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ABSTRACT Highly pathogenic avian influenza (HPAI) viruses are enzootic in wild
birds and poultry and continue to cause human infections with high mortality. To
date, more than 850 confirmed human cases of H5N1 virus infection have been re-
ported, of which ~60% were fatal. Global concern persists that these or similar
avian influenza viruses will evolve into viruses that can transmit efficiently between
humans, causing a severe influenza pandemic. It was shown previously that a
change in receptor specificity is a hallmark for adaptation to humans and evolution
toward a transmittable virus. Substantial genetic diversity was detected within the
receptor binding site of hemagglutinin of HPAI A/H5N1 viruses, evolved during hu-
man infection, as detected by next-generation sequencing. Here, we investigated the
functional impact of substitutions that were detected during these human infec-
tions. Upon rescue of 21 mutant viruses, most substitutions in the receptor binding
site (RBS) resulted in viable virus, but virus replication, entry, and stability were often
impeded. None of the tested substitutions individually resulted in a clear switch in
receptor preference as measured with modified red blood cells and glycan arrays.
Although several combinations of the substitutions can lead to human-type receptor
specificity, accumulation of multiple amino acid substitutions within a single hemag-
glutinin during human infection is rare, thus reducing the risk of virus adaptation to
humans.

IMPORTANCE H5 viruses continue to be a threat for public health. Because these
viruses are immunologically novel to humans, they could spark a pandemic when
adapted to transmit between humans. Avian influenza viruses need several adaptive
mutations to bind to human-type receptors, increase hemagglutinin (HA) stability,
and replicate in human cells. However, knowledge on adaptive mutations during hu-
man infections is limited. A previous study showed substantial diversity within the
receptor binding site of H5N1 during human infection. We therefore analyzed the
observed amino acid changes phenotypically in a diverse set of assays, including vi-
rus replication, stability, and receptor specificity. None of the tested substitutions re-
sulted in a clear step toward a human-adapted virus capable of aerosol transmission.
It is notable that acquiring human-type receptor specificity needs multiple amino
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acid mutations, and that variability at key position 226 is not tolerated, reducing the
risk of them being acquired naturally.

KEYWORDS influenza virus, H5N1, human adaptation, receptor specificity,
hemagglutinin

ighly pathogenic avian influenza A/H5N1 (HPAI A/H5N1) viruses first emerged in

China in 1996. From 2003 onwards, they started spreading to Southeast Asia,
Europe, and Africa. Since then, HPAI A/H5N1 viruses have become enzootic in several
countries in Asia and the Middle East and infected wild aquatic birds in many countries.
HPAI A/H5N1 viruses repeatedly caused devastating outbreaks in poultry as well as
sporadic human infections with high mortality. As of 2019, more than 850 confirmed
human H5N1 virus infections have been reported to the WHO, with most cases
occurring in Indonesia (200), Vietnam (127), and Egypt (359). Interestingly, the case
fatality rates (CFR) among laboratory-confirmed human infections differed substantially
between these geographic regions, with rates of 84%, 50%, and 33% in Indonesia,
Vietnam, and Egypt, respectively.

The majority of human HPAI A/H5NT1 virus infections to date resulted from direct
contact with infected poultry (1-3). However, there is global concern that HPAI A/H5N1
and related viruses may evolve toward efficient transmission among humans and cause
a new influenza pandemic. For an avian influenza virus to evolve toward a human
pathogen with pandemic potential, it must acquire several phenotypic changes to
allow efficient transmission between humans via aerosol or respiratory droplets (here
abbreviated as airborne transmission). In recent years, several key phenotypic traits and
corresponding genetic changes have been identified to play a role in human adaption
of avian influenza viruses (4-6). A key requirement is the ability of viruses to replicate
efficiently at the relatively low temperature of the human upper respiratory tract, which
can be conferred by substitutions in the viral polymerase proteins, including E627K and
D701N in PB2 (7, 8). It is very possible that other polymerase complex substitutions
could result in similar adaptation (9-11). Another key requirement is a change in
receptor preference of the hemagglutinin surface protein (HA) from binding to «-2,3-
linked sialic acid receptors, present in the intestinal and respiratory tracts of birds and
lower respiratory tracts of humans, to binding to «-2,6-linked sialic acids that are
predominantly present in the upper respiratory tracts of humans (12, 13). Identification
of the amino acid changes necessary for attachment of H5N1 viruses to a-2,3- versus
a-2,6-linked sialic acids has been a subject of intense research, and several different
combinations of substitutions were identified in distinct genetic clades of H5 viruses
(14).

The HA receptor binding site (RBS) domain contains several conserved amino acids
(Y95, W153, H183, and Y195) and has conserved structural features that include the
130- and 220-loops and the 190-helix. Several hallmark substitutions that have led to
specificity for human receptors have been identified in the putative avian precursors of
human influenza viruses. For HIN1, H2N2, and H3N2 viruses, these were E190D/G225D
and Q226L/G228S, respectively (15, 16), although these simple 2-amino-acid substitu-
tions are clearly an oversimplification (17, 18). They impact receptor specificity in the
context of other amino acids in the receptor binding pocket (17, 18) and cannot be
simply generalized to other subtypes, such as H5 (19, 20). Moreover, as seen for H3N2,
receptor specificity continues to evolve during passage in humans (21, 22). Regardless,
several reports have used this information and found that different sets of multiple
substitutions can generate HPAI A/H5N1 viruses that bind human-type receptors
(reviewed in reference 14). However, introducing these substitutions in the RBS alone
did not result in robust airborne virus transmission in the ferret model (23). To obtain
HPAI A/H5N1 viruses that were able to transmit between ferrets, several forced viral
evolution approaches with virus harboring HA containing two of the aforementioned
substitutions in the RBS have been applied with success (24, 25). Several substitutions
in the RBS of HA (e.g., N224K, Q226L, and G228S) have resulted in the switch of receptor
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specificity that supported airborne virus transmission when accompanied by other
genetic changes in HA and other viral genes obtained during the forced viral evolution
(14, 26).

