtypes A and B (data not shown). LTR sequences
from other STLV-3-infected C. agilis and C. nictitans mon-
keys from Cameroon reported elsewhere were not available
from GenBank (9,21,25) and thus were not included in the
current phylogenetic analysis. Combined, the phylogenetic
analyses of the tax (Figures 3, 4) and LTR (Figure 5) se-
quences show that STLV-3 (Cmo8699AB) and STLV-3
(Cni7867AB) each form a distinct cluster with high boot-
strap support from the other known PTLV-3 subtypes. On
the basis of nomenclature proposed by others (17), our
results suggest that these viruses are members of a novel
PTLV-3 subtype that we tentatively name as STLV-3 West
African subtype D.

Origin of STLV-3 (Cmo08699AB)

To estimate the divergence times of the most recent
common ancestor of STLV-3 (Cmo8699AB), we performed
additional molecular analyses. We found that the molecular
clock hypothesis was not rejected for the 881-bp alignment
of PTLV and bovine leukemia virus tax sequences in both
PAUP* (http://paup.csit.fsu.edu) and Tree-Puzzle (www.
tree-puzzle.de) analyses (p = 0.012 and 0.858, respectively),
which is consistent with results obtained recently by oth-
ers (29). Using a molecular clock model and a tree calibra-
tion date estimated for the origin of Melanesian HTLV-1
~40,000-60,000 years ago (15,19,29,30), we inferred the
evolutionary rate for PTLV to be 9.17 x 107 to 1.38 x 10°¢
substitutions/site/year, which is consistent with rates deter-
mined previously both with and without a molecular clock
model of evolution (15,17,20,29-31). The evolutionary rate
for STLV-3 (Cmo8699AB) is estimated to be 2.11 x 10°¢
to 3.16 x 107, and the most common recent ancestor is in-
ferred to have occurred ~92,072—-138,560 years ago, which
suggests an ancient origin and perhaps the identification of
one of the oldest viruses in the PTLV-3 group.

Broad STLV-3 Diversity in Wild NHPs

Sequence analysis of the STLV-3 LTR sequences from
Cni7882AB, Cag9748NL, and Lal9589NL showed that all
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Table 4. High genetic diversity of novel STLV-3 (subtype D) tax sequences compared to prototypical PTLV-3s*

Subtype D Subtype C Subtype B Subtype A
Nonhuman Cmo Cni Cni Cni Cni Cni 2026 CtoNG Tge
primate 8699ABt 7867ABT 217 227f  3034§ 30387 ND Cto604 409 PPAF3 Ph969 2117
Cmo8699AB - 99.9 92.7 93.2 93.5 93.1 82.7 83.4 83.5 83.5 845 84.2
Cni7867AB - 92.7 93.2 93.5 93.1 82.7 83.4 83.5 83.5 845 84.2
Cni217 - 99.5 98.2 98.5 84.5 86.3 88.1 86.8 88.6 88.1
Cni227 - 98.8 99.1 84.9 86.8 87.7 87.2 89.0 88.6
Cni3034 — 100.0 82.2 82.4 82.8 83.6 839 837
Cni3038 - 82.5 82.7 83.1 83.7 84.1 83.9
2026ND - 91.6 93.0 94.1 87.0 904
Cto604 - 92.4 92.5 875 92.0
CtoNG409 - 94.2 86.8 90.7
PPAF3 - 88.5 90.8
Ph969 - 95.8
Tge2117 _

*STLVs, simian T-lymphotropic viruses; PTLVs, primate T-lymphotropic viruses. Boldface indicates intersubgroup identities; shading indicates
intrasubgroup identities. Nonhuman primates are coded as follows: the first letter of the genus is followed by the first 2 letters of the species name: Cmo,
Cercopithecus mona; Cni, C. nictitans; Cto, Cerococebus torquatus; Ppa, Papio papio; Ph, Papio hamadryas; Tge, Theropithecus gelada. The last 2

letters in the code indicate the study site: AB, Abat; ND, Ndikinimeki.
tPartial tax sequence (1015 bp).

IPartial tax sequence (219 bp).

§Partial tax sequence (170 bp).

{[Partial tax sequence (202 bp).

4‘99 Tge2117 :[ E;I;:/A?rlcan
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Figure 3. Identification of a novel primate T-lymphotropic virus
(PTLV)-3 subtype by phylogenetic inference of 202-bp tax
sequences with PTLV prototypes and partial sequences from 3
Cercopithecus nictitans (Cni217, Cni227, and Cni3038) reported
elsewhere (9,21) and those identified in the current study (in
boldface). GenBank accession numbers for the previously reported
partial simian T-lymphotropic virus (STLV)-3 tax sequences
included in this analysis are AY039033, AF412120, and AM746647—
AM746673). Support for the branching order was determined by
1,000 bootstrap replicates; only values >60% are shown. Branch
lengths are proportional to the evolutionary distance (scale bar)
between the taxa. See Figure 2 legend for abbreviations.
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were infected with distinct STLV-3s. LTR sequences (283
bp) from animal Cag9748NL shared the greatest identity
(>97%) with those from HTLV-3 (Pyl43) and STLV-3
(Cto604) from a red-capped mangabey from Camer-
oon (1,20). The 282-bp LTR sequence from Cni7882AB
shared the highest nucleotide identity (99%) to STLV-3
(CtoNG409), a red-capped mangabey from neighboring
Nigeria (31). The phylogeographic clustering of these se-
quences supports further the proposed subtype classification
of STLV-3 by geographic origin rather than by host species
(17,19,20,25,31). In contrast, the 432-bp LTR sequence
from L. albigena mangabeys (Lal9589NL) was more di-
vergent; it shared only 10%—16% nucleotide identity with
all PTLV-3 LTR sequences. Similar to the phylogenetic
relationships inferred with the small tax sequences, the
LTR sequence from L. albigena mangabeys (Lal9589NL)
formed a new lineage within the diversity of other PTLV-3
sequences from west-central Africa (Figure 5). Although
these results need to be confirmed with additional LTR se-
quences from this virus and from other STLV-3—infected
L. albigena mangabeys (9), our findings demonstrate a host
range and geographic distribution of STLV-3 that is more
widespread than previously considered.

Phylogenetic Analysis of STLV-1 Diversity

To investigate further the genetic relationships in-
ferred with the small PTLV-1-like tax sequences, we ob-
tained LTR sequences for 6 of 7 PTLV-1—positive samples
by using established primer-pair combinations (3,4,7).
Phylogenetic analysis of these sequences, including those
identified from our study of infected NHP hunters in Cam-
eroon (7), showed that 4 sequences from C. nictitans mon-
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Figure 4. Identification of a novel primate T-lymphotropic virus
(PTLV) subtype by phylogenetic inference of 881-bp tax sequences
from prototypical PTLVs. Bovine leukemia virus (BLV) tax sequences
were used as an outgroup in the maximum-likelihood analysis.
New sequences from this study are in boldface. Support for the
branching order was determined by 1,000 bootstrap replicates;
only values >60% are shown. Branch lengths are proportional to
the evolutionary distance (scale bar) between the taxa. See Figure
2 legend for abbreviations.

keys all clustered in the central African HTLV-1 subtype D
clade, consisting of STLV-1 from Mandrillus sphinx and
Cercopithecus pogonias monkeys and HTLV-1 sequences
from Cameroon (Figure 6). The STLV-1 (Cnil0225NL)
LTR sequence was phylogenetically closest to the HTLV-1
(1842LE) strain from an NHP hunter from Cameroon (7)
(Figure 6). Similarly, LTR sequences from 2 C. agilis
(Cag9812NL and Cag9813NL) monkeys clustered within
the HTLV-1F clade (Figure 6). Combined, these results
support further the primate origin of the HTLV-1D and
-1F subtypes. We were unable to amplify STLV-1 LTR
sequences from DBS samples from a C. nictitans monkey
(Cnil0026NL) that was positive for STLV-1 tax sequenc-
es, possibly because of low viral load in this animal, lower
sensitivity of the LTR primers, or genetic variances at the
LTR primer binding sites. The absence of STLV-1 LTR
sequences in this monkey is not likely to have resulted from
infection with an STLV-1/STLV-3 recombinant after dual
infection of animal Cnil0026NL with both viruses because
samples from this animal were repeatedly negative for
STLV-3 tax and LTR sequences.

Simian T-Lymphotropic Virus Diversity, Cameroon

Absence of Novel STLV-3 Subtype Sequences
in NHP Hunters

Given the prevalence of the STLV-3 subtype D virus
in at least 2 monkey species in Cameroon, we investigated
whether this new subtype was also present among NHP
hunters in Cameroon. Peripheral blood mononuclear cell
DNA samples were available from a previous study of 63
NHP hunters who had a wide range of WB seroreactivity to
HTLV (7). HTLV sequences were not previously detected
in the DNA of these persons when either generic or group-
specific primers were used (7). All 63 NHP hunters were
also negative for STLV-3 (Cmo8699AB) tax-specific se-
quences, which suggests the absence of this virus in this
subset of persons with broad WB seroreactivity to HTLV.

Discussion

Widespread exposure to a broad range of NHP body
fluids and tissues encountered during hunting, butcher-
ing, or keeping primates as pets has been implicated in the
emergence of 3 different retrovirus genera: HIV, HTLV,
and, more recently, simian foamy virus (2-5,7,16,28,32).
Although little is known about the public health implica-
tions of simian foamy virus infection, the social, medical,
political, and economic consequences of HIV and HTLV
global spread and pathogenicity after cross-species trans-
mission are enormous. The recent discovery of HTLV-3
and HTLV-4 in NHP hunters from Cameroon doubles the
number of known deltaretroviruses in humans (7). This
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Figure 5. Identification of a novel primate T-lymphotropic virus
(PTLV)-3 subtype by phylogenetic analysis of 275-bp long terminal
repeat (LTR) sequences. LTR sequences for PTLV-3 subtype C
were not available for this analysis. New sequences from this study
are in boldface. Support for the branching order was determined
by 1,000 bootstrap replicates; only values >60% are shown. Branch
lengths are proportional to the evolutionary distance (scale bar)
between the taxa. BLV, bovine leukemia virus. See Figure 2 legend
for additional abbreviations.
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same study also identified novel STLV-1-like infections in
NHP hunters (7). These discoveries demonstrate that the
diversity of PTLV is far from understood and that zoonot-
ic infection with STLV continues in persons exposed to
NHPs (7). Thus, understanding the diversity, prevalence,
and geographic range of STLV infection in areas where fre-
quent contact with wild NHPs is common provides useful
information about the origin and emergence of HTLV and
the risks for exposure to these and possibly other simian
viruses.

We demonstrated that monkeys from 3 distant loca-
tions in the rain forests of southern Cameroon are infected
with a broad range of highly diverse STLV. Our detection
of a 7% prevalence of STLV infection among hunted wild
monkeys is comparable to the 8%—11% seroreactivity to
PTLV recently found in monkey and ape samples collected
mostly at urban bushmeat markets in Cameroon (9,25).
Through analysis of LTR and larger tax sequences from
C. mona and C. nictitans monkeys in our study, we have
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identified new divergent STLV-3—like strains that form a
unique PTLV-3 clade that we designated subtype D. Al-
together, these results extend further the range of PTLV
diversity and suggest a founder effect for PTLV evolution-
ary radiation in this region where most PTLV groups have
been identified.

Given the propensity of STLV to cross species bound-
aries, the increased frequency of hunting and demand for
primate bushmeat in Africa, and the apparent broad diver-
sity of STLV subtypes in Cameroon (9,21), it is tempting
to speculate that human infection with this unique STLV-3
subtype will or may have already occurred. However,
PCR testing of DNA samples from Cameroon NHP hunt-
ers with broad HTLV WB patterns showed no evidence of
STLV-3 (Cmo8699AB)-like infections. Possible explana-
tions for this negative finding include the testing of only a
limited number of available samples, an unknown sensitiv-
ity for serologic detection of this virus with assays used
in our study (7), an unknown prevalence and host range
of this virus in NHPs, and other factors such as low trans-
missibility to humans. Nevertheless, the discovery of this
novel PTLV-3 subtype in 2 monkey species and an appar-
ent ancient origin of this lineage suggest a possible wider
distribution of this variant. Therefore, the ease with which
STLVs can cross species barriers and potentially be trans-
mitted during NHP-hunting practices warrants increased
surveillance for human infection with this divergent sub-
type. A similar strategy involving intensified screening of
NHP hunters was successful in the discovery of HTLV-3
(1,7) and HTLV-4 (7).

Finding a broad range of STLVs in simian DBS indi-
cates that persons exposed to NHPs from Cameroon are
at increased risk for infection with highly diverse STLV.
Indeed, phylogenetic analysis of PTLV-1 LTR sequences
shows that the new STLV-1 from C. nictitans monkeys
identified in the current study is most similar to HTLV-1
from Cameroon NHP hunters (7). Similarly, the clustering
of STLV-1 from C. agilis monkeys with LTR sequences
obtained from a person from Liberia provides additional
support for the primate origin of the HTLV-1F clade (33).
Combined, these findings further support the hypothesis of
active cross-species transmission of STLV to humans in
this region (7).

Moreover, we show that use of DBS collected in the
field in collaboration with hunters provides a good tool for
surveillance of emerging retroviral infections at the NHP-
hunter interface. Convenient and cost-effective, this col-
lection strategy provides a unique opportunity to examine
zoonotic transmission at the point where pathogen spillover
occurs. In conjunction with longitudinal sampling of hunt-
ers, these collections have the potential to enable simulta-
neous documentation of both sides of a cross-species trans-
mission event.

Emerging Infectious Diseases *« www.cdc.gov/eid ¢ Vol. 15, No. 2, February 2009



In summary, we found broad diversity of STLV in
NHPs from Cameroon and identified a novel STLV-3 sub-
type. These results provide increasing evidence that the
diversity and geographic distribution of PTLVs are much
greater than previously thought. Bushmeat hunting, an an-
cient and common practice in many parts of Africa, is an
ideal interface for cross-species transmission of retrovirus-
es between NHPs and humans. Contact with body fluids
and blood during hunting and butchering of NHP bushmeat
exposes humans to a plethora of simian retroviruses, as
demonstrated here and elsewhere (7,23,25,32,34,35), and
increases the likelihood of emerging diseases in humans.
To predict and possibly prevent the next retrovirus pan-
demic, expanded surveillance is needed for these and other
retroviruses in their natural host reservoirs and in persons
exposed to NHPs (7,36,37).
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Imported Malaria in Children in
Industrialized Countries, 1992-2002
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Children account for an appreciable proportion of to-
tal imported malaria cases, yet few studies have quantified
these cases, identified trends, or suggested evidence-based
prevention strategies for this group of travelers. We there-
fore sought to identify numbers of cases and deaths, Plas-
modium species, place of malaria acquisition, preventive
measures used, and national origin of malaria in children.
We analyzed retrospective data from Australia, Denmark,
France, Germany, ltaly, Japan, the Netherlands, Sweden,
Switzerland, the United Kingdom, and the United States and
data provided by the United Nations World Tourism Organi-
zation. During 1992-2002, >17,000 cases of imported ma-
laria in children were reported in 11 countries where malaria
is not endemic; most (>70%) had been acquired in Africa.
Returning to country of origin to visit friends and relatives
was a risk factor. Malaria prevention for children should be
a responsibility of healthcare providers and should be sub-
sidized for low-income travelers to high-risk areas.

alaria is associated with high healthcare costs (1).
Although several industrialized countries (e.g., most
European countries, the United States, Australia, Japan) (2)
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are classified as malaria nonendemic, human migration and
tourist travel to malaria-endemic regions are resulting in
the importation of malaria (an estimated 30,000 cases/year)
into these malaria-free countries (3). In the World Health
Organization European Region, the number of imported
cases rose from 1,500 in 1972 to 13,000 in 1999 (4). Chil-
dren account for a considerable proportion of total malaria
cases imported into the United States and Europe (5). In-
ternational migration increased from 75 million in 1960 to
175 million in 2000 (6). Furthermore, the World Population
Prospects report predicts a sharp increase in the number of
persons who will migrate from southern (malaria-endemic)
areas to northern (malaria-free) industrialized areas world-
wide (7). This immigration trend also predetermines sub-
sequent immigrant travel patterns. Immigrants returning to
visit families in their home countries are at high risk for
travel-related illness (8-12).

Malaria cases in children especially are increasing
as more children travel and as the profile of immigrants
changes (13-16). Our main study objectives were to evalu-
ate the epidemiology of imported malaria in children in in-
dustrialized countries, identify trends and risk groups, and
rank destinations according to malaria risk for children.

Methods

We collected retrospective data on imported malar-
ia cases in children for the 11-year period January 1992
through December 2002. We requested data from 11 indus-
trialized countries in which malaria is not endemic: Austra-
lia, Denmark, France, Germany, Italy, Japan, the Nether-
lands, Sweden, Switzerland, the United Kingdom, and the
United States.

Malaria Cases

We defined imported malaria in a child as parasitologi-
cally confirmed malaria that had been acquired in a disease-
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endemic area by a person <18 years of age and that was
diagnosed after clinical disease had developed and when
the person was in an industrialized country where the dis-
ease was not endemic. Data were collated directly from
the countries’ health authorities and consisted of aggre-
gated case numbers of imported malaria in children by year
(1992-2002), age group, sex, Plasmodium species, place of
infection acquisition, number of deaths, national origin of
patients, and preventive measures used during travel (i.e.,
chemoprophylaxis, bed nets, protective clothing, repel-
lents).

We examined the distribution of malaria cases in chil-
dren according to the variables of interest. Total cases were
stratified according to Plasmodium species. On the basis of
numbers of deaths and of Plasmodium falciparum cases,
we calculated case-fatality ratio and 95% confidence inter-
vals (CIs).

Traveler Statistics

The United Nations World Tourism Organization pro-
vided data on total numbers of travelers and extrapolated
numbers of children <18 years of age who had traveled from
>1 of the 11 industrialized countries in this study to malar-
ia-endemic areas in Africa. Because exact numbers were
not readily available, we assumed and used as proxy data
the proportion of young travelers from the overall number
of arrivals at specific African destinations. The assumption
that 1 of 10 travelers is <18 years of age is consistent with
the number of visits of young UK residents to African des-
tinations in 2000. During that year, an estimated 138,000
persons in this age group accounted for 1,439,000 visits to
Africa (17). The number of malaria cases in children per
10,000 visitors can be treated as a proxy. Using the number
of child travelers as denominator, we calculated the rate of
malaria cases acquired by children in the African regions
and compared destination countries in Africa according to

malaria risk for young travelers. Denominator data did not
account for time spent in the malaria-transmission area. We
also used surveillance data to attempt to determine nation-
ality or country of origin (ethnicity) of the children with
malaria.

Results

Number of Cases

Of 17,009 reported malaria cases in children from the
11 industrialized countries studied, >75% were from only 3
countries (Table 1): France (n = 6,618), United Kingdom (n
= 3,816; children <17 years of age), and United States (n =
2,614). The number of reported cases per year varied from
0 in Japan in 1996 to 1,096 in France in 1999. The num-
ber of cases registered in all contributing countries together
was highest in 1999 (n = 2,233) and declined thereafter.

Among the different age groups, the largest overall
percentage of cases occurred in those 15-17 years of age
(18.1% of total cases) (Table 2). Analysis by age group
showed heterogeneity between the countries. Japan and
Australia showed high case rates; the 18-year age group ac-
counted for almost 25% and 15% of all cases, respectively.
Boys accounted for 55% of the total cases and predomi-
nated in all participating countries (data not shown).

Region of Malaria Acquisition

Of the 15,505 cases for which detailed data on country
of acquisition were obtained, for all countries except Japan,
>50% of cases were imported from Africa (Table 3); West
Africa accounted for >50% of cases imported from Africa.
Asia and Central and South America accounted for a small
proportion of the imported malaria cases in children. Cen-
tral and South America were responsible for a negligible
number of infections, but in the United States, children ac-
counted for 348 imported malaria cases (13% of all ma-

Table 1. Number of imported malaria cases in children in 11 industrialized countries, by year, 1992-2002*

Year Mean no. Total
Country 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 cases/y no.cases
Australia 162 144 138 111 183 160 147 158 119 107 75 137 1,504
Denmark 18 19 26 26 21 18 14 27 35 29 24 23 257
France 102 124 157 255 519 617 738 1,096 1,078 979 953 602 6,618
Germany NA 41 75 65 96 77 57 93 68 113 72 76 757
Italy NA NA NA NA NA NA 93 72 69 96 77 81 407
Japan 5 4 5 9 0 4 1 6 5 2 4 4 45
Netherlands 13 22 17 43 41 36 37 35 79 57 40 38 420
Sweden NA NA NA NA NA 31 21 31 16 20 36 26 155
Switzerland 37 51 37 34 41 49 32 35 34 36 30 38 416
United 284 321 296 352 469 358 353 363 333 350 337 347 3,816
Kingdom
United 159 206 173 215 293 333 253 317 227 263 175 238 2,614
States
Total cases 780 932 924 1,110 1,663 1,683 1,746 2,233 2,063 2,052 1,823 17,009

*All children were <18 years of age, except in the United Kingdom, where data were available only for children <17 years of age. NA, data not available.
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Table 2. Number of imported malaria cases in children in 11 industrialized countries, by age group, 1993-2002

Age group, y, no. (%)*

Country 0-2 3-5 6-8 9-11 12-14 15-17 18 Total
Australia 131 (8.7) 143 (9.5) 139 (9.2) 174 (11.6) 233 (15.5) 456 (30.3) 228 (15.2) 1,504
Denmarkt 26 (10.1) 44 (17.1) 47 (18.3) 37 (14.4) 30 (11.7) 55(21.4) 15 (5.8) 257
France 1,149 (17.4) 1,247 (18.8) 1,054 (15.9) 1,042 (15.7) 920 (13.9) 887 (13.4) 319 (4.8) 6,618
Germanyzt 112 (14.8) 123 (16.2) 120 (15.9) 117 (15.5) 97 (12.8) 142 (18.8) 46 (6.1) 757
Italy§ 80 (19.7) 107 (26.3) 67 (16.5) 47 (11.5) 31(7.6) 57 (14.0) 18 (4.4) 407
Japan 1(2.2) 8(17.8) 10 (22.2) 1(2.2) 6 (13.3) 8(17.8) 11(24.4) 45
Netherlands 47 (11.2) 67 (16.0) 65 (15.5) 45 (10.7) 45 (10.7) 115 (27.4) 36 (8.6) 420
Sweden( 12 (7.7) 20 (12.9) 26 (16.8) 30 (19.4) 24 (15.5) 32 (20.6) 11(7.1) 155
Switzerland 60 (14.4) 81 (19.5) 72 (17.3) 65 (15.6) 55(13.2) 60 (14.4) 23 (5.5) 416
United 351 (9.2) 619 (16.2) 621 (16.3) 714 (18.7) 707 (18.5) 804 (21.1) Not available 3,816
Kingdom

United States 333 (12.7) 463 (17.7) 409 (15.6) 386 (14.8) 399 (15.3) 463 (17.7) 161 (6.2) 2,614
Total cases 2,302 (13.5) 2,922 (17.2) 2,630 (15.5) 2,658 (15.6) 2,547 (15.0) 3,079 (18.1) 868 (5.1) 17,009

*Percentage of total cases in children <18 years of age (<17 years of age for United Kingdom).

tData include 3 (1.2%) cases for which age was not specified.
tData from 1993-2002 only.
§Data from 1998-2002 only.
{Data from 1997—2002 only.

laria cases in children [data not shown]). The predominant
source of infections acquired in Asia was southern Asia
(e.g., India, Pakistan, Sri Lanka) rather than Southeast Asia
(e.g., Thailand, Indonesia, Vietnam, Malaysia, Philippines)
(data not shown).

Case-Fatality Ratio

The case-fatality ratio for all countries was <0.4%; 3
countries (Italy, Sweden, and Japan) recorded no malaria-
associated deaths in children during the period of observa-
tion (Table 4). Information about use of chemoprophylaxis
in traveling children was limited. Among children with ma-
laria, only 17.5% had taken chemoprophylaxis.

Plasmodium Species

Plasmodium species varied among the countries. The
predominant species was P. falciparum, which accounted
for 69.9% of all cases. The highest proportion of cases
caused by P. falciparum (83.1%) was in France (Table 5).

Return to Native Country

High-risk malaria destinations reflect the migrant pop-
ulation in the source country. For France, >2 million travel-
ers visited Africa; the overall rate of malaria acquisition for
children was 22/10,000 arrivals in Africa and 110/10,000
arrivals in considerable-risk countries within Africa. How-
ever, travelers to specific countries had a huge comparative
risk. Children from France who visited the Comoros islands
(n = 10,460) had a malaria attack rate of 1,251/10,000.
From France, the Comoros islands are a recognized des-
tination for visiting friends and relatives; no other country
evaluated reported any malaria cases for travelers to the
Comoros. In comparison, large numbers of travelers from
France, probably tourists, visit Kenya (n = 527,880), where

Emerging Infectious Diseases * www.cdc.gov/eid ¢ Vol. 15, No. 2, February 2009

the attack rate for the child travelers is 3.8/10,000 arriv-
als. The countries where children were most likely to ac-
quire malaria were, in order of risk, Comoros (1,030 ma-
laria cases/10,000 arrivals), Democratic Republic of Congo
(778), Central African Republic (444), Guinea (308), Mali
(203), Cote d’Ivoire (177), Congo (175), Nigeria (139),
Bénin (134), Sierra Leone (127), Cameroon (109), Togo
(102), and Ghana (100) and reflected the African national-
ity or origin of the immigrant communities in industrialized
countries.

Discussion

During 1992-2002, >17,000 cases of imported malaria
in children were reported in 11 industrialized countries in
which malaria is not endemic. Of all cases in children with
known place of disease acquisition, >75% were acquired in
Africa, mainly West Africa. P. falciparum was the domi-
nant imported species; case-fatality ratio for all countries
was <0.4%. Imported malaria in children is associated with
travel, especially travel to visit friends and relatives, to
high-risk malaria-endemic areas such as the Comoros is-
lands and western and central African countries.

The strength of our study lies in the compilation of a
large amount of data from national authorities, which en-
abled a global analysis. These data, coupled with data on
arrivals in destination countries (18), enabled us to create
a risk analysis for children traveling to malaria-endemic
areas.

Limitations of our study include artifacts in malaria
surveillance data and traveler statistics. Underreporting re-
mains a problem in many countries (19), so our study could
underestimate the true situation of imported malaria in chil-
dren. Also, the quantity and quality of data received varied
among countries and showed great heterogeneity despite
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efforts to standardize reporting in Europe (3).

Surveillance systems and malaria case definitions dif-
fer; some countries rely on laboratories or clinicians or both
for source data (19). One country had data for children up
to only 17 years of age, some countries had data for only
part of the requested period, and some countries used ex-
trapolated data.

Nationality and ethnicity posed logistical problems for
data analysis. In the absence of data on “reason for travel,”
we assumed that ethnicity represented the group who trav-
eled to visit friends and relatives in their native country,
which might not necessarily be true for countries such as
the United States. The Figure shows the origin of the ma-
laria patients rather than nationality, for which data are un-
available or unreliable. Information concerning the use of
chemoprophylaxis is collected infrequently, if at all.

In some countries, e.g., Germany, the Netherlands,
and Australia, notification systems changed during the

study period (20-22). Our collated cases have also been
influenced by traveler’s choice of destination and use of
preventive measures during travel, but other determinants
included possible immunity or partial immunity of newly
arrived immigrants to industrialized countries and number
of travelers to malaria-endemic areas (23).

Statistics on traveler numbers, although imperfect, are
the best available. To draw meaningful conclusions, we re-
lated numbers by destination country and source country to
the corresponding visitation levels. Proxy data were used
to estimate the percentage of young travelers to the various
African destinations.

Data on arrivals need to be treated with caution because
definitions, methods, and collection and compilation prac-
tices may differ from country to country. Many destination
countries in Africa report arrivals by nationality and not by
residency. With respect to malaria, method of reporting can
imply that the number of visitors originating from the vari-

Table 3. Case rates for children in industrialized countries with malaria imported from Africa, 1992-2002*

Region of case acquisition

Western Africa Eastern Africa

Central Africa Southern Africa All African regions

Country of Rate Rate Rate Rate Rate
origint No. (95% ClI) No. (95% CI) No. (95% CI) No.  (95% CI) No. (95% CI)
Denmark 46 47.7 87 54.7 10 434.8 1 0.8 144 37.8
(34.9-63.6) (43.9-67.5) (208.5-799.6) (0.02-4.5) (31.9-44.5)
France 3,777 110.6 1,339 257 1,400 216.3 1 0.1 6,517 65.0
(107.1— (24.4-27.1) (205.1-228.0) (0.001-0.7) (63.4-66.6)
114.2)
Germanyt 344 38.3 129 4.6 76 68.0 5 0.2 554 8.9
(34.3-42.5) (3.8-5.4) (53.6-85.2) (0.07-0.5) (8.2-9.7)
ltaly§ 323 40.2 24 2.0 31 39.5 1 0.3 379 15.2
(35.9-44.8) (1.3-2.9) (26.8-56.1) (0.006-1.4) (13.7-16.8)
Japan 8 7.0 3 1.1 4 102.6 1 0.5 16 2.6
(3.0-13.8) (0.2-3.1) (27.9-262.6) (0.01-2.6) (1.5-4.2)
Netherlands 172 35.3 32 0.6 51 103.9 1 0.1 256 13.9
(30.2-41.0) (0.4-0.9) (77.3-136.6) (0.0-0.7) (12.2-15.7)
Sweden( 55 51.1 48 9.0 21 2442 0 0.0 124 14.9
(38.5-66.5) (6.6-11.9) (151.2-373.3) (0.0-1.7) (12.4-17.8)
Switzerland 97 54.9 37 44 85 121.6 2 0.5 221 15.0
(44.5-67.0) (3.1-6.1) (97.2-150.4) (0.06-1.9) (13.1-17.1)
United 1,749 177.3 406 9.7 91 82.3 14 0.4 2,260 26.3
Kingdom (169.0- (8.8-10.7) (66.8-101.1) (0.2-0.7) (25.2-27.4)
185.8)
United 1,181 160.6 191 9.9 91 62.6 8 0.5 1471 33.7
States (151.6— (8.5-11.4) (50.4-76.8) (0.2-1.0) (32.0-35.5)
170.1)
Total 7,752 99.1 2,296 13.0 1,860 151.6 34 0.3 11,942 324
(96.9-101.3) (12.5-13.5) (144.8-158.6) (0.2-0.5) (31.8-33.0)

*Rates per 10,000 arrivals of children <18 years of age, except in the United Kingdom, where data were available only for children <17 years of age.
Regions are classified according to United Nations World Tourist Organization (18). Denominators include only countries for which data were available.
No data were available for arrivals to Gabon and Burundi for any country. For some African countries data are available for only some sources, e.g.,
arrivals to Sierra Leone available for only Denmark, United Kingdom; arrivals to Mozambique available for only United Kingdom, United States (details
available on request). Western Africa comprises Benin, Burkina Faso, Cape Verde, Ghana, Guinea, Guinea Bissau, Cote d’lvoire, Liberia, Mali,
Mauritania, Niger, Nigeria, Senegal, Sierra Leone, The Gambia, and Togo; Eastern Africa comprises Burundi, Comoros, Djibouti, Eritrea, Ethiopia, Kenya,
Madagascar, Malawi, Mauritius, Mozambique, Reunion, Rwanda, Seychelles, Somalia, Sudan, Tanzania, Uganda, Zambia, and Zimbabwe; Central Africa
comprises Angola, Cameroon, Central African Republic, Chad, Congo, Democratic Republic of the Congo (Zaire), Equatorial Guinea, Gabon; Sao Tome
et Principe; and Southern Africa comprises Botswana, Lesotho, Namibia, South Africa, and Swaziland.

1No data available from Australia.
FData from 1993-2002 only.
§Data from 1998-2002 only.
{Data from 1997-2002 only.
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Table 4. Case-fatality ratios for children with imported malaria in
8 of 11 industrialized countries, 1992—2002*

Total no. No. Ratio (95% confidence

Country cases deaths interval)

France 4,893 10 0.20 (0.09-0.37)
Germanyt 512 2 0.39 (0.05-1.40)
Italyt 335 0 0.00 (0.00-0.89)
Japan 15 0 0.00 (0.00-18.10)
Sweden§ 93 0 0.00 (0.00-3.17)
Switzerland 273 1 0.37 (0.01-2.02)
United Kingdom 2,502 5 0.20 (0.06-0.47)
United States 1,225 4 0.33 (0.09-0.83)

*All cases caused by Plasmodium falciparum. Children were <18 years of
age, except in France and the United Kingdom, where data were available
only for children <15 and <17 years of age, respectively. No data were
available from Australia, Denmark, and the Netherlands.

tData from 1993-2002 only.

jData from 1998-2002 only.

§Data from 1997—-2002 only.

ous source countries is higher than the actual number (na-
tionals residing abroad might not be included) and that the
number of malaria cases/10,000 children is overestimated.
Furthermore, several destination countries have small focal
areas where malaria transmission occurs, yet the denomi-
nator estimate included travel to the whole country, which
may falsely lower the malaria risk estimate.

Our finding of a high rate of P. falciparum cases in
France is consistent with findings of several studies about
imported malaria in children in France (13,14,24,25). Cas-
téla et al. describe malaria in France as essentially imported
from Africa (13). Eloy et al. found that 90% of the 60 chil-
dren with malaria at the Versailles Hospital between Janu-
ary 1997 and December 2001 were of African origin and
that 84% had P. falciparum malaria (26).

In Italy, between 1989 and 1997, a steady increase in
the number of cases among foreigners in all age groups has
been reported, while cases among Italian nationals have
remained stable (27). In 2000, foreign nationals represent-

Imported Malaria in Children

ed almost 73% of total imported malaria cases in all age
groups; of these, 93% were African (28). In our study, 41%
of children with malaria registered in Italy were of African
nationality. Place of acquisition of P. falciparum infection
was Africa for >93% of children; >75% of cases were ac-
quired in West Africa.

In the United Kingdom in the 1970s, a large propor-
tion of imported malaria cases were attributable to P. vivax
and associated with a large number of immigrants from In-
dia and Pakistan. Since the 1980s, however, the situation
of imported malaria in the United Kingdom has changed
(29,30); the overall ratio of cases caused by P. falciparum
to those caused by P. vivax has increased from ~37% in
the mid-1980s to 55% in the mid-1990s (15). Of the 3,816
cases registered in the United Kingdom during 1992-2002,
65.6% were caused by P. falciparum, and 27.1% by P.
vivax. The higher number corresponds with >50% of per-
sons from Africa, compared with 25% from the Indian sub-
continent.

In the United States, cases were usually imported from
Central America and Asia by immigrants, as well as by US
travelers. However, as in other countries where tradition-
ally P. vivax has been imported, cases acquired in Central
and South America and Asia decreased and cases acquired
in Africa increased (31). Dorsey et al. found that most pa-
tients who imported malaria to the United States had be-
come infected while in Central and South America (38%
[35% and 3%, respectively]), followed by West and East
Africa (31% [22% and 9%, respectively]), and Asia (29%
[Indian subcontinent, 20%; Southeast Asia, 9%]) (32).

In general our findings support those reported in the
literature and show that Africa plays a key role in importing
malaria in children to industrialized countries where ma-
laria is not endemic. In our study, of all imported malaria
cases in children, >70% were acquired in Africa.

Table 5. Plasmodium species causing imported malaria in children in 10 of 11 industrialized countries, 1992-2002*

Total no. cases

Including cases caused by Excluding cases caused by

Cases caused by known species, no. (%)

Country mixed or unknown species  mixed or unknown species P. falciparum P. vivax P.ovale P.malariae
Denmark 257 243 146 (56.8) 74 (28.8) 17 (6.6) 6 (2.3)
France 6,618 6,275 5,502 (83.1) 282 (4.3) 365 (5.5) 126 (1.9)
Germanyt 757 685 512 (67.7) 140 (18.5) 16 (2.1) 17 (2.2)
Italyt 407 402 335 (82.3) 34 (8.4) 19 (4.7) 14 (3.4)
Japan 45 40 15 (33.3) 19 (42.2) 5(11.1) 1(2.2)
Netherlands 420 349 237 (56.4) 74 (17.6) 23 (5.5) 15 (3.6)
Sweden§ 155 142 93 (60.0) 33 (21.3) 9 (5.8) 7 (4.5)
Switzerland 416 368 273 (65.6) 71(17.1) 13 (3.1) 11(2.6)
United Kingdom 3,816 3,770 2,502 (65.6) 1,033 (27.1) 175(4.6) 60(1.6)
United States 2,614 2,397 1,225 (46.9) 982 (37.6) 65(2.5) 125(4.8)
Total 15,505 14,671 10,840 (69.9) 2,742 (17.7) 707 (4.6) 382 (2.5)

*All children were <18 years of age, except in the United Kingdom, where data were available only for children <17 years of age. No data were available

from Australia.

tData from 1993-2002 only.
tData from 1998-2002 only.
§Data from 1997-2002 only.
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Figure. Country origin of 12,214 children with imported malaria in 6
industrialized countries, 1992-2002.

