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Abstract

Obliterative bronchiolitis is a potentially life-threatening noninfectious pulmonary complication
after allogeneic hematopoietic stem cell transplantation and the only pathognomonic manifestation
of pulmonary chronic graft-versus-host disease (cGVHD). In the current study, we identified a
novel effect of IL-26 on transplant-related obliterative bronchiolitis. Sublethally irradiated NOD/
Shi-scidIL2ry™! mice transplanted with human umbilical cord blood (HUuCB mice) gradually
developed clinical signs of graft-versus-host disease (GVHD) such as loss of weight, ruffled fur,
and alopecia. Histologically, lung of HUCB mice exhibited obliterative bronchiolitis with
increased collagen deposition and predominant infiltration with human IL-26*CD26*CD4 T cells.
Concomitantly, skin manifested fat loss and sclerosis of the reticular dermis in the presence of
apoptosis of the basilar keratinocytes, whereas the liver exhibited portal fibrosis and cholestasis.
Moreover, although IL-26 is absent from rodents, we showed that IL-26 increased collagen
synthesis in fibroblasts and promoted lung fibrosis in a murine GVHD model using IL-26
transgenic mice. In vitro analysis demonstrated a significant increase in 1L-26 production by
HuCB CD4 T cells following CD26 costimulation, whereas Ig Fc domain fused with the N-
terminal of caveolin-1 (Cav-1g), the ligand for CD26, effectively inhibited production of IL-26.
Administration of Cav-lg before or after onset of GVHD impeded the development of clinical and
histologic features of GVHD without interrupting engraftment of donor-derived human cells, with
preservation of the graft-versus-leukemia effect. These results therefore provide proof of principle
that cGVHD of the lungs is caused in part by 1L-26"CD26*CD4 T cells, and that treatment with
Cav-Ig could be beneficial for cGVHD prevention and therapy.
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Allogeneic hematopoietic stem cell transplantation (alloHSCT) is a potentially curative
treatment for many diseases arising from hematopoietic cells (1). However, chronic graft-
versus-host disease (cGVHD) remains a significant barrier to successful alloHSCT (2). In
particular, the lung damage in cGVHD causes potentially life-threatening complications (3).
According to the National Institutes of Health consensus criteria, obliterative bronchiolitis
(historically named bronchiolitis obliterans by pathologists) is the only pathognomonic
manifestation of pulmonary cGVHD (4). It is recognized that obliterative bronchiolitis has
been associated with an increased risk of death, and patients diagnosed with obliterative
bronchiolitis after alloHSCT have a 5-y survival rate of only 10% (5).

Although many preclinical models mimicking human cGVHD including obliterative
bronchiolitis have been established (6), control of obliterative bronchiolitis after alloHSCT
has not yet been achieved thoroughly (7). The clinical application of murine data is limited
because multiple, yet limited schema have arisen to identify alloimmune reactions in cross-
species comparisons. For instance, one extensively used model of cGVHD clearly exhibited
immune-complex glomerulonephritis, which is rarely seen in human cGVHD (8). Moreover,
transfer of autoantibodies from mice with GVHD to normal mice failed to cause
autoimmune pathology (9). These limitations are based on preparative regimens,
composition of donor graft, and genetic backgrounds of donor and recipient animals (6). In
addition, recent work has demonstrated multiple differences in immunological functions
between humans and mice (10, 11). In contrast, because in vivo T cell depletion is the only
prophylactic measure that effectively decreases the incidence of cGVHD (2, 12), donor T
cells clearly play an important role in the immune pathology of cGVHD. Taken together, to
develop novel therapeutic strategies for use in the clinical setting, the establishment of a
humanized murine model of cGVHD is urgently needed. We previously analyzed a
humanized murine acute GVHD (aGVHD) model involving mice transplanted with human
adult PBL, and showed that liver and skin were predominantly involved as target organs in
this model of aGVHD, which was clearly impeded by the administration of anti-CD26 mAb
(13). Our data suggest that CD26" T cells play an effector role in this aGVHD model.
However, because the mice studied in our previous work succumbed to aGVHD ~4 wk after
transplantation of human adult PBL, this early-onset model of aGVHD does not permit the
assessment of longer-term consequences of interventional therapies such as the development
of obliterative bronchiolitis, a form of cGVHD of the lung.

CD26 is associated with T cell signal transduction processes as a costimulatory molecule, as
well as being a marker of T cell activation in human adult PBL (14-16). In fact, patients
with autoimmune diseases such as multiple sclerosis and rheumatoid arthritis (RA) have
been found to have increased numbers of CD267CD4 T cells in both inflamed tissues and
the peripheral blood, with enhancement of CD26 expression in these autoimmune diseases
correlating with disease severity (17). Previously, we have demonstrated that caveolin-1 is a
costimulatory ligand for human CD26, and that CD26 on activated memory T cells interacts
with caveolin-1 on recall Ag-primed monocytes (18, 19). More recently, we demonstrated in
in vitro experiments that blockade of CD26-mediated T cell costimulation by soluble Fc
fusion proteins containing the N-terminal domain of caveolin-1 (Cav-1g) diminished primary
and secondary proliferative responses not only to recall Ag, but also to unrelated allogeneic
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APC (20). In contrast to adult PBL, the human umbilical cord blood (HUCB) lymphocytes
have been reported to be immature, predominantly consisting of CD45RA* naive cells (21,
22). We previously showed that, although all HUCB CDA4 T cells constitutively expressed
CD26, CD26-mediated costimulation was considerably attenuated in HUCB CD4 T cells,
compared with the robust activation via CD26 costimulation of adult PBL (21).
Additionally, HUCB CD4 T cells exhibited only slight activation after long-sustained
stimulation of CD26. These findings provided further insights into the cellular mechanisms
of immature immune response in HUCB. Furthermore, it has been reported that humanized
mice transplanted with human hematopoietic stem cell (HSC) isolated from HuCB exhibited
human hematopoiesis reconstitution as well as B cell engraftment with a similar Ab
repertoire as observed in B cells in human (23, 24). Based on these findings, we
hypothesized that HUCB naive CD4 T cells gradually acquire a xenogeneic response via
attenuated stimulatory signaling with indolent inflammation in the target organs, leading
eventually to chronic inflammatory changes. We therefore sought to develop a humanized
murine pulmonary cGVHD model utilizing HUCB donor cells, and to overcome the
limitations seen in the humanized murine aGVHD model such as vigorous activation of all
engrafted T cells and extensive loss of B cell maturation and activation (23).

In the current study, we established a xenogeneic pulmonary cGVHD murine model induced
by transplantation of HUCB, which exhibited obliterative bronchiolitis as well as
sclerodermatous skin and primary biliary cirrhosis-like liver. Moreover, we determined a
novel effect of IL-26 produced by donor-derived human CD4 T cells on fibroproliferation of
obliterative bronchiolitis, which was also shown in the murine alloHSCT model using
human IL26 transgenic mice. In addition, our findings indicated a decrease of collagen
deposition in the lung of xenogeneic pulmonary cGVHD mice treated with anti—-1L-26
neutralizing Ab. Our analysis of a patient specimen demonstrated the predominant
infiltration of 1L-26"CD26*CD4 T cells in the lung of obliterative bronchiolitis after
alloHSCT. In in vitro experiments, we showed that IL-26 of HUCB CD4 T cells was
produced via CD26 costimulation by its ligand caveolin-1, whereas CD28 costimulation did
not generally enhance IL-26 production. Furthermore, abrogation of CD26 costimulation by
Cav-1g before or during early onset of GVHD impeded the development of pulmonary
cGVHD. These results provide proof of principle that human IL-26*CD26*CD4 T cells are
involved in the pathophysiology of pulmonary cGVHD, and that blockade of CD26
costimulation by Cav-1g appears to be a promising novel therapeutic strategy for the clinical
control of cGVHD.

Materials and Methods

Abs, reagents, and cells

Mouse mAbs to human CD3 (OKT3, 1gG2b), CD26 (1F7, IgG1), and CD28 (4B10, 1gG1)
for costimulation experiments were developed in our laboratory (25). Anti—IL-26 goat
polyclonal Ab (pAb) (AF1375), which is available for neutralizing experiments (26), was
obtained from R&D Systems (Minneapolis, MN). Human rIL-26 was purchased from R&D
Systems and stocked at 1 ug mI~1 in PBS. Cav-Ig and its control Fc protein were made in
our laboratory, with previous references in the literature (27). Normal human lung fibroblast
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(NHLF) and the culture medium FGF-2 were purchased from LONZA (Walkersville, MD).
Mouse fibroblast cell line NIH3T3 and mononuclear cells (MNCs) isolated from HUCB with
Ficoll density gradation method were purchased from RIKEN BioResource Center
(Tsukuba, Japan). T cell-depleted CD34" cells were purified from MNCs of HUCB using
human CD34 MicroBead Kit (Miltenyi Biotec, Bergisch Gladbach, Germany).

NOD/SCID/y.~/~ NOD.Cg-Prkdcscid 112rgtm1Sug/Jic mice (NOG mice) (H-29) were
purchased from the Central Institute for Experimental Animals (Kawasaki, Japan). C57BL/6
(B6) mice (H-2P) were obtained from CLEA Japan (Tokyo, Japan). B6 mice carrying a 190-
kb bacterial artificial chromosome (BAC) transgene with human IFNG and IL26 gene (190-
IFNG transgenic [Tg]) and a BAC Tg-deleting conserved noncoding sequence (CNS)
positioned upstream of the IFNG transcription start site (ACNS-77 Tg) were developed in
Thomas Aune’s laboratory (28). All mice were housed in a specific pathogen-free facility in
microisolator cages. Mice were used at 8-12 wk. Animal protocol was approved by the
Institutional Animal Care and Use Committee.

