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Severe influenza A(H1N1)pdm09 infection induces
thymic atrophy through activating innate CD8þCD44hi

T cells by upregulating IFN-c

B Liu1,8, X Zhang2,8, W Deng3,8, J Liu4, H Li1, M Wen2, L Bao3, J Qu1, Y Liu1, F Li3, Y An2, C Qin*,3, B Cao*,1 and C Wang*,1,5,6,7

Thymic atrophy has been described as a consequence of infection by several pathogens including highly pathogenic avian
influenza virus and is induced through diverse mechanisms. However, whether influenza A(H1N1)pdm09 infection induces
thymic atrophy and the mechanisms underlying this process have not been completely elucidated. Our results show that severe
infection of influenza A(H1N1)pdm09 led to progressive thymic atrophy and CD4þCD8þ double-positive (DP) T-cells depletion
due to apoptosis. The viruses were present in thymus, where they activated thymic innate CD8þCD44hi single-positive (SP)
thymocytes to secrete a large amount of IFN-c. Milder thymic atrophy was observed in innate CD8þ T-cell-deficient mice (C57BL/
6J). Neutralization of IFN-c could significantly rescue the atrophy, but peramivir treatment did not significantly alleviate thymic
atrophy. In this study, we demonstrated that thymic innate CD8þCD44hi SP T-cells have critical roles in influenza A(H1N1)pdm09
infection-induced thymic atrophy through secreting IFN-c. This exceptional mechanismmight serve as a target for the prevention
and treatment of thymic atrophy induced by influenza A(H1N1)pdm09.
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Influenza A virus can cause recurrent epidemics and is the
cause of one of the most important diseases, resulting in
substantial human morbidity and mortality. The recent swine-
origin 2009 pandemic influenza A H1N1 virus (influenza
A(H1N1)pdm09) lead more than 60 million laboratory-
confirmed cases in 214 countries and over 18 449 deaths
until August 2010.1 However, the basis for the increased
pathogenesis of the virus remains not fully clear.
Although influenza A(H1N1)pdm09 did not cause high

mortality, there was an unusually high frequency of fatal cases
in healthy young andmiddle-aged patients.2–4 More than 60%
of the confirmed cases occurred in individuals between 5 and
29 years of age.5 In addition to severe pathological
pneumonia and hypercytokinemia in the lungs and serum,2,6

we also previously found another hallmark of H5N1 or H1N1
virus infection in humans, which was strong reduction in T
lymphocytes, also known as lymphopenia.7–10 Peripheral
lymphopenia occurs in parallel with thymic atrophy. Several

microorganisms can infect the thymus and perturb the
systemic T-cell pool.11 Lymphopenia in fatal influenza
A(H1N1)pdm09 cases in the young population may also be
related to thymic atrophy.12 Several mechanisms have been
implicated in infection-induced thymic atrophy, and vary
depending on the microorganism. Thymic atrophy in HPAIV
infection has been reported to interfere with T-lymphocyte
development through negative selection and glucocorticoids
(GCs).13,14 However, the mechanisms of influenza
A(H1N1)pdm09-induced thymic atrophy have not been
completely elucidated.
Unlike conventional T cells, which acquire effector function

in the periphery following interaction with Ag,15,16 some innate
CD8þ thymocytes in thymus display an effector-memory
phenotype and effector function ‘from birth’ by rapidly
producing cytokines upon stimulation.16,17 A large proportion
of innate CD8þ thymocyte were found and developed in the
thymus of Itk� /� /RLK� /� , KLF2� /�or Id3� /� mice.17,18
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Subsequently, it was found that B10% of TCRabþ CD4�

CD8þ thymocytes were innate polyclonal T cells (CD8þ

CD44hi) in normal mice.19 Whether innate CD8þ thymocytes
are involved in the pathogenesis of influenza A(H1N1)pdm09-
induced thymic atrophy should be further evaluated.
In this study, we demonstrated that severe influenza

A(H1N1)pdm09 infection induced strong thymic atrophy.
The viruses could infect the thymus, and further primed the
innate CD8þCD44hi T cells. Innate CD8þ T cells induced
apoptosis of thymocytes by upregulating IFN-g. Our results
indicated that the pathogenesis of influenza A(H1N1)pdm09
infection was not only due to severe lung damage but also due
to innate CD8þ T-cell-induced thymic atrophy.

Results

Severe influenza H1N1 virus infection induced thymic
atrophy. BALB/c mice were infected with A/California/07/
2009 at 106 TCID50 to assess whether severe influenza
A(H1N1)pdm09 infection could also induce thymic atrophy.
At 7 days post infection (dpi), the mice lost B35% of their
weight and had a 20% survival rate. Strikingly, severe thymic
atrophy was demonstrable in severely infected mice
(Figure 1). At 2 dpi, thymus began to atrophy slightly, and
then it showed significant atrophy and drastically reduced

size at 5 dpi (Figure 1a). As shown in Figure 1b, the thymic
weights of infected mice were significantly reduced at 2 dpi,
with 24.6, 73.8, 83.4 and 81.5% weight loss at 2, 3, 5 and
7 dpi, respectively. The number of thymocytes also acutely
decreased, leading to 33.8, 83.4, 94.4 and 95.7% reduction
at 2, 3, 5 and 7 dpi, respectively (Figure 1c). This decrease in
thymocyte number paralleled with the dramatic reduction in
thymic weights. Hematoxylin & eosin (H&E) staining showed
that the atrophy mainly occurred in the cortex of thymus.
Thymocytes filled the cortical areas, and a thick zone of
densely stained cortex and a narrow zone of lightly stained
medulla were observed in non-infected (n.i.) thymus. How-
ever, a substantial reduction in the thickness of cortex and
depletion in cortical thymocytes began at 2 dpi; this depletion
gradually worsened until the thymocytes were nearly absent
at 7 dpi (Figure 1d). Furthermore, flow cytometry analysis
showed that the ratios of thymocyte subsets also underwent
a dramatic decrease in CD4þCD8þ double-positive (DP)
thymocytes and an increase in CD4þ single-positive (SP)
and CD8þ SP populations (Figure 1e). DP thymocytes
constituted 60–80% of the thymocytes in control mice but
were nearly absent (o5%) after virus infection at 5 dpi
(Figure 1e). Cell counts of all subgroups showed that all cells,
including the double negative (DN), SP and DP T cells, which
were reduced with DP thymocytes were the most significantly