These evolution studies also showed that besides receptor specificity, stability is a
key feature of HA for the potential to become an aerosol-transmittable virus with
pandemic potential. In general, human influenza viruses have a more stable HA than
avian (precursor) viruses (27). In addition, it was shown that substitutions within the RBS
can hamper the stability of the HA, which needs to be compensated by additional
substitutions in HA, for example, in the trimer interface (6).

While these studies showed that HPAI A/H5N1 viruses can evolve to become
airborne transmissible when several key mutations in the HA and the polymerase were
introduced prior to infection of ferrets, it remains to be determined to what extent
these or other adaptive evolutionary pathways occur during natural infection of
humans. Extensive genetic characterization of HPAI viruses was performed by next-
generation deep sequencing of 71 clinical specimens from confirmed human HPAI
A/H5N1 virus infections (9). In contrast to earlier studies, clinical specimens were used
without prior culture in cells or embryonated eggs for whole-genome deep sequenc-
ing, to not only identify consensus sequences but also detect minority variants within
the cloud of viral quasispecies. High levels of genetic variation were identified, with the
highest variation in the polymerase genes and HA. Phenotypic analyses revealed the
presence of a series of substitutions within the polymerase complex that increased
polymerase activity to levels comparable to that of the known mammalian adaptation
substitution PB2-E627K.

However, the phenotypic consequences of the genetic variation in and around the
H5 RBS were not yet investigated. Therefore, in this study, we analyzed the biological
phenotype conferred by amino acid substitutions in the RBS that arose during H5N1
virus infection in humans. The novel single amino acid substitutions investigated did
not confer human-type receptor specificity, whereas combinations of substitutions did.
However, virus replication, entry, and stability were often impeded. Our data indicate
that while a combination of naturally occurring amino acid mutations allow H5N1
viruses to bind human-type receptors, the number of mutations required is unlikely to
occur during a single human infection to enable human-to-human transmission, al-
though accumulation cannot be excluded during long-term infections in immunocom-
promised humans or in a scenario for which specific substitutions are fitness neutral or
positive in poultry (28, 29).

RESULTS

A human infection results in high genetic diversity in the RBS. Recently, Welkers
et al. (9) published work on detection of virus variants that emerged during human
infections, using 71 samples from 44 patients with confirmed HPAI A/H5N1 virus
infection. Following whole-virus genome amplification from extracted RNA, next-
generation sequencing (NGS; Roche 454), and pre- and postmapping quality controls,
viral populations were analyzed, including minority-variant detection (9).

In the NGS data set, most variation was observed in the 190-helix and 220-loop, with
high variability at position 188. However, this residue is on the backside of the helix
facing away from the RBS and is therefore unlikely to be involved in receptor binding.
Nonetheless, several residues in both the 190-helix and 220-loop multiple variants were
observed, including positions previously shown to be important for receptor specificity
of HA: N186H/K/S, E190A/G/K, and R193K/M for the 190-helix and N224D/H/K/S,
G225E/R, Q226K/L/R, S227G/N/R, and G228S/R in the 220-loop (23, 30-43). These
include the positions 224, 226, and 228 identified to be essential for airborne trans-
mission of HPAI A/H5NT1 in the ferret transmission model (24, 25). Interestingly, novel
substitutions at positions that were shown to be important for receptor specificity
previously were often observed (Table 1, Fig. 1), prompting us to investigate the
biological phenotypes of the observed substitutions.
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TABLE 1 Genetic variations observed within the RBS of H5N1 during human infection

No. of
Domain H3 no.? H5 no.? Ind/05° samplesc Residue(s) (no. of samples [%])4
Conserved interface residue 95 (98) 91 Y 12 Y: 12 (100)
130-loop 132 128 S 12 S: 12 (100)
133 129 S 12 S: 12 (92-100); P: 1 (8)
134 130 G
135 131 \Y
136 132 S
Conserved interface residue 153 149 w 60 W: 60 (97-100)
Antigenic site 155 151 | 60 I: 60 (98-100) M: 1 (1), N: 1 (2)
Conserved interface residue 183 179 H 59 H: 59 (98-100); R: 1 (2)
190-helix 186 182 N 59 N: 59 (95-100); S: 3 (3-5); H: 1 (3)
187 183 D 59 N: 40 (25-100); D: 19 (75-100); T: 1 (100)
188 184 A 59 E: 38 (3-100); A: 18 (75-100); G: 3 (95-97); K: 3 (2-100);
V: 2 (100); T: 1 (6)
189 185 A 59 A: 58 (98-100); E: 1 (99); K: 1 (1); T: 1 (2)
190 186 E 59 E: 59 (92-100); G: 5 (1-4); A: 1 (3); K: 1 (3)
191 187 Q 59 Q: 59 (99-100)
192 188 T 59 T: 59 (98-100); A: 2 (2-2)
193 189 R 59 M: 37 (26-100); R: 17 (74-100); K: 6 (100)
194 190 L 59 L: 59 (99-100)
Conserved interface residue 195 191 Y 59 Y: 59 (98.33-100)
220-loop 224 220 N 59 N: 59 (94-100); D: 1 (4); H: 1 (1); K= 1 (6); S: 1 (3)
225 221 G 59 G: 59 (82-100); E: 2 (2-2.3); R: 1 (18)
226 222 Q 59 Q: 59 (80-100); R: 4 (2-20); K: 1 (5)
227 223 S 59 S: 59 (97-100); R: 1 (1)
228 224 G 59 G: 59 (97-100); R: 1 (3)

aPosition according to H3 and H5 numbering after removal of the signal peptide.

®Amino acid present in the sequence of reference strain A/Indonesia/5/2005 used in this work.

“Number of samples with sequencing data available at the position mentioned.

dResidues observed, number of samples in which the amino acid is observed, and proportion or proportion range within the sample(s).

