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Abstract

Even though the etiology of chronic rejection (CR) is multifactorial, donor specific antibody
(DSA) is considered to have a causal effect on CR development. Currently the antibody-mediated
mechanisms during CR are poorly understood due to lack of proper animal models and tools. In a
clinical setting, we previously demonstrated that induction therapy by lymphocyte depletion, using
alemtuzumab (anti-human CD52), is associated with an increased incidence of serum alloantibody,
C4d deposition and antibody-mediated rejection in human patients. In this study, the effects of T
cell depletion in the development of antibody-mediated rejection were examined using human
CD52 transgenic (CD52Tg) mice treated with alemtuzumab. Fully mismatched cardiac allografts
were transplanted into alemtuzumab treated CD52Tg mice and showed no acute rejection while
untreated recipients acutely rejected their grafts. However, approximately half of long-term
recipients showed increased degree of vasculopathy, fibrosis and perivascular C3d depositions at
posttransplant day 100. The development of CR correlated with DSA and C3d deposition in the
graft. Using novel tracking tools to monitor donor-specific B cells, alloreactive B cells were shown
to increase in accordance with DSA detection. The current animal model could provide a means of
testing strategies to understand mechanisms and developing therapeutic approaches to prevent
chronic rejection.
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Introduction

Chronic rejection (CR) of organ transplants remains an unsolved problem in the field of
transplantation and is the major reason for late graft failure (1,2). The etiology of CR is
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often described as “multifactorial” and poorly understood (3,4). Pathologically, common
features of CR include vasculopathy leading to ischemic injury, and fibrosis associated with
replacement of normal tissue architecture by fibrous elements. Each transplanted solid organ
type develops manifestations of CR unique to that organ, but fibrosis and vasculopathy are
common to all. Antibody-mediated injury has been suggested as the leading cause of CR in
humans based on longitudinal studies of kidney, lung, and heart transplant recipients (5-8).
The diagnosis of antibody-mediated rejection (AMR) in kidney transplantation has been
clearly defined as the presence of allograft injury by histology, donor-specific antibody in
blood, and C4d peritubular capillary staining (9). Despite prevailing evidence of HLA
antibodies associated with CR in human patients (5,10), animal models addressing the role
of B cells and antibody in the development of cardiac allograft vasculopathy (CAV) are
controversial (11,12). It is generally accepted that T cells play a central role in CAV
development (13,14), but less is known about de novo B cell responses following
transplantation.

Recent recognition of the higher incidence of humoral rejection following lymphocyte
depletion with alemtuzumab in certain human immunosuppressive protocols (15-17) has
generated interest in studying the mechanisms by which lympohocyte depletion mediates
DSA formation in clinically relevant settings. The goal of the present study was to mimic
lymphocyte depletion induced humoral anti-donor responses and CAV development after
murine heart transplantation. The significance of this work is in defining the relationship of
DSA and CAV using a discriminating model in which potential interventions in this
pathological process can be studied.

Material and Methods

Animals and heart transplantation

Homozygous huCD52Tg (H-2K) mice were kindly donated by Herman Waldman (18).
C57BL/6 mice were purchased from the Jackson Laboratory (Bar Harbor, ME). Mice were
housed in a specific pathogen-free barrier facility and used at 6-12 weeks of age. C57BL/6
(H-2P) donor hearts were transplanted into CD52Tg (H-2K) recipients using a modified
technique of the methods described by Corry et al. (19). To induce T cell depletion /in vivo,
10ug alemtuzumab (in 200l PBS) was intraperitoneally administered on days -2, -1, +2,
and +4 of transplantation. The grafts were monitored by daily palpation and graded from 4+
(strong beat) to 0 (no beat), which was confirmed by laparotomy at the time of sacrifice. The
Emory University Animal care and Use Committee approved all studies.

Flow cytometry

Fixative-Free Lysing solution (Invitrogen, MD) was applied to whole blood according to the
manufacturer’s instructions. PBMC were isolated and placed into a single cell suspension in
FACS buffer (PBS containing 2% FBS and 0.09% NaN3). Spleen was recovered on the
designated day and placed into single cell suspension by passing through a cell strainer (BD
labware, Franklin Lakes, NJ, USA). Lymphocytes were counted using a hemocytometer
under a light microscope. Cells were resuspended in FACS buffer and stained with FITC,
PE, PerCp Cy 5.5, PE-Cy7, Pac Orange, Pac Blue, APC, or APC-Cy7 conjugated antibodies
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directed at mouse CD4, CD8, CD25, FoxP3, CD44, CD62L for T cells and GL7, 1gG, IgM,
IgD, CD38, CD94, CD4/CD8/F4/80 (Dump) for B cells (BD Pharmingen, San Diego, CA,
USA). Syngeneic (H-2KX/DK) and allogenic (H-2KP/DP) MHC monomers were generated
from NIH tetramer facility. Monomers were tetramerized with Streptavidin-APC and
Streptavidin-APC-Cy7 respectively. Flow cytometry data were collected on a BD
FACSCaliber or BD FACS LSRII bench-top analyzer (BD Bioscience, San Jose, CA, USA)
and analyzed using FlowJo software (Tree Star, Ashland, OR, USA).

