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Idiopathic pulmonary fibrosis (IPF) is a fatal disease without any cure. Both human disease

and animal models demonstrate dysregulated wound healing and unregulated fibrogenesis in a
background of low-grade chronic T lymphocyte infiltration. Tissue-resident memory T cells (Trm)
are emerging as important regulators of the immune microenvironment in response to pathogens,
and we hypothesized that they might play a role in regulating the unremitting inflammation that
promotes lung fibrosis. Herein, we demonstrate that lung-directed immunotherapy, in the form
of i.n. vaccination, induces an antifibrotic T cell response capable of arresting and reversing lung
fibrosis. In mice with established lung fibrosis, lung-specific T cell responses were able to reverse
established pathology — as measured by decreased lung collagen, fibrocytes, and histologic

injury — and improve physiologic function. Mechanistically, we demonstrate that this effect is
mediated by vaccine-induced lung Trm. These data not only have implications for the development
of immunotherapeutic regimens to treat IPF, but also suggest a role for targeting tissue-resident
memory T cells to treat other tissue-specific inflammatory/autoimmune disorders.

Introduction

Pulmonary fibrosis is a progressive, fatal disease that primarily affects elderly patients with no clear eti-
ology and no effective treatments to prevent, arrest, or reverse the fibrosis. Although the cause of pulmo-
nary fibrosis is unknown, it is associated with dysregulated wound healing and unregulated fibrogenesis
in a background of low-grade chronic inflammation (1, 2). Current therapies at best have only slowed the
ongoing fibrosis, rather than halting or reversing it (3, 4). One reason for the absence of effective therapies
may be the lack of understanding of the pathophysiology leading to fibrosis. What is becoming clear is the
importance of the immune system in both the development and resolution of this disease. There are numer-
ous observations in animals and humans that demonstrate a persistent association between pulmonary
fibrosis and lung T lymphocyte infiltration (5-7). However, how this inflammatory milieu determines if T
cells will promote a fibrotic response, as opposed to a healing response, is unclear.

Recently an important role for tissue-resident memory T cells (Trm) in the recall response to pathogens
has been described (8, 9). Numerous studies have demonstrated the essential role for Trm in mediating pro-
tection against tissue-specific challenges such as viral, bacterial, and parasitic infections (8, 9). For example,
in the lungs, both CD4* and CD8* Trm are important for protection against influenza (10). In this regard,
these tissue-specific memory T cells interact with cells of the innate immune response to collectively pro-
mote immunity. Through the elaboration of cytokines, they are able to greatly influence the tissue immune
microenvironment, leading to the activation of DCs, macrophages, NK cells, and the local upregulation of
antimicrobial or antiviral genes.

While the precise mechanisms leading to pulmonary fibrosis are unknown, it is clear that unremitting
dysregulated lung inflammation promotes its development (1, 2). Our group and others have identified
a role for IL17 and Th17 cells in promoting the inflammation leading to fibrosis (11-14). Alternatively,
Th1 immune responses in the lung are associated with resolution of inflammation (12). To this end, we
have previously demonstrated that promotion of a Thl environment in the lung abrogates and protects
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against the development of pulmonary fibrosis in an acute model of bleomycin-induced pulmonary fibro-
sis (12). That is, by skewing the inflammatory milieu of the lung to a Th1l environment, we can mitigate
the development of acute bleomycin-induced lung injury. These studies serve to clarify the immunologic
components of lung inflammation leading to resolution versus progressive fibrosis. Additionally, there are
numerous reports demonstrating the ability of a variety of inhibitors, antibodies, and cytokines to prevent
the development of bleomycin-induced intratracheal (i.t.) fibrosis (15-17). The true benefit of these studies,
however, is confounded by the fact that it is unclear whether the interventions prevent fibrosis or whether
they merely inhibit the initial acute inflammatory process prior to the initiation of the fibrogenic programs.

In an effort to determine if immunotherapy in the form of Thl-promoting vaccines can treat/reverse
already established disease, we utilized a model of i.p. injections of bleomycin over the course of 4 weeks
that leads to subsequent progressive lung fibrosis at 42—72 days. This model differs from an acute i.t.
bleomycin model by causing subacute inflammation, which progresses to lung fibrosis (18, 19). The i.p.
bleomycin model appears to more closely approximate the human fibrotic disease idiopathic pulmonary
fibrosis (IPF) in that, like the human disease, there is no acute inflammatory phase and the fibrosis pro-
gresses slowly and continuously over time. In addition, just like in human disease, i.p. bleomycin induces
significant low-grade immune cell infiltration, collagen deposition, and fibrotic changes in the mouse lung.
This model facilitates the analysis of potential treatments that may interrupt or reverse ongoing fibrosis, as
opposed to treatments that merely prevent fibrosis, by preventing the acute inflammation leading to fibrosis.
Thus, this model allows us to separate the effects of acute inflammation and subacute inflammation on the
development and progression of lung fibrosis, better allowing for therapeutic interventions.

