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Abstract

Background—Dysregulation of coagulation is considered a major barrier against successful pig
organ xenotransplantation in nonhuman primates. Inflammation is known to promote activation of
coagulation. The role of pro-inflammatory factors as well as the relationship between
inflammation and activation of coagulation in xenograft recipients is poorly understood.

Methods—Baboons received kidney (n=3), heart (n=4) or artery patch (n=8) xenografts from
al,3-galactosyltransferase gene-knockout (GTKO) pigs or GTKO pigs additionally transgenic for
human complement regulatory protein CD46 (GTKO/CD46). Immunosuppression (I1S) was based
on either CTLA4-1g or anti-CD154 costimulation blockade. Three artery patch recipients did not
receive IS. Pro-inflammatory cytokines, chemokines and coagulation parameters were evaluated
in the circulation after transplantation. In artery patch recipients, monocytes and dendritic cells
(DC) were monitored in peripheral blood. Expression of tissue factor (TF) and CD40 on
monocytes and DC were assessed by flow cytometry. C-reactive protein (C-RP) levels in the
blood and C-RP deposition in xenografts as well as native organs were evaluated. Baboon and pig
C-RP mRNA in heart and kidney xenografts were evaluated.
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Results—In heart and kidney xenograft recipients, the levels of INFy, TNF-a, IL-12 and IL-8
were not significantly higher after transplantation. However, MCP-1 and IL-6 levels were
significantly higher after transplantation, particularly in kidney recipients. Elevated C-RP levels
preceded activation of coagulation in heart and kidney recipients, where high levels of C-RP were
maintained until the time of euthanasia in both heart and kidney recipients. In artery patch
recipients, INFy, TNF-qa, IL-12, IL-8 and MCP-1 were elevated with no IS, while 1L-6 was not.
With IS, INFy, TNF-a, IL-12, IL-8 and MCP-1 were reduced, but IL-6 was elevated. Elevated
IL-6 levels were observed as early as 2 weeks in artery patch recipients. While IS was associated
with reduced thrombin activation, fibrinogen and C-RP levels were increased when IS was given.
There was a significant positive-correlation between C-RP, IL-6, and fibrinogen levels.
Additionally, absolute numbers of monocytes were significantly increased when 1S was given, but
not without IS. This was associated with increased CD40 and TF expression on CD14* monocytes
and lineage"®d CD11c* DC, with increased differentiation of the pro-inflammatory CD14*
CD11c* monocyte population. At the time of euthanasia, C-RP deposition in kidney and heart
xenografts, C-RP positive cells in artery patch xenograft and native lungs were detected. Finally,
high levels of both pig and baboon C-RP mRNA were detected in heart and kidney xenografts.

Conclusions—Inflammatory responses precede activation of coagulation after organ
xenotransplantation. Early upregulation of C-RP and IL-6 levels may amplify activation of
coagulation through upregulation of TF on innate immune cells. Prevention of systemic
inflammation in xenograft recipients (SIXR) may be required to prevent dysregulation of
coagulation and avoid excessive IS after xenotransplantation.
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INTRODUCTION

The introduction of a1,3-galactosyltransferase gene-knockout (GTKO) pigs transgenic for
human complement-regulatory proteins, markedly improved pig xenograft survival in non-
human primates (NHP) (1). However, dysregulation of coagulation in the form of
thrombotic microangiopathy in the graft and/or consumptive coagulopathy (CC) in the
recipient remains a major barrier (2, 3). It has been reported that increased
immunosuppressive therapy (IS) significantly prolongs organ xenograft survival, but not
systemic anticoagulation (4, 5). However, the underlying mechanisms of prevention of
dysregulation of coagulation by IS in xenograft recipients is not fully understood.

We have previously reported high levels of recipient (primate) tissue factor (TF) mRNA in
heart (3) and kidney (2) xenografts, and TF-positive macrophages in heart xenografts (3).
Furthermore, upregulated TF expression on peripheral blood mononuclear cells and platelets
in kidney xenografts recipients coincides with the onset of CC (2). It is known that, TF
exposure activates the coagulation system following vascular injury (6). In addition, TF has
been recently considered a promoter as well as a marker of inflammation (6, 7). The
interaction between inflammation and coagulation can initiate an amplification circuit (8)
that results in uncontrolled production of inflammatory mediators and coagulation factors.
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While pro-inflammatory cytokines protect against pathogens and limit tissue damage, their
overproduction can disrupt immune regulation and promote excessive inflammation (9).

Innate immune cells, which are a major source of pro-inflammatory cytokines, have been
considered a barrier to successful pig-to-primate xenotransplantation (10). Pro-inflammatory
cytokines, tumor necrosis factor-alpha (TNF-a) (11) and interleukin (IL)-6 (12), and C-
reactive protein (C-RP) (13) are known to promote TF expression. Although recognized
following pig islet xenotransplantation (14-17), the possible role of pro-inflammatory factors
in activation of coagulation after xenotransplantation is poorly understood.

