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Idiopathic pulmonary fibrosis is a fatal lung disease with a median survival of 2 to 5 years. A decade of
studies has downplayed inflammation contributing to its pathogenesis. However, these studies preceded
the discovery of regulatory T cells (Tregs) and all of their functions. On the basis of human studies
demonstrating Tregs can decrease graft-versus-host disease and vasculitides, there is consideration of
their use to treat idiopathic pulmonary fibrosis. We hypothesized that Treg therapy would attenuate the
fibroplasia involved in a preclinical murine model of pulmonary fibrosis. IL-2 complex was used in vivo to
expand CD4þCD25hiFoxp3þ cells in the lung during intratracheal bleomycin challenge; however, this
unexpectedly led to an increase in lung fibrosis. More important, this increase in fibrosis was a lymphocyte-
dependent process. We corroborated these results using a CD4þCD25hiFoxp3þ cellular-based therapy.
Mechanistically, we demonstrated that CD4þCD25hiFoxp3þ cells undergo alterations during bleomycin
challenge and the IL-2 complex had no effect on profibrotic (eg, transforming growth factor-b) or type 17
immune response cytokines; however, there was amarked down-regulation of the type 1 and augmentation
of the type 2 immune response cytokines from the lungs. Collectively, our animal studies show that a
specific lung injury can induce Treg alterations, which can augment pulmonary fibrosis. (Am J Pathol 2016,
186: 2008e2020; http://dx.doi.org/10.1016/j.ajpath.2016.03.020)
Supported by NIH Pulmonary Training grant T32HL07252 to the Univer-
sity of California, Los Angeles (UCLA; S.Z.B.); National Center for
Advancing Translational Sciences through UCLACTSI grant UL1 TR000124
(J.A.B.); NIH grants R01 HL112990, HL131407, and CTOT 11532596 to
UCLA (J.A.B.); and NIH grant 2R01AI065617 to Harvard (T.A.C.).
Disclosures: None declared.
Idiopathic pulmonary fibrosis (IPF) is a progressive and lethal
disease of the lung.1,2 Greater than a decade of studies has led
to the conclusion that inflammation plays a minor, if any, role
in the pathogenesis of IPF.3,4 In corroboration, several studies
have suggested that lymphocytes are not involved in the
development of pulmonary fibrosis in humans and in animal
models.4,5 More specifically, mice with genetic defects
manifesting in dysfunctional or no lymphocytes or normal
mice depleted of T cells had no effect on pulmonary
fibrosis.5e7 These studies reinforced the notion that there is no
role for inflammation driving fibrosis in IPF.

Many of the above observations preceded the discovery
of regulatory T cells (Tregs) and their functional capabil-
ities. Tregs are a subpopulation of CD4þ T cells that are
identified as CD25hi and expressing the transcription factor
Foxp3 known to be essential for dominant self-tolerance.8,9

Studies involving Tregs have demonstrated that they are
capable of suppressing many biologically hostile
stigative Pathology. Published by Elsevier Inc
inflammatory processes and prevent immunopathology by
maintaining immune homeostasis.8 These key findings, in
combination with preclinical animal models, led to the
human clinical trials involving therapies that augment
Tregs, which has made definitive impacts on human auto-
immunity and graft-versus-host disease (GVHD).10,11

Interestingly, there are studies suggesting that activated
CD4þ T cells from the peripheral blood of IPF patients are
associated with worst clinical outcomes.12 Furthermore,
phenotypically distinct Tregs, via their expression of Sem-
aphorin 7aþ and platelet-derived growth factor (PDGF),
. All rights reserved.
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Tregs Exacerbate Pulmonary Fibrosis
have been associated with worsening pulmonary fibrosis in
humans and in rodent models of lung fibrosis.13,14 More-
over, a recent human study demonstrated that azathioprine
up-regulates Treg,15 whereas a multicenter clinical trial
involving azathioprine for the treatment of IPF resulted in an
increase in hospitalizations and mortality,16 suggesting Treg
may have a negative impact in patients with pulmonary
fibrosis. Conversely, several studies have shown an asso-
ciation between decreased Treg frequencies and IPF pa-
tients.17,18 Similarly, several animal models of acute lung
injury and pulmonary fibrosis have suggested that the
depletion of Tregs increases lung fibrosis, whereas Treg
cell-based therapy results in the resolution of lung
injury.19e21 These desperate results underline the need for a
preclinical animal study to guide further clinical trials
involving Treg cells in patients with pulmonary fibrosis.

Ex vivo expansion of Tregs has multiple regulatory and
production difficulties for therapeutic use in humans, sug-
gesting that in vivo expansion of Tregs is a more practical
approach.22 In vivo expansion of Tregs using IL-2 therapies
in humans has led to successful treatment of both
vasculitis and GVHD.10,11 Thus, our aim was to expand
CD4þCD25hiFoxp3þ cells during bleomycin-induced pul-
monary fibrosis in a preclinical animal study to determine
the role of CD4þCD25hiFoxp3þ cells on lung fibroplasia.

