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BACKGROUND. Both seasonal and novel avian influenza viruses can result in severe infections
requiring hospitalization. Anti-influenza antibodies (Abs) with Fc-mediated effector functions,
such as Ab-dependent cellular cytotoxicity (ADCC), are of growing interest in control of influenza
but have not previously been studied during severe human infections. As such, the objective of this
study was to examine Fc-mediated Ab functions in humans hospitalized with influenza infection.

METHODS. Serum Ab response was studied in subjects hospitalized with either pandemic H7N9
avian influenza virus in China (n = 18) or circulating seasonal influenza viruses in Melbourne,
Australia (n = 16). Recombinant soluble Fc receptor dimer ELISAs, natural killer (NK) cell
activation assays, and Ab-dependent killing assays with influenza-infected target cells were
used to assess the Fc functionality of anti-influenza hemagglutinin (HA) Abs during severe
human influenza infection.

RESULTS. We found that the peak generation of Fc functional HA Abs preceded that of neutralizing
Abs for both severe H7N9 and seasonal influenza infections. Subjects who succumbed to
complications of H7N9 infection demonstrated reduced HA-specific Fc receptor-binding Abs (in
magnitude and breadth) immediately prior to death compared with those who survived. Subjects

who recovered from H7N9 and severe seasonal influenza infections demonstrated increased Fc
receptor-binding Abs not only against the homologous infecting strain but against HAs from different
influenza A subtypes.

CONCLUSION. Collectively, survivors of severe influenza infection rapidly generate a functional Ab
response capable of mediating ADCC against divergent influenza viruses. Broadly binding HA Abs with
Fc-mediated functions may be a useful component of protective immunity to severe influenza infection.

FUNDING. The National Health and Medical Research Council ((NHMRC] grants 1023294, 1041832,
and 1071916), the Australian Department of Health, and the joint University of Melbourne/Fudan
University International Research and Research Training Fund provided funding for this study.



CLINICAL MEDICINE

Table 1. Characteristics of the H7N9 influenza-infected cohort, the DISI seasonal influenza-infected cohort, and control subjects

H7N9 cohort? DISI cohort
H7NS infected (China)  Healthy Chinese controls Seasonal influenza infected  Hospitalized influenza-
(Melbourne) uninfected controls
(Melbourne)
Number (n) 18 1 16 10
Survived 12 15 10
Died 6 1 0
Median age (yr) 71 71 57 37
Survived 67.5
Died 76.5
Sex (M or F) 14 M,4F 7M, 4F IM,7F 4M,6F
Survived 9 M, 3F
Died 5M,1F
Subtype of infecting influenza H7NS: 18 NA H1N1: 4, H3N2: 8, B: 4 NA
virus
Median days between symptom 9.5 (6-16) NA 4.5 (-48-7) 3 (1-10)
onset and hospitalization (range)
Survived 9 (6-11)
Died 10 (9-16)
Median days between symptom 11(7-16) NA 6 (3-11) 5 (2-11)
onset and first sample (range)
Survived 11(7-13)
Died 12.5 (10-16)
Subjects treated with oseltamivir 18/18 NA 11/16 6/10
Median days between symptom 6.5 (3-11) NA 3 (1-8) 3(1-7)
onset and first oseltamivir (range)
Survived 7 (4-1)
Died 6.5(3-9)
Median SOFA score 3.5(2-9) NA 2 (0-6) 0.5 (0-3)
Survived 3(2-5)
Died 6 (6-9)

AAdditional details on the H7N9-infected subjects are present in references (6, 7). 80ne DISI subject acquired influenza after 4 days of hospitalization. M,
male; F, female; SOFA, sequential organ failure assessment.

Introduction

Yearly epidemics of seasonal influenza cause 3—5 million severe illnesses each year, and current vaccines
are only partially effective (1). Although less prevalent than seasonal influenza, avian influenza viruses
more commonly cause severe influenza illness. Avian influenza viruses of the H7N9 subtype recently
emerged in China and have the potential to cause global pandemics if they acquire the ability to transmit
human to human (2). As of February 2017, there have been 1,258 reported human cases of H7N9 avian
influenza, with a case fatality rate of 41%, primarily due to rapidly progressing pneumonia (3). During the
fifth epidemic of human H7N9 avian influenza (beginning on October 1, 2016), there has been a dramatic
rise in the number of cases reported (460 cases) compared with the previous 4 epidemics, suggesting that
H7N9 avian influenza poses an ongoing threat to human health.

