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Abstract
Respiratory viral infections cause significant morbidity and increase the risk for chronic
pulmonary graft-versus-host disease (GVHD) after hematopoietic cell transplantation (HCT). Our
overall hypothesis is that local innate immune activation potentiates adaptive alloimmunity. In this
study, we hypothesized that a viral pathogen-associated molecular pattern (PAMP) alone can
potentiate pulmonary GVHD after allogeneic HCT. We, therefore, examined the effect of
pulmonary exposure to polyinosinic:polycytidylic acid (poly I:C), a viral mimetic that activates
innate immunity, in an established murine HCT model. Poly I:C induced a marked pulmonary T
cell response in allogeneic HCT mice as compared to syngeneic HCT, with increased CD4+ cells
in the lung fluid and tissue. This lymphocytic inflammation persisted at 2 weeks post poly I:C
exposure in allogeneic mice and was associated with CD3+ cell infiltration into the bronchiolar
epithelium and features of epithelial injury. In vitro, poly I:C enhanced allospecific proliferation in
a mixed lymphocyte reaction. In vivo, poly I:C exposure was associated with an early increase in
pulmonary monocyte recruitment and activation as well as a decrease in CD4+FOXP3+ regulatory
T cells in allogeneic mice as compared to syngeneic. In contrast, intrapulmonary poly I:C did not
alter the extent of systemic GVHD in either syngeneic or allogeneic mice. Collectively, our results
suggest that local activation of pulmonary innate immunity by a viral molecular pattern represents
a novel pathway that contributes to pulmonary GVHD after allogeneic HCT, through a mechanism
that includes increased recruitment and maturation of intrapulmonary monocytes.
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1. INTRODUCTION
Graft-versus-host disease (GVHD) is the primary obstacle to successful long-term outcomes
after hematopoietic cell transplantation (HCT) (1-3). While GVHD affects multiple organ
systems, pulmonary manifestations carry significant morbidity and mortality and are
increasingly recognized due to the improving short-term HCT survival (4-8). Histologically,
pulmonary GVHD is associated with lymphocytic bronchiolitis (LB) and, in its chronic
form, bronchiolitis obliterans (BO) (9,10). Lymphocytic bronchiolitis and BO are also
observed following lung transplantation and, due to immunological similarities between the
two transplant settings, likely occurs as a result of similar mechanisms (11-13). Chronic
pulmonary GVHD is generally progressive, responds poorly to medical intervention, and is
associated with mortality as high as 50% at 5 years (14).

Respiratory viral infections (RVIs) are an increasingly recognized risk factor for chronic
pulmonary GVHD amongst allogeneic HCT recipients (15,16). A recent prospective study
of pediatric allogeneic HCT patients found that RVIs were predictive of eventual pulmonary
GVHD development (5). Similarly, RVIs have also been implicated in the development of
acute and chronic rejection after human lung transplantation (17,18). In general these
processes are thought to be mediated by adaptive immune responses to the virus through
mechanisms such as epitope spreading or T-cell cross-reactivity.

Our group, however, has developed the novel hypothesis that local activation of pulmonary
innate pattern recognition receptors critically regulates alloimmune lung disease. In support
of this idea, studies by our group and others have shown that polymorphisms in genes of
innate pattern recognition pathways modulate allorecognition in various transplant settings.
Specifically, polymorphic variation in lipopolysaccharide (LPS)-binding proteins has been
shown to influence the development of chronic airway disease after human HCT (19).
Similarly, we have demonstrated that Toll-like receptor-4 (TLR4) and CD14 polymorphisms
that exacerbate or attenuate the innate response to LPS are associated with increased or
decreased rates of human lung allograft rejection, respectively (20-22). In addition, we have
further established that local pulmonary LPS treatment potentiates lymphocytic lung
inflammation as a manifestation of pulmonary GVHD after murine HCT (23). Further
studies in non-pulmonary transplantation, particularly in models of costimulatory blockade-
induced tolerance, also support the importance of innate immune activation through TLR3,
TLR7, and TLR9 in allograft rejection (24-26).

2. OBJECTIVE
In the current study, we sought to extend our previous results and test the hypothesis that
that viral innate immune activation alone could potentiate pulmonary GVHD after
allogeneic HCT. If correct, our hypothesis would identify a novel mechanism by which viral
infections could enhance alloimmune lung injury, independent of an established antiviral
adaptive immune response, a finding clinically relevant to HCT or lung transplant recipients.
Therefore, we examined the effect of intrapulmonary polyinosinic:polycytidylic acid (poly
I:C), a synthetic double-stranded RNA that mimics viral innate immune activation (27,28),
in an established murine HCT model.

