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Abstract

Alloimmunity to mismatched donor HLA-antigens and autoimmunity to self-antigens have been
hypothesized to play an important role in immunopathogenesis of chronic rejection of transplanted
organs. However, it is not known what role, if any, alloimmune response plays in inducing
autoimmunity. To test whether antibody developed post-transplantation to mismatched donor-MHC
induces autoimmunity and chronic rejection, we developed a murine model wherein anti-MHC class
| antibodies or control (C1.18.4/anti-keratin) were administered intra-bronchially into native lungs.
Animals receiving anti-MHC class I, but not control antibodies, developed marked cellular
infiltration around vessels and bronchiole of lung by day 15 followed by epithelial hyperplasia,
fibrosis and occlusion of the distal airways similar to chronic rejection following human lung
transplantation. Lungs of mice receiving anti-MHC class | showed increased expression of
chemokines, their receptors and growth factors and induced IL-17 as well as de novo antibodies to
self-antigens, K-al tubulin and collagenV. IL-17 neutralization by anti-IL-17 resulted in reduction
of autoantibody and lesions induced by anti-MHC class | antibodies. Thus, our results indicate that
antibodies to donor-MHC can induce autoimmunity, mediated by IL-17, which plays a pivotal role
in chronic rejection post-lung transplantation. Therefore, approaches to prevent autoimmunity should
be considered for the treatment of chronic rejection post-lung transplantation.
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Introduction

Transplantation is the current treatment of choice for many end stage renal, hepatic, cardiac

and pulmonary diseases. Improvement in surgical techniques, post operative management and
immunosuppression have all resulted in marked improvement in allograft survival. However,
long term functions of the transplanted organs are often limited due to development of chronic
rejection. This is particularly true following lung transplantation (LTx) where chronic rejection
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referred to as bronchiolitis obliterans syndrome (BOS) occurs in 50% of the transplants within
3 years post-transplant. A retrospective analysis of 2,190 transplants performed at Washington
University/Barnes Hospital demonstrated that nearly all of the transplanted organs succumb
to chronic rejection during the course of 10 years post-transplant (1). It is generally accepted
that chronic rejection is a manifestation of alloimmune responses against the transplanted organ
(2,3). More recently, strong correlation has been noted for the development of anti-MHC class
| antibodies (Abs) during the post-transplant period with development of chronic rejection
(4,5). A longitudinal study conducted over a ten year period for HLA Abs demonstrated a
strong association between the production of HLA Abs after renal transplantation and graft
failure (6). Similar association of post-transplant Abs with rejection of heart (7) and LTx (8)
have also been reported. Based upon these reports, it is generally believed that HLA Ab
monitoring during the post-transplant period is an effective way to predict impending chronic
rejection of solid organs.

Induction of autoimmunity following allo-transplantation has also been demonstrated after
heart and LTx (9,10). It has been postulated that auto-reactive T cells to self antigens occurs
after an allo-response, and once activated they can induce pathology of chronic rejection
(11). Cellular auto reactivity against heat shock protein 60 (HSP-60) has been demonstrated
in peripheral blood and graft infiltrating lymphocytes following renal transplantation (12).
These cells produced both inflammatory and regulatory cytokines in response to HSP-60 and
IL-10 predominance was noted in the late period post-transplant suggesting a regulatory role
for HSP-60 autoreactivity. Cardiac myosin reactive T and B cells have been demonstrated
following murine cardiac allograft rejection (9). Further, anti-cardiac myosin immune response
has been shown to contribute to the graft rejection in that pre-transplant modulation of this
response in recipient mice can affect cardiac allograft survival (13). It has been demonstrated
that anti-cardiac myosin reactivity persists in the late post-transplant period in the absence of
an alloimmune response suggesting that the auto-immune response to myosin may be
associated with the pathogenesis of chronic rejection (14). Further, pre-transplant sensitization
with cardiac myosin resulted in accelerated rejection of the graft and more significantly under
the same condition, even a syngenic graft was rejected within 40 days (9). Using a rat model
of LTx, evidence has been obtained for an immune response to a self antigen, collagen V
(ColV), in the pathogenesis of lung allograft rejection (15). Two lines of evidence supporting
the view that autoreactive T cells specific to ColV are sufficient to cause rejection of the
transplants have been presented; 1) instillation of syngenic BAL cells pulsed with ColV was
sufficient to cause rejection of lung allograft, and 2) adoptive transfer of anti-ColV cell lines
into naive rats caused peribronchiolar and perivascular inflammation in lung isografts (16).
Taken together, the above experiments using animal models of transplantation strongly support
the conclusion that the induction of an autoimmune response after transplantation may lead to
chronic rejection of allografts.

IL-17 has been to shown to be a potent pro-inflammatory cytokine that acts on epithelial cells,
endothelial cells (ECs), fibrocytes and stromal cells leading to a pro-inflammatory signal which
results in enhanced pro-inflammatory cytokine and chemokine secretion (17). IL-17 has also
been shown to play a crucial role in the induction of humoral auto-immune responses (18).
Analysis of the T cell responses to ColV in LTx recipients has been shown to be dependent on
CDA4 T cells and monocytes (19) and this response was found to be dependent on IL-17, TNF-
a and IL-1B. (19). Furthermore, this report demonstrated the interaction between IL-17 and
monocytes is necessary for the induction of the ColV specific responses which correlates with
the development of BOS. Studies in the literature have also demonstrated that a deficiency in
the 1L-17 or blocking of I1L-17 results in a decrease in the production of auto-Abs (20,21).
IL-17 has been also shown to play a crucial role in the formation of germinal centers (GCs)
and regulate the movement of the B cells in the GCs as mediated by chemokines CXCL12 and
CXCL13. Blocking of the IL-17 has been shown to result in a reduction in the levels of GCs
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and decreases the titer of auto-Abs (22). Taken together, several body of evidence strongly
supports the hypothesis that IL-17 may be an important contributor in the production of auto-
Abs.