Immune control of severe seasonal and avian influenza infections is likely multifactorial and is not
well characterized (4, 5). Neutralizing antibodies (Abs) (NAbs), T cells, and natural killer (NK) cell
responses were associated with recovery in a cohort of 18 subjects with severe human H7N9 infec-
tion (6, 7). In the absence of vaccination, partial immunity to seasonal influenza is driven by immune
responses to repeated infections with related strains. In contrast, most humans lack previous expo-
sure to novel avian influenza viruses and have lower preexisting humoral immunity (8). Furthermore,
human H7N9 infection causes serious immune dysregulation (e.g., lymphocytopenia, reduced mono-
cytes, and altered cytokine and chemokine levels) that may limit key functions of the antiviral response
(9-11). Comparing severe seasonal and avian influenza infections in humans may yield insight into the
immune mechanisms of recovery.
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Figure 1. Increased HA-specific rsFcyR dimer-binding Abs after severe influenza infections. Subjects infected with H7N9 influenza (A and C) and seasonal
influenza (B and D) were examined for dimeric rsFcyRIlla (A and B) and rsFcyRlla (C and D) binding to Ab-opsonized HA at hospital admission, hospital
release/death, and approximately 30 days after hospitalization (seasonal infection only). Dimeric rsFcyR binding by Abs to the HA protein of A/Shang-
hai/1/2013 (H7N9) is shown for 18 H7N9-infected (black circles) and 11 healthy age-matched control (black diamonds) subjects (A and C). For seasonal
influenza-infected subjects (B and D), dimeric rsFcyR engagement by Abs was measured against either (a) H1 protein from A/California/04/2009 (HIN1)
virus for subjects infected with seasonal HIN1 influenza (4 subjects, gray squares), (b) H3 protein from A/Switzerland/9715293/2013 (H3N2) virus for sub-
jects infected with seasonal H3N2 influenza (8 subjects, black circles), or (c) HA protein from B/Phuket/3073/2013 virus for seasonal influenza B-infected
subjects (4 subjects, white triangles). As controls for seasonal influenza, 10 hospitalized influenza-negative subjects (B and D, black diamonds) were tested
for dimeric rsFcyR binding by Abs against all 3 seasonal HA proteins. All influenza-infected and control subjects were also tested for dimeric rsFcyR binding
by Abs against an irrelevant HIV-1 protein gp140, and representative data are shown for a single time point (all control gp140-specific responses are shown
in Supplemental Figure 1). A Kruskal-Wallis test was used to compare healthy age-matched controls to H7NS-infected subjects at hospital admission and
hospital release/death, while a Wilcoxon matched-pairs signed-rank test was used to compare rsFcyR dimer binding between hospital admission and hos-
pital release/death samples in the H7NS-infected subjects (A and C). A Mann Whitney U test was used to compare hospitalized seasonal influenza-infected
subjects with hospitalized influenza-negative subjects at the same time point of collection (B and D). **P < 0.01, ***P < 0.001.

Humoral immunity has long been implicated in protection from influenza through NADbs that block
virus entry into cells (12, 13). The narrow specificity of influenza NAbs, particularly those directed
against the immunodominant hemagglutinin (HA) head, is problematic for protection against influenza
viruses (14, 15). However, in addition to neutralization, Abs can also mediate several functions through
their Fc region, including complement-dependent cytotoxicity (CDC) (16, 17), Ab-dependent cellular
cytotoxicity (ADCC) (18-21), and Ab-dependent phagocytosis (ADP) (22). ADCC occurs when Abs
bind to viral antigens on infected cells and engage receptors for the Fc region of IgG (FcyRs) found on
the surface of innate immune effector cells. Multimeric engagement of neighboring FcyRs on effector
cells, often referred to as cross-linking, leads to cell activation and the release of antiviral cytokines (e.g.,
IFN-y) and cytolytic granules to kill the infected target cell. ADCC is primarily mediated through human
FcyRlIIIa (CD16a) found on NK cells, monocytes, and macrophages (23).
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Figure 2. Increased NK cell-activating HA-specific Abs after severe influenza infection. Serum HA Abs in subjects infected with H7N9 (A) and seasonal
influenza (B) were analyzed for their ability to activate primary NK cells to express IFN-y and/or CD107a. The time course, control subjects, statistical anal-
ysis, and HA and gp140 proteins studied were as described for Figure 1. Spearman correlations between primary NK cell activation and dimeric rsFcyRllla
ELISA for H7N9 (C) and seasonal influenza (D) infected cohorts are shown across all times points studied. **P < 0.01, ***P < 0.001.
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Several mouse studies, macaque studies, and human cohort studies in recent years have implicated ADCC
and other Fc-mediated Ab effector mechanisms with control of influenza (24-29). A recent study suggested
that high titers of ADCC-mediating Abs might reduce clinical symptoms and viral replication following an
A/Wisconsin/67/131/2005 (H3N2) influenza challenge of humans (30). Human influenza challenge mod-
els, however, are necessarily only modestly pathogenic and may not mirror severe clinical infections. As such,
we studied ADCC responses in cohorts of hospitalized subjects with H7N9 and seasonal influenza infections.

Results
Hospitalized influenza-infected subjects. Sera were studied from 18 H7N9-infected patients referred to and hospi-

talized at the Shanghai Public Health Clinical Centre (SPHCC) (Table 1). The patients were hospitalized at
the SPHCC 6-16 days (median 9.5 days) after symptom onset, and the first available samples were generally
collected within 48 hours of admission to the SPHCC (median 11 days after symptom onset). The median
age of the H7N9-infected patients was 71 years (range 47-88 years). All subjects were treated with oseltamivir
starting a median of 6.5 days after symptom onset (range 3-11 days). Six patients succumbed to H7N9 infec-
tion, and twelve recovered from the infection. The median sequential organ failure assessment (SOFA) score,
calculated shortly after admission to SPHCC, was 3.5 (range 2-9) for the H7N9-infected patients.