3. MATERIALS AND METHODS
3.1. Mice

Male 7-10 week-old C57Bl/6J (H2b) and C3HeB/FeJ (H2k) mice were purchased from
Jackson Laboratories (Bar Harbor, ME) and were allowed to acclimate for 7 days prior to
use. All animals were housed in a pathogen-free facility on LPS-free bedding (Shepherd
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Specialty Papers Inc., Kalamazoo, MI), with irradiated food (PicoLab Mouse Diet 20 5058,
Purina Mills, Richmond, IN) and antibiotic water (Sulfamethoxazole/Trimethoprim 1.2/0.24
mg/mL). Experimental groups included 3-6 mice. Experiments were approved by the
Institutional Animal Care and Use Committees.

3.2. Mixed leukocyte reactions (MLR)
24 hours prior to euthanasia, stimulator C57Bl/6J mice were injected intraperitoneally with
400 μL of DMEM media (Sigma-Aldrich, St. Louis, MO) alone or containing 400 μg of
poly I:C. Mice were euthanized using CO2. Splenocytes were isolated via spleen
homogenization and filtration and subsequently washed in media, filtered through 70 μm
filters (BD, Franklin Lakes, NJ), counted on a hemocytometer, and resuspended in RPMI
1640 (Gibco, Grand Island, NY) containing Penicillin/Streptomycin (Sigma-Aldrich, St.
Louis, MO), L-Glutamine (Sigma-Aldrich, St. Louis, MO), and 10% fetal bovine serum
(FBS) (Hyclone, Logan, UT). 5×105 C57Bl/6J stimulator splenocytes (irradiated in a
Cesium irradiator at 20 Gy) were co-cultured with 1.5×105, 2.5×105, or 5×105 C3HeB/FeJ
or C57Bl/6J responder splenocytes. 1 μCi of 3H-thymidine was added for the last 18 hours
of culture. 4 days following initial culture, splenocytes were harvested (TomTec harvester
96 Mach III M, Hamden, CT) and radioactivity was measured using a β-counter (Wallac
Trilux 1450 Microbeta counter, Waltham, MA). Results are reported as counts per minute
(cpm) from wells with 5×105 responder splenocytes. Proliferation was determined by
subtracting cpm of responders alone from cpm in wells containing both responders and
stimulators.

3.3. Murine hematopoietic cell transplantation (HCT)
C57Bl/6J recipient animals underwent HCT as previously described (23). Briefly, donor
mice were euthanized using CO2. Bone marrow was isolated from tibia and femurs and
splenocytes were isolated from spleens via homogenization and filtration. All donor cells
were washed in media, filtered through 70 μm filters (BD, Franklin Lakes, NJ), counted on a
hemocytometer, and resuspended in media containing 10% FBS (Hyclone, Logan, UT), 1%
L-glutamine (Sigma-Aldrich, St. Louis, MO) and 1% penicillin/streptomycin (Sigma-
Aldrich, St. Louis, MO). Recipient mice were lethally irradiated with 9.5 Gy of Cesium
irradiation and intravenously injected via the retro-orbital route with 4×106 bone marrow
cells and 1×106 splenocytes from either C57Bl/6J (Syn) or C3HeB/FeJ (Allo). Allogeneic
and syngeneic HCT were performed under identical conditions. After HCT, animals were
allowed to recover for 4 weeks before further experimental use. In the first 4 weeks,
mortality in the allogeneic group was 14% and 3% in the syngeneic group. Following
necropsy, gastrointestinal histology was evaluated for inflammation using an established
semi-quantitative scoring system (29).

Recipient engraftment was evaluated between 3 and 4 weeks following transplantation.
Blood was obtained using maxillary sinus puncture. Cells were stained with anti-H2Kk-
FITC, anti-H2Db-PE, anti-CD3-PE-Cy7, and anti-CD11b-APC (BioLegend, San Diego,
CA). Flow cytometry was performed as described below. Animals with greater than 90%
donor-derived peripheral blood cells were used for experimental exposures.

3.4. Poly I:C Exposures
LPS-free poly I:C (Invivogen, San Diego, CA) was dissolved in LPS-free water. A Limulus
amoebocyte lysate assay (Lonza, Basel, Switzerland) performed in-house confirmed absence
of LPS contamination. Mice were anesthetized with 1% isoflurane. Intrapulmonary
administration of 40 μL of LPS-free water alone or containing 100 μg of poly I:C was
performed via oropharyngeal aspiration. Mice were euthanized either 72 hours or 2 weeks
after poly I:C exposure.
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3.5. Bronchoalveolar lavage (BAL) and analysis
Mice were euthanized using CO2 and their lungs were surgically exposed. The trachea was
cannulated and the lungs were lavaged with five 800-μL aliquots of 0.9% saline (VWR
International, West Chester, PA). BAL supernatant was analyzed using a mouse 23-plex
cytokine assay (Bio-Rad Laboratories, Hercules, CA). BAL cells underwent red blood cell
lysis, counting using a hemocytometer, and resuspension in flow cytometry buffer for
staining. Flow cytometry was performed as described below.

