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Abstract

Type 2 effector production of IL-13, a demonstrated requirement in models of fibrosis, is routinely
ascribed to CD4* Th2 cells. We now demonstrate a major role for CD8* T cells in a murine model
of sterile lung injury. These pulmonary CD8* T cells differentiate into IL-13-producing Tc2 and
play a major role in a bleomycin-induced model of fibrosis. Differentiation of these Tc2 cells in
the lung requires IL-21, and bleomycin treated IL-21- and IL-21R-deficient mice develop
inflammation but not fibrosis. Moreover, IL-21R-expressing CD8* cells are sufficient to
reconstitute the fibrotic response in the IL-21R-deficient mice. We further show that the
combination of IL-4 and IL-21 skews naive CD8" T cells to produce IL-21, which in turn acts in
an autocrine manner to support robust 1L-13 production. Our data reveal a novel pathway involved
in the onset and regulation of pulmonary fibrosis, and identify Tc2 cells as key mediators of
fibrogenesis.

INTRODUCTION

Fibrosis, defined as the excess production and accumulation of extracellular matrix
components, is the final common pathway of many chronic inflammatory conditions (1, 2).
Despite the prevalence of fibrosis as both a primary disease and a consequence of common
chronic diseases such as asthma, sarcoidosis, and heart failure, there are currently extremely
limited FDA-approved treatments that specifically target fibrogenesis (3). Idiopathic
pulmonary fibrosis (IPF)3 can be a rapidly progressive disease with a poor prognosis and
minimal therapeutic options. Fibrotic interstitial lung disease also occurs in autoimmune
diseases such as systemic sclerosis (SSc) and rheumatoid arthritis (1-5). In these diseases,
cells that are beneficial during normal tissue repair, including macrophages, T cells, and

1Address Correspondence: Ann Marshak-Rothstein, ann.rothstein@umassmed.edu, Phone: 508-856-8089, FAX: 508-856-7883.

3Abbreviations used: a-smAc, a-smooth muscle actin; BALF, bronchoalveolar lavage fluid; Bleo, bleomycin; IPF, Idiopathic
pulmonary fibrosis; i.t., intratracheally; LDLN, lung draining lymph nodes; SSc, systemic sclerosis; Tc2, CD8" type 2



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Brodeur et al.

Page 2

fibroblasts, drive an excessive tissue repair response, leading to fibrosis and eventual organ
dysfunction (1, 2, 4).

Activation of fibroblasts by TGF-f and consequent collagen production is crucial for both
wound healing and fibrosis. Additionally, Th2 cell-derived IL-4 and IL-13 are integral
components of the wound healing response due to the ability of these cytokines to activate
fibroblasts (1, 4). IL-13 is also a potent stimulus for macrophage production of TGF- and
can drive lung fibrosis in the absence of other lung injury (6). Th2-associated cytokines
become aberrantly upregulated in fibrosis, and CD4+ T cells have been implicated in murine
models of SSc (7, 8) and pulmonary fibrosis (9, 10).

Development of murine pulmonary fibrosis following bleomycin treatment, a sterile lung
injury model, requires 1L-13 (11-13) especially late in the response (10). Asthma, which is
often accompanied by subepithelial fibrosis, has largely been considered a Th2-driven
IL-13-dependent disease, (14, 15), however, a role for CD8+ T cells has been described (14,
16, 17). Fibrosis associated with schistosomiasis also requires 1L-13 production, and CD4*
T cells have been identified as the main producers of IL-13 in these systems (1). It has
therefore been presumed that CD4* T cells are the major source of IL-13 in sterile fibrosis.

Elevated numbers of IL-17 producing Th17 cells have also been implicated in models of
fibrosis (10, 18). Th17 cells secrete IL-21, a highly pleiotropic cytokine, which, in
combination with other cytokines, amplifies the function of both CD4*, and CD8* T cells
(19, 20). Interestingly, IL-21 has been implicated in the induction of both Th17 (21) and Th2
cells (9, 22), and as such, could provide a bridge for the progression from a Th17 to a Th2
response in the fibrosing lung. Furthermore, in human fibrotic lung samples, expression of
IL-21 receptor (IL-21R) has been detected in lymphocytic infiltrates, suggesting that IL-21
responsive lymphocytes may be involved in lung fibrosis (23, 24). In mice, IL-21R
deficiency attenuated collagen deposition in the liver caused by parasitic infection (9).
Taken together, these data implicate IL-21 as potentially deleterious in pulmonary fibrosis.
We now show that 1L-21 plays a critical role in the fibrotic response associated with a
bleomycin model of lung injury. Unexpectedly, we also found that IL-21 drives the
activation and expansion of a novel population of 1L-13 producing Tc2 cells, which then
serve as a critical link between inflammation and fibrosis.