Naturally occurring genetic changes in the RBS result in viable virus. Based on
previous investigations of avian-to-human receptor binding switches (reviewed in
reference 14), we selected several residues within the RBS of HA that showed genetic
variation within the human H5N1 virus specimens that we sequenced: 186, 190, 193,

B

T160A

E190A/GK  Rigaom ©NeY)

N186H/K/S

G228S/R

S227G/N/R
G225E/R

Q226K/L/R
N224D/H/K/S

FIG 1 Genetic diversity within the receptor binding site (RBS) of HPAI A/H5N1 during human infections.
(A) Molecular model of influenza virus HA indicating the RBS. (B) Close-up of the RBS showing the
domains related to receptor specificity: the 30-loop, 190-helix, and 220-loop and residues included for
functional characterization (PDB 4K63 [58]).
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TABLE 2 Receptor specificity of HSN1 RBS mutant viruses as determined by the modified
tRBC hemagglutination assay

HA titer (HAU®/50 ul)

Mutant? Untreated tRBC VCNA treated «-2,3 resialylated «-2,6 resialylated
Human H3 control 32 0 0 32
Avian H5 control 32 0 64 0
WT 32 0 64 0
T160A 32 0 32 0
N186H 24 0 16 0
N186K 32 0 24 0
N186S 32 0 32 0
E190A 32 0 32 0
E190G 24 0 0 0
E190K 24 0 24 0
R193K 32 0 32 0
R193M 32 0 32 0
N224D 32 0 32 0
N224H 64 0 64 0
N224K 32 0 32 0
N224S 64 0 32 0
G225E 16 0 32 0
G225R 32 0 32 0
Q226K 16 0 0 0
Q226L 32 0 32 4
Q226R 64 0 64 0
S$227G 48 0 32 0
S227N 48 0 32 0
S227R 48 0 32 0
G228S 32 0 48 4

aAll amino acid substitutions are indicated based on H3 numbering. Results are based on at least two
independent experiments.
PHAU, hemagglutination units.

224, 225, 226, 227, and 228 (Fig. 1). We first examined whether the observed genetic
variation would affect production of viable viruses. To this end, we introduced the
selected substitutions one at a time into the H5 HA gene of reference strain A/Indo-
nesia/5/2005 from which the multibasic cleavage site was removed. Recombinant
viruses were produced for each mutant HA in combination with the corresponding NA
gene of A/Indonesia/5/2005 and the internal genes of lab-adapted strain A/Puerto
Rico/8/34 (PR8). The combination of the PR8 and an H5 without a multibasic cleavage
site was made to facilitate experiments at biosafety level 2 and to allow any observed
differences in phenotypes to be attributed to the introduced mutations in HA. We
rescued all mutant viruses except for the G228R mutant, for which all cultures remained
negative despite several rescue attempts, possibly due to the introduction of the bulky
charged sidechain of arginine at this position. These results indicate that the observed
genetic diversity within the RBS can result in viable virus.

Minimal change in receptor binding specificity by single amino acid substitu-
tions. To determine if any of these single amino acid substitutions affected receptor-
binding specificity, we first determined hemagglutination titers to wild-type and resia-
lylated turkey erythrocytes, a well-established method as a first screen to determine
receptor specificity (31). Erythrocytes were treated with bacterial neuraminidase to
remove all terminal sialic acids and thereafter resialylated to obtain either «2,3- or
a2,6-linked sialic acid bearing red bloods cells. As controls, we used a human H3N2
virus that bound both the untreated and the «2,6-resialylated erythrocytes and an
avian H5 virus that only bound untreated and «2,3-resialylated erythrocytes, as ex-
pected (Table 2). Next, we tested all viruses with single amino acid substitutions, again
including novel variants originating from our sequence data set and substitutions
previously described. All mutants identified in the NGS study of Welkers et al. (9) solely
bound to untreated and «2,3-resialylated red blood cells. Viruses with E190G and
Q226K lost hemagglutination after «2,3-resiaylation, indicating they attached to a
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FIG 2 Glycan array analyses do not show binding to human-type receptors for HSN1 mutant viruses, but a combination of amino acid mutations can lead to
human-type receptor specificity. (A) Structures 1 to 3 represent unsialylated glycans (negative controls), 4 to 6 represent glycans containing terminal «2,3-linked
sialylation (SIA), and 7 to 9 represent glycans containing terminal «2,6-linked SIA. (B) Binding of control lectins, WT H5N1, and single mutant HA. (C) Binding
of H5 HA containing substitutions identified in patients combined with substitutions known to aid to receptor specificity changes. Representative graphs from
two biologically independent experiments are presented.

receptor that is a substrate for the bacterial neuraminidase but not a substrate for the
«,2,3-sialyltransferase. Previously described variants Q226L and G228S bound to «2,6-
resialylated erythrocytes, with a modest increase in binding to human-type receptors,
while maintaining binding to «2,3-resialylated red blood cells.

To better understand which receptors were bound by the viruses with single amino
acid substitutions, we cloned the open reading frame of the HA ectodomains to express
soluble trimeric fluorescent trimers as previously described (44) to make them amend-
able for glycan microarray analyses. We used a glycan array specifically made for
influenza virus with nine relevant N-glycan structures (45) (Fig. 2A). The array consisted
of N-glycans with 1 to 3 galactose-N-acetylglucosamine (LacNAc) repeats that were
either nonsialylated, capped with «2,3-linked sialic acids, or capped with «2,6-linked
sialic acids. We first analyzed if all structures were properly printed using the well-
defined plant lectins ECA, MAL-1, and SNA that bind nonsialylated glycans and glycans