3.6. Lung tissue extraction and preservation
Lungs were perfused with 0.9% saline. The accessory (smallest) lobe of the right lung was
stored in RNAlater (Ambion/Applied Biosystems, Austin, TX) for 24 hours, then stored at
−80°C. For flow cytometry, the remaining right lung was placed in a HEPES-based buffer
(Sigma-Aldrich, St. Louis, MO), digested with collagenase-A (Roche Diagnostics,
Mannheim, Germany) and DNAse-I (Sigma-Aldrich, St. Louis, MO), filtered through a 70
μm filter (BD, Franklin Lakes, NJ), red blood cell-lysed, washed, and resuspended in 500
μL of flow cytometry buffer containing phosphate-buffered sodium solution (Sigma-
Aldrich, St. Louis, MO) with 3% FBS (Hyclone, Logan, UT), 0.05% sodium azide (VWR
International, West Chester, PA), and 10 mM ethylenediaminetetraacetic acid (EDTA,
Sigma-Aldrich, St. Louis, MO). The left lung was gravity-inflated with 10% formalin (VWR
International, West Chester, PA), fixed in 10% formalin for 24 hours and then transferred
into 70% EtOH.

3.7. Lung Histology
After fixation, the left lung was paraffin-embedded and 5 μm sections were either stained
with hematoxylin and eosin (H&E) or deparaffinized for further staining as previously
described (30). CD3-immunohistochemistry was performed with rabbit anti-mouse CD3
antibody (Thermo Scientific, Fremont, CA) used at a dilution of 1:150 and developed with
horseradish peroxidase-conjugated streptavidin (Vector Laboratory, Burlingame, CA) and
then diaminobenzidine (Dako, Carpinteria, CA). Immunofluorescence was performed with
mouse anti-mouse β-catenin (BD Transduction Laboratories, BD, Franklin Lakes, NJ) and
goat anti-mouse-Alexa-488 (Molecular Probes, Eugene, OR) antibodies, both used at a
dilution of 1:400. Stained sections were mounted with Fluoromount-G containing 2 μg/ml
4,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich, Saint Louis, MO).

3.8. RNA Analysis
RNA was isolated from RNAlater-preserved lung tissue using a commercially available kit
(Ambion/Applied Biosystems, Austin, TX). Spectrophotometric analysis was used to assess
RNA quantity and Bio-RAD Experion chips (Bio-Rad Laboratories, Hercules, CA) were
used to assess RNA quality. cDNA was transcribed using the Applied Biosystems cDNA
reverse transcription kit with the addition of a broad-range RNAse inhibitor (Applied
Biosystems, Foster City, CA). Transcripts were quantified in triplicate from 2 ng cDNA
using the Eppendorf cDNA reverse transcription kit (Eppendorf, Hauppauge, NY) and
Taqman probe and primer combinations for β-catenin (Mm00483039_m1), vimentin
(Mm01333430_m1), fibronectin (Mm01256734_m1), collagen type I (Mm00801666_g1),
E-cadherin (Mm01247357_m1), and the endogenous control β-actin (4352933E) (Applied
Biosystems, Foster City, CA). Change in expression was calculated using the 2−ΔΔCt

method, normalized to β-actin expression, and expressed as fold-change as compared to
commercially-available normal mouse lung total RNA (Ambion/Applied Biosystems,
Austin, TX).
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3.9. Flow Cytometry
Cells underwent a 10-minute incubation in flow cytometry buffer containing 5% normal
mouse serum and 5% normal rat serum (Jackson ImmunoResearch Laboratories Inc., West
Grove, PA) and 1% Fc receptor block (Affinity purified anti-mouse CD16/32) (eBioscience,
San Diego, CA). Cells were subsequently stained with one of 5 anti-mouse antibody panels
(eBioscience, San Diego, CA). The lymphocyte panel included anti-CD3-FITC, anti-H2Kk-
PE, anti-CD4-PE-Cy7, anti-DX5-APC, anti-CD8-APC-Cy7, and anti-CD19-PE-Cy5.5; the
first myeloid panel included anti-MHCII(IA/IE)-FITC, anti-Ly6G-PE, anti-CD11b-PE-Cy7,
anti-CD3-APC, anti-Gr1-APC-Cy7, and anti-CD11c-PE-Cy5.5; the second myeloid panel
included anti-MHCII(IA/IE)-FITC, anti-Ly6G-PE, anti-CD11b-PE-Cy7, anti-CD86-APC,
anti-Gr1-APC-Cy7, and anti-CD11c-PE-Cy5.5; the regulatory T cell (Treg) panel included
anti-CD3-FITC, anti-H2Kk-PE, anti-CD4-PE-Cy7, anti-CD8-APC-Cy7, and anti-CD25-PE-
Cy5.5. After surface marker staining, Treg panel cells were fixed and permeabilized with
fixation/permeabilization buffer (eBioscience, San Diego, CA) and stained with anti-
FOXP3-APC. BAL samples and 72-hour HCT lung samples were analyzed individually.
Splenocyte samples and myeloid-stained lung and BAL samples from two-week HCT mice
were pooled by group. Reported cell counts consist of individually-analyzed flow cytometry
BAL samples. Fluorescence was measured using BD FACS Canto II flow cytometer with
BD FACSDiva software (BD, Franklin Lakes, NJ). Flow cytometry analysis was performed
using FlowJo software (Tree Star Inc., Ashland, OR). Pulmonary myeloid cell gating was
based on a previously published strategy (31). Cells were analyzed using a singlet gate to
exclude cell aggregates, followed by an all-cell gate to exclude small debris and dead cells.
Absolute numbers were obtained by multiplying the percentage of all cells by the live-cell
counts done using Trypan dead-cell exclusion. Lymphocyte subsets were identified within a
small-cell gate.