Transplantation and assessment of GVHD

On day —1, NOG mice received 200 cGy irradiation. On day 0, mice were injected i.p. with
1 x 107 MNC (whole CB transplant) or 1 x 105 CD34* cells (CD34* transplant) purified
from HUCB. Mice were assessed for survival daily and weighed thrice weekly. In IL-26
blockade experiments, mice were treated with anti—IL-26 pAb or control goat 1gG at 50 pg
per dose i.p. thrice per week from day +21 until day +32 (total six doses). In cGVHD
prevention experiments, mice were given human Cav-Ig, or control human Fc at 100 ug per
dose i.p. thrice per week from day +1 until day +28 (total 12 doses). In cGVHD treatment
experiments, at onset of first clinical signs of disease 28 d after HUCB transplantation, mice
were given human Cav-lg, or control human Fc at 100 g per dose i.p. thrice per week from
day +29 until day +56 (total 12 doses) after confirmation of engraftment. Engraftment of
HuCB was confirmed by quantification of human CD45* leukocytes in mouse peripheral
blood using flow cytometry. The clinical GVHD score was assessed at least weekly
according to the previous reference in the literature (29). For allogeneic bone marrow
transplantation experiments using Tg mice, sublethally irradiated (200 cGy) NOG mice were
transplanted with 1 x 107 bone marrow and 1 x 108 splenocytes isolated from 190-IFNG Tg,
ACNS-77 Tg or parental B6 (B6 wild-type) mice. Recipients were sacrificed at 4 wk
posttransplantation, and the lungs were removed for histopathological evaluation.

Tissue histopathology and immunohistochemistry

Skin from the upper back, the left lung, and liver specimens of recipients were fixed in 10%
formalin, embedded in paraffin, sectioned, mounted in slides, and stained with H&E to
determine pathology. The lung specimen of a patient undergoing an allogeneic peripheral
blood-stem cell transplant (alloPBSCT) for acute lymphoblastic leukemia (ALL) was
prepared for histopathologic and immunohistochemical studies by the same method as
described above. Images were captured with an Olympus digital camera DP21 attached to an
Olympus BX43 microscope using CellSens software (OLYMPUS, Tokyo, Japan). Slides
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were scored by a pathologist blinded to experimental groups. The GVHD pathology score
was assessed according to the previous references in the literature (29-31). For detection of
collagen, slides were stained with Azan-Mallory staining. Abs used in
immunohistochemistry were anti-human CD4 mAb (4B12, mouse IgG1) and anti-human
CD8 mAb (C8/144B, mouse 1gG1) from Dako (Tokyo, Japan), anti-human CD26 goat pAb
(AF1180) from R&D Systems, anti—IL-26 rabbit pAb (bs-2626R) from Bioss (Wobum,
MA), and anti—IL-17A rabbit pAb (H-132) from Santa Cruz Biotechnology (Santa Cruz,
CA). Immunohistochemical staining for CD4, CD8, CD26, or IL-26 was performed at the
Department of Pathology, Keio University School of Medicine (Tokyo, Japan), as described
previously (32). Immunohistochemical staining for IL-17A was conducted at the laboratory
of MorphoTechnology (Sapporo, Japan).

Real-time quantitative RT-PCR

In experiments assessing expression of mRNA of effector molecules, a single-cell
suspension was isolated from the lung of recipient mice using Lung Dissociation Kit
(Miltenyi Biotec), followed by purification of human CD4 T cells using human CD4
MicroBeads (Miltenyi Biotec). Isolation and quantification of MRNA were performed, as
described previously (33). Expression levels of mMRNA were calculated on the basis of
standard curves generated for each gene, and hypoxanthine phosphoribosyltransferase 1
(HPRT1) mRNA was used as an invariant control. Sequences of primers used in real-time
RT-PCR analysis are as follows: human IL-2, forward 5'-
AGAAGGCCACAGAACTGAAAC-3, reverse 5-GCTGTCTCATCAGCATATTCAC-3;
human IL-4, forward 5-CAGTTCTACAGCCACCATGAGA-3, reverse 5'-
CGTCTTTAGCCTTTCCAAGAAG-3’; human IL-6, forward 5'-
GCCAGAGCTGTGCAGATGAG-3, reverse 5-TCAGCAGGCTGGCATTTG-3’; human
IL-10, forward 5-CTGGGGGAGAACCTGAAGAC-3, reverse 5'-
TGGCTTTGTAGATGCCTTTCTC-3/; human IL-17A, forward 5'-
ACATCCATAACCGGAATACCAA-3, reverse 5'-
ACATCCATAACCGGAATACCAA-3; human IL-21, forward 5'-
GACACTGGTCCACAAATCAAGCTC-3, reverse 5'-
TGCTGACTTTAGTTGGGCCTTC-3’; human IL-26, forward 5'-
CAATTGCAAGGCTGCAAGAA-3, reverse 5'-
TCTCTAGCTGATGAAGCACAGGAA-3’; human IFN-y, forward 5'-
GTGTGGAGACCATCAAGGAAG-3, reverse 5’-ATGTATTGCTTTGCGTTGGA-3;
human TNF-a, forward 5-TCAGCCTCTTCTCCTTCCTG-3, reverse 5~
TTTGCTACAACATGGGCTACA-3’; human CD26, forward 5’-
GTACACAGAACGTTACATGGGTCTC-3, reverse 5/-
TCAGCTCTGCTCATGACTGTTG-3’; and human HPRT1, forward 5'-
CAGTCAACAGGGGACATAAAAG-Z, reverse 5-CCTGACCAAGGAAAGCAAAG-3'.

Flow cytometry

The following Abs were from BD Biosciences (San Jose, CA): anti-human CD3 (UCHTL,
mouse 1gG1), anti-human CD4 (RPA-Ta, mouse 1gG1), antihuman CD8 (HIT8a, mouse
1gG1), anti-human CD14 (M5E2, mouse 1gG1), anti-human CD19 (HIB19, mouse 1gG1),
anti-human CD26 (M-A261, mouse 1gG1), anti-human CD45 (H130, mouse 1gG1), anti-
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human CD56 (B159, mouse 1gG1), anti-human IFN-y (B27, mouse IgG1), anti-human
IL-17A (N49-653, mouse IgG1) mAbs, and relevant control mAbs of the same Ig isotype.
Fluorescent conjugates were FITC, PE, PerCP-Cy5.5, and allophycocyanin. Anti—IL-10RB
rabbit pAb (bs-2602R) was purchased from Bioss, and anti—IL-20RA rabbit pAb (06-1073)
from Millipore (Billerica, MA). Anti—-IL-10RB and anti—IL-20RA pAbs recognize both
human and murine Ags. mAb staining of intracellular 1L-26 (clone 510414, mouse 1gG1)
was purchased from R&D Systems, being conjugated with Alexa Fluor 647 using Antibody
Labeling Kit (Invitrogen, Carlsbad, CA). RBCs in samples of murine peripheral blood were
lysed using BD FACS Lysing Solution (BD Biosciences). For analyzing lymphocytes
infiltrated in the lung, a single-cell suspension was prepared using Lung Dissociation Kit,
followed by purification with human CD45 MicroBeads (Miltenyi Biotec). For intracellular
cytokine analysis, purified human CD45" cells were restimulated for 4 h with 25 ng ml~2
PMA (Sigma-Aldrich, St. Louis, MO) plus 1 pg ml~1 ionomycin (Sigma-Aldrich) in the
presence of BD GolgiPlug (BD Biosciences). Intracellular flow cytometry was performed
according to the manufacturer’s instructions using Human Intracellular Cytokine Staining
Kit (BD Biosciences). Analysis was performed on two-laser FACSCalibur (BD
Biosciences), and files were analyzed in CellQuest software (BD Biosciences).

Western blotting

To analyze expression of IL-20RA or IL-10RB, 10 pg lysates of NHLF and NIH3T3 were
prepared using radioimmunoprecipitation assay (RIPA) buffer, being resolved by SDS-
PAGE in reducing condition and immunoblotted using anti-IL-20RA (ab25922; Abcam,
Cambridge, MA) or anti-IL-10RB (bs-2602R; Bioss) rabbit pAbs recognizing both human
and murine Ags. For analysis of phosphorylated STAT3 induced by exogenous IL-26, 1
x10° cells were seeded in 96-well flat-bottom plate, and the next day IL-26 (10 ng ml~1in
PBS) was added to each well. Cells were harvested at each time point, and cell lysates were
prepared in RIPA buffer containing Halt Protease and Phosphatase inhibitor mixture
(Thermo Fisher Scientific, Waltham, MA). Each 10 ug lysate was resolved by SDS-PAGE
in reducing condition and immunoblotted with antiphosphorylated STAT3 (pY-STAT?3)
(#11045; SAB, Collage Park, MD) recognizing both human and murine Ags, followed by
stripping and reprobing with anti-STAT3 pAb (total STAT3) (GTX15523; GeneTex, Irving,
CA) recognizing both human and murine Ags.

