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Summary.-Theresponse of the host immune system should be appropriate to fight against pandemic
2009 HIN1 (pHIN1) influenza A virus without causing damage to its self. T cells play an indispensable role
in the fight against the virus, but have the potential to cause host immunopathological changes. A better
understanding of the immunoregulation that occurs during pH1N1linfection is necessary for preventing
severity of the disease. In this study, we found that a significantly higher percentage of V61* T cells and
increased expression of activation markers in total T cells in patients with moderate pHINI infection
could lead to its efficient fight against the virus. On the other hand, the percentages of total and CD4* T
cellswere decreased along with an increased expression of exhaustion marker-Tim-3 on T cells that might
suppress excessive T cell responses in the host. This tuning of T cell responses might be necessary in ef-
ficient combat against pHIN1 virus, without aggravating T cell mediated immunopathology in patients

with moderate pH1N1-infection.
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Introduction

Pandemic2009 HIN1(pH1N1)influenza A virus that ap-
peared in 2009 has rapidly spread throughout the world,
contributing to morbidity and between 105,700-395,600
deaths during the first year of the viral circulation (Da-
wood et al.,2012). The most common symptoms in patients
with mild or moderate pHINI infection include fever,
cough and sore throat (Dawood et al.,2009). Recent study
showed a higherrisk for serious complications and deaths
in patients with pHIN1 compared to patients infected
with H3N2 or influenza B (Delgado-Sanz et al.,2020). The
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2009 HINI influenza A virus; Tim-3 = T-cell immunoglobulin
and mucin domain 3

main features of severe pHIN1 infection were high fever,
lower respiratory tract infection, dyspnea, pneumonia,
restlessness, deterioration of underlying diseases and in
the critical cases, the clinical signs included respiratory
failure, viral encephalitis and coma (Wu et al., 2013).
Both CD4*and CD8* T cells play a pivotal role in protect-
ing the host against influenza A virus (Brown et al., 2004;
Peiris et al., 2010; Topham et al., 1997). Upon exposure to
influenza A viral infection, CD4" T cells augment CD8*
T cell and B cell responses by secreting a number of cy-
tokines, including IL2, IL4, IL5 and IFN-y (Graham et al.,
1994; La Grutaet al.,2007; Sarawar and Doherty, 1994). The
CD8* T cells in turn act against influenza A virus either
via direct lysis of infected cells or by the production of
cytokines such as IFN-y and TNF-a (Doherty et al., 1997).
Besides CD4" T cells and CD8* T cells, NK cells and y§0 T
cells expressing V§2* receptor have been shown to fight
against pHIN1 virus by its cytolytic activity as well as by
means of soluble factors (Jegaskanda et al., 2019; Qin et
al., 2011). Although the role of y§ T cells expressing V81*
receptor inrespiratory viral diseases is lacking, anti-viral
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properties of V81* T cells against cytomegalovirus (CMV),
Epstein-Barr virus (EBV) and human immuno-deficiency
virus (HIV) have been previously described (Fausther-
Bovendo et al.,2008; Knight et al., 2010; Orsini et al., 1994;
Siegers and Lamb, 2014). Upon pathogenic challenge, V81*
T cellsrelease copious amounts of cytokines such as IFN-y
and IL17, and show potent cytotoxic effector function
(Fenoglio et al., 2009; Halary et al., 2005). Paradoxically,
the potential immunosuppressive role of V81* T cells
with increased expression of regulatory molecules, such
as FoxP3, CD25 and cytotoxic T-lymphocyte-associated
protein 4 (CTLA-4), and corresponding production of
anti-inflammatory cytokine-TGE-p have been reported
(Hua et al., 2013; Kuhl et al., 2009). Thus, V81* T cells can
play the dual role of combating infectious diseases and
immunoregulatory functions.