We expanded CD4þCD25hiFoxp3þ cells in vivo via the
injection of IL-2 complexed to a specific IL-2 monoclonal
antibody (mAb) clone (JES6-1) as well as confirmatory
CD4þCD25hiFoxp3þ cellular based therapies.23e25 We
show, mechanistically, that CD4þCD25hiFoxp3þ cells
exacerbate bleomycin-induced pulmonary fibrosis by under-
going plasticity, which leads to immune deviation of the lungs
away from a type 1 and toward a type 2 immune response
without significant changes in profibrotic mediators [trans-
forming growth factor-b (TGF-b)] or the type 17 immune
responses. Importantly, our work has shown the effect of
increasing CD4þCD25hiFoxp3þ cells in pulmonary fibrosis
and has resolved the longstanding debate over the roles of
both Treg cells and overall T-cell involvement in lung fibro-
plasia. Our research will advance the field’s understanding of
the role of inflammatory cells that exacerbate lung fibrosis.

Materials and Methods

Animal Model of Pulmonary Fibrosis

Female C57BL/6 (10 weeks) and Rag1�/� mice on a
C57BL/6 background (10 weeks) were purchased from
Charles River (San Diego, CA) or The Jackson Laboratory
(Bar Harbor, ME). Foxp3 enhanced green fluorescent pro-
tein (EGFP; 10 weeks) on a C57BL/6 background mice
were kindly provided by Dr. Talal A. Chatila (Harvard
Medical Center, Boston, MA). On receipt all animals were
housed at the animal research facility (at UCLA) under
specific pathogen-free conditions in accordance with
UCLA’s Animal Care and Use Committee. We choose the
The American Journal of Pathology - ajp.amjpathol.org
C57BL/6 strain because they are well characterized and are
susceptible to bleomycin-induced pulmonary fibrosis. Mice
were challenged via intratracheal (i.t.) bleomycin (APP,
Schaumburg, IL) at 1 U/mL with 40 mL delivered on day 0,
as previously described.26,27 Control animals received ster-
ile saline (0.9% NaCl). Briefly, mice were anesthetized with
130 mL of 2 mg/mL ketamine plus 0.08 mg/mL xylazine
injected i.p., followed by i.t. administration of bleomycin.
At 14 days after bleomycin treatment, animals were sacri-
ficed and lungs were perfused with 0.9% NaCl followed by
4% paraformaldehyde. Lungs were then embedded in
paraffin for histological analysis.

Ashcroft Scoring

Paraffin sectioned lungs stained with H&E were examined
for the severity of interstitial fibrosis using a scale of
severity ranging from 0 to 8 (0 Z normal lung; 8 Z very
severe fibrosis) via Ashcroft method.28 Briefly, sections
obtained from midsection of the lungs were evaluated and
blindly scored by two independent investigators. Entire lung
sections were scored under a 10� objective via light mi-
croscopy using a Zeiss Axioskop 2 Plus. Each 10� field
was given a score and the average of all fields was obtained
and reported for each individual animal.

Trichrome Staining and Analysis

Differences in collagen content between treatment groups
were evaluated using Trichrome Stain (Abcam, Cambridge,
MA) as detailed in manufacturer’s protocol. Briefly,
paraffin-embedded lungs were cut into sections (4 mm thick)
and Trichrome staining was performed. Collagen fibers
were stained blue; muscle fiber, cytoplasm, erythrocytes
were stained red; and nuclei were stained black/blue. For
quantitative analysis, images were taken blindly at 10�
objective and analysis was performed using Fiji software
version 2.0.0-rc-30/1.49v (ImageJ; NIH, Bethesda, MD;
http://fiji.sc). Five random regions were imaged per animal,
and the average was obtained and reported for each indi-
vidual animal.

Flow Cytometry

Lungs and spleens were dispersed by initial mincing with
scissors into fine slurry and subsequently passed through
wire screens for removal of tissue debris. The dispersed
cells were collected in RPMI 1640 with 10% fetal bovine
serum, Penstrap, L-glutamine, and HEPES. Erythrocytes
were lysed with ACK and incubated on ice for 2 minutes.
After multiple washes, cells were filtered through a 20-mm
screen for removal of any excess tissue debris. Four-color
analysis of cells from Foxp3þ EGFP lungs was performed
on single cell suspensions involving 1 � 106 cells per
sample that were incubated with rat anti-mouse CD45-Alexa
Fluor 700, rat anti-mouse CD4-PerCP-Cy5.5/APC, and
2009
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CD25-PE-Cy7/PE for 30 minutes on ice. Unless otherwise
noted, all antibodies were purchased from BD Biosciences
(San Jose, CA). Cells were then washed, fixed in 2%
paraformaldehyde, and analyzed using HT-LSR-II (BD
Biosciences, San Jose, CA) with Tree Star FlowJo software
version 9.6.4 (BD, Mountain View, CA). Four-color
analysis of cells from wild-type lungs treated with or
without IL-2/JES6-1 antibody complex involved 1 � 106

cells per sample that were incubated with rat anti-mouse
CD45-Alexa Fluor 700, rat anti-mouse CD4-APC, and rat
anti-mouse CD25-fluorescein isothiocyanate on ice for 30
minutes. Intracellular staining of Foxp3, using rat anti-
mouse Foxp3-PE (eBioscience, San Diego, CA), was then
performed according to manufacturer’s instructions.