3.10. Statistical analysis
Data are expressed as means ± SEM. For each experiment, the Allo+poly I:C group was
compared to the Allo+control and Syn+poly I:C groups using the Student’s t-test. P-values
of 0.05 or less were considered significant.

4. RESULTS
4.1. Following allogeneic HCT, poly I:C induces acute and chronic lymphocytic lung
inflammation

72 hours after poly I:C exposure, allogeneic HCT mice exposed to poly I:C (Allo+poly I:C)
had significantly increased total cell numbers in their bronchoalveolar lavage (BAL) as
compared to either allogeneic mice exposed to water (Allo+control) or syngeneic mice
exposed to poly I:C (Syn+poly I:C) (Figure 1A). This increase in total cells primarily
reflected a marked increase in CD3+ and CD4+ lymphocyte populations with a less
prominent increase in CD8+ T cells (Figure 1B-D). Significant elevations in total cells as
well as CD3+, CD4+ and CD8+ T lymphocytes persisted at 2 weeks in the BAL of Allo
+poly I:C as compared to Allo+control or Syn+poly I:C (Figure 1E-H). The pattern of
mononuclear cell recruitment in syngeneic mice resembled that of non-transplanted mice
with early lymphocytic inflammation at 72 hours and complete normalization at 2 weeks
(data not shown).

On histopathological examination of lung tissue, at both the 72-hour and 2-week time points,
poly I:C exposure led to perivascular and peribronchiolar mononuclear inflammation in
allogeneic HCT, which was less pronounced in Syn+poly I:C mice and absent in unexposed
mice (Figure 2A-D). Lung tissue cellular quantification by flow cytometry showed trends in
T cell recruitment that were similar, but less striking, compared to the BAL (data not
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shown). Immunohistochemistry with anti-CD3 antibody staining confirmed the presence of
T cells within the perivascular and peribronchiolar mononuclear infiltrates (Figure 2F, H).

4.2. Poly I:C exposure induces epithelial T cell infiltration and epithelial injury in allogeneic
HCT animals

Microscopic analysis of lung tissue showed that peribronchiolar T cells in Allo+poly I:C
animals were infiltrating the epithelial cell layer, a phenomenon not observed in any of the
control animals (Figure 2E-H). Immunohistochemistry with anti-CD3 antibody staining
identified the epithelium-infiltrating mononuclear cells as CD3-positive (Figure 2F, H). In
addition, Allo+poly I:C lung sections also demonstrated marked epithelial dysplasia with
epithelial cell crowding and disorganization, changes not observed in lung sections from
Allo+control or Syn+poly I:C mice (Figure 2A-E).

Given the epithelial changes observed in the Allo+poly I:C lungs, in order to further
evaluate the extent of epithelial injury and assess the possibility of early epithelial to
mesenchymal transition (EMT), we measured pulmonary expression of multiple markers of
EMT in our model, including vimentin, fibronectin, collagen type I, E-cadherin, and β-
catenin. At two weeks after treatment, β-catenin, an epithelial cell junctional protein, was
significantly reduced in the lung tissue of Allo+poly I:C mice as compared to Allo+control
lung tissue, while expression in Syn+poly I:C compared to Syn+control lung tissue was not
significantly different after poly I:C treatment (Figure 3A). Immunofluorescent staining for
β-catenin demonstrated large sections of diminished and disordered β-catenin in Allo+poly
I:C lungs that aligned with sections of dysplastic epithelium and peribronchiolar
mononuclear inflammation observed on the H&E and CD3-positive stained sections (Figure
3B-E), suggesting active epithelial injury.