We evaluated inflammatory factors in pig organ and artery patch xenograft recipients. We
provide evidence of inflammatory responses associated with pro-coagulant and
inflammatory innate immune cells after xenotransplantation. Our data suggest that, in the
presence of immunosuppressive therapy (IS), systemic inflammatory responses precede and
most likely promote activation of coagulation in xenograft recipients.

MATERIALS AND METHODS

Animals

Baboons (Papio species, n=15: Division of Animal Resources, Oklahoma University Health
Sciences Center, Oklahoma City, OK) weighing 6-10kg, were recipients. GTKO or GTKO/
CD46 pigs weighing 10-20kg (Revivicor, Blacksburg, VA), provided organs and artery
patch grafts (18, 19). Animal care was in accordance with the Principles of Laboratory
Animal Care formulated by the National Society for Medical Research and the Guide for the
Care and Use of Laboratory Animals prepared by Institute of Laboratory Animal Resources
and published by National Institutes of Health (NIH publication No. 86-23, revised 1985).
Protocols were approved by University of Pittsburgh institutional Animal Care and Use
Committee.

Pig-to-baboon xenotransplantation models (Table 1)

Organ xenotransplantation (n=7)—Surgical techniques of heart (n=3) and kidney
(n=4) transplantation have been described (2, 3). Tissue and blood samples from two heart
xenografts (survived 35 and 56 days (3)) and three kidney xenograft recipients (survived 6, 9
and 10 days (2), respectively) were evaluated at euthanasia.

Artery patch xenotransplantation (n=8)—Surgical procedure has been described (20).
Recipients were electively euthanized 1-3 month after transplantation.

Immunosuppressive therapy (1S)

IS was based on costimulation blockade, with thymoglobulin induction and mycophenolate
mofetil maintenance in all kidney and heart recipients receiving IS (Supplementary Tablel).
For heart and kidney xenograft recipients, anti-CD154mAb-based regimen was administered
(2, 3). Artery patch xenografts recipients received either no IS (n=3), or anti-CD154mAb- or
CTLAM4Ig-based IS (n=5) (20).
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White blood cell numbers

Whole blood samples were analyzed before and after transplantation. Complete and
differential white blood cell counts were obtained from the UPMC Central Laboratory.
Absolute numbers of lymphocytes, monocytes, and neutrophils, as well as CD3*T cells were
calculated based on white blood cell counts and percentages obtained by flow cytometry.

Flow cytometry

White blood cells were stained after ACK lysis of red blood cells. Cells were incubated at
4°C in the dark with fluorochrome-conjugated anti-human antibodies:- TF (FITC-
conjugated-Cat# MATF-FITC; Affinity Biologicals, Ancaster, ON, Canada), CD14 (APC-
conjugated IM2580U; Beckman Coulter; Brea, CA), CD11c (PE-conjugated Cat# 340713),
CD11c (APC-conjugated Cat# 340714), CD56 (PE-conjugated Cat# 556647), CD20 (PE-
conjugated Cat# 556633), CD3 (PE-conjugated Cat# 552127), and CD14 (PE-conjugated
Cat# 557154) antibodies (all from BD Biosciences, San Jose, CA). Appropriate isotype
control antibodies were used. Data acquisition was performed with BD™ LSR II flow
cytometer (Becton Dickinson, San Diego, CA), and analyzed using Flowjo software
(Flowjo, Ashland, OR).

Luminex multiplex immunoassays

Serum samples from naive baboons and xenograft recipients were tested for interferon-
gamma (IFN-y), TNF-a, IL-12, monocyte chemoattractant protein-1 (MCP-1), IL-8, and
IL-6 levels using LEGENDplex Luminex Kits (BioLegend, San Diego, CA).

Measurement of C-reactive protein (C-RP) levels

C-RP levels were measured in serum samples by the UPMC laboratory.

Measurement of coagulation parameters

Plasma samples collected from naive baboons and xenograft recipients were stored at
—-80°C. Thombin-antithrombin (TAT) complexes, fibrinogen, D-dimer, and fibrin
degradation products (FDP) levels were measured by enzyme-linked immunosorbent assay
(21)

Histopathology and Immunohistochemistry of organ and artery patch xenografts

Biopsies were obtained at euthanasia. Tissues were fixed in formalin and embedded in
paraffin. Four-micron (4pm) sections were stained. Primary rabbit anti-C-RP (Cat#Ab3241,
Abcam, Cambridge, MA) was used (1:50), and secondary goat anti-rabbit antibodies
(Cat#BA-1000, Vector laboratories, Burlingame, CA) were used (1:200).