Adoptive Transfer of CD4þCD25hiFoxp3þ Cells

Spleen cells were dispersed from Foxp3þ EGFP mice, as
described above. CD4þ T cells were then isolated from
single-cell suspensions by negative selection using a mouse
CD4þ T-cell isolation kit (Stem Cell Technologies, Van-
couver, BC, Canada), according to manufacturer’s in-
structions. Magnetic bead isolated CD4þ T cells were then
cell sorted on FACSAria II (BD, San Jose, CA) for CD25hi

GFPþ cells with >98.0% recovery of CD4þCD25hiFoxp3þ

cells. Cells were collected in chilled tubes containing
complete RPMI media with 20% fetal bovine serum, then
washed and resuspended in sterile 0.9% NaCl and injected
at 0.6 � 106 cells/200 mL vol. i.p. into recipient mice 24
hours prior i.t. bleomycin administration. Vehicle controls
received 0.9% NaCl that carried the cells.

Sircol Assay

Total lung collagen was determined using the Sircol assay,
as detailed in the manufacturer’s protocol (Biocolor, Car-
rickfergus, UK). Briefly, lungs were harvested, placed on
ice, and cut into 4 mm cubes, then washed with cold
phosphate-buffered saline followed by overnight incubation
in acid-pepsin extraction media at 4�C. Acid neutralizing
reagent, cold isolation, and concentration reagent subse-
quently were added and allowed to incubate for 24 hours
half immersed in an ice-water mix at 4�C. Tubes were
pelleted and the collagen released into solution was
removed by gentle pipetting. Sircol dye reagent was added
to each sample as per manufacturer’s instructions. Bound
Sircol dye was assessed using a microplate reader (Biotek
Synergy HT) set to 555 nm. Collagen standards supplied
with the kit were used for assay controls.

Quantitative PCR for Cytokine Gene Expression

Whole lung homogenates were placed in Trizol reagent
(Life Technologies, Grand Island, NY). Total RNA (2 mg)
was DNase treated and reverse transcribed into cDNA. Gene
expression assays for tumor necrosis factor-a (TNF-a), IL-
2010
1a, fibroblast growth factor (FGF)-9, PDGF-b, connective
tissue growth factor (CTGF), IL-12p35, IL-12p40, IL-18,
IL-4, IL-5, IL-13, TGF-b, and IL-17f were used for
amplification on a StepOnePlus Q-PCR System (Life
Technologies) and analyzed using StepOnePlus software
version 2.3. 18S was used as endogenous control where
appropriate. Quantitative analysis of gene expression was
performed using the 2DDCT method as previously
described.26,27 Data are presented as fold difference
compared to treatment controls.

IL-2/JES6-1 Antibody Complex Preparation

IL-2 complex consists of antieIL-2 antibody (JES6-1) and
mouse recombinant IL-2 protein incubated for 30 minutes at
37�C. Similar to work done by Webster et al,25 we
administered a short-term IL-2 complex for 3 consecutive
day’s i.p. at a total dose of 6 mg per injection (5 mg mAb
JES6-1 þ 1 mg IL-2) before i.t. bleomycin administration.
Long-term IL-2 complex (6 mg per injection) consisted of
every 3 days i.p. dosing starting at day -3 before i.t. bleo-
mycin administration and continued until the lungs were
harvested. The control group received i.p. vehicle 0.9%
NaCl.

Statistical Analysis

Data were analyzed using Prism software version 5.0d
(GraphPad Software, Inc., La Jolla, CA). Comparisons were
made using the unpaired t-test, Mann-Whitney, and Kaplan-
Meier survival analysis log-rank where appropriate. Data
were considered statistically significant if P < 0.05.

Results

Increased Pulmonary CD4þCD25hiFoxp3þ Cells Are
Associated with Bleomycin-Induced Pulmonary
Fibrosis

Some but not all studies involving peripheral blood, bron-
choalveolar lavage fluid, and lung tissue have suggested that
human patients with IPF may have a reduction in Tregs in
all three compartments17,18,29; thus, we characterized the
frequency of CD4þCD25hiFoxp3þ cells in the murine
bleomycin-induced pulmonary fibrosis model. Using Foxp3
EGFP transgenic mice that coexpress Foxp3 and the
enhanced green fluorescent protein (EGFP), which is under
the control of the endogenous Foxp3 promoter and enhancer
elements on a C57BL/6 background, we evaluated the fre-
quency of this CD4þ T-cell subpopulation in the lungs from
animals receiving 40 mL of i.t. bleomycin (1 U/mL) as
compared to 40 mL of i.t. control (0.9% NaCl) delivered at
day 0. Whole lungs were harvested, minced, and pneumat-
ically strained into single-cell suspensions without digests to
preserve intact T-cell surface markers. Multiparameter flow
cytometry using lymphocytes as the parent population by
ajp.amjpathol.org - The American Journal of Pathology
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Figure 1 Increased frequency of CD4þCD25hiFoxp3þ cells from the lungs of Foxp3 enhanced green fluorescent protein (EGFP) transgenic mice challenged
with intratracheal (i.t.) bleomycin. Representative flow cytometry contour plots of whole lung single-cell suspension demonstrating the gating strategy used
to evaluate the frequency of CD4þCD25hiFoxp3þ cells 14 days after i.t. control (A) and i.t bleomycin (B). Box and whisker plots of the whole lung frequencies
of CD4þCD25hiFoxp3þ (C) and CD4þCD25þFoxp3� (D) cells. n Z 8 in each group. *P < 0.05. bleo, bleomycin; FSC, forward scatter; SSC, side scatter.