Measurement of cytokines and soluble CD26/dipeptidyl peptidase IV

The collected sera were analyzed for inflammatory cytokines other than human IL-26 using
Bio-Plex Pro Human Cytokine Assay (Bio-Rad Laboratories, Hercules, CA). IL-26 was
assayed using Human 1L-26 ELISA Kit (CUSABIO, Hubei, China). Assay for soluble
CD26/dipeptidyl peptidase IV (DPP4) was developed in our laboratory (34). All samples
were run in triplicates.

In vitro and in vivo collagen assay

NHLF or NIH3T3 cells were seeded in 96-well flat-bottom plate (1 x 105/well), and the next
day 1L-26 (0.1, 2.0, 5.0, or 10 ng mI~1 in PBS) or PBS alone was added to each well. In
neutralizing experiments, neutralizing anti—IL-20RA rabbit pAb (06-1073; R&D Systems)
or control rabbit Ig (10 ug mi~1 each) was added to each well 1 h before exogenous 1L-26
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was added. The supernatants were harvested 48 h after I1L-26 was added, followed by
measuring soluble collagen using Sircol Collagen Assay Kit (Biocolor, County Antrim,
U.K.). The total collagen of the left lung was extracted using acid—pepsin solution and
measured according to the manufacturer’s instructions of Sircol Collagen Assay Kit. All
samples were examined in triplicates.

In vitro costimulation assay

For analysis of mMRNA expression, CD4 T cells were purified isolated from HUCB MNCs,
and 1 x 10° cells/well were seeded in 96-well flat-bottom plate with immobilized anti-CD3
(0.05 pg mI~1) plus anti-CD28 (10 ug ml~1) or anti-CD26 (10 pg ml~1) mAbs. After 7 d of
stimulation, cell were harvested, MRNA was prepared, and transcript levels of human IL2,
IFNG, IL17A, IL26, and DPP4 were quantified by real-time RT-PCR. For IL-26 production
analysis via costimulation, 1 x 10° HUCB CD4 T cells were stimulated with plate-bound
anti-CD3, anti-CD28, anti-CD26 mAbs, or Cav-lg immobilized at the indicated
concentration. The supernatants were harvested 7 or 14 d after stimulation. For inhibition
assay, 1 x 10° cells/well HUCB CD4 T cells were treated with blocking Cav-Ig or control Ig
at the various concentrations (0, 1, 5, 10, 20, or 50 pg mI~1) prior to stimulation. After 1-h
blocking period, cells were stimulated with immobilized anti-CD3 (0.05 pg mI~1) plus Cav-
Ig (20 pg mI~1), anti-CD28 (20 pg ml~1), or anti-CD26 (20 pg mi~1) mAbs. After 7 d of
stimulation, the supernatants were harvested. HUCB CD4 T cells were cultured in AIM V
serum-free medium (Invitrogen).

Graft-versus-leukemia and bioluminescence imaging

Statistics

Firefly luciferase-transfected A20 murine lymphoma cells (A20-luc) of BALB/c background
(H-29) were provided by X. Chen (Medical College of Wisconsin, Milwaukee, WI1) (35).
NOG mice were irradiated at sublethal dose (200 cGy), inoculated the next day with 1 x 104
A20-luc cells via tail vein, and then transplanted the following day with 1 x 107 MNCs
isolated from HUCB. Cav-Ig or control Ig (100 pg/dose) was administered i.p. thrice per
week, beginning at day +1 after transplantation until day +28 (total 12 doses). For other
graft-versus-leukemia (GVL) experiments, NOG mice were irradiated at sublethal dose (200
cGy), and the next day were transplanted with 1 x 107 MNCs isolated from HuCB. Cav-Ig
or control Ig (100 pg/dose) was administered i.p. thrice per week, beginning at day +1 after
transplantation until day +28 (total 12 doses). A total of 1 x 105 A20-luc cells was
inoculated via tail vein on day +28 posttransplantation. Tumor dissemination was monitored
every week using in vivo bioluminescence imaging, as previously described in the literature
(36).

Data were analyzed by two-tailed Student t test for two-group comparison or by ANOVA
test for multiple comparison testing, followed by the Tukey-Kramer posthoc test. The p
values <0.05 were considered statistically significant. Survival rates were analyzed by log-
rank test using Kaplan—Meier method. Calculations were performed and graphed using
GraphPad Prism 6 (GraphPad Software, La Jolla, CA).
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Study approval
Human study protocols were approved by the Ethics Committees at Juntendo University
(authorization number 2012077), and at Keio University (authorization number 20120206).
Informed consent was obtained from a patient. Animal experiments were conducted
following protocols approved by the Animal Care and Use Committees at Juntendo
University (authorization number 1082).

Results

Establishment of obliterative bronchiolitis in mice transplanted with HUCB

As described above, the establishment of a humanized murine model of pulmonary cGVHD
is needed to better understand and treat this serious and often fatal complication of
alloHSCT. To determine whether pulmonary cGVHD is induced by human immune cells in
a murine model, we first attempted to establish a humanized murine model utilizing NOG
mice as recipients and HUCB as donor cells. To establish a control that did not develop
GVHD following hematopoietic reconstitution, we used T cell-depleted CD34* cells
isolated from HUCB (37-39). As shown in Fig. 1A and Supplemental Fig. 1A, CD34*
transplant mice survived for 5 mo without any sign or symptom of GVHD. Meanwhile,
whole CB transplant mice exhibited clinical signs/symptoms of GVHD as early as 4 wk
posttransplant (Fig. 1A), and demonstrated significantly decreased survival rate
(Supplemental Fig. 1A). Human cells were engrafted similarly in both groups, as shown in
Supplemental Fig. 1B. Previous work with other humanized murine models showed that
reconstituted human CD45* cells were overcome by CD3* T cells posttransplantation due to
reduced B cell development (23), which may impair the integrity of host immunity. In
contrast, we confirmed that NOG mice transplanted with HUCB maintained a stable number
of T and B cells (Supplemental Fig. 1C), consistent with previously reported results (24, 38—
40). Therefore, the human immune system appeared to be effectively reconstituted in the
present murine model involving whole CB as well as CD34* transplant. We next conducted
histological studies of GVHD target organs. The lung of whole CB transplant mice showed
perivascular and subepithelial inflammation and fibrotic narrowing of the bronchiole (Fig.
1B), whereas CD34™ transplant control group displayed normal appearance of GVHD target
organs such as the lung (Fig. 1C, left panel). For the diagnosis of pulmonary cGVHD, it is
necessary to show concomitant active GVHD findings in other organs, including skin and
liver (4). Skin of whole CB transplant mice manifested fat loss, follicular dropout, and
sclerosis of the reticular dermis in the presence of apoptosis of the basilar keratinocytes,
whereas the liver exhibited portal fibrosis and cholestasis (Supplemental Fig. 2). These
findings indicate that whole CB transplant mice develop pulmonary cGVHD as well as
concomitant active GVHD in skin and liver. Because obliterative bronchiolitis can be
characterized as a fibroproliferative disease (7), we also performed Mallory staining and
lung collagen assays to quantify collagen contents as a measurement of extent of disease.
The lung of whole CB transplant mice displayed a significant increase in peribronchiolar
and perivascular collagen deposition and in total lung collagen content, compared with
CD34" transplant mice (Fig. 1C, 1D). Taken together, our data demonstrate that the lung of
whole CB transplant mice exhibits obliterative bronchiolitis as manifestation of pulmonary
GVHD.
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To determine the potential cellular mechanisms involved in the pathogenesis of pulmonary
GVHD, we next analyzed the composition of human lymphocytes in the GVHD lung. In
contrast to data demonstrating that PBL contained human CD19*, CD33*, or CD56" as well
as CD3™ cells (Supplemental Fig. 1C), human CD3* cells were the predominant cell type
observed in the lung of whole CB transplant mice, comprising >99% of the lymphocyte
population (Fig. 1E). Moreover, human CD4 T cell subset was predominantly observed
compared with CD8 T cells (Fig. 1F). These findings were also confirmed by
immunohistochemistry studies of the lung specimens (Fig. 1G). These data suggest that the
development of obliterative bronchiolitis found in whole CB transplant mice involves donor-
derived human CD3 lymphocytes, particularly CD4 T cells.

IL-26—producing CD4 T cell infiltration in the lung of mice with obliterative bronchiolitis

We next analyzed the expression profile of mMRNAs of various inflammatory cytokines in
human CD4 T cells isolated from the lung of whole CB transplant mice. As shown in Fig.
2A, IFNG, IL17A, IL21, and 1L26 were significantly increased over the course of GVHD
development following whole CB transplantation, whereas IL2, TNF (TNF-a), IL4, IL6, and
IL10 were decreased. In addition, substantial increases were seen in levels of IFNG and
IL26, with IL17A and 1L21 remaining at a low level. It has been reported that IFN-y and
IL-26 are produced by Th1 cells (41), whereas IFN-y, IL-17A, and IL-26 are produced by
Th17 cells (42). Because both Th1 and Th17 cells strongly express CD26 (15, 43), we next
analyzed the expression level of CD26/DPP4. DPP4 mRNA expression in human CD4 T
cells infiltrating in the lung of mice with obliterative bronchiolitis was significantly
increased (Fig. 2A).

