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Emergence and intercontinental spread of highly pathogenic avian influenza A(H5Nx) virus clade 2.3.4.4 is unprecedented. H5N8 and H5N2 viruses have caused major economic losses in the poultry industry in Europe and
North America, and lethal human infections with H5N6
virus have occurred in Asia. Knowledge of the evolution
of receptor-binding specificity of these viruses, which
might affect host range, is urgently needed. We report
that emergence of these viruses is accompanied by a
change in receptor-binding specificity. In contrast to ancestral clade 2.3.4 H5 proteins, novel clade 2.3.4.4 H5
proteins bind to fucosylated sialosides because of substitutions K222Q and S227R, which are unique for highly
pathogenic influenza virus H5 proteins. North American
clade 2.3.4.4 virus isolates have retained only the K222Q
substitution but still bind fucosylated sialosides. Altered
receptor-binding specificity of virus clade 2.3.4.4 H5 proteins might have contributed to emergence and spread of
H5Nx viruses.

H

ighly pathogenic avian influenza A(H5N1) viruses
have caused major economic losses in the poultry
industry and might cause zoonotic infections. Recently, a
novel H5 virus (clade 2.3.4.4) has emerged (1–4) and shown
unprecedented intercontinental spread. Whereas highly
pathogenic avian influenza A(H5N1) viruses previously
detected in poultry in the Americas are believed to have
descended from low pathogenicity viruses in this region
(5), clade 2.3.4.4 viruses were the first highly pathogenic
avian influenza virus of the A/goose/Guangdong/1/1996
lineage to appear in North America (2–4) during the winter
of 2014–2015. Emergence of these novel viruses resulted
in culling of >7 million turkeys and 42 million chickens
in the United States (6). In Asia, 13 (mostly lethal) cases
of human infection with clade 2.3.4.4 H5N6 viruses have
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been reported (7). Emergence of new viruses with clade
2.3.4.4 hemagglutinin (HA) that infect poultry and humans
emphasizes the need for detailed characterization of molecular properties of these viruses.
Influenza A viruses are subtyped according to their
envelope glycoproteins HA and neuraminidase (NA): 16
HA and 9 NA subtypes are found in aquatic birds and
constitute the animal influenza A virus reservoir. Viruses
with H5 or H7 subtypes occasionally acquire a multibasic
cleavage site in their HA (8), which results in a highly
pathogenic phenotype. In general, highly pathogenic H5
viruses have the N1 subtype (H5N1). In contrast, the novel highly pathogenic H5 clade 2.3.4.4 viruses have reassorted with different NA subtypes, including N1, N2, N3,
N5, N6, and N8 (1,9–17).
HA proteins bind to sialoside receptors on the host cell
surface. Avian and human influenza A viruses prefer binding to sialic acids linked to a penultimate galactose by an
α2-3 or α2-6 linkage, respectively (18). Type and number
of internal monosaccharides and their linkages determine
fine specificity of virus receptors (19,20). NA removes sialic acids from glycans, which enables virus particles to
be released from the cell surface after assembly and from
decoy receptors (e.g., in mucus). The balance between activities of HA and NA proteins has a critical role in optimal
viral fitness, tropism, and transmission (21).
Changes in HA receptor-binding properties might
affect virus host range and within-host virus properties.
These changes might have contributed to the remarkable
spread of clade 2.3.4.4 viruses. Although a recent study
(22) reported enhanced avidity of H5N6 viruses for human-type receptors, recombinant clade 2.3.4.4 highly
pathogenic influenza A virus H5 proteins from virus
isolates in North America show a strict avian receptorbinding preference (23). We compared receptor-binding
properties for clade 2.3.4.4 H5 proteins from an H5N8
virus from Europe with those for an early ancestral clade
2.3.4 H5 protein from an H5N1 virus to identify differences in these properties.
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Materials and Methods
Genes, Expression Vectors, and Protein Expression
and Purification

We cloned codon-optimized H5-encoding cDNAs (GenScript, Piscataway, NJ, USA) of H5N1 A/wild duck/
Hunan/211/2005 (GenBank accession no. EU329186.1)
and H5N8 A/chicken/Netherlands/14015526/2014 (GISAID, https://platform.gisaid.org, accession no. EPI_
ISL_167905) in pCD5 expression vectors flanked by
signal peptide-, GCN4- isoleucine-zipper trimerizaton
motif-, and Strep-tag II-encoding sequences. Clones were
mutagenized when indicated, expressed, and purified
as described (24).
HA Receptor-Binding Assays

We assessed binding of HA to fetuin and transferrin (Sigma,
St. Louis, MO, USA) and glycan arrays as described (24).
Biolayer interferometry was performed by using Octet QK
(ForteBio, Menlo Park, CA, USA) and in-house–synthesized saccharides NeuAcα2-3Galβ1-4GlcNAcβ1-3Galβ14GlcNAc (3′SLNLN), NeuAcα2-6Galβ1-4GlcNAcβ13Galβ1-4GlcNAc (6′SLNLN), NeuAcα2-3Galβ1-4(Fucα1-3)
GlcNAc (3′SLeX), and NeuAcα2-3Galβ1-4GlcNAc (3′SLN)
coupled to LC-LC-biotin. Streptavidin sensors were loaded
with 0.1 µmol/L of glycan for 15 min. We assessed association of HA proteins (0.2 µg/µL) with StrepMAB-Classic
(IBA GmbH, Göttingen, Germany) at a molar ratio of 2:1
and performed binding of HA to tissues as described (25),
except that H5 proteins were precomplexed with StrepMABClassic conjugated to horseradish peroxidase (IBA GmbH)
and goat antimouse IgG (heavy plus light chain) conjugated to horseradish peroxidase (Invitrogen, Carlsbad, CA,
USA). We performed immunohistochemical analysis with
3′SLeX-specific antibody KM93 (26) (EMD Millipore,
Darmstadt, Germany) at a 1:500 dilution by using standard

procedures, including antigen retrieval (27) on an avian intestinal tissue microarray (28).
Modeling

