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Major Histocompatibility Complex—Matched Arteries Have Similar
Patency to Autologous Arteries in a Mauritian Cynomolgus Macaque
Major Histocompatibility Complex—Defined Transplant Model

John P. Maufort, PhD; Jacqueline S. Israel, MD; Matthew E. Brown, PhD; Steve J. Kempton, MD; Nicholas J. Albano, MD; Weifeng Zeng, MD;
Laurel E. Kelnhofer, BS; Matthew R. Reynolds, PhD; Elizabeth S. Perrin, BS; Ruston J. Sanchez, MD; Igor I. Sluvkin, MD, PhD;
James A. Thomson, VMD, PhD; Samuel O. Poore, MD, PhD

Background—Arterial bypass and interposition grafts are used routinely across multiple surgical subspecialties. Current options
include both autologous and synthetic materials; however, each graft presents specific limitations. Engineering artificial small-
diameter arteries with vascular cells derived from induced pluripotent stem cells could provide a useful therapeutic solution.
Banking induced pluripotent stem cells from rare individuals who are homozygous for human leukocyte antigen alleles has been
proposed as a strategy to facilitate economy of scale while reducing the potential for rejection of induced pluripotent stem cell-
derived transplanted tissues. Currently, there is no standardized model to study transplantation of small-diameter arteries in major
histocompatibility complex—defined backgrounds.

Methods and Results—In this study, we developed a limb-sparing nonhuman primate model to study arterial allotransplantation in
the absence of immunosuppression. Our model was used to compare degrees of major histocompatibility complex matching
between arterial grafts and recipient animals with long-term maintenance of patency and function. Unexpectedly, we (1) found that
major histocompatibility complex partial haplomatched allografts perform as well as autologous control grafts; (2) detected little
long-term immune response in even completely major histocompatibility complex mismatched allografts; and (3) observed that
arterial grafts become almost completely replaced over time with recipient cells.

Conclusions—Given these findings, induced pluripotent stem cell-derived tissue-engineered blood vessels may prove to be
promising and customizable grafts for future use by cardiac, vascular, and plastic surgeons. (/ Am Heart Assoc. 2019;8:
e012135. DOI: 10.1161/JAHA.119.012135.)

Key Words: animal model e arterial transplant ¢ induced pluripotent stem cell * nonhuman primate ° tissue-engineered blood
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pproximately 600 000 coronary and peripheral vascular

bypass procedures are performed each year in the United
States." Arterial bypass and interposition grafts are used by
multiple surgical subspecialties, including vascular surgery,
cardiac surgery, neurosurgery, and reconstructive plastic
surgery. Such procedures allow for redirection of blood flow
around diseased arteries to reestablish circulation, reconstruct
damaged blood vessels, or lengthen blood vessels for soft tissue

and bony reconstruction. Current options for arterial bypass
include autologous vein or arterial grafts, synthetic materials, or
preserved vessels from human cadavers. Although autologous
veins are the most widely used type of graft, many patients lack
suitable veins for harvest, and venous grafts are prone to
thrombosis, occlusion, and aneurysms caused by compliance
mismatch.? Arterial grafts often provide better long-term
patency; however, they are more challenging to harvest, are
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Clinical Perspective

What Is New?

 This study is the first to develop a small artery transplant
model in nonhuman primates to study patency and immune
response in arterial grafts, finding that (1) grafts that were
partially major histocompatibility complex matched per-
formed as well as autologous controls, (2) there was a
general lack of an immune response to transplanted
allografts, and (3) at the time of explant, transplanted
allografts were repopulated with recipient cells.

What Are the Clinical Implications?

Cardiologists, cardiac surgeons, and vascular surgeons
frequently treat patients with coronary artery disease and
peripheral arterial occlusive disease, often requiring surgical
intervention using small-diameter vascular grafts, which have
inherent limitations.