Although there is a strong evidence for both allo- and auto-immune responses in the
pathogenesis of chronic rejection, the relationship between allo-immunity and auto-immunity
and its role in the pathogenesis of chronic rejection still remains to be elucidated. In our study,
we administered anti-MHC class | Abs intrabronchially into the native murine lung so that
anti-MHC class | Abs will specifically ligate MHC molecules in the lung parenchyma. Using
this novel model, we demonstrate for the first time that ligation of anti-MHC class | Abs to the
lung parenchyma results in an auto-immune response leading to endotheliitis, cellular
infiltration, epithelial hyperplasia and fibrosis as well as luminal occlusion of the small airways.
Histopathology of the lesion closely resembles chronic rejection pathology noted following
human LTx, thus providing support for both allo-immunity and auto-immunity in the
immunopathogenesis of chronic rejection following LTx. Further, our data demonstrate that
binding of MHC molecules with specific Abs can result in exposure of self antigens of the
epithelial cells to immune system leading to both cellular and humoral auto-immunity and
immunopathogenesis of chronic rejection that is predominantly mediated by the I1L-17
producing cells.

Materials and Methods
Anti-MHC class | Abs induced OAD development

We developed a murine model in which OAD (obliterative airway disease), correlate of BOS,
takes place in the distal airways following ligation of MHC molecules in the lung by a mAb
to MHC class | antigens. Since we wanted to have good titer of anti-MHC class | Ab in the
lung and not absorbed by other tissues, we opted to give anti-MHC class | Abs directly into
the lung. All experiments were performed in compliance with the guidelines of the Institutional
Laboratory Animal Care and Use Committee of Washington University School of Medicine
(protocol 20070121). Murine mAb to H2KY (BALB/c, 6 week, male, IgG2a) which has no
detectable endotoxin as measured by LAL assay was given at a dose of 200 ug per
administration into mice intubated with a 20 gauge catheter. Similarly, a murine mAB to
H2KP (C57/BL6, 6 weeks, male, 1gG2a) as well as murine mAB against the HLA class |
molecules (HLA-A2 transgenic C57/BL6 mice, 6 weeks, male) were administered
endbronchially to test the ability of anti-MHC abs to induce lesions in other strains of mice.
In brief, mice were anesthetized and tongue pulled out. A mosquito clamp was inserted into
the mouth and a 20 gauge catheter was placed into the trachea. Antibody (200 pg) was
administered into the lung on day 1, 2, 3, 6 and then weekly thereafter. C1.18.4, same isotype,
was given on the days mentioned above as controls.

Immunohistochemical analysis

Frozen lung samples were embedded in Freez Tissue matrix (OCT), and sections were cut at
5 um thickness. The sections were fixed in cold alcohol for 2 min (-20 °C) and air dried. The
sections were treated with 3% H,0, in EtOH for 10 min to block endogenous peroxidase
activity. The sections were blocked with Biotin/Avidin system components for 15 min by
blocking reagent (Avidin/Biotin Blocking Kit, Vecter laboratories, Burlingame, CA). Primary
and secondary Abs were diluted with Ab dilution solution (BD biosciences, San Diego, CA).
The sections were incubated for O/N at 4 °C with purified rat anti-mouse CD4, CD8, CD11b
and CD19 mAbs (5.0 ug/mL, BD Pharmingen,) Then, the sections were incubated for 30 min
at room temperature (RT) with diluted biotin-conjugated goat anti-rat 1gG (1:50, BD
Pharmingen). The sections were incubated with Streptavidin-HRP and incubated for 30 min
at RT (BD Pharmingen). The presence of positive cells was detected with the DAB substrate
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kit (BD Pharmingen), counter-stained with hematoxylin, and examined using a light
microscope. Positive cells were counted by random sampling.

Lungs were fixed in 10% formaldehyde. Sections were cut at 5 um thickness and stained with
Masson's trichrome and hematoxylin & eosin (H&E). Lesions that displayed cellular
infiltration, epithelial abnormalities, and fibro proliferation were analyzed by random
sampling. Percent fibrosis was calculated using Optimas software version 6.5.172 (Media
Cybernetics). Percent fibrosis was quantified by dividing the total area enclosed by basement
membrane. Percent cellular infiltration and epithelial abnormalities were calculated by dividing
the total bronchiole and vessel, respectively

Gene expression array

To determine chemokines and their receptors, lungs were harvested at 4 and 15 days after
treatment, respectively. Expression of 96 genes, including chemokines, their receptors, and
growth factors, was analyzed by RT2 Profiler™ PCR Array for mouse Chemokines &
Receptors and RT2 Profiler™ PCR Array for mouse growth factor (SuperArray, Bethesda,
MD). Lung tissues were homogenized with TRIzol reagent (Life Technologies Gaithersburg,
MD) and total RNA was isolated. cDNA was synthesized by extension of primers using the
ReactionReady First Stand cDNA Synthesis Kit (SuperArray).

