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ABSTRACT Zoonotic highly pathogenic avian influenza viruses (HPAIV) have raised
serious public health concerns of a novel pandemic. These strains emerge from low-
pathogenic precursors by the acquisition of a polybasic hemagglutinin (HA) cleavage
site, the prime virulence determinant. However, required coadaptations of the HA
early in HPAIV evolution remained uncertain. To address this question, we generated
several HA1/HA2 chimeras and point mutants of an H5N1 clade 2.2.2 HPAIV and an
H5N1 low-pathogenic strain. Initial surveys of 3,385 HPAIV H5 HA sequences re-
vealed frequencies of 0.5% for the single amino acids 123R and 124l but a fre-
quency of 97.5% for the dual combination. This highly conserved dual motif is still
retained in contemporary H5 HPAIV, including the novel H5NX reassortants carrying
neuraminidases of different subtypes, like the H5N8 and the zoonotic H5N6 strains.
Remarkably, the earliest Asian H5N1 HPAIV, the Goose/Guangdong strains from
1996/1997, carried 123R only, whereas 124l appeared later in 1997. Experimental re-
version in the HPAIV HA to the two residues 123S and124T, characteristic of low-
pathogenic strains, prevented virus rescue, while the single substitutions attenuated
the virus in both chicken and mice considerably, accompanied by a decreased HA
fusion pH. This increased pH sensitivity of H5 HPAIV enables HA-mediated mem-
brane fusion at a higher endosomal pH. Therefore, this HA adaptation may permit
infection of cells with less-acidic endosomes, e.g., within the respiratory tract, result-
ing in an extended organ tropism. Taken together, HA coadaptation to increased
acid sensitivity promoted the early evolution of H5 Goose/Guangdong-like HPAIV
strains and is still required for their zoonotic potential.

IMPORTANCE Zoonotic highly pathogenic avian influenza viruses (HPAIV) have
raised serious public health concerns of a novel pandemic. Their prime virulence de-
terminant is the polybasic hemagglutinin (HA) cleavage site. However, required co-
adaptations in the HA (and other genes) remained uncertain. Here, we identified the
dual motif 123R/1241 in the HA head that increases the activation pH of HA-
mediated membrane fusion, essential for virus genome release into the cytoplasm.
This motif is extremely predominant in H5 HPAIV and emerged already in the earli-
est 1997 H5N1 HPAIV. Reversion to 123S or 124T, characteristic of low-pathogenic
strains, attenuated the virus in chicken and mice, accompanied by a decreased HA
activation pH. This increased pH sensitivity of H5 HPAIV extends the viral tropism to
cells with less-acidic endosomes, e.g., within the respiratory tract. Therefore, early HA
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adaptation to increased acid sensitivity promoted the emergence of H5 Goose/
Guangdong-like HPAIV strains and is required for their zoonotic potential.
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ighly pathogenic avian influenza viruses (HPAIV) cause enormous losses in poultry

worldwide and have raised concerns about a novel pandemic due to repeated
zoonotic transmissions to humans (1). HPAIV emerge from low-pathogenic precursors
after circulation in poultry (2-5) by an extension of the common monobasic hemag-
glutinin (HA) cleavage site (HACS) to a polybasic motif (6-8). To mediate membrane
fusion between the virion and endosome, the HA has to be activated by proteolytic
cleavage (9-11). The precursor protein HAO is cleaved into the HA1 (head) and HA2
(stem) fragments by several host proteases whose recruitment depends on the HACS
motif. Whereas the monobasic HACS prevalent in low-pathogenic avian influenza
viruses (LPAIV) and seasonal human strains is susceptible to proteases like TMPRSS2
and HAT (12), HPAIV carry a polybasic HACS that is susceptible to ubiquitous furin (13),
permitting systemic viral spread. Except for one H4 LPAIV (14), so far, polybasic HACS
are naturally confined to HA subtype H5 or H7. Because experimental reversion to a
monobasic motif abolishes virulence (15, 16), the polybasic HACS is considered the
prime virulence determinant in HPAIV (6, 8, 16, 17). In contrast, conversion of the
monobasic HACS of an LPAIV to a polybasic motif does not result in a highly pathogenic
phenotype in most cases (15, 18-21). Those two findings reveal the existence of
additional virulence determinants (15, 18, 20). An increase in virulence was already
attributed to the PB2, PB1, NP, neuraminidase (NA) (in particular the stalk deletion), M,
and NS genes (22-28). In this study, we focused on novel virulence determinants within
the HA. Following receptor binding, depending on the cellular receptor specificity
(29-32), HA mediates the fusion of the virion envelope with the endosomal membrane
(9, 33, 34). The activation of fusion competence requires a conformational change of HA
that is triggered at a particular pH (35). Remarkably, the pH values required for this
essential HA rearrangement differ considerably among different influenza virus strains.
In human strains, the HA-activating pH values appear to decrease with adaptation to
the human host (36). In contrast, among avian strains, LPAIV generally display a lower
activating pH, whereas contemporary H5 HPAIV exhibit a higher pH (37). These different
activating pH are likely involved in virulence and host adaptation.

RESULTS

The dual motif 123R/124l is predominant in hemagglutinins of H5 HPAIV. To
reveal differences in the HA proteins of H5 LPAIV and HPAIV, we surveyed the fluDB (38)
and GISAID (https://www.gisaid.org/) public databases. For analysis, we included 4,188
aligned sequences to generate the consensus HA sequences from LPAIV (803 entries)
and HPAIV (3,385 entries). They differ by 35 amino acid exchanges in HA1 and by 8
exchanges in HA2 (Fig. 1). As parental viruses for the generation of HA mutants by
reverse genetics (39), we used the recombinant H5N1 HPAIV A/Swan/Germany/R65/06
(R65) (17) and the polybasic HA cleavage site mutant (TGO5-HA,,,) of H5N1 LPAIV
A/Teal/Germany/Wv632/2005 (TGO05) (18). Their HA sequences and the consensus
sequences from LPAIV and HPAIV share 22 amino acid exchanges in HA1 and 5
exchanges in HA2 (Fig. 1), narrowing the range of relevant mutations in the HA.