In this report, we demonstrate that i.n. administration of a vaccinia-based vaccine, after fibrosis has
already been established, is effective at reversing established pathology, as measured by decreased lung
collagen deposition and histologic damage and improved lung function. Furthermore, mechanistically, we
show that the interruption and reversal of the disease is mediated by Trm. Thus, we demonstrate the ability
of Trm to regulate the tissue-specific immune microenvironment in order to protect/reverse pathologic
inflammation and fibrosis. Overall, these data not only have implications for the development of an immu-
notherapeutic regimen to treat IPF, but also suggest a role for targeting Trm in order to treat a wide array of
tissue-specific inflammatory/autoimmune disorders.

Results

Immunotherapy with vaccinia vaccination interrupts the development of pulmonary fibrosis. To test the hypoth-
esis that immunotherapy in the form of i.n. vaccination could arrest or reverse subacute progressive
fibrosis, we injected WT C57B6 mice i.p. with bleomycin on days 0, 3, 7, 10, 14, 21, and 28. On day
14, mice received either i.n. PBS or vaccinia vaccine (small pox vaccine; 2 million pock-forming units
[pfu]). Our vaccine consisted of a genetically modified vaccinia that contains the full-length ovalbumin
protein but lacks lytic ability; thus, the vaccinia cannot spread. Once the cells are infected, the virus
will replicate in that cell but cannot release further virus to perpetuate an infection. Previously, we have
demonstrated that the vaccinia vaccination causes no sustained damage to the mouse lungs, as evidenced
by no mortality, sustained weight loss, no change in total lung cell count, and no histologic damage after
vaccination (12). Four weeks following vaccination (day 42 after first i.p. injection of bleomycin), mice
were sacrificed and lungs were harvested and processed into single cell suspensions for flow cytometry
analysis. Total lung cell numbers and total numbers of lung CD4* T cells, CD11B* macrophages, and
GR1" neutrophils were not significantly different between PBS and vaccinated mice (Figure 1, A and B).
These data indicate that vaccination was not inducing additional inflammation in the lungs of treated
mice. However, in keeping with the known Th1 skewing effect of vaccinia, mice that received the vaccine
had significantly increased numbers of IFNG*CD4" T cells (Figure 1C). We also observed a signifi-
cant decrease in IL17*CD4" T cells in the lungs of vaccinia-treated mice but no significant difference
in Foxp3* regulatory T cells between PBS and vaccinia vaccine—treated mice. Histologic examination
of the lungs revealed less inflammation, distortion, and collagen staining in the vaccinated bleomycin
injured mice, as compared with PBS-treated bleomycin-injured mice (Figure 1, D and E). Finally, Figure
1F demonstrates that vaccination was able to reverse the accumulation of collagen in the lungs of ble-
omycin-injured mice. These data indicate that, while not increasing overall lung inflammation, i.n. vac-
cination effectively drives the CD4" T cell response away from detrimental IL17 skewing and promotes
a protective Thl response. Interestingly, when we treated mice with i.p. vaccinia, we observed no pro-
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Figure 1. Inmunotherapy with vaccinia vaccine inhibits the development of pulmonary fibrosis. (A) Day-42 total lung cell numbers of mice treated

with i.p. bleomycin and either i.n. PBS or vaccinia vaccine on day 14. (B) Flow cytometric analysis of total lung CD4* T cells, CD11b* cells, and Gr1* cells. (C)
Intracellular cytokine analysis of total lung IFNG*, IL17, and FoxP3* CD4* T cells. Histological analysis of lungs 42 days following i.p. bleomycin. (D) H&E
staining of lung sections at x20 (left panels) and x100 (right panels) magnification. (E) Masson’s trichrome staining of lung sections at x100 magnification.
(F) Total lung collagen 42 days following i.p. bleomycin. Error bars represent one standard deviation of the mean. Experiments were performed 3 times
with 10 mice per group. Paired Student’s t tests were performed with Bonferroni correction when indicated.
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tective effect and no significant increase in IFNG producing CD4* T cells in the lungs (data not shown).
These data indicate that tissue site—specific administration of vaccinia vaccine appears to enhance lung
immunity and provide a protective effect against fibrotic development.