July 2020 Volume 94 Issue 13 e00195-20

jviasm.org 6


https://jvi.asm.org

H5N1 Receptor Specificity during Human Infection

with «2,3-linked sialic acids and «2,6-linked sialic acids, respectively (Fig. 2B). We tested
recombinant H5 proteins containing the same single amino acid substitutions as in the
viruses investigated as described above, except for N186S, which did not yield protein.
Almost all proteins maintained an avian-type receptor binding profile as they specifi-
cally bound «2,3-linked sialic acid on N-glycans, comparable to wild-type (WT) A/Indo-
nesia/5/2005 HA. N186H lost nearly all binding to the array, indicating another core
glycan as a receptor, as did mutants Q226K/R/L. This latter substitution is known to
have a decreased overall binding avidity (18, 46). The lack of binding to the array by the
Q226K/R/L proteins was not apparent in the hemagglutination assays, which might be
in part explained by the multivalent character of HA-receptor interactions by virus
particles. HA protein with E190A only bound weakly to the glycan with short «2,3-
linked sialic acid. Another interesting observation was the strict specificity of N186K to
«2,3-linked sialic acid on a single LacNAc, whereas the majority of H5 mutant proteins
preferred three LacNAc repeats.

Taken together, the data from the complementary modified red blood cell assay and
the glycan array indicated that single amino acid substitutions in the RBS as observed
during human infection did not result in a receptor specificity switch toward human-
type receptor for H5N1 mutants.

Combinations of amino acid substitutions can lead to human-type receptor
specificity. We hypothesized that combinations of the amino acid substitutions may
confer a switch in receptor specificity from «2,3- to «2,6-linked sialic acids. To evaluate
whether the novel substitutions identified can contribute to receptor specificity toward
the human-type receptor, we constructed combinations of novel and previously re-
ported substitutions. We focused on the novel substitutions at positions 193 and 226,
as these residues have been identified as key positions for receptor specificity. Substi-
tutions Q226K/L/R were combined with substitutions that have been reported to confer
human-type receptor specificity in the H5 A/Indonesia/05/2005 virus or other back-
grounds (14). First, G228S was added in the Q226K/L/R backgrounds, as the combina-
tion of Q226L and G228S showed increased binding to «2,6-linked sialic acids before
(18), but none of these proteins bound to the array with signals that were substantially
higher than those for Q226K/L/R alone (Fig. 2C). Such a low signal was observed before
with Q226L and G228S (18). We then added the T160A substitution to the two
substitutions at positions 226 and 228, as removal of the N-glycan by the T160A
substitution was previously shown to cause an increase in receptor binding avidities
(18, 47). Indeed, we now observed binding to the N-glycans printed on the array for the
Q226L G228S T160A mutant previously identified in ferret transmission studies (24) and
the novel designed Q226R G228S T160A, but not when a lysine was present at position
226. When a leucine was present at position 226, we observed binding to both avian-
and human-type receptors. However, binding was still restricted to «2,3-linked sialic
acids with 226R.

Besides position 226, we investigated combinations of substitutions with the R193M
substitution that was identified during the human infections included in this study.
Substitutions at position 193 can be important for receptor specificity when combined
with other substitutions within the RBS; therefore, the novel substitution R193M was
combined with substitutions at positions 226 and 228. Specific human-type receptor
binding was observed for Q226L G228S when combined with R193M. In contrast, when
the R193M substitution was combined with an arginine or lysine at position 226, these
mutant proteins did not show any responsiveness on the array.

Finally, we decided to add N224K in the Q226K/L/R backgrounds, because human-
type receptor specificity has been reported for the double mutant N224K Q226L (25).
As previously shown, this mutant specifically bound to human-type receptor, but again,
the Q226K and Q226R variants did not bind to the array when combined with N224K.
From this we conclude that although H5 viruses with different amino acid substitutions
at position 226 can arise in humans, only viruses with 226L were able to bind to sialic
acid receptors when combined with other adaptation substitutions. Other substitutions
within the RBS of H5N1 did not result in a switch to human-type receptor specificity,
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FIG 3 Replication capacity of HPAI A/H5N1 virus containing substitutions within the receptor binding site. (A) Virus replication
on MDCK cells. Virus titers were measured 24 h postinoculation. Mean titers and standard deviations are indicated from two
independent replicates. (B) Plaque assays were performed to determine virus replication efficiency in a more sensitive way,
with larger plaque sizes corresponding to more efficient virus replication. The plaque radius (in millimeters) is shown. All data
measurements are indicated by individual data points. (C) Quantification of virus entry 6 h postinfection by staining
intracellular levels of NP. Percentage of positive cells multiplied by mean fluorescence is shown. Mean values and standard

deviations are indicated from two independent replicates. ND, not determined.

although we cannot exclude that other combinations of substitutions might be re-
quired.

Single amino acid substitutions have different effects on viral fitness. As single
substitutions within the RBS do not result in a switch to human-type receptor specificity
and, rather, a combination of multiple substitutions is required, it is important to know
what the effects of these single substitutions are on virus fitness to provide insight in
the evolutionary barriers for the selection of these intermediate states.

Virus fitness of selected mutant viruses was examined in multicycle replication
assays, plaque assays, and virus entry assays. To analyze the replication capacity of
mutant viruses, MDCK cells were inoculated with a low multiplicity of infection (MOI;
0.01) and virus titers were determined 24 h later (Fig. 3A). All viruses replicated in MDCK
cells, but several mutant viruses (T160A, N186K, Q226K, and S227R mutants) showed
10- to 30-fold lower titers than WT virus. In contrast, viruses E190A and E190K showed
approximately 10-fold higher virus titers than the WT. Next, plaque assays were
performed to determine virus replication efficiency in a more sensitive way, with larger
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Virus HA-titer 37°C B 57.2°C

62 °C

Human H3 ctrl
Avian HS ctrl
WT Indonsia/5/2005
T160A
N186H
N186K
N186S
E190A
E190G
E190K
R193K
R193M
N224D
N224H
N224K
N224S
G225E
G225R
Q226K
Q226L
Q226R
$227G
S227N
S227R