Tregs Exacerbate Pulmonary Fibrosis
forward scatter and side scatter, then CD45þ cells from
which we evaluated CD4þ lymphocytes for CD25 and
Foxp3 (Figure 1), demonstrated a marked increase in the
frequency of CD4þCD25hiFoxp3þ cells from the
bleomycin-challenged lungs as compared to control at day
14, the time period of maximal fibrosis (Figure 1, AeC).26

There was also an increase in the frequencies of
CD4þCD25þFoxp3� cells between the bleomycin- and
control-challenged lungs at day 14 (Figure 1D).

IL-2 Complex Expands CD4þCD25hiFoxp3þ Cells in the
Lungs of Naïve C57BL/6 Mice

Because Tregs have been shown to be protective in certain
forms of acute lung injury,19e21 we hypothesized that a
The American Journal of Pathology - ajp.amjpathol.org
further expansion of CD4þCD25hiFoxp3þ cells during the
bleomycin challenge could be protective against lung
fibrosis. Using a practical and clinically relevant approach,
we first determined if we could expand
CD4þCD25hiFoxp3þ cells in naïve C57BL/6 mouse lungs
by means of the IL-2 complex (5 mg mAb JES6-1 þ mouse
recombinant 1 mg IL-2) delivered i.p. 3 consecutive days
via the same strategy used by Webster and associates24,25 to
expand splenic Treg23 (Figure 2A). The control group
consisted of C57BL/6 mice receiving the equivalent volume
of i.p. 0.9% NaCl (200 mL) (Figure 2A). Harvested lungs
were minced and pneumatically strained into single-cell
suspensions and stained for flow cytometry. We found a
12.5-fold increase in the frequency of CD4þCD25hiFoxp3þ

cells from the mice receiving i.p. IL-2 complex, as
2011
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Figure 2 IL-2 complex delivered i.p. for 3 consecutive days leads to in vivo expansion of CD4þCD25hiFoxp3þ cells in the lungs and spleens of unchallenged
C57BL/6 naïve mice. A: Diagram of the experimental design showing 3 consecutive days of IL-2 complex as compared to control given i.p. with the lung and
spleen harvested for the frequency of CD4þCD25hiFoxp3þ cells. Representative contour plots from the lungs of mice that received 3 consecutive days of i.p.
control (B) and i.p. IL-2 complex (C). D: Column bar graph of the whole lung frequencies of CD4þCD25hiFoxp3þ cells from animals treated with i.p. control as
compared to IL-2 complex. E: Column bar graph of the whole lung frequencies of CD4þCD25hi Foxp3� cells from animals treated with i.p. control as compared
to IL-2 complex. F: Representative spleen sizes from i.p. control as compared to the IL-2 complex. Representative contour plots from the spleens of mice that
received 3 consecutive days of i.p. control (G) and i.p. IL-2 complex (H). I: Column bar graph of the whole spleen frequencies of CD4þCD25hiFoxp3þ cells from
animals treated with i.p. control as compared to IL-2 complex. n Z 3 in each group. ***P < 0.001.

Birjandi et al
compared to i.p. control (Figure 2, BeD). Conversely, we
did not find a significant increase in the frequency of
CD4þCD25þFoxp3� cells (Figure 2E). In addition, when
we harvested the spleens from mice receiving the IL-2
complex they were notably larger as compared to the
normal size spleens from mice receiving the appropriate
2012
control (Figure 2F). Furthermore, when these spleens were
processed in a similar manner as the lungs we found that
there was a 3.9-fold increase in the frequency of
CD4þCD25hiFoxp3þ cells from the mice receiving IL-2
complex, as compared to mice receiving the appropriate
control (Figure 2, H and I).
ajp.amjpathol.org - The American Journal of Pathology
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Figure 3 IL-2 complex augments bleomycin-induced pulmonary fibrosis. A: Strategy used to deliver i.p. short- and long-term IL-2 complex during
intratracheal (i.t.) bleomycin challenge. Ashcroft score (B) and percentage trichrome positive area (C). D: Sircol assay of total lung collagen from mice that
received i.t. bleomycin with i.p. short- and long-term IL-2 complex, as compared to i.p. controls. E: Representative hematoxylin and eosin stain of lungs from
mice receiving i.t. bleomycin with i.p. short- and long-term IL-2 complex as compared to i.p. control. n Z 8 in each group. *P < 0.05, ***P < 0.001. bleo,
bleomycin.

Tregs Exacerbate Pulmonary Fibrosis
IL-2 Complex Augments Collagen Deposition during
Bleomycin-Induced Pulmonary Fibrosis

Using the IL-2 complex we determined its effect on
bleomycin-induced pulmonary fibrosis. Three groups of
mice were examined: group 1, controls consisted of i.p.
control given on days -3, -2, -1 and i.t. bleomycin admin-
istered on day 0; group 2, short-term IL-2 complex con-
sisted of i.p. IL-2 complex given on days -3, -2, -1, and i.t.
bleomycin administered on day 0; group 3, long-term IL-2
complex consisted of i.p. IL-2 complex given every 3 days
The American Journal of Pathology - ajp.amjpathol.org
starting at day -3 till harvesting of the lungs and i.t. bleo-
mycin administered on day 0 (Figure 3A). Long-term
dosing was based on a recent report demonstrating that
expanded Treg may begin to decline after day 5 after
short-term IL-2 complex therapy and giving the IL-2 com-
plex every 3 days allows for persistent expansion of Treg.23

