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KEYWORDS Abstract Very limited evidence has been reported on host T cell responses to the pandemic
Pandemic HIN1 swine-origin H1N1 swine-origin influenza A virus (S-OIV) infection in humans. Therefore, we investigated the
influenza A virus; proportions of peripheral T cell subsets and analyzed the relationship of T helper subset changes
Activation; with T cell activation during this infection. We found that these S-OIV-infected patients
T cell depletion; exhibited rapid lymphopenia, T cell activation and preferential loss of Th17 subset at the early
Th17 cells stage of acute infection. Statistical analysis indicated that CD4 depletion and loss of Th17 cells,

rather than Th1 or Treg cells, were correlated with CD4 T cell activation. More importantly, up-
regulated IFN-« likely contributed to the functional loss of Th17 cells. Thus, rapidly generalized
lymphopenia, preferential loss of Th17 population and T cell activation presented as
characteristics of the early immune response in S-OlV-infected patients. These findings,
therefore, may be helpful for an earlier diagnosis and further studies of immune pathogenesis of
S-OIV infection.

© 2010 Elsevier Inc. All rights reserved.
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influenza A virus.
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Pandemic H1N1 swine-origin influenza A virus (S-OIV) is a
pandemic acute respiratory illness caused by a novel
influenza H1N1 strain that first emerged in humans in Mexico
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November 22, 2009 [1]. The incubation period of S-OIV
infection is usually 1-7 days, and the clinical manifestations
often include a fever, cough, stethocatharsis, pharyngodynia,
headache, myalgias, diarrhea and vomiting [2]. Severe cases
will rapidly progress to respiratory failure or multiple organ
failure [3]. Therefore, identification of early immunological
parameters will be critical for the study of the pathogenesis
of this disease.

Increasing evidence suggest that the host immune
response plays a critical role in determining various outcomes
of influenza virus infection. Moderate increases of pro-
inflammatory activation in virus-infected patients may favor
virus clearance. However, hyper-activated inflammatory
responses may lead to detrimental effects for the host [4].
For example, it is known that the high mortality rate from
the pathogenic avian influenza virus infections is a conse-
quence of an overactive inflammatory response, and the
severity of the disease is closely related with the virus-
induced cytokine storm [5]. Severe acute respiratory
syndrome further reinforces the concept in that an overac-
tive inflammatory response is associated with progression of
pulmonary infiltrates, necrosis and tissue destruction [6].
This abundance of virus-induced inflammatory cytokines
after innate immunity activation can lead to subsequent
antigen-nonspecific T cell activation in mice and human with
viral infection [7,8]. Furthermore, the pathogenesis induced
by activated nonspecific T cells in liver or relative tissues has
been demonstrated in human with chronic HIV, HBV or HCV
infection [9-12], in which type 1 IFN plays a crucial role in
inducing systemic inflammation and loss of lymphocyte
numbers in the early stages of viral infection [7,9,13,28—
32]. These studies provide evidence linking systemic inflam-
matory activation and activated nonspecific T cell induced
tissue damage.

Helper CD4" T cells, in general, can orchestrate host
immune responses through their release of distinct cyto-
kine profiles [14], and Th1 subsets that secrete endogenous
IFN-v have conventionally been thought to exacerbate
tissue damage and control viral infection. Regulatory T
cells (Tregs) are immunosuppressive and play an important
role in the regulation of immune responses [15]. IL-17-
expressing CD4* T (Th17) cells, producing the pro-inflam-
matory cytokine IL-17, have been causally related both to
chronic inflammation [16] and to host defenses against
pulmonary microbial agents [17]. A recent report demon-
strated that Th17 cells play an important role in protecting
naive mice against lethal doses of influenza challenge
[18,19]. Furthermore, Th1 and Th17 hypercytokinemia as
early host response signature has been observed in severe
pandemic influenza [20]. However, whether the change of
T helper subsets could bridge the inflammatory activation
and T cell activation during host-pathogen interactions at
an early stage of A/H1N1 infection has not been well-
defined.