4.3. Poly I:C increases monocyte recruitment and antigen presenting cell (APC) activation
in allogeneic HCT

To understand whether the increased lymphocytic inflammation in Allo+poly I:C was
associated with increased acute inflammation and antigen presentation, we used flow
cytometry to identify neutrophils (defined as CD11c+, MHCII−, CD11b+, Ly6G+),
monocytes (defined as CD11c−, MHCII−, CD11b+, Ly6G−), and APCs (defined as CD11c
+, MHCII+, markers common to both macrophages and dendritic cells) (31). At 72 hours
post poly I:C exposure, BAL neutrophils increased only modestly and to the same degree in
both allogeneic and syngeneic mice (data not shown). In contrast, monocytes increased to a
significantly higher degree in allogeneic compared to syngeneic HCT mice (Figure 4A, C).
This increase was associated with increased levels of the monocyte chemotactic protein-1
(MCP-1/CCL2) in the BAL of Allo+poly I:C mice as compared to controls (Figure 4B).
Furthermore, monocyte expression of the activation markers Gr1 and CD86 was
significantly increased in Allo+poly I:C as compared to controls (Figure 4D-G), along with
an increase in the percentage of monocytes that co-expressed both activation markers
(Figure 4D). Although absolute numbers of APCs were not significantly increased,
significant increases in APC expression of Gr1, CD86, as well as CD11b, were also found in
Allo+poly I:C mice compared to controls (data not shown).

4.4. APCs exposed to poly I:C in vivo potentiate allogeneic proliferation in vitro
In order to test the idea that poly I:C augments chronic lung inflammation through an effect
on APCs, we harvested splenocytes 24 hours after intraperitoneal poly I:C injection, for use
as stimulators in a mixed leukocyte reaction. Poly I:C pre-treated stimulators significantly
enhanced allospecific proliferation of MHC-mismatched responders as compared to
untreated stimulators. In contrast, syngeneic splenocyte proliferation under identical
conditions with or without poly I:C was modest (Figure 5).
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4.5. Regulatory T cell (Treg) response after poly I:C is diminished in allogeneic HCT mice
Next, we investigated whether the increased lymphocyte inflammation and increased
epithelial disruption in Allo+poly I:C mice were associated with lower levels of Tregs. At 72
hours, poly I:C significantly increased the percentage of CD4+FOXP3+ Tregs in both
allogeneic (from 1.6% to 5.0%) and syngeneic mice (from 6.3% to 13.4%) (Figure 6A-B).
This poly I:C effect on Tregs disappeared by two weeks in all mice (Figure 6C). More
notably, at both time points and in both exposed and unexposed groups, allogeneic animals
had significantly fewer Tregs as compared to syngeneic animals (Figure 6A-C).

4.6. Intrapulmonary poly I:C does not exacerbate systemic GVHD
In order to understand to what extent increased pulmonary inflammation in Allo+poly I:C
mice reflected systemic GVHD, we evaluated the effect of poly I:C on mouse weights and
gastrointestinal pathology. Intrapulmonary poly I:C had no effect on total, CD3+, CD4+, or
CD8+ splenocyte numbers in either allogeneically- or syngeneically-transplanted animals at
72 hours or at two weeks (data not shown). Intrapulmonary poly I:C had also no significant
effect on overall weight loss, even though allogeneic animals lost more weight than
syngeneic (data not shown). In addition, while allogeneic animals developed mild
gastrointestinal GVHD that was significantly greater than that observed in syngeneic
animals, intrapulmonary poly I:C exposure did not alter the extent of gastrointestinal
pathology (Figure 7). Thus, poly I:C exacerbates pulmonary lymphocytic inflammation in
allogeneic HCT in the absence of a systemic effect.

5. DISCUSSION
Intrapulmonary poly I:C induces prominent lymphocyte recruitment into the lung fluid and
T cell infiltration into the bronchiolar epithelium in the setting of allogeneic but not
syngeneic HCT. The persistence of lymphocytic inflammation in Allo+poly I:C mice at two-
weeks after exposure is striking given the near-complete resolution of lung inflammation at
the same time point in syngeneic animals. To our knowledge, this is the first study to
demonstrate that the innate antiviral response to a single viral PAMP is sufficient to
potentiate transplant related lung disease in the allogeneic HCT setting.

