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Objectives: Despite the importance of immunological memory for protective immunity against
viral infection, whether H7N9-specific antibodies and memory T-cell responses remain detectable
years after the original infection is unknown.

Methods: A cross-sectional study was conducted to investigate the immune memory responses of
H7N9 patients who contracted the disease and survived during the 2013-2016 epidemics in China.
Sustainability of antibodies and T-cell memory to H7N9 virus were examined. Healthy subjects
receiving routine medical examination in physical examination center were recruited as control.

Results: A total of 75 survivors were enrolled and classified into four groups based on the time
elapsed from illness onset to specimen collection: three months (n=14), 14 months (n=14), 26
months (n=28), and 36 months (n=19). Approximately 36 months after infection, the geometric
mean titers of virus-specific antibodies were significantly lower than titers in patients of three
months after infection, but 16 of 19 (84.2%) survivors in the 36-month interval had
microneutralization (MN) titer = 40. Despite the overall declining trend, the percentages of virus-
specific cytokines-secreting memory CD4* and CD8* T-cells remained higher in survivors at
nearly all time points in comparison with control subjects. Linear regression analysis showed that
severe disease (mean titer ratio 2.77, 95%CI 1.17-6.49) was associated with higher
hemagglutination inhibition (HI) titer, and female sex for both HI (1.92, 1.02-3.57) and MN (3.33,
1.26-9.09) antibody, whereas female sex (mean percentage ratio 1.69, 95%CI 1.08-2.63),
underlying medical conditions (1.94, 95%CI 1.09-3.46), and lack of antiviral therapy (2.08,
95%CIl 1.04-4.17) were predictors for higher T-cell responses.

Conclusions: Survivors from H7N9 virus infection produced long-term antibodies and memory
T-cells responses. Our findings warrant further serological investigation in general and high-risk
populations and have important implications for vaccine design and development.
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Introduction

The avian influenza A(H7N9) virus has caused five epidemic waves and spread to nearly all
provinces of China since early 2013. As of January 18, 2019, a total of 1564 human cases,
including 610 deaths, had been reported, with a case fatality rate about 39% [1]. The
infection of virulent mutants of the H7N9 virus in both chickens and humans has been
documented [2]. Limited person-to-person transmission between unrelated individuals in
hospital settings further exemplifies the increasing threat of the virus to humans [3-5]. In
addition, the H7N9 virus has the highest risk score among the 12 novel influenza A viruses,
with moderate to high pandemic potential [6].

The importance of sustaining protective humoral immunity is widely recognized [7,8].
Although H7N9-specific antibody responses were identified in patients during acute and
convalescent phases and was associated with disease severity [9—-11], whether the antibody
responses can persist for a long time remains unclear. In addition, cellular immune responses
are known to protect against various viral infections [12] and play a key role in protection
against symptomatic pandemic influenza [13-15]. Previous studies have shown that disease
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severity was associated with the antigen-presenting capacity of monocytes and with delayed
T cell responses in H7N9 patients [16, 17], and patients who had prolonged hospitalization
or died had delayed recruitment of CD8*/CD4* T-cells [18]. Cellular memory responses to
vaccination or infection with the 2009 pandemic HIN1 (pdmH1N1) can maintain at a quite
high level one year after antigen encounter [19]. However, the profile of memory T-cell
responses to the H7N9 virus years after the natural infection has not been investigated.

We conducted a cross-sectional study to delineate the temporal trend of antibody and
memory T-cell responses in H7N9 survivors. Additionally, we examined the relationship
between clinical outcomes and virus-specific immune responses.