Figure 1 Thymic atrophy induced by severe influenza A(H1N1)pdm09 infection. (a) Morphology of a control (n.i.) and influenza virus-infected (2 dpi and 5 dpi) thymus in
mice. (b) Changes in weight and (c) the number of total thymocytes in non-infected or 1, 2, 3, 5 or 7 dpi thymuses (n¼ 3). (d) H&E staining showing thymus histology in
response to H1N1 influenza A virus infection at different dpi (original magnification, � 50). (e) Changes in the ratios of different thymocyte subsets (DN, SP and DP) analyzed
by flow cytometry in non-infected or 1, 2, 3, 5 or 7-dpi thymuses (n¼ 3). FACS plots were gated on thymocytes. One representative FACS plot is presented, and the
percentages indicate the proportions of DN, CD8þSP, CD4þSP and DP cells. (f) Changes in the number of DN, SP and DP thymocytes from non-infected or 1, 2, 3, 5 or 7 dpi
thymuses (n¼ 3). The data are presented as the mean±S.D. (n¼ 3). The histogram represents the mean of three independent experiments. Significant differences from the
non-infected control were revealed by an unpaired, two-tailed t-test. *Po0.05, **Po0.01 and ***Po0.001
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depleted ones (Figure 1f). These results suggested that
influenza A(H1N1)pdm09 infection induced thymic atrophy,
especially of the cortex, and this was accompanied by the
dramatic depletion of cortical DP T cells.

Apoptosis was the main reason for DP thymocytes
depletion. The DP subsets in the mediastinal lymph nodes
(MLN), spleen, peripheral blood and lungs were analyzed by
flow cytometry to determine whether virus could induce the
premature escape of DP thymocytes. No significant increase
in the DP subsets was found in the peripheral organs
(Figure 2a), suggesting that the premature escape of DP
thymocytes was not the main reason for thymic atrophy.
Furthermore, thymocyte apoptosis was detected. As shown
in Figure 2b, the thymus of infected mice showed a
significantly higher percentage of apoptosis when compared
with n.i. mouse at 2 and 3 dpi (B7 and 3.5 versus 1.5
apoptotic cells per 104 mm2; Figure 2c), and apoptotic cells in

infected thymus were predominantly distributed in the cortical
zones. This result was consistent with the dramatic loss of
DP cells, which were mainly distributed in the cortical zones.
The percentage of apoptotic cells was calculated based on
annexin-V and propidium iodide (PI) staining. The percent of
annexin-Vþ cells was B40% at 2 dpi, compared with only
14% in control (Figure 2d). Further analysis showed that
most of the apoptotic cells (annexin-Vþ ) were DP T cells
(Figure 2e), which were consistent with thymic cortex atrophy
and the dramatic depletion of DP T cells. Taken together,
these results suggested that apoptosis, but not escape, was
the main reason for thymic atrophy and DP thymocyte
depletion.

Influenza A(H1N1)pdm09 viruses were present in DCs of
thymus. To further analyze whether influenza A(H1N1)pdm09
virus were present in thymus of severely infected mice,
immunohistochemistry was performed. The results showed

Figure 2 Detection of the DP subset in peripheral organs and apoptosis of thymocytes in the thymus. (a) DP subsets in the mediastinal lymph nodes (MLN), spleen,
peripheral blood and lungs of control or 2-dpi and 5-dpi mice were analyzed by flow cytometry; the FACS plots were gated on CD3þ lymphocytes. Percentages indicate the
proportions of CD4þCD8þ DP cells. (b) In situ detection of thymocyte apoptosis using the In Situ Cell Death Detection Kit (TUNEL assay). The brown stain represents DNA
fragmentation of apoptotic cells, and the blue stain shows the nuclei stained with hematoxylin. There were more apoptotic cells in the COR at 2 and 3 dpi compared with the
non-infected thymus. Arrows indicate positive staining. (c) Apoptotic cells per 104mm2 were counted in the cortex. (d) The apoptotic thymocytes were identified by annexin-V
and PI staining. The FACS plots were gated on thymocytes. One representative FACS plot is presented, and the percentages indicate the proportions of apoptotic cells.
(e) The annexin-V-positive thymocytes were identified by CD4 and CD8 staining. The percentages indicate the proportions of CD4þCD8þ DP cells. The data are presented
as the mean±S.D. (n¼ 3). Significant differences from the non-infected control were determined by an unpaired two-tailed t-test. *Po0.05, ***Po0.001. COR, cortex;
MED, medulla
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that large amounts of influenza A(H1N1)pdm09 virus were
present in lung epithelial cells. Strikingly, virus were also
present in the thymus, especially in the cortical region,
at 2 dpi (Figure 3a). Further qRT-PCR and influenza
virus titration assay identified the presence of virus in the
thymus at 2, 3 and 5 dpi (Figures 3b and c). The location was
further confirmed using confocal immunofluorescence.
As shown in Figure 3d, some of the influenza A(H1N1)
pdm09 virus were present within DCs. These results
demonstrated that influenza A(H1N1) pdm09 virus could be
translocated to thymus, and might prime and activate
immune response.