Imported malaria depends on the demographics of mi-
grant populations and favored travel destinations of a coun-
try’s settled immigrant community, such as the Comorean
community in France or the Nigerian community in the
United Kingdom. At high risk for malaria are settled immi-
grants and their children who visit friends and relatives in
their country of origin. Many migrants seem to mistakenly
believe that they retain their partial immunity against ma-
laria parasites, but immunity usually wanes rapidly (within
6 months) in the absence of exposure to Plasmodium-in-
fected mosquitoes, although some immunologic memory
for malaria may exist (8,15,33). In addition, parents of chil-
dren born and raised in an industrialized country in which
malaria is not endemic may mistakenly believe their chil-
dren have partial immunity (15). Use of chemoprophylaxis
is recommended for all children who travel to high-risk
malaria-endemic areas (34). Several studies have indicated,
however, that correct use of and adherence to chemopro-
phylaxis is low (13,16,35-38).

Conclusions and Public Health Implications
Imported malaria in children is a complex problem that
faces many challenges, including increasing global migrant
and tourist travel; growing proportions of life-threatening
falciparum malaria, combined with increasing resistance
of malaria parasites to chemoprophylactic drugs; and lack
of knowledge about and experience with imported malaria
by physicians in industrialized countries where malaria is
not endemic, which leads to delays in diagnosis and treat-
ment of children with clinical malaria (32,38). The increas-
ing proportions of P. falciparum cases are of relevance
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because P. falciparum malaria carries the greatest risk for
life-threatening illness. Increasing P. falciparum resistance
to antimalarial medication endangers the effectiveness of
antimalarial chemoprophylaxis; therefore, standard recom-
mendations for chemoprophylaxis need to be continually
updated. Specific research on malaria among children who
visit their native countries is warranted. These children
are the most likely persons to acquire malaria yet the least
likely to use adequate prevention strategies. Culturally sen-
sitive approaches to malaria risk awareness and prevention
are urgently needed for schools, the travel industry, and
community groups. Local health authorities in communi-
ties with large ethnic minorities, particularly of African
origin, need to recognize the problem of imported malaria.
Some worthwhile community-based programs have been
initiated. We conclude that malaria prevention for children
should be a task of primary care providers and should be
subsidized for low-income travelers to high-risk malaria-
endemic areas.
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Severe Dengue Epidemics in
Sri Lanka, 2003-2006

Nalaka Kanakaratne, Wahala M.P.B. Wahala, William B. Messer, Hasitha A. Tissera, Aruna Shahani,
Nihal Abeysinghe, Aravinda M. de Silva, and Maya Gunasekera?

Recent emergence of dengue hemorrhagic fever in the
Indian subcontinent has been well documented in Sri Lan-
ka. We compare recent (2003—-2006) and past (1980-1997)
dengue surveillance data for Sri Lanka. The 4 dengue virus
(DENV) serotypes have been cocirculating in Sri Lanka for
>30 years. Over this period, a new genotype of DENV-1 has
replaced an old genotype. Moreover, new clades of DENV-3
genotype lll viruses have replaced older clades. Emergence
of new clades of DENV-3 in 1989 and 2000 coincided with
abrupt increases in the number of reported dengue cases,
implicating this serotype in severe epidemics. In 1980—
1997, most reported dengue cases were in children. Recent
epidemics have been characterized by many cases in chil-
dren and adults. Changes in local transmission dynamics
and genetic changes in DENV-3 are likely increasing emer-
gence of severe dengue epidemics in Sri Lanka.

engue viruses (DENVs) are mosquito-borne flavivi-

ruses that each year infect millions of persons living in
tropical and subtropical regions of the world. Several hun-
dred thousand of these infections, especially in children,
progress to a life-threatening disease known as dengue
hemorrhagic fever (DHF). Dengue has emerged in many
regions of the world and the number of cases and the range
of the virus continue to increase every year (1).

The DENV complex consists of 4 distinct serotypes,
designated DENV-1, DENV-2, DENV-3, and DENV-4.
Infection with 1 DENV serotype is believed to provide

Author affiliations: Genetech Research Institute, Colombo, Sri Lan-
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Wahala, W.B. Messer, A.M de Silva); Ministry of Health, Colombo
(H.A. Tissera, N. Abeysinghe); and Apollo Hospital, Colombo (A.
Shahani)
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long-term immunity to the homologous serotype but not
to the other serotypes (2). Thus, persons can be infected
with multiple serotypes during their lifetime. People with
a repeat (secondary) DENV infection have a greater risk
for DHF than persons infected for the first time, indicating
that preexisting serotype cross-reactive immunity is a risk
factor for severe disease (3,4). Furthermore, all 4 serotypes
of DENV can cause DHF, but within each serotype some
genotypes or clades within genotypes are linked to severe
disease and others to mild disease (5-7).

Factors driving global emergence of dengue fever
(DF) and DHF are complex and include viral and host
factors as well as environmental changes that favor trans-
mission. The epidemiology of dengue in Sri Lanka is
particularly interesting because before 1989 all 4 sero-
types were present and many repeat infections occurred,
but few cases of DHF were documented (8,9). Incidence
of DHF dramatically increased in 1989, and hundreds to
thousands of cases of DHF have been documented every
year since (8). Genetic studies with DENV-3 strains from
Sri Lanka demonstrated that viruses isolated before and
after emergence of DHF belonged to 2 distinct clades
(DENV-3, genotype IIIA and IIIB, respectively), indicat-
ing that DENV-3 strain differences are likely to have con-
tributed to emergence of DHF (7).

The magnitude of DF and DHF epidemics in Sri Lanka
has continued to increase; 2 of the largest epidemics oc-
curred in 2002 and 2004. We report results from dengue
surveillance and virologic studies conducted during 2003—
2006 in Sri Lanka. We also compare recent (2003-2006)
and past (1981-1997) surveillance data and virus isolates
to better understand factors driving emergence of severe
disease in Sri Lanka.

"Deceased.
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Materials and Methods

Sample Collection

Genetech Molecular Diagnostics Institute in Colombo,
Sri Lanka, receives diagnostic specimens for dengue test-
ing from clinics and hospitals in Colombo. This study used
excess serum samples that remained after diagnostic test-
ing. Only samples collected from patients with 1-4 days
of fever were included in the study. All patient-identifying
information was removed from specimens before their use
in the study. The study was reviewed and approved by the
Institutional Review Boards of the University of North
Carolina, Chapel Hill, NC, USA, and the University of Sri
Lanka, Peradeniya, Sri Lanka.

National Dengue Data Collected by
Ministry of Health, 1996-2005

DF and DHF are reportable diseases in Sri Lanka. All
practicing doctors treating dengue patients are expected to
report cases to local health officers, who report cases on a
weekly basis to the Central Epidemiology Unit of the Min-
istry of Health in Colombo. National data reported in this
article are based on cases reported to the Central Epidemi-
ology Unit. A special investigation form for collection of
detailed information is sent out by the Central Epidemiol-
ogy Unit for each reported case of DF or DHF to the re-
porting health office and the treating hospital. Age-specific
disease information in this article was compiled from these
special investigation forms.

Reverse Transcription—PCR for Detection
and Serotyping of DENVs

Reverse transcription—PCR was performed by using
the DV1 and DV3 primer set (10) and the ALD 1 and ALD
2 primer set (11) in 1 reaction. The DV primers amplify a
470-bp fragment of the nonstructural protein 3 (NS3) gene
of all flaviviruses (10). The ALD1 and ALD2 primers am-
plify a 229-240-bp product from the 3’ untranslated region
of all DENVs (11). The DV primers were not as sensitive
as the ALD primers for detecting dengue infection. How-
ever, the 470-bp fragment amplified by the DV primers was
used as the template in a second nested PCR to serotype the
virus (10).

Isolation of DENV

For virus isolation, 15 puL of serum was mixed with185
pL of minimal essential medium containing 2% fetal bo-
vine serum and added to C6/36 cells growing in 6-well tis-
sue culture plates. The inoculum was incubated for 1 hour
at 28°C before adding 2 mL of medium and incubating for
10 days in a CO, incubator at 28°C. Cells were tested for
DENV by staining with monoclonal antibody 4G2, which
binds to the envelope (E) protein of all 4 DENV serotypes.
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Supernatants were harvested from positive wells and fro-
zen as P1 DENV stocks.

Sequencing and Phylogenetic Analysis of DENV

The P1 stocks were used as a source of RNA for
sequencing and genotyping viruses. Reverse transcrip-
tion—PCR was performed with different primer pairs
to amplify selected regions of the genome of DENV-1,
-2, -3, or -4. For DENV-1, we amplified a 536-bp seg-
ment at the envelope-NS1 junction by using primers DIF
2034-2055  (5-CCTTTTGGTGAGAGCTACATCG-3")
and DIR 2570-2551 (5'- ACACACACCCTCCTCCCA-
TG-3'). For DENV-2, we amplified a 519-bp segment
at the E-NS1 junction by using primers D2F 2050-2071
(5'-CCATTCGGAGACAGCTACATCA-3") and D2R
2569-2548 (5-GAGCCTTCTGGATAGCTGAAGC-3).
For DENV-3, we amplified a 1,057-bp segment encom-
passing part of the capsid (C) protein, the premembrane
(preM) protein, and part of the E protein by using prim-
ers D3F 132-159 (5'- TCAATATGCTGAAACGCGT-
GAGAAACCG-3') and D3R 1189-1171 (5'- CTCCT-
CAGGCAAAACCGCT-3'). For DENV-4, we amplified a
962-bp segment encompassing part of the C protein, preM
protein, and part of the E protein by using primers D4F 137—
162 (5'-TCAATATGCTGAAACGCGAGAGAACCG 3-)
and D4R 1099-1074 (5'-CCACTTCCTTGGCTGTTGT
CTTGATC-3").

Purified PCR products were sent to the University of
North Carolina—Chapel Hill Genome Analysis Facility.
Overlapping individual nucleic acid sequences were as-
sembled by using VECTOR NTI (ContigExpress, Bethes-
da, MD, USA). Sequences were aligned and analyzed by
using ClustalX (www.clustal.org), PAUP* (http://paup.
csit.fsu.edu), PHYLIP (http://evolution.gs.washington.
edu/phylip.html), and MEGA4 (www.megasoftware.net)
software. All new virus sequences were deposited in Gen-
Bank (online Appendix Table, available from www.cdc.
gov/EID/content/15/2/192-appT.htm) for virus strains and
sequences used to create the phylogenetic trees.

Results

In January 2003, Genetech Molecular Diagnostics
Institute in Sri Lanka began to test clinical specimens for
DENV by PCR. Only samples collected from suspected
dengue case-patients within the first 4 days of fever were
tested. During 2003-2006, a total of 3,833 serum samples
were received from hospitals and clinics. The number of
samples tested ranged from 212 in 2003 to 1,686 in 2004
when Sri Lanka had a large DHF epidemic. Of the 3,833
samples, 930 (24%) were positive by PCR for DENV. On
an annual basis, the proportion of positive samples was 39%
in 2003, 22% in 2004, 18% in 2005, and 32% in 2006.
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Comparison of Dengue Data Collected at
Genetech with Nationally Reported Data

Figure 1, panel A, shows dengue cases reported to
the Ministry of Health in Sri Lanka during 1980-2005.
Cases reported before 1996 are based on passive surveil-
lance and outbreak investigations conducted by the Minis-
try of Health. DF and DHF were designated as reportable
diseases in 1996, and data obtained since 1996 are based
on mandatory reporting. Although DENVs were common
in Sri Lanka and persons there were exposed to multiple
infections, severe disecase was rare before 1989 (8). The
1990s were characterized by small but regular epidem-
ics of severe disease (Figure 1, panel A) (8). In the period
since 2000, the magnitude of the epidemics has increased
further; particularly large epidemics occurred in 2002 and
2004 (Figure 1, panel A).

Most of the dengue samples tested at Genetech were
received from private hospitals and clinics in Colombo. Be-
cause dengue is a reportable disease in Sri Lanka, physicians
are expected to report cases to the Ministry of Health. We
compared monthly dengue data reported to the Ministry of
Health from Colombo and data collected at Genetech dur-
ing January 2003—April 2006. Data from Genetech closely
mirrored cases reported to the Ministry of Health, indicat-
ing that the laboratory at Genetech can serve as a sentinel
site for monitoring DENV activity in the Colombo region
(Figure 1, panel B). The peak number of cases observed at
Genetech preceded reported peaks by ~1 month (Figure 1,
panel B); these cases from 2 sources were significantly cor-
related (correlation coefficient 0.80).

Circulating Dengue Serotypes

Of 930 PCR-positive samples collected during 2003—
2006, we serotyped 605 samples by nested PCR. DENV
serotypes 2 (40%) and type 3 (46%) were common, and
serotypes 1 (7%) and 4 (7%) were rare. We examined the
relative abundance of each serotype at monthly intervals
during October 2003—September 2006 (Figure 2). DENV-2
and DENV-3 were the dominant serotypes throughout the
study period. DENV-1 and DENV-4 were also regularly
isolated but in low numbers. All 4 serotypes were detected
in 2004 and 2006. In 2005, DENV activity was low and
DENV-1 was not identified in samples. These results dem-
onstrate that although all 4 serotypes cocirculate in Sri Lan-
ka, DENV serotypes 2 and 3 are primarily responsible for
clinically apparent cases.

Age Distribution of Dengue Case-Patients

When the age distribution of dengue-positive case-
patients tested at Genetech during 2003-2006 was ana-
lyzed, we observed 2 peaks: the first in children <4 years
of age and the second in adults 20-30 years of age (Figure
3). The peak of disease in adults was surprising because
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Figure 1. A) Dengue cases reported to the Epidemiology Unit,
Ministry of Health, Sri Lanka (1981-2005). B) Comparison of
monthly reported data for Colombo and Genetech for 2003—-2006.
Colombo data are based on cases reported to the Ministry of Health
by hospitals and clinics within the Colombo Municipal Council.
Genetech data are based on the number of PCR-positive cases
detected each month.

previous studies indicated that dengue transmission in Co-
lombo was high and most adults were likely to be immune
to infection (8). To further evaluate the peak of disease ob-
served in young adults, we examined the age distribution
of case-patients reported to the Ministry of Health during
1996-2006. These data showed a striking change in age
distribution of dengue case-patients over this 11-year pe-
riod (online Technical Appendix, available from www.cdc.
gov/EID/content/15/2/192-Techapp.pdf). Before 2000, one
large peak of cases was observed in children and few cases
were observed for adults. After 2000, two peaks of report-
ed disease were observed for children and young adults.
Moreover, the mean age of reported DF/DHF cases has in-
creased from 15 in 1996 to =25 in 2006.

WDEN3
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Figure 2. Relative abundance of dengue (DEN) virus serotypes in
Sri Lanka. DEN-positive serum samples obtained from October
2003 through September 2006 were serotyped by reverse
transcription—-PCR.
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Figure 3. Clinically apparent dengue in different age groups in Sri
Lanka, 2003-2006, Sri Lanka. Because true incidence data were
not available, relative incidence of dengue infections by age cohort
was estimated. We used Genetech data and known population of
Colombo by age, to estimate relative incidence. The age group (>60
years) with the lowest transmission rate was used as a referent for
calculating the fold difference between each remaining cohort and
the referent.

Phylogeny of DENVs

We reported that the DENV-3 strains isolated in Sri
Lanka before and after the emergence of severe discase
epidemics belonged to 2 distinct clades (7). To further
characterize the DENVs responsible for recent epidemics
in Sri Lanka, we isolated virus from serum samples col-
lected in 2003 and 2004. The C6/36 mosquito cell line
was inoculated by using serum samples from 220 samples
that were positive by PCR for DENV. Virus was isolated
from 181/220 specimens. The 181 isolates consisted of 18
DENV-1 strains, 76 DENV-2 strains, 64 DENV-3 strains,
and 23 DENV-4 strains. To identify DENV genotypes that
have been circulating in this country over the past 3 de-
cades, we sequenced representative isolates from 2003 and
2004, as well as other isolates from Sri Lanka in our collec-
tion. All virus strains and sequences used for this analysis
are listed in the online Appendix Table. When grouping
each DENV serotype into different genotypes, we relied on
the groups and nomenclature described by Rico-Hesse for
the 4 serotypes (5). Genotypes are named on the basis of
country of origin of the earliest isolates and not necessarily
on current distribution of viruses.

Phylogeny of DENV-1 Strains Collected
during 1983-2004

DENV-1 has been subdivided into 4 genotypes des-
ignated South Pacific, Asia, Thailand, and Africa/America
(5). We evaluated the position of DENV-1 isolates from
Sri Lanka within this established phylogeny. These isolates
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used were obtained in 1983, 1984, 1997, 2003, and 2004. A
498-nt fragment from positions 2056 to 2554 (E/NS1 junc-
tion) was used to create a phylogenetic tree. Results dem-
onstrate that the DENV-1 genotype circulating in Sri Lanka
has changed over the study period. The 2 isolates from Sri
Lanka obtained in 1983 and 1984 belonged to the South
Pacific genotype (Figure 4). Sometime during 1984-1997,
the Africa/America DENV-1 genotype became established
on Sri Lanka and continued to circulate through 2004; the
South Pacific genotype has not been detected during the
past 8 years.

Phylogeny of DENV-2 Strains Collected
during 1981-2004

DENV-2 has been subdivided into 4 genotypes des-
ignated Malaysian/Indian subcontinent, Southeast Asian,
American, and West African (Sylvatic) (5). The Sri Lankan
DENV-2 strains in our collection were isolated in 1981,
1982, 1983, 1984, 1985, 1989, 1990, 1996, 1997, 2003, and
2004. We sequenced the 239-nt fragment from positions
2311-2550 (E/NS1 junction) and generated a phylogenetic
tree by using this sequence and existing sequences in Gen-
Bank from representative DENV-2 strains. All DENV-2
isolates from Sri Lanka are closely related and belong to
the Indian subcontinent/Malaysia genotype (Figure 5).
Moreover, there is no evidence for the recent introduction
of a DENV-2 strain from outside the island because the
DENV-2 strains from Sri Lanka are more closely related to

78 DV1 SL 1983

o7 DV1sL 1984 South Pacific
DV1 West Pacific 1974
39

66 DV1 Aust 1983
sl DV1 Thailand 1958
£ DV1 Thailand 64
DV1 China 1980
8 DV1 Japan 1943
o DV1 Nigeria 1068
{ DV1 Abidjan

84 DV1 Brazil 1997
76 DV1 Brazil 2001
87 0
DV1 Brazil 1990
DV1 SL 1992

Ty DV1 SL 1997
DV1 SL 2003
DV1 SL 2004a
94| DV1 SL 2004c
DV1 SL 2004b

} Thailand

} Asia

Africa/America

DV1 Malaysia Sylatic 1972

—
0.01

Figure 4. Phylogram of dengue serotype 1 viruses (DENV-1)
from Sri Lanka (SL), 1983-2004, and other DENV-1 viruses.
The tree is based on a 498-bp fragment for positions 2056-2554
coding portions of envelope protein and nonstructural protein 1.
Evolutionary history was inferred by using the minimum-evolution
method (12). Percentages of replicate trees in which the associated
taxa clustered in the bootstrap test (1,000 replicates) are shown
next to the branches (13). Phylogenetic analyses were conducted
in MEGA4 (14). The tree was rooted by using a DENV-1 sylvatic
strain. Classification and naming of different DENV-1 genotypes
is based on the report by Rico-Hesse (5). Scale bar represents
number of base substitutions per site.
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Figure 5. Phylogram of dengue serotype 2 viruses (DENV-2) from
Sri Lanka (SL), 1981-2004, and other DENV-2 viruses. The tree
is based on a 239-bp fragment for positions 2311-2550 coding for
amino acids at the envelope protein/nonstructural protein 1 junction.
The tree was constructed as described in Figure 4 and was rooted
by using a DENV-2 sylvatic strain. Classification and naming of
different DENV-2 genotypes is based on the report by Rico-Hesse
(5). Scale bar represents number of base substitutions per site.

one another than to any other DENV-2 strain used in this
analysis.

Phylogeny of DENV-3 Strains Collected
during 1983-2004

DENV-3 has been divided into 4 genotypes designated
Southeast Asian/South Pacific (I), Thailand (II), Indian sub-
continent (III), and American (IV) (5,15). Previous studies
have demonstrated that all DENV-3 strains from Sri Lanka
isolated in the 1980s and 1990s belong to Indian subcon-
tinent genotype (III) (7,15). Within genotype 111, DENV3
strains from Sri Lanka form 2 distinct clades linked to mild
(IITA) and severe (111B) disease epidemics on the island (7).
DENV-3 IIIB viruses are most closely related to East Af-
rican strains, which indicates that IIIB viruses linked to se-
vere disease in Sri Lanka are likely to have been introduced
from East Africa (7). In 1994, a DENV-3 genotype III from
South Asia or East Africa was also introduced into Latin
America, where it is now well established and responsible
for severe disease epidemics (7).

Considering the backdrop of the recent expansion of
DENV-3 genotype III viruses, we were interested in de-
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termining the relationship of DENV-3 genotype III strains
from Sri Lanka isolated in 2003 and 2004 to other DENV-3
genotype III viruses currently circulating in Africa, the
Americas, and the Indian subcontinent. We sequenced the
966-nt fragment from positions 179-1144 (a portion of C,
all of preM, and a portion of E) and created a tree by us-
ing our sequences and existing sequences in GenBank from
representative DENV-3 genotype III strains. The DENV-3
sequences used were from isolates obtained in Sri Lanka
in 1983, 1984, 1985, 1989, 1990, 1993, 1994, 1997, 1998,
2003, and 2004. As demonstrated previously by our group,
DENV-3 genotype III consists of pre (IIIA)- and post
(ITIB)—1989 clades from Sri Lanka, as well as Latin Ameri-
can and East African clades (Figure 6) (7). The DENV-3
strains from Sri Lanka isolated in 2003 and 2004 form a
new, distinct clade that is closely related but distinct from
the DENV-3 clade IIIB viruses that were isolated in the
1990s. This new 2003-2004 clade includes an isolate from
1993, which strongly suggests that the clade is derived from
strains that have been on the island for some time.

Phylogeny of DENV-4 Strains Collected
during 1978-2004

The phylogeny of DENV-4 has not been studied as
extensively as the other serotypes. This serotype can be
broadly separated into 2 genotypes designated Southeast
Asian (I) and Indonesian (II) (5). The Southeast Asian
genotype strains are primarily from Asia, whereas the In-
donesian group has a broad distribution in Asia and the
Americas. A 296-nt fragment from positions 787-1083
(preM/E junction) was used to create a phylogenetic tree.
DENV-4 strains from Sri Lanka isolated in 1978 and in
2003-2004 group with the Southeast Asian genotype,
which indicates that this genotype is established on the is-
land (Figure 7). Two DENV-4 isolates from 1992 belong
to the Indonesian genotype and likely represent a transient
introduction (Figure 7).

Discussion

Although dengue has been a problem in the Indian
subcontinent for at least the past 50 years, the disease and
its viruses remain incompletely studied in the region (16—
18). Over the past 2 decades, the epidemiology of dengue
has changed and regular epidemics of DF and DHF have
been reported in Sri Lanka, India, the Maldive Islands,
Bangladesh, and Pakistan (8,19-23). We need a better un-
derstanding of the epidemiology of dengue in this region
to develop and implement effective control programs and
to most effectively use dengue vaccines that are currently
in clinical trials.

We have investigated the emergence of DHF in Sri
Lanka by analyzing samples sent for diagnostic testing to
the Genetech Research Institute in Colombo. This insti-
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Figure 6. Phylogram of dengue serotype 3 (DENV-3) genotype
Il viruses from Sri Lanka (SL), 1981-2004, and other DENV-3
genotype lll viruses. The tree is based on a 966-bp fragment for
positions 179-1144 coding for a portion of the capsid protein, all of
the premembrane protein, and a portion of the envelope protein. The
tree was constructed as described in Figure 4 and rooted by using
a DENV-3 genotype | virus (H87). Naming of the different groups
within DENV-3 genotype Il is based on the report by Messer et al.
(7). Scale bar represents number of base substitutions per site

tute received 3,833 samples for testing during 2003-2006.
On an annual basis, the proportion of samples positive for
dengue was 39% in 2003, 22% in 2004, 18% in 2005, and
32% in 2006. The low proportion of positive samples in
2004 and 2005 compared with other years was unexpected
because one would expect a greater proportion of positive
cases during an epidemic year such as 2004. During the
2004 epidemic, there was widespread fear of dengue, and
indiscriminate testing of fever cases is likely to have led to
the overall lower proportion of positive cases.

We have demonstrated that all 4 serotypes cocirculate
in Sri Lanka and were responsible for clinically apparent
cases detected during 2003—-2006. DENV types 2 and 3 were
responsible for most human cases; types 1 and 4 were rela-
tively rare. DENV types 2 and 3 native to the region may be
more pathogenic than the other serotypes and thus may be
recovered more frequently during human surveillance.

Viruses isolated during 1978-2004 were sequenced to
understand the origin and evolution of DENV in Sri Lanka.
For DENV-1, isolates obtained in Sri Lanka in the 1980s
belong to the South Pacific genotype, whereas more recent
isolates belong to the American/African genotype. These
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results indicate that the South Pacific genotype of DENV-1
was replaced after a new introduction of the American/
African genotype of DENV-1. All DENV-2 isolates from
Sri Lanka belong to a single (Indian subcontinent/ Malay-
sian) genotype. There is no evidence for introduction of
DENV-2 from other areas because DENV-2 strains from
Sri Lanka were more related to one another than to any
other strain used in this analysis. All DENV-3 strains from
Sri Lanka belonged to genotype III. However, in 1989 and
again in 2000, the dominant clade of DENV-3 genotype III
was replaced by a new clade of genotype III (7). In 1989,
the lineage replacement was most likely caused by the in-
troduction of DENV-3 from outside Sri Lanka. In 2000, the
dominant lineage of DENV-3 was replaced by a previously
rare lineage from Sri Lanka. The oldest (1978) and most
recent isolates of DENV-4 belong to the Southeast Asian
genotype, which indicates that this genotype is established
on the island.

Perhaps the most striking feature of the epidemiology
of dengue in Sri Lanka is the abrupt, stepwise increase in
the number of severe disease cases in 1989 and again in
2000. In previous studies, we have highlighted the poten-
tial role of a shift in the circulating clade of DENV-3 from
genotype IIIA to IIIB in this sudden emergence of severe
disease in 1989 (7). Recent studies have also demonstrated
that DENV-3 clade IIIB viruses replicate and disseminate
better in the vector than clade IIIA viruses (24). This find-
ing may explain the explosive spread of IIIB and close-
ly related viruses within the region as well as into Latin
America. The stepwise increase in cases after 2000 was
accompanied by appearance of another clade of DENV-3
genotype III viruses that have replaced the clade IIIB virus-
es. Thus, evolution within DENV-3 genotype III continues
to be linked to changes in disease severity in Sri Lanka. A
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Figure 7. Phylogram of dengue serotype 4 viruses (DENV-4) from
Sri Lanka (SL), 1978-2004, and other DENV-4 viruses. The tree is
based on a 296-bp for positions 787—-1083 coding for portions of
premembrane and envelope proteins. The tree was constructed as
described in Figure 4 and rooted by using a sylvatic DENV-4 strain.
Classification and naming of different DENV-4 genotypes is based
on the report by Rico-Hesse (5). Scale bar represents number of
base substitutions per site.
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similar phenomenon has also been reported by Bennett et
al. (25,26). They compared data for 20 years from Puerto
Rico for DENV-2 and DENV-4 and observed replace-
ment of dominant clades by a previously rare lineage in
the population or by viruses introduced from outside Puerto
Rico. Clade replacement was linked to positive selection in
the NS2A gene for DENV-4 and the E gene for DENV-2.
Further studies are needed to assess if mutations in spe-
cific genes are also linked to emergence of new clades of
DENV-3 in Sri Lanka.

When analyzing data collected at Genetech during
2003-2006, we observed a peak of dengue in young adults
(20-30 years of age). Analysis of national data collected
during 1996-2005 demonstrated that the disease peak in
adults is a recent phenomenon and occurred after 2000. In
areas with high transmission, where the virus has been his-
torically established, most adults are likely to be immune
because of childhood infections. The changing age struc-
ture may be indicative of the virus moving into new areas
with many susceptible adults. During the large epidemics
that occurred after 2000, many cases were reported from
regions of the country where few cases have been reported
(Epidemiology Unit, Ministry of Health, unpub. data). To
better understand the molecular epidemiology and chang-
ing age distribution of dengue in Sri Lanka, laboratory-
supported, population-based, active surveillance studies
are needed.
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Seoul Virus and Hantavirus
Disease, Shenyang, People’s
Republic of China

Yong-Zhen Zhang, Xue Dong, Xin Li, Chao Ma, Hai-Ping Xiong, Guang-Jie Yan, Na Gao,
Dong-Mei Jiang, Ming-Hui Li, Lu-Ping Li, Yang Zou, and Alexander Plyusnin

An outbreak of hemorrhagic fever with renal syndrome
(HFRS) occurred among students in Shenyang Pharmaceu-
tical University in 2006. We conducted a study to character-
ize etiologic agents of the outbreaks and clarify the origin of
hantaviruses causing infections in humans and laboratory
animals. Immunoglobulin (Ig) M or IgG antibodies against
Seoul virus (SEOV) were detected in the serum samples
of all 8 patients. IgG antibodies against hantavirus were
also identified in laboratory rats, which were used by these
students for their scientific research. Phylogenetic analysis
showed that partial small segment sequences recovered
from humans, laboratory rats, and local wild rats belonged
to SEOV. Hantavirus sequences recovered from humans
and laboratory rats clustered within 1 of 3 lineages of SEOV
circulating among local wild rats in Shenyang. These results
suggest that the HFRS outbreak in Shenyang was caused
by SEOV that was circulating among local wild rats and had
also infected the laboratory rats.

Hantaviruses, members of the family Bunyaviridae, ge-
nus Hantavirus, cause 2 human zoonoses, hemorrhag-
ic fever with renal syndrome (HFRS) in Asia and Europe
and hantavirus pulmonary syndrome in North and South
America (1). In their natural hosts, rodents of the families
Muridae and Cricetidae, hantaviruses cause chronic infec-
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tion with no apparent harm (2,3). HFRS has been recog-
nized as a serious public health problem in China since
1955 (4,5). The disease is caused mainly by the Hantaan
virus (HTNV), transmitted by the striped field mouse (Apo-
demus agrarius), and Seoul virus (SEQV), transmitted by
the brown Norway rat (Rattus norvegicus) (4,6).

Transmission of hantaviruses among rodents and from
rodents to humans generally occurs through inhalation of
aerosolized excreta (7). HFRS outbreaks have occurred
among farmers and workers during close contact with in-
fected rodents in disease-endemic areas. Hantavirus infec-
tions have also occurred among technicians and researchers
after handling laboratory rodents. The first report showed
that contact with hantavirus-infected laboratory rats caused
a HFRS outbreak among 13 doctors and 1 veterinarian at
medical research institutions in Japan (8). Since 1975 and
1978, laboratory animal-associated HFRS outbreaks have
been reported in several countries (9-14). Dozens of hanta-
virus infections in laboratory animals also occurred during
the 1980s in China (15). Furthermore, 16 HFRS cases as-
sociated with laboratory rats occurred in 1983 in the Shanxi
province (16). However, only a few reports have attempted
to characterize the etiologic agents of the outbreaks and
clarify the origin of hantaviruses causing infections in hu-
mans and laboratory animals (9,17).

Shenyang City (the capital of Liaoning Province) is
located in northeastern China. Shenyang has always been
one of the most seriously affected areas in China since the
first outbreak of HFRS in 1958 (5,18). A total of 470 HFRS
cases were reported in Shenyang in 2005; most of these
cases occurred among farmers in the suburbs and the rural
areas of Shenyang. Previous studies have shown the pres-
ence of 2 hantaviruses carried by rodents: HTNV, carried
by striped field mice, and SEOV, carried by Norway rats
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in Shenyang (18). Serologic and genetic analyses suggest
that the HFRS outbreak was caused by transmission of
SEOV, which was circulating among local wild rats; the
wild rats passed the virus to laboratory rats, which then in-
fected humans. Our study characterizes etiologic agents of
these outbreaks among students and clarifies the origin of
hantaviruses causing infections in humans and laboratory
animals.

Materials and Methods

Patients and Serum Samples

HFRS cases were defined by a national standard of
clinical criteria and confirmed by detecting antibodies
against hantavirus in serum samples obtained in 2006.
Serum samples were collected from patients with clinical
signs of HFRS and sent to the Shenyang Center for Disease
Control and Prevention (Shenyang CDC) for detection of
hantavirus-reactive antibodies, and then to the Institute for
Communicable Disease Control and Prevention, Chinese
Center for Disease Control and Prevention for further se-
rologic and genetic characterization. Shenyang CDC con-
ducted the HFRS epidemiologic studies. Information such
as the date of onset of illness, fever, living conditions, his-
tory of exposure in dormitory and field, and clinical symp-
toms and signs was obtained and recorded.

Laboratory Rats and Mice

All laboratory rats (Wistar) and mice (BALB/c) housed
in the same animal facility in a pharmaceutical laboratory
building were obtained from the Laboratory Animal Center
of Shenyang Pharmaceutical University and were sampled.
These rodents were generally >6 months of age and had
been in the animal facility for >1 month. Serum and lung
tissue samples were collected from all laboratory animals,
placed in vials, stored immediately at —196°C, and trans-
ported to the laboratory for processing.

Trapping of Rodents

During 2006-2007, wild rodents were captured on the
grounds of the animal facility in the pharmaceutical labora-
tory building, in the vicinity of the laboratory Animal Cen-
ter of Shenyang Pharmaceutical University during 1 month
after the outbreak in 2006, and in a major HFRS-endemic
focus in the suburbs of Shenyang in the autumn of 2006
and the spring of 2007 using snap-traps baited with pea-
nuts. Lung tissue samples were taken from dissected ani-
mals, placed immediately into vials and stored at —196°C
and, then transported to a laboratory for processing.

Serologic Assays
Human serum samples were tested for immunoglobu-
lin (Ig) G and IgM antibodies against HTNV and SEOV
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by indirect immunofluorescent assay (IFA). Serum samples
from laboratory rodents were tested for IgG antibodies to
SEOV or HTNV. IgG and IgM IFAs were performed with
HTNV (strain 76-118)— and SEOV (strain L99)—infected
Vero E6 cells. Cells were spread onto slides, air-dried, and
fixed with acetone. Samples were serially diluted in 2-fold
steps in phosphate-buffered saline, starting with the initial
dilution of 1:2, then added to the cells, and incubated for 90
min at 37°C. Slides were washed in phosphate-buffered sa-
line and incubated with fluorescein isothiocyanate (FITC)—
labeled rabbit antihuman IgG and IgM antibodies (Sigma,
St. Louis, MO, USA), which are gamma-chain— and mu-
chain specific, respectively, at 37°C for 30 min. For rodent
samples, FITC-labeled goat antimouse or antirat IgG was
used. IgG titers >40 and IgM titers >20 were considered
positive.

Detection of Hantavirus Antigen

Viral antigens in the lung tissue (frozen sections) of
rats and mice were detected by using indirect [FA as de-
scribed previously (19), with rabbit anti-SEOV/L99 and
HTNV/76-118 hantavirus antibodies and FITC-labeled
goat antirabbit IgG (Sigma). Scattered, granular fluores-
cence in the cytoplasm was considered a positive reaction
(Figure 1).