Although the precise antigenic targets of the recruited lymphocytes are uncertain at this
time, several lines of evidence suggest that potentiation of a cellular immune response to
lung allo-antigens may be taking place in response to innate immune activation. First, we
demonstrate in vitro that poly I:C can enhance allogeneic lymphocyte proliferation using
strain combinations identical to those employed in the in vivo experiments. Second, T-cell
epithelial infiltration occurred only in Allo+poly I:C mice, suggesting an immune response
had developed against allo-antigens present on bronchiolar epithelium. Similarly, in human
GVHD and lung allograft rejection, the pulmonary epithelium has been found to represent a
major target of allorecognition (32). In addition, K-alpha-1 tubulin, a lung epithelial gap-
junction protein, has recently been identified as a self-antigen target recognized by
antibodies in the setting of lung transplant-related allograft rejection (33). This finding is
particularly intriguing in light of the decreased β-catenin, an epithelial gap-junctional
protein, in Allo+poly I:C lungs in this study.

Although poly I:C resulted in the development of LB and epithelial injury in allogeneic
HCT mice, we did not visualize BO, a characteristic lesion of chronic pulmonary
alloimmune disease. Nevertheless, epithelial changes have been described as part of the
spectrum of pathologic findings that accompany chronic pulmonary GVHD and have been
brought forth as a likely precursor to bronchiolar obliteration (13). In fact, epithelial injury
accompanies the process of epithelial to mesenchymal transition (EMT), which is thought to
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contribute to airway remodeling and fibrosis in BO (34,35). In our model, poly I:C exposure
in allogeneic HCT mice was associated with reduced expression and disordered appearance
of epithelial β-catenin, a marker of EMT (36).

Our current study extends the idea developed in our previous work that local pulmonary
innate immune activation by PAMPs is an important mechanism that contributes to
alloimmune lung disease (20-23). Studies by other groups have also demonstrated the loss of
transplant tolerance following systemic poly I:C administration leading to skin allograft loss
(26,37). Furthermore, systemic administration of TLR agonists has been shown to lead to
increased systemic GVHD (38) or idiopathic pneumonia syndrome after HCT (39). A
unique observation of the current study, however, is the demonstration that local poly I:C
administration can exacerbate localized pulmonary GVHD, in the absence of systemic
GVHD. This organ-specificity of the GVHD process in our model is demonstrated by the
lack of significant increase in weight loss or gastrointestinal disease in poly I:C-treated, as
compared to untreated, mice. A similar idea of a local effect on alloimmunity has been
introduced in the setting of skin GVHD with the use of cutaneous application of a TLR7
agonist to induce localized skin disease; however, that study involved a mixed chimera
model rather than fully mismatched allogeneic HCT (24). To our knowledge, our study
constitutes the first clear evidence that interactions between the lung and innate
environmental stimuli can contribute to local pulmonary GVHD in the absence of systemic
disease.

A potential mechanism, by which intrapulmonary poly I:C leads to the development of
increased lymphocytic lung inflammation and GVHD after allogeneic HCT, may involve
increased antigen presentation with decreased opposition by regulatory T cells. In our
studies, increased recruitment of APCs, particularly monocytes, was seen in allogeneic mice
exposed to poly I:C, with increased expression of activation markers Gr1 and CD86.
Furthermore, mouse APCs stimulated with poly I:C in vivo were able to elicit a stronger
alloimmune response in vitro. The in vivo APC recruitment and activation was associated
with increased levels of the monocyte chemotactic protein-1, a recruiter of monocytes and
monocyte-derived dendritic cells, as well as T cells (31). This strong APC activation in poly
I:C-induced pulmonary GVHD may favor an increased effector T cell response over a
regulatory T cell differentiation. While systemic APC activation in HCT has been described
and attributed to the conditioning regimen and associated tissue damage (40,41), our data
proposes that pulmonary innate immune stimulation has a stronger activating effect on
APCs, particularly monocytes, in the allogeneic, compared to the syngeneic, environment.
This is consistent with recent murine orthotopic lung transplant data showing that
recruitment of activated monocyte-derived APCs to the lung is associated with increased
allorecognition (42). Furthermore, our data is consistent with human HCT studies, in which
allogeneic recipients with a paucity of Tregs are at greater risk for GVHD (43,44). While we
show clear changes in Tregs and APCs, further studies are needed to fully elucidate their
precise roles in poly I:C-induced exacerbation of pulmonary GVHD.

