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Introduction
The poor rate of  reproducibility and translatability of  experimental studies has been a major issue plagu-
ing the scientific community for many years. This can be attributed to many factors, including inadequate 
experimental design and improper data and/or statistical analyses, as well as — in animal studies — dif-
ference in housing, microbiome, and more (1–3). Fortunately, a plethora of  initiatives and measures by the 
NIH and publishers are continuously being implemented to enhance the reliability of  scientific findings 
(4–6). However, there has also been some scrutiny and debate as to the use of  murine models — or, more 
specifically, laboratory-bred mice — in their ability to recapitulate human biology and disease (7, 8).

Some immunological studies demonstrating the differences or similarities between laboratory mice and 
humans may only apply to specific models of  disease or focused aspects of  the immune system. For example, 
the study of  immune requirements for protection from Pneumocystis murina (P. murina) infection in mice and 
humans successfully recapitulate each other. Briefly, Pneumocystis jiorveci (the species that infects humans) 
is an opportunistic fungal pathogen that affects HIV+ and non-HIV immunocompromised populations (7, 
9–13). The emergence of  Pneumocystis pneumonia as an AIDS-defining infection established the direct cor-
relation of  CD4+ T cell loss with susceptibility to infection (14, 15). This role has been validated numerous 
times in a variety of  animal models, including nonhuman primates and laboratory mice housed under spe-
cific pathogen free (SPF) conditions. Restoration of  CD4+ T cells in otherwise deficient patients or animals 

Despite the discovery of key pattern recognition receptors and CD4+ T cell subsets in 
laboratory mice, there is ongoing discussion of the value of murine models to reflect human 
disease. Pneumocystis is an AIDS-defining illness, in which risk of infection is inversely 
correlated with peripheral CD4+ T cell counts. Due to medical advances in the control of HIV, 
the current epidemiology of Pneumocystis infection is predominantly due to primary human 
immunodeficiencies and immunosuppressive therapies. To this end, we found that every human 
genetic immunodeficiency associated with Pneumocystis infection that has been tested in mice 
recapitulated susceptibility. For example, humans with a loss-of-function IL21R mutation are 
severely immunocompromised. We found that IL-21R, in addition to CD4+ T cell intrinsic STAT3 
signaling, were required for generating protective antifungal class-switched antibody responses, 
as well as effector T cell–mediated protection. Furthermore, CD4+ T cell intrinsic IL-21R/STAT3 
signaling was required for CD4+ T cell effector responses, including IL-22 production. Recombinant 
IL-22 administration to Il21r–/– mice induced the expression of a fungicidal peptide, cathelicidin 
antimicrobial peptide, which showed in vitro fungicidal activity. In conclusion, SPF laboratory mice 
faithfully replicate many aspects of human primary immunodeficiency and provide useful tools to 
understand the generation and nature of effector CD4+ T cell immunity.

https://doi.org/10.1172/jci.insight.91894
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also restores the immunity against Pneumocystis spp. infection, which fur-
ther demonstrates the importance of  CD4+ T cells (16–20). However, the 
exact mechanism in which CD4+ T cells mediate Pneumocystis clearance 
is still unclear.

Through their production of  effector cytokines, CD4+ T cells are 
believed to exert their dynamic functions by signaling to a range of  target 
cells, including Pneumocystis-specific B cells, neutrophils, macrophages, 
eosinophils, and epithelial cells (19, 21–26). In mice and humans, acti-
vated CD4+ Th cells can be a subset into different lineages according to 
their cytokine production, as well as lineage-specific transcription factor 
expression. Th1 cells generate IFN-γ and are required for controlling 
intracellular pathogens, including tuberculosis and influenza (27), while 
Th2 cells mainly produce IL-4, IL-5, and IL-13 for the eradication/con-
trol of  parasites. IL-17A and IL-17F, essential host defense mediators 
against extracellular pathogens including C. albicans and K. pneumoniae, 
are key effector cytokines produced by Th17 cells (28–32). Follicular Th 
(Tfh) cells secrete high amounts of  IL-21, which promotes antibody affin-

ity maturation of  germinal center (GC) B cells (29, 33–35). Recently, IL-21 has also been shown to directly 
promote Th2 cell function through its receptor, IL-21R (36), suggesting that IL-21 is a pleiotropic cytokine 
that regulates many aspects of  the immune responses.

IL-21 signals through its heterodimeric receptor consisting of  IL-21R and the common cytokine recep-
tor γ chain, and it activates the Janus family tyrosine kinases as well as members of  the signal transducer and 
activator of  transcription (STAT) protein family (37). IL-21 preferentially activates STAT3, although STAT1 
and STAT5 activation by IL-21 have also been reported (38, 39). Interestingly, both IL21R- and STAT3-defi-
cient humans are susceptible to P. jiroveci infection, indicating that an IL-21/STAT3 pathway may be critical 
for host defense against Pneumocystis (40–42). To investigate the involvement of  this pathway and identify the 
molecular basis of  IL-21/STAT3–mediated Pneumocystis clearance, we employed 2 well-established murine 
models, primary challenge model and adoptive transfer model, to define the T cell intrinsic molecules critical 
in P. murina clearance (19, 43). In contrast to recent findings that SPF mice did not recapitulate many aspects 
of  human CD8+ T cell differentiation and distribution, both our models recapitulated the clinical cases and 
genetic susceptibility or P. jiroveci pneumonia (PJP) (7). Our findings are consistent with previous findings 
that Pneumocystis susceptibility in humans with primary immune deficiencies could be faithfully modeled by 
genetic models using laboratory mice with SPF husbandry (Table 1).

