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Background. Pneumocystis pneumonia (PCP) remains a common opportunistic infection in immunosuppressed individuals.
Current studies showed that multiple immune cells and cytokines took part in the host defense against Pneumocystis (PC).
However, the roles of IL-17 and IL-10 in the development of PCP have not been elucidated. Methods. IL-10 and IL-17 levels in
serum from PCP mice were detected via ELISA. The percentages of B10 cells, IL-10+ macrophages, and IL-10+ T cells in the
lung from IL-17–/– PCP mice and Th17 cells and IL-17+ γδT cells in IL-10–/– PCP mice were examined via flow cytometry. Also,
antibody neutralization examination was also performed to elucidate the relationship of IL-17 and IL-10 in the PCP model.
Results. We noted the increase of IL-17 and IL-10 levels in serum from mice infected with Pneumocystis. Furthermore,
deficiency of IL-17 or IL-10 could lead to the delayed clearance of Pneumocystis and more severed lung damage. Our data also
demonstrated that IL-17 deficiency enhanced the serum IL-10 level and the percentages of B10 cells, IL-10+ macrophages, and
IL-10+ T cells in the lung from PCP mice. Interestingly, we also noted an increase of the IL-17 level in serum and Th17 cell and
IL-17+ γδT cell percentages in the lung from IL-10–/– PCP mice. Using antibody neutralization experiments, we found that the
STAT3 gene might play a critical role in the interplay of IL-17 and IL-10 in PCP. Conclusion. Taken together, our results
demonstrated that IL-17 and IL-10 could play the protective roles in the progression of PCP and the inverse correlation of them
might be mediated by STAT3.

1. Introduction

Pneumocystis pneumonia (PCP) is the leading cause of lung
infections in HIV-positive individuals worldwide [1, 2].
Recently, newer use of immunosuppressive agents and che-
motherapeutics on patients with autoimmune conditions,
transplantation, and hematologic malignancies lends to the
development of PCP. In addition, HIV-negative PCP hosts
tend to have a higher mortality rate and have a more
fulminant presentation with substantial dyspnea, fever, and
chills. Furthermore, HIV-negative patients are more likely
to require mechanical ventilation [3–6]. The immune system
can mount a pathologic response against Pneumocystis and
result in severe damage to the host lung. Recent studies have

demonstrated that multiple immune cells and cytokines
participate in the development of PCP. These include macro-
phages, Th1 cells, Th2 cells, Th17 cells, B cells, and the other
immune cells. However, the pathogenesis of PCP has not
been elucidated.

The alveolar macrophages (AMs) are the first line of host
defense to Pneumocystis. The critical role of AMs lies in their
capability to directly kill both trophozoites and cysts, leading
to adaptive immune responses [7, 8]. CD4+ T cells are
demonstrated to play a critical role in memory cell functions
via recruiting and activating the effector cells [9]. Several
studies suggested that Th1, Th2, and Th17 cells could play
the protective roles in host inflammatory responses.
Mounting IFN-γ could attenuate the lung damage of the
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Pneumocystis-infected rat [10]. Th2 cell deficiency leads to
the persistent eosinophilic infiltration in PCP mice [11]. An
increase of Th17 cells was noted in PCP hosts; however,
Ripamonti et al. found that IL-17 could not help to eliminate
the Pneumocystis cysts [12, 13]. Nowadays, accumulating evi-
dence indicates that B cells might play a vital role of promot-
ing the proliferation and activation of CD4+ T cells during
Pneumocystis infection [14]. Our previous study also demon-
strated that B10 cells regulated the Th1/Th17 cell immune
responses in the PCP model [15].

IL-17 is a tissue-signaling cytokine that favors protection
of barrier organs such as the skin, lung, and gastrointestinal
system [16]. It is one of the critical proinflammatory cyto-
kines and related to multiple diseases [17, 18]. IL-17 was
secreted by Th17 cells, γδT cells, iNKT cells, and group 3
ILCs [19]. IL-10 is one of the most significant anti-
inflammation cytokines produced during infectious diseases
and cancer [20]. During Pneumocystis infection, IL-10 was
demonstrated to play a protective role in reducing the
immune response to pathogen, alleviating lung damage,
and mediating B cell protection-demand hematopoiesis in
PCP hosts [21, 22]. Several studies have demonstrated that
IL-10 could inhibit immune responses in multiple diseases
[23–25]. However, the roles of IL-17 and IL-10 in PCP hosts
have not been clearly elucidated.

In this study, we focused on the functions of IL-17 and IL-
10 and their interactions in Pneumocystis-infected individuals.

2. Materials and Methods

2.1. Mice. Wild-type (WT) C57BL/6 mice and severe com-
bined immunodeficient (SCID) mice were purchased from
Beijing Vital River Laboratory Animal Technology Co. Ltd.
(Beijing, China). IL-10–/– mice (stock no. 002251) with the
C57/BL6 background were purchased from The Jackson Lab-
oratory (Bar Harbor, ME, USA). IL-17–/– mice on a C57BL/6
background were provided by Dr. Iwakura (University of
Tokyo, Tokyo, Japan). Mice used for experiments were 6-
8wk females. They were bred on a chow diet in ventilated
cages in the Animal Care Facility of Beijing Chaoyang Hospi-
tal. All of the animal studies were approved by the Capital
Medical University Animal Care and Use Committee.