Evaluation of pig and baboon C-RP in xenografts by real time RT-PCR

Tissue specimens were snap-frozen in liquid nitrogen and stored at —-80°C. Total RNA was
isolated using RNeasy Mini Kit from QIAGEN (Valencia, CA). Purified RNA was
quantified and assessed for purity and integrity by capillary electrophoresis using the
Agilent Bioanalyzer (Santa Clara CA). cDNA was generated from 3-6pg of RNA using I1-
RNase H-reverse transcriptase (Invitrogen; Grand Island, NY). Sixty nanograms (60ng) of
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resultant cDNA were used in each PCR reaction. Species-specific primers and TagMan
probes were designed using baboon and pig sequences ((Supplementary Table 2). Primers
and TET-labeled probes with BHQ (Black Hole QuencherR) quenchers were obtained from
Integrated DNA Technologies (Coralville, IA). Real-time PCR assay was performed on an
ABI Prism 7900 (Applied Biosystems). The expression of pig or baboon C-RP was
normalized to pig or baboon house-keeping gene, ribosomal protein L32 (RPL32), and
MRNA levels were expressed as relative fold increase over a normal pig or baboon kidney
sample using AACT calculation. Species-specificity of C-RP assays was confirmed using
baboon and pig liver samples.

Statistical analysis

RESULTS

Statistical significance was determined by paired, two-tailed Student's ‘t’ test and one-way
ANOVA. Linear regression and correlation analyses were carried out using GraphPad Prism
version-4 (GraphPad Software, San Diego, CA); (p<0.05 was considered significant).

Cytokine and chemokine levels in organ xenograft recipients

Pro-inflammatory cytokines are known to promote TF expression and activation of
coagulation (11, 22). Despite being previously reported in pig-islet xenograft recipients
(14-17), their role in the activation of coagulation after xenotransplantation is not well
understood. We evaluated the levels of IFN-y, TNF-a, IL-12, MCP-1, IL-8 and IL-6 in three
heart recipients at 2 days and then 21, 26 and 28 days, and in four kidney recipients at 2 days
and then 6, 9 and 10 days after transplantation (Figure 1A). In heart recipients, IFN-y, TNF-
a, IL-12 and IL-8 were not elevated after transplantation, while MCP-1 and IL-6 levels were
elevated. In kidney recipients, the levels of IFN-y and TNF-a were not elevated. I1L-12 and
IL-8 levels were elevated but not significantly, while MCP-1, and IL-6 levels were
significantly elevated (p<0.05).

Elevated C-RP levels precede consumptive coagulopathy in heart and kidney xenograft

recipients

C-RP is an acute-phase protein, which increases in the blood in response to inflammation.
At the time of euthanasia, significantly high levels of C-RP were detected in both heart and
kidney recipients (p<0.05) in comparison to before transplantation (Figure 1B).

Following organ xenotransplantation, activation of coagulation eventually leads to CC,
which is based on laboratory tests (low platelet numbers, low fibrinogen levels, elevated D-
dimer levels and/or fibrin degradation products [FDP]). In the current study, elevated C-RP
levels at the time of euthanasia in pig and heart xenograft recipients suggest an
inflammatory response. We measured C-RP levels in correlation with parameters of
activation of coagulation in two heart and two kidney xenograft recipients.

In two heart recipients (survived 35 and 56 days), C-RP levels were elevated as early as 7
days after transplantation, before the development of CC, i.e., reduced platelet numbers,
associated with elevated D-dimer and FDP levels. Similarly, in two kidney recipients,
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elevated C-RP levels were detected by day 3, before reduced platelets, and elevated D-
Dimer and FDP were observed (Figure 1C).

These data indicate that inflammatory responses in organ xenograft recipients preceded
activation of coagulation and the development of CC.

IS reduces pro-inflammatory cytokine and chemokine levels except IL-6 in pig artery patch
xenograft recipients

Since organ xenograft recipients routinely receive IS, it is not possible to evaluate activation
of coagulation and inflammatory responses in the absence of IS after xenotransplantation.
Pig artery patch xenograft recipients can be maintained without IS until electively
euthanized (20). We measured circulating cytokine and chemokine levels, at 2 weeks and
one month after transplantation (Figure 2A).

After artery patch transplantation, the levels of IFN-y, TNF-a, IL-8, IL-12, and MCP-1 were
significantly elevated (p<0.001) when no IS was given. Four weeks after Tx. MCP-1 levels
were significantly higher than at 2 weeks after Tx (p<0.05), with or without IS. Furthermore,
IL-6 levels were not elevated. On the other hand, 1S was associated with reduced levels of
IFN-y, TNF-a, IL-8, IL-12, and MCP-1, but not IL-6 which was significantly elevated
(p<0.001). Four weeks after Tx, IL-6 levels were significantly higher than at 2 weeks after
Tx (p<0.05). No difference in cytokine and chemokine levels were found between baboons
receiving CTLAA4-1g-based or anti-CD154mAb-based IS (Table 1).