Results
STAT3 signaling in CD4+ T cells is required to mount successful immune responses to P. murina. We infected various 
cytokine and cytokine receptor–KO mice that have deficiencies in specific effector T cell lineages (Th1, Th2, 
and Th17) to discern which types of  responses are required for protection during P. murina infection. Mice 
deficient in Il12b, Il4ra, Il23a, or Il17ra were infected with P. murina (isolated from congenic immunodeficient 
mice) for 28 days before assessing organism burdens in lung (Figure 1A). Il12b–/–, Il4ra–/–, Il23a–/–, and Il17ra–/– 
mice controlled infection equivalent to their WT controls (Figure 1, B and C), demonstrating that these cyto-
kines are dispensable for fungal clearance. We then focused on broader factors that control Th cell differenti-
ation, the intrinsic STAT family members. Although both Stat4-deficient (Th1) and Stat6-deficient (Th2) mice 
had slightly reduced rate of  clearance of  P. murina infection, Stat3fl/fl CD4-Cre transgenic mice were markedly 
susceptible to infection (Figure 1D). Moreover, to ensure STAT4 and STAT6 did not have complimentary 
roles, we infected mice deficient in both Stat4 and Stat6 (double KO [DKO] mice) and observed no gain in 
susceptibility to P. murina infection. However, DKO mice crossed to Stat3fl/fl CD4-Cre transgenic mice (triple 
KO [TKO] mice) were also susceptible, similar to Rag2–/– Il2gc–/– positive control mice (Figure 1E), further 
demonstrating the crucial role of  STAT3 in T cells.

To assess CD4+ T cell–specific effector function in the absence of  B cell immunity, we adoptively 
transferred purified CD4+ splenocytes into Rag1–/– mice prior to infection. Rag1–/– mice received WT or 
KO CD4+ T cells 2 weeks prior to a standard course of  P. murina infection (Figure 1F). STAT3-deficient, 
CD4+ T cells had a significant impairment in mediating a successful fungal response compared with 
WT CD4+ T cells (Figure 1G). However, Rorc–/– CD4+ T cells were fully capable of  driving a significant  

Table 1. Human genetic mutations associated with 
Pneumocystis infection that were recapitulated in mice

Genes associated w/ susceptibility in humans Murine model
RAG1 +
RAG2 +
CD40 +
TNFSF5 (CD40 ligand) +
PRKDC +
IL2RG +
CD4 +
HLA/MHCII +
STAT3 +
IL21R +

https://doi.org/10.1172/jci.insight.91894
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reduction in fungal burden; this result suggests a Th17-independent role for STAT3 (Figure 1H). Cells 
from DKO mice had a substantial enhancement in eliminating infection, while the TKO CD4+ T cells 
lacked in vivo antifungal activity compared with the WT CD4+ T cells (Figure 1I). RNA sequencing 
(RNA-seq) of  whole lung tissue revealed that Rag1–/– mice that received DKO CD4+ T cells had an 
upregulation of  Stat3-regulated genes, such as Th17 cytokines (Supplemental Figure 1A; supplemental 
material available online with this article; https://doi.org/10.1172/jci.insight.91894DS1).

Il21R expression in CD4+ T cells is essential for P. murina clearance. RNA-seq of  whole lung also revealed 
a defect in Il21 and Csf2 expression in Rag1–/– mice that received TKO CD4+ T cells (Supplemental Figure 
1A). We also observed a significant impairment of  IL-21 and GM-CSF production, as well as IL-2, MIP3α, 
CD40L, TGF-β, IL-17A, and IL-17F, in Th17-differentiated Stat3–/– CD4+ T cells (Supplemental Figure 1, 
B–J). To assess the relevance of  IL-21 signaling during P. murina infection, we measured fungal burdens in 

Figure 1. CD4+ T cell STAT3 signaling is required for Pneumocystis clearance. For primary infection model, WT and KO mice were infected for 4 weeks with  
2 × 105 P. murina asci. (A) Schematic timeline of primary infection model. (B–E) Real-time PCR of whole lung RNA for P. murina mitochondrial ribosomal 
RNA large subunit (LSU) was performed and quantified to assess degree of P. murina burden. SCID, severe combined immunodeficiency; DKO, double KO; 
TKO, triple KO. For the T cell intrinsic model, WT and KO CD4+ T cells were adoptively transferred via i.v. injection to Rag1–/– mice 2 weeks prior to primary 
infection. (F) Schematic timeline of T cell intrinsic model. (G–I) Real-time PCR of whole lung RNA for P. murina mitochondrial ribosomal RNA large subunit 
was performed and quantified to assess degree of P. murina burden, reported as means ± SEM for n = 4–6 per group. B and C were not repeated. D, E, and 
G–I are representatives of 2 experiments. P values are annotated as follows: **P ≤0.01, ***P ≤0.001, and ****P ≤0.0001 (1-way ANOVA).