Lungs from each group were harvested for paraffin pro-
cessing, sectioning, and H&E staining for pathological
assessment using the Ashcroft pulmonary fibrosis lung
scoring system and Trichrome staining for collagen quan-
tification via image analysis at day 14. The control group
2013

http://ajp.amjpathol.org


Figure 4 IL-2 complex increases
CD4þCD25hiFoxp3þ cells during bleomycin-induced
pulmonary fibrosis. Representative contour plots
of whole lung single-cell suspensions for the fre-
quency of CD4þCD25hiFoxp3þ cells from intra-
tracheal (i.t.) bleomycin challenge in combination
with either i.p. control or i.p. long-term IL-2
complex at day 14. Box (A) and whisker plots of
the frequency of CD4þCD25hiFoxp3þ (B) and
CD4þCD25þFoxp3� (C) cells in whole lung single-
cell suspensions from i.t. bleomycin challenge
with i.p. long-term IL-2 complex as compared to
i.p. controls at day 14. n Z 8 in each group.
***P < 0.001.

Birjandi et al
(i.p. control and i.t. bleomycin) was found to have a mean
Ashcroft score of 3.2 (Figure 3, B and E). Unexpectedly, the
IL-2 complex groups treated either for short- or long-term
had markedly elevated Ashcroft scores (Figure 3, B and
E). However, there was no statistically significant difference
in Ashcroft scores between the IL-2 complex given short- or
long-term (Figure 3, B and E). Similar results were observed
in trichrome-stained tissue (Figure 3C). Confirmatory
studies using the Sircol assay (Figure 3D) that evaluates
total collagen content of harvested whole lungs were per-
formed using the experimental design as shown in
Figure 3A. The results of this independent experiment and
assay were consistent with the Ashcroft and trichrome
scores demonstrating that the i.p. IL-2 complex delivered to
mice short- or long-term significantly increased total
collagen in the lung, as compared to i.p. control treated mice
administered i.t. bleomycin (Figure 3D). In addition, we did
not find any statistically significant difference between the
total collagen in the lungs from the short- and long-term
IL-2 complex treated mice (Figure 3D). On the basis of
these unanticipated results, we evaluated the ability of the
IL-2 complex to augment CD4þCD25hiFoxp3þ cell fre-
quency during a bleomycin challenge. We chose the long-
term delivery of IL-2 based on it having the greatest effect
on lung fibrosis (Figure 3D). Flow cytometry performed on
whole lung single cell suspensions demonstrated a 4.3-fold
increase in the frequency of CD4þCD25hiFoxp3þ cells in
the i.p. IL-2 complex group, as compared to the i.p. control
group at day 14 after bleomycin challenge (Figure 4, A and
B). In addition, there was a 2.6-fold increase in the fre-
quency of CD4þCD25þFoxp3� cells in the i.p. IL-2
2014
complex group, as compared to the i.p. control group, at
day 14 after challenge with bleomycin (Figure 4, A and C).

IL-2 Complex Is Dependent on Lymphocytes to
Increase Pulmonary Fibrosis

Separate experiments were performed usingRag1�/�mice on a
C57BL/6 background as they are devoid of lymphocytes,
allowing for an evaluation of the role of the IL-2 complex on
bleomycin-induced lung fibrosis that is independent of lym-
phocytes. Rag1�/� mice were treated with i.p. long-term IL-2
complex as compared to i.p. control starting at day -3 and
administered bleomycin i.t. on day 0. Lungs were harvested for
histopathological assessment using the Ashcroft scoring sys-
tem and Trichrome staining to evaluate collagen content. We
found no difference in Ashcroft scores between the Rag1�/�

mice receiving i.t. bleomycin with or without the administra-
tion of IL-2 complex (Figure 5, A and C). This was further
supported from the analysis of trichrome-stained sections
(Figure 5B). Furthermore, the percentage positive trichrome
area was on average slightly higher in sections from IL-2
complex treated mice (Figure 3C and Figure 5B).

CD4þCD25hiFoxp3þ Cellular Delivery to Rag1�/� Mice
Receiving Bleomycin Causes Increased Mortality and
Pulmonary Fibrosis with Alterations of the
CD4þCD25hiFoxp3þ Phenotype

The above experiments demonstrate that during bleomycin
challenge the IL-2 complex therapy can augment pulmonary
fibrosis, and this is dependent on lymphocytes. However, to
ajp.amjpathol.org - The American Journal of Pathology
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Figure 5 IL-2 complex does not alter bleomycin-induced pulmonary
fibrosis in Rag1�/� mice. Ashcroft scores (A) and percentage positive
trichrome area from intratracheal (i.t.) bleomycin challenge (B) in
Rag1�/� mice with i.p. long-term IL-2 complex, as compared to i.p.
control. C: Representative hematoxylin and eosin stain of lungs from
Rag1�/� mice challenged with i.t. bleomycin that received i.p. long-
term IL-2 complex, as compared to i.p. control. n Z 8 in each group.
***P < 0.001.