Detection of donor-specific antibody (DSA)

Flow cross match was performed using naive CD52Tg, pretransplant recipient, as well as
posttransplant recipient serum. C57BL/6 splenocytes (1 x 106) were re-suspended and
incubated with equal volume of fetal bovine serum (FBS; 10 minute blocking), then washed
with PBS containing 2% FBS and 0.09% NaNs. Recipient serum (1:32 dilution) was
incubated with donor splenocytes for 20 min at 4°C in the dark. 5 pl of FITC-conjugated
anti-mouse Ig was added to the samples and incubated for 20 min after washing. The T cells
were stained with APC-conjugated anti-CD3. Samples were analyzed on a FACScaliber
(Beckman Coulter, Brea, CA, USA) or LSR 1l (Beckman Coulter). The alloantibody
production of each serum sample was calculated as fold increase compared to the negative
control in the same test run.

Immunohistochemistry

The grafts from long-term recipients were recovered on day 100 or 200 after transplantation.
The explanted grafts were bisected sagitally and fixed in 10% formalin or frozen. For
immunohistochemical staining, sections were blocked for nonspecific staining using 10%
normal donkey serum in TBS (Tris buffered saline) with 1% BSA for 1 hour followed by 5%
non-fat milk in PBS, 30 minutes. Rat anti-mouse primary antibodies against T cell markers
CD3 (BD Pharmingen) were incubated overnight at 4°C. Endogenous peroxidase quenching
was performed postprimary antibody incubation with 1% hydrogen peroxide in TBS for 10
minutes. A donkey anti-rat IgG-horeseradish peroxidase (HRP) conjugated secondary
antibody from Jackson Laboratories was used for detection and incubated for 45 minutes at
room temperature. The signal was visualized using diaminobenzidine (DAB) chromogen
(DakoCytomation, Carpinteria, CA, USA) followed by counterstaining with hematoxylin.

Morphometric analysis

Whole slide of grafts stained with elastic and trichrome were scanned with an Aperio
ScanScope XT (Aperio Technologies, Inc., Vista, CA, USA) from CD52Tg recipients and
analyzed using the ImageScope (Aperio Technologies) for morphometric analysis. Scanned
images of all vessels in a plane were analyzed and measured with computer-based software
(Aperio Technologies). Neointimal hyperplasia was calculated ([intima area/(lumen+intima
area)] x 100) from captured vessels for each graft. Data are expressed as mean + SEM of six
grafts in each group. Vessels with a neointimal hyperplasia over 20% were considered as
diseased vessels. Their presence was expressed as a percentage for each graft. For fibrosis
and T cell infiltration, trichrome stained and anti-CD3 mAb stained sections were scanned
with an Aperio ScanScope XT and analyzed using the Image Scope Positive Pixel Count
algorithm (20,21). For trichrome and CD3 staining, hue values for blue and brown were
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measured in all cases, and average hue for the trichrome (0.64) and CD3 (or HRP/DAB)
(0.1) were used when evaluating these stains. A pathologist (A.B.F) with expertise in
transplant pathology viewed C3d, H&E, elastic, and trichrome stained slides under a light
microscope. C3d, fibrosis and vasculopathy were scored semi-quantitatively.

Measuring anti-donor response using MLR

Statistics

Results

IFN-y producing cell numbers in response to donor stimulation were quantified with
ELISPOT assay as previously described (22). Briefly, anti-mouse IFN-y Ab (R&D Systems,
Minneapolis, MN, USA) was incubated at 5ug/ml in PBS at 4°C over night in 96-Well
MultiScreen-HA Filter Plates (Milipore, Bedford, MA, USA). 5 x 10° splenocytes from
alemtuzumab-treated or untreated CD52Tg mice recipients on day 100 after heart
transplantation or age matched naive CD52Tg mice were co-cultured with equal numbers of
irradiated (2000 rad) donor splenocytes for 48 hours at 37°C.

Biotinylated anti-mouse IFN-y Ab (R&D systems) was used for secondary followed by
Streptavidin-alkaline phosphatase (1: 500 dilution; R&D Systems). Spots were visualized
with the BCIP/NBT chromogen (R&D Systems). Each spot represented an IFN-y secreting
cell, and the spots were enumerated using an ImmunoSpot Analyzers (Cellular Technology
Limited, OH, USA).