The crystal structure of H5 protein from A/Vietnam/1194/2004 (H5N1) virus was complexed with
3′SLeX (Protein Data Bank accession no. 3ZNM 28)
(29) and used as a template for modeling the structures
of A/wild duck/Hunan/211/2005 and A/chicken/Netherlands/14015526/2014 viruses with SWISS-MODEL
(30). Subsequent energy minimizations were not necessary because inspection of modeled structures by using
GROMOS
(http://www.gromacs.org/Documentation/
Terminology/Force_Fields/GROMOS) showed no unfavorable energy interactions. Superpositioning of Cαbackbone atoms of residues lining the receptor-binding
site of A/wild duck/Hunan/211/2005 (H5N1) or A/chicken/Netherlands/14015526/2014 (H5N8) viruses with A/
Vietnam/1194/2004 (H5N1) virus showed that the root
mean square deviation of superpositioned atoms was <0.2
Å for both viruses. Molecular interactions were further
examined by using Swiss-Pdb Viewer (31).
Receptor-Binding Properties of Different H5 Proteins

We compared receptor-binding properties of an H5 protein
derived from an early clade 2.3.4 H5N1 virus isolate (A/wild
duck/Hunan/211/2005) with a clade 2.3.4.4 isolate (H5N8
A/chicken/Netherlands/14015526/2014) detected in Europe
(referred to as H5N12.3.4 and H5N8 HA proteins, respectively) by using recombinant soluble HA proteins (24). H5 proteins were analyzed for their binding to fetuin and transferrin (Figure 1). Fetuin contains α2-3–linked and α2-6–linked
sialiosides at a ratio of 2:1 (32,33), but transferrin contains
only α2-6–linked sialosides (34). We used a clade 1 H5 protein (H5N1 A/Viet Nam/1203/2004; referred to as H5N11)
and an H1 protein of a human seasonal H1N1 virus (A/

Figure 1. Binding of influenza A virus hemagglutinins to A) fetuin and B) transferrin. Limiting dilutions of soluble H5 trimers complexed
with horseradish peroxidase−conjugated antibodies were used in a fetuin- or transferrin-binding assay. Optical density at 450 nm (OD450)
corresponds to binding of HA to glycoproteins. HA, hemagglutinin; H5N12.3.4, novel H5N1 virus clade 2.3.4; H5N11, H5N1 virus clade 1.
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Kentucky/UR06–0258/2007; referred to as H1) with known
receptor-binding properties as controls (24,27).
Results
Receptor-Binding Properties of Different H5 Proteins

All H5 proteins efficiently bound fetuin. However, only
H5N8 virus HA showed limited binding to transferrin,
which indicated that H5N12.3.4 and H5N8 HA proteins prefer binding to α2-3–linked sialic acids similarly as H5N11
HA (27). The H1 protein bound fetuin to a lower extent
than the H5 proteins and bound transferrin, which was consistent with this protein preferentially binding α2-6–linked
sialosides (24).
Receptor fine specificity of H5N12.3.4 and H5N8
HAs was determined by using glycan array analysis. The
H5 proteins bound to a range of mono- and bi-antennary
α2-3−linked glycan structures corresponding to N- and
O-linked sialosides (Figure 2). Both proteins did not bind
to α2-6−linked sialosides. The specificity of the H5N12.3.4
HA was similar to that of its H5N11 ancestor (27) (online
Technical Appendix Figure, https://wwwnc.cdc.gov/EID/
article/23/2/16-1072-Techapp1.pdf). However, glycan array analysis showed a fucosylation-specific change in receptor fine specificity for H5N8 HA.
We compared binding to 2 sets of α2-3−linked sialosides that differed only in the absence (glycans 1–9) or
presence (glycans 11–19) of fucose at the GlcNAc of lactosamine repeats (Figures 2, 3). H5N12.3.4 HA bound only to
1 fucosylated glycan (glycan no. 13; 6-sulfo 3′Sialyl Lewis
X [6S-3′SLeX]). In contrast, H5N8 HA bound to all α1-3−
fucosylated glycan, as well as the single α1-4−fucosylated
glycan (glycan no. 15). We also analyzed binding of these

proteins to different glycans by using biolayer interferometry (Figure 4). Although H5N12.3.4 and the H5N8 HAs
showed similar binding properties to 3′SLNLN, 6’SLNLN,
and 3′SLN, they clearly differed in their binding to 3′SLeX,
which is consistent with results of glycan array analysis
(Figure 2).
Phylogenetic Analysis of Clade 2.3.4.4 H5 Proteins

To identify residues responsible for these differences in
receptor binding, we mapped the amino acid substitutions along the trunk of an HA phylogenetic tree (Figure
5). Clade 2.3.4.4 viruses first emerged in 2008 (35). Eight
amino acid substitutions, still maintained in the recently
emerging clade 2.3.4.4 viruses, characterize the transition
from the most closely related clade 2.3.4 ancestor (A/wild
duck/Hunan/211/2005) (H5N1). A number of these amino
acid substitutions in 2,562 HAs from highly pathogenic influenza A(H5N1) viruses were isolated during 1996−2015
(excluding clade 2.3.4.4 viruses) (Table 1). Substitutions
K222Q and S227R (H3 numbering used here, corresponding to K218Q and S223R in H5 numbering), which have
rarely occurred (0.08% and 0.9%, respectively), were found
in the receptor-binding site. In the course of further evolution, a glycosylation site at the head domain at position 160
is lost, and there are 2 other unique substitutions (K193N,
T193D) in the vicinity of the receptor-binding site. The Ser
residue at position 227 present in H5N12.3.4 HA was again
found in more recent clade 2.3.4.4 H5-containing viruses
that have been detected in North America.
Receptor-Binding Properties of Mutant H5 Proteins

We introduced the amino acid substitutions in H5N8 HA
into H5N12.3.4 HA and analyzed for their effects on receptor

Figure 2. Glycan array analysis of recombinant H5 proteins of influenza A viruses. A) Wild-type H5N12.3.4 (KS) and B) H5N8 (QR) H5
proteins were applied to the glycan array precomplexed with StrepMAB-classic (IBA GmbH, Göttingen, Germany) and fluorescent
secondary antibodies. Letters in parentheses indicate amino acids at positions 222 and 227. Binding of hemagglutinins is indicated in
relative fluorescence units (RFU). Binding is shown to sialylated glycans present in the array for nonfucosylated (glycans 1–9; red bars)
and fucosylated (glycans 11–19; blue bars) forms. Glycan numbers indicated on the x-axes correspond to glycan structures shown in
Figure 3. H5N12.3.4, novel H5N1 virus clade 2.3.4.
222