To determine whether these cytokines were produced by the infiltrating human CD26*CD4
T cells, we next conducted flow cytometric analysis of lymphocytes isolated from the lung
of whole CB or CD34* transplant control mice. As shown in Fig. 2B, levels of human IFN-
v or IL-26¥CD267CD4 T cells were significantly increased in whole CB transplant mice as
compared with CD34* transplant control mice, whereas levels of IL-17A*CD26*CD4 T
cells were similarly very low in both groups. These findings were also confirmed by
immunohistochemistry studies of the lung specimens (Fig. 2C). To determine whether
CD26*CD4 T cells produced I1L-26, IFN-y, and/or IL-17A, multicolor-staining flow
cytometric study was conducted. As shown in Fig. 2Di, CD26*CD4 T cells in the lung of
whole CB transplant mice predominantly produced IL-26 rather than IFN-y. In addition,
whereas CD26*IFN-y*CD4 cells exclusively expressed 1L-26, CD26*1L-26"CD4 cells were
predominantly IFN-y—negative cells, and IL-17A* cells were exclusively IL-26 negative
(Fig. 2Dii). These data suggest that CD26*CD4 T cells in the lung of mice with obliterative
bronchiolitis express IL-26 as well as IFN-v, but do not belong to the Th17 cell population.

To further confirm the above findings, we examined protein levels of the relevant cytokines.
In addition, because soluble CD26/DPP4 level is correlated with T cell CD26 protein level
and hematopoiesis (44, 45), we examined protein levels of human soluble CD26/DPP4 in
murine sera. As shown in Fig. 2E, serum levels of human IFN-y, IL-26, and human soluble
CD26/DPP4 were significantly increased in whole CB transplant mice as compared with
CD34" transplant control mice. Meanwhile, serum levels of human IL-2, IL-4, IL-6, IL-10,
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IL-17A, and TNF-a were undetectable in both groups (data not shown). Taken together,
these findings strongly suggest that IFN-y* and/or 1L-26"CD26*CD4 T cells play an
important role in the pathophysiology of obliterative bronchiolitis after HSCT.

To investigate the role of IL-26*CD26*CD4 T cells in humans, we conducted
immunohistochemistry studies of a human lung specimen obtained from a patient with
cGVHD. A 64-y-old woman underwent an alloPBSCT for ALL after being treated with
busulfan, fludarabine, and melphalan as conditioning regimen. Tacrolimus was administered
for the prevention of GVHD. The patient developed acute skin GVHD (stage 2 and grade I)
on day +33 posttransplant. On day +95, the patient had dyspnea and the chest X-ray
revealed ground glass opacity bilaterally. Transbronchial lung biopsy was performed on day
+101. Histologic findings of the lung specimen revealed perivascular and subepithelial
inflammation and narrowing of the bronchiole with manifestation of peribronchiolar and
perivascular collagen deposition (Fig. 2F). The patient was diagnosed as having pulmonary
cGVHD with obliterative bronchiolitis. Immunohistochemistry studies showed predominant
infiltration of 1L-26"CD26*CD4 T cells. These findings suggest that IL-26*CD267CD4 T
cells play an important role in the pathophysiology of obliterative bronchiolitis after HSCT
in human as well as humanized murine model.

Contribution of IL-26 to collagen production in pulmonary GVHD

Because it has been reported that pulmonary GVHD development is independent of IFN-y
(46), we therefore focused on IL-26 as a potential effector cytokine for pulmonary GVHD.
As the 1L-26 gene is absent in rodents (41, 47), we cannot formally exclude the possibility
that human IL-26 activates murine cells. We therefore conducted in vitro assays to
determine the effect of human IL-26 on murine cells. In human cells, IL-26 binds initially to
IL-20RA to form the binary complex I1L-26 plus IL-20RA, followed by recruitment of the
IL-10RB chain, leading to STAT3 phosphorylation (26). We thus confirmed that both
IL-20RA and IL-10RB were expressed in murine fibroblast cell line NIH3T3 as well as
NHLF (Fig. 3A, 3B). In both NHLF and NIH3T3, exogenous human rlL-26 induced
phosphorylation of STAT3 (Fig. 3C), indicating that human IL-26 was active not only in
NHLF, but also in murine fibroblast. To examine a functional effect of IL-26 on murine
fibroblasts, we next conducted an in vitro assay for collagen production. As shown in Fig.
3D, increased levels of collagen production in NIH3T3 as well as in NHLF were observed in
a dose-dependent manner following the addition of exogenous IL-26, and collagen
production was inhibited by neutralizing anti-IL-20RA pAb. These results strongly suggest
that human IL-26 activates both human and murine fibroblasts via IL-20RA, leading to
increased collagen production.

To further extend the above in vitro results to an in vivo system, we analyzed the lung of
murine alloreactive GVHD using human IL26 Tg mice. For this purpose, we used mice
carrying human IFNG and 1L26 transgene (190-IFNG Tg mice) or mice carrying human
IFNG transgene with deleting I1L26 transcription (ACNS-77 Tg mice). The 190-IFNG Tg
mice exhibited production of IL-26 by CD4 T cells under Th1- or Th17-polarizing
conditions, whereas expression of IL-26 was completely abrogated in ACNS-77 Tg mice
(41). In addition, production of IFN-y by T or NK cells was equivalent in both 190-1FNG Tg
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and ACNS-77 Tg mice (28). As shown in Fig. 3E, lung histology of recipient NOG mice
deriving from B6 wild-type or ACNS-77 Tg mice showed peribronchial infiltration and
cuffing denoting GVHD, whereas collagen deposit was not detected by Mallory staining,
and 1L-26" cells were not detected. In contrast, histology of recipient NOG mice deriving
from 190-1FNG Tg mice showed peribronchial infiltration and cuffing denoting GVHD with
collagen deposition and 1L-26" cell infiltration. Significant increase in collagen contents of
the lung of recipient NOG mice deriving from 190-IFNG Tg mice was noted (Fig. 3F).
These results suggest that human 1L-26, but not human IFN-v, plays a critical role in the
pulmonary fibrosis associated with obliterative bronchiolitis after HSCT.

To further define the role of IL-26 in the pulmonary fibrosis associated with HSCT, we
conducted studies to evaluate whether lung collagen contents were reduced by neutralizing
IL-26 in whole CB transplant mice. For this purpose, anti—IL-26 pAb or control pAb was
administered in sublethally irradiated NOG mice transplanted with whole CB on day +21
until day +32 thrice per week, followed by resection of the lung to measure total collagen
content. As shown in Fig. 3G, a significant decrease in collagen contents of the lung of
recipient NOG mice treated with anti—IL-26 pAb was noted. Taken together, our data
strongly suggest that IL-26 plays a critical role in the pulmonary fibrosis observed following
HSCT.

IL-26 production via CD26-mediated T cell costimulation

IL-26 was preferentially expressed in CD26*CD4 T cells in the lung of whole CB transplant
mice experiencing obliterative bronchiolitis (Fig. 2D), with increased expression of DPP4
(Fig. 2A). Although upstream stimulation of IL-26 synthesis has not yet been determined,
CD26/DPP4 as well as IFN-y is preferentially expressed on Th1 cells activated via CD26-
mediated costimulation (15). We thus hypothesized that human CD4 T cells produce IL-26
following CD26 costimulation. To test this hypothesis, we conducted in vitro costimulatory
experiments using HUCB CD4 T cells and analyzed expression of various inflammatory
cytokines. As shown in Fig. 4A, although expression levels of 1L26 and DPP4 were
enhanced by CD28 (*) or CD26 (**) costimulation, significantly greater increase in levels of
IL26 and DPP4 was observed following CD26 costimulation than CD28 costimulation
(***). In contrast, expression levels of IL2, IFNG, and IL17A were not increased following
either CD26 costimulation or CD28 costimulation (Fig. 4A), due to the immaturity of HuCB
T cells, as was previously reported (21, 48). We next conducted costimulatory experiments
evaluating dose effect and time kinetics using the CD26 costimulatory ligand Cav-Ig as well
as anti-CD26 or anti-CD28 mAbs, and assayed for secreted IL-26. As shown in Fig. 4B,
production of IL-26 was increased following CD26 costimulation with Cav-Ig (*) or anti-
CD26 (**) mAb in dose- and time-dependent manners, whereas a slight increase in IL-26
level was observed following CD28 costimulation only at higher doses of mAb and longer
stimulation periods (***). Blocking experiments were then performed for further
confirmation, showing that 1L-26 production induced by Cav-1g or anti-CD26 mAb was
clearly inhibited by treatment with soluble Cav-Ig in a dose-dependent manner (Fig. 4C),
whereas no change was observed with CD28 costimulation (Fig. 4C). These findings
strongly suggest that production of IL-26 by HUCB CD4 T cells is regulated via CD26-
mediated co-stimulation. Moreover, because the functional sequences of the N-terminal of
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caveolin-1 are highly conserved between human and mouse (49), allowing for the capability
to bind human CD26 as a costimulatory ligand, it is conceivable that donor HUCB T cells
transferred into mice were activated via CD26 costimulation triggered by murine caveolin-1.
Taken together, CD26-mediated IL-26 production triggered by caveolin-1 is identified as a
possible therapeutic target in pulmonary cGVHD through the use of whole CB transplant
mice.