Reverse Transcription—-PCR (RT-PCR) and Sequencing

Total RNA was extracted from rodent lung tissues by
using the TRIzol reagent (Invitrogen, Carlsbad, CA, USA),
according to the manufacturer’s instructions and subjected
to RT-PCR for amplification of partial hantavirus small
(S) segment sequences. cDNA was synthesized with avian
myeloblastosis virus reverse transcriptase (Promega, Bei-
jing, China) in the presence of primer P14 (20). Partial S-
segment sequences of SEOV (nt 620-999) were amplified
from SEOV by using primers HV-SFO and HV-SRO for
initial PCR (21), and primers SEO-SF and SEOV-SR for
the second round of amplification (22). For amplification of
partial S-segment sequence (nt 514—1026) from HTNV, the
same primer pair HV-SFO/HV-SRO was used for initial
PCR and the primer pair HSF /HSR was used for nested
PCR (22).

The PCR products (380 bp and 513 bp, respectively)
were gel-purified by using QIAquick Gel Extraction kit
(QIAGEN, Beijing, China) according to the manufacturer’s
instructions and cloned into the pMD18-T vector (TaKaRa,
Dalian, China). The ligated products were transformed into
IM109-competent cells. DNA sequencing was performed
with the ABI-PRISM Dye Termination Sequencing kit
and an ABI 373-A genetic analyzer (Applied Biosystems,
Carlsbad, CA, USA). At least 2 cDNA clones were used
to determine each viral sequence. In case of discrepancy, a
third cDNA clone was sequenced.
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Figure 1. Detection of hantaviral antigens by indirect immuno-
fluorescentassay. A) Hantaviral antigen- negative Rattus norvegicus
lung tissue, detected with anti-L99 and 76-118 hantavirus sera. B)
Hantaviral antigen-positive R. norvegicus lung tissue, detected with
anti-L99 and 76-118 hantavirus antibodies. Magnification x400.

Phylogenetic Analysis

The PHYLIP program package version 3.65 (http:/
evolution.genetics.washington.edu/phylip.html) was used
to construct phylogenetic trees by using the neighbor-
joining method with 1, 000 bootstrap replicates. Align-
ments were prepared with ClustalW version 1.83 (www.
ebi.ac.uk/Tools/clustalw2/index.html). The nucleotide
identities were calculated by using the DNAStar program
(DNASTAR, Madison, WI, USA). For comparison, hanta-
virus sequences were retrieved from GenBank (www.ncbi.
nlm.nih.gov/Genbank) (Figure 2).
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Results

Patients and Survey Results

From March 8§ through April 22, 2006, symptoms of
hantavirus infection developed in 8 postgraduate students
(5 men and 3 women), who studied at Shenyang Pharma-
ceutical University located in the center of the Shenyang.
All patients met the national clinical criteria of HFRS, re-
quired hospitalization, and were treated in Shenyang Infec-
tious Hospital. Fever, proteinuria, and mild hemorrhagic
complications were observed in all patients, but without the
distinct clinical stages seen in the severe form of the dis-
ease caused by HTNV (Table 1). Other clinical symptoms
such as weakness, backache, nausea, vomiting, abdominal
pain, eyeball pain, and hypotension were not observed.

The 8 students lived in different rooms in the 2 dormi-
tories on the university campus. They had no history of ex-
posure to wild rats in their rooms. Notably, all their room-
mates had been in good health. Further, the students neither
performed field studies nor had a history of exposure to
rats or mice in the field during the previous 6 months. All
8 students conducted their research in the same department
and had direct contact with a colony of laboratory rats and
mice in the animal facility in the pharmaceutical labora-
tory building. Hantavirus infection did not develop in any
person who did not have direct contact with the laboratory
rats and mice.

Serologic and Genetic Investigation
of Patient Serum Samples

Serum samples from all 8 patients were collected at
day 1 of hospitalization (2—4 days post onset of fever).
Samples were tested for IgM and IgG antibodies by IFA
using SEOV- or HTNV-infected cells (Table 2). All serum
samples showed higher IgM and IgG titers in SEOV-spe-
cific IFA. In 6 of 8 sera, the IgG titers against SEOV were
4-fold higher; in the remaining 2 serum samples the titers
against SEOV were 2-fold higher (Table 2). These results
suggested that the HFRS cases were caused by SEOV.

Total RNA was extracted from all serum samples
and analyzed by SEOV S-segment—specific or HTNV S
segment—specific RT-PCR. Hantavirus genome sequences
were amplified from 6 serum samples collected soon after
the onset of disease by using SEOV S-segment—specific
primers, not HTNV S segment—specific primers. That the
HFRS cases were caused by SEOV was confirmed. Cor-
responding SEOV strains were designated ShenyangHu3,
ShenyangHu4, ShenyangHu5, ShenyangHu6, Shenyan-
gHu7, and ShenyangHu8.

Analysis of Laboratory Rats and Mice
Serum samples from all suspected laboratory rats
and mice were tested for IgG antibodies against SEOV or
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Figure 2. Phylogenetic tree of hantaviruses based on partial
sequences of the small (S) segment (nt 600-999 for Seoul virus
(SEOV) and nt 514-1026 for hantaan virus (HTNV). PHYLIP
program package (3.65) was used to construct the phylogenetic
trees by using the neighbor-joining (NJ) method and the maximum
likehood (ML) with 1,000 replicates. The tree, constructed by using
the ML method, had a similar topology as that constructed by the
NJ method (data not shown). Bootstrap values were calculated
from 1,000 replicates; only values >50% are shown at the branch
nodes. The sequence of Sin Nombre virus (SNV) was used as an
outgroup. Partial S-segment sequences recovered from 6 patient
serum samples were designated ShenyangHu3, ShenyangHu4,
ShenyangHu5, ShenyangHu6, ShenyangHu7, and ShenyangHu8.
Sequences from Rattus norvegicus trapped in 2006 in the vicinity
of the Laboratory Animal Center of Shenyang Pharmaceutical
University were designated ShenyangRn-LAC-4, ShenyangRn-
LAC-28, and ShenyangRn-LAC-41. ShenyangRn-LAC-137,
from R. norvegicus and A. agrarius, trapped in 2006—2007 in the
major hemorrhagic fever with renal syndrome—endemic focus in
the rural areas of Shenyang were designated ShenyangRn20,
ShenyangRn32, ShenyangRn74, ShenyangRn75, ShenyangRn111,
ShenyangRn127, ShenyangRn131, ShenyangRn144, Shenyang
Rn167, ShenyangRn180, ShenyangRn183, and ShenyangAa13),
from hantavirus antigen—positive laboratory rats were designated
ShenyangW-. Sequences obtained in this study are shown in
boldface. The GenBank accession numbers of the other partial
S segment sequences are SNV/NM H10 (L25748); HTNV/76-118
(M14626), HTNV/CJAp93 (EF208953), HTNV/Bao14 (AB127998);
SEOV/NYA039 (EF210131), SEOV/Gou3 (AF288651), SEOV/
QH367 (DQ081717), SEOV/SR11 (M34881), SEOV/Tchoupitoulas
(AF329389), SEOV/80-39 (AY273791), SEOV/L99 (AF488708),
SEOV/R22 (AF488707), SEOV/pf26 (AY006465), SEOV/zy27
(AF406965), SEOV/Z37 (F187082), and SEOV/ZT10 (AY766368).
Scale bar represents genetic distance.

HTNV, and lung tissues were analyzed for the presence of
hantavirus antigen by indirect IFA. Hantavirus antibodies
were detected in 32 of 139 rats; the hantavirus antigen was
detected in 26 of these 32 rats (designated ShenyangW—;
Figure 2). Antibodies against HTNV or SEOV, or hantavi-
rus antigen have not been observed in laboratory mice.

Rodent Trapping and Analysis

To investigate whether SEOV strains identified in the
patients and laboratory rats originated in the local wild
rodent population, 156 Norway rats (R. norvegicus) were
trapped in the major HFRS endemic focus during the au-
tumn of 2006 and the spring of 2007 in the vicinity of the
Laboratory Animal Center of Shenyang Pharmaceutical
University. Four of 156 wild rats were found to be posi-
tive for hantavirus antigen by IFA. Hantavirus S-segment
sequences were recovered from these animals (corre-
sponding hantavirus strains were designated ShenyangRn-
LAC-4, ShenyangRn-LAC-28, ShenyangRn-LAC-41, and
ShenyangRn-LAC-137). No rodents had been caught in
the pharmaceutical laboratory building, suggesting that
the laboratory animal infection occurred in the Laboratory
Animal Center.
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A total of 299 rodents (56 striped field mice [A. agrar-
ius] and 243 Norway rats [R. norvegicus]) were captured in
20062007 during the major HFRS endemic focus in the
rural areas of Shenyang, which is =15 km from the Labora-
tory Animal Center. Of these rodents, 11 Norway rats and
1 striped field mouse were found to be positive for han-
tavirus antigen by IFA. Hantavirus S-segment sequences
were recovered from these animals (corresponding han-
tavirus strains were designated ShenyangRn20, Shenyan-
gRn32, ShenyangRn74, ShenyangRn75, ShenyangRnl111,
ShenyangRn127, ShenyangRn131, ShenyangRn144, She-
nyangRn167, ShenyangRn180, ShenyangRn183, and She-
nyangAal3).

Genetic Analyses

Partial S-segment sequences were recovered from 6
patient serum samples, 19 laboratory rats (designated She-
nyangW—, Figure 2); 15 wild Norway rats, and 1 striped
field mouse trapped in the outbreak region. Genetic analy-
sis showed that the partial S-segment sequences recovered
from all humans, laboratory rats, and wild rats were very
closely related to each other, with 95.6% to 99.8% sequence
identity (online Appendix Table, available from www.cdc.
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Table 1. Clinical symptoms and signs of HFRS patients in Shenyang, China, 2006*

Patient no.

Data 1 2 3

Sex F F F
Age, y 24 24 25

RZlo
N
8 Z|e

4
M M
24

Signs and symptoms
Fever
Weakness
Headache
Backache
Eyeball pain
Nausea - - -
Vomiting
Abdominal pain
Hemorrhagic complications
Oligouria
Proteinuria
Hypotension + - -

+ o+ o+ 4+ o+

+ o+ + 1
+ o+ + 1
+ 0+ 0

+ o+ o+ o+
+ 0 +
I+ + |+

+ o+ o+ o+

+ |
|
|
+ o+ + + + + o+
+

+ |
+
+

+ |

+ o+ o+ o+ o+
+ 1
+
+ o+ o+ |

*HFRS, hemorrhagic fever with renal syndrome.

gov/EID/content/15/2/200-appT.htm). These sequences
have a higher level of identity to SEOV (85.5-99.2%) than
to HTNV and other hantavirus types. Further comparison
showed that the partial S-segment sequences recovered
from human and laboratory rats were very closely relat-
ed to each other, with 98.7% to 99.8% sequence identity.
The 5% nucleotide divergence among hantaviruses carried
by wild rats suggested that perhaps>1 genetic lineage of
SEOV co-circulated in Shenyang. Notably, the sequences
of hantaviruses carried by humans and laboratory rats were
more closely related to those recovered from the wild rats
trapped in the vicinity of the Laboratory Animal Center
(ShenyangRn-LAC-4, ShenyangRn-LAC-28, Shenyan-
gRn-LAC-41, and Shenyang-LAC-137). Moreover, these
sequences also shared a higher homology with those recov-
ered from the lung tissue samples that were collected from
the wild Norway rats trapped in the major HFRS endemic
focus in the rural areas of Shenyang (ShenyangRn32 and
ShenyangRn180).

As expected, the partial S-segment sequence recov-
ered from 1 striped field mouse was closely related to those
from HTNV. The sequence showed especially high identity
(99.0%) to strain Baol4 isolated from A. agrarius in Hei-
longjiang (23), which is also in northeastern China.

Phylogenetic Analyses

In the present study, phylogenetic analysis of partial S-
segment sequences confirmed the molecular link between
SEOV strains from patients, laboratory Norway rats, and
the wild Norway rats trapped in the vicinity of the Labora-
tory Animal Center and the disease-endemic areas (Figure
2). As shown in Figure 2, all partial S-segment sequences
from humans, laboratory rats, and wild rats fell into the
SEOV genetic clade, well separated from other hantavirus-
es, thus indicating that the HFRS outbreak was caused by
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SEOV. Notably, the partial S sequences from wild rats were
divided into 3 lineages. The partial S sequences recovered
from humans and laboratory rats formed 2 groups, and the
sequences derived from the wild rats trapped in the vicin-
ity of the Laboratory Animal Center formed another group.
Together, these 3 groups formed a lineage that also in-
cluded the sequences ShenyangRn32 and ShenyangRn183,
which were recovered from the wild rats trapped in the ma-
jor HFRS-endemic focus in the rural areas of Shenyang.
This suggests that the HFRS outbreak had been caused by
strains belonging to this particular lineage of SEOV.

Discussion

HFRS has been recognized as a serious problem in
Shenyang since the first outbreak in 1958 (18). Despite
comprehensive control measures, including vaccination,
that have been carried out in the major endemic area of the
city in the past several years, 361-630 HFRS cases have
been reported annually from 2001 through 2005. Here we
report the results of serologic and molecular epidemiologic

Table 2. Serologic analysis of samples from HFRS patients by
indirect IFA, Shenyang, China, 2006

Serum sample IgM assayt IgG assayt
no. SEOV HTNV SEOQV HTNV
1/06 40 20 640 160
2/06 40 20 320 80
3/06 40 — 320 80
4/06 20 — 320 160
5/06 40 - 320 80
6/06 40 20 160 20
7106 40 20 320 80
8/06 40 — 320 160

*HFRS, hemorraghic fever with renal syndrome; IFA, immunofluorescent
assay; |lg, immunoglobulin; SEOQV, Seoul virus; HTNV, hantaan virus; —,
could not be detected.

TNumbers represent the endpoint titers of anti-hantavirus (SEOV or
HTNV) antibodies in the patients’ serum samples.
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investigation of a laboratory rats—associated outbreak of
hantavirus disease involving 8 postgraduate students in
Shenyang. The patients had clinical symptoms and bio-
chemical findings typical of HFRS cases occurring in Chi-
na. Serologic tests and the analysis of recovered hantavirus
genome sequences showed that the outbreak was caused by
a transmission of SEOV variants from the local wild Nor-
way rats through the laboratory Norway rats to humans.

Serologic tests and phylogenetic analysis indicated
that the HFRS cases were caused by the SEOV spread by
laboratory rats. HFRS cases associated with laboratory-
acquired infections have been reported in several countries
(8-13,16). Notably, hantavirus infections were found to be
more common in laboratory Norway rats than in mice and
other laboratory animals (8,9,12-15). However, only a few
investigations gave clear clues as to the origin of hantavi-
ruses circulating in laboratory animals (9,17).

Previous studies have shown the presence of 2 hantavi-
ruses carried by rodents: HTNV carried by the striped field
mice and SEOV by the brown Norway rats in Shenyang (18).
In the present study, serologic tests showed that all mouse
serum samples were antihantavirus antibody-negative, and
hantaviral antigens were not identified in the mouse lung
tissues and HTNV-specific sequences were not detected in
human serum samples. These results suggest that human
infections were not caused by HTNV, although our data
demonstrated that HTNV is circulating in A. agrarius in
Shenyang. Both human and laboratory rat serum specimens
were anti-SEOV antibody positive, which suggests that the
infections were caused by SEOV. Due to the cross-reac-
tivity of sera, exact serotyping for diagnoses of individual
patients was not possible. Seroepidemiologic studies may
sometimes misidentify the causative hantavirus if typing is
based only on ELISA, IFA, or immunoblot analysis (24).
Therefore, partial hantavirus S-segment sequences were
amplified from the patient sera and laboratory rat lung tis-
sues. All partial S-segment sequences recovered from 6 hu-
man and 26 laboratory rats belonged to SEOV; they were
closely related to each other, and clustered together on the
phylogenetic tree (Figure 2). These results confirmed that
the HFRS outbreak in Shenyang was caused by SEOV and
suggested the likely route of infection was from wild rats to
laboratory rats and then to humans.

Analysis of wild rats trapped in the vicinity of human
case-patients and the major HFRS epidemic focus allowed
comparison of SEOV genome sequences in humans and rats
(laboratory and wild). Phylogenetic analysis of the partial
S-segment sequences indicated that 3 lineages of SEOV are
co-circulating in wild rats in Shenyang (Figure 2). Notably,
the sequences from patients and laboratory rats were clus-
tered within 1 of these 3 lineages. Our results suggest that
the viruses carried by the laboratory rats originated from
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the prevalent SEOV strains circulating in wild Norway rats
in this area, and then were transmitted to humans.

In conclusion, our study indicates that the HFRS out-
break was caused by SEOV circulating in local wild Nor-
way rats through laboratory rats. Because hantavirus in-
fection in wild Norway rats is frequent in most regions of
China (5), this study reinforces conclusion that vigilance is
needed to prevent laboratory-associated cases of hantavirus
disease.

This study was partially supported by the Chinese Ministry
of Science and Technology (2003BA712A08-02).

Dr Zhang is a professor at the Institute for Communicable
Disease Control and Prevention, Chinese CDC. His research in-
terests include viruses, and epidemiology of hemorrhagic fever
with renal syndrome and rabies.
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Characteristics of 263K Scrapie
Agent in Multiple Hamster Species

Kimberly D. Meade-White, Kent D. Barbian, Brent Race, Cynthia Favara, Don Gardner, Lara Taubner,
Stephen Porcella, and Richard Race

Transmissible spongiform encephalopathy (TSE) dis-
eases are known to cross species barriers, but the patho-
logic and biochemical changes that occur during transmis-
sion are not well understood. To better understand these
changes, we infected 6 hamster species with 263K hamster
scrapie strain and, after each of 3 successive passages in
the new species, analyzed abnormal proteinase K (PK)—
resistant prion protein (PrPres) glycoform ratios, PrPres PK
sensitivity, incubation periods, and lesion profiles. Unique
263K molecular and biochemical profiles evolved in each
of the infected hamster species. Characteristics of 263K
in the new hamster species seemed to correlate best with
host factors rather than agent strain. Furthermore, 2 poly-
morphic regions of the prion protein amino acid sequence
correlated with profile differences in these TSE-infected
hamster species.

Transmissible spongiform encephalopathy (TSE) dis-
eases are infectious, fatal, neurodegenerative diseases
of the central nervous system that affect a wide variety of
mammals, including humans. In the past several decades, 3
new TSE diseases have been identified in different species:
chronic wasting disease of deer and elk, bovine spongiform
encephalopathy of domestic cattle, and variant Creutzfeldt-
Jakob disease of humans. Thus, a better understanding of
the process of cross-species transmission is needed.
Recognition of natural cross-species transmission is
not straightforward. If a disease that crosses species has
clinical or pathologic features similar to those of an already
well-characterized TSE disease, it may not be recognized
as a cross-species infection. Furthermore, some cross-spe-
cies events involve slow processes in which the TSE agent

Author affiliation: National Institute of Allergy and Infectious Dis-
eases, Hamilton, Montana, USA

DOI: 10.3201/eid1502.081173
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adapts over several passages before recognizable clinical
disease occurs (1).

The amino acid sequence of the prion protein (PrP) is
known to be an influential factor for cross-species trans-
mission of TSE disease to a new host. Multiple single
nucleotide polymorphisms resulting in amino acid changes
that control susceptibility to TSE disease have been identi-
fied in sheep, cervids, humans, and transgenic mice (2-6).
Similarly, incubation periods have also been correlated
with nonsynonomous single nucleotide polymorphisms
in the PrP gene. For example, 2 polymorphic residues at
amino acids 108 and 189 are associated with either short
(Leul08/Thr189) or long (Phe108/Vall189) incubation pe-
riods in mice (7). Even a single point mutation in mice at
amino acid position 101 has been shown to alter proteinase
K-resistant prion protein (PrPres) deposition in brain, incu-
bation periods, and host range (8).

In this study, we examined molecular and biochemi-
cal changes associated with cross-species transmission in
6 hamster species of the rodent subfamily Cricetinae. All
animals were handled according to the National Institutes
of Health guidelines and protocols approved by the Rocky
Mountain Laboratories’ (Hamilton, MT, USA) Institutional
Animal Care and Use Committee.

Phylogenetic classification of these hamster subspe-
cies is based on DNA sequences of mitochondrial cyto-
chrome b gene and a portion of the NADH dehydroge-
nase 4 gene (9). These 6 species diverge into 3 genera,
mainly Cricetulus (including Armenian and Chinese),
Phodopus (including Djungarian and Siberian), and Me-
socricetus (including Turkish and Syrian) hamster species
(Figure 1). By inoculating each of these hamster species
with a well-characterized, stable strain of Syrian hamster
scrapie (263K), we were able to compare and analyze mo-
lecular and biochemical parameters of cross-species trans-
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. . Common
Subfamily Genus Species name
Auratus — Syrian
Mesocricetus < Brendt — Turkieh
Campbelli — Djhungarian
Cricetinae Phodopus
P <Sungorus — Siberian
Griseus — Chinese
Cricetulus Migratorius —  Armenian
Figure 1. Taxonomic classification for 6 hamster species.

Phylogenetically, these species are grouped into closely related
taxonomic genera (9).

mission events. To identify the cross-species transmission
event, we looked for recognizable features that may have
emerged in the new host. We found that each new host spe-
cies presented a profile unlike that of the original Syrian
hamster host infected with 263K. These profile changes
correlated with unique PrP amino acid sequences within
the 6 hamster species. This finding suggests that host PrP
sequences can change the phenotype presentation of the
agent in the host and could thereby confound identification
of cross-species transmission events.

Materials and Methods

Incubation Periods and Titers for Passaged 263K

The original source of 263K hamster agent came from
Kimberlin et al. (10) and was passaged 3 times in Syrian
hamsters at Rocky Mountain Laboratories. For cross-spe-
cies transmissions, also referred to as first passage, wean-
ling hamsters from each of the 6 hamster species were
intracranially inoculated with 263K stock at a titer of 2 X
10° lethal dose for 50% per 50 uL of a 1% brain homoge-
nate. Clinically ill hamsters from each species were killed,
and 1% brain homogenate was passaged intracranially into
weanling hamster recipients of the same species (second
passage). The process was repeated for a third passage.
Brain homogenate from clinically ill third-passage ham-
sters was inoculated intracranially back into Syrian (back-
passaged) hamsters.

Each hamster was killed when it had lost #30% of its
body weight and was no longer able to remain upright and
feed itself. We determined endpoint titrations for 263K,
first, second, and third hamster passage inocula used in
these experiments for all species (except Chinese hamsters)
by preparing sequential 1:10 dilutions of a 1% brain homo-
genate to 10® or 10'°. Dilutions were then injected intrac-
ranially into 6—8 hamsters for each dilution, and titers were
determined as described (Figure 2) (11).
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Immunoblot Analysis of Proteinase K—Sensitive Prion
Protein and PrPres by Western blot

Proteinase K (PK)-sensitive prion protein (PrPsen)
and PrPres were prepared as previously described (12,13).
Samples were frozen at —20° C until they were subjected
to electrophoresis on a 16% sodium dodecyl sulfate—poly-
acrylamide gel (Invitrogen, Carlsbad, CA, USA). Immu-
noblots were probed by using polyclonal antibody R30 to
PrP (89-103 in Syrian hamsters) (14,15), which recognizes
PrP from each of the 6 species. Blots were developed by
using either enhanced chemiluminescence or enhanced
chemifluorescence according to manufacturer’s instruc-
tions (Amersham-Pharmacia, Uppsala, Sweden). Enhanced
chemifluorescence blots were scanned by using a STORM
fluorescent detection system (Amersham-Pharmacia) as
described previously (16).

Sensitivity of Proteinase K

To demonstrate PrPres sensitivity to PK, we adjusted
20 uL of a 20% (wt/vol) third-passage brain homogenate
in 0.01 M Tris, pH 7.3, from each species to 100 mmol/L
Tris HCI, pH 8.3, 1% Triton X-100, and 1% sodium deoxy-
cholate. Samples were treated with 25 pg/mL, 100 pg/mL,
400 pg/mL, or 1,600 pg/mL PK in a total volume of 35 ul
and incubated at 37° for 1 h. The reaction was stopped by
adding 2 pL of 0.1 M phenylmethylsulfonyl fluoride and
placed on ice for 10 min. Samples were then mixed in equal
volumes with 2x sample buffer, boiled 5 min, and subjected
to electrophoresis on sodium dodecyl sulfate—polyacrylam-
ide gels. PrP bands were quantitated as described above.

PrP Gene Sequencing

To sequence the PrP gene open reading frame (ORF), we
based primers on published regions of sequence homology be-
tween the Syrian, Armenian, Chinese hamster; rat; and mouse

300

250 1 —
% 200 . .
o 150 Lo <
B 100dww ® T

50

0
10-2 10-3 104 10-5 106 107 10-8 10-9 10-10
Dilution
Figure 2. Example of titration curves for all homogenates titered.
The curve shown is Djungarian second-passage brain homogenate

with 3—7 hamsters per dilution. Error bars indicate SEM. Dpi, days
postinoculation.
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PrP genes. Primers 7F, S/O(-1), C(-1), S/T(+2), C/O(+2),
and IR are located outside the ORF. The following primers
were used: 7F-5-GCCTTGTTCTTCATTTTGCAGA-3',
S/O(-1) 5'-TCATTTTGCAGATCAGCCATC-3', C(-1) 5'-
TCATTTTGCAGATTAGCCAT-3', S/T(+2) 5'-GTACAA
GCAGGGAGGCTTCCTTC-3', C/O(+2) 5-GTACAAGC
AGGGAGGCTTCCCTC-3', and 1R 5'-ACCCCTCCCCC
AGCCTAG-3".

Immunohistochemistry

Immunohistochemistry procedures were conducted as
previously described (12). PrPres was detected by using
R30 anti-PrP antibody (residues 89—103).

Results

Incubation Periods and Titers

Incubation periods and infectivity titers are among
the criteria used to define TSE strains (17,18). Therefore,
we compared incubation periods and infectivity titers for
263K in Syrian hamsters with those observed for the 5
other hamster species. Cross-species transmission of Syr-
ian-derived 263K to Turkish hamsters, both members of
the genus Mesocricetus (Figure 1), had similar incubation
periods (Table). Transmission of 263K to hamsters of the
genus Phodopus (Djungarian and Siberian) had incubation
periods similar to each other but different from those of the
Mesocricetus hamsters. Although Chinese and Armenian
hamsters each belong to the genus Cricetulus, after inocu-
lation with 263K, their incubation periods differed from
each other and from those of all the other species. In most
instances, we observed prolonged incubation periods when
Syrian 263K was inoculated into the new hosts. Because all
the hamsters received the same inoculum at passage 1, this
finding likely reflects the species barrier between the hosts
(19) rather than inoculum titer.

Two additional passages from a donor to a recipient of
the same species showed that incubation periods in most
species differed considerably from those of the original Syr-
ian hamsters (Table). Incubation periods for the new spe-
cies decreased and then became stable between second and

Characteristics of 263K Scrapie Agent in Hamsters

third passage and were considerably different from those of
the original Syrian hamsters (Table). Incubation periods for
Chinese hamsters were still decreasing between second and
third passages. Because a fourth passage was not performed
for Chinese hamsters, whether third passage reflects the
stable incubation period is unknown. Thus, for Djungarian,
Siberian, and Armenian hamsters, evidence was strong for
unique incubation periods in the new species by second pas-
sage after inoculation with Syrian 263K agent.

To determine whether incubation period differences
for each species resulted from differing infectivity concen-
tration in the inocula, we used endpoint titration to deter-
mine the brain titers after first, second, and third passages
(Table). These determinations were not conducted for Chi-
nese hamsters because the long incubation periods would
require several additional years. When comparing first-
passage titers with titers in Syrian hamsters infected with
263K, the only decrease in infectivity titer was seen in Ar-
menian hamsters (Table). When comparing second-passage
titers with titers in Syrian hamsters infected with 263K, we
observed a minimal decrease in Turkish, Siberian, and Ar-
menian hamsters. We observed no notable changes in titers
among third passage animals of all 6 species, which sug-
gests stable titers in each species by third passage.

Additional evidence for adaptation of 263K agent to
the new host species was obtained by infecting Syrian ham-
sters with brain homogenates from third-passage hamsters.
If the agent had adapted to the new species, we would ex-
pect to see differences in incubation periods. In contrast, in
the absence of adaptation, we would expect reversion back
to the characteristic 263K Syrian incubation period. The
only hamster for which third-passage brain homogenate re-
sulted in a decrease in incubation period was the Chinese
hamster. Even so, at 168 days this incubation period still
differed from the characteristic 80-day incubation period
for Syrian hamsters. These results indicate that the 263K
agent adapted to the new host and that each 263K-infected
hamster species has a unique incubation period (Table).

Glycoform Profiles
PrPres glycoform profiles are another criteria used to

Table. Average incubation period for 263K scrapie*

Cross-species 263K

Second passage

Third passage Back passaget

Hamster Titer/50 pL Titer/50 pL Titer/50 pL

speciest Dpi + SD (1% BH) Dpi (1% BH) Dpi (1% BH) Dpi
Syrian 85 2x10° ND ND ND ND 79+5
Turkish 91+4.9 1x10%° 103 +£7.2 1x10%7 85+7.6 1x 10%% 76+0
Djungarian 155 + 23.4 1x10% 100 + 9.0 1x10%° 99 +7.2 1x10%7 97 +7
Siberian 148 + 26.5 1x10%3 117 £9.9 1x10"7 114+ 8.3 1x10% 128 + 17
Chinese 372 +29.1 ND 233+ 17.9 ND 207 + 15.2 ND 168 +7
Armenian 188 + 10.4 1x107% 156 +4.8 1x10"7° 145 7.5 >1 x 10%° 145+ 18

*Dpi, days postinoculation; ND, not done; BH, brain homogenate.
116 hamsters/species.
FIn Syrian hamster.

Emerging Infectious Diseases * www.cdc.gov/eid ¢ Vol. 15, No. 2, February 2009

209



RESEARCH

differentiate TSE strains (20-22). Therefore, we compared
PrPres glycoform profiles from each of the 6 hamster spe-
cies at each passage.

When Western blotting was used to compare percent-
ages between the 3 PrPres bands (Figure 3, panel A), the
data clearly showed 2 different PrPres glycoform profiles.
The Turkish hamster PrPres glycoform profile shared simi-
larities with that of both Syrian and Chinese hamsters. Sibe-
rian, Djungarian, and Armenian hamsters shared a second
PrPres glycoform profile. PrPres glycoform patterns from
Turkish, Chinese, Siberian, and Djungarian hamsters fluc-
tuated noticeably over the 3 passages, which suggests a lack
of stability while adapting to the new species. In contrast,
PrPres glycoform patterns from Armenian hamsters did not
fluctuate over the 3 passages, which suggests a stable strain
in Armenian hamsters (Figure 3, panel A).

We also injected brain homogenates derived from the
third-passage hamsters back into Syrian hosts. We found that
glycoform patterns in the Syrian recipients were the same as
those ordinarily associated with Syrian hamsters (Figure 3,
panel B), which suggests, as with incubation periods, that the
host had a predominant influence over glycoform patterns.

PrPsen
To investigate the possibility that differences in PrPres
glycoform profiles were reflections of different PrPsen

characteristics in the various hamster species, we analyzed
PrPsen profiles by using Western blot. No differences were
found in expression levels or banding patterns among the 6
hamster species (Figure 4, panel A). Bands detected at 37
kDa were proven to be PrPsen because they were competed
out (protein signal disappeared) when we preincubated the
antibody to PrP with a synthetic peptide specific for the
PrP epitope. Bands >37 kDa did not compete out (Figure 4,
panel B). All PrPsen samples were PK sensitive (data not
shown).

PK Resistance

PrPres resistance to PK digestion has also been used
to differentiate TSE strains (23-25). When we compared
PrPres resistance to PK from 263K Syrian and third-pas-
sage Turkish, Armenian, Chinese, Siberian, and Djungar-
ian hamsters, we found no differences in sensitivity to PK.
All samples retained equivalent PrPres signals on Western
blots after treatment with 25 and up to 1,600 pg/mL PK
(data not shown).

Immunohistochemical Findings

Differentiation of TSE strains has also been based on
regional distribution of PrPres and microscopic lesions in
brains of infected individuals (18). Therefore, we studied
lesion profiles in brain from 5-8 hamsters of each species
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Figure 3. A) Proteinase K—resistant prion protein (PrPres) glycoform profiles for 6 hamster species for each of 3 successive passages:
1, initial cross-species passage; 2, second intraspecies passage; 3, third intraspecies passage. Each passage represents 6 different
animals, each quantified 6-8 times. Each lane had 0.5 mg tissue equivalents per lane. ®, percentage of unglycosylated band; M, partially
glycosylated band; A, fully glycoslyated band. Western blot representation of glycoform for each species visualized using R30 and
enhanced chemifluorescence. Error bars indicate SEM. B) Serially passaged 263K scrapie from 5 hamster species passaged back to
Syrian hamster. Western blot analysis of clinically ill Syrian hamster infected with Syrian 263K or 263K passaged 3 times through the new
hamster host. Syrian hamster inoculated with brain homogenate from the following hamsters: lane 1, Syrian 263K; 2, Turkish; 3, Chinese;
4, Armenian; 5, Djungarian; 6, Siberian. Tissue equivalents: lane 1, 0.5 mg; lanes 2, 5, and 6, 0.4 mg; lane 3, 0.7 mg; and lane 4, 0.9 mg.
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Figure 4. Proteinase K—sensitive prion protein (PrPsen) Western
blot analysis from 6 hamster species performed with A) polyclonal
antibody R30 (89-103) or B) R30 preincubated with peptide to
prion protein 89—103. Hamster species: lane 1, Syrian; lane 2,
Turkish; lane 3, Djungarian; lane 4, Syrian; lane 5, Chinese; lane
6, Armenian. Lane 7, proteinase K—resistant prion protein (PrPres)
from 263K Syrian hamsters. 0.8 mg tissue equivalents per lane; 37
kDa indicated.

at each passage. We scored 13 areas from 0 to 4 (none
to the highest degree of PrPres distribution or lesions)
(Figure 5, Scoring Examples). Averages for each brain re-
gion were scored and compared (Figure 5, Regional Brain
Scores). A score change >1 between species or passages
was considered a notable change for that region (26).

Microscopic lesion profiles (Figure 5, panels A1-E1)
from the 3 passages for each species were compared with
those of the 263K Syrian hamsters (stained with hemotoxy-
lin and eosin [H&E]). We found that Djungarian hamster
profiles were most similar to 263K Syrian hamster profiles.
Second-passage Armenian hamsters had increased vacu-
olation in the cortex; Turkish, Siberian, and Chinese ham-
sters differed in multiple regions. Lesion profiles for the
3 passages in each of the new hamster host species, such
as Chinese hamsters (Figure 5, H&E Chinese) regions 2
and 3, did not necessarily correlate with PrPres distribution
(Figure 5, panel PrPres Chinese) within that host.

When comparing the PrPres deposition profile (Figure
5, PrPres panels [right side]) at each of the 3 passages to the
Syrian PrPres deposition profile, we found that the profiles
of the Turkish hamsters were the most similar. Because
Syrian and Turkish hamsters are closely related phyloge-
netically and share similar PrPres glycoform patterns, this

Characteristics of 263K Scrapie Agent in Hamsters

finding was not surprising. In the other 4 species (Djungar-
ian, Siberian, Armenian, and Chinese), PrPres distribution
in the thalamus was increased (region 6) over that in the
same region for Syrian hamsters. Further changes were seen
in Armenian hamsters; PrPres distribution was increased in
the spinal cord (region 5) and olfactory bulb (region 10).
PrPres distribution patterns in Chinese hamsters diverged
from those in the Syrian hamsters in almost every region
except the spinal cord (region 5). In all 6 species, including
our original Syrian hamster species, unique pathologic phe-
notypes developed. Immunohistochemical and glycoform
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Figure 5. Scoring examples: Hematoxylin and eosin (H&E)—stained
and proteinase K—resistant prion protein (PrPres) scores from 0
to 4. A score of 0 means no vacuolation or PrPres distribution; a
score of 4 means the highest degree of vacuolation and PrPres
distribution in that region. Panel H&E score: 0, Chinese hamster
olfactory bulb; 1, Syrian hamster spinal cord; 2, Armenian hamster
caudate putamen; 3, Armenian hamster cortex; 4, Syrian hamster
thalamus. Panel PrPres score: 0, Chinese hamster superior
colliculus; 1, Syrian hamster posterior colliculus; 2, Chinese
hamster brain stem; 3, Djungarian hamster posterior colliculus; 4,
Chinese hamster thalamus. Regional Brain scores: all hamsters
were compared with 263K Syrian hamster (o) shown in each panel
A1-E1 and A2-E2. Lesion and PrPres profiles of 263K scrapie-
infected hamster from each of the 5 new hamster species. Each
point represents the average from 6 different animals scored
in the following areas: 1, cerebellum; 2, posterior colliculus; 3,
superior colliculus; 4, brain stem; 5, spinal cord; 6, thalamus; 7,
hypothalamus; 8, hippocampus; 9, cortex; 10, olfactory bulbs; 11,
caudate putamen; 12, septal nucleus; 13, tegmentum. A, first
passage; ¥, second passage; ¢, third passage.
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profiles for 2 of the 3 genera were independently unique,
which suggests that similar host factors within those genera
influenced these TSE characteristics.