Effect of IS on activation of coagulation in pig artery patch xenografts

Activation of coagulation is a common feature in xenograft recipients. While platelet
deposition has been detected in pig artery patch xenografts (20), features of activation of
coagulation in pig artery recipients have not been reported. In parallel with the effect of IS
on pro-inflammatory cytokines and chemokines, we measured platelet numbers, fibrinogen
and D-dimer levels at 2 weeks and one month after transplantation, in the presence or
absence of IS (Figure 2B). Significantly higher platelet numbers were observed with or
without IS (p<0.001). Elevated D-Dimer levels were also observed with or without IS.
Interestingly, significantly higher fibrinogen levels were only observed in
immunosuppressed recipients (p<0.001). To further understand the influence of IS on
activation of coagulation, we evaluated thrombin anti-thrombin complex (TAT) levels in pig
artery patch recipients. Without IS, TAT levels were elevated, but were reduced to normal
levels with IS (Figure 2C), with significant positive correlation between CD3* T cell
numbers and TAT levels (r2=0.7956; p<0.01).

These data indicate that activation of coagulation occurs in pig artery patch recipients but is
not associated with CC. Furthermore, while 1S reduces thrombin activation and delays
activation of coagulation in xenograft recipients, as previously reported (4), it is associated
with significantly high levels of fibrinogen and D-Dimer.

Xenotransplantation. Author manuscript; available in PMC 2016 January 01.
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Immunosuppression is associated with high C-RP levels in artery patch xenograft

recipients

C-RP and IL-6 are associated with inflammatory conditions in humans (23, 24). We
measured C-RP levels in pig artery patch recipients before and after transplantation. With no
IS, C-RP levels remained normal, but were markedly elevated with IS (Figure 2D). In
correlation, we found significant negative correlation between elevated C-RP levels and
reduced CD3*T cell numbers (p<0.01; r?=0.8316). Additionally, high levels of IL-6 and
fibrinogen have been observed with IS (Figure 2A). We found a significant positive
correlation between C-RP and IL-6 levels (p<0.01; r?=0.8802) and between C-RP and
fibrinogen levels (p<0.01; r2=0.8147).

These data suggest that administration of T cell-directed IS in pig artery patch recipients
delays activation of coagulation, but is associated with an inflammatory response associated
with increased production of IL-6, C-RP and fibrinogen.

Monocyte numbers increase after artery patch and organ xenotransplantation

Absolute numbers of circulating leukocytes were calculated before and after artery patch
transplantation (Supplementary Table 3 and Figure 3A). With no IS, lymphocyte numbers
increased significantly at 2 and 4 weeks (p<0.05), whereas, with IS, they decreased
significantly (p<0.05). Monocyte numbers increased without 1S, although not significantly,
but were significantly increased at 4 weeks (p<0.05) with IS. With no IS, mean neutrophil
numbers were modestly reduced, and increased at 2 and 4 weeks, although not significantly.
Similarly, decreased lymphocyte numbers in heart recipients were associated with increased
monocyte and neutrophil numbers (Supplementary Figure 1). Comparable increases in
monocyte or neutrophil numbers were not observed in kidney recipients, probably due to the
short graft survival and follow-up (not shown).

T cell-directed IS is associated with increased pro-inflammatory CD14*CD11c* monocytes
after artery patch xenotransplantation

Monocytes and dendritic cells (DC) are innate immune cells that play critical roles in
inflammation and innate and adaptive immunity. Recently, inflammatory CD11c*DC have
been shown to be monocyte-derived (25, 26). We evaluated CD11c expression on CD14*
monocytes in baboons after pig artery patch transplantation. With or without IS,
CD14*CD11c™ (monocyte) and CD14~CD11c* (DC) populations were increased after
transplantation. With no IS, only one baboon sample was available for analysis, and showed
increased percentages of CD14*CD11c™ (42.1%) and CD14~CD11c* (15.3%) cells (Figure
3B, top). With IS, increased percentages of CD14*CD11¢™ and CD14"CD11c* cells were
also detected in comparison to naive baboons (Figure 3B, bottom). Notably, a significant
increase in the percentage of CD14*CD11c* cells was detected only with 1S, and was
significantly higher than in naive baboons (p<0.05).

These data suggest that, there was increased differentiation of CD14* monocytes into
inflammatory CD11c*DC after pig artery patch transplantation particularly with 1S.

Xenotransplantation. Author manuscript; available in PMC 2016 January 01.
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Upregulation of TF expression and activation of monocytes and DC after artery patch
xenotransplantation

Upregulation of TF expression on innate immune cells can be related to inflammatory
responses without dysregulation of coagulation (7). It is known that TNF-a (11), IL-6 (12),
and C-RP (13) promote TF expression. We analyzed TF expression on CD14*CD11c”
monocytes (Figure 3C) and lineage"9CD11¢*DC (Figure 3D). As CD40 expression is
known to be upregulated upon activation of antigen-presenting cells, we evaluated its
expression in correlation with TF. One recipient with no IS was used as a control, in which
TF and CD40 expression on monocytes and DC were higher after transplantation. Similarly,
with IS, higher expression of TF and CD40 was detected on monocytes and DC. TF and
CDA40 expression on monocytes and DC (Figure 3E) was significantly higher (p<0.05,
p<0.01, and p<0.01, p<0.01, respectively). TF expression was not measured on monocytes
and DC in organ xenograft recipients (2, 3).