The substitution T124l reduces acid stability accompanied by differentially increased
virulence in chicken (37) (corresponding to position 108 in that study). Strikingly, within the
HPAIV HA consensus sequence, including the R65 HA (Fig. 1), the preceding amino acid
residue S123 was altered to R. In contrast to LPAIV, in which positions 123 and 124 contain
S and T in 93.8% of sequences, in HPAIV, both residues are replaced by R and | in 97.5% of
sequences (Fig. 2A). Furthermore, R65 carries an incomplete potential N-glycosylation motif
(40) due to R at position 156 (Fig. 1). In most H5 HPAIV (80.4%) (38) (https://www.gisaid
.org/), this motif is incomplete (Fig. 2B). Whereas its absence is crucial for high virulence
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FIG 1 Alignment of consensus sequences of the HA proteins from LPAIV, TGO5, HPAIV, and R65. For analysis, we surveyed the fluDB (38)

and GISAID (https://www.gisaid.org/) public databases and included 4,188 full-length aligned sequences to generate the consensus HA

sequences from LPAIV (803 entries) and HPAIV (3,385 entries).
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FIG 2 Frequencies of the dual motif 123R/124l (A) and the N-glycosylation motif spanning residues 156 to 158 (B) in H5 HPAIV and generated
recombinant viruses (C). Shown are frequencies of amino acids at positions 123 and 124 (A) or an N-glycosylation motif at positions 156 to 158
(B) within H5 HA of HPAIV and LPAIV among 4,188 protein sequences downloaded from the fluDB (38) and GISAID (https://www.gisaid.org/)

public databases on 24 July 2017. Positions refer to the R65 HA, including the signal peptide.

and contact transmission in mammalian models (40, 41), its phenotype in chicken is
unknown.

Taken together, the sequence survey indicates that position 156 and in particular
the dual motif at positions 123 and 124 are candidate virulence determinants in H5
HPAIV.

HA 123R and 124l form a coupled motif crucial for fitness of R65. To investigate
the impact of all amino acid exchanges in the entire HA1 and HA2 regions beside the
dual motif 123R/124l, we first constructed HA chimeric viruses by replacing the HA1 or
HA2 part in R65 with that of TG05-HA,,,, resulting in the HA chimeras R65-HA 11605 p01y/
HA2zgs and R65-HA1zs/HA2 (s, respectively (Fig. 2C).

According to our surveys using sequence databases, we introduced three TG05
amino acid residues into R65 HAT, resulting in the mutants R65-HAR; sgns R65-HAR: 535
and R65-HA, ., (Fig. 2C). Remarkably, we could not rescue a double-virus mutant
carrying both R123S and [124T in the authentic R65 HA. We speculate that this result
is due to severely impaired fitness.

We also introduced the same HA1 point mutations into the HA2 chimera
R65-HA1pss/HA2 605, resulting in R65-HAg, senHA216os R65-HAR;53sHA2 605, R65-
HA1241HA21Gos, and R65-HAg1 535 111241/ HA2605 (Fig. 2C).

After a first passage of the rescued viruses on MDCK cells, we also found the
acquired HA mutations M4051 in R65-HA11gos5p01,/HA2Res, G217W in R65-HAg 536,
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FIG 3 Growth curves. We inoculated DF1 cells with virus at a multiplicity of infection of 1032 in duplicate
and determined the average titers at the respective time points by plaque assays. In panels B and C, the
growth curves for R65, R65-HAT 505001, /HA2ges, and R65-HAT s/HA2. o5 are identical to those from
panel A and are included for comparison (dotted lines).

and S1231 in R65-HAR; 535 11247HA2160s, Which we therefore renamed R65-
HAR123141124tHA210s. This finding of a pseudoreversion in the latter HA chimera
corresponds to our failure to rescue the R65 nonchimeric position 123/124 double
mutant. Taken together, these results indicate that the two amino acid residues
R123 and 1124 within HA1 form a coupled motif, which is crucial for the fitness of
an H5N1 HPAIV like R65.

No impaired replication efficiency of the R65 mutants in vitro. To study the
impact of the HA mutations on replication efficiency, we determined growth curves on
DF1 cells. The HA2;,5 chimera R65-HAT,45/HA205 exhibited a replication kinetic that
was decreased by 2 orders of magnitude compared to the parental R65, the TGO5 HA
reassortant R65-HA osp01,, and the HA 545 chimera R65-HA 11 o5001,/HA2gss (Fig. 3A).
All viruses with the HA1 region modified, such as R65-HA 11 o5,01,/HA2ges OF the single
point mutant R65-HAz;sen: R65-HAR; 555, OF R65-HA, 5,1, and wild-type R65 displayed
titers within 1 order of magnitude at 48 h postinfection (p.i.). However, R65-HAg; s6n
came close to its maximum already at 24 h p.i. (Fig. 3B). In contrast to R65-HA1z4s/
HA2.¢,s, Which replicated approximately 100-fold less than R65, all the other HA24s
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FIG 4 HA1 R123S and 1124T exchanges abolish or reduce virulence in chicken. We infected the birds oculonasally with 10°
PFU virus and added contact animals on day 1 p.i. Daily individual clinical scores were 0 for healthy, 1 for ill, 2 for severely
ill, and 3 for dead. CS, total clinical score for the whole group of the primarily infected (inoculated) chickens.

chimeras carrying an additional TGO5 point mutation within HA1 displayed a replication
efficiency similar to that of R65: R65-HAg;sen/HA21c0s, R65-HAR,536/HA2 o5, R65-
HA 1 241/HA21 505, OF R65-HAR 5314 1124tHA2160s (Fig. 3C). Taken together, HA2 replace-
ment, as with R65-HA1z,s/HA2, s, led to a titer reduction, which, however, is offset by
any of the HA1 point mutations from TGO5. Furthermore, we observed no apparent
growth disadvantage of the R65 mutants in DF1 cells in the case of HA1 replacement
or one of the R123S and [124T substitutions.

The HA R123S and 1124T mutations strongly attenuate HPAIV R65 in chicken.
To investigate the virulence and transmission of R65, R65-HA1ges/HA2gqs, R65-
HAT16ospoly’HA2ges: R65-HAR 535, and R65-HA,,,,1 in chicken, we infected six birds per
group oculonasally with 10> PFU and added four contact chickens at day 1 p.i. All birds
infected with R65 or R65-HA14s/HA2. s, including the contact animals, succumbed to
death, whereas among the R65-HA11¢s,01,/HA2ggs-infected chickens, two primarily
infected birds and one contact bird survived (Fig. 4). Those two primarily infected birds
displayed clinical symptoms from day 3 p.i., one recovered until day 9 p.i., and both
animals seroconverted (data not shown). The surviving contact animal developed mild
symptoms on day 9 p.i. and was still seronegative on day 10 p.i. In contrast, virulence
and transmissibility were reduced drastically for R65-HAg;53s and R65-HA, .. all
animals remained seronegative. Infection with the latter resulted in death of three
primarily infected animals and one contact bird. Another contact bird developed mild
symptoms on day 10 p.i. and was seronegative at that time. R65-HAg »55 did not cause any
clinical symptoms or seroconversion in primarily infected or contact animals (Fig. 4).