Vaccinia immunotherapy reduces fibrocyte recruitment from the BM. As we observed a beneficial effect of
vaccination in interrupting developing fibrosis in the lung, we investigated the effect of vaccination on
circulating fibrocytes in the blood. Fibrocytes, which are CD45*collagen 1* BM—derived cells, are believed
to be recruited to the lungs and contribute to the development of pulmonary fibrosis (20, 21). Increased cir-
culating fibrocytes in the blood have been shown to correlate with progressive disease in patients with IPF
(22). It has been proposed that these BM-derived circulating fibrocytes migrate to the injured lungs in part
due to increased levels of the chemokines such as CXCL12, CCL2, CCL12, CCL1, and CCL3 (21, 23-33).
As peripheral levels of CXCL12, peripheral fibrocytes, and lung fibrocytes have been measured in IPF
patients and correlate with worsening disease, we sought to determine if vaccination would affect CXCL12
levels in the blood and ultimately decrease circulating fibrocytes (20, 21). C57BL/6 mice were treated with
a 4-week course of i.p. bleomycin as described above. On day 14, mice received either PBS or i.n. vaccinia
vaccine, and 2 weeks later, the mice were sacrificed and blood was collected by cardiac puncture. Periph-
eral blood mononuclear cells (PBMC) were stained for the fibrocyte markers CD45 and collagen 1 and
analyzed by FACS. Concomitantly, serum CXCL12 concentrations were determined by ELISA. Immu-
notherapy in the form of vaccination resulted in a significant decrease in serum levels of CXCL12 (Figure
2A). Furthermore, percentages of circulating blood fibrocytes were also significantly decreased by vaccinia
treatment (2.5%—1.5%), (Figure 2B). Analysis of lungs 42 days following i.p. bleomycin revealed a signifi-
cantly decreased number of lung fibrocytes in the vaccinated mice (Figure 2C). In addition, total lung col-
lagen was significantly decreased by nearly 50% in bleomycin-injured mice that received i.n. vaccine when
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compared with PBS control mice (Figure 2D). Thus, immunotherapy with vaccinia vaccination may in part
reverse the fibrosis by decreasing CXCL12 serum concentrations, circulating fibrocytes in the blood and
lung, and ultimately collagen deposition in the lung. These data demonstrate the ability of i.n. vaccination
to interrupt the development of fibrosis even after the fibrotic process has already begun.

Vaccinia immunotherapy reverses established lung fibrosis. In humans, IPF is a slow, progressive disease of
insidious onset, and we have no clear understanding of what initiates or perpetuates the fibrosis. The vast
majority of patients have lost lung function prior to presentation. Therefore, any effective treatment strategy
would have to not only halt progression of the fibrosis, but also ideally reverse the fibrosis. To date, the poten-
tial treatments for IPF have at best only slowed the progression of the fibrosis, not stopping and certainly
not reversing the disease (3, 4). C57BL/6 mice were injected for 4 weeks with i.p. bleomycin, and after 2
additional weeks (day 42 when fibrosis is well established), the mice were given either i.n. PBS or vaccinia
vaccine. Four weeks later (70 days after the first dose of bleomycin), lungs were harvested for flow cytometry
and histologic analysis. Lung histologic analysis displayed increased inflammation, collagen, and fibrosis in
bleomycin-PBS—treated mice, as compared with bleomycin-vaccinia—treated mice (Figure 3A). By day 42, all
bleomycin-treated mouse lungs already had substantial fibrosis and collagen deposition. On day 70, bleomy-
cin-treated mice that received PBS therapy demonstrated increased inflammation and collagen deposition;
however, bleomycin-treated mice that received immunotherapy displayed reduced inflammation and collagen
deposition even when compared with lungs from day-42 bleomycin-injured mice prior to therapy (Figure 3A).
On day 70, there was a small but significant increase in total lung cells in vaccinated mice; however, total num-
bers of CD4* T cells, CD11B* macrophages, and GR1* neutrophils were not significantly different (Figure 3,
B and C). As previously noted, vaccinated mice displayed a significant increase in IFNG*CD4" T cells while
also having significantly decreased numbers of IL17*CD4" T cells when compared with PBS-treated mice
(Figure 3D). Again, there was not a significant difference in total Foxp3* regulatory T cell numbers, indicating
that vaccinia vaccination treatment does not affect regulatory T cell numbers in this model. Flow cytometry
of lung fibrocytes showed that vaccination led to reduced fibrocyte numbers to approximately half of bleomy-
cin-PBS—treated mice (Figure 3E). In addition, we found that vaccinated mice had significantly decreased
concentrations of collagen in their lungs when compared with day 42 harvested mice (Figure 3F). Interest-
ingly, mice that received PBS on day 42 after bleomycin continued to have increased collagen deposition and
had significantly increased collagen levels in their lungs on day 70 compared with day-42 animals, indicating
that ongoing fibrosis was occurring between days 42 and 70. However, mice that received vaccinia vaccine
on day 42 after bleomycin had collagen levels that were below both day-42 animals and day-70 PBS-treated
animals. Thus, vaccinia vaccine not only blocked progression of fibrosis, but it also substantially reversed lung
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Figure 3. Vaccinia immunotherapy