Plasma and sera samples were also studied from 16 hospitalized subjects with confirmed infection with
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Figure 3. Elevated rsFcyR dimer binding and NK cell activation by serum
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g g 24 v go © admission and hospital release/death, sera from H7N9-infected sub-
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pitalization likely reflects the relatively long 9.5-day median duration
of influenza-like illness (ILI) at the time of hospital admission — the

subjects had already developed FcyR-binding Abs by the time the first serum sample was available.
Subjects with severe seasonal influenza infection demonstrated detectable baseline levels of serum
HA-specific rsFcyRIIIa and rsFcyRIIa dimer binding at the time of hospital admission (Figure 1, B and D), a
median of only 4.5 days after ILI onset. This likely reflects common prior exposure to influenza viruses in the
adult population (26, 27, 32), as the levels were similar to those in noninfluenza-infected controls (rsFcyRIIIa:
P = 0.36 and rsFcyRIla: P = 0.40, Figure 1, B and D). A progressive increase in rsFcyR dimer binding by
HA-specific Abs was observed in subjects with confirmed seasonal influenza infection, but not in the influen-
za-uninfected controls (Figure 1, B and D). Negligible levels of FcyR dimer binding were observed against a
control immobilized HIV-1 gp140, since all subjects were HIV negative (Figure 1 and Supplemental Figure
1; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.92750DS1).
Collectively, these results suggest that HA Abs capable of forming complexes with FcyRs develop early in the

sera of individuals hospitalized with pandemic H7N9 and seasonal influenza infections.

HA Abs induced during severe influenza infections activate primary NK cells. FcyRII1a cross-linking activates NK
cells to produce cytokines and to degranulate releasing cytotoxic granules. To validate that the FcyRIIla dimer
insight.jci.org  https://doi.org/10.1172/jci.insight.92750 5
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Figure 4. Breadth of Fc functional Abs generated during severe influenza infection. Subjects infected with H7N9 influenza (A and C) and seasonal influ-
enza A (B and D) were examined over time for breadth of dimeric rsFcyRIlla (A and B) and rsFcyRlla (C and D) against a range of HA proteins. Median rsF-
cyRllla (A) and rsFcyRlla (C) dimer binding by serum Abs from 12 subjects who survived and 6 subjects who died from H7N9 infection is shown against HA
proteins from the A/Shanghai/1/2013 (H7N9) virus (H7 Shanghai), the A/California/04/2009 (HIN1) virus (H1 Cali/09), the A/Japan/305/1957 (H2N2) virus
(H2 Japan), the A/Perth/16/2009 (H3N2) virus (H3 Perth), the A/Swine/Ontario/01911-1/1999 (H4NG) virus (H4 Ontario), and the A/Vietnam/1194/2004
(H5N1) virus (H5 Vietnam). Median rsFcyRllla (B) and rsFcyRlla (D) dimer binding by serum Abs from 12 subjects infected with seasonal influenza A viruses
(of the HIN1 or H3N2 subtypes) and 10 influenza-negative subjects is shown for H1 Cali/09, H2 Japan, H4 Ontario, H5 Vietnam, and H7 Shanghai as well
as for H3 proteins from the A/Switzerland/9715293/2013 (H3N2) and X-31 (H3N2) viruses. All influenza-infected and control subjects were background
subtracted for dimeric rsFcyR binding by Abs against an irrelevant HIV-1 protein gp140. Data from individual subjects are shown in Supplemental Figures
4 and 5. All 6 HAs were analyzed concurrently with a Wilcoxon matched-pairs signed-rank test to compare hospital admission to hospital release/death
in the H7NS-infected cohort (A and C). Similarly for the seasonal influenza-infected and uninfected subjects, all 7 HAs were analyzed concurrently with a
Kruskal-Wallis test to compare hospital admission, hospital release/death, and 30 days after hospitalization (B and D). *P < 0.05, ***P < 0.001, ****P <

0.0001.

ELISA data had functional relevance, we studied serial samples from H7N9- and seasonal influenza-infected
cohorts for their capacity to induce NK cell activation. Serum HA Abs from H7N9-infected subjects, but not
healthy age-matched controls, demonstrated H7-specific primary NK cell IFN-y and/or CD107a expression
(Supplemental Figure 2A). The H7N9-infected cohort did not show a significant difference in NK cell activa-
tion between the hospital admission samples and the hospital release/death samples (P = 0.07, Figure 2A),
consistent with the delay prior to the first sample being available and the results from the rsFcyRIIla dimer
ELISA. Subjects with seasonal influenza developed HA-specific Ab-dependent NK cell activation during the
course of their illness, unlike control hospitalized patients, supporting the increased HA-specific FcyRIIla
cross-linking Ab observed (Figure 2B). Indeed, a significant correlation between dimeric rsFcyRIIIa binding
and NXK cell activation was observed for both the H7N9-infected and seasonal influenza-infected cohorts (Fig-
ure 2, C and D). As with the FcyR dimer ELISA, control HIV-1 gp140-specific NK cell-activating Abs were
low (Figure 2A and Supplemental Figures 2 and 3). Overall, severe H7N9 and seasonal influenza infections
generate a humoral anti-HA response that can cross-link FcyRs and activate primary NK cells.
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Figure 5. Kinetics of Fc functional and NAb responses in severe influenza infection. Ab
kinetics were modeled for the estimated peak generation of responses for rsFcyRIlla binding,
rsFcyRlla binding, hemagglutination inhibiting (H1), and neutralizing Abs (NAbs) for H7N9
influenza (A) and seasonal influenza (B). Viruses and HA proteins used for each cohort are
described in the Methods. Data represent mean and 95% confidence intervals. Individual
data points for all subjects are shown in Supplemental Figures 6 and 7. (€) Comparison of
peak generation of rsFcyRIlla-binding and rsFcyRIla-binding Abs in H7NS and severe seasonal
influenza. *P < 0.05, **P < 0.01 by Wald's test (described in Methods).