FIG 4 Mutations within the RBS of H5N1 viruses generally reduce thermal stability. Residual hemagglutination titers were measured
after 30-min incubations at a range of temperatures. Residual hemagglutination titers of RBS mutant viruses. The first column
represents the titer before incubations, and subsequent columns show residual hemagglutination units (HAU) after incubation at the

indicated temperature. Representative values from two independent experiments are presented.

plaque sizes corresponding to increased efficiency in multicycle replication (48).
Plaques displayed a large distribution in size, for which median values were calculated
(Fig. 3B). In this assay, most viruses exhibited lower replicative fitness than the WT virus,
as indicated by smaller median plaque sizes. Viruses T160A, N186H, and Q226K/L/R
showed the lowest replication and virus spread, with reductions of median plaque size
of 30% to 50%. No single substitution yielded a statistically significant increase in
plaque size (unpaired t test). To further investigate the effect of the introduced
substitutions on HA function, we indirectly quantified virus entry by inoculating MDCK
cells and staining infected cells (Fig. 3C). In this assay, primarily differences in virus entry
efficiency were measured and clearly showed that most substitutions in the RBS
investigated in this study resulted in reduced entry efficiency.

Taken together, these data show that all genetic variants observed in the RBS
resulted in viable virus, but entry function and overall virus replication were reduced for
most of them, most consistently for T160A, N186K, and Q226K/R mutants in all three
assays and E190A/G/K, Q226L, and S227G/N mutants in the more sensitive plaque and
entry assays. Substitutions at positions 193 and 224 had relatively modest effects on
viral fitness. Thus, although the negative impact on HA function was relatively minor for
some substitutions, most variants investigated indicated that single amino acid sub-
stitutions in the RBS are deleterious for the virus.

Substitutions in the RBS destabilize the H5 HA. It was previously shown that HA
stability is important for airborne transmission of influenza viruses and that substitu-
tions in the RBS of HA can hamper stability (6). To investigate this further, we
characterized the temperature stability of the RBS mutant viruses. Viruses were incu-
bated for 30 min at a range of temperatures and residual hemagglutination titers were
measured and compared to those of virus incubated at 4°C. Not all viruses replicated
to high hemagglutination titers; therefore, initial titers differed between mutant viruses.
As previously shown, a control human H3 virus was more stable upon incubation at
increasing temperatures than an avian H5 control virus (Fig. 4) (47). In general, RBS
mutant viruses showed similar or decreased temperature stability compared to that of
WT virus. Especially, substitutions in the 220-loop had a profound effect on stability,
decreasing the HA stability with 5°C to 8°C. None of the substitutions resulted in a
substantial increase in HA stability. Therefore, amino acid substitutions in the 220-loop
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TABLE 3 Genetic conservation of the H5 HA receptor binding site

Position®* _H5Nx world all HSN1 world all H5N1 world avian H5N1 wold human H5N1 Indo avian HSN1 Indo human

3] i ‘Most &3] Most abundant residues present (%) i ‘Most abundont resi (3% _mis ‘Most abundant resid (%) mi Most i )

95 Y(100) ¥ (100) Y(100) ¥ (100) Y(100) Y(100)

182 5(99,9) F1P/T 5(993) FIT $(992) AT 5(99.8) Y 5(100) 5 (100)

183 L(513) S(475) 6 L@75) 5(509) M(12) K/ L(@92)  $(496) MN/G L(303)  s(69,1) v L(829) s(7) L8l s(19)

134 6(998) PR 6(99.7) PRI 6(99,7) PRIW 6(99.8) R 6 (100) (100

1B5 V(995) M V(99,8) ™ V(999) ™M 6(99,0) G/AIUM V(100) v (100)

136 5(99,7) T 5(99,9) $(999) R 6(99,8) R 5(100) s (100)

153 W (100) W (100) W (100) W (100) W (100) W (100)

185 1(812) T(76) w 1877 T(08) LY v 1878 T(06) LY v 1812 T(180) w 1960)  T(4,0) 1985)  T(LS)

183 H(100) H (100) H(100) H(99,8) Q H (100) H (100)

186 N(994) /K N(99,5) /K N(99,8) s N©77) S(16) o/K N(99,8) 3 N (100)

187 0(102) N@93) S/6/H 0(934) N(63) G D(936) N(62) G 0(899) NO9) T 0(745) N250) NGP 0(674) N(319) T
188 A(81) E(203) KN/G/T A(672) E(307) G/KN/M/D A(652) E(33,) K/VO/G/M/N | A(863) E(118) G(14) v/o A(687) E(246) V(s6) 0/6/M Al667) EQ74) GB7)  V(LS)
189 A@BB3) E(92 T2 VKD AOGSY) E@7)  TOL8) VK A(©50) E@9) T8 KISN A(940) E@1)  T(9) Vit A(940) E(5.4) s/6 A7) E(59)  1(15)

190 E(997) VIK £(99,9) £(99,9) K £(99,4) A €(100) £(100)

191 Q(100) Q(99,9) Q(99.9) R Q(100) Q(100) Q(100

192 T(909) 1(66) A(L1) K/E T(894) 1(86) KIM/A/EN TOL7) 1(63) KIAMV TOL9) 1(66) AEM TO75) 1(13) AIK T(985) 1(15)

193 K(@67) R(B32) N(56) M(21) 0/6/US/G K(@18) R(523) M@E1) N/Q/T/G/D K(404) R(540) M(30) O/E/G/N/Q/S | K(400) R(S46) M(48) N/S/G K(106) R(706) M(17,2) HIN/S/T K(LS)  R(801) M(184)

198 L9723 126) L967)  132) v L(964) 135) W L(99,8) ! L(%92) !

195 Y(100) ¥(100) ¥(200) ¥ (100) ¥(100) ¥ (200)

24 N(996) H/K N(99,5) HK N(99,5) HIO/K N(998) K N(956) H(42) K N (100)

25 N(999) R 6(99,9) R 6(99,9) R 6(99,6) R/E 6(100) 6(100)

26 Q(99,3) RIL Q(99,7) RIL Q(99,9) 3 Q83 R(L2 UK Q(9938) K Q(985) R/K
27 s(762) R(200 Q@S G/N 5(80) R(L7) G S(O82) R(17) G SO61) NG RN 5(992) RIG 5(993) R/K
28 6(999) s 6(999) s 6(100) 6(100) (100) 6(100)

9H3 numbering of the mature protein.
bPrevalence of 0.1% to 1% in the GISAID database (https://www.gisaid.org).

that conferred human-type receptor specificity likely need to be accommodated by
compensatory substitutions that stabilize HA.