https://doi.org/10.1172/jci.insight.91894
https://insight.jci.org/articles/view/91894#sd
https://doi.org/10.1172/jci.insight.91894DS1
https://insight.jci.org/articles/view/91894#sd
https://insight.jci.org/articles/view/91894#sd
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both Il21–/– and Il21r–/– mice after a 4-week infection. Mice deficient in either IL-21 or IL-21R were unable to 
clear infection (Figure 2A). IL-21– and IL-21R–deficient mice had normal levels of  natural IgM antibodies 
against chitin (Figure 2B). However, consistent with IL-21’s known role in regulating B cell activation and 
class switching, they had reduced class-switched IgG responses to P. murina antigen (Figure 2C). To assess 
if  there was a defect in CD4+ T cell effector function, we adoptively transferred CD4+ T cells from Il21r–/– or 
WT mice into Rag1–/– mice. Mice that received Il21r–/– CD4+ T cells were incapable of  mediating a protective 
immune response (Figure 2D), despite equivalent homing and viability of  CD4+ T cells to the lung (Figure 
2, E and F). Culturing whole lung cells (WLC) from recipient Rag1–/– mice with WT or IL21r–/– CD4+ T cells 
revealed a reduction in many cytokines, including IFN-γ, IL-5, IL-17a, TNF-α, and IL-1β, in response to 
P. murina antigen stimulation, whereas these cells were capable of  responding to CD3/CD28 stimulation 
(Supplemental Figure 2, A–G). Of note CD3/CD28-stimulated IL-22 was substantially reduced in lung 
cells from mice that received IL-21R–/– CD4+ T cells compared with WT CD4+ T cells (Supplemental Figure 
2G). Furthermore, in vitro Th17 differentiation of  Il21r–/– CD4+ T cells revealed a full log reduction of  IL-22 
protein production compared with WT cells (Supplemental Figure 2, H–M).

IL-22 signaling mediates reduction in burden in IL-21R–deficient mice. IL-22RA1 is normally expressed in 
the conducting airway but can be upregulated in the distal epithelium in the setting of  influenza infection 
(44). To assess if  this is also the case in P. murina infection, we performed IHC for IL-22RA1 and observed 
intense staining at the site of  infection in the distal lung epithelium (Figure 3A). To test if  IL-22 played 
a role in immunity to P. murina infection, we performed a rescue experiment on WT CD4-depleted and 
Il21r–/– mice that had been injected for 2 weeks by i.p. administration of  recombinant human IL-22–FC 

Figure 2. CD4+ T cell IL-21 signaling is required for P. murina clearance. WT and KO mice were infected for 4 weeks with 2 × 105 P. murina asci. (A) Real-
time PCR of whole lung RNA for P. murina mitochondrial ribosomal RNA large subunit was performed and quantified to assess degree of Pneumocystis 
burden. (B) Chitin-specific IgM antibodies in the serum were measured by direct ELISA against chitin at absorbance OD450. (C) Pneumocystis-specific IgG 
antibodies were measured by direct ELISA against P. murina at absorbance OD450. WT and KO CD4+ T cells were adoptively transferred via i.v. injection 
to Rag1–/– mice 2 weeks prior to primary infection. (D) Real-time PCR of whole lung RNA for P. murina mitochondrial ribosomal RNA large subunit was 
performed and quantified to assess degree of Pneumocystis burden. Lungs were also digested into a cell suspension and stained with (E) anti-CD3 and 
anti-CD4 to define CD4+ T cells and (F) annexin V and PI for apoptotic cells. Values are reported as means ± SEM for n = 4–6 per group. A–F are representa-
tive data of 2 experiments. P values are annotated as follows: ***P ≤0.001, and ****P ≤0.0001 (1-way ANOVA).

https://doi.org/10.1172/jci.insight.91894
https://insight.jci.org/articles/view/91894#sd
https://insight.jci.org/articles/view/91894#sd
https://insight.jci.org/articles/view/91894#sd
https://insight.jci.org/articles/view/91894#sd
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protein (rhIL-22–FC) twice a week for 2 weeks (Figure 3B). Although, hIL-22–FC had no effect on WT 
CD4-depleted mice, it was able to reduce burden in Il21r–/– mice by nearly 90% (Figure 3C). The reduc-
tion in burden was most evident looking at a trophozoite-enriched expression marker serine protease (Sp) 
(Figure 3D). However, ascus-enriched expression marker Arp had no significant change (Figure 3E). We 
evaluated the effect of  a single dose of  hIL-22–FC treatment on Il21r-KO mice by multiple assays including 
RNA-seq of  whole lung tissue and transmission electron microscopy (TEM) (Figure 3F). In control mice, 
we observed tight apposition of  the fungal trophozoites and the lung epithelium (Figure 3G). In contrast, 

