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Abstract

Introduction—Endomyocardial biopsy (EmBX) is the standard means of establishing cardiac
allograft rejection diagnosis. The efficacy of this procedure in xenotransplantation has not been
determined. In this study we compare the histology of right ventricular EmBXx specimens with the
corresponding full cross sections of explanted right ventricle (RV). We also compare RV with the
related left ventricle (LV) cross sections.

Methods—Heterotopic CD46 pig to baboon cardiac xenotransplants (n=64) were studied.
RVEmMBxs were taken at cardiac explant, using either a standard bioptome (RVEmMBXBT; n=24) or
by sharp dissection (RVEmMBXxSD; n=40). Hematoxylin-eosin stained sections of RV and LV cross
section and RVEmBXxs were compared in a blinded fashion. Characteristics of delayed xenograft
rejection (DXR) and a global assessment of ischemia, were scored from 0 to 4 based on the percentage
of myocardium involved (0 = 0%, 1=1-25%, 2 = 26-50%, 3 = 51-75%, 4 = 76—100%).

Results—Median graft survival was 30 days (range 3—137). Linear regression analysis of histology
scores demonstrated that both RVEmMBXBT and RVEmMBXSD equally represented the histology of
RV cross section. Global ischemic injury was strongly correlated between RV and RVEmMBXx
(R%2=0.84) and between RV and LV cross sections (R?=0.84). Individual characteristics of DXR
showed no significant variation between RV and RVEmBX or between RV and LV (p<0.05).

Conclusions—These results indicate that DXR is a widespread process involving both right and
left ventricles similarly. This study shows that histologic assessment of RVEmBX specimens is an
effective method for the monitoring of DXR after cardiac xenotransplantation.

INTRODUCTION

The lack of human donors has led investigators to search for alternative sources of organs. The
pig is the preferred species for xenotransplantation due to its size plus the existence of
established techniques for genetic modifications and designated pathogen free husbandry.1
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Pig-to-primate xenotransplantation has been limited by antibody-induced immune rejection.
Initially this antibody response was directed towards the Galactose a 1,3 Galactose (a-Gal)
antigen, absent in humans and Old World Primates, but produced abundantly in pigs. The
presence of preformed recipient anti-Gal antibody results in hyperacute rejection (HAR) of a
porcine xenograft within minutes to hours after transplantation. We and others have
circumvented this process by using transgenic donor pigs expressing high levels of human
complement regulatory proteins combined with a-Gal polymers and specific
immunosuppressive regimens that block function and induction of anti-Gal antibody. This
approach has resulted in a median survival of 96 days in heterotopic transgenic pig to baboon
transplants.zv3 Under conditions where anti-Gal mediated effects are eliminated, including the
use of a Gal deficient donor pigs,4'5 xenograft failure remains associated with vascular
antibody deposition directed towards non-Gal anti-pig anti ens.3:6-8 In this case grafts are lost
in a process termed “delayed xenograft rejection” (DXR).” This rejection is characterized by
microvascular thrombosis, and myocardial necrosis without a cellular infiltrate. Antibod¥ (IgMm
and IgG) is deposited on vascular endothelium, but complement may not be activated. 0

Right ventricular endomyocardial biopsy (RVEmMBX) specimens has been the gold standard
for the early diagnosis of cardiac allograft cellular rejection for 25 years. At later time-points
routine biopsy surveillance beyond five years post-transplant is less useful. 11

At a lower frequency allograft rejection is associated with induction of allo-antibodies with
minimal cellular infiltration. Criteria for the diagnosis of this antibody-mediated cardiac
allograft rejection on cardiac biopsies have recently been proposed and include the
identification of complement activationl2, Whether RVEmMBx will prove to have the same
utility in the setting of cardiac xenotransplantation, where antibody mediated process
dominates, has not been tested. Therefore, we undertook the current study to determine how
well endomyocardial biopsy samples represent right ventricular morphology as a whole, and
to determine the degree to which pathology occurring in one ventricle compares to pathology
in the other in the setting of heterotopic xenotransplantation.

