DE GRUYTER

Open Life Sci. 2018; 13: 129-136

Research Article

Hao Wang, Yu Xiao, Longxiang Su, Na Cui*, Dawei Liu*

mTOR modulates CD8+ T cell differentiation in mice
with invasive pulmonary aspergillosis

https://doi.org/10.1515/biol-2018-0018
Received November 2, 2017; accepted February 13, 2018

Abstract: CD8* T cells are a vital component of the
adaptive immune system and important for eliminating
intracellular pathogens. Notably, mTOR activity
is associated with CD8* T effector memory (Tem)
cell differentiation in fungal infections. This study
investigates the molecular mechanisms of CD8" Tem
cell proliferation and differentiation mediated by the
mTOR pathway in immunosuppressed mice with invasive
pulmonary aspergillosis (IPA). We first established the
immunosuppressed IPA mouse model, then mice were
subjected torapamycin treatment daily orinterleukin (IL)-12
treatment every other day. Lung tissues and blood samples
were obtained seven days later. Aspergillus fumigatus was
cultured from the lung tissue of mice inoculated with A.
fumigatus spores. After IL-12 treatment, the expression of
mTOR and its downstream signaling molecule S6 kinase,
number of CD8* Tem cells and interferon-y expression
were significantly increased, while they were significantly
decreased after treatment with rapamycin. Additionally,
IL-12 treatment induced T-bet but inhibited Eomesodermin
expression, while the opposite was seen when the mTOR
pathway was blocked by rapamycin. In conclusion,
we found that the mTOR pathway induced CD8" T cell
proliferation and differentiation by regulating T-bet and
Eomesodermin expression, which significantly influenced
immune regulation during IPA and enhanced the immune
response against fungal infection.
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1 Introduction

The number of community and hospitalized patients
with compromised host defenses has increased
dramatically in recent years. This increase is due mainly
to the significant progress in transplantation procedures,
the rapid development of cancer chemotherapy and
immunotherapy, and the broader use of corticosteroids
[1]. Invasive pulmonary aspergillosis (IPA) is one of
the devastating comorbidities of immunosuppression,
especially in patients with immune dysfunction [2]. CD8*
T cells are a vital component of the adaptive immune
system and important for eliminating intracellular
pathogens [3]. The effector-phenotype CD8* memory T
cells (Tem) are responsible for protecting the host from
subsequent reinfection with the same pathogen by rapidly
expanding, engaging cytolytic activity and expressing
effector cytokines [4, 5]. In an earlier clinical study, we
found that the number of CD8* T cell subsets during the
early stage of IPA decreased significantly and the CD8*
T cell differentiation phenotype is closely related to the
patient prognosis [1]. Therefore, focusing on the molecular
mechanism of CD8* T cell differentiation in the early stage
of infection may provide a new opportunity to reverse the
abnormal immune response in severely infected patients
and effectively control the infection.

The mammalian target of rapamycin (mTOR)
signaling pathway plays an important role in regulating
cell metabolism, survival, growth and proliferation. The
ribosomal S6 kinase (S6K) is one of the key substrates
downstream of the mTOR signaling pathway. Activated
mTOR phosphorylates S6K, thereby starting the process of
transcription to synthesize proteins for cell proliferation
[6]. Recent studies indicated that mTOR contributes to
proliferation and differentiation of both CD4* and CD8*
T cells in response to antigen stimulation [7, 8], but the
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mechanisms by which mTOR integrates extracellular
signals with intracellular molecule expression and activity
to achieve distinct functions in CD8* T cells, especially in
immunocompromised hosts with IPA, remains unknown.

The transcription factors T-box expressed in T
cells (T-bet) and Eomesodermin (Eomes) are important
transcription factors which regulate effector T cells and
participate in the differentiation and development of
CD4* effector I type T cells or type 1 helper T (Th1) cells,
NK cells, and CD8"* cytotoxic T lymphocytes [9, 10]. Recent
studies indicate that interleukin (IL)-12 upregulates T-bet
but inhibits Eomes expression to favor the generation
of effector CD8* T cells versus memory CD8" T cells [11].
Moreover, IL-12 can also enhance the activity of mTOR
kinase in naive CD8* T cells, and the activation of the
mTOR pathway was significantly associated with CD8*
Tem cell differentiation in fungal infections [12, 13].
Therefore, it is important for us to understand the cell-
intrinsic factors which regulate the expression of T-bet
and Eomes and generate required CD8* T cell functions
during the immune response in IPA.