reverses lung fibrosis. (A) Histological analysis of lungs 70 days following i.p. bleomycin (Bleo). H&E staining of lung

sections at x20 (left panels) and x100 (right panels) magnification; Masson's trichrome staining at x100 magnification. (B) Total lung cells 70 days follow-

ing i.p. Bleo. (C) Flow cytometric an

alysis of total lung CD4* T cells, CD11b*, and GR1* cells. (D) Intracellular cytokine analysis of total lung IFNG*, IL17*, and

FoxP3* CD4* T cells. (E) Flow cytometric analysis of lung fibrocytes. (F) Total Lung collagen at either 42 or 70 days following i.p. Bleo. Error bars represent
one standard error of the mean. Experiments were performed at 3 times with 10 mice per group. Significance determined by a paired Student’s t tests or

1-way ANOVA followed by Tukey's t
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fibrosis. Overall, these data indicate that i.n. vaccinia vaccination immunotherapy, even after a full course of
1.p. bleomycin and established fibrosis, is able to stop and reverse the progression of pulmonary fibrosis.

Vaccinia immunotherapy improves lung function. Next, we wanted to determine if the ability of vaccinia
immunotherapy to arrest and reverse the pathologic fibrosis correlated with improved lung function. Pul-
monary fibrosis is characterized by a stiffening of the lung, which causes an increase in lung resistance
and a decrease in lung compliance. In addition, due to increased collagen deposition and thickening of the
interstitium, there is a substantial decrease in gas exchange in the lung. By employing pulmonary function
testing in humans, it is possible to follow the progression of disease. Therefore, we sought to determine if
vaccinia immunotherapy was capable of improving lung function in our animal model.

To accomplish this, bleomycin was administered by i.p. injection for 4 weeks (days 1-28). Two weeks
later (day 42), pulmonary function testing was performed on part of the cohort of mice to establish the
baseline decrease in lung function due to the bleomycin-induced fibrosis. Lung gas exchange was assessed
by diffused capacity of carbon monoxide (CO), and tissue resistance and compliance were measured by
conventional forced oscillation technique (34). Mice that didn’t receive pulmonary function testing received
either PBS or vaccinia vaccine i.n. at this time (day 42). On day 70, pulmonary function testing was per-
formed on all remaining mice to examine the effect of vaccinia vaccine on reversing functional lung dam-
age due to pulmonary fibrosis.
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Bleomycin treatment alone resulted in a decrease in lung gas exchange on day 42, as measured by dif-
fusing capacity of CO compared with uninjured mice (Figure 4A). Mice that were harvested on day 70 and
received PBS i.n. on day 42 also had significantly decreased gas exchange, with values similar to that seen
by mice harvested on day 42. However, mice that received vaccinia vaccine on day 42 had a 20% increase
in gas exchange when compared with mice harvested on day 42 or mice treated with PBS and harvested on
day 70. Similar findings were obtained for lung mechanic measurements where vaccinated mice displayed a
35% decrease in lung resistance (Figure 4C) and a 40% increase in lung compliance (Figure 4B) when com-
pared with either day-42 analyzed mice or day-70 mice that received PBS i.n. These data indicate that not
only is vaccinia vaccine immunotherapy effective at abrogating collagen deposition, but it is also effective
at improving lung function.

The establishment of targeted lung tissue Thl responses is critical for the ability of vaccinia immunotherapy to
reverse lung fibrosis and improve lung function. The inhibition and reversal of pulmonary fibrosis by vaccinia
vaccine therapy correlates with increases in Th1 CD4" T cells in the lung. Therefore, we sought to deter-
mine if Thl T cells were required for the beneficial effects seen by vaccinia treatment. To accomplish this,
C57BL/6 Rag”’~ mice were reconstituted with CD4* and CD8" T cells from WT or mice lacking Th1 T cells
(IFNG- C57BL/6 mice). Equivalent reconstitution was confirmed by flow cytometric analysis of blood 2
weeks later (Supplemental Figure 1; supplemental material available online with this article; doi:10.1172/
jci.insight.83116DS1). Two weeks later, mice received 4 weeks of i.p. bleomycin injections. On day 35,
mice received either PBS or vaccinia vaccine i.n. On day 70, mice were sacrificed and flow cytometry was
performed. Total lung cells numbers were not significantly different between mice that received WT or
IFNG~ T cells (Figure 5A). Total CD4* T cells, CD11B* macrophages, and GR1* neutrophils were also
not significantly different between groups (Figure 5B).