MATERIALS AND METHODS

Mouse Strains

BALB/c and C57BL/6 mice were purchased from the Jackson Laboratory. IL-21R knockout
mice originally made by Warren Leonard (25) were provided by Oliver Dienz (University of
Vermont) and IL-21 knockout mice were obtained from Lexicon-Mutant Mouse Regional
Resource Centers. Both IL-21R knockout and IL-21 knockout mice were backcrossed to
C57BL/6J for >10 generations. The IL-21 reporter line IL-21-mKat has also been described
(26). All mouse experiments were approved by the Institutional Animal Care and Use
Committee at UMMS.
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Lung treatments

12-16 week old mice were anesthetized by isoflurane inhalation. 50yl of sterile bleomycin
sulfate (Sigma), 0.05U/mouse (low dose) or 0.15U/mouse (high dose), recombinant mouse
IL-21 (R&D Systems) 1pg/mouse, or PBS were instilled into the lungs of mice by
oropharyngeal aspiration (27). For experiments where mice of different genotypes were
compared, the mice were age-matched within 2 wk difference in date of birth.

Lung and lymph node tissue harvesting

Mice were sacrificed by cervical dislocation and immediate removal of the diaphragm.
Lungs were perfused with PBS through the right ventricle to remove blood. Bronchoalveolar
lavage fluid (BALF) was collected with three flushes of 0.5ml PBS. LDLNSs were dissected
and dissociated in Hank's buffered saline solution (HBSS) using frosted glass slides. The
right bronchus was sutured and the right and postcaval lobes were removed and placed in
HBSS, minced, and forced through a 100um nylon mesh filter to generate a single-cell
suspension. The left lobe was inflated with 10% neutral buffered formalin, the left bronchus
was sutured, and the left lobe was then removed and submerged in 10% buffered formalin at
room temperature until processed for paraffin embedding (>24 hours).

Collagen Measurement

The entire left lobe was minced into fine pieces and placed in 2 ml of a solution of acetic
acid (Sigma, 0.5M) and pepsin. After 24-48 hours, the solution was spun at 4C for 20
minutes, and these lung extracts were frozen until collagen concentration assay. Sircol
(Biocolor, Belfast, UK) or Sirius Red Total Collagen Detection kit (Chondrex) were used
according to the manufacturers instructions with similar results.

Histopathology and immunohistochemistry

Formalin fixed, paraffin embedded lung tissue was sectioned into 5 um sections and stained
by hematoxylin and eosin or Masson's trichrome stain. Immunohistochemistry for a-smooth
muscle actin (Santa Cruz Biotechnology, clone 1A4, 1:500 dilution) was performed without
antigen retrieval, goat anti-mouse 1gG2a-HRP (Santa Cruz Biotechnology, 1:500 dilution)
was used as a secondary antibody, with diaminobenzene (DAB; Vector Laboratories) as a
substrate. Mayer's hematoxylin was used as a counterstain for immunohistochemistry.
Before sectioning and staining, tissue blocks were coded, and the pictures were taken
blinded. For H&E and trichrome staining, images were acquired randomly. For a-smooth
muscle actin staining, areas of focal consolidation were chosen for image acquisition (also
blinded) to identify areas of inflammation and/or fibrosis.

Flow cytometry

Single cell suspensions were surface or intracellular stained with combinations the following
antibodies: 1L-21R-biotin, CD3-PE-Cy7, -biotin (clone 145-2C11), CD4-efluor450, -APC
(clone RM4-5), CD8-FITC, -APC, -PE-Cy7 (clone 53-6.7), CD25-PerCP-Cy5.5 (clone
PC61.5), CD69-efluor4d50, - PerCP-Cy5.5, IL-21-APC (cloneFFA21), IL-13-PE (clone
eBiol13A), IL-17APerCP-Cy5.5 (clone eBiol7B7), Foxp3-PE (clone FIK-16s) all from
eBioscience. Strepavidin-PerCP was from BD Biosciences. For Foxp3 staining, cells were
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fixed and permeabilized using the Foxp3 Transcription Factor staining buffer kit
(eBioscience) according to the manufacturers instructions. For intracellular cytokine
staining, single-cell suspensions were stimulated ex-vivo with plate-bound anti-CD3
(BioLegend, 5 pg/ml) or PMA (Sigma, 100ng/ml) plus ionomycin (Sigma, 1pg/ml) in
complete RPMI for 2 hours at 37°C. GolgiStop (BD Biosciences, 1:100) was added and
cultures were incubated for an additional 2-3 hours at 37°C. Cells were stained with Fixable
Viability Dye efluor 780 (eBioscience) per manufacturer instructions. Cells were then
surface stained and intracellular cytokine staining was performed using CytoFix/CytoPerm
and PermWash (BD Biosciences) per manufacturer protocol.

Cytokine measurements

LDLN or BAL single-cell suspensions (200,000-400,000 cells/well) were seeded onto anti-
CD3 (BioLegend; 5ug/ml) coated plates in RPMI. Supernatants were collected at 24 hours
and analyzed by ELISA for IL-13 (BD Biosciences), IL-21 (eBioscience), IFN-y (BD
Biosciences), and IL-17A (eBioscience). Mouse/Rat/Porcine/Canine TGF-beta 1 Quantikine
ELISA Kit (R&D Systems) was used to perform ELISA on cell-free BAL supernatant
without the acid treatment step to activate latent TGF-3, but otherwise performed using
manufacturers instructions.