Material and Methods

Study design

During March 1 to June 1, 2016, laboratory-confirmed H7N9 patients who were reported
during the first four epidemic waves (2013-2016) and recovered from the disease were
recruited by phone from Zhejiang, Jiangsu, and Shandong Provinces of China. Healthy
individuals who lived in Inner Mongolian (where no H7N9 virus was detected), had no close
contact with live poultry or live poultry markets during the previous 12 months, and had no
known diseases or conditions that could have compromised their immune systems were also
recruited from the people receiving routine medical examination in local physical
examination center as controls. Written informed consent was obtained from each
participant. The study protocol was reviewed and approved by the review board of the
Academy of Military Medical Sciences in Beijing, China.

Data collection and sampling

Consented subjects completed a questionnaire at enrollment to provide information on
demographic and clinical manifestation data, exposures to poultry in the recent two weeks,
vaccination history of seasonal influenza, and experience of influenza-like illness in the
recent two weeks. Blood samples were collected to separate serum and peripheral blood
mononuclear cells (PBMCs).

Serological assays

Serum hemagglutination inhibition (HI), neuraminidase inhibition (NI), microneutralization
(MN), and enzyme-linked immunosorbent assay measuring H7 hemagglutinin-specific 19G
antibodies were performed as described in our previous study [20]. A H7N9 virus (A/
Jiangsu/Wuxi05/2013) and a genetic reassortant H6N9 virus were used for detection of Hl,
MN, and NI antibodies as described in our previous study [20].

Flow cytometry assay

The PBMCs were stimulated with RPMI medium (Sigma-Aldrich, USA) as the negative
control, monensin (BD Biosciences) as the positive control, or live H7N9 virus (A/Jiangsu/
Wuxi05/2013) for 1 hour. After that, 10% fetal bovine serum was added into the cultures and
incubated at 37°C and 5% CO, for 3 hours, and the cells were incubated for an additional 18
hours with the GolgiPlug (BD Biosciences, 1:2000 dilution). Cells were stained for surface
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markers and intracellular cytokines with at least 1 x 106 live cells for each sample. Data

were obtained using the BD LSR Fortessa (BD Biosciences, Oxford, UK) machine and

analyzed using FlowJo software Version 10 (Tree Star Inc).

Statistics analysis

Results

Categorical and continues variables were analyzed using Xz test, Fisher’s exact test or
Student’s #test where appropriate. We used the Kruskal-Wallis test to compare the
difference in antibody titers and percentages of virus-specific cell responses between
survivors of each epidemic wave and control subjects. Nonparametric Spearman’s test was
performed for correlation analysis. Linear regression was used to assess potential predictors
for log-transformed antibody and T-cell responses, with a stepwise procedure based on the
Akaike Information Criterion (AIC) for predictor selection. Covariate effects are presented
as exponentiated regression coefficients, i.e., ratio of geometric mean responses. A two-
sided p-value of less than 0.05 was considered statistically significant. All statistical
analyses were conducted with the R and GraphPad Prism software (GraphPad Software,
Inc., La Jolla, CA, USA).

Further details concerning sample processing, serological and flow cytometry assays, and
regression analyses are provided in Supplementary Methods.

Study participants’ characteristics

Of 193 laboratory-confirmed H7N9 patients who recovered from the disease in Zhejiang,
Jiangsu and Shandong Provinces, China (Figure 1), 75 were enrolled into this study
(Supplementary Table S1). Among these 75 survivors, 19 were infected during Wave 1, 28
during Wave 2, 14 during Wave 3, and 14 during Wave 4. The median duration (interquartile
range) from symptom onset to enroliment was 1085 (1076-1099), 795 (776-806), 415
(331-452), and 81 (62-107) days for patients of epidemic waves 1, 2, 3, and 4, respectively.
A total of 17 healthy subjects were recruited from the Inner Mongolian of China to serve as
controls. There was no statistically significant difference among patients across the four
waves regarding demographic and clinical characteristics or between patients and controls
regarding demographics except that controls were notably younger and tended to be more
often vaccinated than patients (Supplementary Table S2).