Mice that received PBS treatment had increased numbers of IL17*CD4" T cells when compared with
mice that received WT T cells and vaccinia vaccine therapy. In addition, mice that received IFNG™~ T cells
and vaccinia therapy also had increased numbers of IL17*CD4* T cells, indicating that IFNG promotes CD4*
T cells skewing toward Thl and away from Th17 differentiation in the lung (Figure 5C). We also observed
that, even though all mice had macrophages capable of producing IFNG, only mice that received WT CD4*
T cells and vaccinia vaccine therapy had increased numbers of IFNG* macrophages in the lung, indicating
that Thl-skewed T cells were driving macrophage-derived IFNG production (Figure 5D). Mice that received
WT T cells and vaccinia vaccine had decreased numbers of lung fibrocytes (Figure 5E) and lung collagen
(Figure 5F), indicating that Th1 skewing inhibits fibrocyte recruitment to the lung. These data were confirmed
by lung histology that demonstrated dramatically decreased lung infiltration and collagen staining only in
mice that received WT T cells and vaccinia vaccine (Supplemental Figure 2). Overall, these data indicate that
the lung tissue—specific Th1 response is the driving force behind the ability of i.n. vaccination to abrogate
fibrosis, perhaps by skewing the immune response away from the pathologic role of Th17 cells.

Vaccinia immunotherapy induces the formation of a lung niche of memory CD4* T cells. Recently, it has been
demonstrated that inflammation in the lung in the setting of viral infection leads to the establishment of a
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lung niche that contains activated and memory T cells (10). These lung niche T cells establish a pseudolung
lymph node within the interstitium of the lung and are subsequently protected from blood circulation. It
is therefore possible to differentiate circulating lymphocytes from protected lung lymphocytes by in vivo
staining of circulating lymphocytes and in vitro staining of lung niche lymphocytes (10).

In light of our observations, we hypothesized that vaccinia immunotherapy was altering the makeup
of lung niche lymphocytes. To address this, bleomycin was administered i.p. on days 0, 3, 7, 10, 14, 21,
and 28. On day 42, mice received either PBS or vaccinia vaccine i.n. On day 70, mice were injected i.v.
with anti-CD4 FITC and lungs were removed 10 minutes later. Lungs were then rinsed with PBS, removed,
processed to single cell suspensions, and stained with anti-CD4 phycoerythrin (PE) in order to identify
protected lung niche lymphocytes.

Bleomycin-treated mice that received PBS had an increased percentage of protected CD4" T cells,
indicating that bleomycin alone is sufficient to induce a lung niche. However, mice that received vaccinia
vaccine had a significantly greater percentage of protected CD4" T cells than PBS-treated mice (Figure 6A).
In addition, when protected CD4* T cells were stained with the cell surface markers CD44 and CD62L,
the mice that received i.n. vaccination had a significantly increased percentage of memory T cells (CD44*
CD62L*) when compared with PBS-treated mice (Figure 6B.) These data indicate that vaccinia therapy fol-
lowing bleomycin treatment results in the development of a lung niche that contains a significant number
of memory T cells. In addition, these lung niche memory CD4* T cells may be important for the resolution
and perhaps reversal of pulmonary fibrosis induced by bleomycin.

As we previously noted, vaccinia immunotherapy was only effective if the vaccinia vaccine was adminis-
tered i.n. We sought to determine whether the method of vaccinia vaccine administration was important for
the development of the protective lung niche. To address this, mice were treated with i.n. PBS, i.n. vaccinia
vaccine, or i.p. vaccinia vaccine. Two weeks later, mice were injected i.v. with anti-CD4 FITC. Lungs were
then rinsed in PBS, removed, processed to single cell suspensions, and stained with anti-CD4 allophycocya-
nin (APC) in order to identify protected lung niche lymphocytes. As previously seen, we observed a signifi-
cant increase in lung-resident CD4" T cells in mice treated with i.n. vaccinia vaccine (Figure 6C). However,
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mice that received i.p. vaccinia vaccine had only a slight increase in lung-resident CD4* T cells, indicating
that the development of a lung niche requires a site-specific treatment of vaccinia vaccine (Figure 6C).