Isolation of lung infiltrating lymphocytes

Lung tissues were mechanically cut and stirred in a suspension of RPMI-1640 medium
(Invitrogen, Carlsbad, CA) supplemented with HEPES buffer (25 mM), sodium pyruvate (1
mM), non-essential amino acid (100 pM), penicillin (100 units/ml) and streptomycin (100 pg/
ml) along with 0.1 % collagenase type X1 (Sigma, St. Louis, MO) and 0.002% DNAse (Sigma,
St Louis, MO) for enzymatic digestion O/N at RT. The suspension was filtered thought a cell
strainer and washed with PBS twice. Lymphocytes were separated using Ficoll-Paque density
centrifugation. Buffy coat enriched in lymphocytes was collected and washed with PBS twice.
Lymphocytes isolated from lung tissues were suspended in medium.

ELISPOT assay

ELISA assay

ELISPOT assays were performed as described previously (23). Briefly, MultiScreen 96-well
filtration plates (Millipore) were coated O/N at 4°C with 5.0 pg/ml capture mouse cytokine-
specific mAb (BD Biosciences) in 0.05 M carbonate-bicarbonate buffer (pH 9.6). The plates
were blocked with 5% BSA for 2 hr and washed 3 times with PBS. Subsequently, 3 x 10° cells
were cultured in triplicate in the presence of ColV (20 pg/ml) or human K-al tubulin (1 pg/
ml) and irradiated feeder autologous splenocytes (1:1 ratio). After 48-72hr, the plates were
washed 3 times with PBS and 3 times with 0.05% PBS/Tween 20. Then, 2.0 pg/ml biotinylated
mouse cytokine specific mAb (BD Biosciences) in PBS/BSA/Tween 20 was added to the wells.
After an O/N incubation at 4°C, the plates were washed 3 times and HRP-labeled streptavidin
(BD Biosciences) diluted 1/100 in PBS/BSA/Tween 20 was added to the wells. After 2 hr, the
assay was developed with 3-amino-9-ethylcarbazole substrate reagent (BD Biosciences) for
5-10 min. The plates were washed with tap water to stop the reaction and air dried. Spots were
analyzed in an ImmunoSpot Series | analyzer (Cellular Technology), and the results were
expressed as spots per million cells (spm) * standard error. Any spots obtained by culturing
T-cell lines with APCs alone without ColV or human K-al tubulin were subtracted from the
number of spots in the test cultures.

ELISA plate (Nunc) was coated with pure ColV (BD Biosciences) (1ug/ml) in PBS O/N at 4°
C. Serum samples were collected from mice treated with anti-H2kd Ab or Isotype Ab and non
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treated mice. Serum samples were tested (1:250 and 1:500) for binding to ColV. Detection was
done with anti mouse IgG, IgM —HRP and development using TMB substrate and read at
450nm. A sample was considered as positive if the values were over an average cutoff values
obtained from normal sera from 10 different mice. Concentration of Abs was calculated based
on a standard curve using the binding of known concentration of anti-ColV Abs (Santacruz)

ELISA to detect anti-K-a.1 tubulin Abs was done in a similar manner using purified
recombinant human K-al tubulin (1pg/ml). Concentration of anti-K-al tubulin Abs was
expressed as pg/ml based on a standard curve using the binding of known concentration of
anti-K-al tubulin Abs (SantacruzBiotech).

Neutralization of IL-17

Results

In order to study the role of IL-17 in induction of autoimmunity following ligation of anti-
MHC class | Abs, we administered on day 1, 3, 5 and weekly thereafter 50 ug of anti-1L-17
mADb (eBioscience, San Diego, CA) intravenously into BALB/c mice treated with anti-MHC
class | Ab on days 1, 2, 3, 6 and weekly thereafter (24). Serum from these mice was collected
on day 30 following anti-MHC class | Ab treatment to quantitate the levels of Abs against K-
al tubulin and ColV as described earlier. Histopathological analysis of the lungs was also
performed to determine the levels of cellular infiltration and epithelial hyperplasia by H&E
staining. Fibrosis in the lungs was analyzed by trichrome staining.

Ligation of MHC class | molecules of the lung parenchyma by specific anti-MHC class | Abs
results in auto-immune cellular infiltration, endotheliitis, epithelial hyperplasia and fibrosis

Development of anti-donor MHC Abs have been strongly associated with early development
of chronic rejection of kidney (6), heart (7) and lung (8) allografts. In order to determine the

consequences of anti-MHC class | Ab binding to the organ we administered intrabronchially
into the lungs of BALB/c mice mAb with specificity to H2KY (anti-MHC class | Ab). C1.18.4
control Ab of the same isotype was administered in control animals.

Fifteen and 30 days after administration of Abs, the lung tissue was harvested and
histopathological analysis was performed. Lungs from animals administered with anti-MHC
class | Ab after 15 days demonstrated significant inflammatory cells around the vessels and
bronchiole (FigurelA). In addition, there was epithelial hyperplasia (Figure 1D) and an
increase in fibrosis. Morphometric analysis of these lesions demonstrated 51.4% cellular
infiltration around the vessels, 71.1% cellular infiltration around the bronchiole, 71.1%
epithelial hyperplasia and 15.2% fibrosis (Table 1). In contrast, C1.18.4 or anti-keratin ab
administered lungs did not show any significant lesions (Figure 1B, 1E, and 1C, 1F).