For investigation of the point mutants and HA2 chimeras R65-HAg; sgns R65-HAR sen/
HA21cos, R65-HAR1235/HA2 605, RE5-HA1541/HA21Gos, and R65-HAg 531411247/ HA2 G5
we infected three chickens per group oculonasally. All animals died, with total clinical
scores ranging from 2.0 to 2.2, close to that of R65, with a score of 2.2. Only R65-HAg; s¢n
displayed a slightly increased value of 2.6 (Fig. 4 and Table 1). Therefore, the replace-
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TABLE 1 Virulence of HA point mutants and chimeras in chickens?

No. of dead chickens/total

Virus no. of chickens Clinical score
R65-HAR 560 3/3 2.6
R65-HAR; s6nHA2 1605 3/3 2.0
R65-HAR;53sHA2 505 3/3 2.1
R65-HA;5,1HA2 105 3/3 2.1
R65-HAR153111241HA 21605 3/3 2.2

aMortality rates and clinical scores were determined after oculonasal infection with 10> PFU of the inoculum
virus. Clinical scores were 0 for healthy, 1 for ill, 2 for severely ill, and 3 for dead.

ment of R65 HA2 by that of TGO5 can restore the virulent phenotype even in the
presence of the point mutations R123S and 1124T. Overall, the strong attenuation of
R65 in the presence of the two HA mutations R123S and 1124T in chicken demonstrates

their crucial role in the virulence of HPAIV.

HA R123S strongly attenuates R65 in mice. To address the impact of the most
attenuating mutation, HA R123S, in a mammalian model, we intranasally inoculated five
mice per group with phosphate-buffered saline (PBS) or 104 PFU of R65 or R65-HAg53-
Whereas all R65-infected animals succumbed to death, the mock- and R65-HAg; >3-
infected animals remained unaffected (Fig. 5A). To determine the viral titers in organs
by a plaque assay, we infected mice and sacrificed them on day 3. In R65-infected mice
(n = 3), we found high viral loads in lungs and hearts and a notable titer in the brain
of one animal. However, in the R65-HAR, ,;s-infected mice (n = 4), we detected no lung
titers in two animals or titers considerably reduced by 4 to 2 orders of magnitude in the

A

Weight [%]

-+~ Mock —e-R65 —-R65-HA

R1238

Lung

6.8
6.7
6.9

Days

Heart

Journal of Virology

Brain

29

27

0.0
0.0

0.0
0.0
0.0
0.0

Virus Titer [log, (pfu/organ)] Virus Titer [log, (pfu/organ)]

H R65

Bl R65-HA

R123S

Virus Titer [log, (pfu/organ)]

FIG 5 HA1 exchange R123S abolishes virulence and reduces virus load in organs of mice. (A) Average body weights of 4-week-old female BALB/c mice
inoculated intranasally with mock (PBS), R65, or R65-HAg,,55 (n = 5) at a dosage of 10* PFU. Animals with weight losses of 25% or more were euthanized. All
R65-infected mice died, whereas all R65-HA;,;s-infected animals remained unaffected throughout the experiment. (B) Organ titers, determined by plaque
assays, from entire lungs, hearts, and brains taken on day 3 after intranasal inoculation with 10* PFU of R65 or R65-HAg, ,;s. If necessary, titration began with

undiluted homogenates.
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TABLE 2 Amino acid exchanges in HA and M2 proteins of virus in chicken and mouse?

Total no.
Virus of animals  Animal Day p.i. Mutation Description
Oral swabs from chickens
R65-HATzgs/HA21¢ 05 10 P-4 3 HA 1394G V in R65
C-1 3
R65-HAR; s6n/HA2 1605 3 P-3 6 HA G421R  Rin R65
R65-HAg535/HA2 605 3 P-3 6 HA S123R R in R65
R65-HA, 1 54/HA2 105 3 p-2 3 M2 R45L —b
R65-HAR: 2314 11247/HA2 1505 3 P-1 3 M2 D44N —b
P-2 6 M2 D44N
P-3 3 M2 R45L —b

Reisolated virus from mouse
heart homogenate
R65-HAR 1535 Mouse 3 M2 R45H ~ —»b

aPrimarily infected chickens are indicated with P, and contact birds are indicated with C. Positions of HA
mutations refer to positions equivalent to those in R65.
M2 amino acid residues D44 and R45 are highly conserved (21).

other two animals, a noticeable titer in the heart of one mouse, and no titers in the
brains (Fig. 5B). Taken together, the HA R123S mutation in the clade 2.2.2 virus R65
(H5N1) abolishes virulence in both avian and mammalian hosts.

HA R123S and 1124T enforce compensatory HA and M2 mutations in chickens
and mice. Among positive PCR samples from oral swabs from infected chickens, we
found the following HA changes. R65-HA1zos/HA2. s acquired the 1394G exchange in
the HA2 region; at this position, R65 carries V. Another HA2 mutation was found in shed
R65-HAR; sen/HA2160s, G421R, being identical in HA2 of R65 (Table 2). Therefore, both
chimeric viruses appear to adapt their heterologous HA2 part, originating from TGO5,
to R65 HAT. Moreover, R65-HAg, 555/HA2o5 reverted to S123R (Table 2). Furthermore,
in R65-HA |, 541/HA21 505 and R65-HAR 55,4 11247/HA21505 We found mutations in the exit
region of the proton channel M2 (42-45), D44N and R45L (Table 2), indicating enforced
coadaptation to the HA mutations at positions 123 and 124.

From the R65-HAg,,5s-infected mouse displaying the highest virus titers (Fig. 5B), we
reisolated virus from the heart and sequenced the HA and M genes. Whereas the
introduced HA R123S exchange remained unaffected, M2 displayed the R45H ex-
change. Taken together, these observations support the notion that the HA1 R123S
exchange plus the HA1 and HA2 parts from TGO5 are incompatible with the R65
background and therefore entail compensatory mutations in HA or M2.