The induction of tissue-resident lung CD4* T cells by vaccinia vaccine is required to mitigate bleomycin-induced
pulmonary fibrosis. We have demonstrated that vaccinia immunotherapy induces lung tissue—resident mem-
ory CD4" T cells, and we hypothesize that these lung tissue-resident T cells are required for vaccination-in-
duced arrestment and reversal of lung fibrosis. Thus, we wanted to design an experiment whereby we could
selectively eliminate the vaccine-induced lung Trm and then determine the efficacy of our immunotherapy
strategy. To achieve this goal, we took advantage of previous findings of Laidlaw et al., who demonstrated
that the depletion of CD4" T cells during the response to infection (vaccine) eliminated the generation of
the lung-specific Trm (35). To this end, mice received i.p. bleomycin on days 0, 3, 7, 10, 14, 21, and 28. On
days 15 and 16, some mice received i.p. injections of the CD4-depleting antibody GK1.5. Also on day 16,
mice received either i.n. PBS or vaccinia vaccine. On day 21, mice were analyzed in order to determine the
effectiveness of T cell depletion. As seen in Supplemental Figure 3, CD4 T cells were completely absent
from blood, BAL, and lung tissue. On day 42, mice were injected i.v. with anti-CD4 FITC, and 10 minutes
later, lungs were harvested, rinsed with PBS, processed to single cell suspensions, and stained with CD4
APC in order to distinguish circulating lymphocytes from protected lymphocytes. Mice that received i.n.
vaccinia vaccine had a significant increase in protected lung cells when compared with PBS-treated mice.
However, mice that received anti-CD4 depleting antibody and vaccinia vaccine had substantially fewer
protected lung cells than mice that did not received depleting antibody (Figure 7A). Importantly, while the
protected T cells were markedly diminished, the overall T cell compartment had returned to normal in the
GK1.5-treated mice.

When lung fibrocytes and lung collagen were analyzed, mice that received vaccinia vaccine demon-
strated protection from bleomycin-induced fibrosis. However, when the generation of lung Trm was pre-
vented, the protective effects of vaccination were lost (Figure 7, B and C). These data are further supported
by lung histology, which showed similar cell infiltration and collagen levels in mice that received PBS or
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vaccinia vaccine if both received depleting antibody (Supplemental Figure 4). These data indicate that the
ability of vaccinia vaccine to mitigate bleomycin-induced lung fibrosis requires the generation of resident
memory T cells that produce the Thl cytokine IFNG and, in doing so, inhibit and reverse the unremitting
inflammation that promotes fibrosis.

Discussion

Being in continuous contact with the environment, the lung immune microenvironment is designed to
respond robustly and rapidly to pathogens. Trm are emerging as critical mediators of this response (10).
Equally as important to antipathogen responses in the lung is the resolution of inflammation in the lung
such that lung architecture and function remain intact. In this regard, IPF represents dysregulated, unremit-
ting, low-grade inflammation that fails to resolve and, thus, leads to fibrosis (1). In this report, we demon-
strate the ability of immunotherapy in the form of an i.n. vaccine as a means of interrupting and reversing
this process. In doing so, we established a previously unappreciated role of Trm in regulating this patho-
logic inflammation and reestablishing lung homeostasis. We observe that vaccinia-induced IFNG-produc-
ing lung niche memory T cells are able to both arrest and reverse fibrosis. Mechanistically, we observed that
our immunotherapeutic approach significantly affected the lung immune microenvironment. Specifically,
we observed decreases in Th17 cells and the production of CXCL12 — both of which have been impli-
cated as playing important roles in promoting fibrosis. Similarly, we observed decreased recruitment of
fibrocytes and subsequent decreased collagen deposition. That is, our immunotherapy approach is able
to inhibit several mechanisms that have been previously shown to promote lung fibrosis (Th17 cells, M2
macrophages, CXCL12, and fibrocytes) (12, 20, 21, 36). Perhaps most remarkably was not only the ability
of vaccine-induced lung niche memory T cells to alter the tissue immune microenvironment and thereby
arrest the development of fibrosis, but also its ability to promote the appropriate resolution and healing,
leading to improved lung function.
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A critical distinguishing feature about our work is that we demonstrate the ability of immunotherapy to
interrupt and reverse established fibrosis. Many studies using various KO mice and drugs have been shown
to be able to block the induction of fibrosis by using the acute i.t. bleomycin model (37-46). However, in
such cases, it is unclear if these specific genes or drugs regulate the development of fibrosis per se or rather
block the initial acute generic inflammation that begins the process that ultimately leads to fibrosis. In our
studies, we allow the mice to develop fibrosis over 42 days before initiating immunotherapy. In doing so,
not only do we demonstrate the ability of vaccine therapy to arrest the developing fibrosis, but we also
promote the reestablishment of nonpathogenic Thl-mediated immunity, leading to partial resolution of
fibrosis. This resolution is not only quantified by histology, but also by improvement in lung function.
To this end, our data have great relevance to clinical IPF in which patients initially present with ongo-
ing established disease. Interestingly, while these current studies employ vaccinia vaccine to induce local
Th1 responses in the lungs, pilot studies using an engineered listeria vaccine to induce Th1 responses also
appear to robustly arrest/reverse disease (data not shown). Of note, these listeria vaccine constructs are
currently being safely administered to patients as cancer immunotherapy vaccines (47—49). It is important
to note that our strategies employing vaccinia (or listeria) vaccination represent nonreplicating genetically
altered vaccines, not infections. This is in stark contrast to, for example, y herpes virus infections in which
persistent viral replication and epithelial cell death leads to an increase in TGFB production and a worsen-
ing of pulmonary fibrosis (50, 51).