In vitro T cell differentiation

CDS8™ T cells were purified from spleen cell suspensions by positive selection (BD iMag
CD8a beads). Cells were stimulated with plate bound anti-CD3 (2 ug/ml) and soluble anti-
CD28 (BioLegend, 2 pg/ml) with or without recombinant mouse IL-4 (BD Biosciences, 10
ng/ml), recombinant human IL-2 (BD Biosciences, 50 ng/ml), recombinant mouse IL-21
(R&D Systems, 50 ng/ml), or recombinant human TGF-f (Peprotech, 5 ng/ml). Anti-CD25
antibody was purified from PC61 hybridoma supernatant (a gift from Dr. M. Shlomchik,
University of Pittsburgh) and used at a concentration of 20 ug/ml. Cells were split on day 2
and then as needed. On day 4 or 5, T cells were re-stimulated with anti-CD3 for intracellular
cytokine staining or re-stimulated to harvest supernatants for ELISA after 24 hours.

Statistical methods

RESULTS

Data analysis was performed using Prism 6 (GraphPad) software. p values were calculated
using unpaired two-tailed Student's t test. p values < 0.05 were considered not significant.

IL-21R signaling drives fibrosis but is dispensable for inflammation after sterile lung injury

To determine whether IL-21 plays a role in a sterile lung injury model of fibrosis, we
compared the effects of intratracheal (i.t.) instillation of bleomycin in wild type C57BL/6
(B6) mice and IL-21 receptor deficient (1121r—/—) B6 mice. We found a striking attenuation
in peribronchiolar fibrosis in the 1121r—/— mice at day 14 after bleomycin injury, as detected
by Masson's trichrome staining (Figure 1A). Quantification of collagen concentration in
lung extracts at 14 days by a colorimetric collagen binding assay further confirmed that both
1121r—/— and IL-21-deficient (1121—/=) mice had significantly decreased collagen
deposition in the lung compared to bleomycin-treated B6 mice (Figure 1B). Moreover, a-
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smooth muscle actin (a-smAc), a protein expressed by collagen-producing myofibroblasts,
was readily detected in the bleomycin injected B6 mice but almost completely absent from
the 1121r—/— mice (Figure 1C). In accordance with a previous report using IL-21 reporter
mice(28), we found that a small population of CD4* T cells harvested from B6 mice
constitutively expressed I1L-21. 1L-21 expressing CD4* T cells had a roughly 7-fold higher
CD62L*CD44* surface phenotype relative to the total CD4* population. To determine
whether airway T cells produced increased levels of 1L-21 following bleomycin treatment,
we cultured BAL cells with anti-CD3 and assayed supernatants for 1L-21 by ELISA. We
found that BAL from bleomycin treated mice produced more 1L-21 than PBS-treated
controls (Supplemental Figure 1). TGF-B has been shown to be an integral part of
fibrogenesis (6, 11), although 1L-13-dependent, TGF-B-independent fibrosis has been
described (29). We found that TGF-f increased in both B6 and 1121r—/— mice in response to
bleomycin (Supplemental Figure 2).

Since IL-21R deficiency led to such dramatic effects on bleomycin induced fibrosis, we next
asked whether IL-21 by itself could elicit fibrosis. Strikingly, 1L-21-treated mice showed
evidence of inflammation and fibrosis 10 days later as detected histologically by H&E and
trichrome stains (Figure 1D) and by the quantitative collagen assay (Figure 1E). Collagen
deposition elicited by rlL-21 instillation was comparable to bleomycin instillation and
riL-17A, which has been previously shown to drive fibrosis (10). Thus, IL-21 is
indispensible for bleomycin-induced lung fibrosis, and transient local increases in 1L-21 can
drive lung fibrosis.

To determine whether IL-21 deficiency led to decreased inflammation and therefore
attenuated fibrosis, we assessed the extent of inflammation in the bleomycin treated mice,
both by histology and by enumerating lung-infiltrating cells. Unexpectedly hematoxylin and
eosin (H&E) staining indicated a similar extent of mononuclear cell infiltration in the B6
and 1121r~~ mice (Figure 2A). In addition, comparably increased numbers of mononuclear
cells were recovered from the bronchoalveolar lavage fluid (BALF) of the bleomycin treated
B6 and 1121r—/— mice compared to PBS-treated control mice, and the total number of lung
draining (mediastinal) lymph nodes (LDLN) was tended to be slightly lower in the
bleomycin treated 1121r—/— mice compared to bleomycin treated B6 mice (Figure 2B).
Together, these results identify 1L-21 signaling as a critical event in the transition between
but was not statistically different inflammation and fibrosis.