Collectively, these data suggest that in pig artery patch recipients, despite reduced TAT
levels with IS (Figure 2C), there was increased differentiation of pro-inflammatory
CD14*CD11c* monocytes, associated with activation and upregulation of TF expression.

C-RP deposition in xenografts and native organs

Deposition of C-RP in tissues is associated with inflammatory conditions (27). In kidney
xenografts, no C-RP deposition was detected 30 minutes after graft reperfusion, but at
euthanasia (at 9 and 10 days) there was strong deposition of C-RP in the tubules and
glomeruli (Figure 4A). Less deposition of C-RP was evident in heart xenografts and was
mainly in capillaries (Figure 4B). Few C-RP-positive cells were detected in artery patch
xenografts (Figure 4C). In organ xenograft recipients, C-RP-positive cells were detected in
the native lungs at euthanasia (Figure 4D).

To determine whether C-RP detected in the organ xenografts is of baboon or pig origin, we
evaluated baboon and pig C-RP mRNA levels in the organ xenografts at euthanasia.
Samples were available from a heart xenograft (56-days) and a kidney xenograft (9-days).
Additional samples were available from 2 heart xenograft recipients (B26604 and B26404;
12-days) (3). High levels of both baboon and pig C-RP mRNA were detected in organ
xenografts at the time of euthanasia (Figure 4E), suggesting that both the xenograft and the
recipient contribute to C-RP production after xenotransplantation.

DISCUSSION

After pig-to-primate xenotransplantation, thrombotic microangiopathy in the xenograft
and/or CC in the recipient, are considered major barriers to prolonged xenograft survival
(28). Increased IS has been advocated to prevent dysregulation of coagulation and no benefit
was associated with conventional anticoagulation (4, 5). Meanwhile, intensive IS aimed at
the induction of tolerance has prolonged kidney xenograft survival, yet survival though not
beyond 83 days (5). Blocking elicited antibodies is thought to be critical for prevention of
pig-endothelial cell activation and upregulation of pro-coagulant proteins in xenografts (29).
Furthermore, reduction in white blood cell numbers in the blood can reduce prothrombinase
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complexes (30) and hence thrombin formation. In correlation, in the current study, IS was
associated with delayed activation of coagulation in heart recipients (Figure 1C) (3), and
reduced TAT levels in pig artery patch recipients (Figure 2C). However, same IS did not
prolong kidney xenograft survival (2). This was associated with significantly higher pro-
inflammatory cytokines and chemokines early after kidney xenotransplantation (Figure 1A),
suggesting stronger innate and inflammatory responses to kidney xenografts in concurrence
with upregulation of recipient TF expression on monocytes and platelets and CC
development (2). More importantly, upregulation of pro-inflammatory factors and C-RP
preceded the development of CC in both heart and kidney xenograft recipients.

Considering mutual amplification of inflammation and coagulation (8), escalating intensities
of IS can regulate inflammatory responses and hence activation of coagulation after
xenotransplantation. Also, Heparin has been administered routinely to prevent
prothrombotic effects of anti-CD154mAb therapy. Due to its multiple anti-inflammatory
activities, this may have delayed dysregulation of coagulation after organ
xenotransplantation (2, 3).

The pig-to-baboon artery patch transplantation model (developed by our group) has proven
useful in evaluating the efficacy of IS in preventing the adaptive immune responses to pig
antigens (20). With no IS, a pig artery patch xenograft induces adaptive T cell response.
Furthermore, platelet deposition was observed in the xenografts suggesting activation of
coagulation in the recipient baboons, associated with elevated levels of pro-inflammatory
CD154 (CD40 ligand) in the blood (31). In addition, data on coagulation dysregulation in
the pig-to-baboon artery patch recipients correlated with some extent with data obtained
from the pig-to-baboon heart transplantation model. In the current study, TAT levels were
elevated in pig artery patch recipients when no IS was given, and were reduced with IS.
Platelets have been recently considered as a crucial link between inflammation and
thrombosis (32, 33). Interestingly, significantly elevated platelet numbers were observed
with or without IS. Also, the role of fibrinogen as a critical factor in inflammation has been
recognized (34, 35). In correlation, significantly higher fibrinogen levels were detected
when IS was given. Meanwhile, IS reduced IFN-y, TNF-a, IL-12, MCP-1, and IL-8 levels.
Conversely, IL-6 and C-RP levels were only elevated when IS was given. These data
indicate that IS in recipient baboons is associated with an inflammatory response as early as
2 weeks after pig artery patch transplantation.