Previous studies by the Farber group have phenotypically and functionally defined lung Trm in response
to viral infection in the lung (52). By injecting Fl-labeled anti-CD4 i.v., they were able to elegantly demon-
strate that the fluorescein-negative CD4" T cells in the lung were Trm. Indeed, our studies demonstrate a
similar upregulation of these cells in response to vaccinia. Furthermore, when we prevent the development
of the lung niche memory T cells, vaccinia vaccination is no longer protective. Based on these data, we
propose a model whereby lung Trm derived from vaccination in the lung are able to promote an immune
microenvironment that can arrest and reverse the chronic processes mediating fibrosis. While further stud-
ies will be needed to define the precise details of this model, our findings support the development of
immunotherapy as a means of treating IPF.

Recently, 2 drugs have been approved for use in patients with IPF. Pirfenidone has been shown to have
antifibrotic and antiinflammatory properties in animal models, and it slows the loss of lung function in clin-
ical trials (3). Nintedanib, a tyrosine kinase inhibitor, has also been associated with reducing the decline in
lung function in clinical trials (4). Although systemic IFNG treatment for patients with IPF initially showed
intriguing promise in a phase II clinical trial, it ultimately was shown to have no beneficial effect in a phase
IIT trial (53). These results are consistent with our findings that systemic vaccinia vaccination does not mit-
igate disease. That is, the key to successful immunotherapy to arrest/reverse disease is dependent upon the
establishment of a local Trm-mediated Th1 response within the lung. It is not the ability of vaccinia vaccina-
tion to induce IFNG that promotes the therapeutic effect, but rather it is the ability of vaccinia vaccination
to promote a local Th1 response that results in the reversal of the fibrosis. Thus, our data would also predict
that systemic administration of IFNG would not be effective, as it would not promote a Trm-mediated Th1
lung response. Of note, our studies were performed on 8- to 20-week-old mice, whereas IPF affects mostly
older individuals. However, we and others have demonstrated that bleomycin injury in mice is greater as
mice age, and even mice 16-20 weeks old have increased fibrosis and mortality compared with young mice
(12, 54). Indeed, we have already demonstrated that, despite the increasing mortality due to bleomycin with
age, vaccinia vaccination can prevent bleomycin-induced mortality in older mice (12). Further studies will
be necessary in very aged mice (>24 months) to evaluate the benefits of immunotherapy in this population.

Finally, our findings demonstrating a role for local Trm have potentially important implications for
employing immunotherapy to treat inflammatory/autoimmune diseases. For example, in the case of idio-
pathic liver fibrosis, it is possible that inducing IFNG-producing Trm in the liver might mitigate disease.
Similarly, other investigators are employing Thl-inducing parasites as immunotherapy to treat allergic dis-
orders of the lungs (55-57). Based on our studies, we would predict that such an approach could mediate
its effects through lung Trm.

Methods
Mice. C57BL/6, B6.129S7-RagltmiMom/J, and B6.129S7-Ifugtm1Ts/J were purchased from The Jackson
Laboratory. Eight- to 10-week-old female mice (20 g) were utilized.
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Reagents. Modified vaccinia ankara virus was generated as previously described (58). This modified
vaccinia ankara virus is a modified vaccinia that contains the full-length ovalbumin protein but lacks lytic
ability. Bleomycin was purchased from App Pharmaceuticals. PMA and Ionomycin were purchased from
Sigma-Aldrich. Flow cytometry reagents were purchased from BD Biosciences. Antibodies utilized were
from eBioscience: IFNG FITC (clone XMG1.2), IL17A PE (clone ebio17B7), Foxp3 APC (clone FJK-16s),
CD11B APC (clone M170), and CD8 APC (clone 53-6.7); from BD Pharmidgen: CD4 Percp (clone 4-5) and
CD4 FITC (clone RM4-5); and from BioLegend: TNFA FITC (clone MP6-XT22), GR1 Percp (clone RB6-
8C5), CD45 Percp (clone 30-F11), and CD4 APC (clone RM4-4). Collagen 1 biotin antibody was purchased
from Rockland (part number 600-406-103). Strepavidin FITC was purchased BioLegend (catalog 405202).