Increased acid sensitivity of the R65 HA is paralleled by high virulence due to
123R/124l. To determine the activation pH, enabling HA-mediated fusion, of each
virus, we performed syncytium formation assays, whereas we assessed the acid stability
in the environment by measurement of the virus inactivation pH (Fig. 6A). HPAIV R65
displays a high fusion activation pH of 5.9 and an inactivation pH of 5.7. However,
TGO5-HA 1, Which is an HACS mutant of LPAIV TGO5 (18), has considerably lower pH
values of 5.1 and 4.9, respectively. The introduction of the R65 HA into the TGO5
background (TG05-HAges) resulted in increases of both pH values (5.8 and 5.4, respec-
tively), but still below those of R65, suggesting the involvement of both HA and the
other viral proteins. The reciprocal reassortant R65-HAgos,,01, also displayed a lower
fusion pH of 5.3 but an extremely low virus inactivation pH of 4.1. Furthermore, the
replacement of the HA1 or HA2 regions decreased the pH values to different extents
(R65-HAT zgs/HA21 505 and R65-HA 1 ¢0s/HA2,s). Restoration of the N-glycosylation site
at positions 156 to 158 (R65-HAg; 56y and R65-HAR; sn/HA21¢05) resulted in somewhat
lower pH values, indicating enhanced stability. Remarkably, the HA R123S single
mutation in R65 decreases the fusion activation pH from 5.9 to 4.9 and the virus
inactivation pH from 5.7 to 4.4. Similarly, the 1124T exchange leads to a decreased
fusion activation pH of 5.6 and a virus inactivation pH of 4.7 (Fig. 6A). The introduction
of TGO5 HA2 changed the pH stability of all point mutants to various extents. Overall,
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FIG 6 Fusion activation pH and stability. (A) Decreased fusion activation pH and virus inactivation pH of HA chimeras and point mutants. For each virus, the
left end of the bar indicates the fusion activation pH (the highest pH at which syncytia formed), whereas the right end represents the virus inactivation pH (the
highest pH at which no cell infection was detectable). (B) Thermal stability of HA chimeras and point mutants. After incubation of the virus at the indicated

temperatures for 30 min, we determined the HA titers at room temperature.

we found notable decreases of the fusion activation pH and virus inactivation pH in the
presence of substitutions R123S and 1124T.

Because an increased temperature may lead to fusion competence due to the
spring-loaded metastable conformation of the HA (46), we investigated the influence of
the HA mutations on thermal stability. To this end, we incubated R65 and all mutants
at different temperatures for 30 min prior to an HA test. In contrast to all other viruses,
R65-HAR31/11241-HA21¢05 displayed a reduced HA titer of 1:8 after incubation at 42°C,
compared to an HA titer of 1:64 following incubation at 37°C (Fig. 6B). This result
suggests that the TG05 HA2 part might destabilize the prefusion conformation of the
HA from R65-HAg;551/11241-HA2160s tO some extent.

In general, for the virus variants studied, their virulence in chicken increased with their
fusion activation pH (Fig. 7). In stark contrast to R65 and the N-glycosylation mutant
R65-HAR:s6n: displaying the highest clinical scores and pH values, the two single point
mutants R65-HAg; 55 and R65-HA, ;5,1 have an avirulent or lower-pathogenicity phenotype
accompanied by the lowest fusion activation pH. Therefore, an increased acid sensitivity of

3.0
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o 20 R65-HA /! = R65 HA|1241 HAZT 05 *
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FIG 7 Virulence in chickens increases with fusion activation pH. For each virus, the average clinical score in chickens is shown,
along with the fusion activation pH determined by syncytium formation assays. Clinical scores are 0 for healthy, 1 for ill, 2 for
severely ill, and 3 for dead. *, clinical scores of these viruses were determined previously (18).
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FIG 8 Mechanistic implications for membrane fusion. (A) Prefusion conformation (PDB accession number 1JSM)
(49) (left) and postfusion conformation (PDB accession number 4NKJ) (87) (right) of a hemagglutinin trimer. The
HA1 subunit is shown in a transparent surface representation, and the HA2 subunit is shown in a cartoon
representation. The different structural elements of a single HA2 protomer are highlighted in different colors. The
rectangular outline indicates the region of close-ups in panels B to F. (B) The B loop conformation in a
prefusion-stabilized mutant of A/Japan/305/1957 H2 at pH 8.1 (PDB accession number 3QQB) (47). (C) The same
mutant at pH 5.3 (PDB accession number 3QQO0) (47). (D) LPAIV A/duck/Singapore/3/1997 H5 at pH 7.5 (PDB
accession number 1JSM) (49). (E) HPAIV A/Chicken/Hong Kong/YU562/01 H5 at pH 6.6 (PDB accession number
3513) (37). (F) The same protein in another crystal form grown under identical conditions (PDB accession number
3512) (37).

the HA is required for the high virulence of R65 mediated by the 123R/124l dual-amino-acid
motif.

Impact of 123R/124l on HA structure. The fusion of virion and endosomal mem-
branes results from the low-pH-triggered irreversible switch between the metastable
“spring-loaded” prefusion conformation and the low-energy postfusion conformation
of the HA. A key event during this process is the conversion of the B loop within the
HA2 subunit into an « helix (Fig. 8A). Most available prefusion structures of H2, H5, and
H6 hemagglutinins display similar conformations, in which the B loop is tightly at-
tached to the central coiled coil of the HA2 stem (Fig. 8B). It has been suggested that
early events in the conformational switch of these proteins involve a reversible detach-
ment of the B loop from its prefusion position (47). The crystal structure of such an
early fusion intermediate has been solved using a prefusion-stabilized mutant of
the A/Japan/305/1957 H2 hemagglutinin at pH 5.3 (47) (Fig. 8C). Whereas the only
three crystal structures of a canonical LPAIV H5 HA with the 1235/124T motif show the
typical “attached” conformation of the B loop at pH 7.5 (48, 49) (Fig. 8D), some crystal
structures of HPAIV H5 HA with the 123R/124I motif have the “detached” conformation
of the B loop, even under neutral conditions, between pH 6.5 and pH 8.5 (37, 50-52).
In contrast to A/Japan/305/1957 H2, where the initial detachment of the B loop appears
to be low-pH dependent, the same process is therefore likely pH independent in HPAIV
H5 hemagglutinins. For example, both conformations, the “attached” and the “de-
tached” ones, were found in two different crystal forms of the same HPAIV H5 HA under
identical crystallization conditions at pH 6.6 (37) (Fig. 8E and F). On the atomic level, the
“detached” B loop within HA2 in the respective HPAIV H5 structures is held in suspen-
sion via multiple attractive interactions with the vestigial esterase domain of HA1. Of
note, among the involved residues in the HA1 subunit is R123, which holds the benzene
ring of F409 from the B loop via a cation-7 interaction (Fig. 8F). In light of these
observations, we propose that R123 contributes to the destabilization of the HPAIV H5
prefusion conformation via pH-independent priming of the HA2 subunit for its con-
formational switch. Although the supporting role of 1124 is less apparent from the
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available structures, this residue likely affects the local structural dynamics of the
vestigial esterase domain and thus influences the pH sensitivity of HPAIV H5 HA, as
previously discussed (37).

