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Abstract

Rationale: Infection with Pneumocystis, an opportunistic fungal
pathogen, can result in fulminant pneumonia in the clinical setting of
patients with immunosuppression. In murine models, Pneumocystis
has previously been shown to induce a CD4" T cell-dependent

levels of anti-Pneumocystis IgG and IgE compared with healthy
control subjects. Patients with severe asthma with elevated anti-
Pneumocystis 1gG levels had worsened symptom scores and lung
parameters such as decreased forced expiratory volume and
increased residual volume compared with patients with severe
asthma who had low anti-Prneumocystis IgG.

eosinophilic response in the lung capable of providing protection.

Conclusions: The present study demonstrates for the first time, to
our knowledge, that Pneumocystis is an airway allergen capable of
inducing asthma-like lung pathology.

Objectives: We sought to explore the role of Pneumocystis in
generating asthma-like lung pathology, given the natural eosinophilic
response to infection.

Methods: Preumocystis infection or antigen treatment was used to ~Keywords: allergic inflammation; asthma; Preumocystis; T cells

induce asthma-like pathology in wild-type mice. The roles of CD4*
T cells and eosinophils were examined using antibody depletion and
knockout mice, respectively. The presence of anti-Pneumocystis
antibodies in human serum samples was detected by ELISA and
Western blotting.

At a Glance Commentary

Scientific Knowledge on the Subject: The present study
demonstrates that Pneumocystis infection can cause Th2-
driven lung pathology phenocopying that of other common
airway allergens. It identifies Pneumocystis as a novel
aeroallergen capable of mediating allergic inflammation.

Measurements and Main Results: Prneumocystis infection
generates a strong type II response in the lung that requires CD4 *
T cells. Pneumocystis infection was capable of priming a Th2 response
similar to that of a commonly studied airway allergen, the house dust
mite. Pneumocystis antigen treatment was also capable of inducing
allergic inflammation in the lung, resulting in anti-Pneumocystis IgE
production, goblet cell hyperplasia, and increased airway resistance.
In the human population, patients with severe asthma had increased

What This Study Adds to the Field: The present study
establishes a novel relationship between Pneumocystis and
asthma in both murine and human models.
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Asthma affects over 300 million people
worldwide and up to 30% of children in
Western countries (1, 2). Although asthma
has more recently become recognized as

a heterogeneous disorder, asthma in
childhood is classically characterized by
activation of type II immune responses
(3-6). Type II cells—for example, Th2 and
type II innate lymphoid (ILC2) cells—can
release IL-4 as well IL-5 and IL-13 in

the lung, resulting in eosinophilic
inflammation, goblet cell hyperplasia, and
bronchial hyperreactivity (7, 8).

Although asthma is a genetically
heterogeneous disease, recent genome-wide
association studies have associated certain
genes, such as IL33, SMAD3, and HLA-DQ,
with the presence of asthma in all age
groups (9). In addition to genetic factors,
however, it is clear that early-life exposure
to pathogens such as respiratory syncytial
virus can contribute to the development of
asthma (10, 11). A variety of other airborne
exposures can exacerbate asthma, such as
house dust mite (HDM), cigarette smoke,
and fungal species (12). Interestingly,
patients with fungal IgE sensitization have
more severe asthma as measured by
diminished lung function and increased
hospital admissions (13-15). Importantly,
numerous animal models have
demonstrated that fungal sensitization
can increase airway hyperresponsiveness
and contribute to asthma-like pathology
(16, 17).

Pneumocystis jirovecii is an
opportunistic fungal pathogen that causes
diffuse interstitial pneumonia in both
HIV-positive and HIV-negative
immunosuppressed populations (18-20).
Pneumocystis (PC) exposure occurs early
in the first year of life, typically causing
fulminant pneumonia in infants with
immunodeficiency (19, 21). In one study of
postmortem infant lung tissues, researchers
found that the majority of infants,
regardless of immune status, had detectable
PC RNA in their lungs by the age of
4 months (21). However, PC exposure
persists throughout all stages of life, as PC
nucleic acids have been found in the lungs
of healthy adults and in individuals with
chronic lung diseases (22-24). These
studies demonstrated that PC can persist
asymptomatically in the lung at low levels
(colonization) and that person-to-person
transmission may result in frequent
exposure in the general population (25). In
support of this notion, one study showed
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that 52% of children had anti-PC
antibodies by the age of 6 years and that
this percentage rose to 80% by the age of
13 years (26).

The HIV/AIDS epidemic in the 1980s
clearly implicated CD4" T cells as primary
mediators of immunity to PC, which was
later confirmed in murine models (27, 28).
Once primed, CD4 " T cells generate type IT
responses and facilitate production of
protective anti-PC antibodies (29, 30). One
early effector function of CD4" T cells is to
recruit eosinophils to the lungs, which
subsequently reduces PC burden (31).
Given the strong eosinophilic response to
PC in the lung and the abundance of
exposure to PC among the general
population, we hypothesized that PC may
generate a type II response capable of
modulating a similarly type II-driven
disease of the lung, asthma.