All of the above lesions were markedly increased on day 30. Cellular infiltration around the
vessels and bronchiole were increased to 93.1% and 81.8% respectively (Figure 1G and Table
1). More significant is our finding of an increase in fibrosis (35.4%) (Figure 1J) along with
14.6% lumen occlusion of the small airways (Figure 1J and Table 1). Lungs from animals
treated with control C1.18.4 Ab or the anti-keratin Abs did not demonstrate any of the above
changes (Figure 1H, 1K, and 11, 1L). Similarly, administration of anti- H2KP antibodies into
the C57/BL6 mice or the W6/32 antibodies in the HLA-A2 transgenic C57/BL6 mice, resulted
in epithelial hyperplasia, induction of fibrosis and occlusion of the small airways with a similar
kinetics as observed in the anti- H2K9 administered BALB/c mice (data not shown). Moreover,
histopathological analysis of the other organs, i.e., kidney, heart, liver and pancreas showed
no significant morphological changes following administration of the anti-MHC class | Abs
(data not shown).
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Immunohistochemical staining of the cellular infiltration demonstrated a predominance of CD4
+ cells (Figure 2A&G and Table 1) along with CD11b+ (Figure 2D&J and Table 1)
macrophages around the bronchiole on days 15 and 30. In addition, a small percentage of CD8
+ T cells were seen around the vessel but not around the bronchiole when compared to controls
treated with C1.18.4 (2B, E, 2H, 2K) or anti-keratin ab administered mice (2C, 2F, 21, 2L). Ab
binding and complement deposition (C4d) on the lung parenchyma was noted (Figure 2M) in
anti-H2KY treated mice whereas no C4d deposition was observed in the controls (2N, 20).

Lung infiltrating lymphocytes secrete increased levels of IFN-y and IL-4 upon stimulation
with self antigens K-al tubulin or ColV

K-al tubulin and ColV specific T lymphocytes which infiltrate the lung following
administration of anti-MHC class | Abs was enumerated. T cells were isolated from lung tissue
at 15 days after anti-MHC class | Ab administration and stimulated with K-a1 tubulin or ColV
in the presence of autologous splenocytes. As shown in Figure 3a & b, anti-MHC class | Ab
administered animals had a significant increase in K-al tubulin and ColV reactive T cells in
comparison to C1.18.4 administered animals. These autoreactive T cells include K-al tubulin
reactive cells capable of secreting IFN-y (80.0 vs. 43.3), IL-4 (33.9 vs. 0), and Col V reactive
cells secreting IFN-y (71.1 vs. 17.2), IL-4 (44.2 vs. 0). The response of T cells isolated from
the lungs on day 30 both against K-al tubulin and ColV respectively were significantly
elevated, IFN-y (171.1 vs. 65.0), IL-4 (38.3 vs. 6.3), and IFN-y (101.4 vs. 28.6), IL-4 (45.1 vs.
5.0). This observation indicates that administration of anti-MHC class | Abs increases the
activation of autoimmune responses against the self antigens, ColV and K-al tubulin.

Increased ColV specific IL-17 production by the lung infiltrating T lymphocytes

T cells, isolated from lung tissue at 15 and 30 days, after anti-MHC class | Ab administration
and stimulated with K-a tubulin or ColV in the presence of autologous splenocytes, were
analyzed by ELISPOT to enumerate the frequency of 1L-17 secreting T cells. As shown in
Figure 3c, anti-MHC class | Ab administered animals had a significant increase in K-al tubulin/
ColV reactive T cells in comparison to C1.18.4 administered animals indicating that
autoreactive T cells include cells capable of secreting IL-17 at 15 days (101.1 vs. 13.6 for K-
al tubulin and 39.2 vs. 0 for Col V in anti-MHC class | Ab compared to isotype control
respectively) and at 30 days (173.0 vs. 10.3 for K-al tubulin and123.7 vs. 8.2 for ColV).

Specific binding of MHC class | molecules with Abs result in up regulation of chemokines
and its receptors on the lung parenchyma

Since marked cellular infiltration and epithelial hyperplasia was seen following the
administration of anti-MHC class | Abs into the lung, we analyzed for upregulation of the genes
for chemokines and their receptors which may be involved in promoting cellular infiltration
into the lung and causing epithelial hyperplasia. As shown in Figure 4a, lungs harvested on
day 4 following treatment with anti-MHC class | Ab showed a several fold increase in relation
to C1.18.4 in the expression of results in an increased expression of CCL9 (9.2 fold, p<0.01),
CCR2 (10.6 fold, p<0.01), CXCL1 (6.35 fold, p<0.01) and CXCL12 (8.0 fold, p<0.01). Other
genes analyzed in this panel which includes genes for CC, CXC motif ligands and their
receptors did not demonstrate any significant change in comparison to C1.18.4 treated animals.

Specific binding of MHC class | molecules of the lung parenchyma with Abs result in up
regulation of several cytokines

To analyze the genes which are activated following anti-MHC class | Ab treatment, the

expression of 96 cytokines relation gene between lymphocyte purified from lung tissues treated
with anti-MHC class | Ab and C1.18.4 at 15 days after treatment were determined. As shown
in Figure 4b, lymphocyte purified from lung tissues treated with anti-MHC class | Ab showed
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asignificant increase in the expression of 1L-10: 4.0 fold, 1L-12b: 5.66 fold, IL-17f: 12.17 fold,
Inhba: 13.0 fold, Tnfsf11: 6.5 fold, Tnfsf15: 8.0 fold, Tnfsf 4: 21.11 fold, CD40 Ig: 5.28 fold.