To address the issues mentioned above, we comprehen-
sively analyzed peripheral T cell subsets in acute S-OIV-
infected patients and found that there were rapidly
generalized lymphopenia and preferential loss of the Th17
population in patients at the early stage of acute S-OIV
infection, which was subsequently associated with CD4 T cell
activation. Our findings may be helpful for further study of
pathogenesis of this disease.

2. Materials and methods
2.1. Study subjects

Blood samples were collected from 53 confirmed S-OIV-
infected patients and 21 healthy controls. The diagnoses
complied with the diagnoses criteria of the WHO Global
Influenza Program. Briefly, laboratory diagnosis of the S-OIV
was made by RT-PCR on combined nasal and throat swabs
(the primers were designed by the Chinese National
Influenza Center). All individuals with concurrent hepatitis
C virus, hepatitis B virus and HIV-1 infections and autoim-
mune diseases and who met clinical or biological criteria of
bacterial or fungal infection were excluded.

The patients were assigned to three groups according to
the day of the first clinical manifestation. The early stage
group (n=15) was defined as patients enrolled within 3 days
after onset of clinical symptoms of S-OIV. The intermediate
stage group (n=18) was defined as patients enrolled
between 4 and 7 days after onset of clinical symptoms of
S-OIV. The late stage group (n=20) was defined as patients
enrolled after suffering from S-OIV infection for more than
8 days. All patients were hospitalized or followed-up in our
unit at the Beijing 302 Hospital and treated with oseltamivir
immediately according to the treatment recommendations
[21]. None of the patients developed into more severe
status throughout the treatment period according to the
Guidelines for Pharmacological Management of Pandemic
(H1N1) 2009 Influenza and other Influenza Viruses. In each
group the convalescent stage was defined as the period
beginning after 10 days of therapy. Twenty-one age- and
sex-matched healthy individuals were enrolled as controls.
The study protocol was approved by the ethics committee of
our unit, and written informed consent was obtained from
each subject. Basic characteristics of these subjects are
listed in Table 1. Plasma was stored at —80 °C prior to
analysis.

2.2. Flow cytometric analysis

All antibodies were purchased from BD Biosciences (San
Jose, CA, USA), except for phycoerythrin (PE) conjugated
anti-IL-17A mAb and fluorescein isothiocyanate (FITC)
conjugated anti-FoxP3, which were from eBioscience (San
Diego, CA).

For T cell counts, cocktails of mAbs (Beckman—Coulter)
specific for CD3, CD4, and CD8 cells were used to directly
measure peripheral blood CD3, CD4, and CD8 T cell counts.

To determine T cell surface activation marker, cocktails
of mAbs including PE conjugated anti-CD4, allophycocyanin
(APC) conjugated anti-CD8, peridin chlorophyll protein
conjucted anti-HLA-DR and FITC-conjugated anti-CD38
antibodies were used. To determine the frequencies of
Tregs in peripheral blood, PerCP conjugated anti-CD3, APC
conjugated anti-CD4, PE conjugated anti-CD25 and FITC-
conjugated anti-FoxP3 were used. Isotype control anti-
bodies were used to separate positive and negative cells in
the PerCP, FITC, PE, and APC fluorescence channels. Cells
were incubated and stained at 4 °C in the dark for 30 min.
The blood was then lysed with FACS™ lysing solution (BD
PharMingen, San Jose, CA). For intracellular Foxp3 staining,
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Table 1  Clinical characteristics of the populations enrolled in the study.
Clinical symptoms (yes/no)
Group Cases Fever Cough Sputum Running Sore Headache Nausea Vomiting Diarrhea
production nose throat
Total 53 48/5 24/29 5/48 4/49 33/20 21/32 5/48 4/49 9/44
Early stage (1-3 days) 15 13/2  12/3  4/11 2/13 14/1 11/4 4/11 3/12 6/9
Intermediate stage (4-7 days) 18 17/1  10/8  1/17 2/16 12/6  10/8 1/17 1/18 3/15
Later stage (8—10 days) 20 18/2 2/18 0/20 0/20 7/13 0/20 0/20 0/20 0/20
cells were further permeabilized and stained with the FITC- 3. Results

conjugated anti-FoxP3 and fixed using eBioscience fix/perm
according to the manufacturer's instructions.