Methods

Mice

C57BL/6, BALB/c, Gatal™*"°/], Ragl '~
and Rag2 '~ II2rg”'~ mice were all ordered
from The Jackson Laboratory (Bar Harbor,
ME). All of the mice were 6-8 weeks old
and sex matched. Colonies were maintained
in the Rangos Research Building Animal
Facility, and their use in experiments was
carried out with approval by and in
accordance with the policies of the
University of Pittsburgh Institutional
Animal Care and Use Committee.

Pneumocystis Inoculation
Pneumocystis murina was harvested from
the lungs of an infected Rag2™' " Il2rg~ '~
mouse, and mice were challenged with
2.0 X 10° cysts per milliliter as previously
described (32, 33). CD4 depletion with
GK1.5 antibody was performed as
described previously (28, 32).

RNA Isolation and Quantitative
Reverse Transcriptase-Polymerase
Chain Reaction

The right middle lobe was homogenized in
TRIzol reagent (Life Technologies,
Carlsbad, CA) and then subjected to RNA
isolation per the manufacturer’s
instructions. RNA (1 pg) was then
converted to cDNA using an iScript kit
(Bio-Rad Laboratories, Hercules, CA). Gene
expression analysis was performed using
quantitative reverse transcriptase—

polymerase chain reactions with
SsoAdvanced Universal Probes
Supermix (Bio-Rad Laboratories).
Murine primers used included I/4, II5,
1113, Clca3, Muc5ac, and Prg2 (Applied
Biosystems, Foster City, CA). The

PC small subunit primer and probe
sequences used were as follows: forward:
5'-CATTCCGAGAACGAACGCAATCCT;
reverse: 5'-TCGGACTTGGATCTTT
GCTTCCCA; and 6-carboxyfluorescein
probe: 5'-TCATGACCCTTATG
GAGTGGGCTACA.

RNA Sequencing

Sample preparation and RNA sequencing
were performed as described previously
(31); this information is publicly available
through the Sequence Read Archive
BioProject (number PRJNA276259). Data
were filtered on a quality score of 10 and
mined for the following genes associated
with type II immune responses: 1133, 1125,
Muc5ac, Clea3, 119, 114, 1113, Chi3l3, Chi3l4,
Argl, 1I9r, 1117rb, Gprd4, Tslp, 1l7r, Crif2,
Il1rl1, and Acta2. 119 and I125 did not pass
the quality filter.

Lung Protein and Luminex Assay

The right upper lobe of the lung was
collected and then homogenized in
phosphate-buffered saline (PBS) plus
protease inhibitor (14277300; Roche,
Indianapolis, IN). The lung homogenate was
then centrifuged at 5,000 X g for 5 minutes
for debris removal, and the supernatant was
collected. Cytokine analysis was then
performed on this supernatant with a
23-plex Bio-Plex Pro assay (Bio-Rad
Laboratories) per the manufacturer’s
instructions.

Ex Vivo Whole-Lung Cell Stimulation
The right lower and postcaval lobes of the
lung were collected, physically digested, and
incubated for 1.5 hours at 37°C in
collagenase/DNase. Lungs were collected
from naive, HDM-treated, PC-infected, or
HDM-treated and PC-infected mice.
Likewise, cells were isolated from mice
treated with Pneumocystis antigen (PCAg).
Single-cell suspensions were then strained
using a 70-m sterile filter, treated with red
blood cell lysis buffer (NH,Cl), and
enumerated. A total of 5 X 10° cells per
well were stimulated with PBS (no-
stimulation control), 2.5 pg of PCAg or
HDM, or 2.5 ul of CD3/CD28 Dynabeads
(2015-07; Life Technologies). Three days
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Figure 1. Pneumocystis murina infection induces a CD4" T cell-dependent type Il response. Wild-type (WT) or GK1.5-treated C57BL/6 mice were
infected with P. murina and killed at Day 3, 7, 10, or 14. (A) Whole-lung RNA from Day 14 was then isolated, sequenced using an lllumina NextSeq 500
sequencer (lllumina, San Diego, CA), and analyzed for differential expression of genes associated with a type Il response. (B) Heat map showing RNA
seqguencing expression levels for the corresponding genes (*P < 0.05 by Student’s t test; n = 4 per group). (C) Expression of /4, 113, Mucbac, and Clca3
over the time course, as measured by quantitative reverse transcriptase-polymerase chain reaction, demonstrating CD4 " T cell-dependent increases in
gene expression (*P < 0.05 by two-way analysis of variance with multiple comparisons; n = 5). (D) Protein levels of IL-4 and IL-5 in WT and GK1.5-treated
mice during infection. (E) Representative hematoxylin and eosin staining of sectioned lung from WT and GK1.5-treated mice at Days 7 and 14
demonstrating increased eosinophilic perivascular inflammation in WT mice. (F) Representative periodic acid-Schiff staining of sectioned lung from WT
and GK1.5-treated mice at Days 7 and 14 demonstrating increased mucus production in WT animals. Hprt = hypoxanthine phosphoribosyltransferase.