2.2. PCPModels and Sample Processing. Pneumocystis murina
was maintained in CB17 SCID mice, and lung homogenates
were used to get Pneumocystis cysts as previously described
[15, 26]. After the lung homogenates were stained using
Diff-Quick (Baxter, McGaw Park, IL), the number of Pneumo-
cystis cysts was determined microscopically. PCP models were
prepared by intratracheally inoculating with 1 × 106 cysts in
100 μl of PBS. Mice were sacrificed at serial time postinfection.
Periodic acid silvermethenamine staining of the lung was used
to confirm Pneumocystis infection (Supplementary Fig. 1).
Pneumocystis burden in the lung was detected by real-time
PCR as previously described. Primers and probes for the
P. murina RNA were described in the online supplement.

2.3. Flow Cytometry. Cells from tissue and blood were stained
with innate cell-specific, B cell-specific, and T cell-specific

panels, as described previously [15], and analyzed using
FACSCanto II (BD Biosciences, San Jose, CA, USA). The
antibody panel is described in the online supplement.

2.4. Real-Time PCR. mRNA expression of STAT3, STAT5,
RORγT, IFN-γ, STAT1, GATA3, and Irf4 in the lung from
infected mice was determined by real-time PCR (RT-PCR).
Primers and probes were described in the online supplement.

2.5. Enzyme-Linked Immunosorbent Assay. Blood from PCP
patients and mice was centrifuged at 1,000 g to obtain sera.
IL-10 and IL-17A in serum samples were detected using
ELISA Kits (eBioscience, San Diego, CA, USA) according to
the manufacturer’s instructions.

2.6. IL-17 and IL-10 Neutralization In Vivo. C57BL/6 mice
were inoculated intraperitoneally twice weekly with 200 μg
of anti-mouse IL-17A clone 17F3 (Bio X cell, West Leba-
non, NH) [27] or 200μg of anti-mouse IL-10 clone
1B1.3A (Bio X cell, West Lebanon, NH) [28]. The control
group received an equal volume of PBS. Mice were sacri-
ficed at 2wk postinfection.

2.7. Statistical Analysis. Statistical analysis was performed
using Prism 5.0 (GraphPad Software, San Diego, CA).
Data were described as mean ± SEM. We performed statis-
tical analysis by Student’s t-test for two-group comparison.
All hypothesis tests were conducted at the 0.05 level of
statistical significance.

3. Results

3.1. IL-17A/IL-10 Levels Increased in Pneumocystis-Infected
Mice. ELISA data demonstrated a significant increase of
the IL-17A level in PCP mice compared with that in the
corresponding serum from WT mice (1 25 ± 0 18 × 102 vs
0 45 ± 0 05 × 102 pg/ml, P < 0 01, Figure 1(a)). Also, the
percentages of Th17 cells increased in the lung from Pneu-
mocystis-infected mice than those from uninfected mice
(7 50 ± 0 15 vs 3 07 ± 0 36%, P < 0 01, Figure 1(b)). In
addition, γδT cells from PCP mice were expressing more
IL-17A than those from WT mice (14 2 ± 0 18 vs 8 5 ±
0 12, P < 0 01, Figure 1(c)).

We also noted that IL-10 concentrations in the serum
from PCP mice were higher than those from WT mice
(5 9 ± 0 2 vs 3 0 ± 0 3 pg/ml, P < 0 01, Figure 2(a)). FACS
data showed the significant increase of IL-10-producing B
cell (5 7 ± 0 4 vs 2 9 ± 0 6%, P < 0 05, Figure 2(b)), macro-
phage (43 5 ± 2 5 vs 29 3 ± 1 8%, P < 0 05, Figure 2(c)), and
T cell (5 8 ± 0 9 vs 2 9 ± 1 2%, P < 0 05, Figure 2(d)) percent-
ages in the lung from Pneumocystis-infected mice than those
from uninfected mice. Furthermore, we detected the percent-
ages of IL-17- and IL-10-expressing mononuclear cells in
blood from mice. The results demonstrated that there were
few IL-17-producing cells and IL-10-producing cells in blood
frommice. Also, we did not note significant differences of the
percentages of these cells in blood from PCP mice and WT
mice (Supplementary Fig. 2). Meanwhile, the PCP model
was built by intratracheally inoculating with cysts and severe
infection was observed in the lung of mice in our previous
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study [15]. According to these results, we focused on the
immune cells in the lung from mice after Pneumocystis infec-
tion in the next experiments.

3.2. IL-17 and IL-10 Were Associated with the Clearance of
Pneumocystis Cysts. IL-17–/– mice and IL-10–/– mice were
used to investigate the roles of IL-17 and IL-10 in the clear-
ance of Pneumocystis. Pneumocystis-infected IL-17–/– and
IL-10–/– mice were sacrificed at 1-5wk postinfection. Using
RT-PCR, we found that after 3wk postinfection, Pneumocys-
tis burden in WTmice started to decrease. However, IL-17–/–

mice and IL-10–/– mice showed delayed clearance of Pneu-
mocystis in the lung (Figures 3(a) and 3(b)). We performed
hematoxylin and eosin (H&E) staining of the lung homoge-
nates from IL-17–/– PCP mice and IL-10–/– PCP mice at
2wk postinfection. Compared with WT PCP mice, IL-17–/–

PCP mice and IL-10–/– PCP mice showed more severe alveo-
lar hemorrhage and inflammation cell infiltration in the lung
(Figures 3(c) and 3(d)).