Elevated IFN-c and other proinflammatory cytokines in
the thymus. Influenza A(H1N1)pdm09 caused hypercytoki-
nemia in the lungs and serum.20 However, changes in the
thymus were not determined. To evaluate the changes of

secreting cytokines and chemokines, the Bio-plex system
was used to analyze the levels of certain cytokines and
chemokines in thymus. Compared with control mice, infected
mice exhibited significant elevation of proinflammatory
cytokines and chemokines, such as interleukin-1a/b (IL-1a/b),
IL-6, IL-12 (p70), IL-17, IL-17F, IFN-g, tumor necrosis factor-a
(TNF-a), G-CSF, MCP-1 and RANTES (Figures 4a–g
and Supplementary Figure 1). Increased levels of GCs are
widely recognized as a common cause for increased
thymocyte apoptosis and lymphopenia during severe infec-
tion.21,22 However, the levels of serum corticosterone were
not elevated in our infection model, suggesting that endo-
genous GCs was not involved in influenza A(H1N1)pdm09-
induced thymic atrophy (Figure 4i). IL-7 is a cytokine that is
essential for T-cell survival in thymus.23,24 As shown in
Supplementary Figure 1, the transcription of IL-7 mRNA was
not decreased but rather increased in the thymus after

Figure 3 Presence of influenza A(H1N1)pdm09 virus in the thymus. (a) Influenza A virus-encoded protein was detected using immunohistochemistry with the anti-
influenza A virus antibody. Virus-encoded protein was present in the thymus of 2-dpi mice, but not in non-infected mice. Lung tissue from 2-dpi mice was used as the positive
control. The brown stain represents the virus protein-positive cells, and the blue stain shows nuclei stained with hematoxylin. Arrows indicate positive staining (original
magnification, � 200). (b) The virus HA gene was detected in the thymus and lungs of non-infected or infected mice at 2, 3 and 5 dpi by qRT-PCR (n¼ 6). The values were
shown as mean±S.D. (c) Growth properties of viruses. At 2, 3 and 5 dpi, thymus and lung tissues were collected, and virus titers were determined by plaque assays in
MadinDarby canine kidney cells. The values were presented as mean±S.D. from six mice. (d) Confocal immunofluorescence analysis of virus-encoded proteins and DCs.
Virus-encoded protein labeled with anti-influenza A virus antibody was shown in green, DCs labeled with the rat anti-mouse dendritic/interdigitating cell antibody were shown in
red, and nuclei stained by DAPI were shown in blue (original magnification, � 630). DC, dendritic cell; T, thymocytes; VP, virus-encoded protein
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infection, suggesting that IL-7 was also not involved in thymic
atrophy. Given the important role of IFN-g in immunomodu-
latory and inducing apoptosis, we further evaluated the
transcription of IFN-g using qRT-PCR. As shown in
Figure 4h, IFN-g transcription was increased in a time-
dependent manner, with approximate fold increases of 1.4,
8.3 and 50.1 at 1, 2 and 5 dpi, respectively. The rapid and
significant increase in IFN-g, even at 1 dpi, corresponded to
aggravated thymic atrophy, which demonstrated the pivotal
roles of innate immune cells, such as innate CD8þ

thymocytes, natural killer (NK), gdT cells and macrophages
in thymus.

Thymic innate CD8þ T cells were activated and secreted
IFN-c. Due to the presence of influenza A(H1N1)pdm09
virus and increased IFN-g in thymus, we investigated which
cells were activated and secreted IFN-g after infection. We
first detected whether the conventional CD8þ T lymphocytes
in the thymus were activated by influenza virus presented by
DCs. A tetramer assay was performed using H-2Kd loaded
with TYQRTRALV, which was derived from the viral
nucleoprotein (NP)147–155.

25 We found the ratio of NP-
specific CD8þ T cells increased from 0.08% in uninfected
lung to 3.41% and 9.69% in infected lung at 2 dpi and 5 dpi,
respectively (Supplementary Figure 2A). However, NP-
specific CD8þ T cells were nearly absent and had no
obvious increase in thymus after infection (Supplementary
Figure 2A), and the ratio of NP-specific CD8þ T cells were
only 0.11% and 0.35% in infected mice at 2 dpi and 5 dpi,
respectively (Supplementary Figure 2A). Perforin and gran-
zyme B were another mechanism for CD8þ T-cell-mediated

cytotoxicity. It was found that influenza A(H1N1)pdm09 did
not induce the expression of perforin or granzyme B on
CD8þ SP cells (Supplementary Figures 2B and C). These
results demonstrated that functional, virus-specific conven-
tional CD8þ T lymphocytes had no roles in the influenza
A(H1N1)pdm09-induced thymic atrophy. Due to the signifi-
cant raise of IFN-g as shown in Figures 4g and h, we then
search the resource of IFN-g. As shown in Figure 5a, the
percent of IFN-gþ cells were increased from 1.8% in control
thymus to 3.5% and 3.4% in 2 dpi and 3 dpi thymus,
respectively. Thymic CD8þ , CD4þ T cells, NKT and gdT
cells can secrete IFN-g after infection. It was demonstrated
that CD4 SP T cells and DP T cells could only secrete a little
amount of IFN-g and had no obvious increase after virus
infection (Supplementary Figures 3A and B); furthermore, the
percent of NKT and gdT cells degressed after infection, and
among the IFN-gþ cells, NKT and gdT cells were only 3.4%
and 2.1%, respectively (Supplementary Figures 4A and B).
The results suggested that CD4 SP T cells, DP T cells, NKT
and gdT cells were not the main resource of IFN-g.
Surprisingly, the ratio of IFN-gþ cells was about 3% of the
CD8 SP T subset in uninfected thymus; however, the ratio of
IFN-gþ cells increased to 12% and 9.5% of CD8 SP T cells in
infected thymus at 2 dpi and 3 dpi, respectively (Figure 5b).
Further analysis showed that more than 85% of IFN-gþ cells
were CD8 SP T cells, and also they can exhibit high
expression of CD44 (Figure 5c). As showed in Figure 5d,
almost all the IFN-gþ cells were CD44hi among CD8 SP T
cells, and the percent of CD8þCD44hiIFN-gþ cells raised
from 4.4% in control thymus to 9% in infected thymus at 2 dpi
and 3 dpi, respectively. Further analysis showed that the