Recovery from H7N9 infection associated with enhanced ADCC Abs. The evolution of
the ADCC Ab response may mirror or influence the course of severe human influ-
enza infection. To examine the relationship between severe influenza infection and
ADCC-mediating Abs, we compared serum HA Abs from H7N9-infected subjects
grouped based on infection outcome. At admission, there were comparable levels of
rsFcyRIITa and rsFcyRIla dimer binding by anti-H7 Abs in sera from the 12 subjects
who recovered and the 6 subjects who succumbed to H7N9 infection (Figure 3, A
and B). At discharge or death, however, Abs collected from the recovered subjects at
hospital release showed significantly higher dimeric rsFcyR binding when incubated
with H7 protein than serum Abs collected prior to death from the 6 subjects who suc-
cumbed to H7N9 infection (Figure 3, A and B). Ab-dependent NK activation assays
also demonstrated a reduction in H7-specific ADCC Abs in those that succumbed to
infection, but the difference was not statistically significant (Figure 3C).

Severe influenza infections generate cross-reactive Fc functional Ab responses. ADCC
Abs need not bind variable sites on the HA head and can have broad reactivity to
multiple strains of influenza (24-26, 28, 33). We found that FcyRIIla- and Fcy-
RlIIa-binding Abs in the sera of H7N9-infected patients demonstrated significant
cross-reactivity to HAs from other group 2 influenza viruses, including the HAs
from H3N2 and H4NG6 viruses (Figure 4, A and C). FcyR dimer binding was also
detected against HAs from group 1 influenza viruses, such as the H5 HA from
an avian H5N1 virus and the H2 HA from a noncirculating H2N2 virus, in the
H7N9-infected cohort (Figure 4, A and C). Interestingly, in H7N9-infected sera,
cross-reactivity to the HA of A/California/04/2009 (H1N1) pandemic virus (H1
Cali/09) was lower than any other subtypes tested in this elderly Chinese cohort
(Figure 4, A and C).

In subjects recovering from H7N9 infection, dimeric FcyRIIla binding by anti-
HA Abs remained constant from hospital admission to release. In contrast, sub-
jects who succumbed to H7N9 infection showed decreased median FcyRIIIa dimer
binding by HA-specific Abs from the time of hospital admission to death across all
subtypes tested (Figure 4A and Supplemental Figure 4). Median binding by anti-
HA Abs to the FcyRITa (CD32a) dimer increased across all subtypes from hospital
admission to release in the recovered subjects but remained constant in subjects who
died from H7N9 infection (Figure 4C and Supplemental Figure 5).

Subjects infected with seasonal strains of influenza A (either HIN1 or H3N2)
also demonstrated significant increases in median cross-reactive FcyR dimer—bind-
ing Abs against HAs from different subtypes of influenza, including H2 Japan, H4
Ontario, H5 Vietnam, and H7 Shanghai (Figure 4, B and D, and Supplemental Fig-
ures 4 and 5). In subjects with confirmed cases of seasonal influenza A infection,
HA-specific Abs showed increased FcyRIIIa and FcyRIIa dimer binding from hos-

pital admission to 30 days after hospitalization for all group 1 (HIN1, H2N2, and H5N1) and group 2
(H3N2, H4N6, and H7N9) HAs tested (Figure 4, B and D, and Supplemental Figures 4 and 5). In contrast,
hospitalized influenza-negative subjects did not show an increase in FcyR cross-linking Abs against HAs
from the 6 different influenza subtypes over time.

Kinetics of ADCC and NAD responses during severe influenza infection. ADCC responses appear relatively early

in the course of severe influenza infection and may provide some immunity as the virus-specific NAb response
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Figure 6. Generation of ADCC Abs after severe seasonal H3N2 infection. Sera were tested at hospital admission and 30 days later for their ability to kill
H3N2-infected (X-31) respiratory epithelial cells (A549 cells) in the presence of an NK cell line (NK-92 cells). Killing was measured by the specific release of
LDH from target cells. Sera from 5 subjects with confirmed seasonal H3N2 infection (see Supplemental Table 1 for strains) (A) and 5 subjects hospitalized
with noninfluenza respiratory infections (B) were tested. Spearman correlation between ADCC activity and rsFcyRIlla-binding Abs in the influenza-infect-
ed (C) and influenza-uninfected (D) subjects across two time points studied.
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is developing. Whether the peak ADCC response precedes that of the hemagglutination inhibiting or NAb
response is not known. Our series of Fc-binding, hemagglutination inhibition (HI), and focus reduction assays
(FRA) across the severe influenza infection cohorts allowed us to analyze the kinetics of the responses. To
account for the limited series of samples and variable times after infection when the samples were taken from
each subject, we modeled the peak of ADCC or NAb responses across data collected from all subjects at all time
points tested (2-5 longitudinal samples per subject) based on standard rise and decay characteristics of Abs as
previously described (34). The primary data used for modeling is shown in Supplemental Figures 6 and 7.

We first analyzed the H7N9 cohort, which reflects the exposure to a virus with little or no specific
Abs prior to infection. We found that, in H7N9 infection, the HA-specific rsFcyRIIla dimer—binding Ab
response reached its peak nearly 3 weeks earlier (mean 17 days, 95% CI 14-20 days) than the NAb response
(mean 35 days, 95% CI 13-56 days, P = 0.001, Figure 5A). The HA-specific rsFcyRIIa dimer-binding Ab
response also trends toward reaching its peak earlier (mean 19 days, 95% CI 13-25 days) than the NAb
response during H7N9 infection, but the peak response was more variable and the difference was marginal-
ly significant (P = 0.054, Figure 5A). The time to peak of response between H7-specific FcyR cross-linking
Ab responses and the H7-specific HI response was similar (Figure 5A).