post-stimulation, the cells were pelleted, lungs were processed, sectioned, and stained ~ 32). Following centrifugation, the pellet was
supernatants were harvested, and cell with hematoxylin and eosin or periodic resuspended in 1 ml of PBS, layered on top
pellets were resuspended in TRIzol LS acid-Schiff (PAS). of 30 ml of Centricoll (C-0580; Sigma-

reagent (Life Technologies). Aldrich, St. Louis, MO), and centrifuged at

Pneumocystis Antigen Preparation 2,000 rpm for 15 minutes. The material at

Histology and Treatment the interface of the Centricoll and PBS was
The right lung was clamped, and the left A lung from a Rag2™ '~ I12rg™'~ mouse collected, washed twice in PBS, resuspended
lung was inflated with 10% formalin infected with P. murina for 8 weeks was in 1 ml of PBS, and sonicated for 30

through the trachea. Following fixation, the strained through a 70-pm sterile filter (29,  seconds three times. Protein was
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quantified using a bicinchoninic acid
assay. Mice were then anesthetized with
isoflurane, and 10 pg of PCAg or HDM
was administered intranasally in 50 pl of
PBS. Mice were sensitized on Day 0,
challenged on Days 7-11, and killed on
Day 14. For ILC2 studies, mice were
treated every 3 days intraperitoneally with
0.5 mg of anti-ST2 antibody, provided by
Dr. Dirk Smith.

ELISAs and Western Blotting
Additional details on the methods for
making these measurements is provided in
the online supplement.

Lung Mechanics and Airway
Hyperresponsiveness Measurements
Pulmonary function was assessed during
mechanical ventilation of anesthetized

(90 mg/kg pentobarbital intraperitoneally)
and tracheotomized mice using a computer-
controlled small-animal mechanical
ventilator (flexiVent; SCIREQ, Montreal,
QC, Canada) as previously described (34,
35). Quasistatic compliance, Newtonian
resistance, tissue damping, and tissue
elastance were calculated as described
previously (36, 37). Further information
can be found in the online supplement.

Clinical Measurements

All human samples were collected via the
Severe Asthma Research Program and were
collected at the University of Pittsburgh.
Samples were deidentified, and serum
ELISAs were performed by a researcher
blinded to disease status. Symptom scores
and clinical measurements were collected in
accordance with the institutional review
board’s approval (IRB0610032) as
previously described (4).

Statistics

All statistics were performed using Prism
version 6.0f software (GraphPad Software,
La Jolla, CA). All data are presented with
mean = SEM. For studies with two groups,
we used a simple Student’s ¢ test. Time-
course and flexiVent studies were analyzed
using two-way analysis of variance
(ANOVA) with multiple comparisons at
each time point. Studies with more than
two samples were analyzed using ordinary
one-way ANOVA with Tukey’s multiple
comparisons. Cytokine protein levels were
analyzed for normality using a D’Agostino
and Pearson omnibus normality test and
were found to be normally distributed.
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Antibody dilution studies with human
serum were analyzed using two-way
ANOVA. A X° test was used to analyze
patient symptom scores. Linear regression
was performed; the slope was analyzed for
significant difference from zero; and
Pearson’s correlation coefficient was
calculated. In all statistical analyses, we
considered P < 0.05 significant.

Results

P. murina Infection Induces a Robust
Type Il Response Dependent on CD4*
T Cells
We previously showed that P. murina
infection leads to a CD4" T cell-dependent
recruitment of eosinophils (31). In the
present study, however, we found by RNA
sequencing that several other genes
associated with a type II response were
upregulated in wild-type mice compared
with CD4-depleted mice treated with
GK1.5 monoclonal antibody at Day 14
postinfection (Figures 1A and 1B).
Moreover, our global pathway analysis
demonstrated upregulation of KEGG
pathways associated with immunologic
function, as well as pathways associated
with allergic rhinitis, eosinophilic disorders,
and asthma (see Figure E1 in the online
supplement). In addition to a previously
shown increase in IL-5 expression (31),
IL-4 and IL-13 were upregulated in a CD4 ™"
T cell-dependent manner (Figure 1C).
Likewise, markers of goblet cell hyperplasia,
Muc5ac and Clca3, had increased
expression (Figure 1C). At the protein
level, IL-4 production over the course of
infection increased in a CD4 " -dependent
manner, while IL-5 had sustained protein
levels in wild-type but not CD4 " -depleted
animals (Figure 1D). Histologically,
wild-type mice had inflammatory foci at
Day 7 and eosinophilic perivascular
inflammation at Day 14, while CD4 -
depleted animals appeared to have a
delayed and reduced inflammatory
response (Figure 1E). Similarly, by Days 7
and 14 of infection, wild-type mice had
increased goblet cell activation and mucus
production, while GK1.5-treated mice had
minimal mucus detected at Day 14
(Figure 1F).