METHODS

Heterotopic Heart Transplantation

Heterotopic abdominal pig-to-baboon cardiac xenotransplantation was performed using
standard surgical methods for five prospectively defined transplant protocols. Details of these
transplants have been previously described.1-3,7,13,14 p) recipients were splenectomized,
received CD46 transgenic pig hearts and were treated with maintenance immunosuppression
consisting of tacrolimus, sirolimus, tapering steroids and daily infusions of an a-Gal
polyethylene glycol polymer (TPC) to block anti-Gal antibody.

The study group is comprised of five transplant groups. Groups 1 —4 received low maintenance
immunosuppression with targeted serum trough levels of tacrolimus and sirolimus of 10 — 15
ng/ml and 5 — 10 ng/ml, respectively. To deplete B cells, these animals also received weekly
Rituximab therapy (17 mg/kg i.v.) beginning 1 — 2 weeks prior to transplantation. Group 1
(n=9) received no postoperative anticoagulation. Group 2 (n=13) was treated with Lovenox.
Group 3 (n=9) received antiplatelet therapy using aspirin and clopidogrel (Plavix; Bristol-
Myers Squibb/Sanofi Pharmaceuticals Partnership, New York, NY). Group 4 (n=9) was treated
with Coumadin (Bristol-Myers Squibb, New York, NY, USA). Group 5 (n = 24) received high
maintenance immunosuppression in which the targeted tacrolimus and sirolimus levels were
doubled compared to groups 1 — 4. In group 5 fifteen recipients were also anticoagulated with
Lovenox. This subgroup received weekly Rituximab therapy as above and was additionally
aggressively treated for xenograft rejection using rabbit antithymocyte globulin (SangStat
Medical Corporation, Fremont, CA). In group 5 seven recipients were not treated with
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anticoagulants and were not treated for rejection. ATG was given only as induction therapy on
postoperative day 2 — 6 and Rituximab therapy was confined to four weekly treatments
beginning 2 weeks prior to transplant.

All animals were housed and received humane care in accordance with the standards
established by the Institutional Animal Care and Use Committee of Mayo Clinic and
Foundation and as described in the “Guide for the Care and Use of Laboratory Animal”
prepared by the Institute of Laboratory Animal Resources and published by the National
Institutes of Health (NIH publication No. 86—23, revised 1996).

Histologic Analysis

Xenografts were explanted at the time of death or when they were no longer beating as judged
by a concomitant decrease in the electrical activity of the graft, a decrease in palpation score
and absence of contractility as judged by echocardiography. Under direct visualization, right
ventricle endomyocardial biopsies (RVEmMBX) and full thickness mid-ventricular sections of
right (RV) and left ventricles (LV) of the transplanted heart were collected for light microscopy
and frozen for immunohistochemistry (IHC). RVEmBXxs were taken either using a standard
bioptome (RVEmMBXBT; n=24) or by sharp dissection (RVEmMBXSD; n=40). In the grafts in
which the biopsy was taken with a standard bioptome the mean number of specimens obtained
was 2.5 (2 to 4) while the tissue collected with a sharp dissection was represented by a single
tissue sample. In addition the size of the standard bioptome biopsies was smaller than the
samples obtained by sharp dissection.

Individual features of DXR (coagulative necrosis, myocyte vacuolization, thrombosis,
congestion and interstitial hemorrhage) were scored based on amount of involved myocardium
(0: 0%, 1: 1-25%, 2: 26—-50%, 3: 51-75% and 4: >75%). An overall global assessment of DXR
was similarly scored and defined as the sum of areas with reversible ischemia, with myocyte
vacuolization and irreversible coagulative necrosis.

For IHC, biopsy samples were embedded in OCT (Miles Laboratories), snap frozen in
isopentane and dry ice, and 4 um thick sections cut on a cryostat. Immunohistochemical
staining was assessed estimating the intensity (0, none; 1, minimal; 2, present and easily
recognized, characterized by smooth linear decoration of endothelial cells; and 3, intense, with
granular staining of endothelial cells) and the extent of reactivity (focal: <25 % of vessels; or
diffuse: >25 % of vessels).

Sections of RV and LV cross section and RVEmBXx were reviewed in a blinded fashion by an
experienced cardiac pathologist.