CD8* T cell recruitment is impaired in 1121r-/- mice after sterile lung injury

The pathogenicity of T cells in bleomycin-induced fibrosis has been disputed (30), however,
T cell depletion has been shown to attenuate fibrosis (31), and T cells produce pathogenic
cytokines in this system (10, 18). Thus, we wanted to determine whether decreased T cell
recruitment or activation was responsible for attenuated pulmonary fibrosis in 1121r—/—
mice. At day 14 post-bleomycin injury, we stained single-cell suspensions of lymphocytes
harvested from LDLN for T cell surface markers and markers of activation. 1121r—/— mice
had roughly half (an average of 48% less than B6) the number of CD8* T cells in the LDLN
compared to B6 mice after bleomycin injury (Figure 3A). The total average number of CD4*
T cells was decreased by only 30% in 1121r—/— mice compared to B6 controls after
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bleomycin treatment. Furthermore, surface staining of the activation marker CD69 on both
CD4" and CD8™ T cells was comparable between bleomycin-treated B6 and 1121r—/— mice
(Figure 3B). CD4* CD25* Foxp3* regulatory T cells (Tregs) can dampen inflammation,
including T cell responses (32, 33). However, the frequency of Tregs in LDLN of 1121r—/—
mice was not increased compared to B6 mice, and actually tended to be lower than B6 mice,
suggesting that Tregs are not likely to be responsible for decreased CD8" proliferation or
recruitment (Figure 3C). These data show that IL-21 is a key factor in maximizing the CD8*
T cell response during lung fibrogenesis, and has a lesser effect on the CD4* T cell
response.

Protection from fibrosis in lI121r-/- mice is associated with a decrease in IL-13, but not
IL-17A, production by T cells

IL-21 is a reported amplifier of both Th17 and Th2 responses (21, 22). To investigate the
role of IL-21 within a microenvironment that favors the differentiation of both in pro-
fibrotic Th2 and Th17 responses, we analyzed LDLN T cells for cytokine production. At
day 14 following bleomycin injury, LDLN cells obtained from PBS and bleomycin treated
mice were stimulated in vitro with plate-bound anti-CD3 for 24-48 hours and supernatants
were then analyzed by ELISA for IL-17A, as a readout of Th17 cells, and IL-13, as a
readout for Th2 cells. T cells from the bleomycin treated B6 and 1121r—/— mice made
comparable amounts of IL-17A (Figure 4A). However, T cells from bleomycin treated 1121r
—/— mice secreted three-fold less I1L-13 than those from bleomycin treated B6 mice (Figure
4B). To determine whether IL-13was being produced by airway lymphocytes, we treated B6
and 1121—/— (cytokine deficient, receptor sufficient) mice with PBS or bleomycin and
harvested BAL cells at day 14. ELISA of supernatants from BAL cells cultured with plate
bound anti-CD3 showed that IL-13 production by T cells was increased in mice bleomycin-
treated B6 mice compared to controls, albeit at lower levels than LDLN cultures (Figure
4C). Cells that were cultured without anti-CD3 did not produce IL-13, indicating that T cells
were producing the IL-13 in these cultures (data not shown). Similar to IL-21R-deficient
LDLN, IL-21-deficient BAL cells produced less IL-13 in response to bleomycin (Figure
4C).

In other models of fibrosis, CD4* Th2 cells were found to be the major source of IL-13 (1,
4, 9), but since we had found CD8* T cell numbers to be most affected in the IL-21R-
deficient mice, we decided to assess the subset distribution of the IL-13-producing cells in
the bleomycin mice. Surprisingly, as enumerated by intracellular cytokine staining (ICS) of
CD4* and CD8* T cells from LDLN, many of the IL-13 producing cells were CD8" cells. In
addition, the 1121r—/— mice had a significantly lower frequency of these cells (Figure 4D-E).
The decreased frequency of 1L-13-producing CD8* T cells in the 1121—/— mice, taken
together with the decreased total number of CD8* T cells (Figure 3A) resulted in strikingly
fewer 1L-13-producing CD8* T cells overall. These data indicate that bleomycin-induced
CD8™* T cell differentiation into pro-fibrotic, type 2 effectors is highly dependent on IL-21.
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The combination of IL-4 and IL-21 efficiently promotes the in vitro differentiation of CD8* T
cellsinto Tc2 cells

To better understand how IL-21 promotes IL-13 production by CD8* T cells in the injured
lung, we decided to evaluate the importance of 1L-21 and other cytokines in the in vitro
generation of Tc2 cells. It has previously been reported that Tc2 cells require IL-2 and IL-4
for differentiation (34, 35). However, IL-2 is not strongly upregulated in the lungs in
response to bleomycin injury (36). Therefore, we sought to determine whether 1L-21 was
sufficient for Tc2 differentiation in vitro as determined by IL-13 production. We activated
purified CD8* T cells and assessed the ability of IL-21 to support their capacity to produce
IL-13 in conjunction with IL-4, with or without IL-2. We found that IL-21 could supplant
IL-2 in Tc2 differentiation (Figure 5A and 5B). Remarkably, blockade of the high-affinity
IL-2 receptor, CD25, enhanced IL-13 production almost two-fold at the expense of IFN-y
production (Figure 5B and C), suggesting that upon activation, high-affinity IL-2 signaling
does not drive CD8* T cells into Tcl and Tc2 differentiation pathways evenhandedly, but
rather inhibits Tc2 differentiation.