In patients with IPA, IL-6 functions as a
proinflammatory cytokine and restores antifungal
activity, while IL-10 is an anti-inflammatory cytokine and
has the opposite effect through down-regulating Th1 and
macrophage responses [14, 15]. The plasma level of IL-6
and IL-10 can thus reflect the immune response of the
host. Galactomannan, a polysaccharide composed of
units of D-galactose and D-mannose, is one component
of the Aspergillus cell wall. Plasma galactomannan levels
can represent the burden of fungal infection, so has been
used to diagnose IPA in the clinic [16].

Based on the experimental results and theories
mentioned above, we hypothesized that the role of mTOR
during the immune response in immunosuppressed
individuals with IPA is regulating CD8* Tem cell
proliferation and differentiation by modifying the
expression of T-bet and Eomes. Increasing mTOR activity
induced T-bet-mediated CD8* Tem cell differentiation,
higher levels of inflammatory cytokines, and greater anti-
fungal efficacy, which could be a new strategy to modulate
immune responses in IPA infection.

2 Materials and Methods

2.1 Pathogen preparation

The Aspergillus fumigatus used in this study was obtained
from a case of pulmonary aspergillosis. We cultured the
viable conidia by growing on Sabouraud dextrose agar at
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35°C for 5 days. Conidia were harvested with Tween-80/
PBS and then filtered through five layers of gauze. We
used the turbidity method to adjust the concentration of
conidia to 1x108 CFU/mL.

2.2 Invasive pulmonary aspergillosis model
preparation

Healthy 6-8 weeks old female BALB/c mice weighing 20 +
5g, were obtained from the Animal Facility Center, PUMCH.
All animals were housed in a pathogen-free environment.
Mice were randomly divided into the following groups (6
mice per group): (1) Control group: no treatment; (2) CTX
+ IPA: after intraperitoneal injection of cyclophosphamide
(CTX) (200 mg kg' d?, Jiangsu Hengrui Medicine Co. Ltd.,
Lianyungang, China) for 5 days, the mice were inoculated
with 0.1 ml A. fumigatus spore suspension intranasally;
(3) CTX + IPA + IL-12: mice were given 5 pg/kg IL-12
intraperitoneally every other day for seven days after the
injection of CTX and inoculation with A. fumigatus spore
suspension. IL-12 concentration was chosen based on the
common concentration that is used to favor the generation
of effector CD8* T cells (8); (4) CTX + IPA + RAPA: Mice were
given 2 mg/kg rapamycin intraperitoneally for seven days
after injection of CTX and inoculation with A. fumigatus
spore suspension. The concentration of rapamycin was
chosen to inhibit the mTOR pathway (8). Blood samples
and lung tissue were collected seven days after the
injection of IL-12 or rapamycin. One part of the lung tissue
was minced and used for A. fumigatus culture, the other
part of the lung tissue was fixed with 4% formaldehyde.
All experiments were repeated twice.

Ethical approval: : The research related to animals
use has been complied with all the relevant national
regulations and institutional policies for the care and use
of animals.

2.3 Lung tissue histology

The lung tissue was first treated with 4% formaldehyde
for histological examination, then lung tissue sections of 3
pum in thickness were affixed to slides, deparaffinized, and
stained with hematoxylin-eosin (H&E), masson trichrome
(Masson), and periodic Schiff-methenamine (PASM) stain
to evaluate the structure of lung tissue in different groups.
10 fields (x 200, x 400, x 600) were randomly selected on
each slide.
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2.4 CD8* Tem cell counts and IFN-y, mTOR,
S6K, T-bet, and EOMES expression levels

We used flow cytometry to isolate and count CD8" Tem
cells. Cells were labeled with the following fluorescently
conjugated monoclonal antibodies: anti-mouse CD45-PE
(12045181, eBioscience, San Diego, CA, USA), anti-mouse
CD8a-APC (17008181, eBioscience), anti-mouse CD44-PE
(25044181, eBioscience), and anti-mouse CD62L (104432,
BioLegend, San Diego, CA, USA). After the CD8* Tem cells
were sorted by flow cytometry, they were stained with
antibodies against mTOR (ab87540, Abcam, Cambridge,
MA, USA), interferon y (IFN-y) (11731181, eBioscience),
T-bet (ab91109, Abcam), S6K (ab32529, Abcam) and Eomes
(53-4875-82, eBioscience).

2.5 Cytokine quantification

We used enzyme-linked immunosorbent assay (ELISA)
kits to quantify cytokines and severity of fungal infection.
The kits were used to detect IL-6 (Abcam), IL-10 (Abcam),
and galactomannan (Affymetrix Bioscience, Santa Clara,
CA, USA).
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2.6 Statistical analysis

Data were analyzed with SPSS 18.0 (IBM SPSS, Chicago,
IL, USA). Student’s t-test or analysis of variance (ANOVA)
were used to determine the statistical significance
of differences. A P-value of p < 0.05 was considered
statistically significant.