Virus-specific antibody response in survivors

Figure 2 shows the geometric mean titers (GMTS) (Supplementary Table S3) and individual
titers of antibodies from Wave 4 to Wave 1. At approximately three months after infection,
HI, NI, MN, and IgG antibodies were detectable in all 14 patients of Wave 4, with the GMTs
of 215 (95% confidence interval [CI] 94-492), 820 (95%CI 313-2147), 780 (95%ClI
299-2038), and 6400 (95%CI 3416-11992), respectively. One patient had a titer <40 for both
HI and MN antibodies, whereas all 14 patients had NI and 1gG antibody titers =40 or =400.
About 14 months after infection, the GMTs of HI (76, 95%CI 43.7-132.5), NI (176, 95%ClI
43.8-712.1), MN (305, 95%CI 129.9-714), and 1gG (1950, 95%ClI, 897.8-4237) antibodies
decreased in patients of Wave 3, and 12 (85.7%), 10 (71.4%), 12 (85.7%), and 12 (85.7%) of
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14 patients had antibodies titers = 40, respectively. Only one patient had a NI antibody titer
<10. About 26 months after infection, lower antibody levels were shown by patients infected
in Wave 2, and the GMT of HI antibody dropped to near 40. Two patients had NI antibody
titers <10. At roughly 36 months after infection, HI antibody levels were 240 in 68% of
patients of Wave 1. However, 84.2% of patients still had MN and IgG titers above 40 and
400, respectively. One patient became negative for NI antibody, and another patient had a
titer <10 for both HI and MN antibodies. The HI, NI, MN, and 1gG antibody titers were
highly correlated with each other regardless of epidemic waves (Supplementary Figure S1).

Virus-specific CD4* and CD8" T cell responses in survivors

We first assessed the percentages of H7N9-specific gamma interferon-positive (IFN-y™),
interleukin-2-positive (IL-2%), and tumor necrosis factor alpha-positive (TNF-a.*) T-cells.
Overall, very few virus-specific IFN-y* (0.036+0.027), IL-2* (0.041+0.026), and TNF-a.*
(0.022+0.014) CD4* T-cells were detected in controls, whereas patients had a high
percentage of virus-specific CD4* T-cells (Figure 3a). We observed a declining trend of the
virus-specific CD4* T-cell response in patients from Wave 4 to Wave 1. However, the
patients infected in Wave 1 still maintained a much higher percentage of virus-specific CD4*
T-cells at approximately 36 months after infection in comparison to the controls (o< 0.01;
Figure 3a).

Regarding the CD8* T-cell responses, the percentage of virus-specific IFN-y* CD8* T-cells
in patients infected during Waves 1-3 were significantly higher than that in controls, but no
significant difference was observed for patients of Wave 4 (Figure 3b). However, both
patients and controls had very low levels of IL-2* and TNF-a* CD8* T-cell responses.
Further analysis showed that the H7N9-specific CD4* T-cells were multifunctional because
about half of these T-cells secreted triple and double-positive cytokines, whereas the CD8*
T-cells in patients of Wave 1-3 were predominantly IFN-y-expressing cells (Figure 3c).

Phenotypic memory of virus-specific CD4" and CD8" T cells in survivors

The H7N9-specific IFN-y* CD4* T-cells were phenotypically effector memory CD45RA"
CCRT- cells (Figure 4a) which account for around 90% of this T-cell population in patients
of each wave (Figure 4b). The proportions of effector memory CD45RA CCR7- cells were
similar for IL-2* and TNF-a* CD4* T-cells (Supplementary Figure S2). In contrast, H7N9-
specific IFN-y* CD8* T-cell populations included a substantial proportion (21.3%-32.4%
across waves) of effector memory CD45RATCCR7- cells in addition to effector CD45RA"
CCRT7- cells. The percentages of virus-specific IFN-y*, IL-2*, and TNF-a* effector memory
CD4* T-cells tended to decline with time but were higher in patients than in the control
group (p< 0.001; Figure 4c). Relatively high percentages of IFN-y* effector memory CD8*
T-cells were detected among patients in Waves 1-3, significantly higher than controls (p<
0.01). Although percentages of IL-2* and TNF-a* effector memory CD8* T-cells were
generally low in patients, those in patients of Waves 1-3 were still significantly higher than
those in the controls (Figure 4d).
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Association between potential factors and immune response