Figure 4 Assessment of cytokine levels in the thymus and concentration of corticosterone in the serum. (a–g) The concentrations of certain associated cytokines in the
thymus were determined using the Bio-Plex Mouse Cytokines 23-Plex panel and Th17 8-Plex panel arrays and normalized to homogenized thymus protein content.
(h) Elevated IFN-gmRNA transcription analyzed by quantitative real-time PCR. (i) Concentration of corticosterone in the serum was measured by ELISA. The data are presented as
the mean±S.D. (n¼ 3). Significant differences from the non-infected control were revealed by an unpaired two-tailed t-test. *Po0.05, **Po0.01 and ***Po0.001
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Figure 5 Increased percentage of innate CD8þCD44hiCD122þEomesþ SP T cells in the thymus of infected mice. (a) Increased percentage of IFN-gþ cells in the
thymocytes after infection at 2 and 3 dpi. (b) Increased percentage of IFN-gþ cells in the CD8þ SP T cells, as determined by flow cytometry. The FACS plots were gated on
CD8þ SP thymocytes. Percentages indicated the proportions of IFN-gþ cells. (c) Most of the cells were CD8þCD44hi among the IFN-gþ thymocytes. Percentages indicated
the proportions of CD8þCD44hi cells in IFN-gþ thymocytes. (d) All the CD8þ IFN-gþ cells highly expressed CD44. Percentages indicated proportions of IFN-gþCD44hi in
CD8þ SP thymocytes. Analysis of CD44 and CD122 (e), and Eomes (f) expression on CD8þ SP T cells from non-infected, 2-dpi or 3-dpi thymuses. One representative
FACS plot is presented. Values represent the means±S.D. (n¼ 6) of three independent experiments. Significant differences from the non-infected control were revealed by
an unpaired two-tailed t-test. *Po0.05, **Po0.01 and ***Po0.001
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percent of CD8þCD44hiCD122þ cells raised from 5.1% in
control thymus to 9.8% and 8% in infected thymus at 2 dpi
and 3 dpi, respectively, (Figure 5e), and 35% of CD8þ

CD44hiCD122þ (but only 3.3% of CD8þCD44lowCD122� )
cells could secrete IFN-g (Supplementary Figure 5). In
addition to conventional CD8þ T cells, innate T cells, which
are defined as CD8þCD44hiCD122þ , were also found in
normal thymus.18,19 They served as an initial control for
infection through swiftly initiating proliferation and rapidly
secreting proinflammatory cytokines, such as IFN-g and
TNF-a.16–19 The level and TNF-a was also immediately
increased, even at 1 dpi (Figure 4f). In addition, IL-2 and IL-4,
which are essential for innate T-cell expansion and develop-
ment, were expressed during the infection process
(Supplementary Figure 1). Eomesodermin (Eomes) was the
most important and essential transcription factor for the
development and function of innate T cells.19,26 As showed in
Figure 5f, the ratio of CD44hiEomesþ thymocytes raised
from 4.5% in control thymus to 13% and 35% in infected
thymus among CD8 SP T cells at 2 dpi and 3 dpi,
respectively. Furthermore, almost all the CD8þCD44hiIFN-gþ

thymocytes were Eomesþ ( Supplementary Figure 6A), and
reversely, about 50% of CD8þCD44hiEomesþ thymocytes
secreted IFN-g (Supplementary Figure 6B). Elevated IFN-g
expression on CD8þCD44hiCD122þEomesþ cells sug-
gested the activation of thymic innate T cells. These results
demonstrated that thymic innate T cells could be activated by
influenza A(H1N1)pdm09 virus and might mediate thymic
atrophy through secreting IFN-g.

Milder thymic atrophy was observed in C57BL/6J mice.
Whether low number of thymic innate CD8þ T cells could
mitigate influenza A(H1N1)pdm09-induced thymic atrophy
was then investigated. It was found that more innate CD8þ T
cells were present in BALB/c strain thymus than in C57BL/6J
strain thymus.18,19 As shown in Figures 6a and b, only o1%
of CD8þ T cells were innate T cells in C57BL/6J strain
thymus (44% in BALB/c strain as shown in Figure 5d). The
ratio of IFN-gþ cells was o1% of CD8 SP T subset in
uninfected C57BL/6J mice thymus; and the IFN-gþ thymo-
cytes increased nearly 2% of CD8 SP T cells at 2 dpi and
then decreased to 1% at 3 dpi (Figure 6a); and the percent of
CD8þCD44hiIFN-gþ cells raised only from 0.8% in control
thymus to 1.6% in infected thymus at 2 dpi and then
immediately decreased to 0.8% at 3 dpi (Figure 6b), which
was far less than that observed in BALB/c mice (9% as
showed in Figure 5d). Meanwhile, thymic atrophy of C57BL/6J
mice was milder than that of BALB/c mice (Figure 6c), which
suggested that low percent of innate T cells could relieve
influenza A(H1N1)pdm09-induced thymic atrophy.