DISCUSSION

HPAIV arise from low-pathogenic precursor strains upon the acquisition of the
polybasic HACS, the prime virulence factor (16). Its artificial introduction into the HA of
low-pathogenic avian strains, however, does not necessarily lead to a highly patho-
genic phenotype (15, 18-21), corresponding to the existence of further virulence
determinants in other gene segments, such as in PB2, PB1, NP, M, or NA (22-28).
Beyond that, the required coadaptation of the HA itself along with the acquisition of a
polybasic HACS during early HPAIV evolution has remained uncertain. To this end, we
generated a panel of HA mutants of clade 2.2.2 H5N1 HPAIV R65 (53) carrying HA1 or
HA2 parts from H5N1 LPAIV TGO5 (18) and/or several TGO5 point mutations. We found
that the R65 HA1 part and, in particular, the two HA amino acid residues 123R and 124l
as a dual motif are required for extreme virulence in both chickens and mice.

After receptor-mediated endocytosis of the incoming virion along the endosomal
pathway, the cleaved HA is subjected to a continuous pH decrease until an irreversible
conformational change takes place that enables fusion of the membranes from the
virion and endosome (9, 33, 34). A mild acidic fusion activation pH is common to HPAIV,
in contrast to LPAIV (54), and regulates high virulence in chicken (37). In our study, we
found that in R65, each of these two HA residues, 123R and 124, is crucial for an
elevated HA fusion activation pH.

After a first cell culture passage of our recombinant viruses, secondary HA mutations
were acquired in R65-HAT1gosp01/HA2Res (M4051), R65-HAg; 535 (G217W), and R65-
HAR 535+ 11247/HA21605 (S1231). The latter pseudoreversion of S123 to the larger side
chain of an isoleucine clearly indicates the reduced fitness of the R1235/1124T double
mutant on the R65 HA1 background. Moreover, the other two secondary mutations
occurred at critical positions in the protein structure: M405 marks the N-terminal end
of the B loop that connects it to « helix A (Fig. 8A). This region likely regulates the
nucleation of « helix B during the conformational switch that triggers membrane
fusion. G217, on the other hand, is located directly at the trimer interface in the
receptor-binding domain of the HA1 subunit (Fig. 8A). Dissociation of HA1 is an
essential step during the structural rearrangements promoting fusion. Both of these
secondary mutations likely decrease the overall stability of the prefusion conformation
and thus may partially compensate for the artificial introduction of our stabilizing
mutations.

Furthermore, in viruses reisolated from chicken oral swabs and mouse heart ho-
mogenates, we found several mutations, such as the reversion HA S123R or HA2
mutations, in the TGO5 HA2 chimeric viruses that were identical to or at the same
positions as those in R65, indicating strong selection pressure. Moreover, we observed
mutations in the M2 ion channel exit region (42, 44, 45, 55), D44N (43), R45L, and R45H,
which were also selected in chickens infected with highly pathogenic reassortants
carrying a non-H5/non-H7 HA (21). These mutations are prevalent in a few native HPAIV
and LPAIV (21) and were demonstrated to compensate for the lower acid sensitivity of
the HA (56).

The additional N-glycosylation motif formed by the R156N exchange in the HA of
R65 resulted in somewhat increased growth properties, fusion activation pH, and virus
inactivation pH and slightly increased virulence in chicken. Therefore, the very common
loss of this N-glycosylation site in H5 HPAIV (Fig. 1 and 2B) is not detrimental in
chickens. In contrast, its absence enhances virulence in mice, facilitates contact trans-
mission in guinea pigs (40, 41), and is involved in airborne transmissibility in ferrets (57).
Therefore, the absence of an N-glycosylation site at positions 156 to 158 might have
supported the transit of the clade 2.2.2 viruses through some intermediate mammalian
host(s) like, perhaps, pikas (58), as previously proposed for the mammalian marker
mutation PB2 627K (59).
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TABLE 3 Chronological emergence of HAT mutations?

Virus Strains Serotype Accession Year 113 123 124 142 154 228 233
H5 numbering without signal peptide” 97 107 108 126 138 212 217
Consensus H5 LPAIV D S T D N E P
Consensus H5 HPAIV D R | E Q K S
A/Teal/Germany/WV632/2005 (TGO5) H5N1 CY061885 2005 D S T D N E P
A/Swan/Germany/R65/2006 (R65) H5N1 DQ464354 2006 D R 1 E Q K S

H5N1 AF144305 1996 D T D E P
A/Goose/Guangdong/3/1997 H5N1 AF364334 1997 D T D E P

H5N1 AF046080 1997 D D E P
A/Hong Kong/156/1997 H5N1 AF046088 1997 D D E P
A/Hong Kong/483/1997 H5N1 AF046097 1997 D D E P
A/Chicken/Hong Kong/258/1997 H5N1 AF057291 1997 D D E P
A/Chicken/Hong Kong/728/1997 H5N1 AF046099 1997 D D E P
A/Chicken/Hong Kong/786/1997 H5N1 AF082035 1997 D D E P
A/Chicken/Hong Kong/Y385/1997 H5N1 AF098541 1997 D D E P
A/Chicken/Hubei/Wh/1997 H5N1 DQ997102 1997 D D E P

H5N1 DQ997122 1997 D D E

H5N1 DQ997133 1997 D E P
A/Duck/Hong Kong/P46/1997 H5N1 AF098543 1997 D D E P
A/Environment/Hong Kong/486/1997 H5N1 GU052035 1997 D D E P
A/Goose/Hong Kong/W355/1997 H5N1 AF098545 1997 D D E P
A/Hong Kong/482/1997 H5N1 AF046098 1997 D D E P
A/Hong Kong/485/1997 H5N1 GU052142 1997 D D E P
A/Silky Chicken/Hong Kong/P17/1997 H5N1 AF098546 1997 D D E P
A/Duck/Guangxi/07/1999 H5N1 AY585363 1999 D S T D E P
A/Environment/Hong Kong/43710/1999 H5N1 AF216737 1999 T D E P
A/Environment/Hong Kong/4374/1999 H5N1 AF216713 1999 T D E P
A/Environment/Hong Kong/4376/1999 H5N1 AF216721 1999 T D E P
A/Environment/Hong Kong/4378/1999 H5N1 AF216729 1999 T D E P
A/Goose/Hong Kong/4376/1999 H5N1 GUO052019 1999 T D E P
A/Duck/Fujian/19/2000 H5N1 AY585359 2000 D D E P