Linear regression analysis of potential factors affecting antibody titers or T-cell response
revealed that male patients tended to have lower HI and MN antibody titers on average than
female patients, with GMT ratios of 0.52 (95%CI 0.28-0.98) and 0.30 (95%CI 0.11-0.79),
respectively (Table 1). In addition, patients with severe infections had significantly higher
titer of HI (GMT ratios 2.77, 95%CI 1.17-6.49) antibody than those with mild infections.
Regarding the T-cell responses, underlying medical conditions was a predictor for higher
percentage of both H7N9-specific IL-2* (geometric mean percentage ratio 1.94, 95%Cl
1.09-3.46) and TNF-a.* (1.69, 95%CI 0.99-2.86) CD4* T-cell response, and antiviral therapy
for lower percentage of virus-specific IL-2* CD4* T-cell responses (0.48, 95%CI 0.24-0.96).
Male patients had a lower percentage of IL-2* CD8* T-cell response than female patients
(0.59, 95%CIl 0.38-0.92).

Discussion

In this study, we identified the levels of virus-specific antibody and memory T-cell responses
among H7N9 survivors after natural infection. We found that, although virus-specific
antibodies and polyfunctional virus-specific T-cell responses to the H7N9 virus waned over
time, most survivors maintained detectable antibody titers and a high level of virus-specific
T-cell responses at about 36 months after infection.

Previous studies have shown that HI antibodies induced by natural infection with the
pdmHI1N1 virus persisted at constant high titers (>1:40) for at least 15 months [21], and that
the HI and MN antibodies against the H5N1 virus infection lasted even longer, at stable
titers (=1:40) for nearly 5 years [22]. Our study showed that the H7N9 virus infection was
also able to induce long-term presence of antibodies in most patients. We observed a decline
in HI titer among survivors from Wave 4 to Wave 1 (representing shorter to longer times
after infection), and over 60% survivors of Wave 1 maintained HI titers 240 at about three
years after infection. The NI antibody level decreased more rapidly, and only about 30%
survivors in Wave 1 maintained titers =40 three years post infection. Evidence for the
contribution of NA antibody to the protection against seasonal influenza, independent of the
effect of HA antibody, has been suggested by patterns of infection during the 1968 pandemic
and more recently using multivariable regression analyses [23—-25]. Given the ephemerality
of NI titers observed here in comparison with HI titers, natural infection or vaccine-induced
response to NA might have short duration of protection even when HA drifts and NA does
not. On the other hand, we observed a relatively slow decline in MN and IgG titers over
time. Based on the protective effect of MN observed for seasonal influenza, if MN antibody
is indeed a better correlate for protection than HI antibody and if a titer of >40 is associated
with 50% protection against infection [26—28], we could anticipate that a proportion of
H7N9 survivors would remain protected against the H7N9 virus at about 36 months after the
initial infection, but has not been proven so.

We identified high levels of T-cell responses in most survivors even three years after
infection. The H7N9-specific cytokines-secreting CD4* T-cells were polyfunctional and
CD45RA"CCR7- effector memory CD4* T-cells were dominant. In contrast, the H7N9-
specific CD8* T-cells seemed to be mostly single functional of IFN-y secreting and
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comprised of predominantly CD45RA"CCR7- effector-memory and CD45RA*CCRT7-
effector T-cells. However, we observed a delayed IFN-y* CD8* T-cell response in patients
of Wave 4 that the IFN-y* CD8 T-cells remained at a low level at about 3 months after
infection, which is similar to our previous study [29] and suggests a prolonged impairment
of immune responses after recovery [17, 29]. Because of conserved T-cell epitopes shared
between H7N9 and seasonal influenza viruses, cross-reactivity between the two viruses
cannot be ruled out [30-33]. Therefore, the T-cell responses measured in our study might be
derived from both H7N9 and seasonal influenza encounters. However, H7N9-specific
responses are likely to be dominant because very few T-cell responses to H7N9 virus were
detected in the controls.