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 23, No. 2, February 2017

Influenza Viruses with Altered Binding Specificity
Figure 3. Glycan structures of
influenza A viruses. Structures
are shown for sialylated
glycans present in the array
in nonfucosylated (glycans
1–9) and fucosylated (glycans
11–19) forms and binding by
hemagglutinins is shown in
Figures 2 and 7. Glycans 1
and 11 correspond to 3′SLN
(nonfucosylated glycan) and
3′SLeX (fucosylated form of
3′SLN), respectively. Similarly,
glycans 3 and 13 correspond to
6-O-sulfo 3′SLN (6S-3′SLN) and
6-O-sulfo 3′SLeX (6S-3′SLeX),
respectively. Blue squares,
N-acetylglucosamine; yellow
circles, galactose; green circles,
mannose; purple diamonds,
sialic acid; red triangles, fucose.
H5N12.3.4, novel H5N1 virus
clade 2.3.4.

binding. Substitutions T160A or S227R did not affect fetuin binding (Figure 6, panel A), but K222Q reduced binding ≈2-fold. Reduction of binding was not observed when
substitution K222Q was combined with S227R. Introduction of additional substitutions at positions 160, 193, and
199 in the order in which they occurred during evolution of
clade 2.3.4.4 HAs did not affect fetuin binding.
We studied the receptor fine specificity of these proteins by using glycan array analysis. Substitution T160A
did not change receptor fine specificity (online Technical
Appendix Figure). In comparison with wild-type H5N12.3.4
HA (Figure 2, panel A), substitution K222Q (Figure 7, panel A) strongly decreased binding. However, substitution
S227R (Figure 7, panel B) had a more specific negative effect. In contrast, combined substitutions K222Q and S227R
(Figure 7, panel C) enhanced binding to the glycans bound
by the wild-type H5N12.3.4 HA (Figure 2, panel A) and resulted in additional binding of fucosylated glycans that are
also bound by H5N8 HA (Figure 2, panel B). Additional introduction of mutations found at positions 160, 193,
and 199 in the background of Q222- and R227-containing

H5N12.3.4 HA did not affect receptor fine specificity (online Technical Appendix Figure). We conclude that the
combination of substitutions K222Q and S227R, already
present in the earliest clade 2.3.4.4 H5Nx viruses (Figure
5), is largely responsible for the different receptor-binding
properties of the H5N12.3.4 and the H5N8 HAs.
The branch of clade 2.3.4.4 H5 proteins that contains
viruses from Taiwan and North America contains reverse
substitution R227S (Figure 5). Therefore, we studied how
residues at positions 222 and 227 affects receptor binding in the background of H5N8 HA. Substitutions R227S
or Q222K hardly affected fetuin binding (Figure 6, panel
B). In the glycan array, the R227S substitution did not
affect binding of H5N8 HA to fucosylated sialosides (Figure 7, panel E), but the Q222K substitution, alone or in
combination with the R227S substitution, inhibited binding of fucosylated receptors (Figure 7, panels D, F). We
conclude that the identity of residue 222 plays a crucial
role in binding of fucosylated sialosides, regardless of the
background of highly pathogenic influenza A virus H5
protein. However, although R227 is required for binding

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 23, No. 2, February 2017

223

RESEARCH

Figure 4. Analysis of binding of influenza A virus H5N12.3.4 and H5N8 hemagglutinins to sialylated glycans by using biolayer
interferometry. A) 3′SLN, B) 3′SLeX, C) 3′SLNLN, D) 6′SLNLN. After complexing biotinylated glycans with streptavidin sensors,
association and subsequent dissociation of H5 proteins complexed with StrepMAB-classic (IBA GmbH, Göttingen, Germany) was
determined. Blue squares, N-acetylglucosamine; yellow circles, galactose; purple diamonds, sialic acid; red triangles, fucose. The dotted
lines at the 20-min time points distinguish the association and dissociation phases. H5N12.3.4, novel H5N1 virus clade 2.3.4.

of fucosylated sialosides in clade 2.3.4 H5, this is not the
case for clade 2.3.4.4 H5.
Modeling of Amino Acid Substitutions in H5
Protein Structure

We analyzed the interaction of the H5N12.3.4 and the H5N8
HAs with a fucosylated and sialylated tetrasaccharide
(3′SLeX; glycan no. 3) (Figure 3) by modeling on the structure of a clade 1 highly pathogenic influenza A(H5N1) virus H5 protein (H5N11 A/Vietnam/1194/2004) that was cocrystalized with 3′SLeX (28). The 3′SLeX ligand and major
parts of the receptor-binding site (190-helix, 130-loop, and
220-loop) is shown in Figure 8. Poor binding of A/Vietnam/1194/2004 HA to 3′SLeX was explained (29) by steric
hindrance between Lys at position 222 and fucose (Figure
8, panel A). This steric hindrance is maintained in H5N12.3.4
HA but is lost after the K222Q substitution in H5N8 HA
(Figure 8, panels B, C).
The effects of aa 227 on binding of fucosylated sialosides might result from the possibility of forming a hydrogen bond between the 220-loop and the amino-terminal end
of the 190-helix through the side chains of R227 and N186,
thereby influencing the flexibility of the receptor-binding
224

site. At 2 positions that differ between H5N12.3.4 and H5N8
HAs (S137A and S185P), we observed changes in the potential to form hydrogen bonds between major elements of
the receptor-binding site (Figure 8). Such changes might
affect the interaction of HA with sialic acid-containing glycans and might explain the background-dependent effect of
the residue at position 227.
Binding of H5 Proteins to Avian Tissues

We studied binding of H5N12.3.4 and H5N8 H5 proteins to
avian tissues that differ in the presence of fucosylated sialosides. An antibody to 3′SLeX bound strongly to epithelial cells of chicken trachea, but not to duck intestinal tissue (Figure 9, panel A), which is consistent with previous
findings (36). Removal of sialic acids by Vibrio cholerae
neuraminidase inhibited binding. Tissue derived from another Anseriformes species (Greylag/Canada goose) also
did not display 3′SLeX, and differential staining results
were obtained for intestinal tissues of different Galliformes species (Table 2). The H5 proteins tested efficiently
bound chicken trachea (Figure 9, panels B, C) and duck
intestines that do not have 3′SLeX−containing glycans.
Staining of duck tissues with H5N12.3.4 HA was less intense