We then analyzed the seasonal influenza-infected cohort, in which some Ab responses, such as nonneu-
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tralizing responses, may be preprimed and increase earlier than highly specific NADb responses. We found that
both rsFcyRIla (mean 14 days, 95% CI 8-20 days, P = 0.025, Figure 5B) and rsFcyRIIla (mean 12 days, 95% CI
8-15 days, P = 0.0092) dimer-binding Ab responses had significantly shorter times to peak than the HI response
(mean 26 days, 95% CI 14-38 days, Figure 5B). Moreover, we also found a later peak of NAb response (mean
27 days, 95% CI 20-33 days) compared with both rsFcyRIIIa (P = 0.033, Figure 5B) and rsFcyRIIa (P = 0.043,
Figure 5B) dimer-binding Ab responses. Despite its relatively short time to peak, the FcyR cross-linking Ab
response correlated with NAb responses for subjects infected with severe H7N9 and seasonal influenza (Supple-
mental Figure 8). Consistent with previous studies using Abs from intravenous immunoglobulin preparations
(31) and influenza vaccinees (35), we found that FcyR cross-linking Ab responses correlate with HI in subjects
infected with seasonal influenza but not H7N9-infected subjects (Supplemental Figure 9).

Next, we asked whether there is a difference in the kinetics between severe H7N9 and seasonal infections
within the same FcyR cross-linking Ab response. We hypothesized that prior exposure to seasonal viruses
might prime memory B cell responses for a more rapid induction after infection. We observed a trend toward
later peak of rsFcyRIIla dimer-binding H7-specific Abs in the H7N9-infected cohort compared with the sea-
sonal HA-specific rsFcyRIIla dimer-binding Abs in the seasonal influenza-infected cohort (P = 0.074, Figure
5C). There was no significant difference in the time of peak for the HA-specific dimeric rsFcyRIla-binding Ab
response in H7N9 infection compared with seasonal influenza infection (P = 0.11, Figure 5C).

Ab-mediated killing of target cells infected with a divergent, homosubtypic influenza virus is increased following
severe seasonal influenza infection. A key potential advantage of cross-reactive ADCC Abs is their ability
to kill respiratory cells infected with antigenically divergent influenza viruses. To assess whether the
HA-specific rsFcyRIIIa dimer binding and NK cell-activating Abs boosted following severe influenza
infection are capable of mediating ADCC against heterologous strains of influenza, we infected a respi-
ratory cell line (A549 cells) with the X-31 virus, which expresses H3 from the pandemic A/Aichi/2/1968
(H3N2) virus, and added effector NK cells to assess ADCC by lactate dehydrogenase (LDH) release. We
chose the X-31 virus, since the 1968 HA is distinct from the HA expressed by 2014/2015 seasonal H3N2
viruses. We studied serum Abs from 5 subjects infected with seasonal H3N2 influenza because H3N2
infection resulted in uniform increases in rsFcyR dimer binding and NK cell-activating Abs against
H3N2 HAs, and we had adequate sera samples from these subjects. All 5 subjects showed a marked
increase in ADCC of X-31-infected cells 30 days after hospitalization compared with hospital admis-
sion (Figure 6A). In contrast, the 5 influenza-negative subjects tested showed no difference in ADCC at
hospital admission and at 30 days after hospitalization (Figure 6B). We observed significant correlations
between the rsFcyRIIla dimer binding ELISA to X-31 HA protein and ADCC against X-31-infected
A549 cells for both control and influenza-infected subjects, suggesting that HA-specific Abs play a role in
killing influenza-infected cells (Figure 6, C and D). Recent studies have also shown that neuraminidase
and nucleoprotein Abs may be partially responsible for influenza-specific ADCC (24, 36). Interestingly,
ADCC against X-31-infected A549 cells also correlated with the rsFcyRIITa dimer binding ELISA (P =
0.01, r = 0.78) and with the NK cell activation assay (P = 0.05, r = 0.64) performed using a heterologous
HA protein from the seasonal A/Switzerland/9715293/2014 (H3N2) influenza virus.

Discussion

There has been renewed interest in the nonneutralizing functions of Abs during clinically important
human infections, such as those involving HIV (37-41), dengue (42), and influenza viruses (24-30). In
both animal models and mild-to-moderate human influenza infections, Fc-FcyR interactions aid in the
clearance of influenza infection (24-30). Herein, we performed the first comprehensive investigation
to our knowledge of the Fc functional Ab response in serial samples across two cohorts of subjects
hospitalized with severe H7N9 or seasonal influenza infections.

A key finding was that subjects who succumbed to H7N9 infection showed significantly lower
FcyR dimer binding, reduced NK cell activation, and reduced HA breadth in their Fc functional Abs
just prior to death compared with subjects who recovered. Severe human H7N9 infection has a high
mortality rate (3) and leads to immune dysfunction on many levels, so we cannot assert that this
observed reduction in HA-specific Fc functional Abs was causally related to their death (9-11). Pre-
vious work on this cohort showed that the CD8" T cell response was also impaired in people who
died from H7N9 infection (6) and that these subjects commonly had other comorbidities (7). There
is a growing interest in passive transfer of anti-influenza Abs in severe influenza, with some efficacy
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observed in small human studies (43, 44) and animal models (45). Both polyclonal immunoglobulin
preparations (28) and some monoclonal Abs can have significant Fc-mediated functions across a range
of influenza strains (24, 25, 33). Future interventional studies complementing anti-influenza ADCC in
subjects with severe influenza are warranted.