H5N1 AY585373 2000 D D
A/Duck/Guangdong/12/2000 H5N1 AY585361 2000 D D E P
A/Duck/Zhejiang/11/2000 H5N1 AY585371 2000 D D E P
A/Duck/Guangdong/40/2000 H5N1 AY585374 2000 D
A/Duck/Shanghai/1/2000 H5 AF501235 2000 D
A/Goose/Huadong/1/2000 H5N1 DQ201829 2000 D
A/Goose/Hong Kong/485.3/2000 H5N1 GUO052042 2000 D
A/Goose/Hong Kong/1032.6/2000 H5N1 GU052050 2000 D

H5N1 AY585377 2000 D
A/Duck/Hong Kong/2986.12/2000 H5N1 GUO052065 2000 D
A/Goose/Hong Kong/3014.5/2000 H5N1 AY075030 2000 D

a* indicates that except for the mutation at position 107 (position 123), all other residues were established to confer higher

virulence in reference 60.

Some HA virulence determinants could already be revealed by the determination of
different 50% lethal dose (LDs,) values of closely related H5N1 HPAIV in chicken
mutated at HA1 positions 97, 108, 126, 138, 212, and 217 (60) (corresponding to
positions 113, 124, 142, 154, 228, and 233, respectively, in the full-length R65 HA
translated sequence). All these residues are identical in the R65 HA and H5 HPAIV
consensus sequence (determined from 3,385 sequences) but are different in the
corresponding positions of the TG05 HA and LPAIV consensus sequence (from 803
sequences), except for the rather conserved residue 97 (residue 113) (Fig. 1). Among
these mutations, HA 124l was attributed to increased acid sensitivity and virulence in
chickens (37). Furthermore, sequence database searches revealed that both 123R and
1241 are predominant as a dual motif in the overwhelming majority of 97.5% of H5
HPAIV, in contrast to H5 LPAIV. Remarkably, this dual motif is retained in later and
contemporary H5 HPAIV, including novel H5NX reassortants, like the HSN8 or the H5N6
strains, which can cause experimental infections in dogs and zoonotic infections in
humans (61-65).

However, a few HPAIV (2.0%) carry 123S and 124T or only a single exchange (up to
0.5%) (Fig. 2A). Among them, A/Duck/Guangxi/07/1999 (66) carries neither 123R, 124,
nor any of the candidate HA1 mutations established previously (60) (Table 3). Interest-
ingly, this strain killed only two of seven oculonasally infected chickens without

September 2018 Volume 92 Issue 17 e00778-18

Journal of Virology

jviasm.org 12


http://jvi.asm.org

Dual HA Motif Crucial for HSN1 HPAIV Evolution Journal of Virology

TABLE 4 Prevalence of amino acids 123 and 124 among H5 HPAIV clades®

Mutation(s) and clade Count (no. of sequences) Fraction of sequences (%)
R123 and 1124
Found total 961 100.0
c0 48 5.0
cl 929 10.3
cl.1 15 1.6
c1-8-like 2 0.2
c2.1.1 17 1.8
c2.1.2 10 1.0
c2.1.3 16 1.7
c2.1.3.1 8 0.8
c2.1.3.2 71 74
c2.1.3.3 4 0.4
c2.2 156 16.2
c2.2.1 153 15.9
c2.2.1.1 46 4.8
c2.2.2 12 1.2
c2.3.1 4 0.4
c2.3.2 12 1.2
c2.3.2.1 40 4.2
c2.33 1 0.1
c2.34 95 9.9
c2.3.4.1 3 0.3
c2.34.2 4 0.4
c2.34.3 20 2.1
c24 16 1.7
c2.5 11 1.1
c2-like 4 0.4
c3 15 1.6
c3-like 2 0.2
c4 2 0.2
c5 8 0.8
c5-6-like 5 0.5
c6 6 0.6
c7 23 24
c7.1 9 0.9
c7.2 8 0.8
c8-9-like 1 0.1
c9 15 1.6
R123 or 1124
Found total 10 100.0
c0 8 80.0
c2.2.1.1 1 10.0
c7 1 10.0
S123 and T124
Found total 32 100.0
Am_nonGsGD 16 50.0
EA_nonGsGD 14 43.8
c0 1 3.1
c5-6-like 1 3.1

aSurvey for the 123R and 124l amino acids among 1,003 H5 sequences assigned to H5 clades (67) according
to the LABEL algorithm (68). All clades which were found multiply are shaded.

systemic replication and was avirulent in mice (66). This observation supports the
notion that the HA 123R/124l dual motif is crucial for high virulence in avian and
mammalian hosts.

Furthermore, a survey for the HA 123R/1241 motif among 1,003 H5 HPAIV sequences
assigned to the H5 clades (67) by the LABEL algorithm (68) confirmed its absence
among American and Eurasian non-Goose/Guangdong-like strains and its presence in
all main H5 clades (Tables 4 and 5).
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TABLE 5 All known H5 HPAIV carrying neither 123R nor 124l