DISCUSSION

Estimating the risk of an avian influenza virus to cause a pandemic is difficult due to
limited understanding of the evolutionary requirements of H5N1 viruses to cross the
species barrier and adapt to humans. Here, we focused on the detailed characterization
of genetic diversity within the RBS of HSN1 HA during human infection as measured by
NGS analyses (9) and the effects on receptor binding preferences, HA stability, and
replication in mammalian cells as key requirements for human adaptation.

In general, the RBS of H5 HA is very conserved for all H5Nx viruses worldwide,
including both human and avian H5N1 viruses (Table 3) (https://www.gisaid.org/).
Despite this relative conservation on a consensus level, high genetic variability during
human infections was observed when including minority variants (9). Unfortunately,
limited sequencing data were available for the residues within the 130-loop of the
RBS, because primers used for genome amplification prior to NGS overlap this part
of HA. However, it was noted that the 130-loop was especially conserved compared
to other domains in the RBS when analyzing available H5 sequences from databases
(Table 3).

Several of the observed variants in the NGS study by Welkers et al. (9) appeared at
residues of the RBS previously indicated to be important for airborne transmission in
the ferret model (24, 25). However, we often identified novel amino acid substitutions
compared to the ones previously described in these and other H5 studies (14, 23-25).
We found that previously identified single amino acid changes in the RBS, as well as the
novel variants described here, did not alter receptor specificity toward the human
receptor by themselves. Rather, a combination of multiple amino acid substitutions was
necessary to obtain human-type receptor specificity.

Interestingly, several other substitutions at position Q226 were observed than the
human adaptive substitution Q226L. Q226L is a known amino acid substitution essen-
tial to confer a switch from avian- to human-type receptor specificity in multiple
relevant subtypes. For example, for the human H3N2 virus, Q226L was indispensable,
together with several other changes in HA (17). After several decades of being fixed,
position 226 became a V and now is an |, which was probably only possible due to other
epistatic substitutions, as single amino acid substitutions at position 226 are hardly
viable (21, 49). Although we were able to rescue the single mutants, including those
at position 226, many mutant viruses demonstrated severely diminished titers,
plaque sizes, and entry. Substitutions at position 226, including Q226L, demon-
strated severe diminished binding to N-linked glycans. A combination of substitu-
tions was able to improve the binding to N-linked glycans in the glycan array;
however, H5 HA mutants containing Q226R or Q226K still only showed low signal
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in the glycan array, despite the presence of 2 additional substitutions that increased
binding of the Q226L mutant HA.

Others also observed the 226R/K substitutions during human infection (35, 40, 50):
226R was also observed during contact transmission studies of chickens that were
infected with the aerosol transmittable H5N1 virus containing Q226L/G228S (29).
Richard et al. (29) showed that besides substitutions PB2-E627K, HA substitutions Q226L
and G228S caused substantial attenuation in chickens. This attenuation resulted in
delayed mortality and diminished transmission and resulted in either reversion to 226Q
or the selection of 226R (in a mixture with 226Q) (29). The selection of 226R in humans,
or the biochemically similar 226K from an avian virus containing 226Q or from an
adapted virus containing 226L in chickens, could suggest that 226R functions as an
intermediate during the receptor specificity switch despite the lack of a clear pheno-
type toward human-type receptors in the assays described here. This intermediate
genotype could either further mutate at the same position toward other codons or
needs additional substitutions elsewhere in the RBS, currently still unknown. The
significance of the selection of such an intermediate, with reduced binding to avian
receptors in the absence of increased preference for human receptors, is not immedi-
ately apparent. However, there have been speculations about a possible explanation or
functional role for such an intermediate phenotype. First, the glycan array might not
contain the appropriate glycan structures preferred by the HA of interest, missing the
preference for either human- or avian-type receptors. Alternatively, loss of binding to
a-2,3-linked sialic acid receptors may benefit efficient viral replication in the human
respiratory tract by evading the inhibitory effects of glycans present in mucins in the
human respiratory tract (51, 52).

Our data, combined with the previous findings regarding the combination of 2 or
even more substitutions within the RBS of zoonotic influenza viruses required for a
switch toward the human-type receptor, indicate a high genetic barrier to establish full
a-2,6-linked sialic acid preference. Other combinations of previously identified substi-
tutions, as well as combinations of substitutions from this study, should be studied to
further explore which combinations of substitutions may lead to a switch toward the
human-type receptor. Other HA backgrounds, from other genetic clades, can be
included to address the importance of substitutions outside the RBS for the character-
istics presented (32, 53).

In addition, our study showed that many substitutions within the RBS lead to a less
stable HA. Therefore, compensatory substitutions elsewhere in the HA trimer are
probably necessary to compensate for the loss in stability due to substitutions in the
RBS to obtain a fully functional and transmittable phenotype. This was previously
shown in two ferret studies that investigated H5N1 virus transmission, leading to the
identification of two different ways to obtain increased stability, by natural selection of
substitutions in two different domains important for HA trimerization (24, 25). This
requirement would therefore further increase the genetic threshold of HA toward a
pandemic outbreak of H5N1 in addition to the genetic barrier to obtain recognition of
the human-type receptor. However, long-term infections in immunocompromised
patients could result in the accumulation of such substitutions. In addition, fitness-
neutral or -positive substitutions could circulate in poultry, as is the case for the
human-adaptive PB2-E627K substitution. Similarly, substitutions within HA that play
roles in stability and receptor specificity could be more or less fit in poultry, allowing
stepwise accumulation of such substitutions (29), although it is not known how likely
such a scenario would be.