Pulmonary fibrosis model. Mice were injected i.p. with 0.8 U bleomycin on days 0, 3, 7, 10, 14, 21, and
28 to induce pulmonary fibrosis. Vaccinia vaccine was administered at a dose of 2 million pfu per mouse.

ELISA. CXCL12 ELISA (R&D Systems) was performed according to manufacturer’s protocols.

Collagen assay. Hydroxyproline (Biovision) assay was performed according to manufacturer’s protocols.

Histology. Lungs were inflated to pressure with formalin and sectioned and stained for H&E and Mas-
son’s trichrome. Samples were analyzed by microscope at X20 and X100 magnification.

In vivo antibody labeling and flow cytometry. For in vivo antibody labeling, mice were injected i.v. with
2.5 pg FITC-conjugated anti-CD4 antibody (clone RM4-5), and after 10 minutes, lungs were isolated and
rinsed in PBS, and cells were isolated. Isolated lymphocytes were then stained in vitro with a different,
noncompeting clone of APC-anti-CD4 (clone RM4-4), along with antibodies to other surface markers
with fluorochrome-conjugated antibodies. Stained cells were analyzed using a BD FacsCaliber (BD Biosci-
ences), and analyzed using with FlowJo software (Tree Star Inc.).

Invivo T cell depletion. Mice were injected i.p. with 250 pg GK1.5 antibody (BioXcell) on days 15 and 16
following the initiation of i.p. bleomycin injections (35).

Reconstitution experiments. T cells (CD4* and CD8"), were purified from spleen cells from C57BL/6 or
B6.12987-Ifngtm1Ts/J mice by MACS employing negative selection (Miltenyl Biotec). The WT or IFNg~”/~
CD4" and CD&* T cells were mixed and injected i.v. into B6.129S57-RagltmiMom mice, which were then
challenged with bleomycin and treated with or without vaccinia-vaccination.

Diffusion factor for CO measurement. To assess overall functional changes in the lungs following bleomy-
cin-induced injury, measurement of the diffusion factor for CO (DFCO) was performed as described pre-
viously (59). Briefly, mice were anesthetized with a mixture of ketamine (100 mg/kg)/xylazine (15 mg/
kg) via i.p. injection. Once sedated, a tracheostomy was performed, and an 18-gauge cannula was inserted.
Mouse lungs were quickly inflated with a 0.8 ml gas mixture (0.5% neon, 1% CO and balance air). After
a 9-second breath hold, 0.8 m of gas was quickly withdrawn from the lung and diluted to 2 ml with room
air. The neon and CO concentrations in the diluted air were measured by gas chromatography (INFICON,
Model 3000A) to assess DFCO. The dilution to 2 ml was needed, since the gas chromatograph required a
minimal sample size of 1 ml.

Pulmonary mechanics measurements. After DFCO assessment, mice were connected to a flexi-VentTM ven-
tilator (SCIREQ) and ventilated with a tidal volume of 0.2 ml of 100% oxygen at a rate of 150 Hz. with a
positive end—expiratory pressure (PEEP) of 3 cmH,O. Mice were paralyzed with an i.p. injection of succinyl-
choline (75 mg/kg), subjected to deep inspiration at 30 cmH,O for 5 seconds and returned to normal ventila-
tion for 1 minute. Baseline measurements of respiratory system resistance (Rrs), compliance (Crs) and elas-
tance (Ers) were measured during a 2-second breath hold with a 2.5-Hz sinusoidal oscillation using the single
compartment model (34). The impedance of the respiratory system was also obtained using a constant phase
model to provide measurements of airway resistance (Raw), tissue damping (G), and tissue elastance (H) (60).

Statistics. Statistical analyses were conducted using paired, Student’s ¢ test for single comparisons. For
analysis when multiple comparisons, 1-way ANOVA followed by Tukey’s test was used to analyze the
differences between the groups. Bonferroni correction was performed on P values for experiments when
greater then 3 variables were tested. Statistical significant values were those where P < 0.05.

Study approval. All animal studies were approved by the Institutional Animal Care and Use Committee
of the Johns Hopkins University (Baltimore, Maryland, USA).
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