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 23, No. 2, February 2017

Influenza Viruses with Altered Binding Specificity

Figure 5. Phylogenetic analysis of influenza A virus clade 2.3.4.4 H5 proteins. A 362-aa full-length hemagglutinin (HA) sequence for H5 clade
2.3.4.4 was obtained from GenBank and the GISAID database (http://platform.gisaid.org). An HA protein tree was constructed by using the
PHYLIP neighbor-joining algorithm (https://ugene.net/wiki/display/UUOUM/PHYLIP+Neighbor-Joining) and the F84 distance matrix. This tree
was used to construct a guide tree with 52 HA sequences representing all branches of the tree. These sequences were used to construct a
summary tree of similar topology as the guide tree. Items above the branches indicate key residues that differ between different branches.
Items in red above the branches indicate mutations introduced in this study. The HA protein tree is rooted by an early clade 2.3.4 isolate (A/
goose/Guangdong/08). H5N12.3.4 and H5N8 HA proteins used in this study are indicated by red stars. H5N12.3.4, novel H5N1 virus clade 2.3.4.

than for H5N8 HA. We conclude that 3′SLeX−containing
sialosides might affect binding of H5N8 HA to avian tissues but is not essential.
Discussion
Clade 2.3.4.4 H5Nx viruses have shown unprecedented
worldwide spread. Gene reassortments with other influenza
A virus genotypes have generated a range of clade 2.3.4.4
viruses containing different NA subtypes, although they
harbor an H5 protein that previously was almost exclusively associated with members of a monophyletic clade of N1
proteins descending from early highly pathogenic H5N1
virus isolates. We show that emergence of clade 2.3.4.4
H5Nx viruses is accompanied by a change in HA receptorbinding specificity. Altered receptor-binding properties
might affect the balance between HA and NA, enable the
virus to acquire different NA subtypes, and might result in
altered host range and spreading.
Clade 2.3.4.4 HA in an H5N8 virus from Europe efficiently binds fucosylated sialosides, in contrast to an HA

from the ancestral clade 2.3.4 (this study) and older highly
pathogenic H5N1 virus HAs (28,37). We have shown that
amino acid substitutions K222Q and S227R in the receptorbinding site of early clade 2.3.4.4 HAs are required for this
change in receptor-binding specificity. HA residues K222
and S227 are extremely conserved among all clades of highly pathogenic H5N1 viruses; the double substitution K222Q/
S227R was introduced only at the root of clade 2.3.4.4 (Figure 5). Structural analysis of a clade 1 HA indicates that the
close proximity of the conserved K222 side chain and the
fucose moiety of 3′SLeX most likely destabilizes their interaction (29). Modeling indicates that such destabilization is
still present in H5N12.3.4 HAs but is absent in H5N8 HAs that
contain Q222 and R227 residues (Figure 8).
Introduction of K222Q into H5N12.3.4 HA, which removes the competition with the fucose-moiety (29), in
itself does not enable binding to fucosylated receptors
(Figure 7). However, additional introduction of an arginine at position 227 (double substitution K222Q/S227R)
in H5N12.3.4 HA was sufficient to cause a glycan array
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Table 1. Amino acids in hemagglutinins from 2,562 highly
pathogenic influenza A(H5N1) viruses isolated during 19962015
(excluding clade 2.3.4.4 viruses)
Position and amino acid
No. occurrences
18K
119
49N
301
57K
481
76K
16
76R
0
86R
5
98T
32
99L
57
118T
1
119L
0
123R
40
127P
329
128N
276
131T
49
133L
1,029
137A
545
144A
4
145S
1,873
160A
1,467
166I
160
173R
67
187N
117
193N
4
196K
183
199D
0
202V
75
222Q
2
227R
23
244H
316
267T
1,805
273M
10
277H
1
494K
0
500I
0

binding profile nearly identical to that of H5N8 HA. Substitution S227R might result in the 220-loop interacting
with the conserved loop at the N terminus of the 190-helix through 2 hydrogen bonds between R227 and N186

(Figure 8, panel C). This interaction, which potentially
limits mobility of the 220-loop, might contribute to stabilizing the receptor-binding site in a conformation that enables binding of fucosylated receptors. R227 was required
for binding of fucosylated sialosides in the background of
H5N12.3.4 HA, but not H5N8 HA (Figure 7). Consistent
with our findings, HAs of the Taiwanese/North American
branch of clade 2.3.4.4 viruses, which obtained reverse
substitution R227S (Figure 5), also efficiently bind fucosylated receptors (23).
Analysis of all HA sequences for all avian genotypes
available in GenBank showed that the frequency of Q222
and R227, depending on the genotype, is 0 or extremely
low. An exception is that Q222 is highly conserved in H7
and H10 genotypes, and R227 is the dominant amino acid
in H6 and H13 genotypes. The combination Q222/R227
is present in a 1 clade of low pathogenicity H5N2 viruses
represented by A/chicken/Ibaraki/1/05 (H5N2) (38), which
was shown to be able to bind to fucosylated receptors, and
for which residues 222 and 227 were shown to be essential (39). The HA of this virus appeared to show reduced
binding to nonfucosylated glycans, in contrast to the clade
2.3.4.4 proteins analyzed in this study. However, the contribution of individual residues at these positions for receptor binding was not evaluated.
The isolates of this H5N2 clade in Japan originated
from H5N2 viruses in Central America (38). Intercontinental transfer of avian influenza viruses is a rare event,
drawing a remarkable parallel between 2 viral clades
(highly pathogenic H5Nx and low pathogenicity H5N2),
both of which have acquired the ability to bind fucosylated receptors and managed to spread intercontinentally.
Similar to highly pathogenic H5Nx viruses, low pathogenicity H5N2 viruses might be spread by wild birds, although the possibility could not be ruled out that a virus

Figure 6. Binding of influenza A virus mutant H5N12.3.4 HA (A) and H5N8 HA (B) to fetuin. Binding was assayed as described in the legend
to Figure 1. Mutated residues are indicated. 160/222/227, 160/193/222/227, and 160/193/199/222/227 refer to T160A/K222Q/S227R,
T160A/K193N/K222Q/S227R and T160A/K193N/T199D/K222Q/S227R substitutions in H5N12.3.4 HA, respectively. Optical density at 450
nm (OD450) corresponds to binding of HA to glycoproteins. WT, wild-type; HA, hemagglutinin. H5N12.3.4, novel H5N1 virus clade 2.3.4.
226
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or vaccine was illegally introduced into Japan from Central America (40).
The ability of some low pathogenicity avian influenza
A viruses to bind to fucosylated receptors of the 3′SLeX
type has been considered a poultry-specific adaptation
(20,36,37,39,41) although extensive studies on sufficient
numbers of isolates across the complete range of HA

genotypes are lacking. Except for low pathogenicity H7
viruses, which all bound efficiently to 6S-3′SLeX irrespective of their host species (42), duck viruses were suggested
to bind poorly to 3′SLeX−type receptors (20,37,39,41,43).
However, adaptation to binding of 3′SLex−type receptors
has not been reported for high pathogenicity H5N1 viruses
isolated from poultry.