Figure 6 Adoptive transfer of CD4þCD25hiFoxp3þ cells to Rag1�/� on a
C57BL/6 background before intratracheal (i.t.) bleomycin exacerbates
pulmonary fibrosis and increases mortality. A: Kaplan-Meier survival curves
for Rag1�/� mice receiving i.t. bleomycin with i.p. control versus i.p. 0.6
�106 CD4þCD25hiFoxp3þ cells sorted from naïve Foxp3 enhanced green
fluorescent protein transgenic mice on a C57BL/6 background. B: Ashcroft
scores from Rag1�/� mice receiving i.t. bleomycin with i.p. control versus
i.p. 0.6 � 106 CD4þCD25hiFoxp3þ cells at day 14. C: Representative he-
matoxylin and eosin stain of lungs from Rag1�/� mice challenged with i.t.
bleomycin that received i.p. control versus i.p. 0.6 � 106

CD4þCD25hiFoxp3þ cells at day 14. n Z 12 in each group. **P < 0.01.

Tregs Exacerbate Pulmonary Fibrosis
specifically segregate the role of CD4þCD25hiFoxp3þ cells
during bleomycin-induced fibrosis, we isolated CD4þ T cells
with magnetic beads from the spleens of Foxp3 EGFP
transgenic mice and then sorted on CD25hiGFPþ cells and
delivered them i.p. (0.6 � 106 cells), as compared to i.p.
The American Journal of Pathology - ajp.amjpathol.org
control (0.9% NaCl) to Rag1�/� mice 24 hours before the
administration of i.t. bleomycin. There was a higher mortality
rate in the mice that received CD4þCD25hiFoxp3þ cells as
compared to control mice as shown by the Kaplan-Meier
survival curve (P < 0.05) (Figure 6A). Furthermore, when
we harvested lungs from mice in both groups and performed
Ashcroft scoring the mice that received CD4þCD25hiFoxp3þ

cells had significantly higher scores (Figure 6, B and C).
2015
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Figure 7 CD4þCD25hiFoxp3þ cells adoptively transferred to Rag1�/� on a C57BL/6 background before intratracheal (i.t.) bleomycin causes alteration in
their frequency and cellular expression of CD25 and Foxp3 at day 5. A: Experimental design involving the i.p. adoptive transfer of CD4þCD25hiFoxp3þ cells at
day -1 to Rag1�/� mice with a day 0 challenge of either i.t. bleomycin or i.t. control. Representative flow cytometry contour plots of whole lung single-cell
suspensions demonstrating the gating strategy used to evaluate the frequency of CD4þCD25hiFoxp3þ cells at 5 days after i.t. bleomycin (B) and control (C). D:
Box and whisker plot of the whole lung frequencies of CD4þCD25hiFoxp3þ from i.t. control and bleomycin. Histogram and box and whisker plots of the
CD4þCD25þFoxp3þ cells demonstrating their expression of CD25 (E and G) and Foxp3 (F and H) after i.t. bleomycin as compared to control. n Z 8 in each
group. **P < 0.01, ***P < 0.001. bleo, bleomycin; FSC, forward scatter; SSC, side scatter.
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Interestingly, some studies suggest that Tregs have marked
plasticity, whereas others do not8; thus, we evaluated the
effects of i.t. bleomycin on CD4þCD25hiFoxp3þ cells. More
specifically, to isolate an ability to alter CD4þCD25hiFoxp3þ

cells we challenged Rag1�/� mice with i.t. bleomycin as
compared to i.t. control at day 0 after adoptive transfer of
0.6� 106 sorted CD4þCD25hiFoxp3þ cells from the spleens
2016
of Foxp3 EGFP transgenic mice delivered i.p. at day -1. On
the basis of our Kaplan-Meier curves demonstrating
increased mortality beginning between 5 and 10 days we
choose to evaluate alterations in CD4þCD25hiFoxp3þ cells
in the lungs at day 5 after i.t. challenge (Figure 7A). Using
undigested single-cell suspensions from the lungs we found a
2.2-fold reduction in the frequency of CD4þCD25hiFoxp3þ
ajp.amjpathol.org - The American Journal of Pathology
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Figure 8 IL-2 complex polarizes the lung toward a type 2 immune response during bleomycin-induced pulmonary fibrosis. Quantitative PCR
performed on day 14 whole lungs from C57BL/6 mice challenged with intratracheal (i.t.) bleomycin and given i.p. IL-2 complex long-term as compared
to i.p. control demonstrate: no change in the type 1 immune response cytokine IL-12p35 (A); no change in the type 2 immune response cytokine IL-5
(B); marked reduction in type 1 immune response cytokine IL-18 (C); dramatic increase in the type 2 immune response cytokines IL-4 (D) and IL-13 (E);
no change in the profibrotic cytokine transforming growth factor (TGF)-b (F); reduction in the profibrotic growth factor IL-10 (G); no change in the
Treg-associated cytokine platelet-derived growth factor (PDGF)-B (H); no change in connective tissue growth factor (CTGF; I); no change in the in-
flammatory cytokines IL-1a (J) and tumor necrosis factor (TNF)-a (K); no change in the inflammatory/fibrotic growth factor fibroblast growth factor
(FGF)-9 (L); no change in the type 17 immune response cytokines IL-17f (M) and IL-12p40 (N). n Z 8 in each group. *P < 0.05, **P < 0.01, and
***P < 0.001.