TGF-B has both potent pro-fibrotic and anti-inflammatory functions. To understand how
these roles affected Tc2 differentiation, we also skewed Tc2 cells in the presence of TGF-f.
As expected, TGF-f limited proliferation of CD8" T cell cultures (data not shown).
However, the TGF-f treated CD8* T cells did produce IFN-vy, but not IL-13 (Figure 5B and
C). Additionally, we found that TGF- in conjunction with IL-4 decreased the level of
IL-21R expression (Figure 5D), thereby downregulating CD8* T cell responsiveness to
IL-21. This effect was not induced by either TGF- or IL-4 alone. This finding suggests that
while TGF-p has indispensable profibrotic effects on stromal cells such as fibroblasts, it
negatively regulates pro-fibrotic CD8* T cells. Taken together, these data indicate that IL-21
can supplant IL-2 to promote Tc2 differentiation during fibrogenesis, and that high affinity
IL-2R signaling and TGF-f counter-regulate the effects of IL-21 signaling.

Tc2 cells self-prime with IL-21

Since Th17 cells can be amplified by autocrine and/or paracrine IL-21 during differentiation
(37), we hypothesized that autocrine 1L-21 would amplify Tc2 differentiation. Using an in
vitro activation system, we skewed wild type and IL-21-deficient purified CD8" T cells
using IL-2 or IL-21 with or without IL-4, and after the cells had reverted to a resting
phenotype and been washed free of any residual cytokine, they were re-stimulated with
plate-bound anti-CD3. Cytokine production was initially quantified by ELISA. Intriguingly,
only IL-21/1L-4, but not IL-2/1L-4 or IL-21 alone, generated CD8" effectors capable of
copious IL-21 secretion upon re-stimulation (without the addition of exogenous cytokines)
as measured by ELISA. The IL-21 detected is highly unlikely to have been “carried over”
from the primary stimulation, since IL-21 was detected in only IL-21+IL-14 and not cultures
that had been supplemented with IL-21 alone (Figure 6A). Activation of CD8+ T cells
obtained from an IL-21 reporter mouse line confirmed the results of the ELISA (Figure 6B).
Moreover, in accordance with our hypothesis, there was a striking difference in 1L-13
production by IL-21-deficient and I1L-21 sufficient Tc2 cultures. IL-21-deficient CD8* T
cells did not secrete 1L-13 when treated with IL-21 and IL-4, but wild type B6 CD8" T cells
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secreted high levels of IL-13 (Figure 6C). Therefore, paracrine I1L-21 drives CD8" T cell
secretion of IL-21, which in turn promotes IL-13 production through an autocrine pathway.

IL-21R-sufficient CD8" T cells restore fibrotic phenotype of IL-21R-deficient mice

The impact of 1L-21-deficiency on CD8* T cell number and function, pointed to the
possibility that IL-21-responsive CD8" T cells are required for bleomycin-induced lung
fibrosis. To test this hypothesis, purified splenic B6 CD4* and CD8" T cells from untreated
mice were adoptively transferred into both B6 and 1121r—/— mice and the recipients were
subsequently treated with bleomycin. Remarkably, injection of B6 CD8* but not CD4+ T
cells “rescued” 1L-13 production by LDLN T cells from bleomycin treated 1121r—/—
recipients, but had little effect on the 1L-13 response of B6 recipients (Figure 7A).
Moreover, adoptively transferred I1L-21R-sufficient CD8* T cells into 1121r—/— mice, but
not B6 mice, led to a significant increase in collagen concentration in lung extracts after
bleomycin treatment, while adoptive transfer of 1L-21R-sufficient CD4" T cells had a
negligible effect (Figure 7B). Restoration of fibrosis and fibroblast activation by IL-21R-
sufficient CD8* T cells was also confirmed histologically by immunohistochemical staining
for collagen and a-smAc Figure 7C). Thus, IL-21 responsive CD8" T cells are necessary
and sufficient for reconstituting the fibrotic phenotype following lung injury in 121r—/—
mice.

DISCUSSION

Fibrosis is a frequent outcome of chronic inflammation, but despite extensive investigation,
the pathways responsible for the transition from inflammation to fibrosis remain
incompletely understood. Over-exuberant type 2 responses characterized by high levels of
IL-4 and IL-13 are often linked to fibrogenesis, however, the initiating signals for such
responses are not clear. Through the analysis of IL-21R-deficient mice, we have now shown
that lung fibrosis and optimal IL-13 production in response to bleomycin lung injury is
dependent on IL-21R signaling, thus identifying IL-21 as a potential therapeutic target for
fibrotic diseases. Previous work showed that bleomycin induced lung fibrosis is ameliorated
by neutralization of IL-13 or depletion of IL-13 responsive cells (12, 13, 38). In accordance
with these studies, we found that IL-21R deficiency and protection from fibrosis was
associated with a striking reduction in 1L-13 production by lung T cells ex vivo. Intriguingly,
protection from fibrosis in 1121r—/— mice was not associated with a significant reduction of
inflammation or ex vivo IL-17 production. 1121r—/— mice have also been shown to develop
less severe fibrosis in a schistosomiasis-associated liver fibrosis model, however, this effect
was attributed to IL-21 induction of Th2 cells and the promotion of increased macrophage
sensitivity to Th2 cytokines such as IL-4 and IL-13 (9).