To determine the respective contributions of the agent
and host in immunohistochemical patterns, we injected
brain homogenate from third-passage hamsters back into
Syrian hamsters. When patterns were compared with those
of 263K Syrian hamster, only a few differences from 263K
Syrian were observed. Specifically, less PrPres was depos-
ited in the posterior colliculus (region 2) in Syrian hamsters
inoculated with brain homogenate from Chinese hamsters,
and more PrPres was deposited in the thalamus (region 6)
of Syrian hamsters inoculated with brain homogenate from
Djungarian hamsters (Figure 6, panel A). We also observed
a decrease in vacuolation in the hippocampus (region 8)
and cortex (region 9) of Syrian hamsters inoculated with
brain homogenate from Chinese hamsters (Figure 6, panel
B). For all other hamster species inocula, no remarkable
differences from 263K Syrian hamster were noted. There-
fore, the host appeared to play an important role in deter-
mining immunohistochemical patterns. It is not known
whether the differences seen in the Chinese and Djungarian
hamsters are due to donor species effect (27,28), whereby
a temporary change occurs as an agent is passed through
a new host species, or whether selection of a new strain
has occurred. To answer this question, a second passage
through Syrian hamsters is needed. These results suggest
that although 263K agent was substantially altered by pas-
sage through the new hamster species, in general it was not
able to impart molecular characteristics like glycoform or
the pathologic patterns established in the new species back
to the Syrian hamsters.

Sequencing

Different PrP amino acid sequences have been associ-
ated with variation in lesion profiles, incubation periods,
and susceptibility to TSE disease in humans and in sheep,
cervid, and mouse models. We report the PrP gene se-
quences for Siberian, Djungarian, and Turkish hamsters. To
determine how amino acid sequence might associate with
the TSE characteristics we observed here, we compared our
new sequences with the published PrP gene ORF of Syrian
(29), Chinese, and Armenian hamsters (30,31).

When comparing the new prnp sequences to the Syrian
prnp sequence, we found considerable variation in nucle-
otides. Siberian hamsters had 40 nt changes, and Djungar-
ian hamsters had 41. These nucleotide changes resulted in
10 aa substitutions for both species; only 1 aa acid substi-
tution, 1215V, distinguished sequences between Siberian
from Djungarian hamsters (Figure 7). Only Turkish and
Syrian hamsters had 3 nt differences, resulting in 2 aa sub-
stitutions. An amino acid Y-to-F substitution was found at
codon 6 in the signal sequence, and a heterozygous base

212

3F4 PrP"es Syrian hamster with 3rd passage inocula

o]
5]
[
5]

S
1 2 3 4 5 6 7 8 9 10 11 12 13
Brain region
B H & E Syrian hamster with 3rd passage inocula
4-
3-
o
Q
(&)
5]

.
1 2 3 4 5 6 7 8 9 10

11 12 13
Brain region

Figure 6. A) Proteinase K-resistant prion protein (PrPres)
pathogenicity profiles in Syrian hamsters inoculated with third-
passage PrPres. B) Hematoxylin and eosin (H&E)-stained lesion
profiles of Syrian hamsters inoculated with brain homogenate
derived from third-passage hamsters. Each point represents the
average from 6 different animals scored in the following areas: 1,
cerebellum; 2, posterior colliculus; 3, superior colliculus; 4, brain
stem; 5, spinal cord; 6, thalamus; 7, hypothalamus; 8, hippocampus;
9, cortex; 10, olfactory bulbs; 11, caudate putamen; 12, septal
nucleus; 13, tegmentum. Syrian hamster inoculated with third-
passage brain homogenate from the following hamster species: ®,
Turkish; ®, Djungarian; 4, Chinese; ¥, Armenian; A, Siberian; o,
Syrian. Arrows represent differences in multiple regions indicating
increases or decreases in vacuolation or PrPres deposition.

was found at codon 103 (encoding both S and N). In ad-
dition, Turkish hamsters have a deletion of 1 octapeptide
repeat (A81-87) on both alleles, a characteristic shared
with African Green monkeys (32). In humans, deletion of 1
octapeptide repeat occurs at a frequency of 0.5% and is not
associated with disease (33,34). We found 34 nt changes
for Armenian and 37 for Chinese hamsters, resulting in 7 aa
substitutions for each hamster species, a finding that agrees
with published data (30). The 3 aa differences that distin-
guish Armenian from Chinese hamsters are located at aa
positions 103, 108, and 112 (30).
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Discussion

Of the 6 hamster species inoculated with a well-de-
fined hamster scrapie source, each species not only was
susceptible to the agent but also developed unique PrPres
biochemical and pathologic characteristics. These charac-
teristics, which included incubation periods, PrPres glyco-
form patterns, and PrPres distribution in brain, appeared to
segregate into related genera with the exception of the ge-
nus Cricetulus (Armenian and Chinese hamsters). Because
TSE characteristics were unique for 2 of 3 genera, a role for
host factor involvement is implicated. Our data suggest that
PrP amino acid sequence is the host factor responsible for
the unique characteristics.

Data from our study and another experimental study
(30) suggest that not only is the host responsible for deter-
mining TSE characteristics such as incubation periods but
so is the agent. Our data show that closely related hamsters
infected with the same strain of TSE have different incuba-
tion periods. These differences cannot be explained by dif-
ferential expression levels of PrPsen because by Western
blot, PrPsen expression was equivalent (Figure 4, panel A).
Also, we believe that changes in incubation periods cannot
be attributed to differential infectivity titers because only
minor variations in titers were found. A second set of ex-
periments showed that the same hamster host inoculated
with different strains of TSE had different incubation peri-
ods, such as hyper (65 + 1) and drowsy (168 + 2) (23).

Because incubation periods and altered PrPres deposi-
tion in the brain have been linked to polymorphisms in the
PrP amino acid sequence (8,35), we investigated the possi-
bility that PrPres biochemical and pathologic changes cor-
relate with different host PrP amino acid sequences. When
comparing the PrP gene ORF for each of the 6 hamster spe-
cies, we found 13 possible amino acid substitutions local-
ized to 2 regions, either the N or the C terminus. Hamsters
from 2 genera in this study (Phodopus and Mesocricetus)
maintained sequence homogeneity at these 13 residues
and had very similar TSE characteristics. Hamsters of the
third genus, Cricetulus, differed in PrP gene sequence at
3 amino acids within the N-terminal polymorphic region.
These polymorphic changes could explain why Armenian
and Chinese hamsters have such different incubation peri-
ods, PrPres glycoform patterns, and immunohistochemical
profiles from each other as well as from the 2 genera Crice-
tulus and Phodopus. It is also possible that closely related
hamsters have unidentified genes that also influence TSE
characteristics.

Our results are consistent with the published data in-
dicating that amino acids 102—139 may control scrapie
incubation periods in experimental models (7,30,36). In
addition, our data suggest that PrPres glycoform profiles
and lesion profiles are also associated with this region. Ar-
menian and Chinese hamsters, both in the genus Cricetu-
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lus, show significant differences from each other, having
only 3 aa substitutions at residues 103, 108, and 112 in this
N-terminal polymorphic region. In contrast, amino acid
sequences from Djungarian and Siberian hamsters were
the same in this region, and those from Turkish hamsters
matched those from the Syrian hamsters. These findings
suggest a direct role for these residues and the N-terminus
in determining TSE characteristics. In addition, all 3 gen-
era differ from each other at residue 139, the same position
thought to participate in the hydrophobic core potentially
stabilizing PrPsen in mice (37). The unstructured nature
of this region has led some investigators to consider this
stretch of residues as a potential nucleation site for conver-

Signal sequence

Syrian IMANI.S';'n‘l.I.AI.F"\F.hﬁ'.ﬂT‘ZJ'-.-’GI.C KIKRPK PGGWNTGGSRYPGQGSPGGNRYPPQ
Turkish =====
Armenian ----~
Chinese ———--
Djungarian ——---
Siberian

o-H3

215 220 241 49 282
VVEQMCTTOYCKESQAYYDGRRSSAVLFSSPPVILLISFLIFLMVG

Figure 7. Sequences of prion protein for 3 hamster species.
Hamster genomic DNA was purified from whole uninfected
hamster brain tissue by using the QlAamp DNA blood maxi 10
kit columns and the solutions and tissue protocol from QIAGEN
Dneasy Blood and Tissue kit (QIAGEN, Valencia, CA, USA). PCR
products were amplified by using both PuReTaq Ready-To-Go PCR
beads (GE Healthcare, Piscataway, NJ, USA) and Expand High-
Fidelity Taq polymerase (Roche Diagnostic Corp, Indianapolis,
IN, USA). Successful amplicons were purified by using QlAquick
PCR Purification kit (QIAGEN) according to manufacturer’s
recommendations and sequenced by using their respective forward
and reverse PCR primers with an ABI 3730xI DNA Analyzer (Applied
Biosystems, Foster City, CA, USA). Sequence data were stored
in the FINCH data management system (Geospiza, Seattle, WA,
USA). Assembly and comparisons were made against the Syrian
prion protein gene sequence by using Sequencher (Gene Codes,
Ann Arbor, MI, USA). Amino acid substitutions are indicated;
otherwise, sequence matches that of Syrian hamster.
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sion of PrPsen to PrPres (37). Sequence differences in this
position may dramatically affect initial conversion events.

Certain amino acid substitutions may play only a mi-
nor role in TSE strain profiles. For instance, residue V215T
is thought to be responsible for the structural differences
between mouse and hamster PrPsen by introducing a bend
in helix 3 (38). From our data, T215V/I substitutions may
have had a minor in vivo effect with respect to TSE char-
acteristics. Djungarian and Siberian hamsters differed only
at this amino acid and had similar glycoform and IHC pat-
terns as well as incubation periods.

Amino acid substitutions identified in this study seg-
regated into genera with similar incubation periods, glyco-
form profiles, and brain pathologic changes. Because we
used only 1 TSE agent, these changes can be attributed to
the host factors and not to the agent. A previous study of 3
hamster species also concluded that host rather than agent
had a predominant role in determining biochemical and mo-
lecular PrPres attributes (30). Because host factors seem to
play a larger role in determining the TSE profile, identifying
the source of infection in cross-species infections may be
difficult, which would be especially worrisome when spe-
cies important to humans (e.g., sheep, cattle, cervids) are
involved. These ruminant species are heterogeneous and not
nearly as closely related as the hamsters studied here.

Our study links PrP amino acid sequences to biochem-
ical and pathologic profiles of PrPres in multiple hamster
species infected with 263K hamster scrapie. To further in-
vestigate how specific amino acid substitutions in PrP are
associated with specific TSE characteristics, these hamster
and similar PrP gene sequences could be expressed in tis-
sue culture assays and protein modeling experiments. The
results of these experiments could broaden our understand-
ing of TSE profiles and the role that PrP amino acid resi-
dues play, possibly leading to assays that could identify
instances of cross-species transmission.
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Prospective Surveillance of
Invasive Group A Streptococcal
Disease, Fiji, 2005-2007

Andrew C. Steer, Adam Jenney, Joseph Kado, Michael F. Good, Michael Batzloff,
Lepani Waqgatakirewa, E. Kim Mullholland, and Jonathan R. Carapetis

We undertook a prospective active surveillance study
of invasive group A streptococcal (GAS) disease in Fiji over
a 23-month period, 2005-2007. We identified 64 cases of
invasive GAS disease, which represents an average an-
nualized all-ages incidence of 9.9 cases/100,000 popula-
tion per year (95% confidence interval [CI] 7.6—12.6). Rates
were highest in those >65 years of age and in those <5
years, particularly in infants, for whom the incidence was
44.9/100,000 (95% CI 18.1-92.5). The case-fatality rate
was 32% and was associated with increasing age and un-
derlying coexisting disease, including diabetes and renal
disease. Fifty-five of the GAS isolates underwent emm se-
quence typing; the types were highly diverse, with 38 dif-
ferent emm subtypes and no particular dominant type. Our
data support the view that invasive GAS disease is com-
mon in developing countries and deserves increased public
health attention.

Invasive disease caused by group A streptococci (GAS)
occurs when the bacteria infect a normally sterile site.
Invasive GAS disease is often life threatening; mortality
rate is ®10%—15% in industrialized countries, increasing
to up to 50% in the presence of streptococcal toxic shock
syndrome (1,2).

A review of the global effects of invasive GAS dis-
ease in 2005 estimated that at least 663,000 new cases
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and 163,000 deaths occur each year (3). Although >95%
of these cases and deaths occur in developing countries,
few data exist about the epidemiology of these infections
in developing countries. In addition, few data describe the
clinical signs and symptoms, case-fatality rate, and risk
factors associated with invasive GAS disease or the molec-
ular epidemiology of invasive GAS disease in developing
countries because most published reports originate from
industrialized countries (4-8).

We recently reported incidence of invasive GAS infec-
tion in Fiji from a retrospective study in the years 2000—
2005 (9). This study indicated that potentially substantial
effects of invasive GAS disease occur in Fiji. We therefore
designed a prospective study with active surveillance to en-
sure good case ascertainment and the acquisition of more
detailed clinical information.

Methods

This prospective study was performed at the Colonial
War Memorial Hospital in Suva, Fiji, during the 23-month
period from December 5, 2005, through November 5, 2007.
During the first year of the study, we noticed that a con-
siderable number of invasive group C streptococcal (GCS)
and group G streptococcal (GGS) infections occurred. We
therefore amended the protocol midway through the study
(December 5, 2006) to include cases of invasive GCS and
GGS infection (year 2). We analyzed 2 datasets: the first
was the data available for 23 months of invasive GAS in-
fections, and the second was the data available in year 2 for
the 11 months of surveillance of all invasive B-hemolytic
streptococcal infections (GAS, GCS, and GGS).

Setting
Fiji is a nation of =330 islands located in the West-
ern Pacific. It has a population of 827,900 persons consist-
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ing of 2 major racial groups, indigenous Fijians (57.3%)
and Indo-Fijians (37.6%) (10). Approximately 49% of the
population lives in rural areas (10). Of 177 nations on the
United Nations Development Programme Human Devel-
opment Index, Fiji is number 90. Fiji has a gross domestic
product per capita of US$6,066, and indexes of wealth are
similar for the 2 major racial groups; Indo-Fijians are at
a slight disadvantage. The 2002-2003 Household Income
and Expenditure Survey estimated that 35.6% of the Indo-
Fijian population live in poverty compared with 34.2% of
the indigenous Fijian population (11,12). Life expectancy
at birth is 63.8 years for men and 66.8 years for women
and is similar for both major racial groups (11,12). Fiji has
an infant mortality rate of 17.2/1,000 population, slightly
higher for Indo-Fijians at 19.1/1,000 than for indigenous
Fijians at 16.8/1,000 (11,12). The major hospital, the Co-
lonial War Memorial Hospital (CWMH), is located in the
capital, Suva, on the main island of Viti Levu, and primar-
ily serves the Central Division, the largest of the 4 admin-
istrative divisions in Fiji. Five subdivisional hospitals are
located in the Central Division of Fiji, but most seriously
ill patients are admitted to CWMH. This circumstance is
due to the 568-bed capacity of CWMH compared with the
81-bed capacity of all 5 subdivisional hospitals combined.
CWMH has =20,500 admissions per year; the number of
indigenous Fijians and Indo-Fijians admitted is propor-
tionate to the population of the Central Division. The total
population of the Central Division in 2007 was 340,843:
65% indigenous Fijians and 30.2% Indo-Fijians (10). The
remainder of the population includes a substantial Chinese
population as well as Europeans and Pacific Islanders, in-
cluding persons from Rotuma, a volcanic island >400 km
north of Fiji (it is politically part of Fiji, but its people are
ethnically distinct from indigenous Fijians) (13).

Surveillance and Case Definitions

Admission registers at CWMH were checked, and
treating physicians were consulted daily for any admitted
patient that may have had invasive GAS disease, including
those admitted with necrotizing fasciitis, sepsis, and soft

Group A Streptococcal Disease, Fiji

tissue infections. The diagnostic microbiology laboratory at
CWMH was also contacted daily for any new B-hemolytic
streptococcal isolates obtained from sterile and nonster-
ile sites. We used a consensus case definition of invasive
GAS disease developed in 2005 by a World Health Orga-
nization/US National Institutes of Health working group;
the definition is currently being prepared for publication
(F. Rubin, pers. comm.) (Table 1). Cases of streptococcal
toxic shock syndrome were defined according to published
criteria (14). Clinical data were collected from review of
the medical records and from information provided by the
treating physicians when necessary.

Laboratory Methods

All blood cultures collected at CWMH were processed
in an automated blood culture machine in the diagnostic
microbiology laboratory. Isolates that were suspected of
being GAS, GCS, or GGS were subcultured onto sheep
blood agar and regrown for Lancefield grouping (Oxoid;
Cambridge, UK). Susceptibility testing was performed on
sheep blood Mueller-Hinton agar by the disk-diffusion
method by using Clnical Laboratory Standards Institute
guidelines against a panel of 4 antimicrobial drugs: peni-
cillin (10 pg), erythromycin (15 ug), clindamycin (2 pg),
and chloramphenicol (30 pg) (Oxoid). Isolates were trans-
ported to the Queensland Institute of Medical Research for
emm sequence typing according to the standard methods
developed by the Centers for Disease Control and Preven-
tion (Atlanta, Georgia, USA) (15).

Statistical Calculations

We used the population of the Central Division from
the 2007 national census as the basis for denominator cal-
culations. Because surveillance occurred during 2005 (1
month), 2006 (12 months), and 2007 (10 months), we ex-
trapolated a total population figure for 2005 and 2006 us-
ing the pro rata difference between the last official census
in 1996 and the latest census in 2007. In calculating av-
erage annualized rates, the denominator of person-months
was calculated by multiplying each year’s population by

Table 1. Case definitions for invasive GAS disease, Fiji, 2005—-2007*

Disease Case definition

Definite Either of the following:
1. The isolation of GAS from a normally sterile site (e.g., blood, cerebrospinal fluid, or other sterile fluid/tissue).
2. Clinical presentation of necrotizing fasciitis with evidence of GAS infection (e.g., the presence of typical gram-
positive cocci on Gram stain or positive streptococcal serology).

Probable Any of the following:

1. A classic presentation of necrotizing fasciitis without microbiological confirmation.
2. Cellulitis in a patient who is moderately or severely unwell (i.e., unwell and history of parenteral antibiotics
and/or admission to hospital) and microbiological confirmation (i.e., group A streptococcal culture of swab or

positive streptococcal serology).

3. Other clinically significant infection in a patient who is moderately or severely unwell (i.e., unwell and history
of parenteral antibiotics and/or admission to hospital), in conjunction with positive group A streptococcal culture
from deep wound swab or biopsy from surgical infection site.

*GAS, group A streptococci.
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the number of months of surveillance for each year (i.e.,
2005 population by 1 month, 2006 by 12 months, and 2007
population by 10 months) and adding these totals. The to-
tal number of cases over the 23 months was then divided
by the total person-months and multiplied by 12 to give
average annualized incidence rates with binomial exact
95% confidence intervals (CI). Incidence rate ratios were
used to compare rates between ethnic groups. We used ¥?
calculations of odds ratios (ORs) for univariate analysis of
categorical data. Data were analyzed by using Stata version
10.0 (StataCorp, College Station, TX, USA).

Ethical Approval

Ethical approval was obtained from the Fiji Nation-
al Research Ethics Review Committee, the Fiji National
Health Research Committee, the University of Melbourne
Human Research Ethics Committee, and the Queensland
Institute of Medical Research Human Research Ethics
Committee. We asked all patients for their consent for the
collection of more detailed clinical and outcome data as
well as for the transport and testing of the clinical isolates.
Information sheets in Fijian and English were provided to
potential participants before enrollment. We required that
all patients provide written informed consent before infor-
mation was collected. Children were only enrolled if a par-
ent or guardian provided written consent, and we also re-
quired written assent from children >10 years of age. When
patients did not consent, the case was noted for incidence
calculations, but more detailed clinical and outcome data
were not collected.

Results
Invasive Group A Streptococcal Infections

Epidemiologic Data

Sixty-four cases of invasive GAS disease occurred dur-
ing the 23 months of surveillance. Sixty-two cases met the
criteria for a definite case, and 2 cases met the criteria for
a probable case. The average annualized all-ages incidence
of invasive GAS disease (both definite and probable) in the
Central Division was 9.9 cases/100,000 population/year
(95% CI 7.6-2.6). There were an equal number of male and
female case-patients. The median age of patients with inva-
sive GAS disease was 51.6 years (interquartile range [IQR]
27.6—66.4 years). The youngest patient was aged 1 month,
and 7 patients were <1 year of age, representing an incidence
of 44.9/100,000 population (95% CI 18.1-92.5) in this age
group (Figure). The peak incidence occurred in patients
>65 years (incidence 80.6/100,000, 95% CI 46.1-130.8).
Fifty-three cases occurred in indigenous Fijians (incidence
13.1/100,000, 95% CI 9.8-17.1), 5 cases in Indo-Fijians (in-
cidence 2.5/100,000, 95% CI1 0.8-5.9), and 6 cases in persons
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Figure. Invasive group A streptococcal disease in the Central
Division of Fiji, December 5, 2005-November 5, 2007.

of other races (incidence 12.8/100,000, 95% CI 4.7-27.8).
Of the 6 cases in persons of other races, 4 patients were Ro-
tuman (incidence 47.4/100,000, 95% CI 12.9-121.4). When
adjusted for the population of the Central Division, the in-
cidence rate ratio for invasive GAS disease in indigenous
Fijians versus other races was 2.9 (95% CI 1.5-6.1).

Clinical Data

Of the 64 case-patients with invasive GAS disease, in-
formed consent to collect clinical and outcome information
was obtained from 60. Soft tissue infection (with associ-
ated bacteremia) was the most common clinical infection
(23 cases [38%]; Table 2); followed by bacteremia with no
clinical focus of infection (17 cases [28%]), and necrotiz-
ing fasciitis (4 cases [7%]). Three cases (5%) fulfilled the
criteria for streptococcal toxic shock syndrome; the clini-
cal focus for these infections was soft tissue infection in
2 case-patients and pneumonia in the third case-patient.
Group A streptococci were isolated from blood cultures of
55 (92%) of the 60 case-patients, from both blood culture
and other sterile fluid of 4 case-patients, from sterile fluid
alone of 3 case-patients, and from nonsterile sites (breast
abscess fluid and leg cellulitis swab) of the 2 patients with
probable cases. GAS was isolated from blood culture for all
4 case-patients from whom consent to obtain further clini-
cal information was not obtained.

Thirty-eight case-patients (63%) had at least 1 known
coexisting chronic medical condition (Table 3). Diabetes was
the most common coexisting condition (25 patients [42%)]),
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Table 2. Clinical signs and symptoms in patients with invasive GAS infection, by age, Fiji, 2005-2007*

No. patients by age group

Clinical signs/symptoms 0-14y 1549y >50y Total no. (%) patients
Soft tissue infection 2 9 12 23 (38)
Bacteremia with no clinical focus 5 5 7 17 (28)

Septic arthritis 2 1 5 8 (13)
Necrotizing fasciitis - 2 2 4(7)
Pneumonia 2 - 2 4 (6)
Gynecologic infection - 1 1 2(3)
Osteomyelitis 1 - - 1(2)
Peritonitis - - 1 1(2)

Total no. (%) patients 12 (20) 18 (30) 30 (50) 60

*GAS, group A streptococci.

and was found in 7 of the 12 patients with soft tissue infec-
tion who were >50 years of age. No significant difference
was found in the rates of underlying disease for indigenous
Fijians (62%) compared with rates for persons of other races
(70%; p =0.6). Eighteen patients (30%) had current or recent
impetigo. Impetigo was more common in younger patients
and was present in 7 of the 10 patients with invasive GAS
disease who were <5 years of age and in 4 of the 7 patients
<1 year of age. No cases of varicella-zoster virus infection
were found in this study, and only 1 patient reported the re-
cent use of a nonsteroidal antiinflammatory drug.

Outcome and Case-Fatality Rate Data

Of the 60 case-patients for whom outcome data were
available, 19 died, representing a case-fatality rate of 32%.
The case-fatality rate increased with patient age; peak fa-
tality rate was 44% in those >65 years of age. The odds of
death for patients >50 years compared with those of the rest
of the patient group was 3.1 (95% CI1 0.9-11.7). The young-
est patient to die from invasive GAS disease was 1 year and
2 months of age; this was the only death in patients <25
years. No significant difference was found in case-fatality
rate for indigenous Fijians (32%) compared with that for
persons of other races (30%; p = 0.9). All deaths occurred
within 6 days of admission; 5 deaths (26%) occurred with-
in the first 24 hours, 12 deaths (63%) within the first 48
hours, and 15 deaths (79%) within the first 72 hours. The
clinical sites of infection in the group of patients that died
were similar to the pattern seen overall: 7 patients had a
soft tissue infection, 9 patients had bacteremia alone, 2 pa-
tients had pneumonia, and 1 had necrotizing fasciitis. All 3
patients with streptococcal toxic shock syndrome died. A
coexisting chronic medical condition was associated with
an increased risk for death from invasive GAS disease (OR
4.6, 95% CI 1.0-27.7). Twelve patients with diabetes died
(OR 3.7, 95% CI 1-13.7), and 8 patients with renal discase
died (OR 5.2, 95% CI 1.2-24.2).

Fourteen patients (23%) required surgery as part of
their treatment regimen, and 2 of these patients had a leg
amputated below the knee. Five patients (8%) were admit-
ted to the intensive care unit, and 1 patient required me-
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chanical ventilation. Twenty-nine patients (48%) were ad-
mitted to the hospital for >10 days. Of the 41 survivors of
invasive GAS infection, 16 had a residual disability (39%).
Overall, 35 patients (58%) died or had a disability as a re-
sult of an invasive GAS infection.

Laboratory Data

Susceptibility testing was performed on 57 of the 60
isolates, and all 57 isolates were susceptible to all 4 anti-
microbial drugs tested. Fifty-five of the 60 isolates were
able to be emm sequence typed (Table 4); 37 different emm
types and 38 different emm subtypes with no particular
dominant types emerged from this series. The most com-
mon subtypes were emm100 and emm76.4 (4 cases each),
followed by emm11, emm33, and emm106 (3 cases each).
No emm type 1 isolates were found. Eight of the 55 isolates
emm typed were in nonindigenous Fijian patients, and of
these, only 1 emm subtype was also observed among indig-
enous Fijian patients.

Invasive p-hemolytic Streptococcal Infections
after December 5, 2006

Epidemiologic Data
In addition to the GAS infections, 4 cases of invasive
GCS infection and 14 cases of invasive GGS infection

Table 3. Underlying coexisting medical conditions in patients with
invasive GAS disease, Fiji, 2005-2007*

Condition No. (%) patients
Diabetes 25 (42)
Renal disease 13 (22)
Cardiac disease 13 (22)
Malignancy 5(8)
Immunosuppression 2 (3)
Lung disease 3(5)
Liver disease 1(2)
Any coexisting condition 38 (63)
Only 1 coexisting condition 21 (35)
2 coexisting conditionst 11 (18)
>2 coexisting conditiont 6 (10)

*GAS, group A streptococci.
1Nine patients had diabetes and renal disease.
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were found in year 2, making a total of 44 cases of invasive
B-hemolytic streptococcal infection during the 11 months
of surveillance in year 2. This represents an annualized all-
ages incidence of 14.1 cases/100,000 population/year (95%

Table 4. emm sequence subtypes of 55 invasive GAS isolates
and 12 invasive GCS and GGS isolates from hospital
surveillance, Fiji, 2005-2007*

GAS emm subtype No. isolates (n = 55)
emmllt 3
emml4.4t
emm15.1
emm18.12t
emm19.4t
emm22t
emm33t
emm>52.1
emm53
emm57
emm58
emm60.1
emm60.2
emm63.3
emme69.1
emm?70
emm73
emm75.1t
emm76.4t
emm77t
emma81.3
emma82.1
emm86.2
emm87
emm100
emm101t
emm104
emm105
emm2106
emm110
emm113
emml116.1
emm123
st2037
st2147
st6030.1
st854.1
stD631

GCS and GGS emm subtype No. isolates (n = 12)
emm12.8t 1
stC36
stC922
stG245
stG643
stG652
stG840
stG5420
stc74a 2

*GAS, group A streptococci; GCS, group C streptococci; GGS, group G
streptococci.
Femm subtypes included in the 26-valent vaccine.
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CI 10.2-18.9), an incidence rate of invasive GCS disease
of 1.3/100,000 (95% CI 0.3-3.3), and an incidence rate of
invasive GGS disease of 4.5/100,000 (95% CI 2.5-7.5).
Overall, 24 male patients and 20 female patients were in-
fected. The peak incidence was in those >65 years of age
(incidence 104.7/100,000, 95% CI 50.2—192.4), and 3 cas-
es occurred in infants. Thirty-four cases occurred in indig-
enous Fijians (incidence 17.4/100,000, 95% CI 12-24.3),
and 10 cases occurred in persons of other races (incidence
8.6/100,000, 95% CI 4.1-15.8); incidence rate ratio for in-
digenous Fijians was 2 (95% CI 1-4.6).

Clinical, Outcome, and Laboratory Data

Relating to GCS and GGS Disease

Of the 18 cases of invasive GCS and GGS disease, in-
formed consent to collect clinical and outcome information
was obtained for 12 of 14 case-patients with invasive GGS
infection and for all 4 case-patients with invasive GCS in-
fection. The clinical spectrum of GCS and GGS infection
was similar to that for invasive GAS infection, although the
number of patients with bacteremia with no clinical focus
was higher, and a case of meningitis in a neonate caused
by GCS was added (Table 5). Similar to the experience of
patients with invasive GAS disease, a high proportion of
patients with invasive GCS and GGS disease had a coexist-
ing chronic medical condition (69%); 44% of patients had
cardiac disease, 31% of patients had diabetes, and 6% had
renal disease. Six deaths occurred (38%). emm sequence
typing was performed on 12 isolates (2 GCS and 10 GGS),
and 9 different emm types were found (Table 4). One was
emm12, which is normally associated with GAS.

Discussion

This study confirms the extensive effects that inva-
sive GAS infections have in Fiji and adds to the small
amount of existing data indicating that the incidence and
case-fatality rates of these infections are ~3—4 times high-
er in developing countries than in industrialized coun-
tries. A study in Kenya found that the incidence of GAS
bacteremia in children <15 years of age was 13/100 000
population and that mortality rate was 25% (16), simi-
lar to the results in our study. In indigenous populations
in wealthy countries, such as Aboriginal Australians and
Native Americans, the all-ages incidence of invasive GAS
disease is as high as 82.5/100,000 and 46/100,000, respec-
tively (2,17,18).

We observed a nearly 3-fold higher risk for invasive
GAS disease in indigenous Fijians. The reasons are not
entirely clear and do not appear to be related to socioeco-
nomic status or to coexisting conditions, including diabe-
tes; detailed studies of diabetes in Fiji have shown that the
prevalence of diabetes is higher in Indo-Fijians (19,20)
than in indigenous Fijians. One possible explanation is that
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Table 5. Clinical signs and symptoms of invasive GCS and GGS
infection, Fiji, 2005-2007*

GCS GGS
Clinical signs/symptoms infection infection Total
Bacteremia without clinical - 7 7
focus
Soft tissue infection 1 3 4
Endocarditis 1 1 2
Arthritis - 1 1
Pneumonia 1 1
Meningitis 1 - 1
Total 4 12 16

*GCS, group C streptococci; GGS, group G streptococci.

GAS skin disease is more extensive in indigenous Fijian
communities and that this leads to a higher risk for invasive
GAS disease. We have observed a higher prevalence in
Fiji of bacterial skin disease in indigenous Fijian children
(A. Steer, unpub. data), and high rates of GAS skin disease
have been found in Pacific Islanders in other parts of the
world, including in Maoris and other Polynesians in New
Zealand (21,22).

In most industrialized countries, the annual incidence
of invasive GAS disease is 2.5-3.5/100,000 population
(8,23), and the case-fatality rate is 7%—15% (6,8,23-26).
Although some epidemiologic similarities were found be-
tween invasive GAS disease in these countries and in Fiji,
such as the high rates for elderly persons with coexisting
medical conditions, as well as in the clinical spectrum of
disease, major differences stand out. Not only was the all-
ages incidence rate higher, but we also found that the inci-
dence rate for children in Fiji was disproportionately high
when compared with rates in industrialized countries. For
example, the average annualized incidence rate for infants
in the United States in 2000-2004 was 5.3/100,000, where-
as in Fiji it was 44.9/100,000 (8).

The high case-fatality rate in our study (32%) may re-
flect the late appearance of clinical signs and symptoms,
particularly because such a high proportion of deaths oc-
curred in the first 24-48 hours after admission. It may also
reflect inadequate treatment of invasive GAS infection,
particularly of early sepsis, possibly because of reduced ac-
cess to intensive care facilities and advanced therapies. The
rate of diabetes was also higher in our study than in other
studies, potentially further increasing the case-fatality rate.

The emm typing profile of invasive GAS isolates was
different than that in industrialized countries. In most epi-
demiologic studies in wealthy countries, a high proportion
of disease is caused by a small number of emm types that
include emml (22% of emm types in the United States),
emm3 (9%), and emm28 (9%) (8). None of these emm types
were found in our study, and we observed a lack of domi-
nant emm types. The diversity in emm types may reflect the
high diversity of GAS in impetigo lesions, as can be seen in
tropical settings other than Fiji (27).
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We observed a substantial number of non-GAS inva-
sive cases in the second year of the study after we expanded
our surveillance to include these cases. Individual cases of
GCS and GGS invasive disease have been described be-
fore (28,29), but prospective surveillance has not been per-
formed. Our data suggest that surveillance of invasive GAS
disease in developing countries should also include surveil-
lance of invasive GCS and GGS disease because the disease
profile of these organisms is similar and because control
strategies, including vaccines that can offer cross-protection
between Lancefield groups, may also be similar.

Identification of factors associated with invasive GAS
disease, in particular deaths from invasive GAS disease,
can guide disease prevention and disease management ef-
forts. In adults, diabetes was an important risk factor that
was associated with death. In children, impetigo appeared
to be associated with invasive GAS disease. Control of dia-
betes in the elderly and control of impetigo in the young
may be important disease prevention public health goals.
With so many deaths occurring shortly after hospital ad-
mission, improved recognition and case management of
early sepsis may be important disease management goals.
The findings of this study also have implications for GAS
vaccine development. Several GAS antigens have been
identified as potential vaccine candidates. However, only 1
GAS vaccine, a 26-valent M protein vaccine, has reached
phase I and II clinical trials (30). Serotypes included in this
vaccine were chosen if they were common emm types in
the United States (31,32). Although clinical development
of the 26-valent vaccine is in its early stages, our results
raise concerns about the applicability of this vaccine to de-
veloping country settings, because only 10 of 37 emm types
in our study are types included in the vaccine, accounting
for 33% of GAS isolates.

Our study confirms that invasive disease caused by
GAS and other B-hemolytic streptococci has substantial ef-
fects in Fiji. This study provides the detailed epidemiologic
and clinical data on invasive GAS infections from a devel-
oping country.
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Bacterial Phenotype Variants
In Group B Streptococcal Toxic
Shock Syndromet?

Parham Sendi,? Linda Johansson, Samira Dahesh, Nina M. Van Sorge, Jessica Darenberg,
Mari Norgren, Jan Sjolin, Victor Nizet, and Anna Norrby-Teglund

We conducted genetic and functional analyses of
isolates from a patient with group B streptococcal (GBS)
necrotizing fasciitis and toxic shock syndrome. Tissue cul-
tures simultaneously showed colonies with high hemolysis
(HH) and low hemolysis (LH). Conversely, the HH and LH
variants exhibited low capsule (LC) and high capsule (HC)
expression, respectively. Molecular analysis demonstrated
that the 2 GBS variants were of the same clonal origin. Ge-
netic analysis found a 3-bp deletion in the covR gene of
the HH/LC variant. Functionally, this isolate was associated
with an increased growth rate in vitro and with higher inter-
leukin-8 induction. However, in whole blood, opsonophago-
cytic and intracellular killing assays, the LH/HC phenotype
demonstrated higher resistance to host phagocytic killing.
In a murine model, LH/HC resulted in higher levels of bac-
teremia and increased host mortality rates. These findings
demonstrate differences in GBS isolates of the same clonal
origin but varying phenotypes.