» Someday, tissue-engineered induced pluripotent stem cell
vascular grafts may be available for clinical use; the findings
of this study suggest that vascular grafts may be less
immunogenic than other tissues, and if immunosuppression
is required after transplantation of vascular grafts, it may
only be necessary for the period of time required for the
vascular graft to become populated by host cells.

limited in length, and can be prone to vasospasm.®* Moreover,
harvest of venous or arterial grafts adds time, cost, and morbidity
to the surgical procedure.”” Synthetic grafts have been
successful for high-flow, large-diameter vessels but generally
fail for smaller-diameter vessels (<6 mm) typically used for
bypass or interposition.® Because of these barriers, there is great
clinical need for readily available arterial grafts for cardiac
surgery, vascular surgery, and reconstructive plastic surgery.
With induced pluripotent stem cell (iPSC) technology,g'10 a
scalable source of arterial endothelial cells and smooth muscle
cells could be combined with novel scaffolds to engineer
artificial small-diameter arteries for bypass and reconstructive
surgeries. Although patient-specific iPSC-based therapies
might circumvent immune rejection, the timing and cost may
preclude widespread use for many conditions. In contrast,
banking of human leukocyte antigen homozygous iPSC lines
could offer a strategy to provide donor-matched arterial
endothelial cells and smooth muscle cells for tissue-engi-
neered blood vessels.'"'? The use of “super donors” (those
individuals with type O negative blood and homozygous human
leukocyte antigen alleles) may be a particularly effective
approach for matching iPSC-derived grafts to most of the
population.” " There is little known about the super donor
concept with regard to primary tissue artery transplants, but
even minor antigen mismatches can elicit rejection in

human leukocyte antigen—-matched transplants of other
tissues.'®"”

Nonhuman primates provide an excellent preclinical model
to study allotransplantation. Advantages to using a nonhuman
primate model for preclinical studies include a long lifespan, a
similar immune system to humans, and the ability to use
equipment and techniques developed for human applications
for cell delivery and monitoring.'® 2! Nonhuman primates used
in biomedical research, such as rhesus and cynomolgus
macaques, are usually outbred and exhibit high levels of
genetic diversity. Because of this level of genetic diversity, as
well as limited populations from which to select, experiments
using matched tissues for transplantation studies in nonhuman
primates are almost nonexistent. Fortuitously, an isolated
population of cynomolgus monkeys (Macaca fascicularis) exists
on the remote island of Mauritius, which has led to centuries of
inbreeding and an unusually low genetic diversity. With only 7
major histocompatibility complex (MHC) haplotypes,®??* this
Mauritian population allows for transplantation of tissues
between genetically defined, matched monkeys.

Using MHC-defined Mauritian nonhuman primates, we
developed a radial artery transplant model in anticipation of
studying the therapeutic value of iPSC-derived vascular
progenitors and engineered arteries. In addition to evaluating
a vascular transplant model, this study examined the degree
to which MHC matching may be required for future iPSC-
derived engineered blood vessel therapies and if immunosup-
pression would be necessary. Radial artery transplants were
performed in 10 groups of monkeys with varying degrees of
MHC matching (homozygous haplomatch, partial haplomatch,
complete Mauritian mismatch, and Philippine/Mauritian
mismatch). We assessed the patency of matched versus
mismatched allografts, immunological response to allografts,
and recipient versus host cell identity in allografts at the study
end point. Observations from this study will help direct MHC-
histocompatibility issues related to future tissue banking and
serve to demonstrate patency and durability of iPSC-derived,
small-diameter, tissue-engineered blood vessels.