In the early 1930s, C-RP was the first acute-phase protein recognized in humans and NHP
during infection (36, 37). After allo-transplantation in humans, C-RP is considered a
sensitive, but not specific, marker for graft-related complications (38-42). In the present
study, elevated C-RP levels were observed early after kidney xenotransplantation and before
CC development in heart recipients. We found significant positive correlation between IL-6
and C-RP levels in pig artery patch grafts recipients (Figure 2D). Both C-RP and fibrinogen
are acute-phase reactant proteins, produced in response to acute inflammation. Furthermore,
C-RP was identified in the organs as well as native lungs in xenograft recipients, indicating
systemic inflammatory response. In our study, the role of each species C-RP in the
development of systemic inflammation in the recipients requires further investigation.
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Furthermore, the variability in C-RP levels and deposition in organ xenografts may be
related to the type of xenograft (43).

IL-6 is an inflammatory cytokine, which is generated by innate immune cells, including
monocytes and macrophages (22, 44). IL-6 has been linked to inflammation and thrombotic
complications (45), and is known to promote TF expression (46) on innate immune cells
(22). IL-6 is known to induce C-RP production by liver hepatocytes (47) and smooth muscle
cells (48), and high IL-6 levels are associated with high C-RP levels in patients with heart
failure (49). These observations suggest that IS can be associated with an inflammatory
response in xenograft recipients, as previously reported in humans (50). Furthermore, these
observations suggest that blockade of IL-6 activity can be beneficial after
xenotransplantation.

Elevation of pro-inflammatory factors can be related to the surgical procedure, i.e., to
transplantation. Elevated C-RP and IL-6 levels were observed as early as 2-3 days after
transplantation, and continued to rise until the day of euthanasia (6-10 days) in kidney
recipients and for 4-6 weeks in heart recipients. This suggests that the rise in these pro-
inflammatory factors was not related to the surgical procedure. In our nonhuman primate
organ allo-transplantation studies, we evaluated C-RP levels after transplantation. In heart
allograft recipient cynomolgus monkeys, mean C-RP level was 0.08+0.06 mg/L at 1-2
months after Tx, which increased to 0.14+0.07mg/L at the time of rejection, in comparison
to C-RP levels in naive animals (<0.02mg/L). In kidney allograft recipient rhesus monkeys,
mean C-RP level was 0.06+0.04 mg/L at 4 weeks after Tx, which increased to
0.2+0.09mg/L at the time of rejection, in comparison to C-RP levels in naive animals
(<0.02mg/L). Accordingly, C-RP levels in organ allograft recipients are significantly lower
than those observed in organ xenograft recipients. Additionally, fold increase in C-RP levels
in response to a small pig artery patch (8-10 fold) was higher than that in organ allograft
recipients (2-4 fold). Collectively, these observations suggest the inflammatory response in a
xenograft recipient is much greater than to an allograft.

In organ and artery patch recipients, IS was associated with significantly increased
monocytes. In pig artery patch recipients, pro-inflammatory CD14*CD11c* monocytes were
significantly increased with 1S, together with significantly higher percentages of activated
monocytes and DC and significant upregulation of TF expression (Figure 3). The pro-
coagulant properties of innate immune cells are well characterized (51, 52). Activated
monocytes and dendritic cells are known to upregulate TF expression, and to mediate
inflammation and coagulation (53-55). Furthermore, the pro-inflammatory potential of TF
has been well recognized (56-58). Recently, pigs transgenic for human coagulation-
regulatory proteins; tissue factor pathway inhibitor, thrombomodulin, endothelial protein C
receptor (EPCR), and CD39 have become available (59). The expression of these proteins in
the xenograft should be beneficial to reduce dysregulation of coagulation and amplification
of inflammation after xenotransplantation.

In humans, systemic inflammatory response syndrome (SIRS) is a well-described clinical
entity that involves dysregulation of coagulation, and may progress to hemodynamic
collapse. While it can occur with systemic infection, it is also seen after (sterile) injury and
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surgical procedures (60). On the other hand, dysregulation of coagulation and inflammation
have been reported in NHP model of sepsis (61). A similar condition after
xenotransplantation may share common mechanisms with SIRS, despite distinct triggering
events.

Furthermore, inflammatory responses can influence tolerance induction in allograft
recipients (62). Regulation of inflammatory responses may be required to reduce the
intensity of 1S used after xenotransplantation. Anti-inflammatory agents prevent TF
expression and thrombosis (63). For example, we have shown that statins inhibit
upregulation of TF expression on pig endothelial cells in response to primate xenoreactive
antibodies (64) and regulate human and baboon T cell proliferation against pig endothelial
cells (65).