An excessive and dysregulated immune reaction to viral
infection could be detrimental to the host if not appropri-
ately controlled. The pro-inflammatory cytokines such as
interferons,IL6 and TNF-a produced as aresult of infection
with influenza virus contributes to the systemic effect of
fever, and have been shown to be correlated with severity
of illness in the patients (Guo et al.,2017; Peiris et al., 2009,
2010). Additionally, these cytokines promote secretion of
chemokinesresulting in recruitment of immune cells and
subsequent amplified inflammatory response in the inter-
nal organs, such as lungs and central nervous system. For
instance, pulmonary immunopathology has been shown
tobe mediated by CD8* T cellsin response to influenza HA
antigen (Xu et al.,2004). A significantly higher expression
of several cytokines, including IL17, IL8, IL15, IL12 and
IL6 has also been observed in critical patients severely
infected with the pHIN1virus (Bermejo-Martin et al.,2009;
Keshavarz et al.,2019). Intranasal administration of mice
with mouse-adapted strain of pHIN1 has been shown to
induce acute lung injury due to Thl polarization with an
increased IFN-y production accompanied by infiltration
of macrophages to the lungs (Liu et al.,2019). Other studies
have highlighted a strong correlation between TNF-aneu-
tralizing antibodies and decreased pathological severity
associated with prolonged survival in influenza infected
mice (Hussell et al., 2001; Peper and Van Campen, 1995).
Additionally, the release of damage associated molecular
patterns (DAMPs), including mitochondrial DNA, formyl
peptides and cardiolipin from injured tissue of the lungs
impairs lung structure and functions (Ray et al., 2010;
Zhang et al., 2010). This series of events which leads to
hyperinflammation and immune dysregulationin pHIN1
infection causes development of acute lung injury (ALI) or
other pathological conditions such as sepsis or multiple
organ failure and even death.

Immune response to pHIN1virusis therefore a highly
complex phenomenon that is known to result in efficient

virus clearance, but excessive immune responses can be
detrimental to the host. A proper immunoregulation is
necessary for the host,and persistent antigenic challenge
islinked to the phenomenon of ‘immune exhaustion’ that
hasbeen associated as one of the possible mechanisms to
suppress the immune response (Gogoi et al.,2015; Wherry,
2011). Immune exhaustion is characterized by upregula-
tion of inhibitory receptors such as T-cell immunoglobu-
lin and mucin domain 3 (Tim-3), lymphocyte activation
gene 3 (Lag-3), CTLA-4 and programmed death1(PD-1) on
T cells, resulting in its decreased effector functions (Gogoi
et al., 2015). Although T cell exhaustion is a major hurdle
for the treatment of chronic viral diseases and cancer, it
also averts collateral tissue damages that can occur dueto
excessive immune reaction (Cornberg et al., 2013; Speiser
et al., 2014; Waggoner et al.,2012).

In the present study, T cell response in patients with
moderate pHINI-infection has been addressed. We char-
acterized T cells in pHINIl-infected patients and found
that the frequencies of total circulating T cells as well
as CD4" T cells were significantly lower whereas the
percentage of circulating V61* T cells was significantly
higher in these patients. Activation of T cells is marked
by higher expression of activation markers such as CD69
and CD25 with the commencement of their effector func-
tions (Gogoiet al.,2014). We found that pH1N1infection is
associated with significant increase in both early (CD69)
and late (CD25) activation markers. Interestingly, we also
observed aremarkable increase in the expression of Tim-3
in pHIN1-infected patients. The increased expression of
exhaustion marker-Tim-3 might be playing a role in sup-
pressing immunopathological changes associated with
excessive activated T cells.

Materials and Methods

Study group. Peripheral blood samples of patients and con-
trols were collected from hospitals and residents of Dibrugarh
district of Northeast India. Outpatients having mild/moderate
influenza-likeillness (ILI) aged 25-36 years without any history
of major preexisting diseases and no or modest respiratory
insufficiency were considered for the study. The symptoms in-
clude fever, sore throat with or without cough, nasal discharge,
headache/body ache and fatigue. The samples were collected
within three days after the onset of ILIL. All patients were con-
firmed for pHIN1infection by testing throat/nasal swabs using
RT-PCR. Age and sex-matched healthy individuals with no
history of fever in the previous three months of recruitment
and without any history of major illness were considered as
controls. The study was approved by the institutional Ethics
Committee, and written informed consent was obtained from
the participants before collection of the samples.
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Fig.1

Characterization of T cells and its subsets in PBMCs from pHIN1 infected patients and healthy individuals (HI)
(a) Representative density plot showing expression of CD3", CD4* T cells (top) and V81* T cells (bottom) in pHIN1 patients and HI. (b)
Expression of CD3* T cells and CD4" T cells were significantly decreased and V81* was significantly increased without any significant
changes in CD8" and total yd T cells in pHINI positive cases compared to HI. The Mann-Whitney test was used as the test of significance

(*p <0.05, **p <0.005).