CD4" T cells are also sufficient to
produce a type II immune response
following PC infection, as significant

increases in Muc5ac, Clca3, 1113, and Prg2
(major basic protein, an eosinophil marker)
were observed in lung homogenates of
Ragl ™"~ mice receiving adoptive transfer of
CD4" T cells compared with no-transfer
controls (see Figure E2 in the online
supplement).

The Immune Response to
Pneumocystis Generates Type lI-
mediated Lung Pathology Similar to
That of House Dust Mite

We next sought to determine if concurrent
PC infection and exposure to a common
airway allergen, HDM, would lead to a
synergistic type II response (Figure 2A), as
prior studies suggested that PC infection
altered the immune response to ovalbumin
(38). Mice exposed to PC infection or HDM
alone generated both anti-PC and anti-
HDM IgG and IgE responses in the serum,
respectively, while mice subjected to dual
treatment generated IgG and IgE to both
antigens (Figure 2B). Interestingly, even
though all mice exposed to PC infection
had cleared the infection by Day 28 (data
not shown), mice infected with PC alone
had increases in eosinophil and goblet cell
hyperplasia transcripts (Figure 2C). A
synergistic response was noted in terms

of a specific eosinophil marker, Prg2
(Figure 2C). The antigen-specific responses
of whole-lung cells from PC-infected or
HDM-exposed mice to PCAg or HDM,
respectively, were strikingly similar in terms
of IL-4, IL-5, IL-10, IL-13, IL-17A, and
IFN-vy production (Figure 2D). Dual
treatment resulted in little additive effect
and appeared to prime two independent
immune responses (Figure 2D).
Surprisingly, mice that had been infected
with and cleared PC still had detectable
mucus in both large and small airways
(Figure 2E).

Given the similarities between the
antigen-specific responses to primary PC
infection and HDM treatment, we next
evaluated the potential of PCAg to induce a
type II response and lung pathology
(Figure 3A). Following sensitization and
challenge, mice generated anti-HDM and
anti-PC IgG and IgE (Figure 3B). PCAg
treatment did increase expression of type
I cytokines, mucus-associated genes, and
Prg2 in a manner comparable to that
of HDM treatment (Figure 3C). The
antigen-specific responses to HDM
were similar to those described above
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Figure 2. Pneumocystis (PC) infection and house dust mite (HDM) treatment induce independent type Il responses. (A) Mice were untreated (naive),
treated with HDM alone, infected with PC alone, or infected with PC and subsequently treated with HDM (n =4 per group). (B) Infection and HDM
treatment generated anti-PC and anti-HDM IgG and IgE antibodies. (C) Increases in type ll-associated genes in PC-infected, HDM-treated, and PC- +
HDM-treated mice in whole lung as measured by quantitative reverse transcriptase—polymerase chain reaction. (D) Ex vivo cells isolated from whole lung
were stimulated with either HDM or PC antigen for 72 hours, and supernatants were analyzed using a Bio-Plex kit. (E) Periodic acid-Schiff staining of
naive, HDM-alone, PC-alone mice, as well as mice that received dual treatment, demonstrating increased mucus production following each treatment
(*P<0.05, *P<0.01, **P < 0.001, and ***P < 0.0001 by one-way analysis of variance with Tukey’s multiple comparisons). Ag = antigen; Hprt =
hypoxanthine phosphoribosyltransferase; OD450 = optical density at 450 nm.
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Figure 3. Exposure to Pneumocystis antigen (PCAg) and house dust mite (HDM) generates lung pathology. (A) Schematic of treatment of mice with 10 pg of
HDM and sonicated PCAg on Days 0O, 7, 8, 9, 10, and 11. Naive (n=9), HDM (n = 6), and PCAg (n = 10) mice were all killed at Day 14. Data from three individual
experiments are shown. (B) PCAg and HDM exposure generated anti-PC and anti-HDM IgG and IgE responses, respectively. (C) PCAg and HDM increased
expression of type ll-related genes, as determined by quantitative reverse transcriptase—polymerase chain reaction. (D) Ex vivo cells isolated from whole lung were
stimulated with either HDM or PCAg for 72 hours, and supematants were analyzed for IL-4, IL-5, IL-17A, and IFN-y. (E) Representative periodic acid-Schiff
and hematoxylin and eosin staining of tissue from naive, HDM-treated, and PCAg-treated mice demonstrating increased mucus and perivascular inflammation
in the HDM and PCAg groups. All images were taken at X20 original magnification. (F) HDM and PCAg treatment increased the percentage of total airways
affected by mucus (left) and the area of individual airway periodic acid-Schiff-positive staining (right) (‘P < 0.05, **P < 0.01, **P < 0.001, and ***P < 0.0001
by one-way analysis of variance with Tukey’s multiple comparisons). Hprt = hypoxanthine phosphoribosyltransferase; OD450 = optical density at 450 nm.
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(Figure 2D), while PCAg exposure induced
an antigen-specific release of IL-4 and IL-5
but not IL-17A (Figure 3D). Furthermore,
PCAg-treated mice had an increase in
antigen-specific CD4" Th2 cells as
measured by upregulation of Gata3 and
increased expression of Il4, Ii5, and 1113
upon ex vivo stimulation with PCAg
(Figure E3 in the online supplement). In
concordance with the increased Th2
response, eosinophils were significantly
increased following PCAg treatment
(Figure E3 in the online supplement).
PCAg treatment did not induce Th17 cells
(as measured by RAR-related orphan
receptor yT expression) or neutrophil
recruitment (Figure E3 in the online
supplement), however. Additionally, both
PCAg- and HDM-treated mice had