Collectively, these results are consistent with clinical observations that link RVIs in both
HCT (5) and lung transplant (17,18) recipients to increased rates of pulmonary GVHD or
rejection. Furthermore, this data demonstrates a novel mechanism by which RVIs could
contribute to transplant-related lung disease. Namely, viral innate immune activation alone,
in the absence of an established anti-viral cellular response, can exacerbate features of
chronic pulmonary GVHD in the setting of allogeneic HCT, along with early excessive
APC, particularly monocyte, recruitment and activation. In contrast to existing ideas
regarding mechanisms of viral exacerbation of transplant rejection based on molecular
mimicry or epitope spreading occurring as part of an ongoing adaptive immune response,
our results suggest that strategies that focus on limiting early viral-associated innate immune
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activation could prove clinically useful in reducing the burden of viral-associated transplant
lung disease.
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Abbreviations

PAMP Pathogen-associated molecular pattern

Poly I:C polyinosinic:polycytidylic acid

GVHD graft-versus-host disease

HCT hematopoietic cell transplant

RVI respiratory viral infection

LB lymphocytic bronchiolitis

BO bronchiolitis obliterans

LPS lipopolysaccharide

TLR Toll-like receptor

BAL bronchoalveolar lavage

Allo+poly I:C allogeneic HCT mice exposed to intrapulmonary poly I:C

Allo+control allogeneic HCT mice exposed to intrapulmonary water

Syn+poly I:C syngeneic HCT mice exposed to intrapulmonary poly I:C

Syn+control syngeneic HCT mice exposed to intrapulmonary water

EMT epithelial to mesenchymal transition

APC antigen presenting cell

MHC major histocompatibility complex
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Figure 1. Increased and persistent bronchoalveolar lavage (BAL) T cells in allogeneic mice 72
hours and 2 weeks after poly I:C exposure
BAL cells were evaluated by flow cytometry at both 72 hours (n = 6 mice/group) and two
weeks (n = 3 mice/group) following poly I:C exposure in both allogeneic and syngeneic
HCT mice. (A) At 72 hours, allogeneic mice exposed to poly I:C (Allo+poly I:C) had
significantly more BAL total cells than either unexposed allogeneic mice (Allo+control) (p
= 0.001) or poly I:C-exposed syngeneic mice (Syn+poly I:C) (p = 0.04). (B) Closely
paralleling the increase in total BAL cells, CD3+ cells in Allo+poly I:C BAL were elevated
above both unexposed allogeneic mice (Allo+control) (p = 0.007) and poly I:C-exposed
syngeneic mice (Syn+poly I:C) (p = 0.02). (C) CD4+ BAL cells also increased in Allo+poly
I:C BAL as compared to both Allo+control (p = 0.04) and Syn+poly I:C (p = 0.02) BAL
while (D) CD8+ cells in allogeneic BAL increased following poly I:C exposure (p = 0.01)
but did not differ significantly between Allo+poly I:C and Syn+poly I:C mice (p = 0.3). (E)
Two weeks following poly I:C exposure, BAL total cells remained elevated in Allo+poly
I:C BAL compared to both Allo+control (p = 0.02) and Syn+poly I:C (p = 0.01). (F) Allo
+poly I:C BAL also continued to contain more CD3+ cells than both Allo+control (p =
0.005) and Syn+poly I:C (p = 0.003) controls. CD4+ and CD8+ BAL cells followed a
similar pattern; Allo+poly I:C BAL contained (G) more CD4+ cells than both Allo+control
(p = 0.003) and Syn+poly I:C (p < 0.001) and (H) more CD8+ cells than both Allo+poly I:C
(p = 0.02) and Syn+poly I:C (p = 0.02).
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Figure 2. Prominent peribronchiolar lymphocytic inflammation, epithelium-infiltrating CD3+
cells, and epithelial dysplasia in allogeneic HCT mice exposed to poly I:C (Allo+poly I:C)
Lungs were inflated and preserved two-weeks following poly I:C exposure. Representative
sections photographed at 400x magnification are shown. H&E staining demonstrated
minimal peribronchiolar cellular inflammation in both (A) unexposed syngeneic (Syn
+control) and (B) unexposed allogeneic (Allo+control) lungs. Small, mononuclear cells in
the peribronchiolar region were visible in sections from both (C) Syn+poly I:C and (D&E)
Allo+poly I:C lungs, with more prominent cellular inflammation in Allo+poly I:C samples.
(F) Additional immunohistochemistry revealed these peribronchiolar cells to be CD3-
positive. Only Allo+poly I:C animals demonstrated epithelium-infiltrating CD3+ cells
(black arrows) and epithelial dysplasia with several superimposed disorganized epithelial
cell layers (white arrows) on both (E) H&E-stained and (F) CD3-stained sections. (G&H)
Further digital enlargement of E&F (inset boxes) are representative images of infiltrating
CD3+ cells (black arrows) and epithelial dysplasia (white arrows) seen throughout Allo
+poly I:C lung tissue.
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Figure 3. Decreased and disorganized β-catenin in allogeneic HCT mice exposed to poly I:C (Allo
+poly I:C)
β-catenin transcripts were measured using RT-PCR in lung tissue. In addition, sections of