Group B streptococci (GBS) are a major cause of sep-
sis in neonates and pregnant women. The incidence of
invasive GBS disease in nonpregnant adults is growing, in
particular in elderly persons and in those with chronic un-
derlying conditions (e.g., diabetes mellitus) (1). Recently,
cases of the severe, life-threatening syndromes of necrotiz-
ing fasciitis (1) and toxic shock syndrome due to GBS have
been reported in neonates (2) and immunocompromised
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persons (3), reminiscent of a disease course more common-
ly associated with group A streptococci or Staphylococcus
aureus. We report a case of GBS necrotizing fasciitis and
toxic shock syndrome in a previously healthy person. We
discovered 2 specific phenotypic variants of the bacterium
from the tissue site of infection. Genetic and functional
analysis of these variants provides insight into the potential
contribution of specific bacterial virulence factors to these
emerging GBS clinical syndromes.

Of GBS virulence factors, 2 of the best characterized
are its exopolysaccharide capsule and the surface-associat-
ed toxin, B-hemolysin/cytolysin (B-h/c). The capsule con-
tributes to immune resistance by inhibiting complement
deposition and activation on the bacterial surface, thereby
reducing opsonophagocytic clearance (4). GBS production
of B-h/c is encoded by the genes of the cyl operon (5,6)
and is associated with direct lysis of a variety of eukaryotic
cell types (7-9), inflammatory activation (10-12), and viru-
lence in animal models (10,13,14). GBS B-h/c expression is
linked to expression of an orange pigment with antioxidant
properties (6,15), and these 2 factors act in concert to im-
pair macrophage-based immune clearance (16).

In the traditional clinical view of invasive GBS patho-
genesis, a bacterial isolate enters a normally sterile site from
a focus of mucosal colonization or recent acquisition of the
pathogen. However, as the present case will illustrate, se-
lective pressures in vivo may cause differential expression
of certain GBS surface components during colonization or
dissemination. Thus, in vivo pathogenesis from a bacterial
perspective is likely more dynamic.

'Part of this work was presented at Lancefield 2008 International
Symposium on Streptococci and Streptococcal Diseases, Porto
Heli, Greece, June 22-26, 2008.

2Current affiliation: Clinic for Infectious Diseases, University Hospital
Bern, Bern, Switzerland.
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Case Report

A previously healthy 50-year-old man was admitted to
the hospital with fever, severe pain and swelling of the right
shoulder and arm, 1 week after moderate trauma. The ex-
tremity was erythematous, markedly swollen, and intensely
tender. In the emergency department, the man’s condition
rapidly deteriorated to septic shock. After receiving imme-
diate support with oxygen, intravenous fluids, and antimi-
crobial agents (penicillin G, 3 g, 4x/day, and a single dose of
120 mg gentamicin), he was transferred to the intensive care
unit. In addition to mechanical ventilation and vasopressors,
medical treatment included intravenous immunoglobulins
and corticosteroids. Because necrotizing fasciitis was sus-
pected, wide debridement was performed, which confirmed
the clinical diagnosis. In tissue specimens obtained during
the operation, gram-positive cocci with typical streptococ-
cal morphologic features were abundant. After samples un-
derwent overnight culture on blood agar plates and the or-
ganisms were identified to species level, GBS was isolated.
This pathogen also grew in cultures of blood obtained while
the patient was in the emergency room. Antimicrobial drug
treatment was changed to the combination of clindamycin
and penicillin G. After a total of 3 repeated debridements
and antimicrobial drug treatment for 6 weeks, the outcome
was favorable. At follow-up after 6 months, the patient had
only a slight radiating pain in the arm.

Methods

Sources of Bacteria

We included the following in specific, comparative as-
says: 2 serotype V GBS strains isolated from a colonized
person (VK9) and a neonate with sepsis (CNCTC), GBS
NEM316, and 1 group A streptococci serotype M1T1 iso-
late from a patient with streptococcal toxic shock syndrome
(isolate 5448).

CAMP Test, Serotyping, Antimicrobial Susceptibility,
and Pulsed-Field Gel Electrophoresis

Identification of the isolates was confirmed by CAMP
testing, and serotype determination was achieved by using
a coagglutination typing kit (Essum, Bacterium AB, Ume4,
Sweden). Antimicrobial susceptibility and MICs were de-
termined by the Kirby-Bauer disk diffusion method and
by Etest (AB Biodisk, Solna, Sweden), respectively. GBS
isolates were subjected to pulsed-field gel electrophoresis
(PFGE) by using the restriction enzymes Smal or Xmal
(New England Biolabs, Ipswich, MA, USA) or Apal (Pro-
mega, Madison, WI, USA), as described (17).

Measurement of Pigment and Hemolytic Activity

Pigment was extracted as described (16). The optical
density (OD) of the pigment extracts was measured at a di-
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lution of 1:4 in a spectrophotometer (WPA Biowave, Bio-
chrom, Cambridge, UK). The hemolytic activity was deter-
mined by measuring hemoglobin release in the supernatant
(by OD), after pigment extracts were incubated with an
equal volume of 1% sheep erythrocytes for 1 h. Phosphate-
buffered saline (PBS), glucose alone, and erythrocytes
lysed with 0.1% sodium dodecyl sulfate (SDS) were used
as negative and positive controls, respectively. The results
were related to SDS (100%) and expressed as hemolytic
capacity. The hemolytic titer was assessed by a microtiter
dilution method, as described previously (7).

Capsule Expression

Buoyance density of overnight bacterial cultures was
determined by Percoll gradient centrifugation as described
previously (18). To analyze surface sialic acid expression,
strains were grown to mid log phase, washed, and resus-
pended in PBS to an OD of 0.4. Sialic acids were hydro-
lyzed with mild acid, then filtrated, neutralized, and deriva-
tized as previously described (19) for quantitative analysis
by high-performance liquid chromatography. To visualize
capsule expression, we incubated isolates on blood agar
plates and in Todd-Hewitt broth (THB) overnight. Isolates
were then washed and fixed with Karnovsky solution. After
polymerization, samples were sectioned with an ultrami-
crotome (Reichert-Jung Ultracut E, Leica, Wetzlar, Ger-
many), and analyzed by transmission electron microscopy
(FEL Philips, Morgani 268D, Aachen, Germany).

Genetic Analysis

PCR was used to amplify the cylA, cylE, covR, covs,
rovsS, and stkl genes, as described previously (6), and se-
quences of amplicons were compared with the published
genome of GBS serotype la strain A909 (20). Sequence
alignment for all the genes showed >99% identity among
GBS strains of different serotypes.

For heterologous expression of COVR/S, the region was
amplified by PCR from the GBS genome by using the for-
ward primer 5-GCGTCTAGAGAATAAGAAGGTTGG
TGTAGATGGG-3' and reverse primer 5'-CGCGGATTC
GAAGCGCCTCTCTTATCACCTC-3". The 2,286-bp am-
plicon was captured in pTTOPO according to the manu-
facturer’s instructions (Invitrogen, Carlsbad, CA, USA),
then subcloned into expression vector pDCerm (21). The
resulting pDC-CovRS plasmid was introduced into GBS
by electroporation (22). Transformants were identified by
erythromycin resistance, and plasmid presence was con-
firmed by PCR.

RNA Isolation and Reverse Transcription—PCR

Total bacterial RNA was extracted from overnight
cultures of GBS by using an RNeasy Mini Kit (QIAGEN,
Hilden, Germany) per manufacturer’s instructions, except
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thatbacteria were mechanically disrupted by using tubes with
glass beads (Lysing Matrix B, MP Biomedicals, Solon, OH,
USA). RNA samples were DNase treated (Turbo DNA-free;
Ambion, Austin, TX, USA) to remove any contaminating
DNA. One microgram of RNA was reverse transcribed to
cDNA (Superscript First-Strand Synthesis Kit; Invitrogen)
and used for PCR amplification with the following primer
sets: cfb forward 5'-CTGGAACTCTAGTGGCTGGTG-3’
and cfb reverse 5'-CCATTTGCTGGGCTTGATT-3"; cylK
forward 5'-ATTTATCTGGCGATCGGTTG-3' and cylK
reverse5'-CCTTTGGCAAACCAATTAAATAAC-3";cylE
forward 5-GTCGTA GTGGACAGGCAATCAC-3' and
cylE reverse 5'-CGAAATGATCGACAATGCAG-3'; cpsG
forward 5'-CATGAACAGCAGTTCAACCG-3' and cpsG
reverse 5-CTGACATAAACGTCGCTGGAC-3"; and
gyrA forward 5-CTTGGTGATGGGACGTTCAGG-3’
and gyrA reverse 5'-GCTGAAGCAGCACGACGAAC-3'.
PCR mixtures contained primers at a concentration 1 pM
and PCR mix (Supermix; Invitrogen) in a volume of 15
pL. Samples that had been prepared without reverse tran-
scriptase served as controls for DNA contamination. The
PCR products were visualized by electrophoresis on a 1%
agarose gel containing ethidium bromide.

Measurement of Growth Dynamics
and Phenotype Stability

Bacterial growth rates were determined in THB and
THB plus 1.5% yeast extract (THB + Y) by OD,, deter-
mination and enumeration of CFUs. Measurements were
performed in triplicate. To evaluate phenotype stability, we
passaged each variant isolate on blood agar (7 passages)
and in various media (3 passages), including THB, THB
+ Y, Granada, and chromogenic (Strepto B ID agar; bio-
Mérieux SA, Marcy-1’Etoile, France).

Cytokine Stimulation

Peripheral blood mononuclear cells (PBMCs) were
isolated from blood of 5 healthy donors by Ficoll-Hypaque
gradient centrifugation (Lymphoprep; Axis Shield PoC AS,
Oslo, Norway). PBMCs were stimulated with live bacteria
(multiplicity of infection [MOI] =1:1) for 2 h. Uninfected
PBMCs served as negative controls. Interleukin (IL)-18,
IL-8, and tumor necrosis factor o (TNF-a) in cell culture
supernatants were determined by Luminex multiplex as-
says (BioSource International, Camarillo, CA, USA) and
the Luminex'” instrument (Luminex, Austin, TX, USA).

Murine Model of GBS Infection

Male CD-1 mice (Charles River Laboratories, San
Diego CA, USA) 6-8 weeks of age were injected intrap-
eritoneally with 6-8 x 10° (low inoculum) or 5-7 x 107
CFU (high inoculum) of either GBS phenotype variant and
monitored for survival. After 6 h, blood was collected by
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retro-orbital puncture and assessed for levels of bacteremia
by serial dilution plating on blood agar plates. Ethics ap-
proval for animal experimentation was obtained from the
Animal Care Program of the University of California, San
Diego, CA, USA.

Determinations of Bacterial Growth and Killing Rates
in Human Whole Blood

Bacterial growth rates in freshly collected whole blood
from 3 nonimmune human donors were determined by enu-
meration of CFUs. The blood was incubated with 10% vol-
ume of an overnight bacterial culture under mild agitation.
Measurements were performed in duplicate.

For whole blood killing assays, inocula of 100 CFU
in 100 pL were mixed with 300 pL human blood (n = 5
donors) in heparinized tubes and incubated for 1-3 h with
mild agitation. Dilutions were plated on blood agar for enu-
meration of CFU. Autologous plasma from nonimmune
donors were used as controls.

Neutrophil Opsonophagocytic Killing Assays

Bacteria (CFUs ~10°) grown as described above were
incubated with 10% normal human serum (i.e., source of
complement) for 10 min and then mixed with autologous
neutrophils (MOI =1:1) from the 5 nonimmune donors.
Neutrophils were isolated by density gradient centrifuga-
tion using Polymorphprep solution (Axis Shield PoC AS).
Controls included samples containing heat-inactivated se-
rum and neutrophils, serum without neutrophils, and PBS.
Immediately before and after 60 min incubation, 100 pL
of sample solutions were removed and plated on blood
agar plates (23). To determine the kinetics of GBS survival
within neutrophils, we pelleted and resuspended the cells
in minimum essential medium supplemented with L-glu-
tamine, 125 pg/mL gentamicin (GIBCO, Invitrogen) and
5 pg/mL penicillin G (24). After 30, 60, and 90 min, cells
were lysed and CFU enumerated. Samples with only bac-
teria were used as a control for the bactericidal effects of
antimicrobial drugs.

Statistical Analysis

Groups were compared by using a nonparametric
paired test (Wilcoxon signed-rank test) and Kaplan-Meier
plot; p values <0.05 were considered significant. Statisti-
cal calculations were performed by using GraphPad Prism,
Version 4.03 (Graph Software, San Diego, CA, USA).

Results
Pigment and Hemolytic Activity
Culture of a tissue sample on blood agar plates dis-

played GBS colonies with 2 different phenotypes, either
high hemolytic (HH) or low hemolytic (LH) (Figure 1, pan-
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Figure 1. A) Hemolytic zone on blood agar plate after 48 h: Low hemolytic (LH) colony and high hemolytic (HH) colony. B) Hemolytic activity
of the pigment extract presented as hemolytic capacity (left graph) relative to that of sodium dodecyl sulfate (100%) and as hemolytic
titer (right graph) evaluated with a microdilution assay. Error bars indicate SEM. C) Phenotypic appearance of group B streptococci after
overnight culture in Todd-Hewitt broth plus 1.5% yeast extract, displaying a white pellet (LH) and an orange pellet (HH). D) Absorbance
profile of the pigment extract. E) Results of CAMP testing, which display a stronger reaction with the LH than with the HH phenotype.

el A). The difference in hemolysis was corroborated by 2
different assays, which showed a 4- to 8-fold difference in
hemolytic potential between the HH and LH variants (Fig-
ure 1, panel B). The HH phenotype had strong orange pig-
mentation; the pigmentation of the LH variant was difficult
to detect in culture pellets or by spectrophotometric analy-
sis (Figure 1, panels C and D). In CAMP testing, however,
the HH phenotype displayed a weaker reaction than the LH
variant (Figure 1, panel E). The distinct phenotypes of the
2 isolates proved to be stable after up to 7 passages in vari-
ous media.

Encapsulation

Evaluation of encapsulation by buoyant density cen-
trifugation showed high density for the HH variant (con-
sistent with low encapsulation [LC]) and low density for
the LH strain (consistent with high encapsulation [HC])
(Figure 2, panel A). This difference in encapsulation was
further confirmed by direct quantification of sialic acid lev-
els (Figure 2, panel B) and by imaging with transmission
electron microscopy (Figure 2, panel C).

Clonal Origin of HH/LC and LH/HC Phenotypic Variants

Both phenotypes belonged to capsular serotype Ib
and showed equivalent patterns of antimicrobial drug sus-
ceptibility or resistance. PFGE showed identical banding
patterns after 3 restriction enzymes were used, which in-
dicates that the 2 phenotypes had the same clonal origin.
To assess whether a genetic mutation could explain the
observed phenotypic difference, we sequenced genes im-
plicated in B-h/c production or regulation. Although ampli-
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fication and sequencing of cylE, cylA, covsS, rovS, and stkl
genes showed no difference between the isolates, a varia-
tion in the COVR gene was observed. In the HH/LC vari-
ant, the COVR sequence contained a 3-bp deletion, which
eliminates a valine that was encoded at position 31 (LH/
HC = 20"-LELLHEGYDVVVETNGRE-37' vs. HH/LC =
20'-LELLHEGYDVV_ETNGRE-36’). The published se-
quence of the serotype la genome strain A909 is identical
to that of the LH/HC variant.
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Figure 2. A) Buoyant density analysis of the low hemolytic (LH) and
high hemolytic (HH) strains, exhibiting lower and higher buoyant
density, respectively. B) Quantification of group B streptococci sialic
acids expressed as fmol N-acetylneuraminic acid/1,000 CFUs of the
LH and HH phenotypes. Error bars indicate SEM. C) Transmission
electron microscopy of LH and HH phenotypic variants.
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Sequence Variation in covR and Phenotypic Variation

To confirm that the covR 3-bp deletion contributed to
the observed phenotypic changes in the HH/LC strain, we
expressed the covR/S locus from the HH/LC variant on an
expression plasmid in the LH/HC variant and GBS strain
NEM316. Introduction of the mutated covR/S locus trans-
ferred the phenotypic appearance of the HH/LC variant to
both the LH/HC and NEM316 strains, which resulted in
increased hemolytic activity with increased pigmentation
(Figure 3, panel A) and decreased reaction in the CAMP
testing (Figure 3, panel B). In addition, encapsulation, mea-
sured by mean production of sialic acid, was reduced in
the LH/HC expressing the HH covR/S locus by 29% com-
pared with the parent LH/HC strain (from 24 to 17 fmol
N-acetylneuraminic acid/10° CFU). To validate that the
observed phenotypic changes were the result of changed
transcriptional regulation, reverse transcription—PCR was
performed on RNA isolated from the wild-type and trans-
formant strains. The results demonstrated that introduction
of the HH covR/S locus in either the LH/HC or NEM316
background reduced expression of the cfb gene (encoding
CAMP factor) and increased expression of the cyl genes
(Figure 3, panel C).

Bacterial Growth Rate

In culture media the HH/LC phenotypic variant grew
markedly faster than the LH/HC variant (Figure 4, panel
A) and even outgrew the LH/HC isolate when both phe-
notypes were cultured together (Figure 4, panel B). Both
phenotypes showed a faster growth rate than the 2 control
isolates (samples from vaginal colonization and neonatal
sepsis patients), with division times of 35 and 45 minutes,
respectively (data not shown).

Cytokine Induction

We further investigated the potential of the 2 vari-
ants to induce proinflammatory responses in human cells.
Stimulation of PBMCs from different donors showed that
both GBS variants induced IL-1p and TNF-a, but no over-
all difference was noted between the 2 isolates. Because
B-h/c has previously been shown to be a potent inducer of
IL-8 and B-h/c expression increases 4-fold in parallel with
growth rate (25), we expected that a difference in IL-8 re-
sponses would be greatest when live HH/LC and LH/HC
strains were used as stimuli. Indeed, live HH/LC bacteria
induced significantly higher IL-8 levels than did the LH/
HC isolate (p = 0.03) (Figure 5).

Murine Toxic Shock Model

Virulence of the 2 isolates was tested in a murine toxic
shock model, by injecting each mouse intraperitoneally
with 5-7 x 107 CFU. Although all mice rapidly became
bacteremic after inoculation, the bacterial load in blood
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Figure 3. A) Difference in pigmentation of the low hemolytic (LH)/
high encapsulation (HC) and NEM316 wild-type (WT) strains and
their corresponding transformants expressing the covR/S locus
of the high hemolytic (HH)/low encapsulation (LC) variant after
overnight culture. B) CAMP testing with strains displayed according
to panel A. The LH/HC variant and the NEM316 strain display a
stronger reaction (arrows) than their corresponding transformants.
C) Semiquantitative analysis of mMRNA expression of CAMP factor
(cftb), B-h/c (cylK and cylE) capsule (cpsG), and gyrA (housekeeping
gene) using reverse transcription—-PCR. Lane 1, LH/HC; lane 2,
HH/LC; lane 3, LH/HC + pcovR HH; lane 4, NEM316 WT; lane 5,
NEM316 + pcovR HH.

was significantly higher in mice infected with the LH/HC
strain (p = 0.01) (Figure 6, panel A). Nevertheless, the HH/
LC bacteria caused death significantly earlier (p = 0.0001)
(Figure 6, panel B).

Resistance Toward Phagocytic Killing

The higher bacterial load of the LH/HC phenotype
in the mice in comparison to the previously noted higher
growth rate by the HH/LC phenotype in media (Figure
4) suggested an increased resistance toward host immune
defense in this phenotype. Indeed, in human whole blood,
the LH/HC variant exhibited a higher growth rate than
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Figure 4. Growth curve of group B streptococcal variants, i.e., low hemolytic (LH)/high encapsulation (HC) and high hemolytic (HH)/low
encapsulation (LC), in Todd-Hewitt broth plus 1.5% yeast cultured in a separate tube (A) or together in the same tube (B). Graph presented

as mean + SD.

HH/LC (data not shown). We therefore further assessed
these findings in several types of bactericidal assays. In
a human whole-blood killing assay, the LH/HC pheno-
typic variant showed a higher survival index than the
HH/LC variant at 2 different inocula (p = 0.03) (Figure
7, panels A and B). A similar survival advantage for the
LH/HC variant against whole-blood killing was also ob-
served in coculture assays in which both variants were
used (data not shown). In an opsonophagocytic assay with
purified neutrophils and complement, the LH/HC isolate
again demonstrated a higher survival index than the HH/
LC phenotype (p = 0.03) (Figure 7, panel C). The LH/
HC strain also demonstrated greater intracellular survival
within neutrophils compared with the HH/LC variant (p =
0.0012) (Figure 7, panel D).

We next sought to determine whether the enhanced
resistance to bactericidal clearance would correspond to
increased virulence in a low-dose infection model. Consis-
tent with the high-dose sepsis model, recovery of bacteria
from the bloodstream at 6 h postinfection was significantly
higher in mice infected with LH/HC isolates than in those
infected with the HH/LC phenotype (Figure 7, panel E).
However, in contrast to high-dose challenge, in which
death was accelerated in mice infected with the HH/LC
variant, the increased resistance of the LH/HC against host
phagocytic killing translated into sustained bacteremia and
greater lethality (80% vs. 20%) in the lower dose infection
model (Figure 7, panel F).

Discussion

The rate of invasive GBS in nonpregnant adults is in-
creasing, and most cases are found in elderly persons and
those with underlying diseases (26). This study is based
on a rare case of toxic shock syndrome and necrotizing
fasciitis in an immunocompetent man without apparent
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risk factors. The GBS colonies obtained from the same
tissue culture differed in phenotypic properties associated
with 2 known GBS virulence factors, f-h/c cytotoxin and
the exopolysaccharide capsule. A similar case was report-
ed by Sigge et al. (27); they described a case of neonatal
sepsis caused by GBS in which hemolytic and nonhemo-
lytic colonies were displayed. Notably, only the hemo-
lytic strain could be isolated from the maternal vaginal
tract. The observation of GBS isolates of the same clonal
origin, but with varying phenotypes, as described in our
study and that of Sigge et al. (27) supports the concept of
differential expression of certain virulence factors, either
during the process of colonization or during infection of
specific anatomic sites. These phenotypic changes may
occur in response to selective pressures exerted by the
host immune response, providing the pathogen a survival
benefit. We therefore explored sequence differences in
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Figure 5. Interleukin (IL)- 8 induction in human peripheral blood
mononuclear cells (PBMCs) (n = 5) using live bacteria. IL-8
concentration measured in cell culture supernatants of PBMCs
were after exposure to live high hemolytic (HH)/low encapsulation
(LC) and low hemolytic (LH)/high encapsulation (HC) bacteria.
Horizontal lines indicate the median.
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potential genetic clusters of this phenotypic variation and
also investigated the functional differences between the 2
phenotypes. We demonstrated that the 2 isolates have dis-
tinct phenotypic characteristics but are of the same clonal
origin. Moreover, our findings indicate that these varia-
tions in phenotypic appearance are associated with sig-
nificant differences in resistance to host phagocytic kill-
ing and in the clinical course of experimental infection.
Finally, we provide indications that this phenotype switch
may occur due to a mutation in an important regulatory
gene (COVR).

In our clinical pair of phenotypic variants, pigment
production and hemolytic activity was reduced (but not
eliminated) in 1 variant. However, no mutations in the cyl
genes, the operon encoding genes required for B-h/c pro-
duction, were identified. Sequence analysis of several regu-
latory genes showed that the HH/LC phenotype contained
a 3-bp deletion in the COVR gene. Previous studies have
shown that complete deletion of the GBS covR/S may result
in up-regulation of cyl genes involved in B-h/c expression
(i.e., hemolytic activity), down-regulation of genes in the
GBS cps operon for capsule expression, reduced survival
in serum, and reduced virulence in animals (28,29). Ad-
ditionally, AcovR/S mutants show reduced CAMP activ-
ity, increased adherence to epithelial cells, and increased
[B-galactosidase activity (28); these changes illustrate the
influence of COVR/S on multiple genes involved in pheno-
typic, virulence, and biochemical properties of GBS.

To explore whether the 3-bp deletion in COVR harbored
by the HH/LC mutant may contribute to the observed
phenotypic variation between the 2 clonal isolates, we ex-
pressed the covR/S locus from the HH/LC in the LH/HC
variant, as well as the NEM316 GBS genome strain. In-
deed, overexpression of the covR/S HH locus in these 2 ge-
netic backgrounds resulted in a phenotype switch, i.e., in-
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creased pigmentation associated with increased hemolytic
activity, combined with decreased capsule production (as
estimated by sialic acid quantitation) and CAMP reactivity.
As demonstrated by reverse transcription-PCR, these ob-
served phenotypic changes were paralleled by the expected
changes in the mRNA transcripts for genes encoding -h/c
(cylK, cylE), CAMP factor (cfb), and cpsG (an enzyme
within the capsule biosynthetic operon).

Mutations in the related covR/S system of group A
streptococci are induced under selective pressure of the in-
nate immune system and contribute to the pathogenesis of
invasive infection caused by strains of the M1T1 serotype,
which is associated with necrotizing fasciitis and toxic
shock syndrome (30,31). Future detailed genetic, tran-
scriptional and mutational analysis of GBS invasive versus
colonizing disease will be required to determine whether a
similar paradigm exists in GBS.

Functional analyses of our clinical isolates showed
that the HH/LC phenotype had a more rapid growth rate
in culture media. Production of major GBS virulence fac-
tors (e.g., B-h/c, B-C protein) increases greatly with higher
growth rate (25,32). In agreement with these results, the
HH/LC phenotype induced a significantly higher release of
the proinflammatory chemokine IL-8 than did the LH/HC
phenotype. Considering the strong association between IL-8
serum levels and severity of sepsis (33,34), as well as the
previously reported contribution of the -h/c to the severe
manifestations of septicemia in animal models (13,35-37),
we compared the isolates in an in vivo sepsis model. Indeed,
in a high-dose sepsis model in mice, the HH/LC phenotyp-
ic variant was associated with accelerated death, although
blood CFU levels were lower than observed with the LH/
HC variant. We hypothesize that the accelerated death of
mice infected with HH/LC isolates is a result of an over-
whelming inflammatory response. The higher CFU levels
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Figure 7. A) Human whole-blood killing assay after 3 h incubation, using 100 CFU bacteria in 100 mL phosphate-buffered saline (PBS) and
300 mL blood. Error bars indicate SEM. B) 100 CFU bacteria in 100 uL PBS and 1,000 pL blood. Survival index is calculated as follows:
(CFU at the end of the assay)/(CFU at t = 0 h). Horizontal lines indicate the median. C) Opsonophagocytic killing assay after 1 h incubation,
using a multiplicity of infection of »1:1 (CFU 108uL: neutrophils 10%/uL) and 10% volume serum. Error bars indicate SEM. D) Intracellular
survival assays in neutrophils after 30, 60, and 90 min of extracellular antimicrobial drug exposure. Error bars indicate SEM. E) Murine
model for invasive disease (low inoculum). Groups of 5 mice were inoculated intraperitoneally with 6-8 x 10® CFU of low hemolytic (LH)/
high encapsulation (HC) or high hemolytic (HH)/low encapsulation (LC) group B streptococcal isolates per mouse. Levels of bacteremia
were assessed after 6 h. Horizontal lines indicate the median. F) Kaplan-Meier survival plot.

of the LH/HC variant, on the other hand, may be associated
with their increased resistance to phagocytic clearance, as
comprehensively investigated in 4 different experimental
models, i.e., whole blood, neutrophils and complement, in-
tracellular survival in neutrophils, and blood collection in
the mouse model. Because complete elimination of 3-h/c by
targeted mutagenesis is known to diminish GBS resistance
to phagocytic killing (16) and to reduce blood survival in a
variety of animal models (10,12,14,16), the results imply a
simultaneous up-regulation of a factor with a more critical
role in phagocyte resistance in the LH variant. The hyper-
encapsulation in the LH variant is in line with this reason-
ing, because the capsule is known to impair opsonophago-
cytosis (4) and likely contributes to the enhanced resistance
of the LH phenotype in vitro and in vivo.

In summary, our data show that phenotypic variants
with markedly different expression of prominent virulence
factors can arise in the course of invasive GBS infection
in humans. These bacterial subpopulations may contribute
to different aspects of disease pathogenesis. In the case re-
ported here, we could hypothesize that the HH/LC variant
exerts toxin-mediated direct tissue injury and proinflamma-
tory effects and that the LH/HC variant displays enhanced
resistance to phagocytic clearance by virtue of increased
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capsule. The evolution of genetic switch mechanisms by
the pathogen may allow it to conserve biochemical resourc-
es and synthesize the highest levels of capsule only under in
vivo conditions of phagocyte selective pressure. The disad-
vantages of constitutive high-level capsule expression may
lie in the known inhibitory effects of capsule on epithelial
cell adherence (38) and the reduced growth rate of the LH/
HC variant as observed in our studies in optimal culture
media. The potential for GBS phenotype variants should be
a consideration in the diagnostic microbiology laboratory
and in future analysis of GBS molecular pathogenesis.
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Many countries are stockpiling face masks for use as a
nonpharmaceutical intervention to control virus transmission
during an influenza pandemic. We conducted a prospective
cluster-randomized trial comparing surgical masks, non—fit-
tested P2 masks, and no masks in prevention of influenza-
like illness (ILI) in households. Mask use adherence was
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self-reported. During the 2006 and 2007 winter seasons,
286 exposed adults from 143 households who had been
exposed to a child with clinical respiratory illness were re-
cruited. We found that adherence to mask use significantly
reduced the risk for ILI-associated infection, but <50% of
participants wore masks most of the time. We concluded
that household use of face masks is associated with low
adherence and is ineffective for controlling seasonal respi-
ratory disease. However, during a severe pandemic when
use of face masks might be greater, pandemic transmission
in households could be reduced.

Highly pathogenic avian influenza virus A (H5SN1) con-
tinues to spread globally, posing a serious human pan-
demic threat. In the event of an influenza pandemic or other
emerging respiratory disease such as severe acute respira-
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tory syndrome (SARS), it is likely that antiviral drugs and
vaccines will be in short supply or that delivery could be
delayed. Therefore, nonpharmaceutical interventions such
as mask use, handwashing, and other hygiene measures or
school closure might be effective early control strategies.
In contrast to pharmaceutical interventions, little is known
about the effectiveness of nonpharmaceutical interventions
in the community. A recent analysis gives estimates of the
effect of school closure (1), and several prospective, ran-
domized controlled trials of handwashing have been pub-
lished (2-11). However, clinical trial data on the ability
of face masks to reduce respiratory virus transmission in
the community are limited to 1 published prospective trial,
which showed lack of efficacy (12). In addition, adverse ef-
fects of wearing masks (particularly respirators) may affect
compliance and effectiveness (13-15). Despite the lack of
quantitative evidence, many countries have included rec-
ommendations in their pandemic plans on the use of face
masks (16-18). We present the results of a cluster-random-
ized household study of the effectiveness of using face
masks to prevent or reduce transmission of influenza-like
illness (ILI).

Methods

A prospective, cluster-randomized trial of mask use in
households was conducted during the 2 winter seasons of
2006 and 2007 (August to the end of October 2006 and
June to the end of October 2007) in Sydney, Australia.
Enrollment in the study was restricted to households with
>2 healthy adults >16 years of age; the adults had known
exposure within the household to a child with fever and
respiratory symptoms. Suitable households were identi-
fied at a pediatric health service comprising the emergency
department of a pediatric hospital and a pediatric primary
care practice in Sydney, New South Wales, Australia. The
study protocol was approved by the local institutional re-
view board.

Randomization and Intervention

Participating households were randomized to 1 of 3
arms by a secure computerized randomization process:
1) surgical masks (3M surgical mask, catalogue no. 1820;
St. Paul, MN, USA) for 2 adults, to be worn at all times
when in the same room as the index child, regardless of
the distance from the child; 2) P2 masks (3M flat-fold P2
mask, catalogue no. 9320; Bracknell, Berkshire, UK), for
2 adults, to be worn at all times when in the same room as
the index child, regardless of the distance from the child;
and 3) a control group (no masks used). The P2 masks used
have an almost identical specification as N95 masks used
in the United States (19). According to New South Wales
Health guidelines, pamphlets about infection control were
provided to participants in all arms. Study participants and
trial staff were not blinded, as it is not technically possible
to blind the mask type to which participants were random-
ized. However, laboratory staff were blinded to the arm of
randomization. Figure 1 shows the flow diagram for the
trial as suggested by CONSORT guidelines (20).

Recruitment and Follow-up

Children 0-15 years of age seeking treatment at pe-
diatric health services with fever (temperature >37.8°C)
and either cough or sore throat were identified by an elec-
tronic triage system. Parents or primary caregivers were
approached in the waiting room, and that household was
invited to join the study if all of the following criteria were
satisfied: 1) the houschold contained >2 adults >16 years
of age and 1 child 0-15 years of age; 2) the index child
had fever (temperature >37.8°C) and either a cough or sore
throat; 3) the child was the first and only person to become
ill in the family in the previous 2 weeks; 4) adult caregivers
consented to participate in the study; and 5) the index child
was not admitted to the hospital.

If eligibility criteria were satisfied, adults from the
household were enrolled in the study. Enrolled adults and

Figure 1. Flow diagram
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any siblings of the index child were then evaluated for
respiratory symptoms and signs (fever, history of fever
or feeling feverish in the past week, myalgia, arthralgia,
sore throat, cough, sneezing, runny nose, nasal congestion,
headache). If any of these symptoms were present, the fam-
ily and household were excluded. Sociodemographic and
medical information including influenza vaccination his-
tory (both the index child and participating adults) was ob-
tained using a researcher-administered questionnaire. Med-
ication use was also recorded. The index case-patient had
combined nasal (each nostril) and throat swabs collected
for multiplex reverse transcription-PCR (RT-PCR) testing.
The household was randomized to 1 of the 3 arms, allocat-
ed the appropriate mask type, and educated about infection
prevention. Formal fit testing of the P2 masks was not per-
formed, but information pertaining to the correct method
for fitting and disposing of the masks was provided. Over
the next week, participants were contacted by telephone
daily to determine if symptoms had developed and to re-
cord adherence to mask use throughout the day.

Each household was supplied with a thermometer to
measure the temperature of symptomatic adult participants
twice daily. If study staff determined that a participant had
developed respiratory disease symptoms at follow-up, a
home visit was conducted on the same day and the par-
ticipant was swabbed and tested for respiratory viruses (see
methods described below). Symptomatic participants were
then followed up daily for 2 weeks.

Because all respiratory pathogens share similar trans-
mission mechanisms—aerosol, droplet, and fomite spread
(although the relative role of these factors may vary among
different viruses and in different clinical situations)—we
deliberately considered a broad definition of clinical cases
consistent with a wide range of common respiratory vi-
ruses. Respiratory viruses detected in the study included
influenza A and B, respiratory syncytial virus (RSV), ad-
enovirus, parainfluenza viruses (PIV) types 1-3, coronavi-
ruses 229E and OC43, human metapneumovirus (hMPV),
enteroviruses, and rhinoviruses.

Adherence to face mask use was specifically moni-
tored during each household follow-up. Measuring adher-
ence and reasons for nonadherence is critical for evaluat-
ing the efficacy of mask use for reducing treatment and for
providing practical advice on future use of face masks. Exit
interviews with participants in the surgical mask and the
P2 mask arms were conducted to gain further insights into
adherence.

Sample Collection and Laboratory Testing
Rayon-tipped, plastic-shafted swabs were inserted sep-
arately into each participant’s nostrils and pharynx, placed
into viral transport media, and transported immediately to
the laboratory or stored at 4°C if transport was delayed.

Emerging Infectious Diseases * www.cdc.gov/eid ¢ Vol. 15, No. 2, February 2009
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Nose and throat swabs of index children and adult partici-
pants with symptoms of respiratory illness were tested by
using nucleic acid and a series of multiplex RT-PCR tests
(21) to detect influenza A and B and RSV, PIV types 1-3,
picornaviruses (enteroviruses or rhinoviruses), adenovirus-
es, coronaviruses 229E and OC43, and hMPV.