In conclusion, we found substantial genetic diversity in the RBS of H5N1 viruses
during human infections, including novel variations at positions previously shown to be
important for receptor specificity. Most substitutions in the RBS resulted in viable virus;
however, virus replication, entry, and stability were often diminished. Interestingly,
none of the observed substitutions resulted in a switch in receptor specificity from
avian-like to human-like.
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MATERIALS AND METHODS

Clinical samples of human influenza A/H5N1 infection receptor binding site variant selection.
As part of the national procedure for avian influenza case investigation in Indonesia, respiratory
specimens were collected from suspected H5N1 cases and sent to the national reference laboratory for
influenza at the National Institute of Health Research and Development (NIHRD) in Jakarta. Because
Indonesian clinical specimens are obtained from suspected H5N1 cases as part of the national outbreak
procedure for HPAI A/H5N1 case investigations, requirement for informed consent has been waived by the
Indonesian Ministry of Health. Seventy-one respiratory tract specimens from 44 patients who were diagnosed
with A/H5N1 infection between 2006 and 2011 were previously analyzed by next-generation sequencing (9).
Based on the sequencing data, all variants above a cutoff of 1% and at least 5 independent sequencing reads
within the RBS of HA were selected for further phenotypic characterization.

Viruses. A/Indonesia/5/2005 HA and NA genes were available in the bidirectional reverse genetics
plasmid pHW2000 as described (31), as were the internal genes for A/Puerto Rico/8/1934 (PR8). To be
able to work at biosafety level 2 (BSL2) laboratories, the multibasic cleavage site was removed and
replaced by a low-pathogenic monobasic cleavage site as described (31). Substitutions of interest were
introduced into A/Indonesia/5/2005 HA using the QuikChange Il site-directed mutagenesis kit (Agilent).
Recombinant viruses were rescued by reverse genetics upon transfection of 293T cells as previously
described (54). Virus stocks were propagated in MDCK cells and titrated on MDCK cells as described
below.

Titrations. MDCK cells were inoculated with 10-fold serial dilutions of virus stocks. The cells were
washed with phosphate-buffered saline (PBS) 1 h after inoculation and cultured in infection medium
consisting of Eagle’s minimum essential medium (EMEM) supplemented with 100 IU/ml penicillin,
100 IU/ml streptomycin, 2 mM L-glutamine (Gibco), 0.15% sodium bicarbonate (Gibco), 10 mM HEPES
(Gibco), 1% nonessential amino acids (NEAA; Gibco), and 1 pwg/ml N-tosyl-L-phenylalanine chloromethyl
ketone (TPCK)-treated trypsin (Sigma), incubated at 37°C and 5% CO,. Three days after inoculation,
supernatants of cell cultures were tested for agglutinating activity using turkey red blood cells (tRBCs) as
an indicator of virus replication. Infectious virus titers were calculated by the method of Reed and
Muench (55).

Viral replication kinetics. MDCK cells were infected with a multiplicity of infection (MOI) of 0.01
(50% tissue culture infective dose [TCID,,)/cell) for 1 h. The cells were washed with phosphate-buffered
saline (PBS) 1 h after inoculation and cultured in infection medium consisting of EMEM supplemented
with 100 IU/ml penicillin, 100 IU/ml streptomycin, 2 mM L-glutamine (Gibco), 0.15% sodium bicarbonate
(Gibco), 10 mM HEPES (Gibco), 1% NEAA (Gibco), and 1 wg/ml TPCK-treated trypsin (Sigma), incubated at
37°C and 5% CO,. Supernatant was harvested at 24 h postinoculation. Viral titers were determined by
titration on MDCK cells as described above.

Plaque assay. The assay was performed as described previously (56). In brief, recombinant wild-type
(WT) and mutant viruses were used to inoculate an ~90% monolayer of MDCK cells in 6-well plates. Cells
were washed twice with PBS, and 1 ml of infection medium was added to each well. One hundred
microliters of diluted virus stock was added to each well in 6 technical replicates to obtain a plaque
density of ~10 plaques per well. After incubation for 1 h at 37°C and 5% CO,, cells were washed with
PBS once, and 4 ml of an overlay containing 2X EMEM (Lonza) and Avicel (FMC BioPolymer, Newark, DE,
USA) in a 1:1 ratio was added. Plates were incubated at 37°C and 5% CO.,. After 24 h, cells were washed
with PBS twice and 1 ml of 80% acetone was added. Plates were incubated at —20°C overnight, and virus
infection was determined by NP antibody staining. Briefly, NP monoclonal antibody (IgG2a, clone Hb65;
American Type Culture Collection, Wesel, Germany) and goat-anti-mouse Ig fluorescein isothiocyanate
(FITC; BD biosciences, USA) antibodies were used to detect NP-positive cells. The plaques were scanned
using a Typhoon scanner (GE Healthcare, Diegem, Belgium), and plaque size was calculated using
ImageQuant.