Specific binding of MHC class | molecules of the lung parenchyma with Abs result in up
regulation of growth factors on the lung parenchyma

Lungs harvested on day 30 post administration of anti-MHC class | Abs demonstrated
significant fibrosis and luminal occlusion of the bronchioles. To determine the growth factors
which may be involved in this process, we analyzed expression of 96 well known growth factor
genes in lungs harvested after 15 days of administering either anti-MHC class | or control Ab
C1.18.4. As presented in Figure 4c, lungs treated with H2kd demonstrated significant fold
increase in the expression of many growth factors including Bmp6: 4.30 fold, Bmp8a: 10.88
fold, Bmp8b: 5.28 fold, Fgf6: 5.07 fold, Igf2: 37.46 fold and Ngfb: 290.82 fold.

Production of auto-Abs against self antigens ColV and K-al tubulin following administration
of anti-MHC class | Abs

Development of auto-Abs against ColV and K-al tubulin has been demonstrated in LTx
recipients with chronic rejection as well as in animal models of lung allograft rejection (25).
To determine whether anti-MHC class | Ab administration into the lung can result in auto-Ab
formation, we analyzed serial serum samples from the animals that developed lesions similar
to chronic rejection following human LTx. As shown in Figure 5a, 30 days post anti-MHC
class I Ab administered mice reacted with tubulin. In addition, sera obtained at 15, 30 and 60
days post anti-MHC class | Ab administration also reacted to another self antigen ColV (Figure
5b). These results concur with earlier findings from both human and animal LTx studies
indicating that auto-Abs to self-antigens may play a role in the pathogenesis of chronic
rejection. Further, our results indicate that anti-MHC class | Abs can indeed expose otherwise
cryptic antigens and immune responses to these antigens can be elicited following the
development of anti-donor MHC Abs.

Neutralization of IL-17 results in decreased auto-Ab production and fibrosis in the lung

IL-17 isapleiotropic cytokine implicated in autoimmune disorders and in development of auto-
Abs. To determine the role of IL-17 in the mechanism by which anti-MHC class | Abs induce
autoimmunity we administered neutralizing anti-IL17 Abs (eBioscience, San Diego, CA) or
control Abs (50 pg) intravenously on day 1, 3, 5 and weekly thereafter into BALB/c mice
administered anti-H2Kd Abs endobronchially. Analysis of the sera from these mice collected
on day 30 showed a significant reduction in the development of auto-Abs against K-al tubulin
and ColV by ELISA similar to the levels observed in the control Ab treated mice (Figure 6a).
More significantly, histopathological analysis of the lung showed a significant reduction in the
levels of cellular infiltration, epithelial hyperplasia and fibrosis (Figure 6b) compared to those
animals treated with anti-MHC class | Ab alone. These results indicate that IL-17 play a crucial
role in the induction of autoimmunity following administration of anti-MHC class | Abs into
the lung.

Discussion

Understanding the mechanisms for the immunopathogenesis of chronic allograft rejection
remains a major goal towards improving the long term success of transplanted organs. There
is considerable evidence that alloimmune response against the mismatched MHC antigens
plays a pivotal role in the pathogenesis of chronic rejection (26). In the past, it was presumed
that mostly T cell immune responses including direct cytotoxicity of the organ (27) or indirect
antigen presentation of the mismatched allopeptides (28) resulting in both cytokine mediated
(23) and allo-Ab complement mediated damage of the organ (29) played a significant role in
the pathogenesis of chronic rejection. There is emerging evidence for an important role for
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allo-Abs in the pathogenesis of chronic rejection of kidneys (6), heart (7) and lung (8). Previous
studies from our laboratory have also shown not only a significant correlation between the
development of Abs during the post-transplant period but also the emergence of detectable
anti-HLA Abs months prior to the onset of BOS following LTx (30). It has been demonstrated
that anti-MHC class | Ab binding to the endothelial lining or to the epithelial surface can
activate signaling cascades resulting in growth factor production leading to fibrosis and
occlusion, a cardinal feature of all chronic rejection (31,32). However, persistence of detectable
anti-MHC allo-Abs is not a general feature in allograft recipients undergoing chronic rejection
(33) and there is controversy that the presence of Abs during the post-transplant period is merely
amarker for other immunological events occurring. In this communication we present evidence
that allo-Ab binding leads to auto-Ab production which is responsible for the pathogenesis of
chronic rejection. We provide evidence for the first time that anti-MHC class | Ab binding to
the lung parenchyma results in cellular infiltration of the lung resulting in endotheliitis and
epithelial hyperplasia leading to auto-Ab production to two epithelial self antigens, i.e., ColV
and K-al tubulin.

In an allograft, all of the Abs directed to the mismatched MHC antigens will have the capacity
to bind to the allograft. To mimic this, we directly administered anti-MHC class | Ab to the
lung via endobronchial route. Therefore, we believe that most, if not all, of the Abs will have
a chance to bind and saturate the lung MHC molecules prior to getting into the circulation.
This assumption turned to be valid since we found lesions in the lung and not in other organs.
Specificity of the MHC Abs to cause the lesion was confirmed since isotype matched C1.18.4
Abs failed to cause the lesions (Figure 1B, 1E, 1H and 1K). In addition, we also did not see
any lesions when Abs to keratin which binds to the epithelial cell surface was administered
endobronchially (Figure 1C, 1F, 11 and 1L). Therefore, Ab binding alone was not sufficient to
induce the lesion and specificity to MHC class | was required. Moreover, similar lesions
observed in the C57/BL6 mice and the HLA-A2 transgenic C57/BL6 mice following
administration of anti- H2KP and W6/32 antibody respectively, with a similar kinetics
demonstrating that the observation is independent of strain and antibody. Therefore, the data
presented here along with the earlier findings (32) indicates that anti-donor MHC Abs
developed during the post-transplant period will bind specifically to the allograft resulting in
the lesions seen in chronic rejection.