Prevention of obliterative bronchiolitis in whole CB transplant mice by Cav-Ilg
administration

Given the role of CD26 costimulation in IL-26 production and IL-26 regulation of collagen
production, we therefore sought to determine whether disruption of CD26 costimulation by a
blocking reagent, Cav-lg, prolonged survival of the recipient mice associated with a
reduction in the incidence of obliterative bronchiolitis. Recipients treated with Cav-Ig
survived for 7 mo without any clinical findings of GVHD (Fig. 5A, 5B). Meanwhile, the
survival rate of recipient mice treated with control Ig was significantly reduced (Fig. 5A),
with clinical signs/symptoms of GVHD (Fig. 5B). Human cells were engrafted similarly in
both groups, as shown in Supplemental Fig. 3A, 3B. Histologic findings of the lung showed
the development of obliterative bronchiolitis in control Ig, while having normal appearances
in Cav-Ig recipient mice, with none having positive pathology scores (Fig. 5C, 5D). These
effects of Cav-1g were also observed in other GVHD-target organs such as the skin and liver
(Supplemental Fig. 3C). Moreover, IL-26*CD26*CD4 T cells in the lung and serum levels
of human IL-26 and soluble CD26/DPP4 were significantly decreased in Cav-lg—
administered recipients than in control 1g (Fig. 5E, 5F). Furthermore, collagen contents in
the lung were reduced in Cav-lg—administered recipients (Fig. 5G, 5H). Taken together, the
above results support the notion that Cav-lIg administration prevents the development of
pulmonary GVHD in whole CB transplant mice by decreasing the number of
IL-26"CD26*CD4 T cells.

Effect of Cav-lg administration after onset of GVHD

Because pulmonary GVHD progresses in an indolent manner over weeks and months,
patients often are affected by the clinical findings prior to being diagnosed with cGVHD
(50). We therefore sought to determine whether blockade of caveolin-1/CD26 interaction
effectively suppresses obliterative bronchiolitis development following the appearance of
clinical signs/symptoms. For this purpose, treatment began on day +29 following the
appearance of an increase in GVHD scores, indicating the early stages of cGVHD
development. Recipients treated with Cav-Ig survived for 7 mo with remission of GVHD
symptoms (Fig. 6A, 6B). Meanwhile, the survival rate of recipients treated with control Ig
was significantly decreased (Fig. 6A), with progression of clinical signs/symptoms of
GVHD (Fig. 6B). Human cells were engrafted similarly in both groups (Supplemental Fig.
4A, 4B). In contrast to progressive obliterative bronchiolitis of control Ig-treated recipients,
peribronchial inflammation shown at 5 wk posttransplantation was attenuated at 10 wk
posttransplantation in Cav-Ig—treated recipients (Fig. 6C). Correspondingly, the pathologic
scores of control Ig-treated recipients were significantly increased at 10 wk, as compared
with those at 5 wk (Fig. 6D). Meanwhile, the pathologic scores of Cav-Ig-treated recipients
were significantly reduced at 10 wk, as compared with those at 5 wk (Fig. 6D), and were
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clearly decreased as compared with those of control Ig-treated recipients (Fig. 6D). These
effects of Cav-lg administration were observed in the skin and liver (Supplemental Fig. 4C-
F). Moreover, levels of human IFN-y* and IL-26*CD26*CD4 T cells in the lung of control
Ig-treated recipients were significantly increased at 10 wk, as compared with those at 5 wk
(* of Fig. 6E). In contrast, levels of human IFN-y* and IL-26"CD26*CD4 T cells in the lung
of Cav-Ig-treated recipients were significantly reduced at 10 wk, as compared with those at
5 wk (** of Fig. 6E), and were clearly decreased as compared with those of control Ig-
treated recipients (*** of Fig. 6E). Furthermore, total collagen contents in the lung were
significantly lower in Cav-lg-treated recipients than control Ig-treated recipients (Fig. 6F).
Taken together, these data suggest that Cav-1g administration not only prevents the
development of cGVHD, but also provides a novel therapeutic approach for the early stages
of cGVHD by regulating levels of 1L-26*CD26*CD4 T cells.

Treatment with Cav-lg preserves GVL capability in recipient mice

Because GVHD and GVL effects are highly linked immune reactions (51), we evaluated the
potential influence of Cav-Ig treatment on GVL effect. For this purpose, cohorts of Cav-Ig
—or control 1g-treated recipient mice of whole CB transplant were irradiated at sublethal
doses and then injected i.v. with luciferase-transfected A20 (A20-luc) cells 1 d prior to
whole CB transplantation to allow for dissemination of tumor cells. The next day following
transplantation, treatment with Cav-Ig or control Ig thrice per week began on day +1 until
day +28. Mice inoculated with A20 cells alone all died of tumor progression within 6 wk
(Fig. 7A, 7B). Recipients treated with control Ig exhibited clinical evidence of GVHD such
as weight loss and ruffled fur and died of GVHD without tumor progression in 13 wk (Fig.
7A, 7B). In contrast, recipient mice treated with Cav-Ig displayed significantly prolonged
survival (Fig. 7A) without involvement of A20-luc cells (Fig. 7B). To better characterize the
potency of the GVL effect, we repeated these studies with injection of A20-luc cells on day
+28 after whole CB transplantation to allow for acquisition of immunosuppression by Cav-
Ig treatment. Mice inoculated with A20 cells alone all died of tumor progression within 2
wk after tumor inoculation (Fig. 7C, 7D). Recipient mice treated with control Ig
demonstrated clinical evidence of GVHD such as weight loss and ruffled fur and died of
GVHD without tumor progression within 13 wk after transplantation (Fig. 7C, 7D). In
contrast, recipients treated with Cav-Ig exhibited significantly prolonged survival (Fig. 7C)
without involvement of A20-luc cells (Fig. 7D). Collectively, these results demonstrate that
Cav-Ig treatment of recipient mice of whole CB transplant was effective in reducing the
symptoms of cGVHD without a concomitant loss of the GVL effect.

Discussion

In the current study, we demonstrated that obliterative bronchiolitis developed in NOG mice
transplanted with HUCB (whole CB transplant). Utilizing this humanized mouse model, we
found that donor-derived CD4 T cells predominantly infiltrated in the lung of obliterative
bronchiolitis, and that 1L-26 as well as IFN-y levels were enhanced significantly in the
infiltrating human CD267CD4 T cells.
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Originally discovered in Herpesvirus saimiri—transformed T cells (52), IL-26 is now
classified as belonging to the IL-10 family of cytokines (42). IL-26 is a secreted protein
produced by T, NK cells, or synoviocytes (53, 54), and binding of IL-26 to a distinct cell
surface receptor consisting of IL-20RA and IL-10RB results in functional activation via
STAT3 phosphorylation (26). IL-26 gene expression or protein production has been
analyzed in patients with RA, inflammatory bowel diseases, and hepatitis C virus infection
(54-58). However, the effect of IL-26 on the pathophysiology of cGVHD has not yet been
determined. Moreover, there has been little information available regarding the biological
functions of IL-26 using animal models due to the absence of the IL-26 gene in mouse (41,
47). In this study, we described a novel effect of IL-26 on fibroproliferation in transplant-
related obliterative bronchiolitis, using a humanized pulmonary cGVHD murine model.
Moreover, we demonstrated that human IL-26, not IFN-v, induced collagen deposition in
obliterative bronchiolitis of murine allogeneic transplantation model utilizing 190-1FNG Tg
and ACNS-77 Tg mice. In both 190-IFNG Tg and ACNS-77 Tg mice, production of IFN-y
by T or NK cells is equivalent in both tissue culture studies and analysis of basal levels in
various tissues, including spleen, lymph node, and colon (28). In contrast, expression of
IL-26 is observed in Thl- or Th17-polarizing CD4 cells of 190-IFNG Tg mice, whereas it is
completely abrogated in ACNS-77 Tg mice (41). Moreover, IFN-y*CD4 T cells infiltrating
in the lung of obliterative bronchiolitis exclusively expressed IL-26, whereas IL-17A*CD4
T cells were negative for IL-26. To characterize the role of I1L-26*CD26*CD4 T cells in
patients with obliterative bronchiolitis, we analyzed the lung specimen of a patient with
dyspnea and ground glass opacity detected on the chest X-ray examination on day +95 of
alloPBSCT for ALL. Although a limited number of samples was obtained because invasive
examinations including lung biopsy are not necessary to diagnose lung cGVHD (4), our data
obtained from a human lung sample confirm the findings shown in the above murine model.
Collectively, our data imply that IL-26*CD26* Th1 cells play an important role in the
pathogenesis of obliterative bronchiolitis observed in a cGVHD patient as well as in whole
CB transplant mice. Regarding its specific receptor, IL-26 primarily binds to IL-20RA,
followed by recruitment of IL-10RB (26). Although IL-10RB is broadly expressed on most
cell types and tissues, IL-20RA is not expressed in lymphoid organs, but is expressed in the
lung as well as skin (59). It is thus conceivable that IL-26-related fibroproliferation occurs
in the lung and skin.