Entry assay. The assay was performed as described previously (48). In short, MDCK cells were plated
in a 24-well plate 1 day prior to the experiment to obtain a confluent culture. Cells were inoculated with
WT and mutant viruses at an MOI of 0.1 (TCID,./cells) and incubated at 37°C and 5% CO, for 6 h. The cells
were washed with PBS once, and 250 ul of 0.05% trypsin-EDTA (Life Technologies, Bleiswijk, the
Netherlands) was added to the cells and incubated at 37°C. After 5 to 10 min of incubation, the cells were
transferred to a tube containing PBS-1% fetal calf serum (FCS) and centrifuged for 5 min at 1,500 rpm.
Next, the cells were resuspended in 200 ul PBS-1% FCS and transferred to a 96-well v-bottom plate
(Corning Life Sciences, Amsterdam, the Netherlands). The plate containing all the samples was centri-
fuged for 5 min at 1,500 rpm and 4°C. The cells were resuspended in 100 ul of Cytofix/Cytoperm (BD
Biosciences, Breda, the Netherlands) and incubated on ice for 20 min. Subsequently, the plate was
centrifuged for 5 min at 500 X g and 4°C, and the cells were resuspended in 100 ul Perm/wash buffer (BD
Biosciences). The plates were stored overnight at 4°C in the dark. The next day, the cells were stained for
NP as described previously (57). Primary antibodies against NP (IgG2A, clone Hb65; ATCC) were
used at a 10- to 20-ug/ml dilution in Perm/wash buffer. Secondary polyclonal rabbit anti-mouse
immunoglobulins-FITC (Dako/Agilent) were diluted 1:100 in Perm/wash buffer. NP-positive cells and
mean fluorescence were measured by flow cytometry on a FACS Canto (BD Biosciences, Breda, the
Netherlands). The data were analyzed using FACSDiva software (BD Biosciences).

HA stability assay. The assay was performed as described previously (47). In short, viruses were
incubated for 30 min at different temperatures between 37°C and 62°C before performing an HA assay
using tRBCs. Twofold dilutions of virus in PBS containing 0.25% red blood cells were prepared in a
U-shaped 96-well plate and were incubated for 1 h at 4°C and agglutination was recorded. HA titers were
compared to those of virus incubated at 4°C.
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Modified tRBC hemagglutination assay. Modified tRBCs were prepared with modifications as
described previously (31). Briefly, all a2,3-, «2,6-, @2,8-, and «2,9-linked sialic acid (SAs) were removed
from the surfaces of tRBCs by incubating 20% tRBCs in PBS with 50 mU Vibrio cholerae NA (VCNA; Roche)
in 8 MM calcium chloride at 37°C for 1 h. Removal of sialic acids was confirmed by a complete loss of
hemagglutination of the tRBCs (Table 2). Subsequently, resialylation was performed using 0.5 mU of
a2,3-(N)-sialyltransferase (Sigma) or 2 mU of «2,6-(N)-sialyltransferase (Sigma) and 1.5 mM CMP-sialic acid
(Merck) at 37°C for 2 h to produce «2,3-tRBC and «2,6-tRBC, respectively. After a washing step, the tRBCs
were resuspended in PBS containing 1% bovine serum albumin to a final concentration of 0.5% tRBCs.
Resialylation was confirmed by hemagglutination of viruses with known receptor specificity, human
H3N2 and avian H5N1. The receptor specificity of mutant viruses was tested by performing a standard
HA assay with untreated tRBCs, VCNA-treated tRBCs, and the modified tRBCs. Serial 2-fold dilutions of
virus in PBS were made in a 50-ul volume; 50 ul of 0.5% tRBCs was added, followed by incubation for
1 h at 4°C before determining the hemagglutination titer.

Expression, purification, and glycan array analysis of recombinant soluble trimeric H5 proteins.
pCD5 plasmids were used which contained an HA sequence originating from A/Indonesia/05/05
H5N1 as previously described. pCD5-H5/IN/05/05 GCN4-TEV-sfGFP plasmid encodes a GCN4 leucine
zipper trimerization motif, RMKQIEDKIEEIESKQKKIENEIARIKK, followed by a seven-amino-acid cleav-
age recognition sequence (ENLYFQG) of tobacco etch virus (TEV) and an sfGFP fused to a Strep-tag
Il (WSHPQFEKGGGSGGGSWSHPQFEK; IBA, Germany) C terminally (44). pCD5-A/Indonesia/05/05-
GCN4-sfGFP expression vectors were transfected into HEK293S GNT1(-) cells (which are modified
HEK293S cells lacking glucosaminyltransferase | activity [ATCC CRL-3022]) with polyethyleneimine |
(PEI) in a 1:8 ratio (micrograms DNA/micrograms PEI) as previously described. The transfection mix
was replaced after 6 h by 293 SFM Il suspension medium (11686029 [Invitrogen], supplemented with
2.0 g/liter glucose, 3.6 g/liter sodium bicarbonate, 3.0 g/liter Primatone [Kerry], 1% GlutaMAX
[Gibco], 1.5% dimethyl sulfoxide [DMSO], and 2 mM valproic acid). Culture supernatants were
harvested 5 days posttransfection. The HA expression was analyzed with SDS-PAGE followed by
Western blotting on a polyvinylidene difluoride (PVDF) membrane (Bio-Rad) using «a-Strep-tag
mouse antibodies (1:3,000; IBA Life Sciences). Subsequently, HA proteins were purified with Sep-
harose Strep-Tactin beads (IBA Life Sciences) as previously described. Purified, soluble trimeric HA
was directly applied to the array or precomplexed with horseradish peroxidase (HRP)- or Alexa Fluor
647-linked a-Strep-tag mouse antibody and with HRP- or Alexa Fluor 647-linked a-mouse 1gG (4:2:1
molar ratio) prior to incubation for 15 min on ice in 100 ul PBS with Tween 20 (PBS-T) and incubated
on the array surface in a humidified chamber for 90 min. Slides were subsequently washed by
successive rinses with PBS-T, PBS, and deionized water. Washed arrays were dried by centrifugation
and immediately scanned for Alexa 647 signal on an Innopsys confocal microarray scanner. Fluo-
rescent signal intensity was measured using InnoScan software and processed with an in-house-
developed Excel macro. Mean total intensity was calculated and graphed using MS Excel and
GraphPad Prism. For each glycan, the mean signal intensity was calculated from 6 replicates spots.
The highest and lowest signals of the 6 replicates were removed, and the remaining 4 replicates
were used to calculate the mean signal and standard deviation (SD).
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