A second key finding was the relatively rapid peak generation of Fc functional Abs in both cohorts
of severe influenza infection in different geographical regions compared with NAbs. The average time
gap between the peak generation of Fc functional Abs and NAbs was in the order of 13-18 days — this
is potentially highly clinically relevant in the setting of a rapid progressive infection. For the season-
al influenza-infected cohort, we speculate that this reflects the presence of cross-reactive memory B
cells prior to infection (26, 27, 29, 30), which are more rapidly recalled to produce broadly binding Fc
functional Abs compared with the generation of de novo strain-specific NAbs. For the H7N9-infected
cohort, Fc functional Ab responses trended toward slower development than observed in the seasonal
influenza-infected cohort but were still more rapid than the H7-specific NAb response. Differences
in the kinetics of the Ab response, between seasonal and H7N9 influenza, may reflect lower levels
of and/or more weakly cross-reactive preprimed memory B cells against H7 prior to infection. We
acknowledge that our analyses are limited both by the time taken for the subjects to present to hospital
and by the modest number of samples able to be collected from these very ill cohorts that are relatively
difficult to recruit, thus necessitating a modeling approach to determine the peak responses. Nonethe-
less, our work represents the largest analysis of Fc functional Abs in clinically relevant influenza to
date, and a large time gap between Fc functional Abs and NAbs was observed across two independent
cohorts. Similar patterns of more rapid generation of Fc functional Abs than NAbs have been reported
in other infectious diseases, such as HIV (46).

A third key finding was the remarkable breadth of Fc functional Abs generated by survivors of severe
influenza infection. Nonneutralizing Abs recognizing conserved HA structures (such as the HA stem) may
be more cross-reactive than NAbs, which predominantly target the globular head of HA. Recent data suggest
that broadly reactive anti-HA mAbs may require FcyR engagement for protection regardless of neutraliza-
tion or HA domain specificity (25). Influenza vaccination and infection studies with pandemic and seasonal
HI1NT viruses have been shown to recall memory B cell responses that cross-react with avian H5NT1 viruses
(47-49). While the breadth of anti-HA Abs has been thoroughly examined for group 1 viruses, it had not
been previously studied during severe H7N9 and seasonal influenza in humans. During H7N9 and seasonal
infection, dimeric FcyR-binding Abs cross-reacted with HAs from group 1 and 2 influenza viruses. H7N9-in-
fected serum Abs appeared to preferentially bind HAs from H3N2 and H4N6 subtypes, which likely reflects
increased homology and epitope conservation within group 2 influenza viruses. Conversely, seasonal influen-
za A infection induced Abs capable of binding HAs from avian viruses to which previous exposure is unlikely.
In subjects who survived severe influenza infection, HA-specific FcyR dimer-binding Abs showed increased
breadth, suggesting the expansion of both strain-specific and cross-reactive B cell subsets over time.

We studied both FcyRIIIa-binding Abs, which typically mediate ADCC, as well as FcyRIIa-binding
Abs, which mediate ADP. ADP has recently been suggested as the primary mechanism of Fc-mediated
protection by nonneutralizing Abs in mouse models of H7N9 infection (50). Although binding to the Fcy-
RIla dimer generally aligned with responses mediated through FcyRIIla in our analyses, future studies
should consider performing functional influenza-specific ADP assays. Recent work on HA-specific ADP in
sera from nonsevere human and macaque influenza infections suggests that functional ADP responses may
contribute to the limitation of influenza spread in vitro (32).

Collectively, we show that FcyR cross-linking Abs are present in humans hospitalized with severe influ-
enza infection, for both pandemic H7N9 and seasonal influenza viruses. We found that FcyR cross-linking
Abs demonstrate significant breadth against HA proteins from many different subtypes of influenza virus
and that their time to peak Ab response is earlier than NAbs. Plasma from patients infected with severe sea-
sonal influenza contained FcyRIIIa cross-linking Abs that were capable of inducing ADCC against target
cells infected with a heterologous influenza virus in vitro. These data highlight a potential role for ADCC
Abs in the control of severe human influenza infection.

Methods

Hospitalized influenza-infected cohorts. Longitudinal humoral responses from 4 groups were compared in this
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study: 18 patients with PCR-confirmed H7N9 influenza hospitalized at SPHCC in 2013; 11 age-matched
healthy control subjects from China; 16 patients with PCR-confirmed seasonal influenza hospitalized at
the Alfred Hospital in 2014-15; and 10 patients hospitalized with acute respiratory illness at the Alfred
Hospital in 2014-15 but who were influenza-negative by PCR.

The cohort of H7N9-infected subjects was previously described (either partially or fully) in publications
by Wang et al. (6) and Zhang et al. (7), and their characteristics are summarized in Table 1. Sera were col-
lected from 18 subjects infected with H7N9 influenza (median age of 71 years, range 47-88) and 11 healthy
control subjects from China (also with a median age of 71 years). Of the 18 H7N9-infected subjects, 17 were
referred to SPHCC from other hospitals a median of 5 days (range 2—-9 days) after initial hospitalization.