Results

Limb-Sparing Mauritian Cynomolgus Macaque
Arterial Transplant Model

To test the patency and durability of transplanted arteries
between MHC matched and mismatched donor/recipient pairs
in the absence of immunosuppression, we transplanted intact
radial artery segments between MHC-defined Mauritian
cynomolgus monkeys (Figure 1A through 1C). Ten pairs of
animals were identified for vascular transplants, amounting to
20 allograft transplants between monkeys (40 anastomoses).
These pairs included 6 homozygous haplomatches, 6 partial
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Figure 1. Radial artery transplant model in Mauritian cynomolgus macaques. A, lllustration demonstrat-
ing location of radial artery transplantation site in relation to the bifurcation of the brachial artery into the
radial and ulnar arteries. The radial and ulnar arteries provide a redundant blood source to hand. B,
Representative images of radial artery transplantation before (top) and after (bottom) microsurgical
anastomosis of the radial artery graft. C, lllustration demonstrating radial artery transplant model. Monkey
1 represents a major histocompatibility complex (MHC) homozygous animal (brown/brown), and monkey 2
represents an MHC heterozygous animal (brown/green). The radial artery allograft from monkey 1 is
transplanted into monkey 2 (homozygous haplomatch), whereas the radial artery allograft from monkey 2 is
transplanted into monkey 1 (partial haplomatch). The autograft represents the surgical control in each
monkey. D, Representative images of patent (left) and nonpatent (right) radial arteries before vessel
explants. The arm with 2 patent vessels demonstrates a brachial artery that divides into the radial and ulnar
arteries, which provide blood flow to the distal extremity/hand. In the arm with a nonpatent radial artery,

there is no division of the brachial artery and only the ulnar artery can be traced down to hand.

haplomatches, 4 complete mismatches (Mauritian cynomolgus
macaques), and 4 Philippine/Mauritian complete mismatches
(summarized in Table 1). Homozygous haplomatch with ABO
blood type match is analogous to human super donors. A
complete mismatch within Mauritian cynomolgus macaques is
defined as an allograft transplant between animals with
completely different haplotypes but still of Mauritian back-
ground, whereas the Philippine/Mauritian complete mis-
match is an allograft transplant between one Mauritian
cynomolgus macaque and one non-Mauritian cynomolgus
macaque of Philippine background; the latter represents a

more divergent genetic background. We also completed 14
autograft surgical controls (28 anastomoses, summarized in
Table S1).

Homozygous Haplomatched/Partial
Haplomatched Allografts Demonstrate Similar
Patency to Surgical Controls

Before graft explant, magnetic resonance angiograms were
performed to determine graft patency (Figure 1D). When the
grafts were explanted, at least 6 months after autotransplantation
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Figure 1. Continued.

Table 1. Allograft Patency

Animal Identifier Sex Haplotype Radial Artery Swap Direction Matching Time After Surgery, d Explant Patency
Cy0666 Male M1/M3 M3/M3—M1/M3 Homozygous haplomatch 609 Yes
Cy0675 Female M3/M6 M3/M3 —M3/M6 Homozygous haplomatch 546 Yes
Cy0665 Male M1/M3 M3/M3—M1/M3 Homozygous haplomatch 441 Yes
Cy0674 Female M1/M3 M3/M3—M1/M3 Homozygous haplomatch 490 No
Cy0683 Male M1/M6 M1/M1—M1/M6 Homozygous haplomatch 392 No
Cy0681 Male M1/M2 M1/M1—M1/M2 Homozygous haplomatch 343 No
Cy0660 Male M3/M3 M1/M3—M3/M3 Partial haplomatch 609 Yes
Cy0672 Female M3/M3 M3/M6 —M3/M3 Partial haplomatch 486 Yes
Cy0676 Male M3/M3 M1/M3—M3/M3 Partial haplomatch 441 Yes
Cy0661 Female M3/M3 M1/M3—M3/M3 Partial haplomatch 462 No
Cy0682 Male M1/M1 M1/M6 —M1/M1 Partial haplomatch 392 Yes
Cy0680 Male M1/M1 M1/M2—M1/M1 Partial haplomatch 343 Yes
Cy0673 Female M1/M3 M5/M6 —M1/M3 Mauritian mismatch 483 No
Cy0700 Female M5/M6 M1/M3—M5/M6 Mauritian mismatch 483 No
Cy0694 Female M3/M3 M4/M4 —M3/M3 Mauritian mismatch 364 Yes
Cy0695 Female M4/M4 M3/M3 —M4/M4 Mauritian mismatch 364 No
Cy0692 Female M2/M4 NMC—M2/M4 PHL/MAU mismatch 259 No
Cy0613 Female NMC M2/M4 —NMC PHL/MAU mismatch 259 No
Cy0667 Female M3/M4 NMC—M3/M4 PHL/MAU mismatch 308 No