Tregs Exacerbate Pulmonary Fibrosis
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cells from the bleomycin, as compared to control challenge
(Figure 7, BeD). More important, when we focused on the
CD4þCD25þFoxp3þ cells, there was dramatic reduction in
the cells surface expression of CD25 as well as expression of
Foxp3 from the i.t. bleomycin challenge group as compared
to the i.t. control group (Figure 7, EeH).
IL-2 Complex during a Bleomycin Challenge Leads to
an Immune Deviation of the Lung toward a Type 2
Immune Response

On the basis of the CD4þCD25hiFoxp3þ cells demon-
strating an ability to be altered during a bleomycin chal-
lenge, we wanted to determine whether this was associated
with immune response polarization (eg, type 1, type 2, type
17, or profibrotic immune responses) during the IL-2 com-
plex delivery. Whole lung mRNA expression by quantita-
tive PCR was evaluated after bleomycin challenge with or
without the long-term IL-2 complex. Expression of type 1
(IL-12p35 and IL-18) as well as type 2 (IL4, IL-5, and IL13)
immune response cytokines at day 14 demonstrated no
difference with regard to IL-12p35 and IL-5 (Figure 8, A
and B), but a dramatic down-regulation of IL-18 (Figure 8C)
and augmentation of IL-4 and IL-13 (Figure 8, D and E).

We also explored other pathways of fibrosis in our
bleomycin model with or without long-term IL-2 complex.
Notably, whole lung mRNA expression by quantitative PCR
did not demonstrate any difference in TGF-b or IL-10;
however, there was a reduction in the expression of PDGF-b
and CTGF (Figure 8, FeI). In addition, we did not find
differences in lung mRNA expression of IL-1a, TNF-a,
FGF-9, IL-17f, and IL-12p40 from mice that did and did not
receive the IL-2 complex (Figure 8, JeN).

Discussion

Contemporary strategies used to treat diabetes, GVHD, and
vasculitides with Tregs have raised the possibility that they
may limit or even reverse pulmonary fibrosis.10,11,30 We
tested this hypothesis in a preclinical animal model of
bleomycin-induced pulmonary fibrosis. Characterization
of the model with regard to the frequency of
CD4þCD25hiFoxp3þ cells in the lungs demonstrated an
increase that paralleled pulmonary fibrosis (Figure 1C),
which would be consistent with some, but not all, human
studies involving pulmonary fibrosis.17,18,29 On the basis of
the strong evidence for the protective effects of Tregs during
injurious events,19e21,23e25 these data would insinuate that
the increased frequency of CD4þCD25hiFoxp3þcells in the
lungs from mice that received bleomycin is a protective
mechanism that may be overcome by a severe injury that
ultimately results in fibrosis. However, an ability to further
augment the frequency of CD4þCD25hiFoxp3þ cells in the
lung may lead to an opportunity to attenuate bleomycin-
induced pulmonary fibrosis.
2018
The in vivo expansion of Tregs is considered to be a su-
perior therapeutic intervention than ex vivo expansion.22,24

One in vivo expansion approach would be stimulating the
immune system with superagonistic mAb to CD28, which
inhibited crescentic glomerulonephritis in a rodent model.31

Unfortunately, its use via TGN1412 led to life-threatening
systemic organ failure in human trials.31,32 An alternative
approach involves low-dose IL-2, which has recently been
demonstrated to be beneficial in alleviating chronic hepatitis
Cemediated vasculitis and chronic GVHD in humans.10,11

IL-2 acts on cells expressing the high-affinity trimeric IL-2R
and to a degree on the low-affinity dimeric IL-2R.33,34 CD25
(IL-2Ra) is the third chain of the trimeric IL-2R,whichdoesnot
appear to participate in signaling, but functions to increase the
affinity of the IL-2R for its ligand by 10- to 100-fold (Kd
approximately 10�11 mol/L).33,34 Unlike other T-cell subsets,
Tregs constitutively express high levels of CD25 and are easily
expanded using continuous low levels of IL-2. Problemati-
cally, studies have shown that unbound IL-2 given by i.v., s.c.,
or i.p. injections has a short half-life that is within minutes.33,34

However, this problem can be overcome by the injection of
IL-2 in complex with the neutralizing IL-2especific mono-
clonal antibody JES6-1A12 (JES6-1).33,34 JES6-1 binds to a
specific site of IL-2 that inhibits its interaction with the dimeric
IL-2R yet allows for IL-2 to interact with CD25 causing the
selective expansion of peripheral Treg with a half-life of >48
hours.33,34 Therefore, JES6-1 focuses the activity of IL-2
selectively on CD25hi cells and has virtually no effect on
CD25� cells with multiple studies demonstrating a specific
expansion of CD4þCD25hiFoxp3þ cells.25,33,34 However, we
cannot entirely rule out the possibility that other cells may in-
crease their expression of CD25 enough during a bleomycin
challenge and interact with the IL-2 complex.
We found the IL-2 complex markedly augments

CD4þCD25hiFoxp3þ cells in the lungs and spleens of mice
with or without bleomycin challenge (Figure 2, BeI).
Although the lung results, to our knowledge, have never been
shown, the increased frequency of CD4þCD25hiFoxp3þ

cells in the spleen of naïve mice is similar to that found by
Webster and associates24,25 and others.23 Overall, this dem-
onstrates the IL-2 complex is an effective way to expand the
frequency of CD4þCD25hiFoxp3þ cells in the lung of mice
that can be easily translated to humans.
Consistently, using multiple short- and long-term dosing

regimens, the IL-2 complex augments collagen deposition
during bleomycin challenges (Figure 3, BeE). These results
were unanticipated on the basis of multiple studies
demonstrating this same IL-2 complex via the in vivo
expansion of Tregs has tremendous protection in mice with
regard to adriamycin nephropathy, experimental allergic
encephalitis, and islet cell transplantation rejection.24,25