Plasma or sera samples were also collected from 16 subjects (median age of 57 years, range 22—84
years) hospitalized with seasonal influenza as part of the DISI cohort (Table 1). Plasma/sera samples were
generally taken within 48 hours of hospital admission, 3 to 5 days later, at the time of hospital discharge
(or just prior to death), and approximately 30 days after hospitalization. Nasal swabs taken within 3 days
of hospitalization were sequenced by standard Sanger sequencing methods. Based on the sequences of HA,
neuraminidase, nucleoprotein, and matrix 1 proteins, the influenza strain of infection was determined. As
controls for the seasonal cohort, we studied 10 subjects hospitalized during the same time frame with acute
respiratory infection who were PCR negative for influenza.

Clinical data collection for hospitalized patients included the SOFA score, a clinical score that reflects
the severity of sepsis-related illness (51).

HA proteins and influenza viruses. All 18 subjects from the H7N9-infected cohort were infected with the
same influenza virus subtype (avian H7N9), and HA protein based assays were performed with a recom-
binant HA from the A/Shanghai/1/2013 (H7N9) virus (Sinobiological). The A/Shanghai/4664T/2013
(H7N9) strain was used for the HI assay, and a pseudovirus-based neutralization assay was performed with
a nonreplicative HIV backbone expressing influenza H7 and N9 proteins.

Of the 16 subjects hospitalized with seasonal influenza infection, 4 were infected with HIN1 influenza
viruses, 8 were infected with H3N2 influenza viruses, and 4 were infected with influenza B viruses. The 4
subjects hospitalized with HIN1 influenza were all infected with A/California/07/2009 (HIN1) pandem-
ic-like viruses, and HA protein-based assays, HI and FRA, were performed with A/California/07/2009
(HIN1) HA protein or virus. Of the 8 subjects hospitalized with H3N2 influenza, 7 were infected with
strains classified as clade 3C.3 and 1 was infected with a 3C.2 virus (Supplemental Table 1). We performed
HA protein-based assays, HI and FRA, against the 3C.3 strain A/Switzerland/9715293/2014 (H3N2) HA
protein or virus (the 2014-15 seasonal vaccine strain). The HA proteins of the 8 infecting H3N2 viruses had
greater than 97% amino acid identity with the HA protein of A/Switzerland/9715293/2013. Of the 4 sub-
jects hospitalized with influenza B, 2 were infected with viruses from the Yamagata lineage, 1 was infected
with a virus from the Victoria lineage, and 1 virus could not be sequenced (Supplemental Table 1). We per-
formed HA protein-based assays, HI and FRA assays, against the Yamagata lineage B/Phuket/3073/2013
HA protein or virus (the 2014-15 seasonal vaccine strain).

The recombinant HA proteins from A/Shanghai/1/2013 (H7N9), A/Switzerland/9715293/2013
(H3N2) virus, and B/Phuket/3073/2013 virus were expressed in a baculovirus-insect expression system,
whereas all other recombinant HA proteins (H1 A/California/04/2009, H2 A/Japan/305/1957, H3 A/
Perth/16/2009, H3 A/X-31, H4 A/Swine/Ontario/01911-1/99 and H5 A/Vietnam/1194/2004) used in
the FcyR dimer ELISAs and NK cell activation assays were expressed in human cells.

HI and FRA. HI and luciferase-based pseudovirus neutralization (with an HIV backbone carrying H7
and N9) assays with H7N9-infected sera were performed as previously described (6, 7). HI assays with
plasma/sera from subjects with seasonal influenza infections were carried out as described in Kristensen
et al. (35). FRA were performed as described in ref. 52, with modification to the determination of virus
neutralization titers. Inhibition of infectious virus =50% was considered positive for neutralization.

Dimeric rsFcyRIIa and rsFcyRIla binding ELISA. A rsFcyR dimer ELISA was employed to model the
need for ADCC-inducing Abs to cross-link FcyRs as previously described (31, 35). This assay demonstrated
a stronger correlation with Ab-dependent NK cell activation than a standard IgG ELISA (31). In subjects
from the Australian DISI cohort infected with H3N2 influenza, we confirmed that, while the H3-specif-
ic FcyRIIla dimer ELISA correlated with both Ab-mediated NK cell activation and an H3-specific IgG
ELISA, there was no significant correlation between primary NK cell activation and an IgG ELISA (data
not shown). Briefly, 96-well ELISA plates were coated with 50 ng purified influenza HA protein (Sinobio-
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logical) overnight, washed, blocked, and washed again, and then 1:40 plasma dilutions (based on previous
work, refs. 31, 32, 35, and limited titration) were added and incubated at 37°C for 1 hour. After a further 5
washes, 50 pl of either 0.1 pg/ml rsFcyRIIla biotinylated dimer (V176 high-affinity variant) or 0.2 pg/ml
rsFcyRIIa biotinylated dimer (H131 high-affinity variant) was added for 1 hour at 37°C. HRP-streptavidin
(1:10,000, ThermoFisher Scientific) was added to all wells for 1 hour; the plates were washed 8 times and
blotted dry, and then 50 pl of TMB substrate was added and the plate was developed in the dark. The reac-
tion was stopped with 1 M HCI and absorbance read at 450 nm. Intragam 5 (5 pg/ml, bioCSL) was used as
a positive control and allowed for normalization between plates as previously described (31, 35).