Figure 7. Glycan array analysis of influenza A virus mutant H5 proteins. A) mutant H5N12.3.4 K222Q (QS); B) mutant H5N12.3.4 S227R
(KR); C) mutant H5N12.3.4 K222Q/S227R (QR); D) H5N8 Q222K (KR); E) R227S (QS); F) Q227R/R227S (KS). Proteins were applied
to the glycan array as detailed in the legend to Figure 2. Letters in parentheses indicate amino acids at positions 222 and 227. Binding
of hemagglutinins is indicated in relative fluorescence units (RFU). Binding is shown to sialylated glycans present in the array in
nonfucosylated (glycans 1–9; red bars) and fucosylated (glycans 11–19; blue bars) forms. Glycan numbers indicated on the x-axes
correspond to glycan structures shown in Figure 3. H5N12.3.4, novel H5N1 virus clade 2.3.4.
Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 23, No. 2, February 2017
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Figure 8. Structural models of influenza A virus H5 proteins complexed with 3′SLeX. A) Clade 1 H5 (H5N11 of A/Vietnam/1194/2004)
complexed with 3′SLeX (PDB 3ZNM0 (29). B) H5N12.3.4 and C) H5N8 hemagglutinins were modeled into the structure shown in panel A
as detailed in Materials and Methods. Key amino acids are indicated and shown in a stick representation. C (gray), O (red), and N (blue)
in the side chains are colored. SIA, Gal, GlcNAc, and Fuc moieties of 3′SLeX are shown in purple, yellow, blue, and red, respectively.
Hydrogen bonds are indicated by dotted lines. H5N12.3.4, novel H5N1 virus clade 2.3.4; H5N11, H5N1 virus clade 1.

A recent study showed poor binding of highly
pathogenic H5 and H7 viruses to 3′SLeX (44). In another study, binding of a few avian influenza A viruses
to fucosylated receptors correlated with their binding to
α2-6−linked sialosides (41). However, we found only
weak binding of H5N8 virus HA to α2-6−specific trans-

ferrin (Figure 1, panel B) and no measurable binding to
α2-6−linked sialosides in the glycan array or by biolayer
interferometry (Figure 4). HAs of the Taiwanese/North
American branch of clade 2.3.4.4 viruses did not bind
α2-6−linked sialosides (23). Therefore, these results
do not support the hypothesis that increased binding to
Figure 9. Histochemical analysis
of binding of influenza A virus H5
proteins to avian tissues. A) Duck
intestine and chicken trachea
tissues stained with an antibody
specific for 3′SLeX (anti-3′SLeX).
Tissue sections treated with Vibrio
cholerae neuraminidase (VCNA)
before immunostaining were used
as controls. Scale bars indicate
200 µm in left panel and 50 µm
in center and right panels. B,
C) Duck intestine and chicken
trachea tissues incubated with H5
proteins H5N12.3.4 and H5N8 after
precomplexing with horseradish
peroxidase (HRP)−conjugated
antibodies. Scale bars indicate
200 µm in left panel and 50 µm in
right panel. D) Chicken trachea
tissues incubated with HRPconjugated antibodies against
H5N12.3.4 (no hemagglutinin [HA])
were used as a negative control.
H5N12.3.4, novel H5N1 virus clade
2.3.4. Scale bar indicates 50 µm.
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Table 2. Detection of 3SLeX in intestine of avian hosts of influenza A(H5Nx) virus clade 2.3.4.4 subtypes*
Order
Family
Common name
3SLeX staining of intestine
Galliformes
Phasianidae
Chicken
+
Galliformes
Phasianidae
Turkey

Galliformes
Phasianidae
Quail
–
Galliformes
Phasianidae
Pheasant
+
Galliformes
Phasianidae
Partridge
–
Galliformes
Numididae
Guinea fowl
+
Anseriformes
Anatidae
Mallard duck
–
Anseriformes
Anatidae
Teal
NT
Anseriformes
Anatidae
Swan
NT
Anseriformes
Anatidae
Greylag/Canada goose
–
Columbiformes
Columbidae
Pigeon
++
Falconiformes
Falconidae
Gyrfalcon
NT
Gruiformes
Gruidae
Crane
NT
Strigiformes
Strigidae
Snowy owl
NT
Acipitriformes
Accipitridae
Cooper’s hawk/bald eagle
NT

H5Nx virus infection†
H5N8/H5N6/H5N2
H5N8/H5N6
H5N8
H5N2
ND
H5N8
H5N8/H5N6/H5N2
H5N8/H5N6
H5N8
H5N8/H5N6
H5N6
H5N8
H5N8
H5N2
H5N2/H5N8

*ND, not detected; NT, not tested; SLe, sialyl Lewis; –, no visible staining; , few cells weakly stained; +, intense staining of cells; ++, intense staining of
many cells.
†Subtypes identified in different bird species on the basis of data from GenBank and GISAID (http://platform.gisaid.org).