It has been reported that allogeneic Th17 cells could induce severe forms of acute GVHD
associated with cutaneous and pulmonary pathologic manifestations (60). Moreover, in
studies of lung transplant recipients using murine model and human samples, IL-17 was
shown to be involved in the pathogenesis of obliterative bronchiolitis associated with
chronic rejection (61, 62). In the current study, we demonstrated that levels of IL17A and
IL-17—producing cells were slightly increased in CD4 T cells infiltrating the obliterative
bronchiolitis lung. Although the role of IL-17 in cGVHD is still unclear (63), we could not
exclude the possibility that small populations of IL-17*CD4 T cells are involved in the
pathogenesis of obliterative bronchiolitis in cGVHD. In addition, Th17 cells display a great
degree of context-dependent plasticity, as they are capable of acquiring functional
characteristics of Th1l cells (64). This late plasticity may play a role in the development of
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obliterative bronchiolitis regulated by CD26*CD4 Th1 cells, and may be associated with the
emergence of 1L-26*CD26* Th1 cells.

Several causes of obliterative bronchiolitis after alloHSCT have been proposed, including
donor-derived T cell-mediated injury, several profibrotic factors, and autoantibody
deposition (7). Recent report using a murine model showed that donor-derived B cell
activation and maturation with the aid of T follicular helper cells were necessary for
cGVHD, and bronchiolitis obliterans syndrome was reversed by the abrogation of IL-21
signaling (65). However, our present model using human donor cells did not demonstrate the
presence of B cells in the lung of obliterative bronchiolitis, whereas a substantial B cell
population was detected in the recipient PBL. In fact, no direct evidence for a causal
relationship for autoantibodies or alloantibodies in the pathogenesis of organ manifestation
of cGVHD has been observed in humans (9). Furthermore, cGVHD of the visceral organs
seemed to respond poorly to B cell depletion therapy such as rituximab (7, 9). It is
speculated that this observed discrepancy is due to differences in the B cell maturation
process between mice and humans (11). Despite these limitations of murine or humanized
murine models, targeting CD4 T cells to control cGVHD is a reasonable therapeutic
approach because T cell help plays a pivotal role in B cell maturation and activation in
cGVHD (66).

A related issue concerns the process of B cell development in humanized mice. Previous
work has shown that reconstituted human CD45* cells in other models of humanized mice
were overcome by CD3* T cells within several months of transplantation due to reduced B
cell development (40). However, given the fact that HuCB contains ample HSC as well as
naive lymphocytes, the use of HUCB as donor cells led to sustained recovery of lymphocytes
in the recipient PBL, as had also been reported by other investigators (24, 38, 39, 67). In
addition, it has been demonstrated that specific Abs in human B cells generated in the
humanized mice transplanted with HSC isolated from HuCB are effectively synthesized (23,
24, 38, 40). A potential concern regarding the applicability of results obtained from our
model is the lack of intestinal GVHD. Because recent work demonstrated that neutrophils
play an important role in intestinal GVHD (68), one possible explanation for the lack of
intestinal GVHD in our model is that achieving effective engraftment of neutrophils in our
model is particularly difficult (40). Despite the limitations of cross-species comparisons, our
study provides insights into the pathogenesis of clinical pulmonary cGVHD induced by
human lymphocytes. Furthermore, data obtained from our study have identified potential
novel therapeutic targets in the management of clinical cGVHD.

Because we previously showed an effectiveness of anti-CD26 mAb on an aGVHD model
using adult PBL (13), we performed preliminary testing of anti-CD26 mAb effect on
recipient mice of whole CB transplant, and found a high incidence of graft failure (data not
shown). Our speculation of the reason for this failure is as follows: we previously reported
that HUCB CD4 T cells broadly express CD26 (21), and other investigators observed that
CD34*CD38!9%~ or CD34*CD38* hematopoietic stem/progenitor cells in HUCB
preferentially express CD26 (69). These findings suggest that treatment with anti-CD26
mAb in a HuCB transplant model may reduce the levels of hematopoietic stem/progenitor
and/or CD4 T cells in the graft of HUCB, resulting in increased graft failure. Meanwhile, it
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has been reported that endogenous CD26 expression on donor cells negatively regulates
homing and engraftment (70), and that inhibition of DPP4 enzyme activity enhances
engraftment of hematopoietic cells in mice and humans (71, 72). In the current study, we
observed no difference of engraftment between Cav-lg— and control Ig-treated mice. It is
conceivable that continuous inhibition of DPP4 enzyme activity was not achieved by the
alternate-day schedule of administration of Cav-Ig used in the current study, with the
resultant lack of continuous inhibition of related chemokines, cytokines, and CSFs (71).

In addition to issues involving the use of anti-CD26 mADb, it is important to point out that
there may be potential adverse events such as off-target effects associated with the proposed
use of Cav-Ig therapy. Although caveolin-1 exists in the inner surface of most cell types
(49), its N terminus is detected on endothelial cells as well as APCs after activation (73).
Therefore, it is possible that Cav-1g binds to cell surface caveolin-1 and is consumed in such
endothelial cells. Other issues relate to the GVL effects. Our data demonstrated that Cav-Ig
clearly impeded GVVHD in our model with preservation of GVL effects. We speculate that
CD26-dependent xenogeneic priming of CD4 T cells is inhibited by Cav-lg (13, 20),
whereas CD28-dependent GVL effects are exerted after engraftment (74). However,
studying GVHD and GVL effects that require similar CD4- or CD8-dependent pathways
with the use of primary leukemic cells rather than cell lines should help to generate reliable
models of GVL. Despite these concerns, our work revealed no abnormal findings in the
vessels and organs of Cav-lg-treated recipient mice with preservation of the GVL effect,
hence suggesting a potentially promising novel therapeutic approach for controlling
cGVHD.

The administration of Cav-lg may potentially result in renal damage because CD26 is also
expressed in the kidney (44, 45). However, we observed no pathological changes in the
kidney in mice treated with Cav-lg (data not shown). These findings may be partially due to
the fact that CD26 in the kidney is mainly expressed in the proximal tubules (75), and that
immune complex deposition of complexes consisting of Cav-lg and membrane-bound CD26
did not occur in the glomeruli to cause renal injury.

In conclusion, our present work demonstrates that caveolin-1 blockade can control
pulmonary GVHD by suppressing the immune functions of donor-derived T cells and
decreasing IL-26 production. Moreover, IL-26¥CD26*CD4 T cell infiltration appears to play
a significant role in the lung of obliterative bronchiolitis. Although complete suppression of
cGVHD with current interventional strategies represents a difficult challenge at the present
time, our data demonstrate that control of cGVHD clinical findings can be achieved in a
murine experimental system by regulating IL-26"CD26*CD4 T cells with Cav-lg. Our work
also suggests that Cav-Ig treatment may be a novel therapeutic approach for chronic
inflammatory diseases, including RA and inflammatory bowel diseases, in which 1L-26
plays an important role.
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Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.

Obliterative bronchiolitis in sublethally irradiated NOG mice transplanted with HUCB cells.
NOG mice were irradiated at sublethal dose (200 cGy) and the next day were transplanted
with 1 x 10° T cell-depleted CD34* cells purified from HUCB (CD34* transplant) or with 1
x 107 MNCs isolated from HUCB (whole CB transplant). (A) Clinical GVHD score (mean +
SEM). Data are cumulative results from three independent experiments (for each, n = 10).
The p value was calculated by log-rank test. (B) H&E staining of the lung of whole CB
transplant (8 wk posttransplantation). The left panel shows lower original magnification
(x40) and the right panel shows higher original magnification (x100). Representative
histology is shown from three independent experiments (for each, n = 10). (C) Collagen
deposition was evaluated in the lung tissues of CD34* or whole CB transplant (8 wk
posttransplantation) with an Azan-Mallory staining. The histology shown in whole CB
transplant is a sequential section of (B). Dark blue areas indicating collagen deposition are
clearly observed in whole CB transplant mice, compared with those in CD34" transplant
mice. Representative histology is shown from three independent experiments (for each, n =
10). Original magnification x100. Scale bars, 100 pm. (D) Collagen contents in the lung
were quantified by Sircol Collagen Assay. The mean number (SEM) of total collagen
contents (ug) per wet lung tissue weight (mg) was determined from three independent
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experiments (for each, n = 10). Increased collagen contents were clearly observed in whole
CB transplant mice, compared with those in CD34* transplant mice. Each dot indicates
individual value, and horizontal bars indicate mean value. (E) Representative two-
dimensional dot plots of human lymphocyte composition in the lung of whole CB transplant
mice (8 wk posttransplantation). Single-suspension cells isolated from the lung of whole CB
transplant mice (8 wk posttransplantation) were sorted by human CD45* cells and then
analyzed using flow cytometry. The upper panel shows representative human CD3 and/or
CD56 staining, and the lower panel shows representative human CD19 and/or CD14
staining. Numbers indicate relative percentages per quadrant. Similar results were observed
in independent experiments (n = 8). (F) Absolute cell numbers (mean = SEM) of human
CD45*, CD4*, or CD8" cells per lung of whole CB transplant mice were quantified by flow
cytometry. CD4* T cells were predominantly observed in the lung of whole CB transplant
mice. Data are cumulative results from three independent experiments (n=10at 4 wk, n=8
at 8 wk, and n =3 at 12 wk). *p < 0.0001 versus CD8" cells. (G) Anti-human CD4 or CD8
immunohistochemistry of sequential sections of lung tissue of whole CB transplant mice (8
wk posttransplantation). Predominant infiltration of CD4* cells was observed, with similar
results to those obtained by flow cytrometry, as shown in (F). Representative histology is
shown from three independent experiments (for each, n = 10). Original magnification x100
or x400 (inset in each panel).
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FIGURE 2.
Predominant infiltration of IL-26*CD267CD4 T cells in the lung of obliterative