Experimental results were analyzed by a GraphPad Prism (GraphPad Software 4.0, San
Diego, CA, USA) or IBM SPSS Statistics 19 (IBM, Chicago, IL, USA) using the log-rank
test for differences in graft survival, Mann-Whitney Utest for data with grades (semi-
quantification), and unpaired Student’s #test for other data. All data are presented as mean *
SEM or as indicated. Asterisks denote the significance level determined. Values of p less
than 0.05 were considered to be statistically significant. NS indicates no statistical difference
(0 >0.05).

Profound T cell depletion and long-term cardiac allograft survival after alemtuzumab

treatment

CD52 Tg mice express human CD52 under the direction of the mouse CD2 promoter,
allowing selective T cell depletion with monoclonal antibody reactive to human CD52,
alemtuzumab (or Campath-1H). Both CD4* and CD8* T cells are depleted upon treatment
with alemtuzumab. Profound depletion of peripheral T cells was achieved after two doses
(Figure 1B). In addition, repopulating T cells showed more “memory/effector” phenotype
indicated by a CD44NCD62L!° profile (Figure 1C). Mouse T cells repopulate to baseline
levels (as% of lymphocytes) by 10 weeks after transplantation (Figure 1D). Alemtuzumab-
treated recipients did not show any graft rejection (Figure 1E; MST > 200 days) despite
complete T cell repopulation, while untreated CD52Tg recipients acutely rejected B6 hearts,
showing a high intensity of infiltrating mononuclear cells (MNC), severe edema and
myocyte damage (MST = 8.0 days; n = 12). Posttransplant date-matched (POD10)
alemtuzumab-treated CD52 Tg recipients showed no sign of posttransplant dysfunction
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(Figure 1F) with absence of T cell infiltration in the allograft (data not shown). These data
indicate that T cell depletion with alemtuzumab prevents acute rejection and promotes long-
term survival.

Posttransplant alloantibody production after alemtuzumab treatment

To verify that alemtuzumab-mediated T cell depletion promotes posttransplant alloantibody
production, serum samples were analyzed from CD52Tg cardiac allograft recipients. We
used a flow cross-match test and donor C57BL/6 splenocytes with serially drawn serum
samples from the recipients for measuring donor-specific antibodies (DSA). Serum samples
were diluted (1:32 in PBS) and co-cultured with donor splenocytes. Untreated CD52Tg
recipients developed serum alloantibody at 2 weeks and maintained high serum alloantibody
level. We found that alemtuzumab treatment successfully suppresses alloantibody responses
at early time points (Figure 2A). However, 50% of alemtuzumab-treated recipients showed
elevated DSA levels (>2 fold; DSA+) compared to pretransplant serum level while the other
50% showed no elevation of DSA (<2 fold; DSA-) at posttransplant day 100 (Figure 2B).
As shown in Figure 2C, DSA levels started showing significant differences at 7 weeks
posttransplant between the retrospectively separated two groups. Since high levels of DSA
were present in 50% of alemtuzumab treated recipients, we evaluated intragraft C3d
deposition from DSA+ vs. DSA- recipients at 100 days posttransplant. As shown in Figure
2D, there was clear deposition of C3d at the arterial endothelium and capillaries for both
DSA+ and DSA- groups. The presence of C3d staining in the DSA- recipients could
represent a low level DSA or complement fixing nondonor specific antibody (e.g., anti-
endothelial/angiotensin, etc). However, quantification of C3d from the entire graft showed
an elevated level of C3d deposition from DSA+ recipients (Figure 2D and E).