Virus strain Serotype GenBank accession no. Yr

A/Chicken/Scotland/1959 H5N1 GU052518 1959
A/Tern/SouthAfrica/1961 H5N3 U20460 1961
A/Turkey/Ontario/7732/1966 H5N9 AB558456 1966
A/Chicken/Pennsylvania/1/1983 H5N2 CY015073 1983
A/Chicken/Pennsylvania/1370/1983 H5N2 GU052771 1983
A/Chicken/Pennsylvania/21525/1983 H5N2 GU052787 1983
A/Duck/Ireland/113/1983 H5N8 M18450 1983
A/Duck/Ireland/113/1983 H5N8 GU052853 1983
A/Turkey/Ireland/1378/1983 H5N8 CY015089 1983
A/Turkey/Ireland/1378/1983 H5N8 M18451 1983
A/Chicken/VA/40018/1984 H5N2 FJ610134 1984
A/Chicken/Florida/277162/1986 H5N2 GU052779 1986
A/Chicken/Pennsylvania/10210/1986 H5N2 GU052747 1986
A/Goose/OH/229112/1986 H5N2 EU743233 1986
A/Guineafowl/OH/2291120/1986 H5N2 FJ357091 1986
A/Turkey/England/50-92/1991 H5N1 GUO052510 1991
A/Chicken/Puebla/14587644/1994 H5N2 FJ610094 1994
A/Chicken/Puebla/8623607/1994 H5N2 AB558473 1994
A/Chicken/Queretaro/1458819/1995 H5N2 AB558474 1995
A/Chicken/Italy/312/1997 H5N2 CY015115 1997
A/Chicken/Italy/312/1997 H5N2 AF194169 1997
A/Chicken/Italy/367/1997 H5N2 AF194990 1997
A/Poultry/Italy/330/1997 H5N2 CY017403 1997
A/Poultry/Italy/365/1997 H5N2 CY022261 1997
A/Poultry/Italy/373/1997 H5N2 CY020229 1997
A/Poultry/Italy/382/1997 H5N2 CY018949 1997
A/Chicken/Italy/8/1998 H5N2 EF597267 1998
A/Duck/Guangxi/07/1999 H5N1 AY585363 1999
A/Chicken/Texas/1672804/2002 H5N3 CY034683 2002
A/Duck/Zhejiang/Bj/2002 H5N1 DQ997410 2002
A/Chicken/Taiwan/1209/2003 H5N2 AY573917 2003
A/Chicken/Texas/2983132/2004 H5N2 GUO052644 2004
A/Chicken/TX/298313/2004 H5N2 AY849793 2004
A/Ostrich/SouthAfrica/N227/2004 H5N2 FJ519983 2004
A/Ostrich/SouthAfrica/Al1091/2006 H5N2 EF591749 2006
A/Quail/NewYork/501360/2007 H5N2 GQ923549 2007
A/Spurwingedgoose/Nigeria/53882/2007 H5N2 EU544248 2007
A/Chicken/Taiwan/A7031/2008 H5N2 AB507264 2008
A/Chicken/Taiwan/CHA1029/2010 H5N2 KY989969 2010
A/Ostrich/SouthAfrica/Al2114/2011 H5N2 JX069081 2011
A/Ostrich/SouthAfrica/Al2214/2011 H5N2 JX069089 2011
A/Ostrich/SouthAfrica/Al2512/2011 H5N2 JX069097 2011
A/Ostrich/South-Africa/1104333C/2011 H5N2 EPI371563 2011
A/Ostrich/South-Africa/1104333A/2011 H5N2 EPI371562 2011
A/Chicken/China/G2/2012 H5N1 KU851866 2012
A/Chicken/Taiwan/0101/2012 H5N2 KF193386 2012
A/Chicken/Taiwan/0502/2012 H5N2 KJ720208 2012
A/Chicken/Taiwan/2593/2012 H5N2 KJ162612 2012
A/Chicken/Taiwan/683/2012 H5N2 KJ162588 2012
A/Chicken/Taiwan/689/2012 H5N2 KJ162596 2012
A/Chicken/Taiwan/A1997/2012 H5N2 KF193394 2012
A/Chicken/Taiwan/CYA2628/2012 H5N2 KY989967 2012
A/Chicken/Taiwan/1692/2013 H5N2 KJ162636 2013
A/Chicken/Taiwan/1680/2013 H5N2 KJ162620 2013
A/Chicken/Taiwan/1711/2013 H5N2 KJ162652 2013
A/Chicken/Taiwan/4443/2013 H5N2 KJ162708 2013
A/Chicken/Taiwan/7350/2013 H5N2 KJ162668 2013
A/Chicken/Taiwan/8988/2013 H5N2 KJ162676 2013
A/Chicken/YL/A3190/2014 H5N2 KR137710 2014
A/Chicken/CH/A556/2015 H5N2 KR137678 2015
A/Chicken/France/150169a/2015 H5N1 KU310447 2015
A/Chicken/GY/A451/2015 H5N2 KR137662 2015
A/Chicken/PT/A158/2015 H5N2 KR137654 2015
A/Chicken/SC/A688/2015 H5N2 KR137694 2015
A/Chicken/TC/A504/2015 H5N2 KR137670 2015
A/Chicken/TY/A665/2015 H5N2 KR137686 2015
A/Duck/France/150233/2015 H5N2 KX014878 2015
A/Guineafowl|/France/150207n/2015 H5N9 KU320887 2015

Changes in the pH required for triggering HA-mediated fusion have been recog-
nized as part of the process of adaptation of influenza viruses to novel hosts. Whereas
human-adapted strains show a decrease in pH sensitivity (36), HPAIV display an
increased fusion pH accompanied by increased virulence in chickens (37, 69) and
enhanced replication in the upper respiratory tracts of mice and ferrets (70, 71). An
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Dual HA Motif Crucial for HSN1 HPAIV Evolution

explanation for such divergent evolution could be that that both virus lineages
undergo different selection pressures. In this regard, the demonstration that human
strains primarily target nonciliated cells in the respiratory tract, whereas avian strains
infect ciliated cells dependent on the virus receptor preference for a2-6- or a2-3-linked
sialic acids (72), might suggest that the different cell populations exert different
evolutionary pressures. Alternatively, it is tempting to speculate that the acidification of
the endosome is enhanced by upregulated V-ATPase activity due to the early activation
of extracellular signal-regulated kinase (ERK) and phosphatidylinositol 3-kinase (PI3K)
by the virus (73). It remains to be elucidated whether differences in primary cellular
tropism and/or virus-mediated regulation of the endosomal pH determine the different
evolutionary pathways of avian and human virus lineages. Remarkably, the earliest
H5N1 HPAIV strains from 1996/1997 (74, 75), A/Goose/Guangdong/1/1996 (76) and
A/Goose/Guangdong/3/1997, carry only the HA 123R mutation but neither 1241 nor any
of the other identified HA1 residues relevant for virulence (60). Therefore, 123R was
crucial in early H5 HPAIV evolution, whereas 124l was acquired later in the clade 0
viruses from 1997, as seen in the first known chicken isolate, A/Chicken/Hong Kong/
220/1997 (77). Later on, other HA1 exchanges (60) also appeared: 126E (142E) and 217S
(233S) in 1997 and then 212K (228K) in 2000. Eventually, 138N (154N) complemented
the whole set of all six key positions in the 2000 HPAIV (Table 3).

Because several cell lines and tissues display different final (minimum) pH in their
endosomes (78, 79), they may not be permissible to influenza virus infection if the
required HA fusion activation pH of a particular strain is lower than the endosomal
endpoint pH, as is the case with LPAIV (54, 78). Therefore, an increased acid sensitivity
of the HA activating fusion competence enables the virus to infect cells with a milder
acidic final pH in their endosomes, resulting in extended cell tropism (78, 79). To this
end, the RI motif at HA positions 123 and 124, in addition to the polybasic HACS, may
serve as a door opener to the respiratory tract for H5 HPAIV (70, 78, 79).