We further showed that in the bleomycin model, 1L-13 secreting CD8* T cells, or Tc2 cells,
and not Th2 cells, were most profoundly impacted by IL-21R deficiency. This finding was
unexpected since CD4™ T cells have been charged with driving fibrosis through the
production of both IL-17A (10, 18) and IL-13 (11, 12).

The physiological significance of Tc2 cells in vivo had been controversial since most
functional studies of Tc2 cells used in vitro-skewed cells for adoptive transfer. In vitro-
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differentiated Tc2 cells are less potent effectors in pulmonary viral clearance and tumor
rejection when compared to Tc1l cells (39, 40). However, in murine asthma, Tc2 cells
develop and increase both airway inflammation and hyper-responsiveness (14). We now
show that IL-21-dependent Tc2 cells are required for lung fibrosis after sterile lung injury,
as both IL-13 production and fibrosis were restored by transferring IL-21R+/+ CD8* T cells
(not activated in vitro) into 1121r—/— mice treated with bleomycin. Adoptive transfer of
IL-21R+/+ CD4* T cells did not “rescue” fibrosis in 1121r—/— mice, suggesting that CD8* T
cell cytotoxicity, in addition to 1L-13 production, could be crucial for fibrosis. These data
are consistent with previous reports where depletion of CD8* T cells or perforin deficiency
almost completely prevented bleomycin-induced pulmonary fibrosis (31, 41).

In addition to identifying a novel role for Tc2 cells during fibrosis, our results points to a
unique role for IL-21 in Tc2 differentiation. Studies by other investigators have shown that
Tc2 differentiation can be achieved in vitro using a combination of IL-2 and IL-4 (34, 35).
Here we have shown that IL-21, in conjunction with IL-4, can replace the need for
exogenous IL-2 in Tc2 differentiation. Counterintuitively, CD25 blockade enhanced Tc2
differentiation in response to IL-21/IL-4, which again pointed to a specific role for IL-21
during fibrogenesis that cannot be replaced by IL-2. Most importantly, we also found that
only IL-4 + IL-21 differentiated cells acquired the capacity to produce high levels of their
own self-sustaining 1L-21.

We further found that CD8* T cells produced IL-21 in vivo in bleomycin treated mice. To
the best of our knowledge, this is the first report of IL-21 production by CD8* T cells with
relevance to a disease model. IL-21 message was detected in T-bet and Eomesodermin
double-knockout Tc17 cells skewed in vitro by a combination of IL-6 and TGF-B, however,
IL-21 was not detected in Tc17 cultures by ELISA (42). The finding that CD8* T cells
produce IL-21 in vivo could reflect a phenotype that is specific to a sterile type Il
environment and not mounted during viral or parasitic infections.

Interestingly, fibroblasts in the gut express IL-21R and upregulate matrix metalloproteinases
in response to 1L-21 (43), raising the possibility that CD8* T cell-derived I1L-21 could act
directly on fibroblasts. Moreover, IL-21 production by Tc2 cells could further reinforce a
type Il immune response due to the robust effects of IL-21 on CD4" T cells and innate
immune effectors (44, 45). Strikingly, IL-21 instillation into the lungs of mice in the absence
of other injurious stimuli led to fibrosis in addition to the development of both IL-13 and
IL-21 producing CD8* T cells. Thus, the foregoing data show that IL-21 is both necessary
and sufficient for pulmonary fibrosis.

In studying the differentiation of Tc2 cells, we found that TGF-p, a cytokine abundantly
expressed in fibrotic tissues, specifically inhibited Tc2 differentiation. The finding that TGF-
B decreased IL-21R expression on CD8" T cells when combined with IL-4 was surprising
due to the pro-fibrotic roles of both cytokines. However, this could reflect a “brake” on
fibrogenesis by decreasing positive feedback through the IL-21R. It should be noted that
bleomycin-induced lung fibrosis is a self-limiting disease after single intratracheal
instillations, and a TGF-p-dependent feedback mechanism could contribute for the
spontaneous resolution of fibrosis. TGF- is also produced by macrophages (46), including
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alternatively activated macrophages, which are known to accumulate in the fibrotic lung (47,
48). The capacity of macrophage-derived TGF-p to suppress Tc2 differentiation might
explain why macrophage depletion after fibrosis is established was found to exacerbate, and
not ameliorate, collagen deposition (49). Additionally, the decrease in the expression of the
IL-21R in response to TGF- could be a mechanism by which Treg suppression of Tc2 cells
is promoted. Since IL-21 impairs Treg function (50-52), Treg-derived TGF-f could thereby
limit an IL-21R/IL-21 positive feedback loop, thus ensuring the potency of nearby Tregs by
dampening local IL-21 production.