Chronic rejection in alemtuzumab-treated long-term recipients

Even with DSA production, alemtuzumab treated recipients did not show compromised graft
function (Figure 1F). To determine the histologic status of allografts, these hearts were
explanted 100 days after transplantation. Heart sections were examined for myocyte damage,
graft infiltrating cells, and degree of CR. Syngeneic control grafts retained normal
microscopic and histologic morphology and were indistinguishable from native hearts. DSA
+ recipients showed obvious narrowing of vascular lumina due to intimal thickening, a
characteristic of CAV at POD100 without profound mononuclear cell infiltration (Figure
3A). Pathological grading performed blindly showed significantly increased vasculopathy
from DSA+ recipients (Figure 3B). To quantify CR, we performed morphometric analysis
using an Aperio ScanSope XT. The mean neo-intimal hyperplasia values (occlusion%) of the
individual hearts within each group were compared between DSA+ vs. DSA- groups.
Elastic (or elastic trichrome) staining was used to visualize luminal occlusion and revealed
neo-intimal hyperplasia from the DSA+ recipients at day 100, while DSA- recipients
showed minimal signs of neo-intimal hyperplasia (<20%). The proportion of diseased
vessels (%) for individual grafts was significantly different between DSA+ vs. DSA-
recipients (47.58 £ 7.89 vs. 11.50 + 6.88%, p <0.05; Figure 3C). The degree of luminal
occlusion was 38.48 + 5.5% (n = 6) for DSA+ recipients and 8.432 + 5.3% (n = 6) for DSA-
recipients (p <0.01; Figure 3D). Trichrome (or elastic trichrome) staining revealed
development of fibrosis in the graft at day 100 (Figure 3E). DSA+ recipients showed higher
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pathological grades in fibrosis score for mycardium (p <0.05; Figure 3F), while
endocardium and epicardium did not show any difference (data not shown). Total fibrosis
measured by Aperio Scansope also showed significantly increased fibrosis in DSA+
recipients compared to DSA- recipients (41.13 + 6.12% vs. 20.87 £ 1.53%, p <0.05; Figure
3G). These data suggest that formation of DSA after alemtuzumab treatment promotes CAV
and fibrosis without disrupting the quality of the heart beat at 100 days.

The effect of T cells on cardiac allograft vasculopathy (CAV)

Alloreactive

Although DSA correlated with development of CR, it was unclear whether this might also be
due to differences in T cell-mediated injury between the two groups. We evaluated T cell
infiltration in the graft since T cells can mediate CR directly (23-25). As of day 100, there
was only minimal perivascular infiltration of T cells in the graft for both DSA+ and DSA-
groups (Figure 4A). Visual evaluation of T cell infiltration using morphometric analysis
showed no difference of T cell infiltration in the entire graft tissue (atrium excluded) (10.78
+ 3.52 vs. 13.59 * 3.84%, p >0.05; Figure 4B) as well as in the different compartments
including interstitial (1.16 + 0.16 vs. 1.66 = 0.33; p >0.05), vascular (0.5 + 0.34 vs. 0.66
+0.33; p >0.05) and quilty areas (1.17 £ 0.98 vs. 1.0; p >0.05) of the allograft (Figure 4C).
This indicates that graft-infiltrating T cells are not the confounding factors for CR in this
model. We next investigated the contribution of alloreactive T cell function. The role of Thl
cells and Th1 cytokines, especially IFN-y, has been shown in CR (23,26). The frequency of
alloreactive T cells expressing IFN-y in MLR was assessed by ELISPOT (Figure 4D).
Similar numbers of IFN-y producing cells were noted after ConA (0.05 pg/mL) stimulation
among naive, untreated and alemtuzumab treated groups. However, alemtuzumab treated
recipients showed lower levels of IFN-y producing cells upon allogeneic stimulation
compared to untreated recipients (19.50 £+ 7.587 vs. 65.17 + 15.49 cells/well; p <0.05).
ELISPOT data suggests that T cells are fully repopulated 100 days after alemtuzumab
treatment; however, repopulated T cells are not responsive to donor stimulation. Thus
induction of stable long-term graft acceptance after alemtuzumab treatment is associated
with T cell hyporesponsiveness.

B cells after T cell depletion

Even though much attention has been devoted to detecting and characterizing DSAs, the B
cell subsets that produce DSAs are poorly characterized. In this study, we used a novel
tracking method for alloreactive B cells using H-KP/DP tetramers fluorescently labeled that
bind the donor-specific B cell antigen receptor (BCR). Briefly, lymphocytes were selected
for Doublet-, CD4/8/F4/80~ (Dump) and far yellow™ (dead) cells. B cells were separated as
CD19* syngeneic tetramer™ and were further gated against allospecific tetramer Tet B (H-2°)
and IgD (Figure 5A). The H-2 binding reactivity to B cells was peptide independent (Data
not shown). As shown in Figure 5(A) (lower panel), anti-donor B cells were not found in
syngeneic or third party heart transplant recipients (or naive untransplanted recipients) at any
time point, but were dramatically increased in cardiac allograft recipients starting 3 weeks
after transplantation. Tetramer* B cells from the allograft recipient splenocytes showed an
activated B cell phenotype (GL7* CD95*1gG*B220*; Figure 5B). As shown in Figures 5(C)
and (D), H-2KP/DP tetramer* allo-B cells were significantly increased in untreated CD52
cardiac allograft recipients while DSA-recipients (0.041 + 0.007 vs. 0.006 £ 0.001%; p <
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0.01) maintained low levels of allo-B cells (as in untransplanted mice) at day 100. DSA+
recipients showed even higher levels of allo-B cells in the spleen compared to untreated
recipients (0.124 + 0.023 vs. 0.041 + 0.007; p <0.01). Although increased levels of allo-B
cells (IgD'°TetB*CD19") were found in the untreated and DSA+ recipients’ splenocytes,
these allo-B cells showed different phenotypes with respect to CD38 expression at day 100.
As shown in Figure 6, allo-B cells from DSA+ recipients showed increased CD38™ allo-B
cell population representing ongoing germinal center reaction while the untreated recipients
showed less CD38™ allo-B cells (0.101 + 0.007 vs. 0.01 + 0.004; p <0.001). This data
suggest that B cells respond continuously to a functioning donor allograft in DSA+
recipients whereas B cells differentiate into memory states in untreated recipients with a
rejected graft (without ongoing B cell response).