Case Definition

To include the broadest possible spectrum of clinical
syndromes occurring among enrolled adults (22), during
follow-up we defined ILI by the presence of fever (tem-
perature >37.8°C), feeling feverish or a history of fever,
>2 symptoms (sore throat, cough, sneezing, runny nose,
nasal congestion, headache), or 1 of the symptoms listed
plus laboratory confirmation of respiratory viral infection.
The choice of a relatively broad clinical case definition was
dictated by our interest in interrupting transmission of a
broad range of respiratory viruses. Laboratory-confirmed
cases during the follow-up were defined by the presence of
>1 of the symptoms listed above plus laboratory detection
of a respiratory virus.

Study Outcomes and Analysis

The primary study outcomes in enrolled adults were
the presence of ILI or a laboratory diagnosis of respiratory
virus infection within 1 week of enrollment. Given that we
demonstrated some dual infections and that there may be a
variable sensitivity of RT-PCR for different respiratory vi-
ruses, we included all incident infections in adults (by clini-
cal case definition and laboratory testing) in the analysis.
We also measured the time from recruitment to infection.
Causal linking of the outcomes of ILI and adherence to use
of face masks required consideration of the timing of both.

Analysis of primary outcomes was by intention to treat.
We performed a multivariate Cox proportional-hazards sur-
vival analysis to study secondary outcomes and determine
how time lag from recruitment to infection of a secondary
case-patient was affected by explanatory covariates (23).
Gaussian random effects were incorporated in the model to
account for the natural clustering of persons in households
(24). The day of infection was reconstructed from the day
of symptom onset under the assumption that the incuba-
tion period was 1-2 days. To account for exposures that oc-
curred before recruitment, the time when survival analysis
started was defined as the maximum value between the day
of recruitment minus the incubation period and the start of
illness in the index case. (For example, assume a household
recruited on day 0 and an incubation period of 2 days. If
illness in the index case began on day —3, then the survival
analysis began on day —2; if illness in the index case began
on day —1, then the survival analysis began the same day.)

The following variables were included in the
models: daily adherence to use of P2 or surgical masks,
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number of adults in the household, number of siblings
in the household, and index case <5 years of age. This
analysis was performed using the survival package of the
statistical software R (www.r-project.org). Comparisons
among groups were made with the Fisher exact test for
categorical variables. A 2-sided p value <0.05 was con-
sidered significant.

Power Analysis

Assuming a secondary attack rate in exposed adults of
20% and an intraclass correlation coefficient of 30%, we
estimated that 94 adults would be needed in each arm of
the study to show efficacy of >75% of P2 or surgical masks
at 80% power and with a p value of 0.05. Our efficacy esti-
mate was a conservative assumption based on observation-
al data for the combined effects of all mask types during the
SARS epidemic in Hong Kong (25).

Results

Study Population

We recruited 290 adults from 145 families; 47 house-
holds (94 enrolled adults and 180 children) were random-
ized to the surgical mask group, 46 (92 enrolled adults and
172 children) to the P2 mask group, and 52 (104 enrolled
adults and 192 children) to the no-mask (control) group.
Two families in the control group were lost to follow-up
during the study. Characteristics of the families who partic-
ipated are shown in Table 1, with no significant differences
noted among the 3 arms.

Samples were collected from 141 children; respiratory
viruses were detected in 90 (63.8%) children. In 79 (56.0%)
of 141 cases, a single pathogen was detected: influenza A
in 19/141 (13.5%); influenza B in 7/141 (4.9%); adenovi-

ruses in 7/141 (4.9%); RSV in 5/141 (3.5%); PIV in 8/141
(5.5%) (PIV-1 in 1/141 [0.70%]; PIV-2 in 2/141 [1.4%)];
PIV-3in 5/141 [3.5%]); hMPV in 8/141 (5.7%); and coro-
navirus OC43 in 3/141 (2.1%). Other viruses detected in-
cluded picornaviruses in 22/141 (15.6%): rhinoviruses in
11/22 (50.0%); enteroviruses in 5/22 (22.7%) (enterovirus
68 in 1/5[20.0%] and others in 4/5 [80.0%]); and uncharac-
terized nonsequenced picornaviruses in 6/22 (27.0%). An
additional 11 children (7.8%) had dual or co-infection: 4
(2.8%) with adenovirus and rhinovirus, 2 (1.4%) with rhi-
novirus and coronavirus; and 1 each with influenza A and
enterovirus, influenza A and PIV-2, influenza A and rhino-
virus, RSV and enterovirus, and adenovirus and hMPV.

Adherence

Characteristics of the adherent versus nonadherent
participants who were recruited are shown in Table 2; no
significant differences were noted between the 2 groups
except for the presence of >3 adults in the household. On
day 1 of mask use, 36 (38%) of the 94 surgical mask us-
ers and 42 (46%) of the 92 P2 mask users stated that they
were wearing the mask “most or all” of the time. Other par-
ticipants were wearing face masks rarely or never. The dif-
ference between the groups was not significant (p = 0.37).
Adherence dropped to 29/94 (31%) and 23/92 (25%), re-
spectively, by day 5 of mask use (Figure 2).

Table 3 shows reported problems with mask use. There
were no significant differences in difficulties with mask use
between the P2 and surgical mask groups, but >50% report-
ed concerns, the main one being that wearing a face mask
was uncomfortable. Other concerns were that the child did
not want the parent wearing a mask and the parent forgot
to wear the mask. Additional comments made by some in-
cluded that the mask did not fit well and that it was not

Table 1. Demographic characteristics of each household by arm of randomization in the study, Sydney, New South Wales, Australia,

2006 and 2007 winter influenza seasons.

Surgical mask group P2 mask group

Variable Control group, no. (%), n =50 No. (%), n =47 p value No. (%), n = 46 p value
Living arrangement
Reside in house 38 (76) 32 (68) 0.39 33(72) 0.64
>4 persons in house 13 (26) 18 (38) 0.20 19 (41) 0.1
>3 adults in house 8 (16) 11 (23) 0.36 12 (26) 0.23
Demographics
Caucasian race* 28 (56) 20 (43) 0.18 17 (37) 0.06
Both adults work 28 (56) 25 (53) 0.78 27 (59) 0.79
Smoker in house 12 (24) 12 (26) 0.86 4(9) 0.046
Index child fully immunized 45 (90) 45 (96) 0.28 39 (85) 0.44
Index child attends childcare 37 (74) 34 (72) 0.85 27 (59) 0.11
Influenza vaccination
Index child 1(2) 1(2) 0.97 0 0.34
1 adult vaccinated 2 (4) 2 (4) 0.95 0 0.17
Duration of child sicknesst 4 5 4
Siblings reporting illness 3 (6) 1(1) 0.34 0 0.09

*Information relates to the participating adult interviewed.
tMedian no. days.
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Table 2. Characteristics of adherent versus nonadherent mask wearers in the study, Sydney, New South Wales, Australia, 2006 and

2007 winter influenza seasons.*

Fully adherent mask users, no. (%),

Nonadherent mask users, no. (%),

Variable n=30 n =156 p value
Living arrangement
Reside in house 22 (73) 108 (69) 0.66
>4 persons in house 11 (37) 64 (41) 0.66
>3 adults in house 3 (10) 43 (28) 0.04
Demographics
Caucasian racet 10 (33) 29 (19) 0.07
Working adult 22 (73) 118 (76)
Smoker in house
Daily handwashing 14 (45) 54 (34) 0.21
Use of soap when handwashing 13 (43) 65 (42) 0.87
Index child fully immunized 15 (50) 69 (44) 0.56
Index child attends childcare 6 (20) 51 (33) 0.17
Influenza vaccination
Index child 0 1(0.5) 0.66
Adult 1 0 2(1) 0.53
Adult 2 0 2 (1%) 0.53
Median days of child sickness 5 5
Siblings reporting illness 0 1(0.5) 0.66

*Adherence to mask use and handwashing measured by daily self-reports and exit interviews.

TInformation relates to the participating adult interviewed.

practical to wear at meal time or while asleep. Some adults
wore the mask during the day but not at night, even though
the sick child was sleeping beside them in their bed.

Intention-to-Treat Analysis

ILI was reported in 21/94 (22.3%) in the surgical group,
14/92 (15.2%) in the P2 group, and 16/100 (16.0%) in the
control group, respectively. Samples were collected from
43/51 (84%) sick adults, with respiratory viruses isolated
in 17/43 (40%) sick adults. Viral pathogens were isolated
from 6/94 (6.4%) in the surgical mask group, 8/92 (8.7%)
in the P2 group, and 3/100 (3.0%) in the control group. In
10/17 laboratory-positive cases, the same respiratory virus
was isolated in the adult and the child (surgical, 3/94; P2
group, 5/92; and control, 2/100). In 2 cases, the adult was
the only person with a laboratory-confirmed virus (1 each
from the P2 and surgical groups); in the remaining 5 adults,
the virus detected in the child differed from that in the adult
(surgical, 2; P2 group, 2; and control group, 1). No dual
infections were detected in the adults. Intention-to-treat
analysis by households and by participants showed no sig-
nificant difference between the groups (Table 4).

Risk Factors for ILI

Under the assumption that the incubation period is
equal to 1 day (the most probable value for the 2 most com-
mon viruses isolated, influenza [21] and rhinovirus [26]),
adherent use of P2 or surgical masks significantly reduces
the risk for ILI infection, with a hazard ratio equal to 0.26
(95% CI [confidence interval] 0.09-0.77; p = 0.015). No
other covariate was significant. Under the less likely as-
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sumption that the incubation period is equal to 2 days, the
quantified effect of complying with P2 or surgical mask
use remains strong, although borderline significant; hazard
ratio was 0.32 (95% CI 0.11-0.98; p = 0.046). The study
was underpowered to determine if there was a difference in
efficacy between P2 and surgical masks (Table 5).

Discussion

We present the results of a prospective clinical trial of
face mask use conducted in response to an urgent need to
clarify the clinical benefit of using masks. The key find-

50 -
O Surgical

45 1 mpP2

40
35 A
30 A
25 A

20

% Compliant

15 A

10

Day 1 Day 2 Day 3 Day 4 Day 5

Figure 2. Compliance with face mask use by day over 5 consecutive
days during the study, Sydney, New South Wales, Australia, 2006
and 2007 winter influenza seasons.
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Table 3. Problems with face use
influenza seasons.

reported by participants in the study, Sydney, New South Wales, Australia, 2006 and 2007 winter

Reported problem Surgical mask users, no. (%), n = 94 P2 mask users, no. (%), n = 92 p value
None 46 (49) 42 (46) 0.66
Uncomfortable 16 (17) 14 (15) 0.74
Forgot to wear it 8(9) 8(9) 0.96
Child did not like it 6 (6) 8 (9) 0.55
Other 18 (19) 20 (22) 0.66

ings are that <50% of participants were adherent with mask
use and that the intention-to-treat analysis showed no dif-
ference between arms. Although our study suggests that
community use of face masks is unlikely to be an effective
control policy for seasonal respiratory diseases, adherent
mask users had a significant reduction in the risk for clini-
cal infection. Another recent study that examined the use
of surgical masks and handwashing for the prevention of
influenza transmission also found no significant difference
between the intervention arms (12).

Our study found that only 21% of household contacts
in the face mask arms reported wearing the mask often or
always during the follow-up period. Adherence with treat-
ments and preventive measures is well known to vary de-
pending on perception of risk (27) and would be expected to
increase during an influenza pandemic. During the height of
the SARS epidemic of April and May 2003 in Hong Kong,
adherence to infection control measures was high; 76% of
the population wore a face mask, 65% washed their hands
after relevant contact, and 78% covered their mouths when

sneezing or coughing (28). In addition, adherence may vary
depending on cultural context; Asian cultures are more ac-
cepting of mask use (29). Therefore, although we found
that distributing masks during seasonal winter influenza
outbreaks is an ineffective control measure characterized
by low adherence, results indicate the potential efficacy
of masks in contexts where a larger adherence may be ex-
pected, such as during a severe influenza pandemic or other
emerging infection.

We estimated that, irrespective of the assumed value
for the incubation period (1 or 2 days), the relative reduc-
tion in the daily risk of acquiring a respiratory infection
associated with adherent mask use (P2 or surgical) was in
the range of 60%—80%. Those results are consistent with
those of a simpler analysis in which persons were stratified
according to adherence (online Technical Appendix, avail-
able from www.cdc.gov/EID/content/15/2/233-Techapp.
pdf). We emphasize that this level of risk reduction is de-
pendent on the context, namely, adults in the household
caring for a sick child after exposure to a single index case.

Table 4. Intention-to-treat analysis used in the study*

Control All masks Surgical masks P2 masks
group, RR p RR p RR p
Data no. (%) No. (%) (95% CI)t valuet No. (%) (95% CI)t valuet No. (%) (95% Cl)t valuet
By house n =50 n =93 n =47 n =46
ILI 12 (24) 25(27) 1.12 0.84 15 (32) 1.33 0.50 10 (22) 0.91 0.81
(0.62-2.03) (0.70-2.54) (0.43-1.89)
By individual n=100 n=186 n=94 n=92
ILI 16 (16) 33 (18) 1.1 0.75 19 (20) 1.29 0.46 14 (15) 0.95 1
(0.64-1.91) (0.69-2.31) (0.49-1.84)
Laboratory confirmed infections
Influenza A 0 3(2) 1(1) 2(2)
Influenza B 0 1(0.5) 0 1(1)
RSV 1(1) 1(0.5) 0 0
hMPV 0 0 0 0
Adenoviruses 0 2(1) 0 2(2)
PIVt 1(1) 1(0.5) 1(1) 0
Coronaviruses§ 1(1) 0 0 0
Rhinoviruses 0 5(3) 3(3) 2(2)
Enteroviruses 0 0 0 0
Picornoviruses 0 1(0.5) 0 1(1)
Total 3(3) 14 (8) 2.51 0.19 6 (6) 213 0.32 8(9) 2.90 0.12
(0.74-8.5) (0.55-8.26) (0.79-10.6)

*RR, relative risk; Cl, confidence interval; ILI, influenza-like iliness; RSV, respiratory syncytial virus; hMPV, human metapneumovirus; PIV, parainfluenza

virus.

tReference group is the control group.
ITypes 1-3; 229E/OC43.

§Types 1-3.
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Table 5. Estimates of hazard ratios for ILI in the study*

Face Masks and Respiratory Virus Transmission

Global effect of mask use

Effect per mask type

Variable Hazard ratio (95% Cl) p value Hazard ratio (95% Cl) p value
1-d incubation period
Adherence to use of surgical or P2 maskt 0.26 (0.09-0.77) 0.015%
Adherence to use of surgical maskt 0.27 (0.06-1.24) 0.09
Adherence to use of P2 maskt 0.24 (0.05-1.08) 0.06
No. adults 1.07 (0.66-1.71) 0.80 1.06 (0.66-1.71) 0.80
No. siblings 0.86 (0.55-1.35) 0.52 0.86 (0.55-1.35) 0.52
Index patient <5 y of age 0.88 (0.41-1.89) 0.75 0.88 (0.41-1.89) 0.74
Frailty§ 0.005% 0.004%
2-d incubation period
Adherence to use of surgical or P2 maskt 0.32 (0.11-0.98) 0.046%
Adherence to use of surgical maskt 0.18 (0.02-1.38) 0.099
Adherence to use of P2 maskt 0.45 (0.12-1.62) 0.22
No. adults 1.13 (0.71-1.81) 0.60 1.14 (0.71-1.82) 0.59
No. siblings 0.80 (0.51-1.27) 0.34 0.80 (0.50-1.27) 0.34
Index patient <5 y of age 1.02 (0.46-2.24) 0.96 1.02 (0.47-2.25) 0.95
Frailty§ 0.004% 0.004%

*ILI, influenza-like iliness; Cl, confidence interval.
tTime-dependent variable.

1p<0.05 significant (indicates that the outcome for 1 person is correlated with the outcome of other persons in the household).
§This term measures if the clustering of subjects in households is relevant to quantify the risk of ILI infection.

We urge caution in extrapolating our results to school,
workplace, or community contexts, or where multiple, re-
peated exposures may occur, such as in healthcare settings.
The exact mechanism of potential clinical effectiveness of
face mask use may be the prevention of inhalation of re-
spiratory pathogens but may also be a reduction in hand-
to-face contact. Our study could not determine the relative
contributions of these mechanisms.

In our study, fit testing for P2 masks was not con-
ducted because this is unlikely to be feasible in the gen-
eral community during a pandemic. As such, we felt it was
more appropriate to determine the efficacy of non—fit-test-
ed masks. We found no difference in adherence between
P2 and surgical masks, an important finding, as there is a
common belief among healthcare workers that P2 masks
are less comfortable. The size of the study did not permit
conclusive comparison of the relative efficacy of P2 masks
and surgical masks. Given the 5- to 10-fold cost difference
between the 2 mask types, quantifying any difference in
efficacy between surgical masks and particulate respirators
remains a priority that needs to be addressed by a larger
trial.

A possible limitation of the study is that some adults
may have been incubating infection at the time of enroll-
ment. However, this effect would have biased the results to-
ward the null in the intention-to-treat analysis. The survival
analysis explicitly accounted for the existence of a fixed
incubation period and incubating infections at the time of
enrollment. A potential alternative study design would be
to enroll participants from asymptomatic households, do
follow-up for development of infection, and then immedi-
ately intervene with masks. For such a design, given that
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only 15%-20% of closely exposed adults will develop ill-
ness after exposure to an ill child, thousands of households
(rather than hundreds) would be required to afford the same
study power. In addition, such a design would have been
fraught with underascertainment of incident infections and
delayed implementation of mask intervention. We believe
ours is a more efficient design. A further limitation is that
some parents may have acquired infection outside the
home. We identified 5 child—parent pairs with discordant
viral infections. The randomization process should have
ensured that outside exposure was equally distributed be-
tween arms, and this effect would have biased the results
toward the null.

In retrospect, relying on laboratory-confirmed cases as
the primary outcome may have been unrealistic for a study
of this size. ILI in enrolled adults was 17.1%, but laboratory
confirmation was modest; the virus was identified in only
34.7% of adult ILI cases (the rate of laboratory diagnosis in
children was high at 63.8%). However, even intention-to-
treat analysis using ILI outcome shows no significant dif-
ference between the groups. We used self-reporting to de-
termine adherence; previous research indicates that patient
self-reporting is more reliable than judgments by doctors
or nurses when compared against urine drug levels (30).
In addition, the significant association between adherence
and clinical protection provides internal validation of self-
reporting as a measure.

An important aspect of this study is that we included
respiratory viruses other than influenza. Although these
viruses may differ in their relative dependence (accurate
quantitation of this relativity is uncertain for the various
viruses) on different transmission mechanisms (i.e., large

239



RESEARCH

droplet, acrosol, or fomite), all are transmitted by the respi-
ratory route. Therefore, face mask use should have some
effect on virus transmission (e.g., interference with hand-
nose contact), given that participants in all arms of the study
received the same infection control advice. In addition, we
argue that assessing multiple respiratory viruses allows our
results to be generalized more broadly to other infections,
including new respiratory viruses that may emerge in the
future. Conversely, the low rate of confirmed influenza A
or B infection (18.4%) in the study could mean that our
findings are not directly applicable to a scenario in which
influenza predominates. If influenza is more likely than the
other viruses in our study to be transmitted by the respira-
tory route, the prevalence of mixed infections would tend
to bias our results toward the null. However, it is possible
that a pandemic strain may have different transmission
characteristics than seasonal strains as demonstrated by at-
tack rates in different age groups in pandemics compared
with seasonal outbreaks and by the detection of influenza
virus in different clinical samples in human influenza virus
A (H5N1) cases.

Results of our study have global relevance to respi-
ratory disease control planning, especially with regard to
home care. During an influenza pandemic, supplies of an-
tiviral drugs may be limited, and there will be unavoidable
delays in the production of a matched pandemic vaccine
(31). For new or emerging respiratory virus infections, no
pharmaceutical interventions may be available. Even with
seasonal influenza, widespread oseltamivir resistance in in-
fluenza virus A (HIN1) strains have recently been reported
(32). Masks may therefore play an important role in reduc-
ing transmission.
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Nontuberculous Mycobacteria,
Zambia

Patricia C.A.M. Buijtels, Marianne A.B. van der Sande, Cas S. de Graaff, Shelagh Parkinson,
Henri A. Verbrugh, Pieter L.C. Petit, and Dick van Soolingen

Clinical relevance of nontuberculous mycobacteria
(NTM) isolated from 180 chronically ill patients and 385
healthy controls in Zambia was evaluated to examine the
contribution of these isolates to tuberculosis (TB)-like dis-
ease. The proportion of NTM-positive sputum samples was
significantly higher in the patient group than in controls; 11%
and 6%, respectively (p<0.05). NTM-associated lung dis-
ease was diagnosed for 1 patient, and a probable diagnosis
was made for 3 patients. NTM-positive patients and controls
were more likely to report vomiting and diarrhea and were
more frequently underweight than the NTM-negative pa-
tients and controls. Chest radiographs of NTM-positive pa-
tients showed deviations consistent with TB more frequently
than those of controls. The most frequently isolated NTM
was Mycobacterium avium complex. Multiple, not previous-
ly identified mycobacteria (55 of 171 NTM) were isolated
from both groups. NTM probably play an important role in
the etiology of TB-like diseases in Zambia.

Tuberculosis (TB) is a problem of enormous dimen-
sions in Africa, and Mycobacterium tuberculosis is the
most important causative agent. However, in industrialized
countries, nontuberculous mycobacteria (NTM) also play
a key role in etiology of TB-like syndromes. In Africa, the
contribution of NTM to such disease has been examined on
a small scale only (1-6).
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Zambia is a country with historically high prevalence
rates of TB. Patients with acid-fast bacilli (AFB)—positive
sputum, or those with chest radiographic findings sugges-
tive of active TB, who do not respond to general antimi-
crobial drugs, are generally presumed to have pulmonary
TB. In general, these patients are treated empirically for 6
months with a combination of drugs recommended by the
World Health Organization. However, several TB-like syn-
dromes in Africa could be caused by NTM. Thus, inconclu-
sive diagnosis of pulmonary TB would lead to overdiagno-
sis of TB and in some cases, to inappropriate treatment for
NTM infections.

When NTM are isolated from a usually sterile site (e.g.,
blood, bone marrow, lymph nodes, synovial fluid), diagno-
sis of true disease is generally straightforward. However,
when NTM are isolated from nonsterile sources, such as
sputum or bronchoalveolar lavage samples, the diagnosis is
less definitive, especially when the colony numbers are low
or NTM are isolated from only | cultured specimen. There-
fore, it is a challenge to differentiate true NTM lung disease
from contamination and colonization. Thus, finding AFB
by microscopy of respiratory specimens or by culture may
pose a diagnostic problem for the clinician. In 1997, the
American Thoracic Society (ATS), published useful crite-
ria for determining the clinical relevance of NTM isolates
(7). In 2007, the ATS guidelines were revised to include
more lenient diagnostic criteria (8). Clinical criteria include
a symptomatic patient with pulmonary symptoms, nodular
or cavitary opacities on chest radiographs, or a high-res-
olution computed tomography scan that shows multifocal
bronchiectasis with multiple small nodules. In addition,
the microbiologic criteria comprise positive culture results
from >2 separate sputum samples, or positive culture re-
sults from >1 bronchial wash or lavage, or a lung biopsy
specimen with mycobacterial histopathologic features
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(granulomatous inflammation or AFB) and positive culture
for NTM, or lung biopsy specimen showing mycobacterial
histopathologic features and >1 sputum or bronchial wash-
ing culture positive for NTM.

In a pilot study performed in 3 hospitals in Zambia
in 2001, high rates of NTM culture—positive sputum sam-
ples were obtained (P.C.A.M. Buijtels et al., unpub. data).
Therefore, we studied the clinical relevance of and risk
factors for isolation of NTM from HIV-positive and HIV-
negative patients with chronic productive cough and from
randomly selected community controls in Zambia.

Materials and Methods

The study was conducted in St. Francis Hospital in
the district of Katete in Zambia from August 2002 through
March 2003. Informed consent was obtained from all pa-
tients and controls before enrollment. The study was re-
viewed and approved by the research ethics committee of
the University of Zambia, the Central Board of Health, and
the Ministry of Health in Zambia.

The study population was composed of adults (>15
years of age) with chronic (defined as >2 weeks) signs and
symptoms and a productive cough who were admitted to
the department of internal medicine at the hospital. Most
(96%) of the included patients had respiratory tract symp-
toms. The other 4% of the patients had skin infections/ab-
scesses or lymphadenopathy.

For each eligible patient who consented to participate
in the study, 2 healthy community controls were recruited
randomly from the neighboring community. These controls
were not matched for age or other characteristics of the pa-
tients. Nested within this case—control study, the charac-
teristics of NTM-positive and NTM-negative persons were
analyzed separately.

At the time of enrollment, patients and controls were
interviewed in their own language, and their medical re-
cords were reviewed by using a standard form. A detailed
physical examination was conducted. Chest radiographs
were evaluated in a blinded manner in the Netherlands
without any additional clinical information. Radiographs
were scored for mediastinal adenopathy, cavitation, pleural
and pericardial fluid, miliary pathologic changes, alveo-
lar infiltration, interstitial pathologic changes, other lung
pathologic changes, or no pathologic changes. Results of
the scoring system were chest radiographs with no patho-
logic changes, pathologic changes not suggestive of TB, and
pathologic changes consistent with TB. Over 3 consecutive
days, sputum was collected from patients with a productive
cough. Controls were asked to gargle with normal saline if
they could not produce sputum. The first 2 sputum samples
or gargle specimens were cultured for mycobacteria, and a
third sample was stored at —20°C until used.
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Laboratory Methods

Sputum or gargle specimens were divided into 2 equal
parts: half was decontaminated with N-acetyl-L-cysteine—
NaOH and half was decontaminated by using 6% sulfuric
acid to compare these decontamination procedures for cul-
ture of mycobacteria (9). Specimens were cultured in My-
cobacteria Growth Indicator Tubes (Becton Dickinson Mi-
crobiology Systems, Cockeysville, MD, USA) according
to the manufacturer’s instructions and guidelines reported
by Master (10). Mycobacterium isolates were identified
by using the Accuprobe culture confirmation test for the
M. tuberculosis complex (Accuprobe; bioMérieux, Marcy
I’Etoile, France) or by 16S rRNA gene sequencing (11).
Serologic testing for HIV was performed by using a quali-
tative immunoassay (Determine HIV-1/2; Abbott Labora-
tories, Abbott Park, IL, USA) and the Vidas HIV DUO as-
say (bioMéricux).

Data Analysis

Data were entered into SPSS version 6 software (SPSS
Inc., Chicago, IL, USA) and analyzed by using STATA
version 8.0 (StataCorp., College Station, TX, USA). Stu-
dent t-tests were used to assess different means between
groups; proportions were compared by using ¥’ tests. Uni-
variate odds ratios with 95% confidence intervals were cal-
culated to assess associations of potential risk factors for
NTM positivity. A stepwise backward regression approach
was used for multivariate analysis.

Body mass index (BMI) was calculated as weight in
kilograms divided by squared height in meters. Under-
weight was defined as a BMI <18.

Clinical Diagnosis of NTM Lung Disease

NTM lung disease was diagnosed if patients had re-
spiratory symptoms, abnormal chest radiographic results
suggestive of Mycobacterium infection, and 2 positive spu-
tum cultures with the same NTM. Patients or controls with
positive NTM cultures who did not meet these criteria were
considered colonized.

Results

From August 2002 through February 2003, 180 pa-
tients and 385 controls were enrolled in the study. Two
sputum samples were cultured from 154 patients and 383
controls, and from | sample of the remaining participants.
The median age of the patients and controls was 35 years
(range 16-80 years) and 30 years (range 15-78 years), re-
spectively. Female participants represented 55% (99/180)
of the patient group and 69% (265/385) of the control
group. A total of 128 (71%) of the patients were HIV posi-
tive, and 87 (23%) of the controls were HIV positive. Sta-
tistically significant differences in age, sex, and HIV status
were observed between patients and controls.
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Culture Results for Patients

Of 180 patients, 60 (33%) had only M. tuberculosis
isolates in their sputum samples, 12 (7%) had M. tuber-
culosis and NTM, and 19 (11%) had only NTM (Table 1).
Microscopic results of Ziehl-Neelsen—stained smears of
sputum samples were positive in 46 (67%) of 69 patients
with M. tuberculosis isolates and in 1 patient with an NTM-
positive culture.

Of the 31 NTM-positive patients, 29 had 2 consecu-
tive sputum samples subjected to culture. In 22 of the 29
patients, only 1 of 2 cultures was positive. Four NTM-
positive patients had 2 positive NTM cultures; 1 of these
patients had pulmonary disease. M. intracellulare was iso-
lated twice from 2 of these 4 patients, M. avium was iso-
lated from both samples from 1 patient, and NTM of 2 spe-
cies and M. tuberculosis was isolated from 1 patient. One
of 2 sputum cultures from 3 other NTM-positive patients
contained mycobacteria that could not be identified. Two of
these 3 patients had M. intracellulare in 1 sputum sample;
M. porcinum was isolated from 1 patient.

Case Reports for Patients with Suspected
NTM Disease

Characteristics of the 4 patients with NTM isolates in
both sputum samples and of the 3 NTM-positive patients
from whom 1 of the 2 sputum samples contained mycobac-
teria that could not be identified are shown in Table 2. For
3 patients (1, 2, and 4), NTM-associated disecase was sus-
pected because of the combination of symptoms, positive
cultures, and pathologic changes consistent with TB seen
on chest radiographs. However, only 1 patient (patient 4)
fulfilled the ATS criteria for NTM lung disease. M. intrac-
ellulare was isolated from all 3 of these patients.

The first patient (patient 4) was a 32-year-old HIV-
positive man who reported having had a productive cough
with hemoptysis for 17 weeks. He also was vomiting and

had diarrhea. His BMI was 15. He had been treated for
TB. Results of a chest radiograph were consistent with TB
and showed alveolar infiltration and interstitial pathologic
changes. His condition did improve after treatment with an-
timicrobial drugs (chloramphenicol and tetracycline), and
he was again given treatment for TB. Mycobacteria were
cultured from 2 sputum samples and identified as M. intra-
cellulare. The patient died 5 weeks later.

The second patient (patient 1), who had M. intracel-
lulare pulmonary disease, was a 55-year-old HIV-positive
man. He was admitted because of a productive cough with
hemoptysis for 17 weeks. Diarrhea was also reported; his
BMI was 17. He had been receiving treatment for TB for 4
months. Sputum obtained before treatment was AFB nega-
tive. Radiographic investigation of the chest showed cavi-
ties and alveolar consolidation. No improvement was seen
after he was treated with antimicrobial drugs (chloram-
phenicol, amoxicillin, gentamicin, and metronidazole).
Sputum was examined again and was smear positive for
AFB. The first sputum culture showed M. intracellulare. In
the second sputum culture, the isolated mycobacteria could
not be identified because of logistic reasons. The patient
died 3 weeks later.

The third patient (patient 2), who had M. intracellu-
lare pulmonary disease, was a 45-year-old HIV-positive
woman who had had respiratory signs and symptoms for
>] year. She was known to have asthma. Physical exami-
nation found enlarged submandibular, supraclavicular,
and axillary lymph nodes. Her BMI was 20. Alveolar in-
filtration was seen on a chest radiograph. Treatment with
chloramphenicol was started. Culture of the first sputum
sample showed mycobacteria that could not be identified;
the second sputum showed M. intracellulare. Three days
after admission, the patient was taken home by her family
and was lost to follow-up.

Table 1. Culture results for 180 hospitalized chronically ill patients and 385 controls, Zambia, August 2002—March 2003*

Results Patients Controls

Culture exclusively Mycobacterium tuberculosis, no. (%) 60 (33) 2(0.5)

Culture M. tuberculosis and NTM, no. (%) 12 (7) 1(0.3)

Culture exclusively NTM,T no. (%) 19 (11) 61 (16)

Culture NTM,% no. (%) 31(17) 62 (16)

2 sputum or gargle samples cultured 154 383

2 sputum or gargle samples cultured from NTM-positive person 29 of 31 NTM-positive 62 of 62 NTM-positive
patients controls

1 NTM-positive culture in NTM-positive person with 2 samples cultured 22 of 29 NTM-positive 61 of 62 NTM-positive
patients controls

1 NTM-positive cultures in NTM-positive person with 2 samples cultured 4 of 29 NTM-positive 1 of 62 NTM-positive
patients controls

2 NTM-positive cultures in persons with 2 samples cultured§

1 of 383 controls with 2
samples cultured

4 of 154 patients with 2
samples cultured

*NTM, nontuberculous mycobacteria.

tProportion of patients with exclusively NTM was comparable with controls (p = 0.2).

1NTM isolated with or without M. tuberculosis.

§Significantly more patients than controls had 2 sputum or gargle cultures positive for NTM (p<0.05).
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Table 2. Data for 4 patients with NTM in 2 consecutive sputum samples and 3 NTM-positive patients from whom 1 of 2 sputum
samples contained mycobacteria that could not be identified, Zambia, August 2002—March 2003*

Nontuberculous Mycobacteria, Zambia

Isolate from Ziehl- Chest
Patient Isolate from first second sputum  Neelsen HIV ~ Temp, Duration, radiograph
no. sputum sample sample staining Sex Age,y status °C wk result Died BMI
1t Mycobacterium AFB not 1+ M 55 + 34.6 17 Suspected TB Yes 17
intracellulare identified
2t AFB not M. intracellulare - F 45 + 36.1 487 Suspected TB No 20
identified
3 M. intracellulare M. intracellulare - M 43 + 36.3 3 No pathologic No 19
changes
41 M. intracellulare M. intracellulare - M 32 + 36.8 17 Suspected TB Yes 15
5 AFB not M. porcinum - F 50 - 36.6 8 No suspected No 21
identified B
6 M. avium M. avium - M 33 + 37.4 17 No radiograph No 16
7 M. avium M. peregrinum, - F 24 + 35.0 13 No pathologic Yes NK

M. tuberculosis

changes

*NTM, nontuberculous mycobacteria; Temp, temperature at time of enroliment; Duration, duration of symptoms from time of coming to the hospital to
enroliment in the study; BMI, body mass index; AFB, acid-fast bacilli; TB, tuberculosis; NK, not known. All patients had respiratory symptoms.

tPatients assumed to have pulmonary NTM disease.

Culture Results for Controls

M. tuberculosis was cultured from sputum or gargle
specimens from 3 (0.8%) of the 385 controls; in 1 of these 3
controls, NTM and M. tuberculosis were isolated (Table 1).
In 61 (16%) controls, only NTM were isolated; this num-
ber was comparable with the proportion of patients among
whom only NTM were isolated (11%; p = 0.2). In 61 of 62
NTM-positive controls, only 1 sputum or gargle specimen
was culture positive for NTM. In 1 control, who was HIV
negative, 2 mycobacteria, M. porcinum and an unknown
Mycobacterium sp., were isolated. No chest radiographs
suggestive of TB were observed for any of the controls.

From 383 controls, 2 sputum or gargle samples were
cultured for Mycobacterium spp. Significantly fewer con-
trols (1/383) than patients (4/154) had 2 sputum or gargle
cultures positive for NTM (p<0.05).

Mycobacterium spp. Isolated
To compare the influence of the decontamination

Mycobacteria were isolated from 104 (6.8%) of 1,532
sputum or gargle samples cultured from the controls. M.
tuberculosis was found in 5 (4.8%) of the 104 positive cul-
tures, and NTM were found in 99 (95%). The predominant
NTM isolated from the controls were M. avium (5 speci-
mens), M. goodii (4 specimens), and M. peregrinum (4
specimens).

A total of 55 (32%) of 171 NTM isolated from patients
and controls were not identified because their 16S rDNA
sequences were absent in the BLAST (National Center for
Biotechnology Information, Bethesda, MD, USA, www.
ncbi.nlm.nih.gov) database. These 55 NTM species were
closely related to various Mycobacterium spp. such as M.
intracellulare, M. malmoense, M. fortuitum, M. smegmatis,
and M. terrae.