fucosylated receptors enhances the propensity of avian
influenza A viruses to evolve into binding α2-6−linked
sialoside receptors.
Clade 2.3.4.4 viruses are generally considered to
have evolved in and being spread by wild birds and
ducks before introduction into poultry. Phylogenetic
analyses based on HA sequences (Figure 4) have shown
the evolvement into several branches/subclades often
harboring multiple H5Nx virus genotypes. Substitutions
K222Q and S227R were present in the earliest H5N5
virus isolates (A/duck/Guangdong/wy24/2008) and have
been maintained in all branches except the Taiwanese/
North American branch of clade 2.3.4.4 viruses, which
obtained reverse substitution R227S. These findings
strongly suggest that the capacity to bind to 3′SLeX−type
receptors has arisen in wild birds.
The potential role of altered receptor specificity in extended host range and the contribution to the rapid worldwide spread of influenza viruses is still unknown. The presence of 3′SLex−type receptors on intestinal epithelial cells
varies between different avian species (Table 2) (36) and
does not appear to be required for infection of these birds,
but their presence in other tissues and species requires further investigation. Apart from determining host-range, altered receptor specificity might also influence other factors
involved in spreading, such as virus titers, shedding, and
pathogenesis in infected birds.
Outbreaks of clade 2.3.4.4 viruses in poultry might
have contributed to enhanced spreading (45–47), However,
adaptations in HA leading to evolvement of poultry-specific clades have not yet been detected in HA-based phylogenetic analyses. Reassortments of the 6 internal gene
segments are continuously associated with the further evolution of H5Nx viruses, but the potential contribution of the
internal gene constellation to (poultry-specific) spreading
remains to be determined.

Of particular interest are the recent outbreaks of influenza caused by H5N6 viruses in poultry and ducks
in Southeast Asia, which might resulted in nonavian infections, including 13, mostly lethal, cases in humans
(7). Although enhanced avidity of these H5N6 viruses
for human-type receptors (carrying α2-6−linked sialosides) has been reported (22), the amino acid combination Q222/R227, which all H5N6 viruses have in their
HA, is unlikely to be responsible, and other amino acid
substitutions, which have been shown to contribute to
binding of α2-6−linked sialosides by highly pathogenic
H5N1 viruses, have not been detected in H5N6 viruses
(48,49). Two clades of H5N6 viruses have been identified by phylogenetic analysis (50), one harboring an
NA with a truncated stem and the other harboring a fulllength stem. Truncation of the stem has been considered
a poultry-specific NA adaptation. However, both H5N6
virus clades appear to have acquired their N6 segment
in independent events from H6N6 viruses (50), one of
which already contained the stem deletion. Also, both
clades have caused infections in wild birds, poultry, and
humans, but evidence for species-specific adaptions in
NA is lacking.
A longstanding paradigm in influenza A virus biology
is the requirement for an optimal balance between HA binding and NA cleavage. HA binding displays a clear receptor fine specificity, but substrate fine specificity of NAs has
not been extensively investigated. A recent report showed
that all NA genotypes (only N4 was not tested) displayed
relatively poor digestion of fucosylated receptors (44). Possibly because of tight binding of such receptors by clade
2.3.4.4 viruses, N1 of highly pathogenic H5 viruses might
have lost an unknown advantage over other NA genotypes
in creating an optimal HA/NA balance, which lead to the
remarkable success of novel H5Nx virus reassortants within this clade.

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 23, No. 2, February 2017

229

RESEARCH
This study was supported by the Dutch Ministry of Economic
Affairs, Agriculture, and Innovation (Castellum Project Zoonotic
Avian Influenza); National Institutes of Health grant AI114730
(J.C.P.); and a grant from the Kuang Hua Educational
Foundation (J.C.P.). Synthetic glycans used for biolayer
interferometry were provided by the Consortium for Functional
Glycomics (grant no. GM62116). H.G. is supported by a grant
from the Chinese Scholarship Council.
Ms. Guo is a doctoral student in the Virology Division, Faculty
of Veterinary Medicine, Utrecht University, Utrecht, the
Netherlands. Her primary research interest is interactions
between influenza A viruses and sialoside receptors.
References
1.

2.

3.

4.

5.
6.

7.

8.

9.

10.

11.

12.

230

13.

14.

15.

16.

17.

de Vries E, Guo H, Dai M, Rottier PJ, van Kuppeveld FJ, de Haan CA.
Rapid emergence of highly pathogenic avian influenza subtypes from a
subtype H5N1 hemagglutinin variant. Emerg Infect Dis. 2015;21:842–
6. http://dx.doi.org/ 10.3201/eid2105.141927
Saito T, Tanikawa T, Uchida Y, Takemae N, Kanehira K,
Tsunekuni R. Intracontinental and intercontinental dissemination of
Asian H5 highly pathogenic avian influenza virus (clade 2.3.4.4)
in the winter of 2014–2015. Rev Med Virol. 2015;25:388–405.
http://dx.doi.org/10.1002/rmv.1857
Ip HS, Torchetti MK, Crespo R, Kohrs P, DeBruyn P,
Mansfield KG, et al. Novel Eurasian highly pathogenic avian
influenza A H5 viruses in wild birds, Washington, USA, 2014.
Emerg Infect Dis. 2015;21:886–90. http://dx.doi.org/10.3201/
eid2105.142020
Pasick J, Berhane Y, Joseph T, Bowes V, Hisanaga T, Handel K,
et al. Reassortant highly pathogenic influenza A H5N2 virus
containing gene segments related to Eurasian H5N8 in
British Columbia, Canada, 2014. Sci Rep. 2015;5:9484.
http://dx.doi.org/10.1038/srep09484
Swayne DE. High pathogenicity avian influenza in the Americas.
In: Swayne DE, editor. Avian influenza. Oxford (UK): Blackwell;
2009. p. 191–216.
2016 HPAI preparedness and response plan. Animal and Plant
Health Inspection Service Veterinary Services [cited 2016 Oct 21].
https://www.aphis.usda.gov/animal_health/downloads/animal_
diseases/ai/hpai-preparedness-and-response-plan-2015.pdf
Shen YY, Ke CW, Li Q, Yuan RY, Xiang D, Jia WX, et al.
Novel reassortant avian influenza A(H5N6) viruses in humans,
Guangdong, China, 2015. Emerg Infect Dis. 2016;22:1507–9.
http://dx.doi.org/10.3201/eid2208.160146
Böttcher-Friebertshäuser E, Garten W, Matrosovich M,
Klenk HD. The hemagglutinin: a determinant of pathogenicity.
Curr Top Microbiol Immunol. 2014;385:3–34. http://dx.doi.org/
10.1007/82_2014_384
Wu H, Peng X, Xu L, Jin C, Cheng L, Lu X, et al. Novel
reassortant influenza A(H5N8) viruses in domestic ducks,
eastern China. Emerg Infect Dis. 2014;20:1315–8.
http://dx.doi.org/10.3201/eid2008.140339
Lee YJ, Kang HM, Lee EK, Song BM, Jeong J, Kwon YK, et al.
Novel reassortant influenza A(H5N8) viruses, South Korea, 2014.
Emerg Infect Dis. 2014;20:1087–9. http://dx.doi.org/10.3201/
eid2006.140233
Ku KB, Park EH, Yum J, Kim JA, Oh SK, Seo SH. Highly
pathogenic avian influenza A(H5N8) virus from waterfowl,
South Korea, 2014. Emerg Infect Dis. 2014;20:1587–8.
http://dx.doi.org/10.3201/eid2009.140390
FAO warns of new strain of avian influenza virus. Vet Rec.
2014;175:343. http://dx.doi.org/10.1136/vr.g6101

18.
19.
20.