RNA extraction and real time PCR. Nasal and throat swab
specimens were collected in HiViral transport medium (Hime-
dia, Mumbai, India) from ILI cases. The swab specimens were
transferred to the laboratory under cold chain conditions. In
the laboratory, the samples were vortexed and centrifuged
at 1000 rpm for 10 min following which 140 pl of supernatant
was used for the extraction of viral RNA using commercially
available QIAamp Viral RNA mini kit (Qiagen GmbH, Hilden,
Germany) according to the manufacturer's instructions. Next,
the samples were tested for pHIN1 using real-time reverse
transcription polymerase chain reaction (RT-qPCR). Samples
were analyzed using AgPath-ID™ One-Step RT-PCR reagents
(Applied Biosystems, Foster City, USA). The sequences of the
forward and reverse primers used for PCR amplification of the
pHIN1influenza virus are: F: GTGCTATAAACACCAGCCTYCCA,
R: CGGGATATTCCTTAATCCTGTRGC and for probe: 6-FAM-
CAGAATATACA’T” CCRGTCACAATTGGARAA-BHQL. RT qPCR
was carried out by Step One Plus system (Applied Biosystems).

Human PBMC separation. Peripheral blood mononuclear
cells (PBMCs) from pHINI1-positive patientsand pHIN1-negative
healthy individuals as confirmed by RT-qPCR were isolated by
Ficoll-Hypaque (Sigma-Aldrich, USA) density gradient centrifu-
gation. Cells were suspended in FACS buffer (0.01M PBS pH-7.4,
1% FCS, 0.01% sodium azide) for subsequent use.

Flow cytometry. PBMCs were stained for surface markers
with the following monoclonal antibodies: anti-CD3, anti-CD4,
anti-CD8, anti-yd TCR, anti-CD69, anti-CD25, anti-CTL-A4, anti-
PD-1 (BD Bioscience, USA), anti-V81, anti-Tim-3 and anti-Lag-3
antibodies (Miltenyi Biotec, Germany). After staining the
PBMCs with required antibodies for 45 min at 4°C, cells were
washed and intensity of fluorescence was measured using flow
cytometer (FC500, Beckton Dickinson). The cells were gated on
the basis of their forward and side scatter characteristics and
the fluorescence intensity was measured. Cells were analyzed
using FC500 software.

Statistical analysis. Statistical analyses were performed us-
ing GraphPad Prism version 5.0. The Mann-Whitney test was
used as the test of significance (p-value = 0.05 or less).

Results

Characterization of peripheral T cell subsets in pHIN1
positive patients and healthy individuals

The expression of T lymphocytes and its subsets were
determined in PBMCs from 15 pHIN1-positive patients
and 15 healthy individuals. The percentage of T lympho-
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Fig.2

Expression of early (CD69) and late (CD25) markers on CD3" T cells
(a) Representative figure shows expression of CD69 and CD25 on CD3" T cells from pHIN1-positive patients and HI. (b) The expression of
both early (CD69) and late (CD25) activation markers was significantly higher in CD3* T cells from pH1N1 positive cases. *p <0.05, **p <0.005

by the Mann-Whitney test of significance.

cytesand its subsets were measured using specific mark-
ers for total T cells (CD3"), T helper cells (CD4*), cytotoxic
T cells (CD8*), y0 T cells (y8 TCR) and V81 T (V81* TCR)
cells by flow cytometry. Representative flow cytometry
data showed lower percentages of CD3* T cells in pHIN1-
infected patients (48.8%; Fig. 1a) compared to that of
healthy individuals (72.7%; Fig. 1a). Likewise, we found
decreased percentage of CD3*CD4* T cells (21.2%, Fig. 1a)
in pHINI-infected patientsin contrast to CD3*CD4* T cells
(41.2%, Fig.1a) of healthy individuals. V81* T cells comprise
a minor population of peripheral blood lymphocytes in
healthy individuals (0.2%, Fig. 1a), but the percentage of
V61* was found to be increased in pH1N1-infected indi-
viduals (1.6%, Fig. 1a). Overall, the frequency of CD3* T
and CD3*CD4* T cells were significantly lower in pHIN1
positive patients (p <0.005 and p <0.05 respectively;
Fig. 1b). In contrast, a significantly higher CD3*V§1*
population in patients with pHIN1 compared to healthy
individuals was observed (p <0.05; Fig. 1b). There were
no significant differences between the frequencies of
CD3*CD8" T cellsand y§ T cells in healthy individuals and
PHINI positive patients (Fig. 1b). The data thus suggested
that mild/moderately infected pH1N1 patients had lower
levels of CD3* and CD4" T cells but higher V81* T cells.