3.3. IL-17 and IL-10 Inversely Correlated with Each Other in
Pneumocystis-Infected Mice. To further explore the role of
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Figure 1: IL-17 levels increased in Pneumocystis-infected mice. IL-17 levels in the sera of PCP mice and WT mice were examined via ELISA
(a). Representative flow cytometric dot plots and comparisons of Th17 (CD4+IL-17+) cells (b) and IL-17+ γδT (γδT+IL-17+) cells (c) in
the lungs from PCP mice and WT mice. Comparisons were evaluated by Student’s t-tests for two-group comparisons. ∗∗P < 0 01 and
∗∗∗P < 0 001. Con: control; PCP: Pneumocystis pneumonia.
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Figure 2: IL-10 levels increased in Pneumocystis-infected mice. The levels of IL-10 in the serum of PCP mice (a) were examined by ELISA.
Representative flow cytometric dot plots and comparisons of B10 cells (CD19+IL-10+) (b), IL-10+ macrophages (F4/80+IL-10+) (c), and
IL-10+CD4+ T cells (CD4+IL-10+) (d) in the lung from PCP mice and WT mice. Comparisons were evaluated by Student’s t-tests for
two-group comparisons. ∗P < 0 05. Con: control; PCP: Pneumocystis pneumonia.
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IL-17 in Pneumocystis infection, we detected the percentages
of B cells, T cells, and macrophages in the lungs from IL-17–/–

PCP mice and WT PCP mice at 2wk postinfection. The
results did not show significant differences of the percentages
of these cells between WT PCP mice and IL-17–/– PCP mice
(Supplementary Fig. 3). However, flow cytometry data
showed the significant increase of IL-17-producing B cells
(16 9 ± 1 5 vs 6 7 ± 1 2%, P < 0 01, Figure 4(a)), macro-
phages (58 5 ± 2 4 vs 39 5 ± 1 9%, P < 0 01, Figure 4(b)),
and T cells (8 5 ± 0 2 vs 4 4 ± 0 1%, P < 0 01, Figure 4(c)) in
the lung from IL-17–/– PCP mice than those from WT PCP
mice. Also, the percentages of T cells, B cells, and γδT cells
were detected in WT-PCP mice and IL-10–/– PCP mice and
we noted the decreased B cells and increased γδT cells in
IL-10–/– PCP mice (Supplementary Fig. 4). Next, we per-
formed experiments to investigate if IL-10 influences the
production of IL-17 in the PCP model. Similar to what
we found in IL-17–/– PCP mice, we noted that CD4+ T
cells (10 0 ± 1 5 vs 6 5 ± 0 9%, P < 0 01, Figure 4(d)) and
γδT cells (35 2 ± 2 1 vs 16 5 ± 1 6%, P < 0 01, Figure 4(e))
were expressing more IL-17 in the lung from IL-10–/–

PCP mice than WT PCP mice.

3.4. IL-17-Related Gene Expression in PCP Mice. Since IL-17-
expressing B cells, macrophages, and T cells were signifi-
cantly increased in the lung from IL-10–/– PCP mice, we
explored whether IL-10 would make an impact on IL-17-
related genes. RT-PCR data demonstrated that IL-17 and
STAT3 gene expression was significantly increased in the
lung from IL-10–/– PCP mice than that from WT PCP mice
at 2wk after Pneumocystis infection. The expression of
RORγT was downregulated in IL-10–/– PCP mice. There
were no significant differences of the other related genes
such as STAT5, STAT1, GATA3, IFN-γ, IRF4, NFκB,
and IL-6 between IL-10–/– PCP mice and WT PCP mice
(Figures 5(a) and 5(b)). The above data indicated that
IL-10 deficiency might promote IL-17 expression via the
STAT3 gene.

Next, we elucidated the change of IL-10 expression and
IL-17-related genes in the lung of IL-17–/– PCP mice. Our
data demonstrated that IL-10 and the STAT3 gene were
upregulated in the lung from IL-17–/– PCP mice compared
with WT-PCP mice after 2wk of infection with Pneumocystis
(Figure 5(c)). However, RORγT, STAT1, IRF4, IL-6, and
IFN-γ genes were downregulated in IL-17–/– PCP mice.

WT-PCP
IL-17-/- PCP

0
1 2 3 4 5

2

4

6

P
n
eu
m
oc
y
st
is

 b
ur

de
n

(×
10

8 )
 co

pi
es

/lu
ng

8
⁎

⁎⁎

(a)

WT-PCP
IL-10-/- PCP

0
1 2 3 4 6

5

10

P
n
eu
m
oc
y
st
is

 b
ur

de
n

(×
10

8 )
 co

pi
es

/lu
ng

15

5

⁎

⁎⁎

⁎⁎⁎

(b)

Con PCP IL-17-/- PCP

(c)

Con WT-PCP IL-10-/- PCP

(d)

Figure 3: IL-17 and IL-10 were associated with the clearance of Pneumocystis cysts. Comparisons of Pneumocystis lung burden in the lungs
fromWT PCP mice (n = 5) and IL-17–/– mice (n = 5) (a). Comparisons of Pneumocystis lung burden in the lungs fromWT PCP mice (n = 5)
and IL-10–/– mice (n = 5) (b). H&E-stained histological features of the lungs inWTmice and IL-17–/– PCPmice (c). H&E-stained histological
features of the lungs in WT mice and IL-10–/– PCP mice (d). In (a, b), the results are presented as means ± SE of 5 mice per group in each
experiment, performed in triplicate at different time points. ∗P < 0 05, ∗∗P < 0 01, and ∗∗∗P < 0 001. Comparisons were evaluated by
Student’s t-test for two-group comparisons. Con: control; H&E: hematoxylin-eosin; PCP: Pneumocystis pneumonia.
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Furthermore, there was no significant difference of the other
genes between IL-17–/– PCP mice and WT PCP mice. Thus,
STAT3 may play an important role in the interplay of IL-10
and IL-17 in the Pneumocystis-infected mouse model.