Statistical Analysis

RESULTS

The histology scores (0 — 4) for global ischemic injury and for each characteristic of DXR were
compared for all tissue samples. The frequency of histology scores between samples (i.e.
comparing the RV and RVEmBXx and comparing the RV and LV at explant) that matched
perfectly or differed by one histology score were analyzed by linear regression. Similarly a
linear regression model was used to compare standard bioptome and sharp dissection biopsies
and an F-test was used to determine significance.

Graft Survival and Transplant Groups Histology

A total of 64 transplants were performed. Median implantation time for the group was 30 days
(range 3 — 137). Survival was similar among groups except for group 5 in which it was
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significantly Ionger.14 Previous analysis found that despite differences in anticoagulation and
immunosuppression there was no significant difference in histology between these transplant
groups at the time of explant.7’13’l For this study, we re-examined the histopathology of the
RV and LV sections for all samples to detect any disparity in DXR pathology that might be
affected by anticoagulation or by the immunosuppression protocol.

The range of the mean histology scores for all the characteristics of DXR in the RV was similar
across the transplant groups: global ischemic injury (2.1 — 3.4) coagulative necrosis (1.9 — 3.4),
vacuolization (0.7 — 1.6), thrombosis (2.4 — 3.4), congestion (0.8 — 1.5) and hemorrhage (0.4
—1.3). Group 3 transplants, treated with aspirin and clopidogrel, tended to have a higher level
of histological damage compared to the control group 1 but was not significantly different from
the other transplant groups (Figure 1). In group 3 global ischemic injury and coagulative
necrosis were significantly higher compared to group 1 (p=0.04 and p=0.02 respectively).
Vacuolization in Lovenox-treated group 2 was increased compared to group 3 (p=0.04). All
other DXR features showed no significant variation between any of the transplant groups (T-
test: p>0.05). No transplant-dependent variation was found in histology in LV cross section
(data not shown). This analysis is consistent with our previous understanding that the pathology
of the DXR is the same regardless of anti-coagulation or immunosuppression. Accordingly all
tissue samples were grouped together for further analysis.

Comparing the Histology of RVEmBx (BT or SD) and RV cross section

To determine if RVEMBXBT and RVEmMBXSD were equally representative of the histology in
the corresponding RV cross section, we produced a matrix of histology scores for each DXR
component, as illustrated for coagulative necrosis (Figure 2). Of 24 paired RVEmMBXBT and
RV tissue samples 18 (75%) were scored identically as depicted by the diagonal of the matrix
and 100% of the sample pairs matched within one histology score (Figure 2a). Similarly, 29
of 40 (72%) of RVEMBXSD and RV pairs were identically scored with 97% of the tissues
matching within one histology score (Figure 2b). A similar high level of concordance between
RVEmMBXx and RV cross section was observed for each DXR variable regardless of how the
biopsy was obtained (Figure 2c¢). A linear regression analysis of the data found no significant
difference (F-test: p>0.05) in concordance with the biopsy type (comparing perfectly matched
histology scores) demonstrating that these biopsies are equally representative of the histology
in the RV cross section.

Comparing the Histology between RV and RVEmBx and between RV and LV cross sections

A similar systematic comparison of the histology observed in RV and RVEmBx and in RV
and LV was performed for each of the 64 xenografts (Table 1). The mean histology scores for
each feature of DXR were consistent across the different tissue samples. In each xenograft
there was a high degree of correlation between the histology of the RV and RVEmBXx and
between the RV and LV samples as illustrated by the percent of tissue pairs with identical
histology scores and with scores that differed only by one. Regression analysis of the data
found a high degree of correlation between each sample pair. This correlation was strongest
for end-stage effects of DXR such as global ischemic injury and coagulative necrosis, and less
powerful for transient histologic features such as vacuolization, congestion and hemorrhage,
nonetheless all sample pairs showed a significant correlation (p<0.05).