Cellular infiltration into the lung 15 days following treatment with anti-MHC class | Ab was
impressive. Initial infiltration was noted around the small vessels leading to endotheliitis
(Figure 1A). This is consistent with the reports demonstrating that endotheliitis precedes
clinical signs of chronic rejection in human LTx recipients (34). Analysis of the chemokine
expression in the lungs by quantitative real time PCR demonstrated a significant increase in
the expression of several chemokines (CCL9 9.2 fold, CCR2 10.6 fold, CXCL1 6.3 fold and
CXCL12 8.0 fold). CCL9 is a member of the CC motif chemokine ligand that is expressed by
the epithelial cells and plays a critical role in mucosal immunity, tissue homeostasis (35) and
recruitment of dendritic cells (36). CCL9 through its receptor CCR1 has been shown to play a
role in induction of autoimmunity as well as in transplant rejection (37). CCR2, a monocyte
chemoattractant, has also been shown to be expressed in the lung epithelial cells and is thought
to be involved in IL-13 mediated pathogenesis as well as in lung re-epithelialization following
injury (38). Studies in experimental animal model have also shown that CCR2 plays a crucial
role in recruitment of the leucocytes in the lung and contribute to rejection and development
of BOS (39). CXCL12 has been shown to be critically involved in the germinal center formation
especially in response to self antigens (22). Based on our findings of up regulation of several
chemokines and their receptors (Figure 4a) following administration of anti-MHC class I, it is
reasonable to assume that anti-MHC class I binding induces the signals for infiltration of
inflammatory cells into the organ which begins at the endothelial parenchymal junction.
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Alloimmune response to mismatched HLA antigens have been considered to be the primary
insult leading to chronic rejection following human LTx (40). Frequency of indirect antigen
presentation of the allo-MHC peptides have been shown to be increased in patients undergoing
chronic rejection (26). In addition, Abs to mismatched HLA antigens have been demonstrated
in patients with BOS (5) and more significantly precedes the development of clinical evidence
of BOS (8,30). Surprisingly, many patients with BOS have no detectable Abs to mismatched
HLA antigens giving rise to the possibility that immune responses to non-HLA antigens may
play a significant role in the pathogenesis of BOS. Our results clearly demonstrate that anti-
MHC class | Abs developed during the post-transplant period upon binding to the organ expose
otherwise cryptic determinants on self-antigens leading to immune responses against them.
Data presented here (Figure 4c) also indicate that these auto-Abs can bind to the epithelial cells
and other cells, activate them to produce BMP, FGF family of growth factors which may play
an important role in the pathogenesis of BOS. These results are consistent with the notion that
auto-Abs play a significant role in the pathogenesis of chronic rejection (10) as reported for a
role for cardiac myosin and vimentin in the pathogenesis of coronary artery diseases following
heart transplantation (13,41). There is also strong evidence for autoreactivity to ColV in the
pathogenesis of chronic rejection following human LTx (19) as well as animal models of lung
allograft rejection (15). Both direct and indirect allorecognition pathways have been shown to
contribute to rejection following transplantation (42). Studies analyzing the immune responses
to self antigens following transplantation has clearly demonstrated that the indirect
allorecognition pathway plays a crucial role (15,43). Moreover studies in the chronic lung
disease models have shown that there is an increase in the frequency of the B cells in the lung
following chronic injury and the B cells can provide help to the T cells by acting as antigen
presenting cells (44). Our preliminary analysis of the cells infiltrating the lung indicates that
they are activated and secrete IFN-y, IL-4 as well as IL-17 (Figure 3). In vitro studies
demonstrate that this population consists of cells responding to K-al tubulin as well as ColV.
It is of interest that the auto antigen ColV has been shown to participate in human and animal
models of lung allograft rejection (16,43,45,46). This was followed by the development of Abs
to both of these auto antigens. It is of interest that cells infiltrating the lung produced large
amounts of IL-17 following stimulation with both K-al tubulin and ColV (Figure 3). IL-17
has been shown to be a potent pro-inflammatory cytokine that acts on epithelial cells, ECs,
fibrocytes and stromal cells leading to a pro-inflammatory signal which results in enhanced
pro-inflammatory cytokine and chemokine secretion (17). IL-17 has also been shown to play
a crucial role in the induction of humoral autoimmune responses (18). Analysis of the T cell
responses to ColV in LTx recipients has been shown to be dependent on CD4 T cells and
monocytes (19). This response was found to be dependent on both IL-17, TNF-a and IL-1p.
The risk of BOS development was observed to correlate with the severity of the ColV specific
T cell responses (19). Further, in this study, it was also shown that the interaction between
IL-17 and monocytes is crucial in induction of the ColV specific responses. IL-17 has been
also shown to play a crucial role in the formation of germinal centers (GCs) and regulate the
movement of the B cells in the GCs through chemokine CXCL12 and CXCL13 (22). Studies
have also demonstrated that a deficiency in the IL-17 or blocking of IL-17 results in a decrease
in the production of auto-Abs (20,21). Therefore, our finding of IL-17 producing T cells
following stimulation with self antigens indicate that these T cells provide signals towards
activation of B cells resulting in Abs to self antigens such as K- o 1 tubulin and ColV. Moreover,
as shown in Figure 6a, neutralization of IL-17 resulted in a significant reduction in the levels
of Abs to the self antigen K-al tubulin. More significantly, neutralization of IL-17 also resulted
in abrogation of all of the lesions induced by anti-MHC class | Abs, i.e., a decreased cellular
infiltration, epithelial hyperplasia and fibrosis in the lungs following administration of anti-
MHC class | Abs. These observations are in agreement with the report that in IL-17 deficient
mice that lack 1L-17 signaling significantly reduce the induction of autoimmunity and down
modulate the formation of germinal centers leading to a reduction in the titer of auto-Abs
(22). Hence we propose that IL-17 is a critical mediator in the induction of autoimmunity
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following ligation of the anti-MHC class | Abs resulting in the development of chronic rejection
following LTx.