3.5. STAT3 Played a Role in the Interplay of IL-17 and IL-10
in the PCP Model. As STAT3 may play a role in the interplay
of IL-17 and IL-10 in the PCP model, we performed IL-17
and IL-10 antibody neutralization experiments in Pneumo-
cystis-infected mice (Figure 6(a)). We depleted IL-17 and
IL-10 in WT PCP mice. The results showed that after
injection of anti-IL-17 mAb, IL-10-expressing B cells
(Figure 6(b)), macrophages (Figure 6(c)), and T cells
(Figure 6(d)) were induced significantly in PCP mice.
Also, after injection of anti-IL-10 mAb, the expression of
STAT3 increased and Th17 cell (Figure 6(e)) and IL-17+

γδT cell (Figure 6(f)) percentages were higher in the lung
from infected mice. Meanwhile, RT-PCR data demon-

strated that depletion of IL-17 and IL-10 both promoted
the expression of STAT3 (Figure 6(g)).

Thus, STAT3 may play an important role in the interac-
tions of IL-17 and IL-10 in Pneumocystis-infected mice.

4. Discussion

Accumulating evidence indicates that PCP remains to be
one of the most devastating diseases among non-HIV
individuals receiving immunosuppressive therapy [1]. Mul-
tiple immune cells and cytokines have been studied in
PCP hosts; however, it has been difficult to determine con-
clusively the cellular and molecular pathogenesis of PCP.
Our present study focused on the immune regulatory roles
of IL-17 and IL-10 in Pneumocystis pneumonia.

IL-17 is one of the founding members of the family of
inflammatory cytokines, and IL-17 signaling is related to
immunopathology and autoimmune diseases [17]. The
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IL-10+ T cells (CD4+IL-10+) (d) in the lung from WT PCP mice that received PBS or anti-IL-17 antibody. Representative flow dot plots
and comparisons of Th17 cells (CD4+IL-17+) (e) and IL-17+ γδT cells (γδT+IL-17+) (f) in the lung from WT PCP mice that received PBS
or anti-IL-10 antibody. STAT3 gene expression in the lung from WT PCP mice the received anti-IL-17, anti-IL-10, or PBS was examined
by RT-PCR (g). ∗P < 0 05, ∗∗P < 0 01, and ∗∗∗P < 0 001. Comparisons were evaluated by Student’s t-test for two-group comparisons.
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proinflammatory role of IL-17 was demonstrated in host
defense against pathogen in a number of chronic inflamma-
tory diseases [18]. IL-17A and IL-17F act on various immune
cells and increase the production of proinflammatory cyto-
kines such as TNF-α, IL-1β, IL-6, and the granulocyte-
macrophage colony-stimulating factor (GM-CSF) [29].
According to the related previous studies, IL-17 has two
opposite contributions: its deficiency results in the loss of
control of infections, while its overproduction could cause
some chronic inflammatory diseases [18]. The study of Yen
et al. demonstrated that IL-17–/– mice are more susceptible
to Staphylococcus aureus [30]. Awasthi and Kuchroo found
that IL-17–/– Candida albicans-infected mice show a higher
fungal burden in skin lesion [31]. However, high levels of
Th17 cells and CD8+ IL-17+ T cells were found in blood from
patients with rheumatic diseases [32]. Meanwhile, the role of
IL-17 in Crohn’s disease remains unclear; IL-17 production
leads to intestinal inflammation in several studies but could
also be protective in others’ researches [33, 34]. Thus, these
data suggest that IL-17 could play a dual role in hosts defense
against pathogens in chronic inflammatory diseases.

There are several studies focused on the immune func-
tion of IL-17 in the PCP model, but these results did not clar-
ify the exact immune modulatory role of IL-17. Our present
study showed that at 2wk postinfection, IL-17 concentration
was increased in serum and immune cells expressed more IL-
17 in the lung from PCP mice. Our data is consistent with
some studies from other investigators: Carmona et al. found
that β-glucan surface components of Pneumocystis drive the
activation of the IL-23/IL-17 axis, thus stimulating Th17 cell
immunity in infected mice [13]; using a nude mouse model,
Hu et al. verified that deficiency in IFN-γ promoted the dif-
ferentiation of Th17 cells and IL-17 is essential for inflamma-
tory responses in PCP [35]; Ripamonti et al. noted that IL-
17+ γδ T cells and CD4+ T cells in the lungs were increased
during Pneumocystis infection in immunocompetent mice.
However, the data of this study also demonstrated that IL-
17A is not required for control of Pneumocystis infection
[12], which is inconsistent with our present study. We found
that the clearance of Pneumocystis was delayed in IL-17–/–

mice compared with WT mice. Likewise, depletion of IL-17
could not provide an experimental model for the formation
of fungal-driven inducible bronchus-associated lymphoid
tissue (iBALT), which is responsible for the Pneumocystis
burden in the lung of infected mice [36]. The present study
focused on the immune regulatory role of IL-17 in PCP hosts,
and the results indicated that IL-17 levels elevated in infected
individuals and it was essential in the clearance of Pneumo-
cystis. Meanwhile, we found that depletion of IL-17 leads to
the induction of IL-10 in the PCP model.