Figure 3. IL-22–FC treatment is protective in Il21r–/– mice. (A) Histology slides of lung tissue from WT naive and P. murina–infected mice were stained 
for IL-22RA by IHC. IL-21R–deficient and CD4-depleted WT mice were infected with P. murina for 2 weeks prior to 2 weeks of biweekly treatment of 
IL-22–FC (n = 4). (B) Schematic timeline of IL-22–FC treatment model. Real-time PCR of whole lung RNA for (C) P. murina mitochondrial ribosomal RNA 
large subunit, (D) Sp, and (E) Arp was performed to assess degree of Pneumocystis burden. (F) Schematic timeline of the short-term IL-22–FC treat-
ment model where IL-21R–deficient mice received a single dose of IL-22–FC at the 2 week mark of infection (n = 3). (G) Representative transmission 
electron microscopy images of pneumocyte/trophozoite interaction. (H) Quantification of percent trophozoite perimeter bound to murine pneumo-
cytes. (I) Whole lung RNA was isolated, sequenced using an Illumina NextSeq 500, and analyzed for differential expression of genes associated with 
antimicrobial responses (n = 3). P. murina was cultured in vitro with 10 or 50 μg/ml concentrations of LL-37 protein. RNA from in vitro incubation with 
LL-37 was used to perform Real-time PCR on (J) P. murina mitochondrial ribosomal RNA small subunit, (K) Arp, and Sp and normalized to input expres-
sion. Values are represented as means ± SEM. A–E, J, and K are representative of 2 experiments. G–I were performed once. P values are annotated as 
follows: *P ≤0.05, **P ≤0.01, and ****P ≤0.0001 (1-way ANOVA).

https://doi.org/10.1172/jci.insight.91894
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this degree of  attachment/apposition was substantially reduced in IL-22–treated Il21r–/– mice (Figure 3H). 
By RNA-seq, there was a significant increase of  cathelicidin antimicrobial peptide (CAMP) in hIL-22–FC–
treated mice (Figure 3I). In vitro, CAMP — also known as LL-37 — demonstrated dose-dependent killing 
of  P. murina (Figure 3J). This killing was also measured by a dose-dependent decrease in transcript of  the 
life form–specific markers Arp and Sp (Figure 3K). We also investigated if  IL-22 could reduce trophic 
burden in the adoptive transfer model by using IL-22–FC to treat mice that received WT or Il21r–/– CD4+ T 
cells. Again IL-22–FC treatment reduced trophic (Sp) burdens in the lung (Supplemental Figure 3). These 
data show that IL-22 is sufficient to reduce burden in Il21r–/– mice, but in order to determine if  IL-22 pro-
duction by T cells is required, we adoptively transferred IL-22–deficient CD4+ T cells into Rag1–/– mice. 
IL-22–deficient CD4+ T cells remained capable of  mediating reduction in fungal burden equivalent to the 
WT controls (Supplemental Figure 4A). Interestingly, this reduction in burden was correlated with an 
upregulation in type II cytokines IL-5 and IL-13 (Supplemental Figure 4, B and C).

CD4+ T cell Csf2 is required for successful fungal clearance. To determine whether other STAT3-regulated fac-
tors, such as GM-CSF, may also be required for P. murina clearance, we adoptively transferred WT or Csf2–/– 
CD4+ T cells into Rag1–/– mice. Rag1–/– mice that received Csf2–/– CD4+ T cells were not capable of  generating 
fungal clearance compared with WT CD4+ T cells (Figure 4A). Surprisingly, Rag1–/– mice that received Csf2–/– 
CD4+ T cells showed no significant difference in total cell recruitment to the lung (Supplemental Figure 5A). 
This included no significant differences in the percentage or total number of  CD4+ T cells or macrophages 
(Supplemental Figure 5, B–E). Although there was no difference in macrophage recruitment, we did observe 
a decrease in expression of  Arg1 (Figure 4B), while Nos2 was unaffected (Figure 4C). We also measured the 
relative expression of  the mannan receptors Cd209e and Mrc1, observing an absence specifically in expression 
of  Cd209e (Signr4) in mice that received Csf2–/– CD4+ T cells (Figure 4, D and E). We conducted analysis of  a 
previous RNA-seq dataset of  WT control and CD4-depleted mice after 2 weeks of  infection, and we observed 

Figure 4. GM-CSF production by CD4+ T cells is required for successful immune response. WT and Csf2–/– CD4+ T cells were adoptively transferred via i.v. 
injection to Rag1–/– mice 2 weeks prior to primary infection. Real-time PCR of whole lung RNA for (A) P. murina mitochondrial ribosomal RNA small sub-
unit was performed to assess degree of P. murina burden, as well as on murine expression markers Arg1 (B), Nos2 (C), Signr4 (D), and Mrc1 (E). (F) Whole 
lung RNA was isolated from WT and WT CD4-depleted mice, which were infected with P. murina for 2 weeks. RNA was then sequenced using an Illumina 
NextSeq 500 and analyzed for differential expression of Signr family members (n = 4). (G) Representative images of P. murina inoculum incubated directly 
with human CD209-FC (hIgG4) recombinant protein and stained with DAPI (blue) and anti-hIgG4 (FITC). Values are represented as means ± SEM. A is a 
composite of 2 experiments. B–E and G are representative data of 2 experiments. F was performed once. P values are annotated as follows: *P ≤0.05,  
**P ≤0.01, ***P ≤0.001, and ****P ≤0.0001 (1-way ANOVA).

https://doi.org/10.1172/jci.insight.91894
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a decrease in several of  the CD209 family, including Cd209e (Signr4), Cd209d (Signr3), Cd209g (Signr7), and 
Cd209f (Signr8) (Figure 4F). To determine if  CD209 is a pattern-recognition molecule for P. murina, we 
assessed the binding ability of  rhCD209-FC on lung homogenate of  a P. murina–infected mouse, and we were 
able to visually confirm binding of  hCD209 to the fungus (Figure 4G).