In addition to a role for IL-21 in Tc2 skewing, we found that IL-21R signaling was required
for optimal CD8* T cell proliferation/recruitment. Both the frequency and total number of
CD8™* T cells were reduced in 1121r—/— mice during fibrogenesis compared to wild type
controls. This data is consistent with a significant body of work characterizing mitogenic
effects of IL-21 on CD8" T cells. In the NOD model of diabetes, lack of IL-21R signaling
also decreases CD8* T cells and attenuates disease, however, in the NOD system, it has
been reported that IL-21R* CD4* T cells and dendritic cells recruit cytotoxic CD8* T cells
into pancreatic islets (53). By contrast, we found that direct engagement of IL-21R on CD8"
T cells was required for fibrosis and optimal 1L-13 production during lung fibrogenesis.
Since fibrotic disease is a Th2/Tc2 driven response, rather than the Th1/Tc1-driven NOD
disease, our results point to a requirement for IL-21R for a robust CD8* T cell effector
activity that is specific to the type 2 environment caused by sterile fibrotic lung injury.
Whether our findings could be extended to other sterile injury models of fibrosis such as
silica, or an infection model such as hypersensitivity pneumonitis remains to be determined.

CD8* T cells have been positively correlated with disease severity in patients with lung
fibrosis (54) and CD8" T cell activation is increased in early, diffuse SSc (55). We now
establish a role for CD8" T cells among the repair/fibrosis class of effectors during sterile
inflammation. Importantly, a number of studies have linked Tc2 cells to fibrosis in human
patients. CD8* T cells from systemic sclerosis patients secrete copious IL-13 and can
activate fibroblasts in an IL-13 and STAT-6-dependent manner (56). Additionally, in the
peripheral blood of systemic sclerosis patients, a higher frequency of CD8* T cells produces
IL-13 than CD4* T cells (56, 57). It has also been reported that the frequency of Tc2 cells in
the lungs of IPF patients is correlated with disease severity and shortness of breath (54), and
CD8* T cells are as, if not more, abundant than CD4* T cells in the lungs of IPF patients
(58, 59). These studies, taken together with the current report, challenge the predominant
CD4™* T cell-centric view of fibrosis. Our data clearly point to an 1L-21/IL-13 axis during
fibrogenesis, requiring CD8" T cells as effectors on both sides of this axis. Overall, these
results have important implications for the rational design of IL-21 targeted therapies that
could be used to treat fibrosis resulting from conditions such as SSc, IPF, or chronic
inflammation.
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Figure 1. IL-21 promotes pulmonary fibrosisfollowing lung injury
B6 and 1121r—/— mice were treated i.t with bleomycin or PBS and sacrificed at day 14. (A)

Formalin-fixed, paraffin-embedded lung sections were stained with Masson's trichrome.
Magnification = 20X. (B) Collagen concentrations in lung extracts were quantitated by a
colorimetric assay. (C) Lung sections were stained by immunohistochemistry for a-smAc to
detect activated fibroblasts Data in A-C are representative of three independent experiments
(PBS—B6, n=6; PBS—1121r—/—, n=4; Bleomycin—B6, n=11; Bleomycin—1121r—/—,
n=11; Bleomycin—1121—/—, n=5). (D) BALB/c mice were treated with a single instillation
of rmIL-21 i.t. or PBS and at day 10, lungs were harvested and formalin fixed, paraffin-
embedded sections stained by H&E and Masson's Trichrome. Magnification = 20X. (E)
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Collagen concentrations in lung extracts from PBS, bleomycin, IL-17At, and IL-21 treated
mice were measured by colorimetric assay. Bars represent means + SEM. Results shown are
compiled from four independent experiments with three to four mice per group. Data shown
are means £ SEM. ** denotes p<0.01; Student's t test. Error bars represent standard error of
the mean (SEM).
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Figure 2. IL-21R deficiency does not prevent lung inflammation after bleomycin injury
B6 and I121r—/— mice were treated i.t with bleomycin or PBS and sacrificed at day 14. (A)

Formalin-fixed, paraffin-embedded lung sections were stained by H&E. Magnification =
20X. (B) BALF and LDLN cells were collected at day 14 and cell numbers/mouse were
determined. Data are compiled from 3-4 independent experiments.
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Figure3. |L-21/IL-21R interactions arerequired for optimal CD8* T cell recruitment to thelung
following bleomycin injury