Mauritian mismatch indicates complete mismatch within Mauritian background. NMC indicates non-Mauritian cynomolgus; PHL/MAU mismatch indicates Philippine/Mauritian mismatch.

or allotransplantation, there was no difference in patency
between homozygous haplomatch (50%) and partial haplo-
match (83%) grafts (P=0.27) (Tables 1 and 2). Furthermore,

surgical control grafts (67%) had similar patency (Table 2 and
Table S1) to both homozygous haplomatch (P=0.62) and partial
haplomatch (P=0.26). Completely mismatched grafts (including
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Table 2. Allograft/Autograft Summary

Lumen Area, median Intima/Media Ratio,
Graft Patency, No./Total (%) (IQR), mm?* median (IOR)*""
Allograft homozygous haplomatch 3/6 (50) 0.52 (0.24) 4.3 (4.3)
Allograft partial haplomatch 5/6 (83)* 0.17 (0.42) 2.4 (4.0)
Allograft complete mismatch 1/7 (14) 0.15 (NA) 8.1 (NA)
Autograft surgical control 6/11 (55) 0.14 (0.15) 1.7 (1.5

IQR indicates interquartile range; NA, not available because of only one patent vessel (one measurement).

*Only measured in patent grafts.
No statistical significance between any of the groups.
IP:0.03, 2-sided Fisher’s exact test.

both Mauritian and Philippine mismatch groups) had the lowest
patency rates (14%); however, they were not statistically
significant compared to homozygous haplomatch (P=0.26) and
surgical controls (P=0.15) (Tables 1 and 2). There was a
significant difference in patency between partially haplo-
matched grafts and complete mismatched grafts (P=0.03)
(Table 2). These data suggest that homozygous/partially
matched and autologous matched transplants are equivalent.
Of note, 1 of 7 completely mismatched grafts remained patent at
1year, and 8 of 12 haplomatched grafts remained patent without
immunosuppression for a year or more (Tables 1 and 2).

Patent vessels showed variable degrees of intimal hyper-
plasia, extracellular matrix deposition, and elastic lamina
fragmentation and multiplication (Figure 2A). These changes
were observed across all groups, with no noticeable differ-
ences between matched and mismatched grafts. Morpho-
logic changes in nonpatent vessels were more variable,
including recanalized thrombus or elastic lamina without
typical arterial layers indicative of atrophic changes
(Figure 2A). Infiltration of the grafts with lymphoid cells,
macrophages, or granulocytes was not observed. Similar
morphological changes were observed in the control auto-
grafts and across experimental groups. In 10 of 15 graft
failures (67%), including autograft failures, a pattern of a
patent proximal anastomosis, followed by a thin fibrotic graft,
was noted (Figure 2B).

Lack of Detectable Immune Response to Matched
and Mismatched Grafts

To test for persistent immunologic memory, which might allow
for discrimination between graft failure caused by transplant
rejection versus surgical failure, the presence of donor-
specific antibody (DSA) after transplantation was tested. Only
1 of 19 monkeys developed detectable DSA. Cy0700 (M5/
Mé6) generated antibodies to the Cy0673 (M1/M3) allograft
(Figure 3A and Table S2 and Figure S1). Interestingly, Cy0673
did not develop antibodies to Cy0700, despite there being an
MHC mismatch in that direction. A mixed lymphocyte reaction

was performed to determine whether there was any evidence
of cellular-mediated immune responses in the transplant
pairs.’* Although varying degrees of T-cell proliferation
between the haplomismatched pairs were detected (Table 3),
there was no correlation between the extent of proliferation
and long-term graft patency (Figure 3B and Table 1). In
addition, there was no association between the magnitude of
the mixed lymphocyte reaction proliferative response and the
development of DSA (Figure 3A and 3B).