In summary, successful inhibition of the adaptive immune response after
xenotransplantation results in delayed activation of coagulation in xenograft recipients.
Downregulation of pro-inflammatory cytokines by IS may contribute to delayed activation
of coagulation. However, the development of inflammation as well as increased pro-
inflammatory and pro-coagulant monocytes and DC, typically associated with innate
immunity, may amplify dysregulation of activation and eventually lead to CC. Our data
support the emerging paradigm that, despite prevention of adaptive immune responses,
innate pro-inflammatory responses and activation of coagulation are likely interconnected
and pathogenic after xenotransplantation. By implication, regulation of inflammation and
coagulation in xenograft recipients may be mutually beneficial. This is of importance in
relation to protocols pursuing long-term graft function and eventually tolerance induction in
xenograft recipients.
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ABBREVIATIONS
CC Consumptive coagulopathy
C-RP C-reactive protein
DC dendritic cells
FDP fibrin degradation products
GTKO al,3-galactosyltransferase gene-knockout
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IS immunosuppressive therapy
SIRS systemic inflammatory response syndrome
TAT thrombin-antithrombin complexes
TF tissue factor
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Figure 1. Pro-inflammatory cytokines, chemokines and C-RP levelsin relation to activation of
coagulation

(A) Blood cytokine and chemokine levels were measured in three heart recipients on days
21, 26 and 28 after transplantation and in three kidney recipients at euthanasia (days 6, 9 and
10). Significantly higher levels of MCP-1 and IL-6 were detected in kidney recipients
(*p<0.05).

(B) Significantly higher C-RP levels were detected in heart and kidney recipients at the time
of euthanasia in comparison to before transplantation.

(C) Platelet counts, and fold increases in C-RP, D-Dimer, and FDP were calculated after
heart xenotransplantation in heart and kidney xenograft recipients. High levels of C-RP were
detected as early as 14 days after heart xenotransplantation and 3 days after kidney
xenotransplantation, prior to the development of consumptive coagulopathy (CC) as
indicated by reduced platelet counts, and elevated D-Dimer and FDP levels (FDP levels
were not available from kidney recipients).
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Figure 2. Effect of immunosuppressive therapy (1S) on pro-inflammatory cytokines, chemokines
and C-RP levelsin relation to activation of coagulation in pig artery patch recipients

(A) Blood cytokine and chemokine levels after pig artery patch transplantation in
comparison to naive baboons at 14 and 28 days after transplantation. With no IS, elevated
levels of IL-12, IFNy, TNFa, MCP-1 and IL-8 were observed, and was markedly reduced
with 1S (n=5), whereas IL-6 levels were elevated with IS in comparison to naive baboons
and when no IS was given.

(B) Platelet counts, D-dimers and fibrinogen were evaluated in pig artery patch recipients at
2 weeks and one month after transplantation in comparison to naive baboons. In naive
baboons, platelet numbers were 250+/-52x103/mm3, D-dimer levels were 1.3+/-1.1ug/mL,
and fibrinogen levels were 166+/-43mg/dL. In pig artery patch recipients, platelet numbers
were significantly elevated at 2 weeks without IS (395+/-109x103/mm?3) or with 1S (406+/
-107x103/mm3), and at 4 weeks without IS (446+/-159x103/mm?3) or with 1S (484+/
-107x10%/mm?3) (p<0.001). Without IS, fibrinogen levels remained comparable to those in
naive baboons at 2 weeks (149+/-36mg/dL) and at 4 weeks (161+/-28mg/dL). With IS,
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fibrinogen levels were slightly elevated at 2 weeks (216+/-98mg/dL), and elevated
significantly at 4 weeks (354+/-72mg/dL) (p<0.001). D-dimer levels were significantly
elevated at 2 weeks without (1.7+/-0.6ug/mL) or with (1.5+/-0.6pg/mL) IS, and at 4 weeks
without IS (3.3+/-1.2ug/mL) or with IS (3.5+/-1pug/mL IS (p<0.001).

(C) Immunosuppression reduced TAT levels in pig artery patch recipients (left). In naive
baboons, TAT levels were 16.3+/-10ug/L. TAT levels were elevated after transplantation
with no IS (235.3+/-144.4ug/L), but were reduced to normal levels when IS had been
administered (14.2+/-7ug/L). There was a significant positive correlation (r2=0.7956;
p<0.01) between TAT levels and absolute CD3*T cell numbers in pig artery patch recipients
(right).