Table 3. Results from cultures of sputum samples taken from
hospitalized chronically ill patients and controls, Zambia, August
2002—March 2003

method on the yield of mycobacteria, we divided sputum Patients,  Controls,
. . Result no. (%) no. (%)
or gargle samples from all patients and controls into 2 equal Negative 362 (57) 1,428 (93)
parts before decontamination (9). A total of 635 sputum Mycobacterium tuberculosis 201 (32) 5(0.3)
samples were cultured from 180 patients, and 1,532 sputum M. avium complex 15 (2) 5(0.3)
or gargle samples were cultured from 385 controls. The re- M. intracellulare 12 (2) 0
sults of the cultures are shown in Table 3. The number of M. avium 3(0.5) 5(0.3)
NTM (72) isolated from 635 sputum samples of patients ~ M. gordonae 4(0.6) 0
was significantly higher than the number of NTM (99) iso- M- peregrinum 2(0.3) 4(0.3)
M. goodie 1(0.2) 4(0.3)
lated from 1,532 sputum or gargle samples from controls )
. M. porcinum 1(0.2) 3(0.2)
(11% and 6%, respectively, (p<0.001). M. lentiflavum 1(0.2) 0
Mycobacteria were isolated from 273 (43%) of 635 ynknown Mycobacterium spp. 13 (2) 42 (3)
sputum samples from patients; M. tuberculosis isolates  Other Mycobacterium spp.* 3(0.5) 7 (0.5)
were found in 201 (74%) of the 273 positive sputum speci-  Unidentified acid-fact bacilli 32(5) 34 (2)
mens, and NTM were found in 72 (26%). The most fre- _Total no. sputum samples 635 1,532

quently isolated NTM was M. intracellulare, which was
found in 12 specimens.
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*Other Mycobacterium spp. in patients were M. fortuitum, M. neoaurum,
and M. simiae. Other Mycobacterium spp. in controls were M. fortuitum, M.
asiaticum, M. aurum, and M. conspicuum.
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Comparison of Persons with and without
NTM in Sputum or Gargle Samples

The 93 patients and controls with NTM-positive cul-
tures had different clinical and radiographic features than
the 472 patients and controls without NTM in sputum
samples (Table 4). These persons were more likely to re-
port vomiting and diarrhea, were more often underweight
(BMI<18), more often had general malaise, and their chest
radiographs more frequently showed changes consistent
with TB, such as consolidation and interstitial changes.
HIV status and presence of M. tuberculosis in the sputum
culture did not differ between the NTM-positive and NTM-
negative groups. There were no significant differences be-
tween these groups in terms of age (mean 36.7 years vs.
34.8 years; p = 0.2), sex, smoking habits, alcohol use, and
previous treatment for TB (Table 5). The percentages of
farmers and of persons in both groups who used unboiled
milk were comparable. Moreover, NTM-positive persons
used tap water more often than NTM-negative persons (p
= 0.004). A subgroup analysis, restricted to patients with
NTM and patients without NTM in sputum, yielded similar
results (data not shown).

Independent risk factors for NTM culture—positive
sputum were determined by using multivariate analysis.
Two factors, underweight (BMI<18) and use of tap water,
were independently associated with having an NTM-posi-
tive sputum culture (Table 6).

Discussion

The purposes of this study were to compare the preva-
lence of NTM in sputum between hospitalized chronically
ill patients and community controls and to determine the
clinical importance of isolation of NTM. The proportions
of patients and controls with positive sputum or gargle cul-
tures for NTM were comparable (11% and 15%, respec-
tively). However, the proportion of NTM-positive sputum
samples was higher for patients than for controls (11% and
6%, respectively). This finding suggests that persistent
NTM are associated with chronic illness in these patients. It
is not known whether culture results were influenced by the

method of obtaining specimens. A gargle specimen con-
tains flora of the oropharyngeal mucosa, whereas a sputum
sample contains flora of the lower airways. In the patient
group, more persons were capable of producing sputum,
which may have influenced the yield of positive NTM-
positive cultures.

NTM lung disease was definitively diagnosed for 1 pa-
tient and probable diagnosis was made for 3 patients (nos.
1, 2, and 4; Table 2). M. intracellulare was isolated from
the sputum samples of these HIV-positive patients. These
patients had respiratory symptoms, and chest radiographs
showed pathologic changes compatible with TB. Unfortu-
nately, in 2 of these patients, 1 of 2 sputum samples with
mycobacteria could not be identified because of contamina-
tion and reculture problems.

The combination of symptoms, positive cultures, and
pathologic changes seen on chest radiographs are charac-
teristics of NTM infection and suggestive of NTM pulmo-
nary disease. However, the ATS criteria valid at the time
of the study were not completely fulfilled because only 2
sputum samples were cultured for mycobacteria on con-
secutive days, instead of the 3 samples recommended.
Furthermore, 2 of these patients suspected of having NTM
lung disease had been treated for TB. Because these spu-
tum samples were not tested with molecular amplification
techniques for multidrug-resistant M. tuberculosis, the pos-
sibility that they had multidrug-resistant TB could not be
excluded (12,13). Conversely, performance of these nu-
cleic acid amplification tests is generally good for clinical
respiratory specimens that are AFB smear positive but less
so for specimens that contain fewer organisms or are AFB
negative. Moreover, because sputum specimens were not
cultured on solid medium, it was not possible to count the
number of colony-forming units to distinguish colonization
and infection from disease.

Many risk factors for NTM have been identified
(14-16). In this study in a setting in Africa, HIV, sex, and
age were not risk factors for NTM. The 2 risk factors for
a positive NTM culture were being underweight and hav-
ing consumed tap water. NTM are natural inhabitants of

Table 4. Clinical data for samples obtained from NTM-positive and NTM-negative persons, Zambia, August 2002—March 2003*

Characteristic NTM-positive samples NTM-negative samples p value All samples
Persons, no. (%) 93 (16.5) 472 (83.5) - 565
HIV positive, no. (%) 41 (45.6) 174 (38.5) 0.2 215 (39.7)
Mycobacterium tuberculosis, no. (%) 13 (14.0) 62 (13.1) 0.8 75 (13.3)
BMI, mean (SD) 20.2 (4.2) 20.8 (3.7) 0.2 20.7 (3.8)
Underweight, no. (%) 26 (29.6) 92 (20.6) 0.06 118 (22.1)
Vomited, no. (%) 8 (8.6) 18 (3.8) 0.04 26 (4.6)
Diarrhea, no. (%) 12 (12.9) 11 (2.3) <0.001 23 (4.7)
Lymph nodes analyzed, no. (%) 21 (22.8) 146 (30.9) 0.1 167 (29.6)
Chest radiograph compatible with TB but 5(26.3) 28 (7.1) 0.003 33 (8.0)
culture negative for M. tuberculosis, no. (%)

Died, no. (%) 9(9.7) 26 (5.5) 0.1 35 (6.2)

*NTM, nontuberculous mycobacteria; BMI, body mass index; TB, tuberculosis.
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Table 5. Background characteristics of NTM-positive and NTM-negative persons, Zambia, August 2002—March 2003*

Characteristic NTM positive, no. (%) NTM negative, no. (%) p value All persons, no. (%)
Persons 93 (16.5) 472 (83.7) - 565
Female 61 (65.6) 303 (64.2) 0.8 364 (64.4)
Age, y, mean (SD) 36.7 (13.1) 34.8 (14.6) 0.2 35.1(14.4)
Farmer 48 (51.6) 245 (51.9) 1.0 293 (51.9)
Used tap water 23 (25.0) 62 (13.2) 0.004 85 (15.1)
Used unboiled milk 15 (16.1) 62 (13.1) 0.4 77 (13.6)
Smoker 5(5.7) 41 (8.9) 0.3 46 (8.4)
Used alcohol 9 (10.3) 51 (11.2) 0.8 60 (11.0)
Hospitalized 31(33.3) 149 (31.6) 0.7 180 (31.9)
Previously treated for TB 9(9.7) 28 (5.9) 0.2 37 (6.6)

*NTM, nontuberculous mycobacteria; TB, tuberculosis.

municipal water systems and soil. A biofilm may form in
the water distribution system and be a source of replicating
NTM (17). Consequently, availability of clean tap water
may introduce a serious danger, in particular, to immu-
nosuppressed human populations. Therefore, tap water in
Zambia should be tested for NTM.

In this study, patients and controls with NTM in spu-
tum or gargle samples more often had symptoms and signs
of general malaise, including diarrhea, vomiting, and being
underweight, and chest radiographs for these NTM-posi-
tive persons more often showed pathologic changes than
did those for NTM culture-negative persons. These symp-
toms and signs may not be specific for NTM infection, but
they may reflect the patients’ poor health in general.

Differences in geographic distribution of NTM species
have been reported (16,18,19). The most commonly en-
countered NTM from clinical specimens in industrialized
countries are M. avium complex (MAC) and M. kansasii
(20-24). Despite limited studies conducted in Africa, the
distribution of NTM is not known. In our study, the most
commonly isolated NTM in patients and controls was M.
avium complex. However, 32% of NTM found in both
groups in Zambia have not been identified on a species
level. This study indicates that the distribution of NTM
in Africa may differ from that in Europe and the United

States. NTM in Africa may have diverged from NTM in
industrialized countries. This hypothesis could be tested by
extensive DNA sequencing of semiconserved genes such
as those for RNA polymerase B and 65-kD heat-shock
protein. Unidentified NTM colonize persons in Africa and
can cause disease in some instances. The magnitude of this
problem, in addition to the problem of TB, is unknown but
deserves more attention.

Rates of NTM colonization and disease that have been
reported vary in different areas. In North America and
Europe, rates of colonization and disease in the general
population range from =1-15/100,000 persons to 0.1-2
/100,000 persons, respectively (20-23,25-28). These rates
are largely unknown for most countries in Africa. In South
Africa, prevalence rates of NTM colonization of 1,400—
6,700/100,000 persons have been reported (29,30). In gold
miners in South Africa, rates of infection were 101/100,000
persons for NTM, 66/100,000 persons for M. kansasii,
and 12/100,000 persons for M. scrofulaceum (31,32). Al-
though numbers of cases were small, the estimated rate
of colonization in our study in the patient population was
9% (14/154) and the rate of disease was ~2% (3/154). Two
sputum or gargle specimens were collected and cultured
from 383 controls in our study. NTM were isolated from
both specimens for 1 of 61 controls with >1 sample being

Table 6. Crude and adjusted risk factors for isolation of NTM from sputum samples, Zambia, August 2002—March 2003*

Factor Univariate analysis, OR (95% Cl)  Multivariate analysis, OR (95% CI)t
Hospitalized 1.1(0.7-1.7) NS
Age >25y 1.3 (0.8-2.5) NS

Sex (female) 1.1 (0.7-1.7) NS
Underweight (BMI <18) 1.6 (1.0-2.7) 1.7 (1.0-2.9)
Mycobacterium tuberculosis infection 1.1 (0.6-2.0) NS
Previous treatment for TB 1.7 (0.8-3.7) NS

HIV positive 1.3 (0.8-2.1) NS
Used tap water 2.2 (1.3-3.8) 2.0 (1.1-3.5)
Used alcohol 0.9 (0.4-1.9) NS
Smoker 0.6 (0.2-1.6) NS
Used unboiled milk 1.3 (0.7-2.3) NS
Farmer 1.0 (0.6-1.5) NS
Chest radiograph compatible with TB but culture negative 4.7 (1.6-13.9) NS

for M. tuberculosis

*NTM, nontuberculous mycobacteria; OR, odds ratio; Cl, confidence interval; NS, not significant; BMI, body mass index; TB, tuberculosis.

1Stepwise backward elimination.
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culture positive for NTM. This control was not suspected
of having NTM pulmonary disease. The estimated rate of
colonization in the general population on the basis of this
result is 16% (61/383).

NTM probably play a role in the etiology of TB-like
disease in Zambia. More extended studies, in terms of du-
ration and size, will be needed to determine the true preva-
lence of NTM infection in Africa.
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Methicillin-Susceptible
Staphylococcus aureus in SKin
and Soft Tissue Infections,
Northern Italy

Marco Tinelli, Monica Monaco, Maurizio Vimercati, Antonio Ceraminiello, and Annalisa Pantosti

During February 2004—-September 2006, familial clus-
ters and sporadic cases of Staphylococcus aureus skin and
soft tissue infections were observed in a suburban area
near Milan in northern Italy. Molecular typing of the iso-
lates showed an epidemic methicillin-susceptible S. aureus
(MSSA) strain, spa type 005 and sequence type 22 that har-
bored Panton-Valentine leukocidin (PVL) genes. The first
case-patients were neonates or mothers who had recently
delivered in the local hospital. Examination of the medical
records showed a cluster of postpartum mastitis and neo-
natal skin infections antedating the emergence of infections
in the community. Nasal swabs of neonates, mothers, and
hospital staff were positive for the epidemic MSSA. Hospital
circulation of the strain was interrupted by implementation
of infection control measures, although infections continued
to occur in the community. The PVL-positive MSSA strain
resembles typical community-acquired methicillin-resistant
S. aureus in its ability to cause prolonged community and
hospital outbreaks of skin infections.

Long established as a hospital pathogen, methicillin-
resistant Staphylococcus aureus (MRSA) is now
present in the community as a major cause of skin and
soft tissue infections (1). In the United States the commu-
nity-acquired (CA)-MRSA clone designated USA300 has
been identified in almost 50% of community-onset skin
infections (2). In Europe, CA-MRSA infections appear to
be less common than in the United States, although inci-
dence is increasing (3,4) and CA-MRSA strains are more
genetically diverse (5).

Author affiliations: Hospital of Lodi, Lodi, Italy (M. Tinelli, M. Vim-
ercati, A. Ceraminiello); and Istituto Superiore di Sanita, Rome,
Italy (M. Monaco, A. Pantosti)

DOI: 10.3201/eid1502.080010
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Characteristically, most CA-MRSA strains contain
Panton-Valentine leukocidin (PVL) genes, a bicomponent
pore-forming toxin with the ability to lyse leukocytes (6),
primarily associated with skin infections such as furuncu-
losis and skin abscesses (7). Although clinicians are cur-
rently concerned primarily with CA-MRSA infections,
methicillin-susceptible S. aureus (MSSA) infections can
present with similar epidemiologic and clinical character-
istics (8,9). In addition, the presence of PVL genes is not
limited to MRSA nor is their presence a recent occurrence.
Historical MSSA isolates, such as the “Oxford Staphylo-
coccus” and phage type 80/81 strains that were pandemic in
the 1950s and 1960s harbor PVL genes (10,11). Recently,
PVL-positive MSSA strains have been associated with out-
breaks of skin infections in Swiss schoolchildren (12), in a
village in Germany (13), and in French soldiers operating
in Cote d’Ivoire (14). According to a large multinational
clinical trial, conducted outside the United States, PVL-
positive S. aureus isolates are more likely to be MSSA than
MRSA (15). The epidemiology of PVL-positive MSSA is
not well known and the pathogenic potential is probably
underestimated.

This report describes a large and prolonged commu-
nity and hospital outbreak of skin and soft tissue infections
caused by a PVL-positive MSSA strain. In a number of
characteristics, the outbreak closely resembles outbreaks
associated with CA-MRSA.

Methods

Setting of the Community Outbreak

During February 2004—September 2006, several fam-
ily clusters of skin and soft tissue infections were observed
in a suburban area south of Milan in northern Italy. The
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patients lived in or near the town of Codogno and sought
treatment at the outpatient clinic of the local hospital. In
each of the family clusters, the first identified case was a
newborn child or a mother who had recently delivered in
the Codogno Hospital. In 2006, another cluster of skin and
soft tissue infections was observed in young patients who
lived in different households in the same suburban area.

Setting of the Hospital Outbreak

Medical records and microbiologic data regarding skin
and soft tissue infections occurring in neonates or moth-
ers examined in the Codogno Hospital from 2003 through
2005 were reviewed. At the time of the review, the hospital
was a 220-bed facility, serving a community of ~15,000
inhabitants. The maternity ward comprised 7 rooms with a
total of 13 beds and was part of the Department of Obstet-
rics and Gynecology. The department had 45 staff mem-
bers that included obstetricians, midwives, nurses, and sup-
port staff. Annually, =600 deliveries were performed. The
newborn nursery was under the direction of the Department
of Pediatrics and included 2 rooms, 1 room for changing
and feeding the babies and the other room with 14 cribs for
the neonates. The nursery staff included 9 neonatal nurses
and 1 general nurse, but 16 additional staff members were
shared across the Department of Pediatrics. The median
length of stay of neonates in the nursery was 4 days. A
follow-up visit was performed at a dedicated hospital clinic
1015 days after discharge.

Microbiologic and Molecular Typing Methods

Bacteriologic specimens were obtained for culture
from the largest infected body area with a sterile swab or
needle and were processed in the microbiology laboratory
of the Codogno Hospital according to standard methods.
Swabs obtained from anterior nares were plated directly
onto salt mannitol agar plates and blood agar plates without
a preenrichment step. Plates were incubated for 24 h in am-
bient air and 5% CO,, respectively. Identification of isolates
and antimicrobial susceptibility tests were performed with
an automatic system (Vitek 2; bioMérieux, Marcy I’Etoile,
France). The susceptibility pattern was confirmed by the
disk-diffusion method following Clinical and Laboratory
Standards Institute guidelines (16).

Further molecular tests and genotyping were per-
formed on all S. aureus isolates that had been stored. Bac-
terial DNA was prepared with a commercial kit (QIAamp
DNA Mini Kit; QTAGEN GmbH, Hilden, Germany). Spe-
cies identification and methicillin susceptibility were con-
firmed by a duplex PCR assay with primers targeting nuc
and mecA genes, respectively. Detection of the presence of
the genes lukS-PV and lukF-PV coding for the 2 subunits of
the PVL toxin was obtained by PCR (17).

Emerging Infectious Diseases * www.cdc.gov/eid ¢ Vol. 15, No. 2, February 2009

Skin and Soft Tissue Infections, Northern Italy

To analyze clonal relatedness of the strains, all avail-
able isolates were submitted to pulsed-field gel electropho-
resis (PFGE) and to a sequence-based method that detects
variations in the short sequence repeat (SSR) region of the
protein A gene (spa typing) (18). For PFGE, total genomic
DNA embedded in agarose plugs was digested with Smal
and separated by using a previously described method (19).
Profiles of strains that differed by fewer than 3 bands were
considered to belong to the same PFGE type (20). For spa
typing, PCR amplification of the SSR region was performed
according to the protocol of Shopsin et al. (18). Sequences
were obtained and analyzed by using an Internet-based
software Ridom Staph Type (www.ridom.de/spaserver).
Selected isolates underwent multilocus sequence typing
(MLST) according to the recommended method (21). The
allelic profiles obtained were compared with those depos-
ited in the MLST database (http://saureus.mlst.net).

Screening for S. aureus Carriage

To ascertain the spread of S. aureus in the maternity
ward and nursery of the hospital, we performed screening
for S. aureus nasal colonization on neonates, mothers, and
medical and nonmedical staff who worked in the Depart-
ments of Pediatrics and Obstetrics and Gynecology. Two
separate surveys were performed, the first in July 2005 and
the second in December 2005, after implementation of en-
hanced infection control measures.

Results

Skin and Soft Tissue Infections in the Community

Five familial clusters of skin and soft tissue infec-
tions, involving 2—5 family members, were observed in the
Codogno area. The first case in each cluster occurred in
2004 or early 2005, but infections in other household mem-
bers or recurrent infections continued to be observed until
2006. In all families, the onset of infection was associated
with a neonate born in the Codogno Hospital or a mother
who had recently delivered in the same hospital.

Furunculosis and abscesses were the most common
clinical features and relapses were common (Table 1). Fu-
runculosis of the prepuce developed in a neonate in family
1 four days after birth in the Codogno Hospital in February
2004. His father sought treatment for recurrent subcutane-
ous axillary abscesses later in 2004 and in 2005, and a leg
abscess developed in his mother in September 20006.

The mother in family 2 sought treatment for an infec-
tion in the vulva, groin, and inner thighs in August 2004,
ten days after delivering at the Codogno Hospital. Several
recurrences of abscesses in the same areas occurred as well
as in this patient’s left buttock and leg until 2006. In 2005,
furunculosis developed in the father on his nose and scalp,
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and recurring pustules developed on the inner thighs of 2
siblings over 2 months.

In family 3, a subcutaneous facial abscess developed
in the mother in January 2005, two months after she de-
livered at the Codogno Hospital; subsequently, a vulvar
abscess and recurrent abscesses of the right leg continued
to develop in this patient until 2006. The child had a leg
abscess in June 2006.

Family cluster 4 involved 5 persons: a neonate, a sib-
ling, both parents, and the maternal grandmother. Pustules

developed on the neck and groin of the neonate 4 days after
birth at the Codogno Hospital in January 2005 and sub-
sequently, subcutaneous abscesses developed in the axilla
and forearm. Over the same time multiple subcutaneous
abscesses developed in the axillae and on the forearms and
legs of both parents and the elder sibling. The grandmother
had a facial abscess in July 2005, and the father contracted
furunculosis of the left forearm in September 2006.
Family cluster 5 involved both parents of a child who
was born in the Codogno Hospital in December 2004 but

Table 1. Characteristics of patients with community-acquired MSSA skin and soft tissue infections, their treatment, and molecular

typing of the isolates, northern Italy, 2004—2006*

Antimicrobial Molecular typing of MSSA isolates
Type of drug Presence of PFGE spa
Patient Age, sex Site of infectiont infectiont treatmentt Drainage PVL genes type type ST
Family clusters
Cluster 1
P1 32y, F Leg Abscess None Spontaneous NA
P2 33y, M Axilla Abscesses AMC, CIP None NA
P3 4d, M Prepuce Pustules GEN None NA
Cluster 2
P4 30y, F Vulva, thighs Pustules, AMC, LFX, None + A t005 22
abscesses TEC
P5 33y, M Nose, scalp Pustules AMC None NA
P6 14 mo, F Thigh Pustules CLI None NA
P7 14d, F Thigh Pustules CLI None + A t005 ND
Cluster 3
P8 32y, F Face, vulva, leg Abscesses AMC, CIP, None + A t005 22
LFX
P9 25mo, F Leg Abscess None Spontaneous NA
Cluster 4
P10 34y, F Axilla, forearm, leg Abscesses AMC None NA
P11 35y, M Axilla, forearm, leg Abscess, AMC, LFX Surgical + A t005 ND
furuncles
P12 4d,M Neck, groin, axilla, Pustules, AMC, AMC  Spontaneous + A t005 22
abscesses
P13 3y,M Forearm Abscesses AMC None NA
P14 65y, F  Axilla, forearm, leg, Abscess None None NA
face
Cluster 5
P15 33y, F Face, leg, axilla Pustules, AMC Surgical NA
abscess
P16 36y, M Thigh Furuncles, AMC None NA
abscess
Sporadic cases
P17 64y, F Axilla Abscess CIP None + A t005 22
P18 7 mo, F Arm Pustules AMC None - F t159 ND
P19 9y, F Axilla Furuncles AMC None - F t159 ND
P 20 12 mo, M Groin Abscess AMC None + A t005 ND
P21 8y, F Leg Abscess AMC None - G t445 ND
P 22 18 mo, M Forearm Furuncles AMC None + A t005 ND
P 23 12 mo, F Buttock Abscess AMC Spontaneous + A t005 ND
P 24 20 mo, F Thigh Abscess AMC None + A t005 22
P 25 8y,M Arm, chest Abscesses AMC Surgical + A t005 ND
P 26 11y,M Face, eye Abscess, AMC None + A t005 22
conjunctivitis

*MSSA, methicillin-susceptible Staphylococcus aureus; PVL, Panton-Valentine leukocidin; PFGE, pulsed-field gel electrophoresis; ST, sequence type; NA,
isolate not available; AMC, amoxicillin-clavulanic acid; CIP, ciprofloxacin; GEN, gentamicin (topical); LFX, levofloxacin; TEC, teicoplanin; CLI, clindamycin

(topical); ND, not determined.

tWhen >1 site or type of infection or antibimicrobial agents are indicated, they refer to different infection episodes.
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who did not experience skin infections. Facial pustules de-
veloped in the mother in February 2005, two months post-
partum. Subsequently, she was treated for a leg abscess
and axillary furunculosis. In March 2006, a subcutaneous
abscess developed in the thigh of her husband in March
2006.

All cases with a bacteriologic diagnosis were caused
by MSSA that showed a distinct susceptibility pattern:
resistant to penicillin and gentamicin and susceptible to
oxacillin, erythromycin, tetracycline, rifampicin, and cip-
rofloxacin. Nasal swabs were performed in 7 patients from
the clusters and were positive for MSSA in 6.

During March—June 2006, eleven additional cases of
S. aureus skin and soft tissue infections occurred in patients
who lived in the same area in different households and who
were not related to the family clusters. With the exception
of a case caused by CA-MRSA/STS in an infant 3 years of
age (22), the other 10 cases were caused by MSSA. Nine
patients were children ranging in age from 6 months to 11
years. Two infants (Table 1, patients 20 and 23) had ex-
perienced a pustular rash 1 year earlier, soon after birth in
the Codogno Hospital. Clinical signs included pustulosis
or furunculosis (3 patients) and abscesses (7 patients). One
patient also had conjunctivitis. Patients were neither immu-
nosuppressed nor had preexisting skin infections or other
risk factors.

Antimicrobial drugs, mostly oral amoxicillin-clavu-
lanic acid, were given to patients based on their clinical
conditions and site and size of the infected area (23) (Table
1). A recurrence of a large subcutaneous abscess in 1 adult
patient led to treatment with intravenous teicoplanin. Spon-
taneous drainage occurred in 4 abscesses, and surgical inci-
sion and drainage were performed in 3 cases. All patients
had a favorable outcome.

Molecular Typing of Isolates from
Community Infections

Isolates available for molecular typing included 5
MSSA from family clusters 2, 3, and 4, and 10 MSSA from
the sporadic cases in 2006. All isolates from the family
clusters and 7 of the 10 isolates from the sporadic cases
contained PVL genes. By PFGE, all PVL-positive isolates
appeared indistinguishable or closely related (differing by
1-2 bands) and were assigned to PFGE type A. These iso-
lates also exhibited an identical spa type, corresponding to
t005. MLST of 6 representative isolates yielded sequence
type (ST) 22 (Table 1). Isolates with these characteristics
will be subsequently referred to as the “epidemic MSSA
clone.” Three PVL-negative MSSA isolates, obtained from
infections in 2006, showed different PFGE, spa, and MLST
types (Table 1).
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Skin and Soft Tissue Infections in
Mothers and Neonates

Examination of medical records and microbiologic
data from the Codogno Hospital showed a cluster of post-
partum mastitis involving 13 women that had occurred
from October 2003 through January 2004, before the fam-
ily clusters were identified. The women had delivered in
the same hospital 2—12 weeks before the onset of symp-
toms. In 6 case-patients, mastitis had progressed to breast
abscesses and required surgical drainage. Culture of the
drainage yielded MRSA in 1 case-patient and MSSA in
the other case-patients. MSSA isolates had a susceptibility
pattern identical to that of the community-acquired MSSA.
Molecular studies were not performed on these isolates.

In early 2004, several cases of skin infections (mainly
pustulosis of the groin or upper thigh) were observed in
neonates in the hospital nursery or after discharge when
they were examined during routine follow-up visits. From
January through March 2004, 14 such skin infections were
observed. No other cases were identified until December
2004, when 9 cases occurred. From January through Sep-
tember 2005, skin infections developed in a total of 65 neo-
nates, with peak incidence in June and July when 14 and
17 cases were identified, respectively. In July 2005, screen-
ing for nasal S. aureus carriage was initiated, and infec-
tion control measures were enforced (see Infection Control
Measures). Cases of infection gradually diminished, and
no new cases were observed after September 2005. MSSA
isolates were obtained from all neonates whose specimens
had been cultured with skin infections in 2004 and 2005,
but the isolates were not stored and were not available for
molecular studies.

Screening for S. aureus Carriage and
Molecular Typing of Carriage MSSA Isolates

To ascertain the circulation of S. aureus in the Codog-
no Hospital, screening for S. aureus nasal carriage was per-
formed in the maternity ward and the nursery in July 2005
and in December 2005, after implementation of infection
control measures. In July 2005, nasal swabs were obtained
from 48 neonates, 58 mothers, and 71 medical and non-
medical personnel. MSSA was isolated from 19 (39.6%)
of 48 neonates in the nursery, 16 (27.6%) of 58 mothers,
and 19 (26.8%) of 71 staff (Table 2). No MRSA strain was
identified. Remarkably, all of the 17 available isolates from
neonates were PVL-positive and 16 corresponded to the
epidemic MSSA clone. Only 1 maternal and 3 staff isolates
corresponded to the epidemic MSSA clone. Personnel col-
onized with the epidemic MSSA included 1 pediatrician, 1
newborn nurse, and 1 nurse in the Department of Obstetrics
and Gynecology. One of the neonates was colonized by a
PVL-positive MSSA that had a PFGE profile, spa type,
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Table 2. Results of nasal carriage screenings and molecular typing of PVL-positive MSSA isolates, northern Italy, 2005*

MSSA carriers, MSSA isolates PVL-positive isolates
Persons sampled (no.) no. (%) No. examined No. PVL+ PFGE type (no. isolates) spa type ST
July
Neonates (48) 19 (39.6) 17 17 A (16) t005 22
B (1) t021 956
Mothers (55) 16 (27.6) 10 1 A1) t005 22
Staff (71) 19 (26.8) 17 4 A (3) t005 22
A(1) t2336 954
December
Neonates (43) 0 0 0
Mothers (17) 5(29.4) 3 1 A1) t005 22
Staff (64) 3(4.7) 3 2 D (1) t645 1210
E(1) t1445 1209

*PVL, Panton-Valentine leukocidin; MSSA, methicillin-susceptible Staphylococcus aureus; PFGE, pulsed-field gel electrophoresis; ST, sequence type.

and MLST that were completely different from those of the
epidemic MSSA. MSSA isolates that were PVL-negative
were genotypically heterogeneous, showing a number of
different PFGE profiles and spa types (data not shown).

In the December 2005 screening, nasal swabs were
obtained from 43 neonates, 17 mothers, and 64 staff. No
neonate was colonized with S. aureus, although 5 (29.4%)
of 17 mothers and 4 (6.2%) of 64 staff members carried
MSSA. In addition, a staff member was colonized with
MRSA. Only 1 isolate from a mother corresponded to the
epidemic PVL-positive MSSA clone, which suggests that
although transmission inside the nursery had been inter-
rupted, the epidemic strain was still circulating in the com-
munity. Two pediatric nurses were colonized by PVL-pos-
itive MSSA isolates that showed PFGE types, spa types,
and STs that were unrelated to the outbreak MSSA clone
(Table 2).

In all cases but 1, results of spa typing were in accor-
dance with the PFGE analysis, by clustering the isolates
belonging to the epidemic clone and discriminating geneti-
cally different isolates. The exception was a PVL-positive
MSSA isolate obtained from a neonatal nurse in the July
screening. This isolate was PFGE type A that had a novel
spa type (t2336) resulting from deletion of 4 of the 12 re-
peats of t005, and yielded a novel combination of MLST
alleles (ST954) that was a single locus variant of ST 22.

Infection Control Measures

When the neonatal outbreak of skin infections was
identified in December 2004, contact precautions were
instituted in the nursery and the maternity ward for staff
and mothers, who were required to wear a gown and mask
when feeding their babies. In June 2005, these control mea-
sures were expanded to include enhanced contact precau-
tions based on existing recommendations to control the
spread of MRSA and other drug-resistant microorganisms
(24). Notices to promote handwashing among personnel
as well as among mothers and visitors were posted on the
walls of the nursery and waiting areas. The nursery and ad-
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jacent areas were deeply cleaned with chlorine-containing
disinfectant. After nasal carriage screening in July 2005,
intranasal mupirocin was administered to all neonates and
was continued until hospital discharge, usually for 5 days.
Personnel and mothers with MSSA-positive nasal cultures
received nasal mupirocin for 5 days with or without a 3-day
course of amoxicillin/clavulanate. After the introduction of
these measures, cases of MSSA skin infections in neonates
decreased and no new cases occurred in the hospital after
September 2005, no infections were reported at follow-up
visits, and no neonates in the nursery carried S. aureus in
the December 2005 nasal screening.

Discussion

We have described a large and prolonged outbreak
caused by a PVL-positive MSSA strain that was probably
initiated in the maternity ward and nursery of the local hos-
pital and spread to the community. Striking similarities exist
between the principal features of this outbreak and recent
descriptions of outbreaks caused by typical CA-MRSA.
First, skin infections occurred predominantly in children
and young adults without risk factors, with intrafamilial
spread and recurrences (several examples of familial trans-
mission of CA-MRSA have been described in which family
members can serve as a reservoir of CA-MRSA) (25,26).
Second, the epidemic MSSA clone was prolonged in the
community (in northern Denmark, a CA-MRSA strain was
responsible for a community outbreak of recurring infec-
tions that involved 46 persons >6 years of age) (27). Third, a
mastitis outbreak occurred and neonatal infections emerged
in the local hospital (an outbreak of CA-MRSA infections
in a neonatal intensive care unit was likely initiated by the
mother of the index case who had a CA-MRSA wound in-
fection and mastitis) (28). Twenty-one percent of neonates
with CA-MRSA infections at the Texas Children’s Hospi-
tal had a mother with a history of skin infections, including
mastitis and axillary abscesses (29).

Our study has some clear limitations because the PVL-
positive MSSA outbreak strain was only demonstrated in
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isolates from 3 family clusters, in community infections in
2006, and in the hospital carriers. That the epidemic clone
was responsible for the other 2 family clusters and the post-
partum mastitis outbreak can only be inferred from the re-
cords of isolation of MSSA with a distinctive susceptibility
pattern (i.e., resistant to penicillin and gentamicin only). As
for infections in neonates, these were generally considered
mild, and microbiologic cultures were performed in only a
few cases. In addition to the microbiologic findings, epide-
miologic and clinical data support the presence of an unusu-
ally virulent strain. In the Codogno Hospital outbreak, the
temporal relationship between the mastitis outbreak and the
emergence of neonatal MSSA infections suggests that the
source of the strain might have been a mother who had un-
detected infection or colonization at delivery and transmit-
ted the strain to the baby. Subsequently, the strain spread
inside the newborn nursery, possibly with the contribution
of colonized healthcare workers, leading to the colonization
of babies and the emergence of skin infections a few days
after birth. The colonized/infected mothers and neonates in
turn spread the MSSA strain in the community.

Implementation of infection control measures, in-
cluding enhanced hand hygiene, contact precautions, and
mupirocin treatment, resulted in a rapid decline in the oc-
currence of neonatal infections and the disappearance of
the strain among neonatal carriers. There are no established
data to support prophylactic treatment with mupirocin in
MSSA-colonized patients, although its use has been pro-
posed for some colonized at-risk patients who will undergo
surgery (30). Despite control in the hospital, skin infections
caused by the epidemic MSSA clone continued in family
clusters, and new cases unrelated to family clusters were
recognized in 2006. In the family clusters, hygienic mea-
sures were suggested to avoid spread to other family mem-
bers, but decolonization with mupirocin was not attempted.
Two recent reports highlight the efficacy of mupirocin de-
colonization to terminate outbreaks of skin infections in the
community (12,13).

Since June 2006, only 2 new cases caused by the epi-
demic MSSA strain were observed in 2 adult men in the
community, 1 in 2007 and the other in 2008, indicating that
the outbreak was controlled but that the strain had not dis-
appeared from the community. In addition, in July 2007,
the father in family cluster 1 experienced a recurrence of
a chest abscess caused by the epidemic MSSA strain. Al-
though no earlier isolate from that family was studied, the
same epidemic strain was likely responsible for skin infec-
tions in that family over the span of at least 3 years.

The PVL-positive outbreak MSSA strain, character-
ized by t005 and ST22, is related to one of the major MRSA
clones circulating in hospitals in the United Kingdom,
where it has been designated EMRSA-15 (31). Although
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this clone, also known as ST22-IV, harbors the type IV
staphylococcal cassette chromosome mec (SCCmec) and is
uncommon in the United States (32), it is now emerging
as a successful clone in several areas of the world (33,34).
Characteristically EMRSA-15 is susceptible to gentamicin
and resistant to erythromycin and ciprofloxacin (34).