We found that severe illness led to a stronger HI antibody response compared to mild illness.
This difference was also observed between severely ill patients admitted to intensive care
units or presenting acute respiratory distress syndrome and patients with mild disease [29].
Moreover, female patients had a stronger HI and MN antibody responses than male patients.
It has been shown in animal models that, after infection with the H7N9 virus, female mice
had significantly higher morbidity with increased inflammatory host responses [34].
However, a large gap still exists in our understanding about how sex influences immune
responses to influenza infection, which needs further studies. A previous study has shown
that H7N9-specific T-cell memory was prolonged in older and severe patients [29], but no
such association was observed in the current study. We found that underlying medical
conditions and antiviral therapy, and female sex were associated with higher virus-specific
T-cell responses. However, the underlying biological mechanisms remain to be elucidated.

The current study had several limitations. Firstly, this is a cross-sectional rather than
longitudinal study. The lack of serial blood samples from same patients has limited our
ability to quantify the heterogeneity in the individual trend of immune responses to the
H7N9 virus. For instance, our previous study on a longitudinal cohort of H7N9 survivors
from the fifth wave showed that 36.4% of the survivors had HI titers 240 at 300 days, in
contrast to 85.7% at about 14 months after infection among patients from the third wave in
the current study [20]. Secondly, blood samples of H7N9 patients during the acute phase
were not collected, creating a gap in the understanding of the dynamic changes of antibody
and T-cells response to the H7N9 virus over time. Thirdly, the controls are younger age and
more frequent vaccination of seasonal influenza, which might be confounding factors
influencing the virus-specific T-cell response.

In summary, our study suggests that virus-specific antibody and memory T-cell responses
can be detected in H7N9 patients three years after natural infection, which may imply partial
protection against subsequent H7N9 infections. Our findings could inform the design of
future serological studies and the development of H7N9-targeting vaccines.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Diagram of study population.
Temporal distribution of laboratory-confirmed human cases of avian influenza A(H7N9)

virus infection in Zhejiang, Jiangsu, and Shandong Provinces, China, during the first four
epidemic waves is shown by month. The monthly numbers of H7N9 survivors (defined by
symptom onset month) enrolled in the present study from each Wave (Wave 1: February-
September 2013, Wave 2: October 2013-September 2014, Wave 2: October 2014-September
2015, Wave 4: October 2015-September 2016) are shown in red, together with non-enrolled
survivors (in green). Arrows between study enrollment and each Wave represent the median
duration (interquartile range, IQR) of days from illness onset to enrollment collection of
blood samples. The number of enrolled patients is shown by month (on the top of each bar)
and by epidemic Wave (under each curly bracket).
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Figure 2. Antibody responses to influenza A(H7N9) virus in survivors from Wave 1 to Wave 4.
(a-d) The geometric mean titers (red dashed line) are shown for the Serum hemagglutination

inhibition (HI), neuraminidase inhibition (NI), microneutralization (MN) and 1gG
antibodies. Vertical bars represent 95% confidence intervals. Each dot represents the titer for
an individual. Gray dashed line indicates titer= 40 for HI, NI and MN antibodies, and 400
for 1gG antibody. Undetectable antibody titers are replaced by an arbitrary value of 5 (HI, NI
and MN) or 25 (IgG) to allow for the calculation of the geometric mean titer.
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Figure 3. PBMC-derived H7N9 virus-specific T-cells responses in H7N9 survivors.
(a, b) The representative FACS plots of IFN-vy, IL-2, and TNF-a expression on virus-