Interleukin-10 (IL-10) has long been recognized to be
one of the vital anti-inflammatory cytokines, which has been
unequivocally established in various models of infection,
inflammation, and even cancer [20, 37]. IL-10–/– mice could
develop chronic inflammatory bowel disease [23]. In trans-
genic models, IL-10 reduced the ability of mice to mount
significant T- or B-cell responses to ovalbumin, Listeria

monocytogenes, and Leishmania [24]. Also, IL-10 expression
constitutes a crucial element in the impairment of antiviral
immunity [25]. According to these results, it is increasingly
apparent that IL-10 might have a key role in inflammatory
diseases. During Pneumocystis infection, IL-10 downregu-
lates the immune response to pathogen in WT mice and
plays an important role in controlling lung damage [38]. Fur-
thermore, IL-10 was demonstrated to play a role in mediating
B cell protection-demand hematopoiesis in PCP hosts [22].
In our previous study, we noted that B10 cells could play
the immune regulatory role of Th1 and Th17 cell responses
in infected mice [15]. In the current study, we further studied
the immune modulatory role of IL-10. We noticed that IL-10
deficiency increased the proportion of the IL-17 level. These
results suggested that during Pneumocystis infection, IL-17
inversely correlated with IL-10. In consistency with our data,
some investigators also noted the interplay of IL-17 and IL-
10 in inflammatory immunity. Mice lacking B10 cells were
found to develop exacerbated disease and present with
increased Th17 cell percentages [39]. Inhibiting IL-13 may
inhibit Th17 production in an IL-10-dependent manner
[40]. Mavropoulos et al. found that IL-10-producing B cells
were impaired in psoriatic arthritis and inversely correlate
with IL-17 and IFN-γ production [41]. Hansen et al. noted
that IL-10 regulated an arthritic IL-17 response following
infection with Borrelia burgdorferi [42]. These results indi-
cated that IL-10 could play a significant role in the immune
control and regulate the immune responses of the other cyto-
kines during Pneumocystis infection.

Next, we detected the expression of IL-17-related genes in
IL-17–/– and IL-10–/– PCPmice. Our data revealed the upreg-
ulation of STAT3 expression in IL-10–/– PCP mice. Interest-
ingly, IL-17-related genes were all downregulated in IL-17–/–

PCP mice except for the STAT3 gene. Thus, we suggested
that the inverse correlation of IL-17 and IL-10 might be reg-
ulated via the STAT3 gene. STAT3 is one of the important
transcription factors responsible for transmitting cytokine
signals from the cellular membrane to the nucleus thus to
alter gene expression, such as IL-6, type I and II interferon
receptors, the IL-10 family receptors, and the IL-12 and IL-
23 family receptors [43]. STAT3 activation is the down-
stream of a large number of cytokines via multiple receptor
types [44, 45]. Recent evidences suggested a significant role
of STAT3 in selectively maintaining a procarcinogenic
inflammatory microenvironment [46]. In addition, STAT3
was reported to play a protective role in regulating virus-
mediated proinflammation [47] and be associated with
multiple immunodeficiency autoimmunity diseases [48].
Holland et al. found that mutations in the gene encoding
STAT3 were identified in patients with autosomal dominant
hyper-IgE syndrome (AD-HIES). Furthermore, the regula-
tory T cell and Th17 cell counts were reduced in these
patients [49, 50]. Tangye et al. also suggested that STAT3
could play a critical part in the development of Th17 cells
via affecting transcription of the genes encoding IL-17A, IL-
17F, RORγT, and RORα [51]. Meanwhile, activation of
STAT3 is critical for IL-10 production [52]. These data and
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our results all indicated that STAT3 might play a key role in
the inverse correlation of IL-17 and IL-10 in the PCP model.

In summary, all of the above demonstrated the pivotal
roles of IL-17 and IL-10 in PCP hosts. IL-17 and IL-10
could both play protective roles in Pneumocystis infection
via attenuating lung damage and assisting the clearance
of pathogen. In addition, IL-17 and IL-10 inversely corre-
lated with each other in the PCP model. We also noted
that STAT3 might play a central role in the interplay of
IL-17 and IL-10 during infection and it may be a new tar-
get for the therapy of PCP in the future.

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.

Conflicts of Interest
The authors have declared no conflict of interest.

Authors’ Contributions

Heng-Mo Rong and Xiao-Jun Qian contributed equally to
this work.

Acknowledgments

This work was funded by the National Natural Science Foun-
dation of China (no. 81870004 and no. 81570003), Beijing
Natural Science Foundation (KZ201910025031), and Beijing
Municipal Administration of Hospitals (no. DFL20150302).

Supplementary Materials

1. Supplementary Fig. 1: comparisons of periodic acid silver
methenamine-stained histological features of the lungs of
WT mice (A) and WT-PCP mice (B) at 2wk postinfection.
2. Supplementary Fig. 2: IL-17 and IL-10 levels in serum
from Pneumocystis-infected mice. Representative flow cyto-
metric dot plots and comparisons of Th17 (CD4+IL-17+)
cells (A) and IL-17+ γδT (γδT+IL-17+) cells (B) in the
blood from PCP mice and WT mice. Representative flow
cytometric dot plots and comparisons of B10 cells
(CD19+IL-10+) (C) and IL-17+CD4+ T cells (CD4+IL-10+)
(D) in blood from PCP mice and WT mice. Comparisons
were evaluated by Student’s t-tests for two-group compar-
isons. ∗P < 0 05. Con: control; PCP: Pneumocystis pneu-
monia. 3. Supplementary Fig. 3: IL-17 deficiency did not
influence the percentages of CD4+ T cells, CD8+ T cells,
B cells, and macrophages in the lung from PCP mice. Repre-
sentative flow dot plots and comparisons of CD4+ T cells
(CD3+CD8-), CD8+ T cells (CD3+CD8+) (A), B cells
(CD3-CD19+) (B), and macrophages (CD45+F4/80+) (C) in
the lungs from WT PCP mice and IL-17–/– PCP mice. Com-
parisons were evaluated by Student’s t-test for two-group
comparisons. 4. Supplementary Fig. 4: IL-10 deficiency influ-
enced the percentages of B cells and γδT cells in the lung
from PCP mice. Representative flow dot plots and compari-
sons of CD4+ T cells (CD3+CD8-), CD8+ T cells (CD3+CD8+)