Clonal group ST22 includes MRSA as well as MSSA
(35), both of which can contain PVL genes. Recently, a
PVL-positive ST22 MRSA strain caused a large outbreak
in Bavaria (36). This strain was susceptible to most non—f3-
lactam antimicrobial agents, including erythromycin and
ciprofloxacin. The MSSA strain responsible for the out-
break in northern Italy was susceptible to erythromycin and
ciprofloxacin and resistant to gentamicin, resulting in a sus-
ceptibility profile highly divergent from that of EMRSA-
15. The epidemic MSSA clone could represent the ancestor
of a hospital MRSA clone or, less likely, a derivative of a
hospital MRSA clone that emerged by deletion of SCCmec.
Whichever is the case, PVL genes have been introduced
into a genetic background associated with the ability to
spread rapidly and cause epidemics.

The role of PVL in the pathogenesis of S. aureus infec-
tions is still controversial. Animal models of necrotizing
pneumonia provide conflicting results (37,38). In a mouse
model of skin infections, PVL did not seem to play an in-
dispensable role (39). However, it is difficult to dismiss the
simple observation that S. aureus isolates causing skin in-
fections in humans are enriched for PVL (40). This is more
striking in Europe, where PVL is associated with a variety
of different S. aureus genotypes (5) and not with a single
major clone as in the United States (2). Hypothetically,
PVL could play a role that has not been explored in animal
models, e.g., to enhance persistence in nasal colonization or
survival on the skin. Alternatively, the PVL bacteriophage
could confer other properties to S. aureus that contribute to
the pathogenesis of skin infections.

The presence of PVL or the PVL bacteriophage may
contribute to some of the characteristics of this clone that
are shared with typical CA-MRSA, including its ability to
persist in the human reservoir, to cause skin infections in
healthy young persons, and to require enhanced infection
control precautions in the hospital. The only distinctive dif-
ference with CA-MRSA infections is the wider spectrum
of therapeutic options available that includes -lactam anti-
microbial agents. On the other hand, the hospital and com-
munity outbreaks were initially overlooked because the
causative agent of the infections was an MSSA strain. This
study underscores how the overall genetic background of
the S. aureus strain and not the methicillin resistance trait
per se, determines clinical severity and the epidemiologic
features of infections.
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Causes of Death In HIV-infected
Persons Who Have
Tuberculosis, Thailand

Kevin P. Cain, Thanomsak Anekthananon, Channawong Burapat, Somsak Akksilp,
Wiroj Mankhatitham, Chawin Srinak, Sriprapa Nateniyom, Wanchai Sattayawuthipong,
Theerawit Tasaneeyapan, and Jay K. Varma

Up to 50% of persons with HIV and a diagnosis of tu-
berculosis (TB) in Thailand die during TB treatment. In a
prospective observational study, a team of physicians as-
cribed the cause of death after reviewing verbal autopsies
(interviews of family members about events preceding
death), laboratory data, and medical records. Of 849 HIV-
infected TB patients enrolled, 142 (17%) died. The cause
of death was TB for 38 (27%), including 6 with multidrug-
resistant TB and 20 with disseminated TB; an HIV-associ-
ated condition other than TB for 50 (35%); and a condition
unrelated to TB or HIV for 22 (15%). Twenty-three patients
(16%) were judged not to have had TB at all. Death from
all causes except those unrelated to TB or HIV was less
common in persons receiving antiretroviral therapy (ART).
In addition to increasing the use of ART, death rates may
be reduced through expanded use of modern TB diagnostic
techniques.

uberculosis (TB) is one of the most common causes of
death among people living with HIV worldwide (1). In
Southeast Asia, the death rate for HIV-infected TB patients
during TB treatment is particularly high, ranging from 20%
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to 50% (2-5). HIV-infected patients in Southeast Asia are
severely immunocompromised at the time of TB diagnosis,
with a median CD4+ T-cell lymphocyte count (CD4) of
54-57 cells/uL (2,6-9). With this degree of immunosup-
pression, it is likely, but not known, that opportunistic in-
fections other than TB contribute substantially to the high
case-fatality rate.

Autopsy studies have helped delineate causes of death
among people living with HIV, including HIV-infected
TB patients, in sub-Saharan Africa (10-13). These stud-
ies found that the most common causes of death were
TB, pneumonia, bacteremia, cerebral toxoplasmosis, and
Pneumocystis jirovecii pneumonia (PCP). Autopsies are
not routinely performed in HIV-infected persons in Asia,
and data from Africa may not be generalizable to Asia.
Malaria is much less common in Asia than in Africa, and
HIV-infected TB patients have more severe immunosup-
pression and higher death rates than patients in Africa
(2-4,6-9,14-19). Understanding actual causes of death
may help with identifying effective interventions. In part,
on the basis of autopsy studies of HIV-infected patients,
programs began providing cotrimoxazole preventive ther-
apy (CPT) to HIV-infected TB patients in Africa. This
therapy protects against malaria, PCP, toxoplasmosis, and
bacterial pathogens. The reported reduction in death rates
from this intervention is large in Africa, but less so in Asia.
(2,5,16,20-23). No published studies have demonstrated
an association between CPT and reduced death rates in
HIV-infected TB patients in Asia in the era of antiretrovi-
ral therapy (ART) (2,16; US Centers for Disease Control
and Prevention [CDC], unpub. data).

Thailand has been greatly affected by the TB/HIV syn-
demic, i.e., 2 diseases acting synergistically to cause excess
illness and death (24). Each year, TB develops in 91,000
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persons, 15%—-20% of whom are HIV-infected (25,26). To
address the TB/HIV syndemic, Thailand recommends reg-
ular TB screening for persons with HIV, HIV testing for all
TB patients, ART for all people with HIV who have a CD4
cell count <250, and CPT for all TB/HIV patients. Access
to HIV treatment has been expanded nationwide. Howev-
er, in practice, not all patients are treated according to the
guidelines (2). To understand the causes of death in persons
with HIV and a diagnosis of TB and identify possible inter-
ventions to reduce death rates, we conducted a prospective,
multicenter, observational study of HIV-infected patients
being treated for TB in Thailand.

Methods

Study Setting and Population

We conducted a cohort study of HIV-infected TB
patients at the national infectious diseases referral hos-
pital (Bamrasnaradura Institute) in Nonthaburi province
and at public TB treatment facilities in Bangkok, Phuket,
and Ubon-Ratchathani provinces. These facilities ranged
from outpatient clinics to large public hospitals. There are
no known, substantial differences in the HIV or TB epi-
demics across these 4 provinces. At all sites, treatment for
HIV and TB were available from government providers
using standardized government-recommended regimens.
TB patients were eligible if they were HIV-infected, not
pregnant, not incarcerated, >18 years of age, and receiv-
ing anti-TB treatment <4 weeks before study enrollment.
Patients consenting to study enrollment were followed up
from TB treatment initiation to the end of TB treatment.
For this study, patients received the usual care for TB, HIV,
and other diseases according to physician preference. We
did not intervene to modify routine clinical practice. This
study was approved by the ethical review committees of the
Bangkok Metropolitan Administration, the Thailand Min-
istry of Public Health, and CDC.

Data Collection and Laboratory Studies

Patients had 3 study visits: at the beginning of TB
treatment, at the end of the intensive phase of TB treatment
(usually 2 months after start of treatment), and at the end of
TB treatment (usually 6 months after treatment initiation).
At the beginning of treatment, patients were interviewed
using standardized study forms that asked about demo-
graphic characteristics, past and present medical history,
knowledge and attitudes related to TB and HIV, and sexual
behavior history and drug-use history. At every study visit,
patients received a physical examination and provided in-
formation about medications taken and any adverse events
experienced since their previous visit. Study staff reviewed
medical records for any health-related problem that oc-
curred between study visits.
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At enrollment, blood samples were tested for liver
function enzymes, viral hepatitis, complete blood count,
and CD4 count. Sputum and specimens from extrapulmo-
nary sites were collected for acid-fast bacilli smear and for
mycobacterial culture, identification, and drug-susceptibil-
ity testing.

Although the standard TB treatment regimen in Thai-
land is 2 months of rifampicin, isoniazid, pyrazinimide, and
ethambutol followed by 4 months of rifampin and isoni-
azid, some providers chose to use nonstandard regimens.
Therefore, we categorized regimens used into those likely
to be effective and those unlikely to be effective; regimens
unlikely to be effective were those for which there were
no clinical trials data or international guidelines to support
use in HIV-infected TB patients (e.g., a 3-drug regimen of
isoniazid, rifampin, and ethambutol) or those that may be
appropriate for drug-susceptible TB but were prescribed
for patients infected with drug-resistant strains. This clas-
sification was done by investigators who were blinded to
the patient’s treatment outcome.

Determination of Cause of Death

For patients who died during TB treatment, study staff
obtained death certificates and medical records. Study staff
also conducted a verbal autopsy for each patient. Verbal
autopsies are a method for assessing causes of deaths, in-
cluding those related to TB and HIV, in resource-limited
countries (27-32). They involve interviewing a family
member or friend who was closely associated with the pa-
tient during the period preceding death. These respondents
were asked when the patient first became sick, what the
symptoms were, how the patient died, and what the respon-
dent believed was the cause of death. At enrollment, pa-
tients entering the study consented to allow a family mem-
ber or friend to be interviewed in the event of their death.
Likewise, the respondent also provided informed consent
at the time of the interview. For patients who were lost to
follow-up or transferred care to a facility not participating
in the study, we reviewed the Thai government’s vital sta-
tus registry to determine whether they had died. Patients
who died within 3 months and lost to follow-up or transfer
were classified as deaths during study follow-up.

A committee of 3 physicians not involved in care of
the patients reviewed the records of all deceased patients,
including study forms, verbal autopsy reports, death certifi-
cates, medical records, and laboratory data. These 3 physi-
cians reviewed cases together. A decision about the cause
of death required agreement of 2 of the 3 physicians. After
records review, the committee classified the cause of death
as 1 of the following: TB, an HIV-related condition (not
TB), or a non-TB/HIV—associated condition. The commit-
tee also recorded what it believed to be the specific cause(s)
of death and its level of certainty about this determination:
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uncertain, possible, probable, or highly certain. The level
of certainty was based on 3 primary criteria: 1) laborato-
ry, microbiologic, or pathologic evidence of the cause of
death; 2) agreement between the physician panel and the
cause of death as recorded on the death certificate or medi-
cal records; and 3) no other cause that was equally likely
to have caused death. High certainty required all 3 of these
criteria, probable required 2 of the 3, possible required 1,
and uncertain was used for cases that lacked all 3 criteria.
For some cases, the committee determined that the patient
did not have TB. In these cases, there was no microbiologic
evidence of TB, and the patient often had another condition
that would explain the symptoms reported. Because TB
programs would not have detected that patients undergoing
treatment did not have TB, the patients therefore would still
be registered. This retention is necessary because results
should apply broadly to all HIV-infected persons registered
for TB treatment.

Data Analysis

We described causes of death for all patients who died,
stratified by level of certainty (highly certain and probable
vs. possible and uncertain). We then compared causes of
death for patients who died <60 days after TB diagnosis
with those who died >60 days after TB diagnosis. Patients
with evidence of disease in multiple sites were classified
as having disseminated disease. TB localized to the central
nervous system or abdomen was classified as complicated.

For univariate analysis of categorical variables, we
compared proportions using the y? test and, when appropri-
ate, the Fisher exact test. For multivariate analyses of the
association between medications used and specific causes
of death, we performed a Cox proportional hazards mul-
tivariate analysis, after first confirming that the assump-
tions of the proportional hazards model were met. For this
analysis, we excluded patients who died within 14 days af-
ter treatment initiation because we presumed these deaths
were not preventable through medical treatment.

We created 4 separate models, 1 each for death caused
by TB, death caused by an HIV-associated condition, death
equally likely to be caused by TB or an HIV-associated
condition, and death caused by a non-TB and non-HIV-
associated condition. The outcome of interest was death
due to the specific cause with any level of certainty (and
excluding those who died of other causes), compared with
patients who were alive. Outcomes other than death were
censored after 1 year of follow-up.

We included data on use of CPT, ART, fluconazole,
and an effective TB regimen, and we controlled for CD4.
For CPT, ART, and fluconazole. Patients who had taken the
medication for at least 14 days before their treatment out-
come were categorized as being on the medication, whereas
those not on the medication or on it for <14 days were cat-
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egorized as not being on the medication. We also assessed
for confounding according to hospitalization at enrollment,
hepatitis C antibody reactivity, abnormal liver enzymes,
and type of TB (pulmonary, extrapulmonary without com-
plications, or disseminated/complicated extrapulmonary).
We chose to assess for confounding among these variables
because they were associated with risk for death in HIV-
infected TB patients in Thailand (CDC, unpub. data). We
developed our final models by using forward, step-wise
variable selection, keeping variables with p<0.05 and those
that modified the hazard ratios (HRs) by >10%.

Results

From May 1, 2005, through September 30, 2007, we
enrolled 849 patients, of whom 142 (17%) died during TB
treatment. Another 150 (18%) patients either were lost to
follow-up or transferred their care to a facility not partici-
pating in the study. Among patients who died, the ascribed
cause of death was TB for 38 (27%), an HIV-associated
condition other than TB for 50 (35%), and a condition not
related to TB or HIV for 22 (15%). TB or an HIV-associat-
ed condition was equally likely in 32 (23%) patients. Of the
142 patients who died, 23 (16%) were judged not to have
had TB at all. Among the 74 patients for whom certainty
about the cause of death was probable or highly certain,
29 (39%) died of TB, 33 (45%) died of an HIV-associated
condition, and 12 (16%) died of a condition not related to
TB or HIV (Table 1).

Of the 38 patients who died of TB, 20 (53%) had dis-
seminated TB, including 3 who had disseminated multi-
drug-resistant (MDR) TB. Including those 3, a total of 6
(16%) had MDR TB. Seven patients had TB involving the
central nervous system, including 2 with radiculomyelitis
and 1 with MDR TB meningitis (Table 2).

Patients with HIV-associated deaths had a wide range
of diagnoses. Among the 50 patients who died of an HIV-
related cause other than TB, 10 (20%) died of nontuber-
culous mycobacterial infections, 7 (14%) died of PCP,
and 8 (16%) died of other fungal infections (including 5
with cryptococcal meningitis) (Table 2). Of the 10 patients
whose cause of death was determined to be nontuberculous
mycobacteria (NTM), 4 had NTM isolated from a normally
sterile site (2 from blood, 1 from bone marrow, 1 from a
lymph node). NTM was isolated from sputum in 5 of the
remaining patients and stool in the other.

A total of 32 patients died of a condition that was
equally likely to be TB- or HIV-related, including 6 (19%)
ascribed to disseminated mycobacterial disease. These di-
agnoses were based on multiple specimens being positive
for acid-fast bacilli but no mycobacterial culture confirma-
tion or identification. Finally, 22 patients died of a non-TB,
non-HIV-associated condition, including 11 (50%) who
died of liver disease (Table 2).
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Table 1. Causes of death, stratified by level of certainty, for all enrolled patients who died, Thailand, 2005-2007*

Level of certainty, no. (%) patients

Total no. (%) patients,

Cause of death Probable or high, n = 74 Possible or uncertain, n = 68 N =142
B 29 (39) 9(13) 38 (27)
HIV-associated condition (not TB) 33 (45) 17 (25) 50 (35)
TB or HIV-associated equally likely 0 32 (47) 32 (23)
Not TB or HIV-associated 12 (16) 10 (15) 22 (15)

*TB, tuberculosis.

The distribution of causes of death varied when strati-
fied by time from TB treatment initiation. When limited
to the 74 patients for whom the cause of death was known
with high or probable certainty, 18 (55%) of 33 deaths oc-
curring <60 days after TB treatment initiation were caused
by TB, compared with 11 (27%) of 41 deaths occurring
>60 days after TB treatment initiation (p = 0.02). Of the 41
persons who died >60 days after initiating TB treatment, 23
(56%) died of an HIV-related condition, compared with 10
(30%) of the 33 patients who died <60 days after TB treat-
ment initiation (p = 0.03).

The median CD4 for all patients enrolled was 55 (inter-
quartile range [IQR] 18-142). Among patients who did not
die, the median CD4 was 66 cells/uL (IQR 26—-169). Medi-
an CD4 was 23 cells/uL (IQR 8.5-96) for persons who died
of TB (p<0.01 for comparison with patients who did not
die), 18 cells/uL (IQR 8—41) for those who died of an HIV-
associated condition other than TB (p <0.01), 18 cells/uL
(IQR 4-40) for those in whom TB and an HIV-associated
cause of death other than TB were equally likely (p<0.01),
and 63 cells/uL (IQR 18-112) among persons who died of
a non-TB, non-HIV-associated cause (p = 0.18).

Use of ART, opportunistic infection prophylaxis, and
an effective TB regimen, along with other characteristics
had varying associations with death due to different causes.
Of the 849 patients enrolled in the study, 371 (44%) re-
ceived ART. Among the 142 patients who died, 36 (25%)
received ART; 335/707 (47%) of persons not known to
have died received ART. The risk for death caused by TB
was lower for persons who took ART (HR 0.2, 95% con-
fidence interval [CI], 0.1-0.5) and higher for patients who
were prescribed an ineffective TB regimen (HR 5.0, 95%
CI 2.0-12.6) and for those who were hospitalized at enroll-
ment (HR 11.9, 95% CI 4.4-32.1). For death due to HIV-
associated causes, ART was associated with decreased risk
for death (HR 0.4, 95% CI 0.2—-0.7), and being prescribed
an ineffective TB regimen was associated with increased
risk for death (HR 2.6, 95% CI 1.4-5.1). For patients in
whom death due to TB or an HIV-associated cause was
equally likely, the risk for death was lower for persons who
were prescribed ART (HR 0.04, 95% CI 0.01-0.3) and
fluconazole (HR 0.4, 95% CI 0.2-0.98). Decreased CD4
was associated with risk for death in all of these analyses,
but use of CPT was not. ART, fluconazole, CPT, ineffec-
tive TB treatment, and CD4 were not associated with risk
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for death from a non-TB, non—HIV-associated cause, but
hepatitis C antibody reactivity and abnormal liver enzymes
were associated with increased risk for death in this group
(Table 3).

Discussion

Among HIV-infected persons with a TB diagnosis in
Thailand, we found that TB-related deaths were most com-
mon within the first 2 months after initiation of TB treat-
ment, but overall, >50% of all deaths occurring during TB
treatment were not caused by TB, and some patients actu-
ally did not have TB. Multiple interventions are needed,

Table 2. Causes of death for all enrolled patients who died (N =
142), Thailand, 2005-2007*

Cause of death No. (%) patients
TB 38 (27)

Disseminated TB (3 with MDR TB) 20 (53)
Central nervous system TB 7(18)
(1 with MDR TB)
Pulmonary TB (2 with MDR TB) 10 (26)
Peritoneal TB 1(3)
HIV-associated condition 50 (35)
Bacterial infection 6 (12)
Cerebral toxoplasmosis 4 (8)
Disseminated CMV 1(2)
Fungal infection (other than PCP) 8 (16)
Liver disease 1(2)
Nontuberculous mycobacteria 10 (20)
PCP 7 (14)
Other infectious cause 5(10)
Other noninfectious cause 1(2)
Unknown 7 (14)
TB or HIV-associated condition equally likely 32 (23)
Disseminated mycobacterial disease 6 (19)
(TB vs. NTM)
Liver disease 1(3)
Other infectious cause 3(9)
Other noninfectious cause 1)
Unknown 21 (66)
Non-TB/HIV-associated condition 22 (15)
Bacterial infection 1(5)
Liver disease 11 (50)
Stevens-Johnson syndrome 2(9)
Other infectious cause 1(5)
Other noninfectious cause 6 (27)

Unknown
*TB, tuberculosis; MDR TB, multidrug-resistant TB; CMV,
cytomegalovirus; PCP, Pneumocystis jirovecii pneumonia; NTM,
nontuberculous mycobacteria.

1(5)
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Table 3. Adjusted hazard ratios for associations between patient characteristics and causes of death among enrolled patients,

Thailand, 2005-2007*

Death caused by
non-TB HIV-associated

Death caused by TB,

Death caused by TB
or HIV equally likely,

Death caused by
non-TB/HIV condition,

Patient characteristic n=723% cause, n = 745t n =726t n=719%
Used ARTt 0.2 (0.1-0.5)§ 0.4 (0.2-0.7)§ 0.04 (0.01-0.3)§ 0.9 (0.3-2.6)
Used CPTt 0.5 (0.1-1.5) 1.0 (0.3-3.2) 1.0 (0.3-3.5) 1.1 (0.2-5.5)
Used fluconazolet 0.5 (0.2-1.2) 0.8 (0.4-1.6) 0.4 (0.2-0.98)§ 1.2 (0.4-3.8)
CD4 0.993 (0.987-0.999)§ 0.987 (0.980-0.994)§ 0.988 (0.981-0.996)§ 1.0 (0.996-1.004)
Ineffective TB regimenq 5.0 (2.0-12.6)§ 2.6 (1.4-5.1)§ 0.3 (0.04-2.3) 0.9 (0.2-3.7)
Hepatitis C antibody positive Not included Not included Not included 3.2 (1.2-8.3)§
Hospitalized at enrollment 11.9 (4.4-32.1)§ Not included Not included Not included
Abnormal liver enzyme levels# Not included Not included Not included 5.3 (2.2-12.9)§

*TB, tuberculosis; ART, antiretroviral therapy; CPT, cotrimoxazole preventive therapy; CD4, CD4+ T-cell lymphocyte count; Not included, not retained in
final model. Patient counts exclude 27 persons who died within 14 days of TB treatment initiation and 13 patients with missing CD4.
tEach model includes all patients who survived plus those who died of the specific cause noted (in each category, patients who died of any of the other 3

causes were excluded). Values in parentheses are 95% confidence intervals.
FMust have been taken for >14 days to qualify as taking medication.
§p<0.05.

flineffective regimens were those without supportive clinical trials data, without international guidelines, or not likely to work because of the drug-

resistance pattern of the patient’s isolate.

#Aspartate transaminase >120 units/L and/or alanine aminotransferase >165 units/L and/or bilirubin >2 mg/dL.

therefore, to reduce death rates in HIV-infected TB patients
in Thailand.

Among patients who died of TB, delayed TB diagno-
sis may be partially responsible.. Of the 38 patients who
died of TB, 30 had disseminated TB, MDR-TB, or com-
plicated extrapulmonary TB, conditions that are difficult
to diagnose, occur frequently in HIV-infected persons, and
have high death rates (13,33,34). Hospitalization at enroll-
ment was strongly associated with increased risk for death
caused by TB but not death due to other causes, which fur-
ther suggests that delay in TB diagnosis may be partially
responsible. The World Health Organization recommends
that countries with TB/HIV syndemics intensify TB case
finding in HIV-infected persons and expand access to TB
culture and drug-susceptibility testing (1,35). If implement-
ed broadly, these strategies could reduce TB-related deaths
by diagnosing TB before it is disseminated and severe and
by allowing early initiation of second-line TB treatment for
drug-resistant TB. Expansion in laboratory capacity and
case finding will also need to be coupled to physician train-
ing. We found that use of regimens that are not standard
or not tailored to the drug-susceptibility pattern of the TB
strain was an important risk factor for death.

We also found that using ART during TB treatment
was associated with reduced death rates both from TB
and from non-TB, HIV-associated conditions. Previous
epidemiologic studies in Thailand and other countries have
demonstrated marked improvement in duration of survival
among HIV-infected TB patients treated with ART during
TB treatment (2,7,16,36-38). Our study confirms this find-
ing and suggests that ART use most likely would dramati-
cally reduce both early and late deaths. Clinical trials are
currently attempting to identify the optimum time to initi-
ate ART during TB treatment (39).
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Among HIV-related causes of death other than TB, the
most common causes were NTM disease and fungal infec-
tions. For the 4 patients who had NTM isolated from nor-
mally sterile sites, NTM most likely was a causative factor,
but the role is less clear in those in whom it was isolated from
sputum or stool. Expanding mycobacterial culture capacity
will help better assess the impact of NTM disease in Asia
because NTM may be an underappreciated cause of death
among patients clinically diagnosed with TB (40). Fungal
infections may be preventable with prophylactic antifun-
gal treatment; a previous analysis of risk factors for death
in Thailand found that fluconazole was associated with im-
proved duration of survival (16). Controlled trials of antifun-
gal prophylaxis may be needed to assess whether it increases
survival rates among HIV-infected TB patients in Asia.

Although ART is associated with improved survival
and fluconazole may be associated with reduced risk of
some causes of death, CPT was not associated with reduced
risk for death from any cause. This finding is consistent
with that of several other observational studies from South-
east Asia in the era of ART (2,16; CDC, unpub. data). It
is possible that the differing epidemiology of opportunistic
infections in the region makes CPT less beneficial or not
beneficial at all, or that these studies, none of which were
randomized controlled trials, were not adequately con-
trolled or powered to detect a meaningful difference. Ran-
domized controlled trials of the efficacy of CPT in patients
receiving ART may be needed in Southeast Asia.

In addition to these specific interventions, which could
address the specific causes of death identified in this study,
other interventions could decrease the high, early death
rates observed in persons with HIV and a diagnoses of
TB. First, the median CD4 count among all patients in this
study was low. Earlier diagnosis of HIV through regular

Emerging Infectious Diseases *« www.cdc.gov/eid ¢ Vol. 15, No. 2, February 2009



provider-initiated testing and counseling of TB patients and
earlier HIV testing of other persons combined with earlier
initiation of ART would result in less immunocompromise
and less risk for many of the opportunistic infections found
in this population. Next, the impact of TB/HIV can be re-
duced by prevention of TB in persons with HIV (e.g., im-
proved infection control measures in HIV care settings and
use of isoniazid preventive therapy) and prevention of HIV
in TB patients through appropriate counseling messages
targeting persons with HIV and without HIV.

No method of assessing causes of death is completely
reliable, particularly in resource-limited countries where
microbiologic testing and postmortem examinations are
infrequently performed and many patients die outside of
hospitals. We used several imperfect data sources in com-
bination—verbal autopsy, medical record review, death
certificate data—to identify the cause of death. Both missed
diagnoses and false diagnoses may have skewed our find-
ings, but we could not determine the magnitude and im-
pact of these problems without independent verification of
the cause of death. Physicians determining cause of death
could have been influenced by their own biases, but our use
of a panel of physicians and criteria for ascribing causes
should have limited this possibility. Finally, some provid-
ers did not always use available microbiologic tests, includ-
ing blood culture. Failure to use these tests may result in
underestimation of some causes of death.

We found that TB-related and HIV-related deaths are
likely to be reduced through early initiation of ART and
of appropriate anti-TB drug regimens. Expanded use of
modern TB diagnostics may also improve survival by di-
agnosing TB before it is disseminated and severe, identify-
ing drug resistance early, and differentiating between TB,
NTM, and other causes of illness. Finally, improvements
in general HIV care and treatment, including earlier HIV
testing and ART use along with appropriate measures to
prevent TB and HIV, should decrease the high early death
rates observed.
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Medical Procedures and Risk for
Sporadic Creutzfeldt-Jakob Disease,
Japan, 1999-2008

Tsuyoshi Hamaguchi, Moeko Noguchi-Shinohara, Ichiro Nozaki, Yosikazu Nakamura, Takeshi Sato,
Tetsuyuki Kitamoto, Hidehiro Mizusawa, and Masahito Yamada

To elucidate the association between medical proce-
dures and sporadic Creutzfeldt-Jakob disease (sCJD), we
analyzed medical procedures (any surgical procedure, neu-
rosurgery, ophthalmic surgery, and blood transfusion) for
patients registered by the CJD Surveillance Committee in
Japan during 1999-2008. We conducted an age-stratified
case—control study with 753 sCJD patients and 210 con-
trols and a study of patients who underwent neurosurgical
or ophthalmic surgical procedures at the same hospital. Al-
though the control group was relatively small, no evidence
was found that prion disease was transmitted through the
investigated medical procedures before onset of sCJD. After
onset of sCJD, 4.5% of the sCJD patients underwent opera-
tions, including neurosurgical for 0.8% and ophthalmic for
1.9%; no special precautions against transmission of prion
diseases were taken. Fortunately, we have not identified pa-
tients with prion disease attributed to these operations. Our
findings indicate that surgical procedures or blood transfu-
sion had little effect on the incidence of sCJD.

Prion disease is characterized by spongiform change and
abnormal prion protein deposition in the brain and is
transmissible under certain situations. Human prion disease
is divided into 3 categories: genetic prion diseases with
mutations of the prion protein (PrP) gene; prion diseases
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acquired by transmission of the prion through exposure to
contaminated materials, including iatrogenic transmission;
and sporadic Creutzfeldt-Jakob disease (sCJD) with no PrP
mutation or evidence of exposure to prion. To date, >400
patients with iatrogenic CJD, who received prions through
contaminated neurosurgical instruments, intracerebral elec-
troencephalographic electrodes, human pituitary hormone,
corneal transplants, or dura mater grafts, have been report-
ed (1). Furthermore, some case—control studies reported
that medical procedures were possible risk factors for sCJD
(2-6). However, other studies did not demonstrate any sig-
nificant association between medical procedures and sCJD
(7-10).

After a results of a case—control study that found an
association between CJD and medical procedures was
reported from Japan in 1982 (2), 132 patients with dura
mater graft-associated CJD (dCJD) have been found in Ja-
pan (11,12); however, no recent studies have investigated
medical procedures as a risk for acquiring sCJD. In Japan,
66 (8.6%) of 766 patients with prion diseases had iatro-
genic cases that were all dCJD (12), and the outbreak of
iatrogenic CJD required a new study about the association
between sCJD and medical procedures in Japan. Here we
analyzed the role of medical procedures in cases of sCID
by using relevant data from CJD surveillance in Japan.

Methods

Patients

We investigated 1,339 patients with suspected prion
diseases who had been registered by the CJD Surveil-
lance Committee in Japan from April 1999 through Febru-
ary 2008. The surveillance system was initiated in April
1999, and each patient was prospectively assessed with a
surveillance protocol that assembled information about life
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history; previous medical history, including the history of
surgical treatment and blood transfusion; clinical history;
laboratory data; and results of molecular genetic and patho-
logic examinations. Information on patients with suspected
prion diseases were obtained through 1) the application for
registration with the Japanese Intractable Diseases Informa-
tion Center (www.nanbyou.or.jp/english/nan_kenkyu 45.
htm) by each patient’s family, 2) the law on infectious dis-
eases, or 3) request for genetic or cerebrospinal fluid analy-
ses sent to members of the CJD Surveillance Committee by
the physicians. In Japan, 123 diseases have been defined
as intractable disease, and for 45 of them, including prion
diseases, patients receive additional economic support for
medical costs. Furthermore, medical doctors must report
patients suspected of having prion disease to the local pub-
lic health department within 7 days after the diagnosis, ac-
cording to the law on infectious diseases (which has been
enforced since April 1999 in Japan to monitor some spe-
cific infectious diseases). After written consent approved
by the Institutional Ethics Committee was obtained from
each patient’s family, members of the CJD Surveillance
Committee directly examined the patient and collected data
from the clinical records. For each patient with a history
of surgery, we collected information about the underlying
disease from the patient’s family, including the date and
hospital in which the operation was performed. For each
patient with a history of blood transfusion, we collected in-
formation about the date of blood transfusion. Most infor-
mation was collected by interviewing the patient’s family
members.

On the basis of discussions by the CJD Surveillance
Committee, we confirmed or denied the diagnosis of prion
disease in each case. In patients with a confirmed diag-
nosis of prion disease, we classified prion diseases into
4 categories: sCJD, acquired prion disease, genetic prion
disease, and unclassified prion disease. sCJD was diag-
nosed according to the revised classical criteria established
by Masters et al. (13): definite CJD (neuropathologically
confirmed spongiform encephalopathy or abnormal prion
protein deposition in the brain); and probable CJD (neu-
ropathologically unconfirmed cases showing progressive
dementia, periodic sharp-wave complexes on electro-
encephalogram, and at least 2 of the following features:
myoclonus, pyramidal signs/extrapyramidal signs, cer-
ebellar signs or visual symptoms, and akinetic mutism).
Acquired prion diseases included iatrogenic CJD, in which
the criteria for sCJD were applied for a diagnosis with a
history of iatrogenic exposure, and variant CJD, in which
the diagnosis was based on the World Health Organization
(WHO) 2001 criteria (14). Regarding the accuracy of the
diagnosis of genetic prion diseases, pathologically verified
cases were defined as “definite,” and cases demonstrating
mutations in the PrP gene and neuropsychiatric manifes-
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tations compatible with prion diseases were defined as
“probable.” We selected patients with definite or probable
sCJD for analysis.

Patients who did not receive a diagnosis of prion dis-
eases were classified into 3 categories: prion diseases defi-
nitely denied; prion diseases probably denied; and diag-
nosis unclear. “Prion diseases definitely denied” indicated
patients whose conditions were definitively diagnosed as
diseases other than prion diseases, and “prion diseases
probably denied” indicated patients for whom the diagnosis
of prion diseases was clearly unlikely due to the improving
or nonprogressive disease course or for other reasons, al-
though a definitive diagnosis of another disease was not es-
tablished. Because patients with “prion diseases definitely
denied” or “prion disease probably denied” had no or little
possibility of prion disease, we selected these cases as the
controls in our case—control study.

Surgical Procedures and Blood
Transfusions before Onset of SCID

To estimate the risk for sCJD through past surgery or
blood transfusion, we performed a case—control study. Op-
erations were divided into the following categories: neuro-
surgery, ophthalmic surgery, and surgery other than neu-
rosurgery or ophthalmic surgery (other surgery), because
neurosurgery or ophthalmic surgery for those with prion
diseases are categorized in the guidelines of the CJD Inci-
dent Panel in the United Kingdom as high- or medium-risk
procedures for transmission of infective PrP (15). In these
guidelines, procedures involving the olfactory epithelium
are also categorized as medium risk (15). However, the
number of persons who underwent the operation possibly
involving the olfactory epithelium is too small to be esti-
mated by statistical analysis (2 sCJD patients and 2 controls
underwent surgery for sinusitis), and we categorized these
operations as other surgery. Neurosurgery included opera-
tions on the brain, cerebral blood vessels, and spinal cord.
Ophthalmic surgery included all operations involving the
eyeball and optic nerve. Other surgery included all surgical
procedures other than neurosurgery and ophthalmic sur-
gery. Furthermore, the committee performed a detailed in-
vestigation of sCJD patients who underwent neurosurgery
or ophthalmic surgery at a hospital where other patients
with any type of prion disease had ever undergone neuro-
surgery or ophthalmic surgery.

Surgical Procedures after Onset of sCID

We analyzed sCJD patients who underwent surgical
procedures after the onset of sCJD because such proce-
dures might cause secondary transmission of the disease
through contaminated instruments. In particular, for neuro-
surgery and ophthalmic surgery, we investigated the reason
for the operation, interval between the operation and onset
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of sCJD symptoms, age at onset of sCJD, and symptoms at
onset of sCJD.

Statistical Analyses

Between the sCJD and control groups, age at onset
was compared by Student t test, and medical procedures
before the onset of diseases were compared by Fisher ex-
act test. The case—control study of surgical procedures
and blood transfusions before the onset of diseases was
estimated by logistic-regression analysis. Because age
at onset was different among sCJD patients (mean +
SD, 67.7 = 9.5 years) and controls (59.3 + 16.6 years)
(p<0.0001), we divided the sCJD patients and controls
into 3 categories according to age at disease onset; 31-50
years, 51-70 years, and >71 years. We performed a single
regression analysis for any operation, neurosurgical pro-
cedure, ophthalmic surgical procedure, other operation,
and blood transfusion in each age group. The strength of
association between sCJD and putative risk factors was
assessed by the odds ratios and 95% confidence intervals.
Significance was defined as p<0.05. Statistical analyses
were performed by using StatView J-7.5 (Abacus Con-
cepts, Berkeley, CA, USA).

Results

A total of 990 patients received a diagnosis of defi-
nite or probable prion disease. Summary of the characteris-
tics of patients with prion diseases is shown in Table 1, in
which 760 patients with sCJD are included. There were 221
patients with “prion disease definitely denied” and “prion
disease probably denied.” Seven sCJD patients and 11 con-
trol patients were excluded from the case—control study be-
cause information on medical history was not sufficient for
analysis. Diagnoses of the 210 control patients is shown in
Table 2.

Medical Procedures before Onset of sCID

Frequencies of medical procedures before the onset
of sCJID in sCJD patients and in controls are compared in
Table 3. For both the sCJD and control groups, #50% had a
history of surgery, and =10% had received a blood transfu-
sion. No significant differences were found between them
in frequency of any surgery, neurosurgery, ophthalmic sur-
gery, other surgery, or blood transfusion (Table 3). In the
logistic-regression analysis, 