a striking upregulation of mucus
production and increased perivascular
inflammation on histologic sections
(Figures 3E and 3F).

To assess functional changes in airway
physiology, BALB/c mice were treated with
PCAg or HDM. Quasistatic lung compliance
was decreased with both PCAg and HDM
treatment, indicative of inflammation in the
lungs (Figure 4A). Similarly, both PCAg-
and HDM-treated mice had significant
increases in airway resistance compared
with control animals when challenged with
methacholine (Figure 4B). PCAg and HDM
treatment also similarly increased
parameters associated with parenchymal
resistance (tissue damping) and recoil
(tissue elastance) compared with naive
mice (Figure 4C). As seen previously in
C57BL/6 mice, both PCAg and HDM
exposure increased expression of type II
cytokines, mucus-associated genes, and
Prg2 in BALB/c mice in an equivalent
manner (see Figure E4 in the online
supplement).

The Pathologic Response to PCAg
Requires CD4" T Cells and
Collaboration with ILC2 Cells

We next sought to determine the role of CD4™*
T cells and ILC2 cells in response to PCAg.
As expected, anti-PC IgG and IgE production
were decreased following CD4" depletion
(Figure 5A). Furthermore, CD4™ depletion
significantly reduced expression of type II
cytokines (Il4 and II13) as well as eosinophil
genes (Prg2) and mucus-associated genes
(Muc5ac and Clca3) (Figure 5B). CD4*
depletion also significantly reduced PAS-
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function. BALB/c mice (n =6 per group) were treated with either HDM or PCAg on Days 0 and 7-11
and were killed on Day 14. Naive BALB/c mice (n = 3) were analyzed as controls. Data represent the
combination of two independent experiments. (4) Following anesthetization, tracheotomized mice
were ventilated and quasistatic compliance was calculated using pressure-volume curves. BALB/c
mice treated with HDM and PCAg had reduced compliance (*P < 0.05 and **P < 0.01 by one-way
analysis of variance [ANOVA] with Tukey’s multiple comparisons). (B) Newtonian airway resistance
was calculated following escalating doses of aerosolized methacholine (0, 0.075, 3.125, 12.5, and
50 mg/ml). PCAg- and HDM-treated mice had increased resistance at higher doses of methacholine
compared with naive BALB/c mice (**P < 0.001 and ***P < 0.0001 by two-way ANOVA with
multiple comparisons). (C) Parameters associated with alveolar pathology (e.g., increased damping or
elastance) were measured following treatment with methacholine and were also increased in PCAg-
and HDM-treated mice (*P < 0.05 and ***P < 0.0001 by two-way ANOVA with multiple

comparisons).

positive airways, indicative of mucus
production (Figures 5C and 5D).

To assess the role of ILC2 cells as effector
cells contributing to allergic inflammation,
the response to PCAg treatment was also
observed in Ragl ™/~ mice, which lack T and
B cells, or in Rag2™' " II2rg”’~ mice, which
lack adaptive immunity as well as natural
killer cells and ILC2 cells. Further, Ragl ™/~
mice treated with PCAg were also treated
with anti-ST2 antibody, which has been
shown to neutralize the IL-33/ST2 signaling
pathway and ILC2 expansion (39, 40). No
significant induction in type II cytokines was
observed in Ragl '~ or Rag2™ ' Il2rg '~
mice treated with PCAg (Figure 5B).