Combinatorial treatment with GM-CSF and IL-22 significantly reduces Pneumocystis burden. To assess a poten-
tial combinatorial effect of  IL-22 and GM-CSF during Pneumocystis infection, CD4-depleted WT mice 
were infected for 2 weeks, followed by treatment for 2 weeks with 3 doses of  GM-CSF per week, with or 
without 2-doses of  hIL-22–FC per week (Figure 5A). GM-CSF alone, similar to IL-22 alone, had no effect 
on P. murina burden; however, the combination of  GM-CSF and hIL-22–FC had an approximately half-log 
reduction in burden (Figure 5B). The trophic-dominant expression marker Sp was decreased by GM-CSF 
alone, while the addition of  IL-22 did not appear to provide any additional reduction (Figure 5D). Alter-
natively, GM-CSF alone did not have a significant decrease on the ascus-dominant expression marker Arp, 
while the combination of  GM-CSF and IL-22 did have a decrease (Figure 5C).

Discussion
We began this research focused on discerning which CD4+ T cell responses and factors are required and/
or sufficient for mediating the clearance of  P. murina infection. We tested a number of  effector cytokine 
and cytokine receptor–KO mice that represented deficiencies in the 3 dominant effector Th cell subsets, 
Th1, Th2, and Th17. We found that IL-12, IL-4, IL-23, and IL-17 signaling were all dispensable for suc-
cessfully clearing infection. This led us to take a broader approach of  examining the roles of  the STATs 
that regulate differentiation and function for each of  the Th cell subsets: STAT4 for Th1, STAT6 for Th2, 
and STAT3 for Th17. We found that both STAT4 and STAT6 were expendable during infection, while 
STAT3 was crucial. To assess the possibility that STAT4 and STAT6 play complementary roles, we also 
examined the competence of  Stat4/Stat6-DKO mice. Clearance of  P. murina infection by DKO mice fur-
ther validates that neither is required for clearance. This susceptibility of  mice deficient in Stat3 is consis-
tent with prior reports of  P. jiroveci infection in patients with human hyper IgE syndrome (HIES), a rare 
primary immunodeficiency associated with a STAT3-dominant negative mutations (45, 46).

It is difficult to associate phenotypes observed in the primary infection model with a specific intrinsic 
defect of  the CD4+ T cells since T cells can orchestrate multiple distinct modes that mediate clearance, 
including the activation of  humoral responses. Therefore, we moved to utilization of  an adoptive transfer 
model that focuses on the B cell–independent effector response of  the donor T cells. Rag1–/– mice that 
received CD4+ T cells from Stat4–/– and Stat6–/– mice were able to control infection; however, cells from 
Stat3–/– CD4-Cre mice were not capable of  fungal clearance. This demonstrates that an intrinsic STAT3-de-
pendent effector function in CD4+ T cells is required to mount a successful immune response. To reiterate 
our finding in the primary infection model that Th17 cells are not required, adoptively transferred Rorc–/– 

Figure 5. Combinatorial IL-22 and GM-CSF treatment is protective in CD4-depleted mice. CD4-depleted WT mice were infected with P. murina for 2 weeks prior 
to 2 weeks of biweekly treatment of IL-22–FC and triweekly administration of recombinant GM-CSF (n = 4). (A) Schematic timeline of IL-22–FC and GM-CSF com-
binatorial treatment model. Real-time PCR of whole lung RNA for (B) P. murina mitochondrial ribosomal RNA small subunit, (C) Arp, and (D) Sp was performed 
to assess degree of P. murina burden. P values are annotated as follows: *P ≤0.05 and **P ≤0.01 (1-way ANOVA).

https://doi.org/10.1172/jci.insight.91894
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CD4+ T cells cleared infection. Interestingly, Stat4/Stat6 DKO CD4+ T cells had enhanced clearance, which 
we are able to associate with an upregulation of  Stat3 signaling within these cells. This was determined by 
RNA-seq data that showed an increase in Stat3-regulated genes such as Il23r, Il17a, and Il22. Additionally, 
conditional deletion of  STAT3 in the DKO CD4+ T cells completely abrogated their ability to mediate 
fungal clearance upon adoptive transfer of  these TKO CD4+ T cells. Rorc has been directly implicated in 
regulation of  IL-17A and IL-22 expression during infection, but the adoptive transfer data suggest that 
Rorc is dispensable for fungal clearance in this model. We hypothesize that type II cytokines and other 
effector molecules may be mediating this effect, and future studies will need to compare the antigen-specific 
responses comparing Rorc–/– CD4+ T cells with Stat3–/– CD4+ T cells.