(A), B cells (CD3-CD19+) (B), and γδT cells (CD3+ γδT+) (C)
in the lungs from WT-PCP mice and IL-10–/– PCP mice.
Comparisons were evaluated by Student’s t-test for two-
group comparisons. (Supplementary Materials)

References

[1] L. J. Avino, S. M. Naylor, and A. M. Roecker, “Pneumocystis
jirovecii pneumonia in the non–HIV-infected population,”
Annals of Pharmacotherapy, vol. 50, no. 8, pp. 673–679, 2016.

[2] M. N. Kelly and J. E. Shellito, “Current understanding of Pneu-
mocystis immunology,” Future Microbiology, vol. 5, no. 1,
pp. 43–65, 2010.

[3] T. Eddens and J. K. Kolls, “Pathological and protective immu-
nity to Pneumocystis infection,” Seminars in Immunopathol-
ogy, vol. 37, no. 2, pp. 153–162, 2015.

[4] C. Cordonnier, A. Alanio, S. Cesaro et al., “Pneumocystis jiro-
vecii pneumonia: still a concern in patients with haematologi-
cal malignancies and stem cell transplant recipients—authors’
response,” Journal of Antimicrobial Chemotherapy, vol. 72,
no. 4, pp. 1266–1268, 2017.

[5] H. J. F. Salzer, G. Schafer, M. Hoenigl et al., “Clinical, diagnos-
tic, and treatment disparities between HIV-infected and non-
HIV-infected immunocompromised patients with Pneumo-
cystis jirovecii pneumonia,” Respiration, vol. 96, no. 1,
pp. 52–65, 2018.

[6] F. Guo, Y. Chen, S. L. Yang, H. Xia, X. W. Li, and Z. H. Tong,
“Pneumocystis pneumonia in HIV-infected and immunocom-
promised non-HIV infected patients: a retrospective study of
two centers in China,” PLoS One, vol. 9, no. 7, article
e101943, 2014.

[7] J. Fleury, E. Escudier, M. J. Pocholle, C. Carre, and J. F. Bernau-
din, “Cell population obtained by bronchoalveolar lavage in
Pneumocystis carinii pneumonitis,” Acta Cytologica, vol. 29,
no. 5, pp. 721–726, 1985.

[8] J. A. Young, J. W. Stone, R. J. McGonigle, D. Adu, and
J. Michael, “Diagnosing Pneumocystis carinii pneumonia by
cytological examination of bronchoalveolar lavage fluid: report
of 15 cases,” Journal of Clinical Pathology, vol. 39, no. 9,
pp. 945–949, 1986.

[9] J. Phair, A. Muñoz, R. Detels et al., “The risk of Pneumocystis
carinii pneumonia among men infected with human immuno-
deficiency virus type 1,” The New England Journal of Medicine,
vol. 322, no. 3, pp. 161–165, 1990.

[10] N. Meissner, M. Rutkowski, A. L. Harmsen, S. Han, and A. G.
Harmsen, “Type I interferon signaling and B cells maintain
hemopoiesis during Pneumocystis infection of the lung,” The
Journal of Immunology, vol. 178, no. 10, pp. 6604–6615, 2007.

[11] N. N. Meissner, S. Swain, M. Tighe, A. Harmsen, and
A. Harmsen, “Role of type I IFNs in pulmonary complications
of Pneumocystis murina infection,” The Journal of Immunol-
ogy, vol. 174, no. 9, pp. 5462–5471, 2005.

[12] C. Ripamonti, L. R. Bishop, and J. A. Kovacs, “Pulmonary
interleukin-17-positive lymphocytes increase during Pneumo-
cystis murina infection but are not required for clearance of
Pneumocystis,” Infection and Immunity, vol. 85, no. 7, 2017.

[13] E. M. Carmona, T. J. Kottom, D. M. Hebrink et al., “Glyco-
sphingolipids mediate Pneumocystis cell wall β-glucan activa-
tion of the IL-23/IL-17 axis in human dendritic cells,”
American Journal of Respiratory Cell and Molecular Biology,
vol. 47, no. 1, pp. 50–59, 2012.

10 Mediators of Inflammation

http://downloads.hindawi.com/journals/mi/2019/6750861.f1.pdf


[14] F. E. Lund, K. Schuer, M. Hollifield, T. D. Randall, and B. A.
Garvy, “Clearance of Pneumocystis carinii in mice is depen-
dent on B cells but not on P. carinii-specific antibody,” The
Journal of Immunology, vol. 171, no. 3, pp. 1423–1430, 2003.

[15] H. M. Rong, T. Li, C. Zhang et al., “IL-10-producing B cells
regulate Th1/Th17-cell immune responses in Pneumocystis
pneumonia,” American Journal of Physiology-Lung Cellular
and Molecular Physiology, vol. 316, no. 1, pp. L291–L301,
2019.