(D) C-RP levels in blood were measured before and after pig artery patch
xenotransplantation and the fold increase in C-RP levels was determined. Without IS, there
was no increase in C-RP level, whereas with IS there was a significant increase. There was a
significant negative correlation between C-RP levels and the number of CD3*T cells, and a
significant positive correlation between C-RP levels and IL-6 and fibrinogen levels.
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Figure 3. Immunosuppressive therapy (IS) isassociated with increased pro-coagulant
inflammatory innate immune cells after pig artery patch xenotransplantation

(A) After pig artery patch xenotransplantation, absolute numbers of peripheral blood
leukocytes were measured. With no 1S, mean lymphocyte numbers at 2 and 4 weeks post-
transplant increased by 49 % and 39%, respectively (*p<0.05), and were reduced with IS by
33 % and 37%, respectively (*p<0.05). With no IS, monocytes increased at 2 and 4 weeks
by 32 % and 16%, respectively. With 1S, monocytes increased more markedly at 2 and 4
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weeks by 55 % and 56%, respectively (*p<0.05). Neutrophil numbers did not change
significantly after transplantation with a modest reduction of 12 % and 11%, respectively.
With IS, mean neutrophil numbers increased at 2 and 4 weeks after transplantation by 24 %
and 25%, respectively.

(B) With IS, increased percentages of CD14*CD11c™ (45%+/-12%) and CD14-CD11c*
(11%+/-5%) cells were detected in comparison to naive baboons, where CD14*CD11c¢™ and
CD14-CD11c* cells were 38%+/-9% and 6%-+/-3%, respectively (bottom). A significant
increase in the CD14*CD11c™ cells percentages (16%+/-5%) and absolute numbers (180+/
—-60x103/pL) was detected only in the presence of 1S which was associated with a
significantly higher numbers than in naive baboons (2.4%+/-0.6%; (11+/-3x103/uL)
(*p<0.05) (bottom).

(C and D) With or without IS, there was increased TF and CD40 expression on monocytes
(CD14*CD11c") (C) and DC (lineage™® CD11c*) (D) in comparison to naive baboons.
With no IS, monocytes were 96.5% TF-positive and 33.1% CD40-positive, while DC were
70.3% TF-positive and 38.8% CD40-positive. (E) In naive baboons, monocytes were 76.5%
+/-11.8% TF-positive and 17.4%+/-14.4% CD40-positive, whereas DC were 56.2%-+/
-16% TF-positive and 18.3%+/-8.8% CD40-positive. With 1S, monocytes were 94.4%+/
-9.1% TF-positive and 58.6%+/-7.4% CD40-positive, while DC were 95.3%+/-2.3% TF-
positive and 43%+/-4.6% CD40-positive In comparison to naive baboons (* p<0.05 and **
p<0.01).
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Figure4. C-RP deposition in xenogr afts and native organs
(A) C-RP deposition in kidney xenografts. At 30 min after reperfusion, no C-RP was

detected. At the time of euthanasia, C-RP deposition was detected in glomeruli (arrow
heads) and tubules (arrows). (B) Deposition of C-RP in heart xenografts (arrows) at the time
of euthanasia was mainly in the capillaries, with minimal deposition in the interstitium. (C)
A few C-RP-positive cells (arrow heads) were detected in artery patch xenografts. (D)
Multiple C-RP-positive cells were detected in the native lungs of kidney xenograft recipients
at euthanasia. (E) Relative expression of baboon (top) and pig (bottom) C-RP mRNA in
kidney and heart xenografts at euthanasia. Tissues were obtained from a heart xenograft
(B27104 - 56 days survival) and a kidney xenograft (B 4207 - 9 days survival). Additional
samples were available from two heart xenografts (B26404 and B26604 - both 12 days
survival). Baboon and pig livers were used as positive controls and to confirm species-
specificity of the primers used. Data represent fold increases in comparison to mRNA in
naive baboon or pig Kidney tissues, respectively. ND=not detected.

Xenotransplantation. Author manuscript; available in PMC 2016 January 01.



yduasnuel Joyny Yd-HIN

1duasnuely Joyny vd-HIN

1duasnuely Joyny vd-HIN

Ezzelarab et al.

Table 1

Xenograft recipients and immunosuppressive therapy
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Group Recipients ID Graft Survival (days) Immunos.lpprasiveTherapy(a)
Organ xenotransplantation (n=7) Heart (n=3) B27104 GTKO 56
B26704 GTKO 35
B16107 | GTKO/CD46 26
Kidney (n=4) B4207 GTKO/CD46 9 Anti-CD154mAb + ATG + MMF
B4307 | GTKO/CD46 10
B26904 GTKO 6
B16307 | GTKO/CD46 10
Pig artery patch xenotransplantation n=3 B26504 GTKO 95 None (b)
(n=8) B7506 GTKO 1 4*
B4007 GTKO
29
n=2 B7906 GTKO 32 Anti-CD154mAb + ATG + MMF
B3707 GTKO 29
n=3 B18408 GTKO 33 CTLA4-Ig + ATG + MMF
B18608 GTKO 29
B18208 GTKO 29

ATG = Anti-thymocyte globulin / MMF = Mycophenolate mofetil

@
(b)

For details of dosages, see Supplementary Table 1.

*
Euthanasia on day 14 due to rupture of patch graft.
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Recipients stated to have no IS received cobra venom factor and methylprednisolone only on days -1, 0, and 1