Peramivir did not significantly alleviate thymic atrophy.
We next investigated whether antiviral agents could sup-
press thymic atrophy. As shown in Figure 7a, peramivir had
only a little protective role on thymic weight decrease at 2 and
5 dpi, but peramivir could significantly protect lung injury.
Viral loads of 2 and 5-dpi-infected thymuses also had only
minor decreasion after peramivir treatment (Figure 7b). The
ratio of IFN-gþ cells increased from 3% of CD8 SP T subset

Figure 6 Milder thymic atrophy and lower innate CD8þCD44hi T cells in the thymus of C57BL/6J mice. C57BL/6J and BALB/c mice were intranasally infected with
influenza A virus strain A/California/07/2009 at 106 TCID50, (a) Percentage of IFN-gþ cells, (b) innate CD8þCD44hi T cells among CD8þ SP T-cell population in non-
infection, 2- and 3-dpi-infected C57BL/6J mice, as determined by flow cytometry. The FACS plots were gated on CD8þ SP thymocytes. Percentages indicate the proportions
of IFN-gþ cells. (c) The numbers of total thymocytes in non-infected or 2-, 3-dpi thymuses were evaluated. The data are presented as the mean±S.D. (n¼ 5). Significant
differences compared with the non-infected control are shown. *Po0.05, **Po0.01 and ***Po0.001
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in uninfected thymus to 10% at 2 dpi; however, peramivir
treatment didn’t significantly decrease the ratio of innate
CD8þ IFN-gþ thymocytes (Figures 7c and d). The results
demonstrated that inhibition of thymic innate CD8þ T cells,
but not using antiviral drugs, could rescue the influenza
A(H1N1)pdm09 virus-induced thymic atrophy.

IFN-c has a critical role in the thymic atrophy. Thymic
innate CD8þ T cells mediated thymic atrophy through IFN-g
secretion. Whether neutralization of IFN-g could suppress the
thymic atrophy was then investigated. As shown in Figure 8a,
neutralization of IFN-g could significantly suppress the
atrophy, the thymus size of IFN-g neutralization group was
obviously larger than the PBS control group. The thymus
weight was significantly decreased to 25% and 10% at 3 dpi
and 5 dpi, respectively, and IFN-g neutralization antibody
significantly rescued the decrease and with only 50% weight
loss; the thymus weight of IFN-g neutralization antibody
treatment mice were two folds of that of the PBS control mice
at 3 and 5 dpi (Figure 8b). Meanwhile, IFN-g neutralization
antibody treatment significantly decreased the apoptosis of
thymocytes from 15% in control thymus to 10% at 5 dpi
(Figure 8c). Furthermore, flow cytometry analysis showed that
IFN-g neutralization antibody treatment dramatically rescued
the decrease of DP thymocytes; the DP thymocytes con-
stituted 70% of the thymocytes in control mice, and it was
decreased to 40% and 3% at 3 dpi and 5 dpi, respectively,
however, it was only decreased to 55% and 10% at 3 dpi and
5 dpi, respectively, by neutralizing IFN-g (Figure 8d). The
percent of CD8þCD44hiCD122þ innate T cells were only
increased to 6.7% and 2.5% after IFN-g neutralization
antibody treatment at 3 dpi and 5 dpi, respectively, which
was significantly less than that observed in PBS control group
(Figure 8e). Furthermore, the percent of Eomes (essential
transcription factor for the development and function of innate
T cells19,26) positive innate T cells were significantly less in

IFN-g neutralization antibody treatment group than that in PBS
control group at 3 and 5 dpi (Figure 8f). The results suggested
that IFN-g has a critical role to play during the influenza
A(H1N1)pdm09-induced thymic atrophy.

Discussion

The thymus is a primary lymphoid organ where T-cell
development takes place, and it has an important role in
protecting against pathogen infection. However, several
pathogens can cause thymic atrophy, including viruses,
parasites and fungi.11,13,27–33 Thymic atrophy may further
interfere with the systemic cellular immune response and
delay the clearance of pathogen. Common histological
features that can be observed during different infections
include a decrease in cortical thymocytes and a loss of the
clear-cut distinction in corticomedullary region.11,27,32,34

Because the mechanisms involved in infection-induced
thymic atrophy are not completely understood and may vary
depending on the microorganism, the determination of
specific pathways in distinct situations is essential to define
strategies for preventing thymic atrophy and/or promoting the
recovery of thymic function once the infection is controlled.
Here, we showed that severe influenza A(H1N1)pdm09
infection induced thymic atrophy via the activation of innate
CD8 thymocytes in BALB/c mouse model.
Thymic atrophy in infectious disease may result from the

following four events: (1) a decreased number of precursor
cells entering into the thymus, (2) lower capacity for thymocyte
proliferation, (3) increased thymocyte apoptosis/death and
(4) increased exit of thymocytes to peripheral lymphoid tissues.
Previous reports demonstrated that influenza virus was not
present in bone marrow and did not influence precursor cell
entry into the thymus.13 In current study, an acute decrease of
thymocytes was induced at 2 dpi, and were nearly absent at

Figure 7 Peramivir did not significantly improve the thymic atrophy induced by severe influenza A(H1N1)pdm09 infection. Mice were treated intraperitoneally with PBS or
peramivir at a dose of 40mg/kg daily for 5 days. (a) Changes in thymus weight of non-infected, influenza virus-infected and peramivir-treated mice, or influenza virus-infected
and PBS-treated mice. (b) Viral RNA loads of peramivir or PBS-treated mice thymus at 2 and 5 dpi. (c,d) Percentage of IFN-gþ cells in the CD8þ SP T-cell population from
thymus of non-infected, influenza virus-infected and peramivir- or PBS-treated mice on 2 and 5 dpi (n¼ 6). One representative FACS plot is presented. Values represent the
mean±S.D. Significant differences from the non-infected control were revealed by an unpaired two-tailed t-test. ns, not significant
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7 dpi (Figure 1). These findings excluded the possibility of lower
proliferation ability. Premature escape of immature DP T cells
from thymus into periphery was one of the main reasons for
parasite- and virus-induced thymic atrophy.32,34 However, no
significant increase of DP lymphocytes was observed in the
MLN, spleen, peripheral blood or lungs during virus infection
(Figure 2a). These results suggested that the premature
escape of DP thymocytes was also not the main reason. In
fact, influenza A(H1N1)pdm09 infection had already induced
a significantly higher percentage of apoptosis (Figures 2b–d).
We therefore speculated that the increased apoptosis of
thymocytes was one of the main mechanisms in influenza
A(H1N1)pdm09-induced thymic atrophy.
The factors that mediate thymocyte apoptosis were further