[16] K. Eyerich, V. Dimartino, and A. Cavani, “IL-17 and IL-22 in
immunity: driving protection and pathology,” European Jour-
nal of Immunology, vol. 47, no. 4, pp. 607–614, 2017.

[17] N. Amatya, A. V. Garg, and S. L. Gaffen, “IL-17 signaling: the
yin and the yang,” Trends in Immunology, vol. 38, no. 5,
pp. 310–322, 2017.

[18] A. Beringer, M. Noack, and P. Miossec, “IL-17 in chronic
inflammation: from discovery to targeting,” Trends in Molecu-
lar Medicine, vol. 22, no. 3, pp. 230–241, 2016.

[19] E. Montaldo, K. Juelke, and C. Romagnani, “Group 3 innate
lymphoid cells (ILC3s): origin, differentiation, and plasticity
in humans and mice,” European Journal of Immunology,
vol. 45, no. 8, pp. 2171–2182, 2015.

[20] H. F. Penaloza, L. P. Noguera, C. A. Riedel, and S. M. Bueno,
“Expanding the current knowledge about the role of
Interleukin-10 to major concerning bacteria,” Frontiers in
Microbiology, vol. 9, p. 2047, 2018.

[21] T. F. Tedder, “B10 cells: a functionally defined regulatory B cell
subset,” The Journal of Immunology, vol. 194, no. 4, pp. 1395–
1401, 2015.

[22] T. R. Hoyt, E. Dobrinen, I. Kochetkova, and N. Meissner, “B
cells modulate systemic responses to Pneumocystis murina
lung infection and protect on-demand hematopoiesis via T
cell-independent innate mechanisms when type I interferon
signaling is absent,” Infection and Immunity, vol. 83, no. 2,
pp. 743–758, 2015.

[23] Y. Hu, D. Wang, K. Zhai, and Z. Tong, “Transcriptomic anal-
ysis reveals significant B lymphocyte suppression in
corticosteroid-treated hosts with Pneumocystis pneumonia,”
American Journal of Respiratory Cell and Molecular Biology,
vol. 56, no. 3, pp. 322–331, 2017.

[24] H. Xiong, J. W. Keith, D. W. Samilo, R. A. Carter, I. M. Leiner,
and E. G. Pamer, “Innate lymphocyte/Ly6Chi monocyte cross-
talk promotes Klebsiella pneumoniae clearance,” Cell, vol. 165,
no. 3, pp. 679–689, 2016.

[25] K. S. Burrack, M. A. Huggins, E. Taras et al., “Interleukin-15
complex treatment protects mice from cerebral malaria by
inducing interleukin-10-producing natural killer cells,” Immu-
nity, vol. 48, no. 4, pp. 760–772.e4, 2018.

[26] P. Miossec, T. Korn, and V. K. Kuchroo, “Interleukin-17 and
type 17 helper T cells,” The New England Journal of Medicine,
vol. 361, no. 9, pp. 888–898, 2009.

[27] H. Ishigame, S. Kakuta, T. Nagai et al., “Differential roles of
interleukin-17A and -17F in host defense against mucoepithe-
lial bacterial infection and allergic responses,” Immunity,
vol. 30, no. 1, pp. 108–119, 2009.

[28] S. Kagami, H. L. Rizzo, S. E. Kurtz, L. S. Miller, and A. Blauvelt,
“IL-23 and IL-17A, but not IL-12 and IL-22, are required for
optimal skin host defense against Candida albicans,” The Jour-
nal of Immunology, vol. 185, no. 9, pp. 5453–5462, 2010.

[29] B. Menon, N. J. Gullick, G. J. Walter et al., “Interleukin-17
+CD8+ T cells are enriched in the joints of patients with pso-

riatic arthritis and correlate with disease activity and joint
damage progression,” Arthritis & Rhematology, vol. 66, no. 5,
pp. 1272–1281, 2014.

[30] D. Yen, J. Cheung, H. Scheerens et al., “IL-23 is essential for T
cell–mediated colitis and promotes inflammation via IL-17
and IL-6,” The Journal of Clinical Investigation, vol. 116,
no. 5, pp. 1310–1316, 2006.

[31] A. Awasthi and V. K. Kuchroo, “IL-17A directly inhibits TH1
cells and thereby suppresses development of intestinal inflam-
mation,” Nature Immunology, vol. 10, no. 6, pp. 568–570,
2009.

[32] T. Eddens, W. Elsegeiny, M. de la Luz Garcia-Hernadez
et al., “Pneumocystis-driven inducible bronchus-associated
lymphoid tissue formation requires Th2 and Th17 immu-
nity,” Cell Reports, vol. 18, no. 13, pp. 3078–3090, 2017.

[33] D. M. Mosser and X. Zhang, “Interleukin-10: new perspectives
on an old cytokine,” Immunological Reviews, vol. 226, no. 1,
pp. 205–218, 2008.

[34] R. Kuhn, J. Lohler, D. Rennick, K. Rajewsky, and W. Muller,
“Interleukin-10-deficient mice develop chronic enterocolitis,”
Cell, vol. 75, no. 2, pp. 263–274, 1993.

[35] T. Hu, M. Takamoto, S. Hida, Y. Tagawa, and K. Sugane, “IFN-
γ deficiency worsen Pneumocystis pneumonia with Th17
development in nude mice,” Immunology Letters, vol. 127,
no. 1, pp. 55–59, 2009.