Stability of chronic rejection phenotype after alemtuzumab treatment

To evaluate the progression of the CR after alemtuzumab treatment, we investigated
recipients at day 200. First, we evaluated serum DSA levels using as a cut off an MFI shift
of more than twofold. As shown in Figure 7(A), the ratio of the DSA+ vs. DSA- phenotype
was unchanged in that 7 out of 15 showed higher alloantibody production while the others
showed low titer of the alloantibody (7.41 + 1.38 vs. 1.4 £ 0.14, p <0.01; Figure 7A). The
alloantibody titer was significantly increased at day 200 (7.41 + 1.38 fold increased)
compared to day 100 (3.72 £ 1.38 fold increased) measured from DSA+ recipients of each
time point (p <0.05). This shows that DSA production may rise in DSA+ recipients over
time. Again, CR was evaluated with H&E, trichrome and elastic (or elastic trichrome)
staining of explanted grafts at day 200 (Figure 7B). Graft T cell infiltration was not different
in DSA- versus DSA+ cardiac allografts. A significantly increased proportion of diseased
vessels (%) was identified in DSA+ recipients at day 200 compared to DSA- recipients
(76.08 £ 8.58 vs. 20.76 + 16.23; p <0.05) or DSA+ recipients at day 100 (76.08 + 8.58 vs.
47.58 +7.89; p <0.05). Neo-intimal hyperplasia (%) was also significantly increased in
DSA+ recipients at day 200 compared to DSA- recipients at day 200 (53.14 + 8.65% vs.
14.27 + 12.89; p <0.05). However, neointimal hyperplasia did not differ between DSA+
recipients at day 100 (38.48 £ 5.5%; p >0.05). Again, trichrome staining of DSA+
recipients at day 200 did not show significantly elevated total fibrosis compared to DSA-
recipients at day 200 or DSA+ recipients at day 100 (Figure 7C). Finally, we observed
increased levels of alloreactive B cells from DSA+ recipients at day 200 (0.09 + 0.02 vs.
0.02 + 0.004; p <0.05). Alloreactive B cells showed identical phenotypes that were seen at
day 100 (Figure 7D). This data suggests that despite continuous deterioration once CAV
develops, the CR phenotype might not be gradually increased over time whereas onset of the
disease might be previously decided.

Discussion

A major cause of chronic allograft vasculopathy is antibody-mediated injury, which occurs
despite the use of current immunosuppressive drugs (5). Antibody-mediated injury may
occur as a result of indirect antigen presentation in which donor antigen is presented by
recipient antigen-presenting cells (APC) to host immune cells. Upon receiving CD4* T cell
help, naive B cells are activated, differentiate, and eventuate in donor specific antibody
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(DSA). In previously reported CR models, alloantibody or B cells contributed little if any to
CR (11,27). Such CR models are “acute rejection-driven” (28). Although posttransplant T
cell responses may be effectively controlled by current immunosuppresants, the
ineffectiveness of the same agents against B cell responses has become apparent. In order to
observe CR caused by alloreactive B cell activation, posttransplant alloreactive T cell
function must be managed.