21.
22.

23.

24.

25.

26.

27.

28.

Liu CG, Liu M, Liu F, Lv R, Liu DF, Qu LD, et al. Emerging
multiple reassortant H5N5 avian influenza viruses in ducks,
China, 2008. Vet Microbiol. 2013;167:296–306. http://dx.doi.org/
10.1016/j.vetmic.2013.09.004
Qi X, Cui L, Yu H, Ge Y, Tang F. Whole-genome sequence of a
reassortant H5N6 avian influenza virus isolated from a live poultry
market in China, 2013. Genome Announc. 2014;2:pii: e00706-14.
http://dx.doi.org/10.1128/genomeA.00706-14
Zhao K, Gu M, Zhong L, Duan Z, Zhang Y, Zhu Y, et al.
Characterization of three H5N5 and one H5N8 highly pathogenic
avian influenza viruses in China. Vet Microbiol. 2013;163:351–7.
http://dx.doi.org/10.1016/j.vetmic.2012.12.025
World Health Organization. Evolution of the influenza A(H5)
haemagglutinin: WHO/OIE/FAO H5 Working Group reports a new
clade designated 2.3.4.4 [cited 2015 Jan 19]. http://www.who.int/
influenza/gisrs_laboratory/h5_nomenclature_clade2344/en/
Gu M, Huang J, Chen Y, Chen J, Wang X, Liu X, et al. Genome
sequence of a natural reassortant H5N2 avian influenza virus from
domestic mallard ducks in eastern China. J Virol. 2012;86:12463–4.
http://dx.doi.org/10.1128/JVI.02315-12
Connor RJ, Kawaoka Y, Webster RG, Paulson JC. Receptor specificity
in human, avian, and equine H2 and H3 influenza virus isolates.
Virology. 1994;205:17–23. http://dx.doi.org/10.1006/viro.1994.1615
Paulson JC, de Vries RP. H5N1 receptor specificity as a factor in
pandemic risk. Virus Res. 2013;178:99–113. http://dx.doi.org/
10.1016/j.virusres.2013.02.015
Gambaryan A, Yamnikova S, Lvov D, Tuzikov A, Chinarev A,
Pazynina G, et al. Receptor specificity of influenza viruses from
birds and mammals: new data on involvement of the inner
fragments of the carbohydrate chain. Virology. 2005;334:276–83.
http://dx.doi.org/10.1016/j.virol.2005.02.003
Wagner R, Matrosovich M, Klenk HD. Functional balance between
haemagglutinin and neuraminidase in influenza virus infections.
Rev Med Virol. 2002;12:159–66. http://dx.doi.org/10.1002/rmv.352
Sun H, Pu J, Wei Y, Sun Y, Hu J, Liu L, et al. Highly pathogenic
avian influenza H5N6 viruses exhibit enhanced affinity for human
type sialic acid receptor and in-contact transmission in model
ferrets. J Virol. 2016;90:6235–43. http://dx.doi.org/10.1128/
JVI.00127-16
Yang H, Carney PJ, Mishin VP, Guo Z, Chang JC, Wentworth DE,
et al. The molecular characterizations of surface proteins
hemagglutinin and neuraminidase from recent H5Nx avian
influenza viruses. J Virol. 2016;90:5770–84. http://dx.doi.org/
10.1128/JVI.00180-16
de Vries RP, de Vries E, Moore KS, Rigter A, Rottier PJ,
de Haan CA. Only two residues are responsible for the
dramatic difference in receptor binding between swine and new
pandemic H1 hemagglutinin. J Biol Chem. 2011;286:5868–75.
http://dx.doi.org/10.1074/jbc.M110.193557
Dortmans JC, Dekkers J, Wickramasinghe IN, Verheije MH,
Rottier PJ, van Kuppeveld FJ, et al. Adaptation of novel H7N9
influenza A virus to human receptors. Sci Rep. 2013;3:3058.
http://dx.doi.org/10.1038/srep03058
Dohi T, Nemoto T, Ohta S, Shitara K, Hanai N, Nudelman E,
et al. Different binding properties of three monoclonal antibodies
to sialyl Le(x) glycolipids in a gastric cancer cell line and normal
stomach tissue. Anticancer Res. 1993;13:1277–82.
Wickramasinghe IN, de Vries RP, Gröne A, de Haan CA,
Verheije MH. Binding of avian coronavirus spike proteins to
host factors reflects virus tropism and pathogenicity. J Virol.
2011;85:8903–12. http://dx.doi.org/10.1128/JVI.05112-11
Wickramasinghe IN, de Vries RP, Eggert AM, Wandee N,
de Haan CA, Gröne A, et al. Host tissue and glycan binding
specificities of avian viral attachment proteins using novel
avian tissue microarrays. PLoS One. 2015;10:e0128893.
http://dx.doi.org/10.1371/journal.pone.0128893

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 23, No. 2, February 2017

Influenza Viruses with Altered Binding Specificity
29.

30.

31.
32.
33.
34.

35.

36.

37.

38.

39.

40.