analyzed. Corticosteroids are thought to have a major role in
the pathogenesis of Trypanosoma cruzi-induced thymocyte
death.30,35,36 However, the level of GCs in serum was not
altered (or decreased at 3 dpi) after virus infection, suggesting

that the GCs have a minor role (or no role) in our mouse
model. The increased production of proinflammatory
cytokines had also been proposed to have a role in
infection-induced thymic atrophy. For example, Francisella
tularensis-induced severe thymic atrophy was mediated at
least partially by TNF.37 IFN-a was also a critical molecular
mediator of pathogen-induced thymic involution.38,39

Recently, it was also found that IFN-g could increase DP
thymocyte death during S. typhimurium-, Mycobacterium
avium- or concanavalin A-induced thymic atrophy.33,38,40

In the current study, elevated expression of proinflammatory
cytokines, such as IL-1a/b, IL-6, IL-12, IL-17, IFN-g and
TNF-a, was also noted in influenza A(H1N1)pdm09-infected
thymus tissue (Figure 4), suggesting that proinflammatory
cytokines may be involved in the thymic atrophy in our model.
DCs are targets for influenza virus infection and canmigrate

and re-enter into the thymus after uptake of antigens in
periphery.41,42 It was reported that respiratory DCs were able

Figure 8 Neutralization of IFN-g-ameliorated influenza A(H1N1)pdm09-induced thymic atrophy. For neutralizing endogenous IFN-g, mice were either intraperitoneally
injected with the rat anti-mouse IFN-g monoclonal antibody or with PBS as control. (a) Morphology of a non-infected, influenza virus-infected and anti-IFN-g or PBS-treated
thymus at 3 dpi. (b) Changes in thymus weight of non-infected, influenza virus-infected (3 dpi and 5 dpi) and anti-IFN-g or PBS-treated mice (n¼ 5). (c) The apoptotic
thymocytes of anti-IFN-g or PBS-treated mice at 5 dpi (n¼ 5) were analyzed as in Figure 2d. (d) Changes in the ratios of the DP thymocytes subset analyzed by flow cytometry
in non-infected, influenza virus-infected and anti-IFN-g or PBS-treated mice (n¼ 5). FACS plots were gated on thymocytes. (e) Analysis of CD44 and CD122 or (f) CD44 and
Eomes expression on CD8þ SP T cells (n¼ 5). One representative FACS plot is presented. Values represent the means±S.D. Significant differences from the non-infected
control were revealed by an unpaired two-tailed t-test. *Po0.05, **Po0.01 and ***Po0.001
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to transport H5N1 virus from lung into thymus.13 As shown in
Figure 3, influenza A(H1N1)pdm09 could infect thymus and
some were present in thymic DCs, suggesting that virus or
infected DCs participated in thymic atrophy.
As shown in Figure 4, the levels of proinflammatory

cytokines and chemokines were immediately and rapidly
increased, even at 1 dpi. Furthermore, the total number of
thymocytes was significantly decreased and obvious morpho-
logical changes were observed at 2 dpi. We speculated
that some thymic innate immune cells might be involved in
thymus tissue destruction. Recently, it was reported that
innate CD8þ T cells constituted another major population of
innate immune cells in thymus.16,17 These cells can acquire
effector function during maturation process in thymus, but
does not require activation, proliferation and differentiation.
Innate T cells share CD122þCD44hiEomesþ phenotype and
rapidly secrete large amounts of cytokines upon stimula-
tion.16,17 It was found that B16% of TCRabþ CD4�CD8þ

thymocytes were innate polyclonal T cells in BALB/c mice.18

In our study, B13% of CD8þ SP thymocytes were activated
(IFN-gþ ) at 2 dpi; it is likely that these cells were innate T cells.
On the other hand, most innate T cells are present in cortex
region. These findings may explain why cortex and DP
thymocytes were depleted to the greatest extent. Interest-
ingly, more innate CD8þ T cells were present in BALB/c strain
than in C57BL/6J strain.18,19 As shown in Figure 6, o2% of
CD8þ SP thymocytes were IFN-gþ at 2 dpi in C57BL/6J
mice, which was far less than that observed in BALB/c mice.
This corresponded to a milder thymic atrophy in C57BL/6J
mice. But how virus activated innate T cells should be further
studied. In contrast to our results, Vogel et al.13 reported that
A/Regensburg/D6/2009 strain did not induce thymic atrophy
in C57BL/6Jmice. This disparity might be due to differences in
the infective dose, strains and mice model. Thymically
generated CD4þCD25þFoxp3þ regulatory T cells (Treg)
are a cell lineage devoted to the maintenance of homeostasis
in the immune system. It is known that acute influenza A virus
infection is capable of inducing a robust activation and
expansion of suppressive Treg response, which are critical
for suppressing excessive immunopathological responses to
pathogens through the secretion of large amounts of IL-10.43–45

We found that the percent of CD4þFoxp3þ Treg among CD4
SP thymocytes was significantly elevated, more than
twofolds, compared with n.i. control at 3 dpi (Supplementary
Figure 7). As shown in Supplementary Figure 1, the
concentration of IL-10 in thymuswas increased after infection,
which suggested the activation of Treg. Otherwise, the
percentage of IFN-gþ cells was gradually degraded at 3 and
5 dpi compared with 2 dpi (Figures 5b and 7c), which
suggested Treg might influence the IFN-g secretion of innate
CD8þ T cells. Additional experiments should be performed
for the sake of confirmation.
The existence of activated innate CD8þ T cells in thymus is

crucial and might lead to organ destruction via secretion of
large amounts of IFN-g upon stimulation.16,17,19 Neutralization
of IFN-g could significantly rescue the atrophy and the
depletion of DP thymocytes (Figure 8), but peramivir treat-
ment did not significantly alleviate thymic atrophy (Figure 7).
Additional experiments should be performed to explain the
mechanism of IFN-g in pathology. Our current understanding

of the complex picture underlying thymic atrophy during
influenza A(H1N1)pdm09 infection is limited, and cross-talk
between different pathways may occur.40