The use of alemtuzumab in CD52Tg mice (Figure 1A) induced complete peripheral T cell
depletion and promoted long-term cardiac allograft survival without posttransplant graft
dysfunction. T cell mediated injury was well controlled during T cell repopulation despite
proportionally increased memory T cells (Figure 1). Just as increased antibody-mediated
injury may occur in humans after alemtuzumab treatment (16, 17, 29) the mice also
developed alloantibody. The rapid DSA production observed at 1-2 weeks after heart
transplantation in untreatment was completely abolished after alemtuzumab treatment.
Surprisingly, approximately 50% of alemtuzumab treated recipients showed increased serum
DSA level at 100 days after transplantation. DSA+ recipients showed elevated pathological
C3d deposition in their grafts at day 100 compared to DSA- recipients. These groups
segregated as early as 7 weeks (Figure 2). Posttransplant day 100 cardiac grafts revealed
increased vasculopathy, neo-intimal hyperplasia and extensive fibrosis exclusively in DSA+
recipients (Figure 3). On the contrary, intragraft T cells were not different between DSA-
and DSA+ groups. In addition, IFN-y producing donor reactive cells measured in mixed
lymphocyte reaction suggest T cell hyporesponsiveness in alemtuzumab treated recipients at
day 100. Taken together, DSA is the discriminating factor for CAV development in stable
long-term grafts associated with lack of anti-donor Th1l cell response. Recently, a distinct
subset of helper T cells, follicular helper T cells (Tfh), have been described more specialized
T-helper cell phenotype aiding in humoral responses (30). To completely rule out the role of
T cells in this phenomenon, Tfh pathways should be further elucidated. Furthermore, in
murine and humans studies, a subset of CD4+CD25+FoxP3+ regulatory T cells located
within the follicle has been identified. (31-33). These cells may play a critical role in
moderating Tfh function. In this regard, it would also be interesting to examine the
requirement of the Tfh and their regulatory T cell counterparts in antibody-mediated CR.

To address the potential mechanism by ongoing B cell activation are eventuating in
alloantibody production and contributing to CAV in DSA+ recipients, we examined the
extent of allo-MHC tetramer* B cells in the spleen of DSA+ and DSA- recipients. Allo-
specific B cells (IgD'°TetB*CD19*) were identified from spleen after full MHC mismatched
cardiac allografts. Phenotypic analysis of allo-specific B cells revealed that these donor
MHC tetramer* cells were predominantly activated and isotype-switched effector (GL7,
CD95, IgG) B cells. Interestingly, allo-specific B cells were significantly increased only in
DSA+ recipients in alemtuzumab-treated recipients (Figure 5). To our knowledge, this is the
first demonstration that the development of endogenous allo-specific B cells directly
correlates with alloantibody production and CR after heart transplantation. DSA- recipients
showed low frequencies of allo-specific B cells with predominantly IgM isotype (Data not
shown). Elevated allo-B cells were also found in untreated CD52Tg recipients (Figure 5).
Based on the DSA production, allo-B cells are expected to form earlier and to contract at
day 90 after acute graft rejection in untreated recipients. In mice, CD38 expression is down-
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regulated on germinal center B cells (34). CD38™ allo-B cells present exclusively in DSA+
recipients suggest continuous Ag-stimulated germinal center formation (Figure 6). These
data suggest that the production of alloantibody is derived from differentiation of donor-
specific B cells with relatively distinct phenotypic and functional signatures during CR
development.

We evaluated alemtuzumab-treated recipients at day 200 to determine whether the
proportion of recipients developing CR gradually increased. If CR were a gradual de novo B
cell response that depends on T cell repopulation, all recipients should become DSA+ over
time. Surprisingly, the incidence of the DSA production at day 200 showed a similar ratio of
DSA- to DSA+ recipients (DSA—-<2-fold<DSA+) compared to day 100. The alloantibody
levels in DSA+ recipients dramatically increased, but alloantibody levels in DSA- recipients
remained low (Figure 7A). We confirmed increased CAV affected vessels and increased
alloreactive B cell formation at day 200 while the graft infiltrating T cell number was
unchanged between DSA-and DSA+ groups. It is notable that a low level of CR developed
even in DSA- recipients. Thus, factors other than DSA contribute to CR even in this model.
Alternatively, an undetectable level of DSA may cause CR in our DSA- recipients over
time. Currently, we are obtaining more information on this DSA low population showing
fold increase between 1.5 and 2.0. The role of low-level alloantibodies needs to be further
investigated. Maintenance of a constant ratio of DSA producing phenotypes at day 200
suggests that onset of CR might be determined early after alemtuzumab treatment and that
the therapeutic window for possible intervention could be narrow.

The target of alemtuzumab (CD52) is broadly expressed on human leukocytes and their
precursors so that treatment with alemtuzumab leads to profound and broad suppression of
leukocyte numbers (35). The mouse model used in this study alemtuzumab only depletes T
cells since the CD2 promoter has been used for human CD52 transfection (18, 36). We
observed only T and NKT cell depletion upon alemtuzumab treatment while B cells, NK
cells and monocytes were unaffected (Data not shown). It is notable that T cell depletion in a
mouse transplant model mimics the clinical outcome of human patients. Continuous de novo
emergence of allo-B cells with donor-specific effector function (alloantibody) causes CR in
the absence of T cell-mediated rejection.
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Figure 1. Alemtuzumab treatment induces prolonged full MHC mismatched cardiac allograft
survival with profound T cell depletion in CD52Tg murine recipients