Ab-mediated NK cell activation assay. NK cell activation was measured by the ability of Abs bound to
a plate coated with influenza proteins to induce NK cell expression of IFN-y and CD107a as previous-
ly described (26). Briefly, 96-well ELISA plates (Nunc) were coated with 600 ng purified influenza HA
protein overnight and then incubated with a 1:10 dilution of heat-inactivated sera or plasma for 2 hours
at 37°C. After washing, 10° peripheral blood mononuclear cells (PBMCs) were added to each well along
with anti-human CD107a allophycocyanin-H7 Ab (clone H4A3; BD Biosciences), 5 ug/ml brefeldin A
(Sigma-Aldrich), and 5 ug/ml monensin (Golgi Stop; BD Biosciences) for 5 hours at 37°C with 5% CO,.
PBMCs were then incubated with 1 mM EDTA to minimize cell adherence to the plates, anti-human CD3
Pacific Blue or PerCP (clone SP34-2), and anti-human CD56 allophycocyanin (clone B159; both from BD
Biosciences) for 30 minutes at room temperature in the dark. Cells were fixed with 1% formaldehyde (Sig-
ma-Aldrich) for 10 minutes and permeabilized with FACS permeabilizing solution 2 (BD Biosciences) for
10 minutes. PBMCs were then incubated at room temperature for 1 hour with IFN-y AF700 (clone B27;
BD Biosciences) in the dark. Cells were again fixed with 1% formaldehyde and acquired on a LSR Fortes-
sa flow cytometer (BD Biosciences). Gating was performed as previously described (32) using FlowJo X
10.0.7r2 software (FlowJo LLC). The proportion of gated CD3-CD56*dim NK cells activated by sera Abs
to express IFN-y and/or CD107a was analyzed (Supplemental Figure 2).

Modeling the kinetics of influenza-specific Ab responses. To analyze differences between influenza-specific
Ab kinetics, we used a log linear regression as previously described (34). Ab responses increased exponen-

tially until a certain time (7’

pmk), after which they decrease exponentially. In line with general Ab responses

to other acute viral infections, we assume influenza-specific Ab levels increase in the first few weeks with a
rate 7 until T and will then decline with a rate d (i.e., constraining the model to have negative or 0 slope
after T, ). This simplified model can be written as follows:

(Equation 1)

Age™,  t <Tpeak

rT —d(t-T
AgeTreake=d(t=Teat), £ 5T,

A(t) ={

where 4, is the initial antibody level, 4(?) represents the concentration of influenza-specific Ab response
at time ¢, 7 represents the expansion rate of the influenza-specific Ab response, d represents the decay of
the influenza-specific Ab response after 7, ,, and T, , represents the time of the peak influenza-specific Ab
response.

A nonlinear mixed effect regression was used to fit the OD and titer data. To enable comparisons between
OD readings of the rsFcyR dimer assays and the titers of HI and FRA (NAb) assays, the variability in the titer
level was removed by dividing the value by the mean, so the scale between OD and titer was homogenous. We
used a binary covariate (representing seasonal vs. H7N9 infection, or rsFcyRIITa/rsFeyRIla dimer-binding
Ab vs. NADb or HI response) to determine whether the timing of the peak (see Equation 1) is different. Sig-
nificance was determined based on the value of this covariate (whether it was significantly different from 0),
calculated using the Wald test from the standard errors calculated in package nime (v 3.1-112) in R (v 3.2.2).

ADCC Filling assay with influenza-infected A549 cells. To study ADCC-mediated killing, we adapted a LDH
release assay as previously described (53, 54). Briefly, A549 respiratory cell line (ATCC CRL-185) targets were
infected with X-31 influenza virus (a reassortant influenza virus expressing the HA and neuraminidase from A/
Aichi/2/1968) at an MOI of 10 for 5 hours at 37°C. Experimental wells contained 2 x 10* NK92 cells expressing
the high-affinity (V176) variant of FcyRIIIa (provided by K. Campbell, Institute for Cancer Research, Philadel-
phia, Pennsylvania, USA) combined with 2 x 10* X-31-infected A549 cells in an effector-to-target ratio of 1:1
and a 1:100 dilution of heat-inactivated plasma from influenza-infected donors in triplicate. LDH release was
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measured with the Cytotox 96 kit (Promega). Percentage cytotoxicity was calculated as follows: [(experimental
— effector spontaneous — target spontaneous)/(maximum LDH — target spontaneous)]. Any above background
killing in no-Ab control wells was subtracted from the percentage cytotoxicity to give the percentage ADCC.
Killing in the no-Ab control wells was minimal and was <3% for all LDH assays performed.

Statistics. Statistical analysis was performed with GraphPad Prism version 5.0 (GraphPad Software).
Data presented in Figures 1, B and D; Figure 2B and Figure 3 were analyzed by Mann Whitney U test.
Wilcoxon matched-pairs signed-rank tests were performed to analyze data presented in Figure 1A (paired
admission and release/death samples), Figure 1C (paired admission and release/death samples), Figure
2A (paired admission and release/death samples), and Figure 4, A and C. Data presented in Figure 1A
(unpaired H7N9-infected samples and healthy controls), Figure 1C (unpaired H7N9-infected samples and
healthy controls), Figure 2A (unpaired H7N9-infected samples and healthy controls), and Figure 4, B and
D were analyzed by a Kruskal-Wallis test. Spearman correlations were performed in Figure 2, C and D;
Figure 6, C and D; Supplemental Figure 8, A-D and Supplemental Figure 9, A-D. A P value of 0.05 was
considered statistically significant unless otherwise specified in the figure legend.

Study approval. Written informed consent was obtained from all subjects prior to inclusion in these
studies. The study of the H7N9 cohort was reviewed and approved by the SPHCC Ethics Committee. The
study of the DISI cohort was reviewed and approved by the Alfred Health Ethics Committee.
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