Collectively, during the course of infection, influenza
A(H1N1)pdm09 can be translocated to thymus via DCs, and
subsequently activate innate CD8þ T cells to swiftly initiate
proliferation and secrete high quantities of IFN-g, which
mediates thymocyte apoptosis and thymic atrophy. Innate
CD8þ T cells were able to initially control virus infection
immediately, which served as a first-line defense against virus
infection, but they can also cause severe pathological
damage. This mechanism may underlie diseases with
predominantly increased thymic atrophy in younger people.

Materials and Methods
Mice, virus and infection. Female 4-week-old, specific pathogen-free
BALB/c and C57BL/6J mice were obtained from the Institute of Laboratory Animal
Sciences (Beijing, China). The influenza A virus strain A/California/07/2009
(H1N1v) was used in this study. Mice were anesthetized and inoculated
intranasally with virus (106 TCID50 in 50ml) as described in our previous report.

46

Live-mouse experiments and live-virus experiments were performed in Biosafety
Level 3 facilities following governmental and institutional guidelines. At the defined
time points, the thymus, spleen, lung, MLN and peripheral blood were analyzed as
described below. All animal experimental protocols were evaluated and approved
by the Institute of Animal Use and Care Committee of the Institute of Laboratory
Animal Science, the Peking Union Medical College (ILAS-PL-2012-009).

Virus titrations. The homogenized thymus and lung tissues were collected
from six mice on day 2 after inoculation, virus titrations were performed by end-
point titration in MadinDarby canine kidney cells, as described previously.46

Histological examination and immunohistochemistry analysis.
Thymuses were fixed in 10% neutral-buffer formalin for 24 h and
subsequently embedded in paraffin. Thymus sections (4–6mm) from n.i. and
2-dpi mice were deparaffinized and hydrated using xylene and an alcohol gradient.
The sections were then stained with H&E for the assessment of general
histopathology.
After deparaffinization and hydration of the thymus sections from the n.i. and

2-dpi mice using xylene and gradient alcohol, antigens were retrieved by heating for
15min in citric acid buffer (1.0 mol/l, pH 6.0) using a microwave and subsequently
cooling to room temperature. Different corresponding antibodies were added to
each slide and incubated overnight at 4 1C. For influenza A virus-encoded protein
detection, anti-influenza A virus antibody (1 : 200 dilution, Abcam, Cambridge, MA,
USA) was used. After washing three times with PBS, the Polink-2 plus polymer HRP
detection system for goat primary antibody (ZSGB-BIO, Beijing, China) was added.
The immune complexes were visualized using 3,3-diaminobenzidine (DAB)
Substrate Kit (ZSGB-BIO). The slides were then lightly counterstained with
hematoxylin, dehydrated and mounted.
Thymic apoptotic cells were stained by TUNEL using the In Situ Cell Death

Detection Kit, POD (Roche Applied Science, Mannheim, Germany) according to
manufacturer’s guidelines. Briefly, sections were fixed in 4% paraformaldehyde,
incubated in blocking solution, incubated in permeabilization solution and finally
incubated in TUNEL reaction mixture for 60min at 37 1C. After rinsing, the sections
were incubated with Converter-POD for 30min at 37 1C and developed with the
DAB Substrate Kit. The slides were lightly counterstained with hematoxylin,
dehydrated and mounted. The slides were photographed using an Olympus AH-2
camera (Olympus, Tokyo, Japan). For each group, four samples were evaluated.
Thymic sections from n.i. and 2-dpi mice were treated as above. Anti-influenza A

virus antibody (1 : 200 dilution, Abcam) and rat anti-mouse dendritic/interdigitating
cell antibody (clone: MIDC8, 1 : 100 dilution, ABD serotec, Oxford, UK) were
incubated together on thymus sections overnight at 4 1C. After washing three times
with PBS, Alexa Fluor 488-conjugated donkey anti-goat IgG (Hþ L; Jackson, West
Grove, PA, USA) and Alexa Fluor 594-conjugated donkey anti-rat IgG (Hþ L;
Jackson) antibodies were added together and incubated for 30min at room
temperature. Nuclei were then labeled with DAPI (10 mg/ml). The slides were
washed three times and photographed with a confocal laser scanning microscope
(CLSM; Leica, Wetzlar, Germany).
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Cell preparation, antibodies and flow cytometry analysis. The
mice were killed and exsanguinated at the indicated dpi. The thymus, spleen and
MLN were gently passed through a 200-mm nylon mesh, incubated in red blood
cell lysis buffer (BD Biosciences, San Jose, CA, USA) and washed with PBS. Lung
mononuclear cells were isolated as previously described. Briefly, the lungs were
excised, minced and subsequently digested in DMEM (containing 0.1%
collagenase I (Sigma-Aldrich, St. Louis, MO, USA) and 5% fetal calf serum) for
60min at 37 1C on a rocking platform. The enzyme-digested lung tissues were
also passed through 200-mm nylon and then washed with DMEM. The
mononuclear cells were prepared by density gradient centrifugation with 40 and
70% Percoll (GE Healthcare, Buckinghamshire, UK). The cells were collected from
the 40/70% Percoll interface and washed twice. Finally, the cells were counted by
trypan blue exclusion using a hemocytometer.
For extracellular cell marker analysis, 106 cells were labeled with the following