Ragl ™'~ did have a small increase in mucus
production that was ameliorated with anti-
ST2 treatment, suggesting that ILC2 cells

Eddens, Campfield, Serody, et al.: The Role of Pneumocystis in Asthma

may have a minor role in inducing mucus-
associated pathology (Figures 5C and 5D).
These results demonstrate that CD4 ™"

T cells, and not ILC2 cells, are the primary
effector cells responsible for the asthma-like
pathology observed following PCAg
treatment.

However, to assess the role of ILC2 cells
upstream of the T-cell responses, C57BL/6
mice were exposed to PCAg and treated with
anti-ST2 antibody. PCAg treatment did
result in a small expansion of ILC2 cells that
was neutralized by anti-ST2 treatment (see
Figure E5 in the online supplement).
However, in addition to impairing ILC2
expansion, blockade of ST2 reduced the
percentage of GATA3" Th2 cells (see Figure
E5 in the online supplement). Anti-ST2
treatment did not impair production of
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anti-PC IgG or IgE, but it did reduce response as measured by quantitative required for expansion of ILC2 and Th2
expression of type II cytokines (Il4, II5, reverse transcriptase—polymerase chain cells in response to PCAg. Further, these
and I113) and an eosinophil-specific reaction and PAS staining of the airways  results are suggestive that ILC2 cells may
marker, Prg2 (see Figure E5 in the online  (see Figure E5 in the online supplement).  influence the Th2 response but do not play
supplement). However, anti-ST2 treatment = Taken together, the results of these studies  a significant role in driving the lung

was insufficient to reduce the mucus demonstrate that the IL-33/ST2 pathway is  pathology induced by PCAg.
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ANOVA with Tukey’s multiple comparisons). Hprt = hypoxanthine phosphoribosyltransferase.
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Eosinophils Are Dispensable for
PCAg-driven Pathology

We next sought to characterize the role

of eosinophils in the Eathologic response
to PCAg. GATAI1"™%5"/T mice treated

with PCAg had increased Clca3, Muc5ac,
Il4, 115, and I113 compared with naive
GATA1"™"/] mice (Figure 6A).
Compared with BALB/c mice treated with
PCAg, GATA1"*"°/] mice had significant
upregulation of Clca3, Muc5ac, and II5 but
not Prg2. GATAI tm6Sho /1 mice also had

a significant reduction in quasistatic
compliance similar to that seen in BALB/c
mice (Figure 6B). Furthermore,
GATAI1""/T mice had exacerbated
airway resistance in the airways following
PCAg compared with naive GATA1"*"°/]
mice (Figure 6C). Although there appeared
to be an increase in airway resistance in
naive GATA 1" /T mice compared with
naive BALB/c mice, PCAg-challenged
GATA1"™%"°/] mice had significantly
elevated airway resistance similar to that of
challenged BALB/c mice. Significant
changes in alveolar parameters were also
observed following PCAg exposure in
GATA1"™"/] mice (Figure 6D).
Histologically, GATA1"*"°/] mice had
mucus production similar to that of
BALB/c mice treated with PCAg

(Figure 6E).

Patients with Severe Asthma Have
Increased Antibody Titers to
Pneumocystis

As prior studies have implicated PC as a
ubiquitous environmental exposure, we
sought to determine if differences in anti-PC
antibodies correlated with asthma status.
Patients with severe asthma (SA) had
significantly elevated anti-PC IgG levels
compared with healthy control subjects
(HCs) (Figure 7A). Strikingly, a subset of
patients with SA had elevated antibody
levels, as several individual antibody titer
curves were shifted to the right compared
with those of the HCs (see Figure E6 in the
online supplement). In Western blot
analysis, samples from both a single HC
subject and a single patient with SA
appeared to recognize similar PC antigens;
however, the sample from the patient with
SA recognized these antigens with greater
intensity, corroborating the ELISA
findings (Figure 7B). Because of concerns
about contaminating mouse proteins
within the PCAg preparation, we probed
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mouse lung homogenate with the same
human serum samples and found little
reactivity (see Figure E7 in the online
supplement). To assess the specificity of
these antibody responses, we evaluated
antibody production in response to
another respiratory pathogen,
Streptococcus pneumoniae (SP).
Interestingly, patients with SA had
significantly decreased anti-SP antibodies
compared with HCs (Figure 7C). No
antibody titer curve shifts to the right were
observed in patients with SA in regard to
anti-SP IgG (see Figure E6 in the online
supplement). Additionally, as previously
observed in the murine model of PC
exposure, a subset of patients with SA had
detectable anti-PC IgE levels (Figure 7D).
A strong positive correlation between anti-
PC IgG and IgE levels was observed, as
patients with elevated anti-PC IgG

were more likely to have increased
anti-PC IgE levels as well (Figure 7E).