The RNA-seq dataset, in conjunction with in vitro T cell differentiation data, pointed at several potential 
downstream STAT3-dependent factors that may be involved in CD4+ T cell–mediated immunity, including 
IL-21R and GM-CSF. With recent studies showing a multifunctional role in IL-21 signaling, we proceeded 
to examine the potential prerequisite of  IL-21 during P. murina infection. Both Il21–/– and Il21r–/– mice were 
susceptible to P. murina infection. In conjunction with our studies, case reports on patients with an IL21R 
(loss-of-function) mutation–associated primary immunodeficiency were found to be susceptible to P. jirovecii 
infection (41). The primary infection murine models of  Il21–/– and Il21r–/– mice recapitulate the human phe-
notype of  susceptibility. Il21r–/– mice have a defect in generating class-switched antibodies, as well as a T 
cell–intrinsic defect, which we demonstrated through the adoptive transfer model. Under CD3/CD28 stim-
ulation, Il21r–/– CD4+ T cells had demonstrated a significant defect in the production of  IL-22 and IL-17. 
Similarly, CD4+ T cells from humans with IL21R loss-of-function mutations also displayed a defect in IL-22 
production. The pathway for IL-21 regulation of  Il22 expression has been recently revealed to be mediated 
by STAT3 activation, which directed our interest in exploring the potential role of  IL-22 during Pneumocystis 
spp. infection (41, 47, 48).

In naive mice, IL-22R expression is primarily only detectable in the large airways of  lung; however, 
it has been shown to be upregulated on epithelial cells in response to tissue damage and infection (44, 
49). We demonstrate that IL-22RA1 is upregulated in the alveolar epithelium in response to P. murina 
infection, suggesting that it may indeed play a role in generating a successful immune response. We 
were able to confirm its functionality during infection by rescuing Il21r–/– mice with a short regimen of  
rhIL-22–FC. Using real-time PCR of  transcripts that are expressed in specific life forms of  P. murina, 
we showed that this effect of  IL-22 was selective for the trophic form in both Il21r–/– mouse models, as 
well as in the adoptive transfer model. As the troph attaches to alveolar type I cells, we showed through 
TEM that hIL-22–FC treatment had a significant effect on the trophic form’s ability to adhere to alveo-
lar epithelial cells. However, it was unclear if  this difference in host-pathogen binding was due to mod-
ifications of  the epithelial barrier or a decrease in the overall health of  trophic forms. We performed 
RNA-seq on IL-22–treated Il21r–/– lung tissue to shed light on the possible pathways IL-22 treatment 
was influencing and, surprisingly, found that IL-22 upregulated Camp in Il21r–/– mice. Recombinant 
human CAMP, LL-37, had a dose-dependent fungicidal activity against P. murina in vitro. We found 
this particularly interesting and are currently developing an in vivo model to test CAMP as a potential 
therapy in Pneumocystis-infected mice. However, IL-22–FC treatment had no effect on CD4-depleted 
WT mice, demonstrating that, although IL-22 may play a role in mediating an immune response to 
Pneumocystis, it is not sufficient.

As IL-22 treatment alone was not sufficient to rescue CD4-depleted mice, we explored other possible 
cytokines and chemokine that are both absent in Stat3-KO mice and present in Il21r-KO mice. GM-CSF has 
previously been associated with Pneumocystis spp. infection, but therapeutic treatment with GM-CSF has 
had inconsistent results. Thus, we confirmed with our adoptive transfer model that GM-CSF production, 
specifically by CD4+ T cells, is required to mount optimal fungal clearance. Although macrophage num-
bers in BAL fluid were equivalent in mice that received WT CD4+ T cells, there was a decrease in arginase 
expression and complete loss of  the mannan receptor, CD209e expression. We demonstrated that CD209e 
is capable of  directly binding the ascus and trophic form of  P. murina, and we are currently examining the 
importance of  this molecule in the host-pathogen interaction. Finally, to test whether GM-CSF and IL-22 
functioned in conjunction, we treated CD4-depleted WT mice with both rGM-CSF and hIL-22–FC, and 
only mice that received a combination of  both had a reduction in burden. These data suggest that combina-
tion therapy may be ideal for lymphopenic hosts. It is important to mention that these experiments may be 
limited in efficacy by the short half-life of  GM-CSF in vivo.
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The precise role of  CD4+ T cells during P. murina infection appears to be outside the standard cate-
gories we use to classify CD4+ T cell effector functions. There may in fact be a much more unique and 
complex set of  signals to mediate a variety of  modes of  clearance. Importantly, many of  the known genetic 
syndromes associated with primary immunodeficiency and P. jiroveci infection in humans can be recapitu-
lated in the murine model of  infection. These in vivo models have been critical in identifying the complex 
IL-21–, STAT3-, IL-22–, and GM-CSF–dependent pathway of  CD4+ T cell clearance capable of  providing 
protection against Pneumocystis spp. While the downstream mechanism and pathways have yet to be fully 
elucidated regarding these factors, identifying IL-22 and GM-CSF as protective cytokines may represent 
the first step in developing effective, targeted immune-based forms of  treatment.