bronchiolitis. (A) Whole CB transplant mice were sacrificed at 4, 8, and 12 wk
posttransplantation, and the lungs were removed, followed by isolation of human CD4"*
cells. mRNA expression of human cytokines or CD26/DPP4 was quantified by real-time
RT-PCR. Each expression was normalized to HPRT1. Data at 0 wk were obtained using
freshly isolated HUCB CD4 T cells of three different donors. Data are cumulative results
from three independent experiments (n = 10 at 4 wk, n= 8 at 8 wk, and n = 3 at 12 wk). *p <
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0.0001 versus each at 0 wk. (B) Absolute cell numbers of human IFN-y*CD267CD4,
IL-26"CD26*CD4, or IL-17A*CD26*CD4 cells in the lung of CD34™ transplant or whole
CB transplant mice were quantified by flow cytometry. Data are cumulative results from
three independent experiments (for each, n = 10 in CD34" transplant group, and n= 10 at 4
wk, n= 8 at 8 wk, and n = 3 at 12 wk in whole CB transplant group). *p < 0.0001 versus
corresponding CD34™ transplant group. (C) Anti-human CD26, 1L-26, or IL-17A
immunohistochemical staining of sequential sections of the lung from whole CB transplant
mice (8 wk posttransplantation). The lung of whole CB transplant mice was clearly
infiltrated with human CD26 or IL-26 (brown stained cells), but not with 1L-17 A—positive
cells. Representative histology is shown from three independent experiments (n = 10).
Original magnification x100 or x400 (inset in each panel). Scale bars in the inset, 20 pm.
(D) Representative two-dimensional dot plots of human CD26 and IFN-vy or 1L-26 cells by
gating for human CD4* cells (Di), and of human IFN-y or IL-17A among 1L-26" cells by
gating for human CD26*CD4" cells (Dii). Single-suspension cells isolated from the lung of
whole CB transplant mice (8 wk posttransplantation) were sorted by human CD45* cells and
then analyzed using flow cytometry. Numbers indicate relative percentages per quadrant.
Similar results were observed in independent experiments (n = 10). (E) Sera of CD34*
transplant or whole CB transplant mice were collected at the indicated week
posttransplantation, and serum levels of human IFN-y, 1L-26, and soluble CD26/DPP4 were
quantified. Data are cumulative results from three independent experiments (for each, n= 10
in CD34* transplant group, and n = 10 at 0-6 wk, n=8 at 8 wk, n=7 at 10 wk, and n= 3 at
12 wk in whole CB transplant group). *p < 0.0001 versus corresponding CD34* transplant
group. (F) H&E, Azan-Mallory, anti-human CD4, CD8, CD26, or IL-26
immunohistochemical staining of sequential sections of the lung from a patient undergoing
alloPBSCT for ALL. After having acute skin GVHD on day +33 posttransplant, the patient
experienced dyspnea with ground glass opacity detected on the chest X-ray examination on
day +95. The lung specimen was obtained by transbronchial lung biopsy on day +101,
showing perivascular and subepithelial inflammation and narrowing of the bronchiole (H&E
staining). Peribronchiolar and perivascular collagen deposition was detected by Azan-
Mallory staining. The lung was clearly infiltrated with CD4-, CD26-, or IL-26—positive cells
(brown stained cells), with CD8-positive cells found at a very low level. The histology
shown in immunohistochemical staining is focused in the inset of the H&E staining panel.
Original magnification x100 (H&E and Azan-Mallory) or x400 (anti-CD4, CD8, CD26, and
IL-26 staining).
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FIGURE 3.

IL-26 stimulates fibroblast, and collagen deposition in the lung of obliterative bronchiolitis
is induced in NOG mice receiving bone marrow cells and splenocytes of I1L26 Tg mice. (A)
Western blot analysis of IL-20RA and IL-10RB in NHLF and NIH3T3 cells. Lysates (each,
10 ug) were prepared using RIPA buffer, being resolved by SDS-PAGE in reducing
condition and immunoblotted using anti—IL-20RA or anti—-IL-10RB pAbs recognizing both
human and murine Ags. (B) Representative histogram of IL-20RA and IL-10RB of NHLF
and NIH3T3 cells. Single-suspension cells were stained with anti-IL-20RA or anti-IL-10RB
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pAbs recognizing both human and murine Ags, and analyzed using flow cytometry (bold
line). Gray histograms indicate isotype control (rabbit polyclonal IgG and anti-rabbit 1gG-
PE). (C) A total of 1 x 10° cells of NHLF or NIH3T3 was seeded in 96-well flat-bottom
plate, and the next day 1L-26 (10 ng mI~1 in PBS) was added to each well. Cells were
harvested at each time point, and cell lysates were prepared in RIPA buffer containing Halt
Protease and Phosphatase inhibitor mixture, and 10 pug each lysate was resolved by SDS-
PAGE in reducing condition and immunoblotted with antiphosphorylated STAT3 (pY-
STAT3) recognizing both human and murine Ags, followed by stripping and reprobing with
anti-STAT3 pAb (total STAT3) recognizing both human and murine Ags. Representative
data are shown from three independent experiments with similar results. (D) Collagen
production of NHLF (Di) or NIH3T3 (Dii) cells stimulated with exogenous 1L-26 in the
presence or absence of neutralizing anti-IL-20RA pAb or rabbit Ig (contl. pAb). Data are
shown as mean + SEM, resulting from three independent experiments with triplicates. The
amount of secreted soluble collagen increased with increasing level of exogenous IL-26 in a
dose-dependent manner (*p < 0.0001 versus corresponding control solvent), and production
of collagen was inhibited by the presence of neutralizing anti—IL-20RA pAb (**p < 0.0001
versus corresponding contl. pAb). (E) H&E, Azan-Mallory staining, and anti—IL-26
immunohistochemical staining of sequential sections of the lung from NOG mice at 4 wk
after transplantation of BM and splenocytes isolated from parental B6 (B6 WT), 190-IFNG
BAC Tg (190-1IFNG Tg), or ACNS-77 Tg mice. The lung of recipients of 190-IFNG Tg
mice showed obliterative bronchiolitis with collagen deposition and I1L-26" cell infiltration,
whereas recipients of B6 WT or ACNS-77 Tg mice showed peribronchial and septal
infiltration without collagen deposition or IL-26* cells. Representative histology is shown
from three independent experiments (for each, n = 6). Original magnification x100. Scale
bars, 100 um. (F) Recipient mice were sacrificed at 4 wk posttransplantation, and the lungs
were removed. Collagen contents in the lung were quantified by Sircol Collagen Assay. The
mean number (£SEM) of total collagen contents (ug) per wet lung tissue weight (mg) was
determined from three independent experiments (for each, n = 10). Increased collagen
contents were clearly observed in recipients of 190-IFNG Tg mice, compared with those in
recipients of B6 WT or ACNS-77 Tg mice. Each dot indicates individual value, and
horizontal bars indicate mean value. (G) Whole CB transplant mice were administered anti—
IL-26 Ab or control Ab (each 50 pg/dose) i.p. thrice per week, beginning at day +21 after
transplantation until day +32. Recipient mice were sacrificed at 5 wk posttransplantation,
and the lungs were removed. Collagen contents in the lung were quantified by Sircol
Collagen Assay. The mean number (SEM) of total collagen contents (ug) per wet lung
tissue weight (mg) was determined from two independent experiments (for each, n = 5).
Decreased collagen contents were clearly observed in the recipients of anti—-IL-26 Ab. Each
dot indicates individual value, and horizontal bars indicate mean value.

J Immunol. Author manuscript; available in PMC 2016 April 15.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Ohnuma et al.

A

mANA expression

L2 fHPARTT

IL-26 (pg ml-")

1L-26 (pg mi*")

Page 29

IFNG 7 HPAT1 ILT7A S HPATT

DPP4 /HPATY
s

Costimulation : anti-CD26 mAb Costimulation : anti-CD28 mAb

3
_‘—-
—H-C
p
o
=
B0
g¥
3%

CD3 (0.05) + Cav-lg (20)
CD3 (0.05) + CO26 (1.0) |
CD3 (0.05) + CD26 (5.0) |
€D3 (0.05) + CO26 (10) |
©D3 (0.05) + CO26 (20) L
CD3 (0.05) + CD28 (1.0)
CD3 (0.05) + CD2B (5.0)
€043 (0.05) + CO28 (10)
€03 (0.05) + CO28 (20)

CD3 (0.05) + Cav-g (5.0)
CD3 (0.05) + Cav-ig (10)

g
o
pd

s

[+
=
=
@
a

o

CD3 alone (0.05)
Cav-lg alone (10)
CD26 alone (10)
€D28 alone (10)

Control Ig (10)

Stimulation mAb or Cav-Ig (ug ml™")
Stimulation (ug mi ') : CD3 (0.05) + Cav-lg (20)  Stimulation (ug mi ') : CD3 (0.05) + CD26 (20)  Stimulation(y:g mi ') : CD3 (0.05) + CD28 (20)
Blocking Ig

++«:Whs2« Control Ig

—(— Cav-lg

8

T T T T /I, T T T T T g // L8 T T T T L
] 1.0 50 100 200 500 o 1.0 50 100 200 50,0 0 1.0 50 100 200 50.0
Conc. of Blocking Ig (ug mi™) Conc. of Blocking Ig (ug mi™") Conc. of Blocking Ig (ug mi)

FIGURE 4.