Xiong X, Tuzikov A, Coombs PJ, Martin SR, Walker PA,
Gamblin SJ, et al. Recognition of sulphated and fucosylated
receptor sialosides by A/Vietnam/1194/2004 (H5N1) influenza
virus. Virus Res. 2013;178:12–4. http://dx.doi.org/10.1016/
j.virusres.2013.08.007
Guex N, Peitsch MC. SWISS-MODEL and the Swiss-Pdb
Viewer: an environment for comparative protein modeling.
Electrophoresis. 1997;18:2714–23. http://dx.doi.org/10.1002/
elps.1150181505
Schwede T, Kopp J, Guex N, Peitsch MC. SWISS-MODEL: An
automated protein homology-modeling server. Nucleic Acids Res.
2003;31:3381–5. http://dx.doi.org/10.1093/nar/gkg520
Baenziger JU, Fiete D. Structure of the complex oligosaccharides
of fetuin. J Biol Chem. 1979;254:789–95.
Spiro RG, Bhoyroo VD. Structure of the O-glycosidically linked
carbohydrate units of fetuin. J Biol Chem. 1974;249:5704–17.
Spik G, Bayard B, Fournet B, Strecker G, Bouquelet S,
Montreuil J. Studies on glycoconjugates. LXIV. Complete structure
of two carbohydrate units of human serotransferrin. FEBS Lett.
1975;50:296–9. http://dx.doi.org/10.1016/0014-5793(75)80513-8
Smith GJ, Donis RO; World Health Organization/World
Organisation for Animal Health/Food and Agriculture Organization
(WHO/OIE/FAO) H5 Evolution Working Group. Nomenclature
updates resulting from the evolution of avian influenza A(H5) virus
clades 2.1.3.2a, 2.2.1, and 2.3.4 during 2013–2014. Influenza Other
Respir Viruses. 2015;9:271–6. http://dx.doi.org/10.1111/irv.12324
Hiono T, Okamatsu M, Nishihara S, Takase-Yoden S, Sakoda Y,
Kida H. A chicken influenza virus recognizes fucosylated α2,3
sialoglycan receptors on the epithelial cells lining upper
respiratory tracts of chickens. Virology. 2014;456-457:131–8.
http://dx.doi.org/10.1016/j.virol.2014.03.004
Gambaryan A, Tuzikov A, Pazynina G, Bovin N, Balish A,
Klimov A. Evolution of the receptor binding phenotype of
influenza A (H5) viruses. Virology. 2006;344:432–8.
http://dx.doi.org/10.1016/j.virol.2005.08.035
Okamatsu M, Saito T, Yamamoto Y, Mase M, Tsuduku S,
Nakamura K, et al. Low pathogenicity H5N2 avian influenza
outbreak in Japan during the 2005–2006. Vet Microbiol.
2007;124:35–46. http://dx.doi.org/10.1016/j.vetmic.2007.04.025
Hiono T, Okamatsu M, Igarashi M, McBride R, de Vries RP,
Peng W, et al. Amino acid residues at positions 222 and 227 of the
hemagglutinin together with the neuraminidase determine
binding of H5 avian influenza viruses to sialyl Lewis X. Arch Virol.
2016;161:307–16. http://dx.doi.org/10.1007/s00705-015-2660-3
Sugiura K, Yamamoto M, Nishida T, Tsukamoto D, Saito T,
Onodera T. Recent outbreaks of avian influenza in Japan. Rev Sci
Tech. 2009;28:1005–13. http://dx.doi.org/10.20506/rst.28.3.1941

41.

42.

43.

44.

45.

46.

47.
48.

49.

50.

Gambaryan AS, Tuzikov AB, Pazynina GV, Desheva JA,
Bovin NV, Matrosovich MN, et al. 6-sulfo sialyl Lewis X is the
common receptor determinant recognized by H5, H6, H7 and H9
influenza viruses of terrestrial poultry. Virol J. 2008;5:85.
http://dx.doi.org/10.1186/1743-422X-5-85
Gambaryan AS, Matrosovich TY, Philipp J, Munster VJ,
Fouchier RA, Cattoli G, et al. Receptor-binding profiles of
H7 subtype influenza viruses in different host species. J Virol.
2012;86:4370–9. http://dx.doi.org/10.1128/JVI.06959-11
Gambaryan AS, Tuzikov AB, Pazynina GV, Webster RG,
Matrosovich MN, Bovin NV. H5N1 chicken influenza viruses
display a high binding affinity for Neu5Acalpha2-3Galbeta14(6-HSO3)GlcNAc-containing receptors. Virology. 2004;326:310–6.
http://dx.doi.org/10.1016/j.virol.2004.06.002
Heider A, Mochalova L, Harder T, Tuzikov A, Bovin N, Wolff T,
et al. Alterations in hemagglutinin receptor-binding specificity
accompany the emergence of highly pathogenic avian influenza viruses.
J Virol. 2015;89:5395–405. http://dx.doi.org/10.1128/JVI.03304-14
Fang S, Bai T, Yang L, Wang X, Peng B, Liu H, et al. Sustained
live poultry market surveillance contributes to early warnings for
human infection with avian influenza viruses. Emerg Microbes
Infect. 2016;5:e79. http://dx.doi.org/10.1038/emi.2016.75
Yuan R, Wang Z, Kang Y, Wu J, Zou L, Liang L, et al.
Continuing reassortant of H5N6 subtype highly pathogenic avian
influenza virus in Guangdong. Front Microbiol. 2016;7:520.
http://dx.doi.org/10.3389/fmicb.2016.00520
Bi Y, Mei K, Shi W, Liu D, Yu X, Gao Z, et al. Two novel
reassortants of avian influenza A (H5N6) virus in China. J Gen
Virol. 2015;96:975–81. http://dx.doi.org/10.1099/vir.0.000056
Herfst S, Schrauwen EJ, Linster M, Chutinimitkul S, de Wit E,
Munster VJ, et al. Airborne transmission of influenza
A/H5N1 virus between ferrets. Science. 2012;336:1534–41.
http://dx.doi.org/10.1126/science.1213362
Imai M, Watanabe T, Hatta M, Das SC, Ozawa M, Shinya K, et al.
Experimental adaptation of an influenza H5 HA confers respiratory
droplet transmission to a reassortant H5 HA/H1N1 virus in ferrets.
Nature. 2012;486:420–8.
Bi Y, Liu H, Xiong C, Di Liu, Shi W, Li M, et al. Novel avian
influenza A (H5N6) viruses isolated in migratory waterfowl
before the first human case reported in China, 2014. Sci Rep.
2016;6:29888. http://dx.doi.org/10.1038/srep29888

Address for correspondence: Cornelis A.M. de Haan, Virology Division,
Department of Infectious Diseases and Immunology, Faculty of
Veterinary Medicine, Utrecht University, Yalelaan 1, 3584CL, Utrecht,
the Netherlands; email: c.a.m.dehaan@uu.nl

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 23, No. 2, February 2017

231