Methods
Mice. WT C57BL/6J, WT BALB/cJ, Rag1–/– (B6.129S7-Rag1tm1Mom/J), Stat6–/– (B6.129S2[C]-Stat6tm1Gru/J), Il21r–/– 
(B6N.129-Il21rtm1Kopf/J), Il12b–/– (B6.129S1-Il12btm1Jm/J), and Il4ra–/– (BALB/c-Il4ratm1Sz/J) mice were obtained 
from The Jackson Laboratory. Rag2–/–Il2rg–/– (B10;B6-Rag2tm1Fwa Il2rgtm1Wjl), Il23a–/–(C57BL/6-Il23atm1.2Mrl), and 
CD4-Cre (B6.Cg-Tg[CD4-cre]1Cwi/N9) mice were obtained from Taconic. Stat4–/– (C57BL/6-Stat4em3Adpmc/J) and 
Stat3fl/fl (B6.129S1-Stat3tm1Xyfu/J) mice were obtained from M.H. Kaplan (Indiana University School of  Medi-
cine, Indianapolis, Indiana, USA), but are also available at The Jackson Laboratory. Il21–/– (B6.129S-Il21tm1Lex/
Mmucd) mice were provided by S. Khader (Washington University in St. Louis, St. Louis, Missouri, USA), 
and Csf2–/– (B6.129S-Csf2tm1Mlg/J) splenocytes were received from Z.C. Chroneos (Pennsylvania State Univer-
sity College of  Medicine, Hershey, Pennsylvania, USA). Il17ra–/– (C57BL/6-Il17ratm1Koll/J) were previously 
generated and maintained by Jay K. Kolls. All mice were historically backcrossed 8–12 generations and bred 
in specific pathogen–free rooms within animal facilities at the University of  Pittsburgh. We crossed Stat3fl/fl  
to CD4-Cre mice to obtain Stat3fl/flCD4-Cre mice. We also crossed Stat4–/– to Stat6–/– mice to obtain Stat4/
Stat6-DKO mice, which then were additionally crossed to Stat3fl/flCD4-Cre mice to obtain Stat4/Stat6/Stat3/
CD4-Cre–conditionally TKO mice.

P. murina inoculum preparation and administration, CD4+ T cell depletion, and in vivo recombinant protein 
treatment. P. murina is propagated and passaged in Rag2/Il2gc-DKO mice. Whole lung of  an infected mouse, 
stored at –80°C in PBS, is thawed and strained through a 70-μm filter. Lung suspension is then centrifuged 
and resuspended to a concentration of  2 × 106 cysts/ml. Cyst counts are determined microscopically, as 
previously described (50). Mice are infected with 100 μl of  inoculum prep (2 × 105 cysts) via oral pharynge-
al administration as previously described (22, 50, 51). CD4-depleted mice were given 300 μg GK1.5 (anti-
CD4 monoclonal antibody [GK1.5]; produced in house) weekly, starting 48 hours prior to infection. Mice 
were infected with Pneumocystis for 2, 4, or 6 weeks. Treatment with recombinant proteins would begin at 
the 2-week time point. Mice received either 4 μg hrIL-22–FC (Generon Corporation) or 4 μg recombinant 
GM-CSF (Shenandoah Biotechnology, 200-15). Mice were treated either once and assayed 72 hours after 
treatment, or they were treated twice a week for 2 weeks.

RNA isolation, real-time PCR assay, and P. murina mtRNA copy number quantification. The right middle lobe 
was harvested in 1 ml of  TRIzol Reagent (Thermo Fisher Scientific, 15596026) and homogenized by Bio-Gen 
PRO200 Homogenizer (PRO Scientific, 01-01200). RNA was purified in accordance to the TRIzol Reagent 
manufacturer’s protocol. The iScript cDNA Synthesis Kit (Bio-Rad, 1708891) was used to synthesize cDNA 
from 1 μg of  total RNA per 20 μl reaction. Real-time PCR was performed by either SsoAdvanced Universal 
Probes Supermix (Bio-Rad, 1725281) or iTaq Universal SYBR Green Supermix (Bio-Rad, 1725121) with 5% 
of the cDNA reaction. RNA copy number standards and primers for P. murina mitochondrial large subunit 
(mtLSU) and small subunit (mtSSU) ribosomal RNA were generated as previously described (22, 52).

In vitro cathelicidin antimicrobial peptide killing assay. Prepared Pneumocystis inoculum was plated in 
96-well plates at 2 × 105 per 100 μl per well. Wells were then spiked with 25 μl of  5× desired LL-37 con-
centration and incubated overnight (16 hours). Distilled, deionized H2O (125 μl) were added to the well 
and were then transferred to 750 μl of  TRIzol Reagent (Thermo Fisher Scientific, 15596026). RNA isola-
tion was performed in accordance to the TRIzol Reagent Manufacturer’s protocol, and RNA pellet was 
resuspended in 30 μl of  nuclease-free H2O. Solubilized RNA (5 μl)was used in iScript reaction, and copy 
number was determined as described above.

Total and naive CD4+ T cell purification, T cell differentiation, and adoptive transfer. Murine strain-specific 
spleens were harvested and directly strained through 70-μM filters and suspended at a concentration of  
1 × 108 cells per milliliter. EasySep Mouse CD4+ T Cell Isolation Kit (Stemcell Technologies, 19852) 