What makes these results even more surprising is the
converse results found in other forms of lung injury.21 More
specifically, in a lipopolysaccharide-induced lung injury
model, it was noted that the adoptive transfer of Tregs leads
to improved resolution of lung disease.21
ajp.amjpathol.org - The American Journal of Pathology
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Exploring the mechanism involved in the increased
fibrosis from the IL-2 complex, we performed the bleomy-
cin model in Rag1�/� mice with our without long-term IL-2
complex and found no difference in pulmonary fibrosis
(Figure 5, A and B). More important, bleomycin-challenged
Rag1�/� mice given IL-2 complex therapy have lower
percentage trichrome scores as compared to wild-type mice
given IL-2 complex therapy. Collectively, this established
that the IL-2 complex was predominately working via a
lymphocyte-dependent pathway and supports a role for the
ability of lymphocytes to exacerbate bleomycin-induced
pulmonary fibrosis. The ability of lymphocytes to exacer-
bate lung fibrosis is a novel finding and is in contrast to
other studies, suggesting there is no physiological conse-
quence of inflammation during pulmonary fibrosis.5e7

Interestingly, although the IL-2 complex increased the
frequency of CD4þCD25hiFoxp3þ cells during the bleomycin
challenge (Figure 4C), it was not to the samemagnitude as that
seen in the unchallenged mice (Figure 2C). These findings
suggest that a hostile environment generated by a bleomycin
challenge may lead to instability of the CD4þCD25hiFoxp3þ

cells and this is associated with the development of worsening
lung disease. More important, we found that
CD4þCD25hiFoxp3þ cellular delivery during a bleomycin
challenge results in phenotypic changes as demonstrated by a
dramatic down-regulation in the cellular expression of CD25
and Foxp3 (Figure 7, BeH). These findings demonstrate
CD4þCD25hiFoxp3þ cellular instability during bleomycin
challenge and are supported by a study by Zhou et al35

describing that Tregs down-regulate CD25 and Foxp3 dur-
ing autoimmune-induced end organ damage.

These alterations can be involved in an increased early
acute lung injury as indicated by the increased mortality that
began day 5 after bleomycin challenge as well as the
augmented fibrosis at day 14. We suspect the plasticity of
the CD4þCD25hiFoxp3þ cells associated with more injury
is likely the reason we find more fibrosis, whereas previous
studies using Treg cellular based therapy in less robust in-
flammatory/fibroproliferative models of acute lung injury
demonstrated protection.21 This is reminiscent of other
studies that expanded Tregs by the same IL-2 complex and
found protection in a minimally alloreactive murine
heterotopic islet cell transplant model, yet was not in a
highly alloreactive/fibroproliferative vascularized murine
cardiac transplantation model.25 Collectively, these and our
studies suggest that hostile environments can alter
CD4þCD25hiFoxp3þ cells into a damaging rather than
protective phenotype.

On the basis of prior studies suggesting that Tregs can
alter the production of lung PDGF-b, CTGF, TGF-b,20 IL-
1a, TNF-a, FGF-9, as well as the Th17 pathways36,37

during injury and fibrosis, we evaluated the bleomycin-
challenged lungs for immune deviation because of the IL-
2 complex and the alterations of the CD4þCD25hiFoxp3þ

cellular phenotype. Although we did not find any significant
changes in TGF-b, IL-1a, TNF-a, and FGF-9 expression
The American Journal of Pathology - ajp.amjpathol.org
patterns (Figure 8, F and JeL), there was a reduction in
PDGF-b and CTGF (Figure 8, H and I) with the IL-2
complex. Notably, the Treg-associated cytokine IL-10,
normally elevated with respect to Treg cells, showed no
differences between groups (Figure 8G). More important,
the IL-2 complex led to a tremendous down-regulation of
type 1 with a concomitant up-regulation of type 2 immune
responses, which is consistent with ours and other in-
vestigators’ previous studies demonstrating that type 2
polarization induces fibroplasia.26,27

In conclusion, this study reveals novel findings with regard
to the pathogenesis and exacerbations of pulmonary fibrosis.
IL-2 complex has profibrotic effects that are, in part,
lymphocyte dependent. In addition, the IL-2 complex
increased the frequency of CD4þCD25hiFoxp3þ cells during
bleomycin challenge. However, the environment induced by
bleomycin has altering effects on the CD4þCD25hiFoxp3þ

cells. Ultimately, this leads to immune deviation that is
dominated by type 2 immune responses within the lung,
which is associated with heightened pulmonary fibroplasia.
More important, bleomycin has a modifying and profibrotic
effect on the CD4þCD25hiFoxp3þ cells that was corrobo-
rated via adoptive transfer experiments in Rag1�/� mice.
This suggests that a therapeutic strategy of expanding
CD4þCD25hiFoxp3þ in humans may be detrimental via the
augmentation of type 2 immune responses in patients
with IPF and other fibroproliferative lung diseases. Further-
more, our findings collectively with others13,14 support the
importance of inflammation and more specifically a sub-
population of lymphocytes contributing to the exacerbation
of pulmonary fibrosis via diverse and different profibrotic
mediators.
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