3 Results

3.1 A. fumigates Culture and Lung Histology

We detected the viability of the conidia through tissue
culture. Viable A. fumigatus was seen in lung from the
CTX + IPA, CTX + IPA + IL-12 and CTX + IPA + RAPA
groups (Figure 1A-C), but we did not observe any viable
A. fumigatus in the cultured lung tissue from the control
group. Histological examination showed that the structure
of the lung tissue was intact in the lungs of control mice
(Figure 1D). In contrast, inflammatory cell infiltration,
blood congestion, and interstitial lung tissue injury were
observed in the mice from the CTX + IPA, CTX + IPA + IL-12
and CTX + IPA + RAPA groups (Figure 1E-G).

Figure 1: Histology of lung tissue stained with hematoxylin and eosin, Masson trichrome, and PASM. A-C: Fungal spores in the lung tissue
of a mouse infected with A. fumigatus stained of Masson trichrome at magnifications of 200x (A), 400x (B), and PASM staining at 600x (C).
D-G: HE-stained lung sections at a magnification of 100x from an animal in the control group (D), the cyclophosphamide immunosuppres-
sion plus invasive pulmonary aspergillosis (CTX + IPA) group (E), the immunosuppression plus IPA plus IL-12 treatment (CTX + IPA + IL-12)
group (F), or the immunosuppression plus IPA plus rapamycin treatment (CTX + IPA + RAPA) group (G).
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3.2 mTOR modulates the differentiation of
CD8* T cells

To determine the role of the mTOR pathway in CD8* Tem
cell differentiation, we upregulated the activity of mTOR
using IL-12. As shown in Figure 2, there was a significant
increase in the proportion of CD8* Tem cells as well as
their level of IFN-y production in the CTX + IPA + IL-12
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group (CD8* Tem cells: 47% =+ 6%; IFN-y: 0.09 + 0.03)
compared with the CTX + IPA group (CD8* Tem cells: 35%
+10%, p = 0.024; IFN-y: 0.05 £ 0.04, p = 0.032). In addition
to this, we found compared with the control group (0.25 +
0.04) and CTX + IPA group (0.29 + 0.04) mTOR expression
was significantly increased in the CTX + IPA + IL-12 group
(0.39 £ 0.12; p = 0.004 and p = 0.034, respectively). We also
detected the expression of S6K, a well-known downstream
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Figure 2: The proportion of CD8* effector memory T (Tem) cells and levels of IFN-y, mTOR and S6K in CD8* Tem cells were significantly incre-
ased by IL-12 stimulation but significantly decreased by rapamycin treatment. The peripheral blood mononuclear cells obtained from the
cyclophosphamide plus invasive pulmonary aspergillosis (CTX + IPA) mice, CTX + IPA mice treated with IL-12 (CTX + IPA+IL-12) or rapamycin
(CTX + IPA+RAPA), and control animals were assessed using flow cytometry seven days after A. fumigatus infection. The side scatter (SSC)
and CD8a were applied to gate on CD8* T lymphocytes, CD44* CD45* CD62*/~ were considered to represent the Tem cells. Representative dot
plots are shown, and the percentages of Tem cells and of Tem cells expressing IFNy, mTOR, and S6K are expressed as the mean +S.D. * p <

0.05; ** p < 0.01; *** p< 0.001.
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molecule of the mTOR pathway. As expected, correlated
with mTOR expression, IL-12 also significantly enhanced
the expression of S6K in CD8* Tem cells (0.13 = 0.03)
compared with the control group (0.06 + 0.04, p < 0.001)
and the CTX + IPA group (0.09  0.01, p = 0.032).

As shown in Figure 2, when the mTOR pathway was
blocked by rapamycin, the expression of mTOR was
significantly decreased (p < 0.05). S6K expression was
likewise decreased in the CTX + IPA + RAPA group (0.04
+ 0.04) compared with the CTX + IPA group (0.09 + 0.01, p
= 0.01). More importantly, we also found that rapamycin
significantly decreased the number of CD8* Tem cells
and the production of IFN-y (CD8" Tem cells: 0.22 + 0.05;
IFN-y: 0.02 + 0.01) compared with the CTX + IPA group
(CD8* Tem cells: 0.35 + 0.10, p = 0.017; IFN-y: 0.05 + 0.04,
p = 0.039) or the CTX + IPA + IL-12 group (CD8* Tem cells:
0.47 + 0.06, p < 0.001; IFN-y: 0.09 £ 0.03, p < 0.001). These
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results show that the mTOR pathway was essential for the
differentiation of CD8* Tem cells and the production of
type I effector functions.