In 64 transplants 33 xenografts were rejected as evidenced by the loss of contractility. These
grafts uniformly exhibited widespread irreversible ischemic myocyte injury involving over
50% of the RV. Among 64 transplants, however, 31 grafts were explanted due to recipient
death and these grafts exhibited variable levels of DXR (Figure 3). To determine if RVEmMBXxs
were representative samples in xenografts with on-going immune injury we divided the
samples into three grades of rejection (1 — 3) based on the level of global ischemic injury.
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Grafts with minimal global ischemic injury (Grade 1; n=21) typically exhibited vigorous
contractility at the time of recipient death and had histologic changes of DXR involving 0 —
25% of the myocardium (Figure 3 panel 1). Grafts with Grade 2 DXR (n=18) had changes
involving 26 — 75% of the myocardium (Figure 3 panel 2) and grafts with severe rejection,
Grade 3 (n=25) showed features typical of fulminant DXR, with involvement of >75% of
myocardium. (Figure 3 panel 3). No prominent cellular infiltrates were observed in any of the
grafts. Congestion and intramyocardial hemorrhage were rarely observed. The mean histology
scores for each of the six characteristics of DXR were similar in each tissue samples and
independent of the grade of rejection as illustrated in figure 4 for coagulative necrosis,
vacuolization, thrombosis and congestion. This suggests that RVEmBX remains a faithful
representation of all the specific histology features.

Immunohistochemistry

Since xenograft rejection is predominantly an antibody mediated process, we examined the
intensity and extent of vascular IgM deposition. From 64 transplanted hearts there were 31
pairs of RV and RVEmBXx samples that were interpretable. The level of tissue damage in other
samples precluded a clear assessment of vascular antibody deposition. The majority of RV and
RVEmMBXx samples (20 of 31 pairs 65%) matched for intensity, the extent of immuno-reactivity
or both. In 7 cases (23%) the RVEmBX gave a false negative and in 2 cases (6%) the RVEmMBXx
was a false positive compared to the RV cross section. In the remaining cases (2 of 31) both
tissues showed IgM labeling but the intensity or distribution did not match.

There were 35 pairs of IgM stained LV and RV sections that were interpretable. Most samples
(26 of 35 pairs 74%) matched for intensity, the extent of immuno-reactivity or both. There
were 5 samples (14%) where the LV gave a false negative and 2 samples (6%) where the LV
was a false positive compared to the RV cross section. In 2 cases (6%) both the LV and RV
were stained but the intensity or extent of staining did not match.

DISCUSSION

In this study we demonstrate that DXR is a global process involving both right and left
ventricles to a similar extent. The histology of RV biopsies obtained with a bioptome or by
sharp dissection was a reliable indicator of histology in the larger RV and LV cross sections.
This correlation was true for xenografts with extensive histologic injury and for grafts with
lesser degrees of rejection. Endomyocardial biopsy, therefore, faithfully represents all the
specific histologic features of DXR and is an appropriate method to monitor the degree of
cardiac xenograft rejection.

Our observation that DXR appears to be a global process is in contrast to those reported by
Rose et al1> who found that antibody-mediated rejection occurred with a zonal distribution.
For this reason others have suggested that the use of EmBx as a monitoring tool in the setting
of xenotransplantation may not be appropriate.15v16 We observed diffuse microvascular
thrombosis and coagulative necrosis without any predilection for the specific zones within the
myocardium. The disparity between the observations may be explained by differences in
procedure since Rose et al used pig-to-baboon heterotransplants in the neck, while ours were
all abdominal transplants. In addition, a predominance of the grafts analyzed by Rose showed
hyperacute rejection and histologic damage within one hour of reperfusion and in many cases
frank hyperacute rejection. In contrast, none of our grafts showed histologic injury in routine
30 minute biopsies and median time from implantation to explant was of 30 days with no
hyperacute rejections. It seems possible that the rapidity of HAR might result in zonal injury
to the xenograft in contrast to the more chronic vascular injury associated with DXR.
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For clinical xenotransplantation to become a reality it is essential that easily obtained and
reliable tools for monitoring and treating xenograft rejection be available. Stadler et al.17 have
indicated that echocardiography is a superior method for assessing early graft dysfunction
compared to palpation score. We have used a combination of changes observed on
intramyocardial electrocardiograms (IMEG), manual palpation and biochemical markers like
troponin T and aspartate aminotransferase (AST)2 to monitor heterotopic cardiac xenograft
rejection. Kuwaki et al have recommended similar criteria.18 In our experience these non-
invasive methods are not completely reliable since treating animals with additional
immunosuppression for presumed episodes of rejection did not prolong xenograft survival.”
EmBx remains the gold standard in the diagnosis and treatment of cardiac allografts. Although
there may be additional non-invasive tools or tests, e.g. echocardiography, serum cytokine
levels of INF gamma, TNF alfa, IL 2, that will be helpful in monitoring the immunologic status
of the heart after xenotransplantation, histologic analysis is likely to play a key role in
diagnosing xenograft rejection, particularly orthotopic cardiac xenografts, as it has in cardiac
allografts.