To rule out the possibility of nonspecific
binding to fungal antigens, the serum samples
were also assessed for anti-Aspergillus
antibodies. We observed no difference
between HCs and patients with SA in this
analysis (Figures 7F and 7G). Further, no
correlation existed between anti-PC and anti-
Aspergillus 1gG or IgE (Figures 7H and 71).

Patients with Severe Asthma with
Increased Anti-Pneumocystis
Antibody Levels Have Worsened
Symptomatology and Lung Function
We next stratified patients with SA into PC-
high or PC-low subsets using a z-score
approach. Any individual with an anti-PC
IgG response above a z-score of 1 (2.02
based on the HC cohort) was considered
PC-high (n=11); a patient with an ELISA
optical density of 2.02 or less was
considered PC-low (n =9) (Figure 8A). The
PC-high group had a significantly older age
than the PC-low group at the time of the
study; other demographic data were similar
(Figure 8A). The PC-low subset was 67%
female and included 22% ever smokers,
compared with 81% female and 36% ever
smokers in the PC-high group.

Serum IgE levels for the PC-low and
PC-high groups were comparable, and levels
in both groups appeared elevated compared
with those of HCs (see Figure E8 in the
online supplement). Importantly, there did
not appear to be a difference between
groups in allergen skin test results (see
Figure E8 in the online supplement).

Additionally, there were no differences in
blood neutrophils, lymphocytes, or
eosinophils between the PC-high and PC-low
patients (see Figure E9 in the online
supplement). Similar cell counts were also
observed in bronchoalveolar lavage (see Figure
E9 in the online supplement). There were also
no observed differences in inhaled or oral
steroid use or steroid doses between the PC-
high and PC-low groups (data not shown).
The subset of patients with SA in the
PC-high group had worsened symptom
scores compared with the patients with SA
in the PC-low group with regard to cough, as
well as a trend toward increased shortness of
breath (Figure 8B). Interestingly, patients
with SA in the PC-high group had a trend
toward reduced sputum production
compared with the patients with SA in the
PC-low group (Figure 8B). Spirometry
revealed that PC-high patients had
significantly decreased FEV; and a trend
toward decreased FVC and forced
expiratory flow 25-75% (Figure 8C).
Patients with SA in the PC-high group also
had increased air trapping as determined by
plethysmography, as PC-high patients
(n=7) had increased total lung capacity
and residual volume compared with
PC-low SA patients (n=9) (Figure 8D).

Discussion

The results of the present study
demonstrate, for the first time to our
knowledge, that PC infection and antigen
treatment induce an asthma-like
pathologic response in the lung driven

by CD4" T cells. The ability of PC to
induce a strong Th2 response may have
implications in immunocompetent
patients, as it has recently been shown that
the majority of healthy individuals have
detectable anti-PC antibodies (26).
Furthermore, colonization of live PC
within the lung may occur as a transitional
state of low PC burden, with the specific
host-pathogen interactions (e.g.,
immunosuppression) ultimately
determining the differences between
disease, colonization, and clearance

(23). Indeed, asymptomatic infection
with PC may have immunologic
ramifications, as infants with detectable
PC in the lungs were previously found to
have increased mucus production (21, 41),
consistent with the findings in our
murine model.
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The ubiquity of human exposure to PC
and the specific nature of the immune
response to PC beg the question of how this
pathogen and the subsequent host response
may impact asthma. Researchers in one
prior study demonstrated that PC could
worsen an ovalbumin murine model of
asthma by altering dendritic cell subsets
(38). While concurrent PC infection
only slightly modified an HDM model in
the present study, PC appeared to prime
an equally potent type II response
compared with mice treated with HDM
alone. These findings, coupled with the
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PCAg model, suggest that, much like HDM,
PC functions as an airway allergen (42, 43).
Much like what has been shown previously
with HDM, PCAg further exacerbated
airway responsiveness in GATAI"™SShosp
mice (44, 45). The necessity of eosinophils
in mediating airway hyperresponsiveness
has been difficult to demonstrate definitively,
though, as variations between a knockout
mouse model and an antigenic model
have shown differing outcomes (46, 47).
There were some unique differences
between the HDM and PCAg models. ILC2
cells have been shown to be prolific

producers of type II cytokines in response
to both pulmonary and intradermal HDM
exposure (48, 49). Similarly, murine
models of fungal allergen exposure to
Alternaria have also demonstrated a role
for ILC2 cells as cytokine producers

(50, 51). In the present PC model, ILC2
cells appeared to have a greater function in
maintaining the optimal Th2 response

as opposed to directly contributing to
pathology via cytokine production.