3.3 T-bet and Eomesodermin expression was
regulated by the mTOR pathway

IL-12 can promote the generation of effector CD8* T cells
versus memory CD8* T cells by increasing T-bet and
inhibiting Eomes expression. To determine the role of
the mTOR pathway in the expression of T-bet and Eomes
during the immune response in IPA, we examined the
expression of T-bet and Eomes in CD8* Tem cells from IL-12-
treated IPA mice. As shown in Figure 3, we found that after
treating mice with IL-12, T-bet expression was increased
(p < 0.05) while the expression of Eomes was inhibited
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Figure 3: IL-12 significantly increased the expression of T-bet but significantly decreased the expression of Eomesodermin in CD8* effector
memory T (Tem) cells, which was blocked by rapamycin treatment. The peripheral blood mononuclear cells obtained from the cyclophos-
phamide plus invasive pulmonary aspergillosis (CTX + IPA) mice, CTX + IPA mice treated with IL-12 (CTX + IPA+IL-12) or rapamycin (CTX +
IPA+RAPA), and control animals were assessed using flow cytometry seven days after A. fumigatus infection. The side scatter (5SC) and CD8a
were applied to gate on CD8* T lymphocytes, CD44* CD45* CD62*/- were considered to represent the Tem cells. Representative dot plots are
shown, and the percentages of Tem cells and of Tem cells expressing T-bet and Eomesodermin are expressed as the mean + S.D. * p < 0.05;

** < 0.01; *** p < 0.001.
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(p < 0.05) in CD8* Tem cells, which favors the generation
of effector cells over memory cells. We also blocked the
mTOR pathway with rapamycin to examine the effect on
expression of T-bet and Eomes. In contrast to the effect
of IL-12, the expression of T-bet was decreased, while the
expression of Eomes was increased, in CD8* Tem cells
after treating mice with rapamycin (both p < 0.001). These
observations show that mTOR-regulated expression of
T-bet and Eomes may modulate CD8* T cell differentiation
during immune responses in IPA.

3.4 Changes in the inflammatory response
and fungal infection severity

As shown in Figure 4, compared with the control group
(245.65 + 85.78 pg/ml), the CTX + IPA group (1426.57 +
488.03 pg/ml), and the CTX + IPA + RAPA group (822.74
+ 211.30 pg/ml), the CTX + IPA + IL-12 group had the
highest level of IL-6 (2053.91 + 402.37 pg/ml; p < 0.001,
p =0.036 and p < 0.001, respectively), which reflected the
inflammatory response in IPA mice. In contrast, the level
of IL-10, which reflects the anti-inflammatory response,
showed the opposite trend. The IL-10 concentration in CTX
+ IPA + IL-12 and the control group was significantly lower
than in the CTX + IPA group (p < 0.001 for both) and the
CTX + IPA + RAPA group (p < 0.001 for both).
Galactomannan is used to determine the severity of
fungal infection in the clinic. In this study, as shown in
Figure 4, after intranasal inoculation with A. fumigatus,
the galactomannan level was significantly increased in
the CTX + IPA, CTX + IPA + IL-12, and CTX + IPA + RAPA
groups compared with the control group (p < 0.001 for all).
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Interestingly, compared with the CTX + IPA and CTX + IPA
+ RAPA groups, galactomannan level was significantly
lower in the CTX +IPA + IL-12 group (p < 0.001, respectively).

4 Discussion

Our study shows that IL-12 increased CD8* Tem cells
number and type I effector maturation (IFN-y production)
in immunocompromised hosts with IPA. This occurred
along with increased mTOR expression and activity,
enhanced T-bet levels, and decreased Eomes levels in the
CD8* Tem cells. These changes coincided with a significant
increase in the level of IL-6 and a significant decrease
in the level of IL-10, as well as a decrease in the fungal
infection load (as measured by galactomannan levels).
All these effects could be blocked by the inhibition of the
mTOR pathway with rapamycin.