Activation status of T cells in pHINI-infection

To determine the effect of pHIN1 infection on the
activation status of CD3* T cells, we assessed the expres-
sion of early and late activation markers, CD69 and CD25,
respectively. As shown by the representative flow cytom-
etry dot plots (Fig. 2a), expression of CD69 and CD25 on
CD3* T cells from one of the pH1N1-infected patients were
3.5% and 8.2% respectively. Whereas, in case of healthy
individuals, the expression of early and late activation
markers on CD3* T cells were 0.6% and 3.5%, respectively.
The overall frequency of both CD69 and CD25 were signifi-
cantly higher in patients with pHIN1 compared to healthy
controls (p <0.005 and p <0.05 respectively, Fig. 2b). Thus,
pHINlinfection results in activation of peripheral blood
Tlymphocytesthat are required for mounting an effective
immune response to the virus.

Higher expression of Tim-3 on T cells from pHIN1I-
infected patients

T cell exhaustion occurs to minimize tissue damage
while still reconciling a critical level of pathogen clear-
ance (Speiser et al., 2014). We have looked for the expres-
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Analysis of exhaustion markers on CD3* T cells
(a) Representative figure showing expression of Tim-3
on CD3+ T cells from pHIN1 infected patient and HI.
(b) Comparison of various exhaustion markers on
CD3+ T cells from pHINI positive cases and HI. Tim-3
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sion of four different types of exhaustion markers, Tim-3,
Lag-3,CTLA-4and PD-1on CD3* T cells from mild/moder-
ate pHIN1-positive cases. As shown in the representative
Fig.3a,the expression of Tim-3 was upregulated in CD3* T
cells of pHIN1-infected patients (4.8%) in contrast to that
of healthy individuals (0.2%). In general, the expression of
Tim-3 was significantly increased in T lymphocytes from
pHIN1-positive patients compared to healthy individu-
als (p <0.05, Fig. 3b). With respect to other markers for T
cell exhaustion (Lag-3, CTLA-4 and PD-1), there were no
significant changes in their expression pattern (Fig. 3b).
Accordingly, the increased expression of Tim-3 on CD3*
T cells during pHIN1 infection might prevent immuno-
pathological changes associated with aggressive T cell
responses.
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Discussion

The pathogenesis of pHIN1 influenza A virus remains
poorly understood. An efficient immune response is re-
quired to clear pH1N1viralload, on the contrary, an exces-
siveimmune reaction is harmful to the host. The cellular
branch of immune response isinvolved in the clearance of
influenza A virus, but it may also contribute to immuno-
pathology and self-injury (Peiris et al.,2010). We therefore
found it relevant to characterize different subsets of T
cells,its activation status and also the expression pattern
of exhaustion markers in pHIN1-infected patients.

In the present study, we have analyzed the frequency
of total T (CD3*),CD4" and CD8* T cells as well as y§* and
Vo1 T cells in patients with pHIN1 moderate infection.
The percentage of CD4* T cells have been previously re-
ported to be significantly lower in severe pH1N1 patients
in comparison to mild cases without any noteworthy
difference in the frequency of CD8* T cells (Guo et al.,
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2011). We found that the percentage of circulating total T
cells and CD4* T cells were significantly lower in pHIN1
patients in comparison to the healthy individuals. Al-
thoughboth CD8* T and y§ T cells expressing V62* recep-
tor is known to act against influenza A virus, these cells
were not altered in the patients. The yd T cells expressing
VO1* T cells are predominantly found at mucosal sites and
respond to virally-infected cells (Gogoi and Chiplunkar,
2013; Halary et al.,2005; Shin et al.,2005). V81* T cells con-
stitute a minor subset of peripheral blood lymphocytes
that have been shown to be expanded and act against
viruses such as HIV, CMV and EMV (Autran et al., 1989;
Fujishima et al.,2007; Halary et al.,2005). On the contrary,
VO1* T cells can exhibit potent immunoregulatory role by
secreting anti-inflammatory cytokines (Hua et al., 2013;
Kuhl et al., 2009). An important finding in this report is
that the frequency of circulating VO1* T cells was signifi-
cantly higher in the patients and therefore, these cells
might be playing one of the possible roles of conferring
protection against pHIN1virus mediated pathogenesis.
The physiological role of V61 in host defense and im-
munoregulatory function during pHIN1infection needs
further in-depth investigation.