For intracellular IL-17 and IFN-v staining, fresh heparin-
ized peripheral blood (200 ul) was incubated with PMA
(300 ng/ml) and ionomycin (1 pg/ml) in 800 ul RPMI 1640
medium supplemented with 10% fetal calf serum (FCS) for
6 h. Monensin (0.4 uM) was added during the 1st hour of
incubation. The blood was then lysed with FACS™ lysing
solution and further permeabilized, stained with the
corresponding intracellular antibody, fixed, and analyzed
using FACSCalibur and FlowJo software (TreeStar, Ashland,
OR, USA) as previously described [22].

2.3. Inhibitory assay of IFN-o. on Th17 cells

To investigate whether IFN-a inhibit Th17 cell function in
vitro, the isolated peripheral blood mononuclear cells
(PBMCs, 5x10° cells/well) were incubated with IFN-« in a
96-well U-bottom plate at different concentrations (100 IU/
ml, 500 [U/ml, 1000 IU/ml). These cells were then stimulat-
ed with PMA (300 ng/ml) and ionomycin (1 pg/ml) for 6 h to
perform intracellular IL-17 and IFN-v staining according to
the aforementioned protocols.

2.4. ELISA

The plasma levels of IFN-a and IL-17 were measured by
quantitative sandwich ELISA following the manufacturer's
instructions (R&D Systems, Minneapolis, MN, USA). The
minimal detectable concentrations were 12.5pg/ml for
IFN-a and 15 pg/ml for IL-17. Intra-assay and inter-assay
coefficients of variation for all ELISAs were <5% and <10%,
respectively. All samples were measured in duplicate.

2.5. Statistical analysis

All data were analyzed using SPSS software (SPSS Inc.,
Chicago, Illinois) and are summarized as means +standard
deviations. Comparisons between various individuals were
performed using the Mann—Whitney U-test. Comparisons
between the same individual were performed using the
Wilcoxon matched pairs T test. Correlation analysis was
evaluated by the Spearman rank correlation test. For all
tests, 2-sided P<0.05 was considered to be statistically
significant.

3.1. S-OlV infection results in generalized T cell
depletion and T cell activation

Using flow cytometric analysis, we first compared the
absolute numbers of circulating CD3*, CD4*, and CD8* T
cellsin 53 patients at the acute and convalescent stages of S-
OlV infection with that of the healthy control individuals. As
shown in Fig. 1A, patients infected with S-OIV clearly
experienced T cell loss in peripheral blood during the acute
stage of infection. The mean absolute CD3*, CD4*, and CD8"
T cell counts in healthy individuals were 1556, 8836, and
603 cells/ul, respectively; whereas those in patients with S-
OlV infection were markedly lower, at 994, 492, and
410 cells/pl, respectively. Among the 53 patients, patients
at early clinical onset showed lower T cell counts (649 cells/
ul for CD3*, 304 cells/ul for CD4*, and 274 cells/ul for CD8* T
cells), and T cell counts were progressively increased in
patients at the intermediate (1086 cells/ul for CD3",
534 cells/ul for CD4*, and 444 cells/ul for CD8* T cells) and
late stages (1168 cells/ul for CD3*, 599 cells/ul for CD4*, and
476 cells/pul for CD8* T cells). These data showed that S-OIV
infection leads to a rapid depletion of CD3*, CD4*, and CD8" T
cell at the early stage (1-3 days), followed by a rapid and
significant restoration of CD3*, CD4*, and CD8* T cells at
4 days after the onset of illness. However, the disparate
patterns of T cell restoration were observed in patients at
the early and intermediate stages after oseltamivir therapy.
As shown in Fig. 1, absolute cell counts almost doubled for
CD3*, CD4*, and CD8" T cell subsets when compared within
patients between the early and convalescent stages
(1136 cells/ul for CD3*, 551 cells/pl for CD4*, and
465 cells/ul for CD8* T cells); however, absolute cell counts
for CD3*, CD4*, and CD8* T cell subsets showed a decreasing
trend when compared within patients between the interme-
diate and convalescent stages (966 cells/pul for CD3*,
470 cells/pul for CD4*, and 393 cells/ul for CD8" T cells),
and we observed no significant differences in absolute cell
counts for CD3*, CD4*, and CD8" T cell subsets within
patients from the late and convalescent stages.