CD26 costimulation enhances IL-26 production in HUCB CD4 T cells, and blockade by the
CD26 ligand caveolin-1 reduces production of IL-26. (A) HUCB CD4 T cells were
stimulated with immobilized anti-CD3 (0.05 ug mI~1) plus anti-CD28 (10 pg mI~1) or anti-
CD26 (10 pg mI~1) mAbs. After 7 d of stimulation, mRNA levels of human 1L2, IFNG,
IL17A, IL26, and DPP4 were quantified by real-time RT-PCR. Each expression was
normalized to HPRT1. Data are shown as mean + SEM, resulting from three independent
experiments with triplicates. *p < 0.05, *****p < 0.0001. (B) HUCB CD4 T cells were
stimulated with plate-bound anti-CD3, anti-CD28, anti-CD26 mAbs, or Cav-lg immobilized
at the indicated concentration. The supernatants were harvested 7 or 14 d after stimulation,
and levels of human IL-26 were quantified. Data are shown as mean £ SEM, resulting from
three independent experiments with triplicates (***p < 0.0001 or ***p < 0.05 versus
corresponding samples at day 0). (C) HUCB CD4 T cells were treated with blocking Cav-1g
(solid line) or control Ig (dotted line) at the indicated concentration. After 1 h of incubation
with blocking Cav-Ig or control 1g, cells were stimulated with immobilized anti-CD3 (0.05
pg mi~1) plus Cav-1g (20 pg mi~1), anti-CD28 (20 ug mi~1), or anti-CD26 (20 ug mi~1)
mADbs. After 7 d of stimulation, the supernatants were harvested and levels of human IL-26
were quantified. Data are shown as mean + SEM, resulting from three independent
experiments with triplicates. *p < 0.0001 versus corresponding control Ig.
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Administration of Cav-1g prevents obliterative bronchiolitis by reducing level of
IL-26*CD26*CD4 cells and collagen deposition. Sublethally irradiated NOG mice were
transplanted with 1 x 107 MNCs isolated from HUCB. Cav-Ig or control lg (each 100 pg/
dose) was administered i.p. thrice per week, beginning at day +1 after transplantation until
day +28. (A) Overall survival and (B) clinical GVHD score (mean + SEM). Data are
cumulative results from three independent experiments (for each, n = 10). (C) H&E staining
of the lung of recipients administered with control Ig or Cav-Ig group (6 wk
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posttransplantation). Representative histology is shown from three independent experiments
(for each, n = 10). Original magnification x100. Scale bars, 100 um. (D) Pathologic damage
in the lung of recipients administered with Cav-Ig or control g was examined at 6 wk
posttransplantation, using a semiquantitative scoring system. Each dot indicates individual
value, and horizontal bars indicate mean value. (E) Absolute cell number of human
IL-26*CD26*CD4 cells in the lung of recipients of Cav-Ig or control Ig group. Data are
cumulative results from three independent experiments (for each, n = 10 in Cav-Ig group,
and n =10 at 0-4 wk, n=9 at 8 wk, and n = 2 at 12 wk in control 1g group). *p < 0.0001
versus corresponding control Ig group. (F) Sera of recipients of Cav-Ig or control Ig group
were collected at the indicated week posttransplantation, and serum levels of human IL-26
and soluble CD26/DPP4 were quantified. Data are cumulative results from three
independent experiments (for each, n =10 in Cav-lg group, and n=10 at 0-6 wk, n=9 at 8
wk, n=7 at 10 wk, and n =2 at 12 wk in control Ig group). *p < 0.0001 versus
corresponding control Ig group. (G) Collagen deposition was determined in the lung tissues
of recipients of Cav-Ig or control Ig group (6 wk posttransplantation) with an Azan-Mallory
staining. Representative histology is shown from three independent experiments (for each, n
= 6). Original magnification x100. Scale bars, 100 um. (H) Collagen contents in the lung of
recipients of Cav-Ig or control Ig group (6 wk posttransplantation) were quantified by Sircol
Collagen Assay. The mean number (SEM) of total collagen contents (ug) per wet lung
tissue weight (mg) was determined from three independent experiments (for each, n = 10).
Decreased collagen contents were clearly observed in recipients of Cav-1g group. Each dot
indicates individual value, and horizontal bars indicate mean value.
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FIGURE 6.
Administration of Cav-1g during early GVHD development impedes lethal GVHD by

reducing level of IL-26"CD26*CD4 cells and collagen deposition in the lung. Sublethally
irradiated NOG mice were transplanted with 1 x 107 MNCs isolated from HuUCB. Cav-Ig or
control Ig (each 100 mg/dose) was administered i.p. thrice per week, beginning at day +29
after transplantation until day +56. (A) Overall survival and (B) clinical GVHD score (mean
+ SEM). Data are cumulative results from three independent experiments (for each, n = 10).
(C) H&E staining of the lung tissues of control Ig group and Cav-lg group at 5 or 10 wk
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posttransplantation. Representative histology is shown from three independent experiments
(for each, n=10 in Cav-lg group, and n = 10 at 5 wk and n = 5 at 10 wk in control Ig
group). Arrows indicate perivascular and peribronchial inflammation of the small airway.
Original magnification x100. Scale bars, 100 um. (D) Pathologic damage in the lung of
recipients administered with Cav-Ig or control Ig was examined at 5 and 10 wk
posttransplantation using a semiquantitative scoring system. Each dot indicates individual
value, and horizontal bars indicate mean value. Data are cumulative results from three
independent experiments (for each, n =10 in Cav-Ig group, and n=10 at 5wk and n=5 at
10 wk in control Ig group). *p < 0.01, *****p < 0.0001. (E) Absolute cell number of human
IFN-y* or IL-26*CD26*CD4 cells in the lung of recipients of Cav-Ig or control Ig group.
Data are cumulative results from three independent experiments (for each, n =10 in Cav-Ig
group, and n= 10 at 5 wk and n =5 at 10 wk in control Ig group). ******p < 0.0001. (F)
Collagen contents in the lung of recipients of Cav-lg or control Ig group (5 and 10 wk
posttransplantation) were quantified by Sircol Collagen Assay. The mean number (+SEM)
of total collagen contents (g) per wet lung tissue weight (mg) was determined from three
independent experiments (for each, n =10 in Cav-lg group, and n=10at5wk and n="5 at
10 wk in control Ig group). Each dot indicates individual value, and horizontal bars indicate
mean value. ***p < 0.0001.

J Immunol. Author manuscript; available in PMC 2016 April 15.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Ohnuma et al. Page 34
A Tumor Ig administration B
i (3 times / week)
Tumeor alone Whele CB Whole CB
100 + Control Ig + Cav-lg
Whole CB P <0.0001 + Tumor + Tumor
. + Cav-lg
80 - i + Tumor g
S o
© :
> tee 5
s 60 + * Whole CB 2
5 + +Control Ig 2| =
0 Tumeor alone E + Tmor ,? sgg
3‘2 40 - “ee 8 o
B
£
HE
= =
8
0 4 8 12 16 20 L
Weeks Post CB Transplant e o)
TUTOF Tumor alone Whole CB Whole CB
lg administration + Control Ig + Cav-ig
(—) (3 times / week) + Tumoar + Tumor
100
. Whole CB P <0.0001 7
+ Cav-lg
+ Tumor .
80 2§
= S3
© & E
Z 60 - L% & 2
c + Whole CB o
= + +Control Ig OE
w » + Tumor BT
2 40 - : &2
32
o
=0
20 4, =
umor alone
D LS " L Ll l L] ' : LS 'l L l LELELI ' L] " L x 10 7
{p sec? cm sr1)
0 4 8 12 16 20 24 28

Weeks Post CB Transplant

FIGURE 7.
Cav-Ig preserves GVL effect. (A) NOG mice were irradiated at sublethal dose (200 cGy)

and the next day were inoculated with 1 x 104 A20-luc cells via tail vein, and then were
transplanted the following day with 1 x 10’ MNCs isolated from HUCB. Cav-Ig or control
Ig (each 100 pg/dose) was administered i.p. thrice per week, beginning at day +1 after
transplantation until day +28. Overall survival is depicted from cumulative results from
three independent experiments (for each, n = 10). p < 0.0001 versus recipients of control Ig
by log-rank test. (B) In vivo bioluminescence imaging was performed at the indicated time
points after treatment, as described in (A). Representative mice are shown. Ruffled fur
consistent with skin GVHD is shown in recipients of control Ig group at 10 wk
posttransplant (middle panel). TDeath of all mice in the group of tumor alone or control Ig
groups. (C) Sublethally irradiated NOG mice were transplanted with MNCs isolated from
HuCB. Cav-Ig or control Ig was administered i.p. thrice per week, beginning at day +1 after
transplantation until day +28. A total of 1 x 10° A20-luc cells was inoculated via tail vein on
day +28 posttransplantation. Overall survival is depicted from cumulative results from three
independent experiments (for each, n = 10). p < 0.0001 versus recipients of control Ig by
log-rank test. (D) In vivo bioluminescence imaging was performed at the indicated time
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points after treatment, as described in (C). Representative mice are shown. Slightly ruffled
fur consistent with skin GVHD is shown in recipients of control Ig group at 6 wk
posttransplant (middle panel). TDeath of all mice in the group of tumor alone or control Ig
groups.
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