Multiple proteins are known to be upregulated on the
surface of lymphocytes during the immune activation
process. Among these, the early (CD69) and late activation
(CD25) markers are known to be expressed on activated
T cells (Gogoi et al., 2014). The existence of activated T
cells is crucial to control the virus infection. The expres-
sion of these markers was analyzed on CD3* T cells from
pHINI-infected patients and healthy individuals. Our data
revealed that during pH1N1infection, the patients exhibit
a marked increase in both early (CD69) and late (CD25)
activation markers. Although, we observed an increased
expression of both early and late activation markers of T
cells, but the frequency of total T cells was significantly
decreased. This could be due to activation induced cell
death (AICD) of T cells, akin to the cytokine mediated
AICD of T cells during Ebola or classical swine fever virus
diseases (Renson et al., 2010; Younan et al., 2017).

Elevated systemic levels of cytokines in response
to influenza A virus has been linked to severity and
high-mortality rates (Bermejo-Martin et al., 2009; Wang
et al., 2014). A properly balanced immune response is
indispensable to the host protection; wherein immune
cells react adequately to the threat in a controlled way to
avoid immunopathological changes. The pathogenicity of
pHINlvirusisassociated with dysregulated and excessive
immune responses (McAuley et al., 2015). In order to de-
creased excessive immune response, T cells can progress
to ‘immune exhaustion’ wherein their effector functionis
adjusted to minimize tissue damage (Speiser et al., 2014).
The observationthat pHIN1linfection resultsin activation

of T lymphocytes prompted us to look at the expression
of exhaustion markers such as Tim-3, Lag-3, CTLA-4 and
PD-1on CD3* T cells from pH1N1-positive cases with mild/
moderate symptoms. Interestingly, we found that the
expression of exhaustion marker-Tim-3 was significantly
increased in T lymphocytes from pHIN1-positive mild/
moderate patients in contrast to healthy individuals. We
have also found higher expression of other exhaustion
markers, Lag-3, CTLA-4 and PD-1in some of the patients
compared to healthy controls, albeit statistically non-
significant. The severity of illness in influenza-infected
patientsislinked toincreased secretion of Thl cytokines,
but increased expression of Tim-3 on T cells diminishes
the secretion of Thl cytokines (Anderson et al., 2016;
Bermejo-Martin et al., 2009; Hastings et al., 2009; Mon-
ney et al., 2002; Peiris et al., 2010). Additionally, Tim-3
expression represents an immunoregulatory mechanism
to protect vital tissues of lungs (Isshiki et al., 2017). Thus,
theincreased expression of Tim-3 on T cells during pHIN1
infection might be one of the possible mechanisms of
preventing immunopathological changes associated with
aggressive T cell responses in patients with moderate
infection. Future in-depth studies might be useful in the
design of novel therapeutic Tim-3 agonist in preventing
pHIN1 virus associated severe complications.

However, few limitations of this study, such as small
group-level sample size, non-consideration of pHIN1
severe cases and restricting to cross-sectional study
warrants further investigations to better understand the
relationship between pHIN1 infection and the host im-
munomodulation.

In summary, the study demonstrates higher percent-
age of VO1' T cells and increased expression of activation
markers ontotal T cellsto act against the virus; contrarily,
decreaseinthe percentages of total and CD4* T cells along
with anincreased expression of exhaustion marker-Tim-3
on T cells might prevent immunopathology associated
with activated T cells in patients with moderate pHINI-
infection.
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