This priming function has been

shown previously to require major
histocompatibility complex class II
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Figure 7. Patients with severe asthma have elevated anti-Pneumocystis (anti-PC) IgG and IgE levels. (A) Serum samples from healthy control subjects
(HC) (n=10) and patients with severe asthma (SA) (n =20) were analyzed for anti-PC IgG at various dilutions. Patients with SA had increased antibody
levels against PC (**P < 0.001 by two-way analysis of variance). (B) Detection of anti-PC IgG from one HC and one patient with SA demonstrates similar
banding patterns but increased intensity in the patient with SA. (C) Serum samples from HCs and patients with SA were also analyzed for IgG levels
against Streptococcus pneumoniae, and patients with SA had reduced antibody levels (***P < 0.0001 by two-way analysis of variance). (D) Anti-PC
IgE could be detected by ELISA in the serum (diluted 1:10) of a subset of patients with SA (*P < 0.05 by Student’s t test). (E) Linear regression and
Pearson’s correlation analysis demonstrates a strong correlation between anti-PC IgG and anti-PC IgE levels in all patients (r= 0.8594; P < 0.0001). (F and
@) Patients with SA do not have an increase in (F) anti-Aspergillus 1gG or (G) anti-Aspergillus IgE. (H) No correlation exists between anti-PC IgG and anti-
Aspergillus 19G (r=0.2724; P> 0.05). () No correlation exists between anti-PC IgE and anti-Aspergillus IgE (r= —0.0396; P > 0.05). AF = Aspergillus

fumigatus; OD450 = optical density at 450 nm.
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Figure 8. Patients with severe asthma (SA) with increased anti-Pneumocystis (anti-PC) IgG have worsened symptoms and decreased lung function. (A) Patients
with SA were stratified into PC-high (n=11) and PC-low (n = 9) groups by using a z-score of 1 in the healthy control (HC) population, with an optical density at
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patients were significantly older (*P < 0.05 by Student’s t test). (B) Symptomatology as reported by the patients in answering a standard questionnaire
shows PC-high patients having increased symptom severity in every symptom except for sputum production (P < 0.05 by X2 analysis). (C) Spirometric
assessment of lung function demonstrates PC-high patients had decreased FEV; (*P < 0.05 by Student’s ¢ test) and trends toward decreased FVC and forced
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expression on ILC2 cells, although it is
unclear if direct antigen presentation is

required in the PCAg model (52, 53). One

further difference between the HDM and
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PCAg models appears to be the specificity
of the respective antigens and antibody
responses. The antigen-specific recall
responses and antibody responses to PCAg

and HDM did not cross react, suggesting
that distinct antigens, and not molecular
patterns such as chitin, are recognized in
these two models (54, 55).
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While evidence in the mouse model
shows that PC infection and exposure can
lead to lung pathology, this has yet to be
studied formally in a population of
immunocompetent patients with asthma.
Researchers in one study found an
association between HIV-positive patients
with prior pneumonia with either PC or a
bacterial pathogen and doctor-diagnosed
asthma (56). A second study of HIV-
positive individuals demonstrated that
history of PC was associated with an
obstructed spirometric pattern in lung
function testing (57). While these prior
studies were focused on fulminant
infection in an HIV-positive host, in the
present study we examined immune
exposure by measuring anti-PC antibody
levels in the blood of patients with or
without asthma. Strikingly, compared with
HCs, a cohort of patients with SA had
elevated anti-PC IgG and IgE antibodies in
their serum. Importantly, this did not
appear to be a result of nonspecific
immune activation in response to all
pathogens, as patients with SA had
decreased antibody responses to S.
pneumoniae and similar antibody

responses to Aspergillus compared with
HCs. These findings are suggestive of
increased exposure to PC in patients with SA
compared with healthy individuals; whether
this exposure represents persistent
colonization or transient contact with
airborne spores is unclear. One possibility is
that this increase in PC exposure is due to
the use of both inhaled and oral
corticosteroids in patients with SA (58).

Thus, the present study cannot
differentiate a model where PC exposure
increases the likelihood of developing SA
from a model where patients with SA are
more likely to be exposed to PC as a result of
steroid exposure. Monitoring PC
colonization status using molecular
techniques could be useful in understanding
the effects of local immunosuppression on
PC colonization, and such techniques could
be applied longitudinally in a healthy
human cohort to assess the development of
asthma.

Importantly, in the present study, we
identified the presence of anti-PC IgE in
serum samples of patients with asthma.
Type I hypersensitivity to PC, therefore,
may be diagnosed much like that of other

allergens routinely tested in the clinical
setting. This also raises the exciting
possibility of intervening with
trimethoprim-sulfamethoxazole, the
hallmark of treatment and prophylaxis for
PC, in patients with SA with known
sensitization and/or colonization with PC.
While further studies elucidating the
interplay between PC and asthma are
essential to informing future clinical
investigations, the present study
demonstrates that, in both a murine
model and human patients, PC may lead
to the development of lung pathology and
thus a clinical phenotype similar to
asthma.
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