B6 and 1121r—/— mice were treated with bleomycin or PBS i.t. and sacrificed at day 14. (A)
Summary of the total number of CD4* and CD8" T cells in LDLN at day 14. (B) LDLN
single-cell suspensions were analyzed by flow cytometry for surface expression of CD69.
(C) Surface and intranuclear staining of LDLN single-cell suspensions was performed to
determine Treg frequency by co-expression of CD25 and Foxp3 as determined by flow
cytometry. Data are compiled from two independent experiments with similar results
(PBS—B6, n=6; PBS—1121r—/—, n=4; Bleomycin—B6, n=8; Bleomycin—1121r—/—, n=8).
Data shown are means with an error bar representing SEM. * denotes a p<0.05, **, p<0.01
and, ***, p<0.001; Student's t test. Error bars represent standard error of the mean (SEM).
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Figured4. Lack of IL-21R significantly impairs|L-13 production in responseto sterilelung

njur

(AJ\, By) B6 and 1121r—/— were treated i.t. with PBS or bleomycin. At day 14, the mice were
sacrificed LDLN were harvested. LDLN cell suspensions collected from PBS and
bleomycin-treated mice at day 14 were stimulated with anti-CD3 and culture supernatants
were harvested 24 hours later and assayed for IL-17A and IL-13 by ELISA. Data are
compiled from two independent experiments with similar results. (PBS— B6, n=6,
Bleomycin—B6, n=9; Bleomycin—1121r—/—, n=7). (C) B6 and 1121—/— were treated i.t.
with PBS or bleomycin. At day 14, the mice were sacrificed and BAL cells harvested. BAL
cells were stimulated with anti-CD3 and culture supernatants were harvested 24 hours later
and assayed for IL-13 by ELISA. Data in C shows PBS—B6, n=3; PBS—1121—/—, n=2
Bleomycin—B6, n=6; Bleomycin—1121—/—, n=4. (D, E) LDLN T cells from bleomycin-
treated mice at day 14 were re-stimulated and cytoplasmic staining was performed for 1L-13.
Data in D are compiled from three independent experiments. (Bleomycin—B6, n=12;
Bleomycin—1121r—/—, n=10). Data in E are representative of three independent experiments
that yielded similar results with >3 mice per group. Data shown are means with an error bar
representing SEM. ns denotes p>0.05, ***, p<0.001; Student's t test.
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Figure5. IL-21 drives Tc2 differentiation in vitro
Purified splenic CD8* T cells from naive B6 mice were cultured in the presence of the

indicated cytokines and antibodies and activated with plate-bound anti-CD3 and soluble
anti-CD28 for 4-5 days. (A-C) CD8+ T cell cultures were re-stimulated using anti-CD3 in
the presence of GolgiStop and cytoplasmic staining for IL-13 and IFN-y was performed. A
representative flow cytometry plot is shown in A and a summary is shown in B and C. Bars
represent means + SEM. Data are representative of five independent experiments. (D)
Surface IL-21R expression on cultured CD8" T cells was analyzed by flow cytometry at day
5 post-primary stimulation. Grey histogram shows 1121r—/— control subjected to the same
stain. Data are representative of three independent experiments. Bars represent are means
with an error bar representing SEM. * denotes a p<0.05, **, p<0.01 and, ***, p<0.001,;
unpaired Student's t test.
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Figure 6. Autocrine IL-21 promotes Tc2 phenotype
(A) Purified splenic CD8* T cells from naive B6 mice were cultured in the presence of the

indicated cytokines and antibodies for 4 days, washed and then re-stimulated using anti-
CDa. Cell supernatants were harvested at 24 hours and assayed for IL-21. Data shown are
compiled three independent experiments. (B) Purified CD8* T cells from WT and IL-21-
mKate reporter mice were stimulated as indicated and mKate expression was analyzed by
flow cytometry at day 4 without restimulation or addition of exogenous cytokines. .
Representative of two independent experiments. (C) Purified CD8* T cells from WT and
1121—/— mice were stimulated as indicated and the concentration of IL-13 in the culture
supernatants was determined. Results in C are representative of three independent
experiments. Bars show means £ SEM.
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Figure7.1L-21R on CD8* T cellsisrequired for optimal IL-13 production and collagen
deposition

(A) 106 purified splenic CD4* or CD8" T cells from naive B6 mice were injected i.v. into
B6 and 1121r—/— mice at day —1. At day O, mice were treated i.t. with PBS or bleomycin.
LDLN cell suspensions from PBS and bleomycin-treated mice were collected at day 14 and
stimulated with anti-CD3. Cell supernatants were harvested at 24 hours and assayed for
IL-13. (B) Lungs were harvested at day 14 and lung extracts were quantitated for collagen
concentration by Sircol assay. (C) Lung sections obtained from day 14 were stained for a-
smooth muscle actin to detect fibroblast activation Magnification = 20X. Data in A-B are
compiled from two independent experiments (PBS—B6, n=5; PBS— 1121r—/—, n=4;
Bleomycin—B6, n=9; Bleomycin— 1121r—/— , n=8; Bleomycin—B6 + wt CD4, n=5;
Bleomycin—B6 + wt CD8, n=8; Bleomycin—I1121r—/— + wt CD4, n=5 ;Bleomycin—1121r
—/— + wt CD8, n=9). Bars represent means + SEM. * denotes a p<0.05, **, p<0.01 and,
*** p<0.001; unpaired Student's t test.
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