Taken together, the HA 123R/124l dual motif is crucial for high virulence in avian
and mammalian hosts, indicating substantial relevance for the high zoonotic potential
of H5 HPAIV. Accordingly, this virulence determinant is still predominant in Asian H5
HPAIV, including the novel H5NX reassortants. For HPAIV emergence, the acquisition of
the polybasic HACS is the critical step but requires parallel coadaptation of the HA. The
HA 123R/124l dual motif leads to an increased acid sensitivity, allowing broader viral
tissue tropism for cells with an elevated (less-acidic) endpoint pH in their endosomes
(78, 79). This acquired gain of function might enable HPAIV to infect the respiratory
tract of avian and mammalian hosts (37, 70, 71, 79) and therefore facilitate zoonotic
spillover infections. Whether such an adaptation would result in dead-end evolution
compared to established human strains or airborne-transmissible HSN1 HPAIV mutants
requiring sensitivity to lower pH (36, 57, 80, 81) remains elusive.

Overall, we propose that, in addition to the acquisition of a polybasic HACS, the
coadaptation of the HA to sensitivity to higher pH results in a broader viral organ
tropism extended to the respiratory tract, enabling the emergence of novel HPAIV.

MATERIALS AND METHODS

Sequence database surveys. On 24 July 2017, we downloaded all available H5 protein sequences
from fluDB (38) and GISAID (https://www.gisaid.org/) (an acknowledgment spreadsheet of all laboratories
contributing to GISAID is available upon request) and performed an alignment by using the MAFFT
algorithm (82) implemented in the Geneious package (83). For further analysis, we removed all dupli-
cated, truncated, or gapped sequences. Sequence positions refer to the R65 HA sequence, including the
signal peptide (16 amino acids).

Cells and recombinant viruses. Human embryonic kidney (293T), Madin-Darby canine kidney
(MDCK), and baby hamster kidney (BHK-21) cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) containing 10% fetal calf serum (FCS), whereas chicken fibroblast cells (DF1) were
cultured in Iscove’s DMEM plus 10% FCS.

The recombinant H5N1 HPAIV A/Swan/Germany/R65/06 (R65) (GenBank accession numbers
DQ464354 to DQ464361) was grown in MDCK cells, and the existence of unwanted mutations was
excluded by Sanger sequencing (18). TG05,,,,, a polybasic HACS mutant from H5N1 LPAIV A/Teal/
Germany/Wv632/2005 (18), was propagated in 11-day-old embryonated chicken eggs. Chimeric HA from
R65 and TGO5,,,, were assembled by target-primed plasmid amplification (39); HA single point mutants
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were obtained by QuikChange site-directed mutagenesis (primer sequences are available upon request).
The mutants were rescued as described previously (84) and then propagated in MDCK cells; virus gene
compositions and full-length HA genes were verified by Sanger sequencing of reverse transcription-PCR
(RT-PCR) amplicons. All viruses were handled under biosafety level 3 plus (BSL3*) conditions.

Plaque assay and growth curves. For plaque assays, we infected MDCK cells, as described
previously (85), with 400 ul virus inoculum in the absence of trypsin. For growth curves, we inoculated
DF1 cells at a multiplicity of infection (MOI) of 0.001. From two independent replicates, we harvested
supernatants 0, 24, 48, and 72 h after inoculation for titration by plaque assays (85).

Animal experiments. The animal experiments were evaluated by the responsible ethics committee of
the State Office for Agriculture, Food Safety, and Fishery in Mecklenburg-Western Pomerania (LALFF M-V) and
gained governmental approval (registration numbers LALLF M-V/TSD/7221.3-1.1-018/07 and LALLF M-V/TSD/
7221.3-1.1-023/13). We infected 2-week-old White Leghorn specific-pathogen-free chickens (three or six per
group) oculonasally at a dosage of 10° PFU. For transmission studies, we added four contact animals at 1 day
p.i. Each bird was observed daily for 10 days for clinical signs and classified according to OIE criteria; moribund
birds were killed and scored as dead on the next observation day (86). Sera of surviving birds were collected
at day 10 and tested for influenza A virus nucleoprotein-specific antibodies by a competitive enzyme-linked
immunosorbent assay (ELISA) (ID-Vet), as recommended by the manufacturer.

Four-week-old female BALB/c mice (Charles River, Sulzfeld, Germany) were housed in ISOcages
(Tecniplast, Buguggiate, Italy). After anesthesia by isoflurane inhalation, we intranasally inoculated the
animals with 30 ul phosphate-buffered saline (PBS) (mock) or PBS-diluted virus at a dosage of 105 PFU.
Over a period of 14 days, we observed each mouse daily regarding body weight changes, other clinical
symptoms, or death. By a plaque assay, we titrated entire organ homogenates of lungs, hearts, and brains
from inoculated mice, sacrificed at 3 days p.i.

Thermal stability. In two independent experiments, we incubated the viruses in a thermoblock for
30 min at 4°C, 37°C, 42°C, or 50°C prior to hemagglutination assay at room temperature using 1% chicken
red blood cells.

Syncytium formation assays. BHK-21 monolayers in six-well plates were infected at an MOI of 2 and
incubated at 37°C for 30 min. We then washed the cells with PBS and overlaid them with DMEM
containing 0.2% bovine serum albumin (BSA) and antibiotics. After 6 h, the cells were incubated at 37°C
for 5 min in PBS in parallel at different pH adjusted in 0.1-unit increments from 4.8 to 6.0. We then
washed the cells, incubated them in DMEM containing 10% FCS at 37°C 2 h, and stained them eventually
with a Hema-3 Stat Pack staining kit (Fisher, USA). We noted the fusion activation pH as the highest pH
sufficient for the formation of any syncytia.

Virus inactivation pH. First, we incubated DF1 cells for 30 min at 37°C in parallel with virus at an MOI
of 2 diluted in PBS at different pH adjusted in 0.1-unit increments from 4.0 to 6.0. After the removal of
the inoculum, we kept the cells in Iscove’s DMEM containing BSA (0.2%) and antibiotics at 37°C for 5 h.
Cells were then fixed with 3.7% formaldehyde (Roth, Germany), permeabilized with 0.5% Triton X-100
(Merck, Germany), and blocked for 30 min with 1% skim milk in PBS. Infected cells were stained with a
polyclonal antibody to the NP protein from A/WSN/1933 (H1N1) (1:1,000; incubated for 1 h at room
temperature) (GeneTex, USA) and washed with PBS three times prior to detection with goat anti-rabbit
Alexa Fluor 488 antibody (Invitrogen, Germany) by fluorescence microscopy. All experiments were done
in duplicates. The highest pH at which no virus-infected cells were found was designated the virus
inactivation pH.
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