[36] D. J. Cua, H. Groux, D. R. Hinton, S. A. Stohlman, and
R. L. Coffman, “Transgenic interleukin 10 prevents induc-
tion of experimental autoimmune encephalomyelitis,” Jour-
nal of Experimental Medicine, vol. 189, no. 6, pp. 1005–
1010, 1999.

[37] C. M. Filippi and M. G. von Herrath, “IL-10 and the resolution
of infections,” The Journal of Pathology, vol. 214, no. 2,
pp. 224–230, 2008.

[38] M. H. Qureshi, A. G. Harmsen, and B. A. Garvy, “IL-10 mod-
ulates host responses and lung damage induced by Pneumocys-
tis carinii infection,” The Journal of Immunology, vol. 170,
no. 2, pp. 1002–1009, 2003.

[39] N. A. Carter, R. Vasconcellos, E. C. Rosser et al., “Mice
lacking endogenous IL-10–producing regulatory B cells
develop exacerbated disease and present with an increased
frequency of Th1/Th17 but a decrease in regulatory T cells,”
The Journal of Immunology, vol. 186, no. 10, pp. 5569–5579,
2011.

[40] G. Zizzo and P. L. Cohen, “IL-17 stimulates differentiation of
human anti-inflammatory macrophages and phagocytosis of
apoptotic neutrophils in response to IL-10 and glucocorti-
coids,” The Journal of Immunology, vol. 190, no. 10,
pp. 5237–5246, 2013.

[41] A. Mavropoulos, A. Varna, E. Zafiriou et al., “IL-10
producing Bregs are impaired in psoriatic arthritis and
psoriasis and inversely correlate with IL-17- and IFNγ-pro-
ducing T cells,” Clinical Immunology, vol. 184, pp. 33–41,
2017.

[42] E. S. Hansen, V. Medic, J. Kuo, T. F. Warner, R. F. Schell, and
D. T. Nardelli, “Interleukin-10 (IL-10) inhibits Borrelia burg-
dorferi-induced IL-17 production and attenuates IL-17-
mediated Lyme arthritis,” Infection and Immunity, vol. 81,
no. 12, pp. 4421–4430, 2013.

[43] T. P. Vogel, J. D. Milner, and M. A. Cooper, “The ying and
yang of STAT3 in human disease,” Journal of Clinical Immu-
nology, vol. 35, no. 7, pp. 615–623, 2015.

11Mediators of Inflammation



[44] A. V. Villarino, Y. Kanno, J. R. Ferdinand, and J. J. O’Shea,
“Mechanisms of Jak/STAT signaling in immunity and dis-
ease,” The Journal of Immunology, vol. 194, no. 1, pp. 21–27,
2015.

[45] J. L. Casanova, S. M. Holland, and L. D. Notarangelo, “Inborn
errors of human JAKs and STATs,” Immunity, vol. 36, no. 4,
pp. 515–528, 2012.

[46] H. Yu, D. Pardoll, and R. Jove, “STATs in cancer inflammation
and immunity: a leading role for STAT3,” Nature Reviews
Cancer, vol. 9, no. 11, pp. 798–809, 2009.

[47] S. V. Kuchipudi, “The complex role of STAT3 in viral infec-
tions,” Journal of Immunology Research, vol. 2015, Article ID
272359, 9 pages, 2015.

[48] E. J. Hillmer, H. Zhang, H. S. Li, and S. S. Watowich, “STAT3
signaling in immunity,” Cytokine & Growth Factor Reviews,
vol. 31, pp. 1–15, 2016.

[49] S. M. Holland, F. R. DeLeo, H. Z. Elloumi et al., “STAT3 muta-
tions in the hyper-IgE syndrome,” The New England Journal of
Medicine, vol. 357, no. 16, pp. 1608–1619, 2007.

[50] J. D. Milner, J. M. Brenchley, A. Laurence et al., “Impaired
TH17 cell differentiation in subjects with autosomal dominant
hyper-IgE syndrome,” Nature, vol. 452, no. 7188, pp. 773–776,
2008.

[51] S. G. Tangye, M. C. Cook, and D. A. Fulcher, “Insights into the
role of STAT3 in human lymphocyte differentiation as
revealed by the hyper-IgE syndrome,” The Journal of Immu-
nology, vol. 182, no. 1, pp. 21–28, 2009.

[52] N. Chang, S. H. Ahn, D. S. Kong, H. W. Lee, and D. H. Nam,
“The role of STAT3 in glioblastoma progression through dual
influences on tumor cells and the immune microenviron-
ment,” Molecular and Cellular Endocrinology, vol. 451,
pp. 53–65, 2017.

12 Mediators of Inflammation


	IL-17 Inversely Correlated with IL-10 via the STAT3 Gene in Pneumocystis-Infected Mice
	1. Introduction
	2. Materials and Methods
	2.1. Mice
	2.2. PCP Models and Sample Processing
	2.3. Flow Cytometry
	2.4. Real-Time PCR
	2.5. Enzyme-Linked Immunosorbent Assay
	2.6. IL-17 and IL-10 Neutralization In Vivo
	2.7. Statistical Analysis

	3. Results
	3.1. IL-17A/IL-10 Levels Increased in Pneumocystis-Infected Mice
	3.2. IL-17 and IL-10 Were Associated with the Clearance of Pneumocystis Cysts
	3.3. IL-17 and IL-10 Inversely Correlated with Each Other in Pneumocystis-Infected Mice
	3.4. IL-17-Related Gene Expression in PCP Mice
	3.5. STAT3 Played a Role in the Interplay of IL-17 and IL-10 in the PCP Model

	4. Discussion
	Data Availability
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments
	Supplementary Materials