This study was not designed to determine how many pieces of myocardium are optimal for the
detection of DXR as has been done for other solid organ tramsplants.19‘21 In cardiac allografts,
Zerbe and Arena?l demonstrated that the level of sensitivity improves with an increasing
number of endomyocardial biopsy samples but that sensitivity does not improve when more
than six pieces are examined. In our study we found a very high degree of correlation between
EmBx and RV and LV cross sections, particularly for irreversible characteristics of DXR such
as coagulative necrosis and thrombosis. Additional biopsies are not likely to improve this
correlation. Additional biopsies may be useful to increase the sensitivity of detecting transient
features of DXR (edema, vacuolization) and in improving the correlation for immunostains of
vascular antibody and complement deposition. This might help to define earlier stages of DXR.
Additional studies are underway to determine the optimal number of endomyocardial biopsy
pieces in the setting of xenotransplantation.

Finally, this study was performed using a heterotopic model. While useful, the model has some
inherent problems. The heterotopic heart is not life supporting and it is prone to the
development of intrachamber clots that can distend the ventricles and interfere with the normal
cardiac function and myocyte survival. How these features may affect DXR is unknown.
Similar studies will need to be performed in the orthotopic setting to determine if the
histopathology of DXR remains global and to estimate the number of pieces of myocardium
necessary for adequate surveillance.

In conclusion, this animal study indicates that DXR is a global process involving both the
ventricles similarly and without any predilection for specific zones within the myocardium;
and that EmBX is an appropriate method to monitor, the immunologic status of the graft.
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Figure 1.

RV cross sections were scored for global ischemic injury (GlI), coagulative necrosis (CN),
vacuolization (V), thrombosis (T), congestion (C) and hemorrhage (H); mean value for each
transplant group, described in material and methods, + standard deviation is given. Except for
global ischemic injury and coagulative necrosis between group 1 and 3 (respectively p=0.04
and p=0.02) and for vacuolization between group 2 vs group 3 (p=0.04) all characteristics of
DXR showed no significant difference between the transplant groups (T-test: p>0.05).
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Congestion 37 (79) 55 (87)
Hemorrhage 42 (87) 65 (97)

Figure 2.

A matrix analysis was used to compare histology scores for each characteristic of DXR. A.
Illustrates the matrix comparison between paired samples of RV and RVEmMBXBT for the
degree of coagulative necrosis. Histology scores ranged form 0—4 as described in the Materials
and methods. Numbers on the diagonal (boxed) represent samples where the biotome biopsy
and RV cross section of a xenograft exhibited the same histology score B. The same analysis
as in A for coagulative necrosis, now comparing RV and RVEmBXSD. C. Summarizes the
analysis for each characteristic of DXR comparing RV cross sections to biotome and sharp
dissection biopsies. Values indicate the percentage of rejected xenografts with identical
histology scores. The number in parentheses is the percentage of sample pairs that differed by
only one histology score. (p value >0.05 for all the variables examined)
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Figure 3.

a: RV, b: RVEmBX, c: LV (magnification 200X)

Panel 1: sections from all three sites show well-preserved myocardium, minimal myocyte
vacuolization and focal vascular thrombosis (arrows).

Panel 2: intermediate myocardium damage (26 — 75%) in all three sections with more prominent
vacuolization (arrows) and coagulative necrosis (asterisk).

Panel 3: in all three sites features typical of coagulative necrosis, characterized by loss of
myocyte nuclei, and microvascular thrombosis.
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Figure 4.

Comparison of histology between RV cross section (<), RVEmBX (A) and LV cross section
(o) samples. A. coagulative necrosis. B. vacuolization. C. thrombosis. D. congestion. Graphs
depict the mean histology score for each DXR characteristic (+ standard deviation). X-axis
values indicate the extent of DXR. Similar results were observed for global ischemic injury
and hemorrhage (data not shown).
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