We further analyzed CD38 and HLA-DR antigen expression
in these patients. As shown in Fig. 1B, we found that acute S-
OlV-infected patients at the early stage had higher percen-
tages of CD38 and HLA-DR in all CD4* T cells (21.6% for CD38
and 17.5% for HLA-DR) than in healthy controls (13.0% for
CD38 and 13.1% for HLA-DR); in contrast, we observed up-
regulated CD38 expression and no significant differences in
HLA-DR expression on CD8" T cells in acute S-OlV-infected
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Figure 1  Peripheral T cell changes and T cell activation after S-OIV infection. (A) comparison of peripheral changes in CD3", CD4",

and CD8" T cell counts in S-OlV-infected patients at different clinical stages (early, intermediate, late and corresponding
convalescent). (B) comparison of cells positive for HLA-DR and CD38 amongst total CD4" and CD8" T cells from peripheral blood at
different clinical stages (early, intermediate, late and corresponding convalescent). The early stage: 1-3 days after the first clinical
manifestation; the intermediate stage: 4-7 days; the late stage: 8—10 days. Each open dot represents one subject without oseltamivir
treatment, and the solid dot represents the corresponding subject at the convalescent stage (day 10 after oseltamivir treatment).

patients at the early stage (38.4% for CD38 and 35.1% for
HLA-DR) when compared with healthy controls (20.5% for
CD38 and 35.9% for HLA-DR). The expressions of CD38 and
HLA-DR on CD4* and CD8* T cells gradually decreased in
patients at the intermediate stage (19.1% for CD38 and 11.1%
for HLA-DR in CD4* cells; 35.1% for CD38 and 30.1% for HLA-
DR in CD8* T cells) and late stage (18.0% for CD38 and 14.7%
for HLA-DR in CD4* cells; 37.9% for CD38 and 34.5% for HLA-
DR in CD8" T cells) when compared with acute S-OIV-infected
patients at the early stage. Notably, the CD38 and HLA-DR
expressions on CD4* and CD8" T cells were significantly
increased at various stages within patients compared with
that at the convalescent stages. The decreased T cell
activation closely approximated the kinetics of T cell
restoration in acute S-OlV-infected patients at the early
stage.

3.2. Preferential loss of IL-17-expressing Th17 cells
after S-OIV infection

We then compared the frequencies of IFN-y-producing CD4*
T cells (Th1), Th17 and Tregs in peripheral blood from
healthy controls and acute S-OIV-infected patients. As shown
in Figs 2A and B, the distribution of Th1 and Th17 subsets in S-
OlIV-infected subjects differed from that of HC subjects. We
found that the absolute cell counts of Th1, Th17 and Tregs
cells were significantly decreased in S-OlV-infected patients
versus HC individuals. In particular, patients at the conva-
lescent stage had full-scale restoration of CD4* T cells. To
understand whether the loss of these cell subsets in patients
with S-OIV infection was selective or simply due to
generalized CD4* T cell depletion, we investigated more

specifically the relative frequencies of these subset popula-
tions and found that the percentage of Th1 cells was
significantly increased in S-OlV-infected patients as com-
pared with HC individuals (P=0.003, Fig. 2C). Furthermore,
the average Th1 frequency in patients at the convalescent
stage was even further increased over that in patients at the
early stage (P<0.001). These data agree with previous
reports that Th1 cells play an important role in viral
clearance. In contrast, the average Th17 frequency at early
clinical onset was significantly decreased in S-OlV-infected
patients compared with that of HC subjects, but showed a
gradual increase from early to late phase (Figs. 2A and C).
However, there was no difference in Treg frequency
between S-OlV-infected patients and HCs. These data
suggest that Th17 cells are more prone to be depleted at
an early stage after S-OIV infection.