CD8" T cells play an important role in the adaptive
immune system. The ratio and number of the different
phenotypes of CD8* T cells determines the overall function
of CD8* T cells. After infection, some CD8* T cells take on
a memory cell phenotype and can survive for a long time
after their induction. The CD8* Tem cells, a sub-population
of memory T cells that are differentiated with an effector
cell phenotype, are the cellular basis for the rapid host
immune response that occurs in the early stage of infection
[4, 5]. Recent evidence has shown that various kinds of
pathogens can promote CD8* T cell differentiation, which
is closely related to the effectiveness of the host immune
response and the occurrence of immune disorders in a
septic host [17, 18]. Immunosuppressed patients are at
high risk of repeated infections. It is thus crucial for these
patients to have an effective immune response in the early
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Figure 4: Inflammatory responses and severity of fungal infection in invasive pulmonary aspergillosis. ELISAs were performed to assess the
levels of IL-6 (left), IL-10 (middle), and galactomannan (right) in the plasma samples obtained from the cyclophosphamide plus invasive pul-
monary aspergillosis (CTX + IPA) mice, CTX + IPA mice treated with IL-12 (CTX + IPA+IL-12) or rapamycin (CTX + IPA+RAPA), and control animals
seven days after A. fumigatus infection. The data are presented as the mean +S.D. * p < 0.05; ** p < 0.01; *** p < 0.001.
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stage of infection to avoid more severe infection in the
later. Differentiation of CD8* T cells is regulated by several
transcription factors and signal transduction pathways
[22, 23]. Therefore, targeting molecular mechanisms that
mediate the differentiation of CD8* T cells offers new ways
to promote CD8* T cell regulated immune responses in
immunocompromised hosts with IPA.

The energy-sensitive mTOR signaling pathway
integrates environmental stimuli to regulate important
cellular biochemical metabolic pathways and processes.
Recent evidence has demonstrated the role of the mTOR
pathway in memory CD8* T cell differentiation [19]. Studies
have indicated that inhibiting the mTOR pathway with
rapamycin could block the differentiation of CD8* T cells,
which demonstrates that the mTOR pathway is required
for CD8* T cell differentiation [20, 21]. Furthermore, a
recent study indicated that IL-12 could enhance T-bet
and inhibit Eomes expression to favor the generation
of effector CD8* T cells versus memory CD8* T cells [11].
Moreover, IL-12 could also enhance the activity of mTOR
kinase in naive CD8" T cells. Therefore, we hypothesized
that the upregulation of CD8* T cell differentiation by IL-12
may be mediated via the mTOR pathway. To confirm our
hypothesis, we stimulated mice with IL-12 following CTX-
mediated immunosuppression and A. fumigatus infection
and found increased mTOR activity, and enhanced
CD8* Tem proliferation and type I effector maturation.
The effector functions induced by IL-12 treatment were
significantly attenuated by the mTOR specific inhibitor
rapamycin, confirming that enhancing and maintaining
the activity of the mTOR pathway is essential for IL-12-
induced proliferation and type I effector function in CD8*
Tem in response to a fungal infection.

Several transcription factors have been shown to
regulate the differentiation of CD8* T cells during antigen
stimulation such as T-bet and Eomes. T-bet and Eomes
belong to the T-box gene family and both are essential
in regulating the differentiation of T cells. T-bet plays
an important role in modulation of the differentiation of
Thi-type effector cells and is required for the synthesis
of inflammatory factors, while the expression Eomes
increases in the later stages of an infection and accelerates
the effect of CD8* Tem cell transformation [22, 23]. Recent
studies have found that mTOR activity is essential
for T-bet mediated effector functions and blockade of
mTOR activity promotes Eomes expression and memory
generation [11]. Our results indicated that promoting
the expression and activity of the mTOR pathway could
increase the proliferation rate of CD8* Tem cells and IFN-y
expression. In contrast, the mTOR inhibitor rapamycin
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blocked the expression of T-bet and increased expression
of Eomes in CD8* Tem cells. This result showed that the
mTOR signaling pathway can influence the proliferation
and differentiation of memory and effector CD8* T cells
by regulating T-bet and Eomes activity, however the
mechanism by which mTOR regulates T-bet and Eomes
expression deserves further study.

The current study also elucidated the overall outcome
on the immunosuppressed host with IPA. Our results
showed that, compared with the control and CTX + IPA
groups, IL-12 treatment increased plasma proinflammatory
cytokines (IL-6), decreased anti-inflammatory factors (IL-
10), and reduced the fungal infection load, as assessed
by galactomannan level, which is used clinically as a
diagnostic indicator of IPA. The mTOR inhibitor rapamycin
caused completely the opposite effects. These results
suggest that the mTOR signaling pathway plays a vital
role in CD8* T cell differentiation and function, which may
result in changes in the immune response and fungal load
in immunosuppressed patients with IPA infection.

In summary, we found that mTOR regulates CD8* T cell
proliferation and differentiation by modifying T-bet and
Eomesodermin expression, and activating this pathway
with IL-12 enhanced the immune response against fungal
infection in IPA. Whether this mechanism offers a new
target to modulate CD8* T cell responses in antifungal
immunotherapy requires further study.
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