preserved and paraffin-embedded lungs were deparaffinized and stained for β-catenin (red)
and DAPI (white). Representative sections photographed at 400x magnification are shown.
(A) Allo+poly I:C lungs contained fewer transcripts for β-catenin compared to unexposed
allogeneic lungs (Allo+control) (p < 0.001) while β-catenin expression in syngeneic lungs
was unaffected by poly I:C exposure (p = 0.94). In comparison to (B-D) control groups, (E)
only Allo+poly I:C lungs displayed sections of decreased β-catenin staining (white brackets)
and irregular β-catenin staining (blue bracket).
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Figure 4. Increased BAL monocytes in allogeneic mice post poly I:C (Allo+poly I:C) with
increased expression of activation markers
BAL myeloid cells were evaluated by flow cytometry 72 hours following poly I:C exposure
in both allogeneic and syngeneic HCT mice (n = 6 mice/group). (A) The total numbers of
monocytes increased in Allo+poly I:C BAL above both unexposed allogeneic recipients
(Allo+control) (p = 0.001) and poly I:C-exposed syngeneic recipients (Syn+poly I:C) (p =
0.04). (B) The monocyte chemotactic protein-1 (MCP-1/CCL2) chemokine was significantly
elevated in the BAL of Allo+poly I:C mice as compared to Allo+control (p = 0.0007) and
Syn+poly I:C (p = 0.007). (C) Representative flow cytometric plots show the CD11b+
monocyte population as a percentage of all IAIE-negative Ly6G-negative cells for each
experimental group. (D-G) In addition, markers of monocyte activation were increased: (D)
Representative flow cytometric plots show the Gr1+ CD86+ double-positive activated
population as a percentage of monocytes for each experimental group. This activated
monocyte population was increased in the Allo+poly I:C mice as compared to controls. (E)
the mean fluorescence intensity (MFI) of the fluorochrome conjugated to Gr1 was elevated
on Allo+poly I:C monocytes compared to Allo+control (p < 0.001) and Syn+poly I:C (p <
0.001) monocytes, and (F) the MFI of the fluorochrome conjugated to CD86 was elevated
on Allo+poly I:C monocytes compared to Allo+control (p = 0.002) and Syn+poly I:C (p <
0.001) monocytes. (G) Representative MFI histograms of Gr1 and CD86 on monocytes are
shown (solid medium gray curve = unstained control; solid light gray curve = Syn+poly I:C;
thick dark gray curve = Allo+poly I:C sample).
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Figure 5. Stimulator cells from animals pre-treated with poly I:C in vivo exacerbate allogeneic
proliferation in an MLR
Stimulator C57Bl/6J donors were injected intraperitoneally with either control media or 400
μg of poly I:C. On day 0, 5×105 irradiated stimulator splenocytes were co-cultured with
5×105 splenocytes from either allogeneic C3HB/FeJ or syngeneic C57Bl/6J mice. Following
the addition of 3H-thymidine for the last 18 hours of culture, proliferation was measured on
day 4 in counts per minute (cpm). Allogeneic splenocytes co-cultured with stimulators
pretreated with poly I:C proliferated significantly more than both allogeneic splenocytes co-
cultured with control stimulators (p < 0.001) and syngeneic splenocytes co-cultured with
poly I:C pre-treated stimulators (p < 0.001). Error bars represent differences between
triplicate wells.
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Figure 6. Decreased regulatory T cells (Tregs) in allogeneic HCT animals compared to syngeneic
controls at both 72-hours and two-weeks post poly I:C
CD3+ BAL cells were evaluated for CD4− and FOXP3-positivity (Tregs) using flow
cytometry at both 72-hours (n = 6 mice/group) and two weeks (n = 3 mice/group) following
poly I:C exposure in both allogeneic and syngeneic HCT animals. Both (A) representative
samples and (B) collective data at 72 hours show the percentage of Tregs increased
following poly I:C exposure in both allogeneic HCT animals (from 1.6% to 5.0%) (p = 0.02)
and syngeneic HCT animals (6.3% to 13.4%) (p = 0.002). However, allogeneic BAL
contained a significantly smaller percentage of Tregs than syngeneic BAL both at baseline
(p = 0.005) and following poly I:C exposure (p < 0.001); (C) A similar deficit in allogeneic
Tregs was observed at two weeks following poly I:C exposure both at baseline (p = 0.02)
and following poly I:C exposure (p = 0.03).
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Figure 7. Poly I:C does not exacerbate allogeneic GVHD
Two weeks following poly I:C exposure, samples from the gastroduodenal junction, ileum,
cecum, colon, rectum, and liver were obtained. Sections of preserved and paraffin-embedded
tissue were stained with H&E and scored on a semi-quantitative grading scale for signs of
gastrointestinal GVHD by an experienced and blinded pathologist. Allogeneic animals
developed significantly more gastrointestinal GVHD than their syngeneic counterparts (p <
0.001) but the severity was unaffected by poly I:C exposure (p =0.4).
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