3.3. Th17 cells and CD4 depletion at early clinical
onset is associated with sustained CD4 T cell
immune activation

We investigated the impact of Th17 cells and CD4 depletion
on T cell activation and found some significant negative
correlations between CD4 T cell counts or Th17 frequency
and CD38* or HLA-DR* T cells in these S-OIV-infected subjects
at early clinical onset (Figs. 3A and B). Further analysis
indicated that these negative associations occurred only with
Th17 frequency but not with the Th1 or Treg subsets.
Together, these results demonstrate that the CD4 depletion
and selective loss of Th17 cells, not Th1 or Treg cells, were
strongly associated with increased CD4* T immune activation
at the early phase of S-OIV infection.
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Figure 2  Preferential loss of IL-17 expressing Th17 cells after S-OIV infection. (A) representative dot plots of IL-17 and IFN-y expression
in peripheral CD4" T cells of S-OIV-infected patients at different clinical stages (early, intermediate, late and corresponding convalescent).
The values in the quadrants indicate the percentages of each CD4" T cell subset. (B) comparison of peripheral changes in Th1, Th17, and
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numbers of each subset were calculated as the CD4" T lymphocyte count (cells/microliter) multiplied by the percentage of each subset in
CD4" T lymphocytes. (C) comparison of peripheral changes in Th1, Th17, and Treg cell frequencies in S-OIV-infected patients at different
clinical stages (early, intermediate, late and corresponding convalescent). The early stage: 1-3 days after the first clinical manifestation;
the intermediate stage: 4-7 days; the late stage: 8—10 days. Each open dot represents one subject without oseltamivir treatment, and the
connected solid dot represents the same subject at the convalescent stage (day 10 after oseltamivir treatment). P-values were calculated
using the nonparametric Mann—Whitney U-test.

3.4. S-0lV infection-induced IFN-a constricts Th17
responses

An early virus-induced peak in T cell attrition was shown to
correlate with the peak in virus-induced IFN-a./ 33 in mice [7,28—
32]. Here, we examined the serum concentration of IFN-« to
address whether it is associated with the decrease of Th17 cells
in S-OlV-infected patients. As expected, the serum IFN-a was
highly up-regulated in S-OIV-infected patients when compared
with healthy controls (Fig. 4A). Further analysis indicated that
patients at the early stage had the lowest of serum concentra-
tions of IL-17 (Fig. 4B). We then determined whether IFN-«
influence the IL-17-production of Th17 cells in vitro. As shown
in Fig. 4C, we observed that the IL-17-production from CD4* T

cells in the presence of IFN-a was significantly reduced.
Surprisingly, we found that the IFN-vy secretions from CD4" T
cells were slightly increased in the presence of IFN-«. Pooled
data confirmed that the results were consistent for five healthy
controls from three independent detections (Fig. 4D). Taken
together, these data suggest that S-OIV infection-induced IFN-
o may partly constrict the function of Th17 cells.

4. Discussion

S-OIV causes the outbreaks of febrile respiratory infection
ranging from self-limiting to severe illness. However, little is
known about how the immune response develops in S-OIV-
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infected patients. Our clinical findings demonstrated that S-
OIV infection leads to rapid and generalized lymphopenia
and preferential loss of Th17 population in patients at the
early stage of infection, which is subsequently associated
with T cell activation. These properties of Th17 cells may
represent an unknown mechanism leading to the pathogen-
esis of S-OIV infection.

Previous studies have hypothesized that virus-induced
lymphopenia at early infection is beneficial for pathogen
control [23-26]. We then performed a comprehensive
investigation of the peripheral lymphocyte subsets during
different stages of infection and compared them within the
same S-OlV-infected patients at the convalescent stage. Our
results demonstrated that there was a rapid and generalized
lymphopenia in patients with S-OIV at the early stage of
infection. In patients who recovered from the initial A/H1N1
illness, an equally rapid and dramatic restoration of CD3",
CD4*, and CD8" T cell counts was seen in the peripheral
blood. These data support the notion that early loss of T cells
may allow for the antigen-specific expansion of T cells [7].
We also found that the numbers of the Th17 subset were
relatively preferentially decreased in S-OlV-infected
patients compared with other CD4* T cell subsets (including
IFN-v-producing Th1 cells and FoxP3-positive Treg cells).
Th17 cells play an important role in host defenses against
pulmonary microbial agents, and a recent study further
indicated that Th17 protects naive mice against lethal doses
of influenza challenge [18,19]. All these data suggest that
Th17 cells might actively participate in the immune
regulation of S-OIV-infected patients.