(A) Alemtuzumab dosing strategy and experiment are represented. C57BL/6 (H-2°) hearts
were transplanted into the CD52Tg mice (H-2K). Recipients were treated with total four
doses of 10 pg of alemtuzumab. (B) Representative dot plots of T cells in the peripheral
blood before and after alemtuzumab treatment. Flow cytometric measurements demonstrated
profound depletion of CD3 T cells on day O (in the gate) in the peripheral blood. The
numbers depict the average percent (+SEM). n = 4 — 5 mice per group. (C) Phenotypic
analysis of T cells during repopulation. Repopulating T cells showed phenotypic switching
from CD44!°CD62LN (grey area) to CD44MCD62!° (solid line) population. (D) T cell
repopulation kinetics after alemtuzumab treatment with cardiac allograft. Serial frequencies
of repopulating T cells were expressed as percent of T cells (CD3*) and of total lymphocytes
(CD45%). n =5 — 7 mice per time point. (E) Cardiac allograft survival was prolonged with
alemtuzuamab treatment (MST >100 days, n = 12 and MST > 200 days, n = 15) while
untreated recipients showed acute rejection at MST of 8.0 days (n = 12). (F) Posttransplant
graft function measured by abdominal palpation (grade 0-4). Strong 3-4+ graft beating was
maintained in alemtuzumab treated recipients until day 200, whereas beating quality
dropped to less than 2+ within 7 days after transplantation and stop completely in untreated
recipients. n = 12 per group. “p <0.05, *"p <0.001, NS >0.05.

Am J Transplant. Author manuscript; available in PMC 2017 June 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kwun et al.

Page 14

A 14 days B 100 days

50- 51

s
. o 44

% 40 £
S 30- e
© °
o =]
< 201 < 2
g 8
O 10_ 1- '—‘l

U T
Untreated Alemtuzun:ab Treated Alemtuzumab DSA- Alemtuzumab DSA+

c o **p<0.01 **p<0.01
@ DSA+ PY
o 51 ODSA- *p<0.05 @
@ NS b
i ° s N -
33 ’ o
; NS NS °
0 21 ey ' X .4 @
° a8 o op ° ool
P a D™ & oy -ogc
3 M M M M M
& & & & & &
N o L) A LY N
D DSA negative DSA positive E,_ ca
f ‘ s . Ky =
[ v (] B
oy B
(A S 2
4P ) 15}
7
e -
', T
DSA- DSA+

Figure 2. Patterns of serum alloantibody production after alemtuzumab treatment
Serum samples were recovered on the indicated days post-transplantation. 1x108 C57BL/6

donor splenocytes were used for cross-match. Pretransplant serum sample was used for fold
increase. (A) Complete suppression of early alloantibody production after alemtuzumab
treatment. DSA titer was increased in untreated recipients while no signs of alloantibody
was found at 2 weeks posttransplant day in alemtuzumab treated recipients (n = 6 per
group). (B) Partial suppression of late alloantibody production after alemtuzumab treatment.
Fifty percent of recipients showed more than twofold increased DSA titer while the other
half showed less than twofold increase (n = 6 per group). (C) Two DSA-producing
phenotype after alemtuzumab treatment. Retrospective analysis of DSA+ versus DSA—
serum samples showed differences as early as 7 weeks post-transplantation. Original
magnification x 200. (D) Representative sections (n = 5~6) of explanted graft at day 100
from DSA+ and DSA- recipients with ¢3d immunohistochemistry for evaluation of
antibody-mediated rejection. (E) C3d immunohistochemistry was scored semiquantitatively
as 0, absent; 1, staining 1-10% of small capillaries; 2, staining 10-50% of small capillaries
and 3, staining >50% of small capillaries. Grading for C3d deposition showed increased
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level of C3d pathological deposition in DSA+ recipients (n = 6) compared to DSA-
recipients (n = 5). “p <0.05, *p <0.01.
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Figure 3. Histological analysis of representative graft tissue of DSA+ and DSA- recipients
(A) Representative sections of explanted graft at day 100 from DSA+ and DSA- recipients