https://doi.org/10.1172/jci.insight.91894


1 0insight.jci.org   https://doi.org/10.1172/jci.insight.91894

R E S E A R C H  A R T I C L E

and Mouse Naive CD4+ T Cell Isolation Kit (Stemcell Technologies, 19765) were used to purify total 
splenic CD4+ T cells for adoptive transfer and naive CD4+ T cells for in vitro T cell differentiation, 
respectively. For T cell differentiation, 1 × 105 naive CD4+ T cells in 200 μl supplemented IMDM media 
(Gibco, 11140-050) were plated on anti-CD3/anti-CD28–treated 96-well cell culture plates. Components 
of  supplemented IMDM media for T cell lineage–specific differentiations are as follows: Th1 included 
IL-2, IL-12, and anti–IL-4; Th2 included IL-2, IL-4, anti–IFN-γ; and Th17 included IL-23, TGF-β, IL-6, 
IL-1β, anti–IL-4, anti–IFN-γ. Under these conditions, CD4+ T cells were cultured for 5 days at 37°C, 
with a repletion of  stimulants at day 4. Supernatants from each differentiation condition were measured 
for cytokine concentration using Milliplex (MilliporeSigma, MCYTMAG-70K-PX32). Mouse IL-22 was 
measured by ELISA (BioLegend, 436304) following the manufacturer’s instructions.

Antigen-specific immunoglobulin assay. Nunc MaxiSorp flat-bottom 96-well plates (eBioscience, 44-2404-
21) were coated with 100 ng target antigen in 100 μl bicarbonate coating buffer and blocked with 5% milk in 
PBS. Plates were incubated with dilute serum (typically 1:64), followed by an FC-specific, HRP-conjugated 
secondary antibody from eBioscience. Plates are then developed with TMB Substrate Reagent Set (BD 
Bioscience, 555214), neutralized with H2SO4, and assayed for absorbance at OD450.

RNA-seq. Total whole lung tissue RNA was used to perform RNA-seq. RNA quantity and quality 
was assessed using Qubit 2.0 fluorometer and Agilent Bioanalyzer TapeStation 2200. Illumina TruSeq 
Stranded mRNA sample prep kit was used for library preparation, followed by validation with KAPA 
Biosystems primer premix kit with Illumina-compatible DNA primers and Qubit 2.0 fluorometer, as 
previously described (52). The cDNA libraries were pooled at a final concentration 1.8 pM. Cluster 
generation and 75-bp paired-read single-indexed sequencing was performed on Illumina NextSeq 500’s. 
Raw reads were processed and mapped; then, gene expression measurements and nucleotide variation 
were evaluated by previously described methods (52). Data was deposited in the Sequence Read Archive 
BioProject, number SRP145318.

WLC preparation, antigen stimulation, and flow cytometry. The right inferior lobe was diced with scis-
sors, followed by 90-minute digestions in collagenase/DNase (MilliporeSigma) solution at 37°C. Cells 
were then filtered through a 70-μm strainer, red blood cell lysed, and resuspended in PBS. Viable cells 
were quantified with trypan blue and used in downstream assays. For antigen stimulation, WLC were 
plated in 96-well tissue culture plates at 1 × 105 per well, in 100 μl complete IMDM supplemented with 
IL-2 and 100 ng P. murina antigen. After 72 hours, supernatants were assayed for cytokines, and cells 
were assayed for gene expression by RNA isolation and RT-PCR assay. WLCs were also prepared for 
flow cytometry as follows: 1 × 106 cells were resuspended in 50 μl 2% FBS in PBS supplemented with 
0.4 μg anti-CD16/CD32 (eBioscience, clone 93). After a 15-minute incubation at 4°C, 50 μl of  2× 
antibody cocktail was added to cells for 1 hour at 4°C. Antibodies used are as follows: SiglecF-PE (BD 
Pharmigen, clone E50-2440), CD11b-APC (BioLegend, clone:M1/70), GR1-PE-Cy7 (BD Pharmigen, 
clone RB6-8C5), CD11c-FITC (eBioscience, clone N418), F4/80–APC-e780 (eBioscience, clone BM8), 
CD4-APC (eBioscience, clone RM4-5), and CD3-e450 (eBioscience, clone 17A2). BD Annexin V FITC 
Assay with propidium iodide was also used.

Tissue fixation and microscopy. For IHC, the left lung was inflated with and submerged in 10% forma-
lin. The tissue was then processed for paraffin embedding and slide sectioning by the Children’s Hospi-
tal of  Pittsburgh Histology Core. The tissue slide was then deparaffinized, rehydrated, and unmasked 
followed by IL-22RA1 staining as previously described (44). For electron microscopy, the left lung was 
inflated and submerged in 2.5% glutaraldehyde. The tissue was then processed and imaged by the Center 
for Biological Imaging at the University of  Pittsburgh. All sections were completely scanned and imaged 
for P. murina trophozoite life forms. The total perimeter of  each trophozoite bound to lung epithelial cells 
was traced, and the percent of  the perimeter bound to the lung epithelial cell was quantified.

Statistics. Graphs were generated and statistical significances were analyzed using GraphPad Prism 
software. P values of  pairwise comparisons between groups of  2 were performed by simple 2-tailed 
unpaired Student’s t test, while groups of  3 or more used 1-way ANOVA with Tukey’s multiple compar-
isons. Values are represented as means ± SEM. P values are annotated as follows *P ≤0.05, **P ≤0.01, 
***P ≤0.001, and ****P ≤0.0001.

Study approval. All animal studies were approved by the IACUC of  the University of  Pittsburgh, proto-
col numbers 1108490, 14084327, and 14084492. All invasive procedures were performed under isoflurane 
or ketamine/xylazine anesthesia to ameliorate animal distress.
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