By day 30 post Ab administration, we also noted marked epithelial hyperplasia (Figure 1)
which is similar to that seen in BOS. Increased growth factor production in the lung milieu
was also noted at this period. These changes eventually lead to increased fibrosis and luminal
occlusion of the small airway (Figure 1J). Analysis of the profile of the growth factor produced
in the lungs showed a significant increase in the expression of FGF and BMP family of proteins
(Figure 4c). Earlier invitro studies from our lab as well as others have demonstrated that binding
of the anti-MHC class | Abs to the epithelial cells as well as the ECs produce significantly high
quantities of several growth factors including epithelial growth factor (EGF), bFGF, PDGF,
TGF-p (32,47-50), and granulocyte-monocyte colony-stimulating factor (GM-CSF) (51).
Studies in the literature have also shown that the BMP family of proteins act upstream of FGF
to regulate T cell development and epithelial remodeling in the lungs. BMP has been shown
to up regulate adhesion molecule expression in the ECs and a critical inflammatory signal in
atherogenic lesions. These changes eventually lead to increased fibrosis and luminal occlusion
(Figure 1J). All of these changes are consistent with the hypothesis that anti-MHC class | can
induce autoimmune response which lead to auto-Ab production to self antigens. We postulate
that not only Abs to donor MHC but also cellular immune responses to mismatched donor
MHC as well as viral infections of the respiratory tract can result in damage to the airway
epithelial cells leading to exposure of otherwise cryptic determinants of self antigens including
K-al tubulin and ColV. This can result in Ab production to these auto-antigens which then can
induce chronic stimuli of the endothelium and epithelium of the lung parenchyma resulting in
various growth factor production which are necessary for inducing epithelial hyperplasia,
fibrosis of the lung parenchyma leading to luminal occlusion. This fits well with our current
dogma that the number of acute cellular rejection episodes (52,53) and number of upper
respiratory viral infections (54) correlates with incidence of chronic rejection following human
LTx.

Based on our observations we propose that ligation of the anti-MHC class | Ab to MHC
molecules on epithelial and ECs results in the increased expression of CXCL12, CCL9, that
signal through CCR2 and CXCRA4 resulting in increased leucocyte infiltration in the lungs and
exposure of cryptic determinants of self antigens leading to an increased frequency of
autoreactive Th17 T cells. The TH17 T cells in combination with CXCL12 lead to increase in
response to self antigens leading to auto-Ab production. Therefore, neutralization of 1L-17 can
be a viable therapeutic option that could prevent the induction of autoimmunity and
development of chronic rejection. Direct activation of the epithelial and ECs by both Abs to
MHC antigens as well as self antigens can also result in the increased expression of fibrogenic
growth factors and proliferation, the hallmarks of chronic allograft rejection. Therefore, we
provide evidence for the first time that autoimmunity which is induced by Ab ligation of MHC
class I molecule plays an important role in the pathogenesis of chronic rejection following LTx.
We are currently testing the hypothesis that prevention of development of autoimmunity by
early recognition and control of alloimmune responses or viral infections have the potential to
prevent development of chronic rejection following human lung transplantation.
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Figure 1. Administration of anti-MHC class | Abs developed significant cellular infiltration around
vessel and bronchiole as well as hyperplasia of the bronchial epithelium (H&E stain)

Anti-H2kd or control (C1.18.4) Ab or anti-keratin antibody was administered endobronchially
in BALB/c mice on days 1, 2, 3, 6 and weekly thereafter. The lungs were harvested on day 15
or 30 and analyzed by H&E and trichrome staining. A representative picture from data obtained
from 5 mice is presented in the figure. Original magnification: x 100, insets: x400. (A, B, C,
G, H and | are sections stained with H& E; D, E, F, J, K, and L are trichrome staining. A, and
D: anti-H2Kd treated mice onday 15; G and J : anti-H2Kd treated mice on day 30; B, E: C1.18.4
Ab treated mice on day 15; H, K: C1.18.4 Ab treated mice on day 30; C,F: anti-keratin Ab
treated mice on day 15; I, L: anti-keratin Ab treated mice on day 30. Lungs from the anti-H2kd
Ab treated mice showed significant cellular infiltration around bronchia and vessel (A) and
hyperplasia of the bronchial epithelium (G) are marked by the arrows. A significant increase
in the fibroproliferation, collagen deposition and luminal occlusion was observed in the lungs
of the anti-H2kd Ab treated mice (J). Mice treated with isotype control Ab or anti-keratin Ab

J Immunol. Author manuscript; available in PMC 2010 January 7.




1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Fukami et al.