specific CD4* and CD8* from a representative subject (left) and the percentage of virus-
specific IFN-y, IL-2, and TNF-a secreting CD4* and CD8* T-cells in H7N9 survivors of
each Wave (right). (c) The representative FACS plots of double positive cytokine-secreting
CD4* and CD8™ T-cells from a representative subject (Left) and the proportions of triple-
positive (IFN-y*IL-2*TNF-a*), double-positive (IFN-y*IL-2*TNF-a”, IFN-y*IL-2TNF-a
*or IFN-y"IL-2*TNF-a.*), and single-positive (IFN-y*IL-2"TNF-a", IFN-y IL-2*TNF-a” or
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IFN-y IL-2"TNF-a*) cytokine-secreting CD4* and CD8" T-cells in survivors of each Wave
(right). Proportions of CD8* T-cells are not shown for Wave 4 as patients did not differ from
controls in virus-specific CD8" T-cells. In the box plots, the box represents the third quartile
(75%) and first quartile (25%), with the horizontal line indicating the median (50%). The
whiskers represent 1.5 times the IQR, with outliers shown. Each circle represents the
percentage of cellular responses for an individual. The p values were determined by
Kruskal-Wallis Test for comparing the differences across the waves and the control group.
The pvalues reported are for descriptive purposes only and were not adjusted for multiple
comparisons. *, p<0.05; **, p<0.01; *** p<0.001.
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Figure 4. Phenotypic memory of virus-specific T-cells in Survivors.
Phenotypic memory (naive, CD45RA*CCR7*; central memory, CD45RA CCR7*; effector

memory, CD45RA"CCR7-; and late effector, CD45RA*CCR7") analysis of virus-specific
cytokines-secretin CD4* and CD8* T-cells. (a) The representative FACS analytic process of
CD45RA and CCRY7 expression on virus-specific IFN-y secreting CD4* and CD8" T-cells.
(b) The constitution ratio of naive, central memory, effect memory, and late effect T-cells on
virus-specific IFN-y secreting CD4* and CD8* T-cells in survivors of each Wave. Data on
control subjects were not shown due to few virus-specific cytokine-secreting T-cells was
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detected. (c and d) The percentage of virus-specific effector memory T-cells in CD4* and
CD8™ T-cells in survivors of each Wave. In the box plots, the box represents the third
quartile (75%) and first quartile (25%), with the horizontal line representing the median
(50%). The whiskers represent 1.5 times the IQR, with outliers shown. Each circle
represents the percentage of cellular responses for an individual. The p values were
estimated by Kruskal-Wallis Test for comparing the differences across waves and the control
group. The pvalues reported are for descriptive purposes only and were not adjusted for
multiple comparisons. *, p<0.05; **, p<0.01; ***, p<0.001.
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Effects of potential factors affecting antibodies and T cell response.

Table 1.

Immune response, predictor

Ratio” (95%CI)

HI
Gender
Male (n=49)
Female (n=26)
Disease severity
Severe (n=64)
Mild (n=11)
MN
Gender
Male (n=49)
Female (n=26)
Disease severity
Severe (n=64)
Mild (n=11)
IL-2* CD4
Chronic disease
Yes (n=51)
No (n=24)
Antiviral therapy
Yes (n=63)
No (n=12)
IL-2* CD8
Gender
Male (n=49)
Female (n=26)

0.52 (0.28-0.98)

Reference

2.77 (1.17-6.49)

Reference

0.30 (0.11-0.79)

Reference

3.32 (0.89-12.43)

Reference

1.94 (1.09-3.46)

Reference

0.48 (0.24-0.96)

Reference

0.59 (0.38-0.92)

Reference

Cl confidence interval, HI hemagglutination inhibition, MN microneutralizing.

*
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geometric mean titer ratios for antibody responses and geometric mean percentage ratios for T-cell responses. Significant wave differences are not

shown
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