antibodies: mAbs against mouse CD3e-PerCP-CY5.5, CD4 (L3T4)-APC-H7 and
CD8a-FITC. The NP147–155 (TYQRTRALV) tetramer was synthesized by
QuantoBio (Beijing, China) and used according to the manufacturer’s instructions.
Briefly, 106 cells were incubated with 5 ml of tetramer for 30min at room temperature
in a total volume of 0.1 ml and subsequently stained for cell markers at 4 1C for
30min.
Intracellular staining of granzyme B, IFN-g, Eomes, Foxp3 and perforin were

performed as previously described.47 Briefly, 106 thymocytes were cultured in
DMEM (10% FCS) with GolgiPlug (BD Biosciences) to block the cellular secretion of
cytokines for 5 h. The cells were then washed and stained with CD3e-PE-Cy7, CD4
(L3T4)-APC-H7, CD8a-FITC, DX5-PE, gdTCR-APC, CD122-PE, CD44-PE-Cy7 or
CD8a-alexa 647. Subsequently, the cells were incubated with Fix/Perm solution (BD
Biosciences) at 4 1C for 20min, and after washing with and diluting in Perm/Wash
buffer (BD Biosciences), the cells were stained for intracellular cytokines (granzyme
B-PE, IFN-g-PerCP-CY5.5, Eomes-PE, Foxp3-Alexa 647 and perforin-APC) at 4 1C
for 30min. Finally, the cells were washed and analyzed on a FACSCanto II flow
cytometer (BD Biosciences).
For apoptosis detection assay, 2� 105 cells were firstly labeled with the following

antibodies: mAbs against mouse CD4 (L3T4)-APC-H7 and CD8a-FITC. Staining of
apoptotic cells in the thymus with annexin-V and PI was performed according to the
manufacturer’s instructions (BD Biosciences).
All fluorochrome-conjugated Abs were purchased from BD Biosciences or

eBioscience (San Diego, CA, USA). The acquisition of the cell populations was
performed on a FACSCanto II flow cytometer using BD FACSDiva software (BD
Biosciences). The data were analyzed using FlowJo 7.6.1 software (Treestar,
Ashland, OR, USA).

Cytokine and chemokine measurements in the thymus. For
cytokine and chemokine measurements, the homogenized thymus was lysed in
RIPA lysis buffer (Beyotime, Jiangsu, China), and the protein concentration was
determined using the BCA assay (Beyotime). The samples were processed using
the Bio-Plex mouse cytokine 23-Plex panel and the Th17 8-Plex panel arrays (Bio-
Rad Laboratories, Hercules, CA, USA) and detected using the Bio-Plex Protein
Array System (Bio-Rad Laboratories) according to the manufacturer’s instructions.
The concentrations were calculated by using the function: Relative
concentration¼ cytokine concentration/total protein concentration.

RT-PCR and quantitative real-time PCR. RT-PCR was performed
according to the manufacturer’s instructions. Briefly, total RNA was isolated from
homogenized thymus and lung tissues using Trizol reagent (Invitrogen, Grand
Island, NY, USA), and cDNA was synthesized from RNA (1mg) using random
primers and the SuperScript III First Strand Synthesis System (Invitrogen).
Quantitative real-time PCR was used to detect virus HA, as described

previously.47 The primers for IFN-g were as follows: sense 50-TCAAGTGGCATAGA
TGTGGAAGAA-30 and antisense 50-TGGCTCTGCAGGATTTTCATG-30.48 The
primers for IL-7 were as follows: sense 50-TCTGCTGCCTGTCACATCATC-30 and
antisense 50-GGACATTGAATTCTTCACTGATATTCA-30.49 The primers for b-actin
were as follows: sense 50-AGAGGGAAATCGTGCGTGAC-30 and antisense 50-CAA
TAGTGATGACCTGGCCGT-30.48 Real-time PCR was performed in a 20-ml volume
(10ml of 2�SsoFast EVA Green supermix (Bio-Rad Laboratories), 1ml of forward
primer (10mM), 1ml of reverse primer (10 mM), 1 ml of cDNA and 7ml of ddH2O).
The amplification products were detected using a C1000TM Quantitative Real-time
PCR Thermal Cycler (Bio-Rad Laboratories). The reactions were initiated by
incubation at 95 1C for 30 s, followed by 40 cycles of 95 1C for 10 s, 58 1C for 30 s
and 72 1C for 5 s. The primer efficiency and specificity were demonstrated by the

overlapping amplification profiles and the melting curves of equal quantities of
cDNA, respectively. The relative expression values were normalized to the
expression value of the housekeeping gene b-actin.

Determination of serum corticosterone level. Peripheral blood
samples were obtained at 900 h from a venous incision at the tip of the tail
(n¼ 3). Sera were then collected and stored at � 80 1C. The concentrations of
corticosterone were assayed using an ELISA kit (Hermes Criterion Biotechnology,
Elixir, Vancouver, BC, Canada) according to the manufacturer’s instructions.

Antiviral activity of peramivir. After infected intranasally with virus (106

TCID50 in 50ml), peramivir was subsequently administered intraperitoneally at a
dose of 40mg/kg daily for 5 days, with PBS as control.50 Thymus weight, histology
and flow cytometry were measured as described above.

Neutralization of IFN-c in vivo. For neutralizing endogenous IFN-g, mice
were either injected intraperitoneally with rat anti-mouse IFN-g monoclonal
antibody (mAb; R4-6A2; eBioscience) or with PBS as control. Antibody (0.25mg
per mouse) was administered starting on day 1 before virus infection.51

Statistical analysis. The data were analyzed using GraphPad Software
(GraphPad Prism 5, GraphPad Software, Inc., La Jolla, CA, USA) and are
presented as the mean±S.D. Statistically significant differences were assessed
using an unpaired two-tailed Student’s t-test. P-valueso0.05 were considered
statistically significant.
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