Although the precise mechanism of Th17 cell induced
CD4* T cell activation in S-OlV-infected patients remains

unknown, the present study indicates that the loss of the
Th17 subset may link the inflammatory response with T cell
activation during early host-pathogen interactions. There
are three pieces of evidence here to support this notion.
First, similar to a recent report of macaques infected with
SIV, the animal model of immunodeficiency virus infection
similar to acute human HIV-1 infection [27], we found that
there was a significantly decreased frequency of Th17 cells,
and increased levels of IFN-a in S-OlV-infected patients. In
addition, the present study also found that it was the
frequency of Th17 cells, not Treg cells, which was negatively
correlated with CD4* T cell activation. Third, IFN-a, which is
highly induced in acute infections in direct response to viral
replication, exhibited a considerable inhibitory effect on IL-
17-production of Th17 cells reminiscent of those found in S-
OlV-infected patients at early phase. These results suggest
that Th17 cells are closely associated with inflammatory
activation and T cell activation in acute S-OIV infection.
However, we observed there was no association of Th17 loss
with the severity of S-OIV infection. Th17 cells produce a
cocktail of cytokines such as IL-17A, IL-17F, IL-21, IL-22, IL-6
and TNF-a [16,17] and future studies should investigate
whether these Th17 cells in S-OlV-infected patients are
functionally skewed to enhance inflammatory cytokine or to
decrease anti-inflammatory cytokines.

Notably, there is a difference in the time at which the
responses were observed in the S-OIV-infected patients of this
study and recent report regarding severe S-OIV infection and in
the study performed on mice models. The IFN-induced T cell
loses observed in mice models immediately after infection
[7,28-32]. By contrast, the S-OIV-infected patients are usually
identified 7 days after S-OIV infection, when they become
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Figure 4

IFN-a controls the function of Th17 cells. Median serum levels of (A) IFN-a and (B) IL-17A concentrations in S-OIV-infected

patients at different clinical stages (early, intermediate, late and corresponding convalescent). The early stage: 1-3 days after the
first clinical manifestation; the intermediate stage: 4-7 days; the late stage: 8—10 days. Each open dot represents one subject without
oseltamivir treatment, and the connected solid dot represents the same subject at the convalescent stage (day 10 after oseltamivir
treatment). (C) representative dot plots of IL-17 and IFN-y expression in peripheral CD4" T cells from HC under IFN-a treatment in
vitro. (D) pooled data indicating the IL-17 and IFN-y expressions in peripheral CD4" T cells in response to IFN-a at different
concentrations (100 1U/ml, 500 IU/ml, 1000 IU/ml) in vitro. P-values were calculated using the nonparametric Mann—Whitney U-test.

clinically symptomatic. Thus, although we found that the
serum IFN-a level was significantly higher at clinical onset of
infection than that in healthy subjects, even loss of Th17 cells
response in the presence of IFN-a in healthy subject are
reminiscent of those found in S-OIV-infected patients at early
phase. The time difference suggested that the preferential
decreased Th17 population in early S-OlV-infected patients
may not simply be a direct result of IFN-induced attrition, an
alternative explanation for the data is that the committed
Th17 cells were still in peripheral blood with down-regulated
synthesis of IL-17 in presence of IFN-a or these Th17 cells
migrated into the lung tissue or lymph nodes. In contrast to
recent data published by Bermejo-Martin JF [20], we observed
similar levels of IL-17 in plasma of S-OIV-infected patients.
However, we observed no association between levels of IL-17
and the severity of S-OIV infection.

In summary, this study provides the first indication that S-
OlV infection leads to rapid and generalized lymphopenia
and preferential loss of Th17 population in patients at the
early stage of infection, and it is subsequently associated
with T cell activation. This clinical characteristic may

facilitate an earlier diagnosis and further the study of patho-
genesis of S-OIV infection.
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