were stained with H&E and elastic staining for evaluation of CAV. Note the significant
vasculopathy (arrow) in the DSA+ recipients and, in contrast, the relatively normal vascular
integrity in the DSA- recipients at 100 days after transplantation. Original magnification
x200. (B) Vasculopathy was scored on elastic stains as 0, none; 1, mild, 0-10% of the
luminal area compromised; 2, moderate, 10-50% of the luminal area compromised and 3,
severe, greater than 50% of the luminal area compromised. Higher degrees of vasculopathy
were identified in the graft from DSA+ recipients compared to DSA- recipients. (C)
Morphometric analysis demonstrated more narrowing of vascular lumina in DSA+ recipients
100 days after transplantation than DSA-recipients. (D) Vessels showing more than 20% of
occlusion were counted as diseased vessels. DSA+ recipients showed increased number of
diseased vessels at day 100. (E) Representative of trichrome stained grafts showed the
diffuse fibrosis and thickened vascular wall (stained blue), consistent with CAV. (F) Fibrosis
was semi-quantitatively scored in the myocardium as 0, none; 1, 0-10%; 2, 10-50% and 3,
>50% of the myocardial area. Increased level of fibrosis in myocardial area of DSA+
recipients was identified compared to DSA-recipients. Original magnification x200. (G)
Total fibrosis measured from entire explanted graft showed significantly increased in DSA+
recipients compared to DSA- recipients. The percentage of total fibrosis was quantified and
expressed as% positive trichrome pixels. Data here are expressed as mean + SEM of six
grafts in each group. “p <0.05, *p <0.01.
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Figure 4. Allospecific T cells in long-term recipients
A. Representative section of graft from DSA+ and DSA- recipients with alemtuzumab

treatment, 100 days after transplantation (CD3 immunohistochemistry). Note the minimal
perivascular infiltration of T cells in the graft for both DSA+ and DSA- group without
parenchymal rejection. Original magnification x200. (B) The quantification of T cell
infiltration showed similar level of intragraft T cell infiltration (n = 5 per group). (C)
Grading of T cell infiltration in different graft compartments showed no difference on T cell
infiltration in interstitial, vascular and quilty area (n = 6 per group). (D) IFN-y producing
cells detected by ELISPOT. Splnocytes derived from naive, untreated and alemtuzumab
treated recipients were cocultured with medium alone, ConA (5 ug/mL) or irradiated B6
splenocytes (5 x 108 cells). Splenocytes from alemtzumab treated recipient showed
significantly less number of spot compared to cells from untreated recipients (n = 6 per
group). NS >0.05, *p <0.05.
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Figure 5. Visualization of alloreactive B cells after cardiac allograft
(A) Formation of allo-B cells was tracked with donor MHC tetramer (H-2KP/Db). Gating

strategy for allo-reactive B cells was depicted schematically. Splenocytes from syngeneic,
allogeneic and allogeneic third party recipients were evaluated. Allo-B cells were found only
from allogeneic recipients’ splenocytes. (B) Phenotype of donor MHC tetramer™ B (Allo-B)
cells was analyzed with B220, IgG, GL7 and CD95 mAbs. (C) Splenocytes from cardiac
allograft recipients were analyzed after 100 days of transplantation. As a control,
splenocytes from naive CD52Tg mice were also evaluated. Dot plots of live B cells were
depicted and show the IgD (x-axis) profile of cells stained with donor MHC tetramer (y-
axis). (D) Increased allo-reactive (anti-KP/DP) B cells were identified from untreated and
DSA+ recipients. Allo-B cell levels of DSA- recipients showed no difference from those of
naive mice. Allo-B cell levels were significantly higher in DSA+ recipients compared to
untreated recipients (n = 5 per each group). “p <0.01.
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Figure 6. Distinct allo-B cell repertoire in chronic rejection
(A) Splenocytes from cardiac allograft recipients were analyzed 100 days after

transplantation. As a control, splenocytes from naive CD52Tg mice were also evaluated. Dot
plots of live B cells were depicted and show the CD38 expression (x-axis) profile of cells
stained with donor MHC tetramer (y-axis). (B) Increased CD38™ allo-reactive (anti-KP/DP)
B cells were only identified from DSA+ recipients (n = 4 per each group). ~p <0.001.
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Figure 7. Alloantibody production and chronic rejection development in alemtuzumab treated
CD52Tg recipients at day 200

(A) Serum alloantibody detection with flow crossmatch showed two distinct phenotypes
either with low alloantibody titer (negative) or with high alloantibody titer (positive). (B)
Representative sections of explanted graft at day 200 from DSA+ and DSA- recipients were
stained with H&E and elastic trichrome staining for evaluation of CAV. Original
magnification x200. (C) The quantification of T cell infiltration showed similar level of
intragraft T cell infiltration in all groups. DSA+ recipients showed increased number of
diseased vessel at day 200. Mophometric analysis demonstrated only a trend of increased
neo-intimal hyperplasia in DSA+ recipients at 200 days after transplantation than DSA-
recipients. Total fibrosis measured from entire explanted graft showed no difference in DSA
+ recipients compared to DSA- recipients. Data are expressed as mean + SEM of six grafts
in each group. (D) The DSA+ recipients (n = 7) showed significantly increased levels of
alloreactive (anti-K°/DP) B cells in the spleen compared to DSA- recipients (n = 8). NS >
0.05, *p <0.05, ™p <0.01, *"p <0.001.
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