Page 16

showed no significant morphological changes compared to the anti-H2Kd Ab treated mice (B,
C,E,F H, I,KandL).
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Figure 2. Administration of anti-MHC class | Abs induces significant increase in the CD4+ and
CD11b+ cells in the lungs
Anti-H2k{ (A, D, G, J, M) or control (C1.18.4) Ab (B, E, H, K, N) or anti-keratin antibody (C,
F, I, L, O) was administered endobronchially in BALB/c mice on days 1, 2, 3, 6 and weekly
thereafter. The lungs were harvested on day 15 or 30 and analyzed for infiltration of CD4+ T
cells, CD11b and C4d deposition by immunohistochemistry using mouse anti-CD4, anti-mouse
CD11b Abs anti-mouse C4d antibodies. CD4 + cells infiltrated around the bronchiole (arrow
head) and vessel at both 15 and 30 days (A, G) along with significant infiltration of CD11b +
cells around the bronchiole (arrow head) and vessel at 15 and 30 days (D, J) in anti-H2kd
administered mice whereas no cellular infiltration around the bronchiole and vessel was
observed in isotype control (B,E, H and K) or anti-keratin antibody administered mice (C, F,
I and L). A significant increase in the C4d deposition was observed in the lungs of anti-H2kd
administered mice (M) when compared to control antibody administered mice (N, O). A
significant increase in the levels of CD4+ T cells and CD11b+ cells was observed in the lungs
of mice treated with anti-H2Kd Ab compared to mice treated with isotype control Ab.
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Figure 3. Administration of anti-MHC class | Ab increases the frequency of IFN-y, IL-4 and IL-17
secreting T cells against K-a 1 tubulin and ColV in the lung

(A) Frequency of the IFN-y secreting T cells against K-o 1 tubulin and ColV. (B) Frequency
of the IL-4 secreting T cells against K-o 1 tubulin and ColV and C: Frequency of the IL-17
secreting T cells against K-, 1 tubulin and ColV. Anti-H2Kd or control Ab was administered
endobronchially in BALB/c mice on days 1, 2, 3, 6 and weekly thereafter. The lungs were
harvested on day 15 and 30. T cells infiltrating the lungs were harvested by collagenase
digestion and the frequency of T cells secreting IFN-y, IL-4 and IL-17 on stimulation with K-
a 1 tubulin and collagen were analyzed by ELISPOT. The values are represented as means +
SD using data obtained from 5 ELISPOT assays. The grey bars represent the isotype control,
the solid bars represent the T cells isolated from lungs on day 15 and the black bars represent
the T cells isolated on day 30. A significant increase in the frequency of IFN-y, IL-4 and IL-17
secreting T cells against K-a, 1 tubulin and ColV was observed in mice administered anti-H2kd
Ab when compared to controls (*=P<0.05, control vs. anti-MHC class | Ab).
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Figure 4. Administration of anti-MHC class | Abs increases the expression of chemokines, cytokines
and growth factor in the lungs

(A) Expression levels of chemokines and their receptors. (B) Expression levels of the cytokines.
(C) Expression levels of the growth factor. Anti-H2Kd or control Ab was administered
endobronchially in BALB/c mice on days 1, 2, 3, 6 and weekly thereafter. The lungs were
harvested on day 4 (chemokines) and 15 (cytokines and growth factor) and analyzed using a
guantitative real-time PCR array. RNA was extracted from the lung tissue and 1pg of the RNA
was reverse transcribed and used as template for the quantitative real time PCR array
(chemokines and receptor PCR array, common cytokines PCR array and growth factor PCR
array, Superarray Inc, Frederick, MD). CT values obtained from the quantitative real-time PCR
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were analyzed by using the PCR array analysis software from Superarray Inc. The samples
were normalized using the expression levels of the house keeping genes GAPDH, and HPRT1.
The data represents the average values obtained from 3 different experiments. A significant
(p>0.05) increase in the expression of chemokines (CCL9: 9.2, CCR2: 10.6, CXCL1: 6.35and
CXCL12: 8.0), cytokines (IL-10: 4.0, IL-12b: 5.66, IL-17f: 12.17, Inhba: 13.0, Tnfsf11: 6.5,
Tnfsf15: 8.0, Tnfsf 4: 21.11, CDA40 Ig: 5.28) and growth factors (Bmp6: 4.30, Bmp8a: 10.88,
Bmp8b: 5.28, Fgf6: 5.07, Fgf2: 37.46 and IL-4: 290.82) was observed in mice administered
anti-H2Kd compared to controls.
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Figure 5. Administration of Anti-MHC class | Abs leads to development of autoAbs against self
antigens K-al tubulin and ColV

Anti-H2Kd or control Ab was administered endobronchially in BALB/c mice (n=5 each) on
days 1, 2, 3, 6 and weekly thereafter. Sera were collected from the mice on day 15, 30 and 60.
ELISA was performed for Abs to self antigens in the serum of mice treated with anti-MHC
Abs or control Abs using purified K-a tubulin or ColV and as antigen. Administration of anti-
H2Kd Ab results in the increased concentrations of anti-K-o. 1 tubulin (A) and ColV (B) specific
Abs on days 15, 30 and 60 compared to control mice treated with C1.18.4 Abs.
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Figure 6. Neutralization of IL-17 blocks the induction of autoimmune responses and development
of bronchial occlusion

Anti-H2Kd or control Ab was administered endobronchially in BALB/c mice on days 1, 2, 3,
6 and weekly thereafter. 50 pg of neutralizing anti-IL17 or control Abs were administered
intravenously on day 1, 3, 5 and weekly thereafter (n=5 each). Serum and lungs of these mice
were harvested on day 30 and analyzed for the development of auto-Abs and histopathological
analysis. (A) Quantitation of the anti-tubulin Abs by ELISA showed a 3 fold reduction in the
concentrations of anti-tubulin Abs in IL-17 neutralized mice compared to controls. (B) H& E
staining of the lungs showed a significant reduction in T cell infiltration and bronchial occlusion
similar to that observed in control mice treated with isotype control Ab.
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