Allografts Become Remodeled Over Time

Because most arterial allografts remained in place for over 1
year, it was important to determine whether donor vascular
cells were still present at the time of explant. Cells from the
middle of each graft were dissociated and then sorted by
fluorescence-activated cell sorting (FACS) for the presence or
absence of the endothelial marker CD31 (platelet endothelial
cell adhesion molecule 1) (Figure S2). Genomic DNA (gDNA)
was isolated from each sorted cell population and analyzed for
single-nucleotide polymorphisms (SNPs) unique to each animal
to determine the cell’s identity (Figure S2). In all cases, cells
taken from the autograft surgical controls were recipient cells
(Figure S2). In allografts, CD31-positive cells taken from the
donor grafts contained all recipient SNPs or a mixture of
recipient and donor SNPs (Figure 4). More surprisingly, in all
cases, the CD31-negative population contained all recipient
SNPs (Figure 4). These data demonstrate that (1) donor grafts
become remodeled and repopulated by recipient cells and (2)
endothelial cells sometimes have the ability to persist for over a
year in allograft vessels.

Discussion

We developed a small-artery transplant model in Mauritian
cynomolgus macaques to test the long-term function of
transplanted arteries in MHC matched and mismatched
animals without immunosuppression. This model provides a
reproducible  small-artery  transplant technique, easy
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Figure 2. Pathological analysis of allografts. At the end of the study, radial artery grafts were explanted.
The proximal anastomosis was fixed and stained. The distal anastomosis was frozen in O.C.T.
A, Representative images of radial artery allografts from a normal nonmanipulated, patent allograft, and
nonpatent vessels, respectively. Hematoxylin and eosin (H&E), Trichrome (fibrosis), and Verhoeff’s (elastin)
stains show pathological changes observed in allografts compared with normal artery. These include near
normal (left patent allograft), intimal hyperplasia (right patent allograft), fibrosis (patent and nonpatent
allograft), elastic lamina multiplication (patent and nonpatent allograft), and recanalized thrombus obstructing
the artery lumen (nonpatent allograft). First three panels: x20 magnification scanned images (bar=200 pm).
Last panel: x40 magnification scanned image (bar=100 pm). B, Representative images of fibrotic stretched
out allograft from proximal to distal end.

postoperative graft monitoring, and the ability of the grafts to animals to significant morbidity. The results of this study
fail and/or be explanted for immunologic studies without show that partially haplomatched arterial grafts performed as
compromising extremity blood flow and subjecting the well as autologous surgical controls. In addition, there was a
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Figure 3. Assessment of de novo donor-specific antibody (DSA) development and mixed
lymphocyte reactions. Blood serum samples were drawn from animals pretransplant and
posttransplant to assess for the presence of preexisting and de novo DSAs, respectively. Serum
was incubated with autologous or transplant donor peripheral blood mononuclear cells (PBMCs),
washed, and then stained with secondary antimacaque IgG—fluorescein isothiocyanate antibody to
detect bound DSA (n=3 replicates per sample). A, Left, Representative flow cytometric staining of a
DSA-positive transplant recipient (Cy0700) shows a shift in median fluorescence intensity (MFI)
>1.75x over autologous background. Data are representative of n=5 repeated experiments. Right,
Representative graph summarizing the results of one experiment, including DSA-positive and DSA-
negative animals. B, One-way mixed lymphocyte reactions. Top, Target PBMCs from transplant donor
Cy0700 were irradiated (30 Gy) and labeled with CellTrace-Violet dye, whereas effector PBMCs from
transplant recipient Cy0673 were not irradiated and labeled with CFSE (carboxyfluorescein
succinimidyl ester) proliferation dye. Images of culture wells were taken showing the unstimulated
effector PBMCs, those effectors stimulated with T-cell mitogen phytohemagglutinin, and the
cocultured effectors/targets. Bottom, Target and effector were switched for the same transplant
pair and analyzed as above. Data are representative of triplicate wells per condition.

lack of detectable immune response to arterial allografts, and
over the course of the study, transplanted allografts became
remodeled with recipient cells.

Given the final outcomes of the grafts, it appears that
partial haplomatching (ie, ensuring that donor and recipient
share a common haplotype) may be enough to yield a
successful outcome. Autologous surgical controls, homozy-
gous haplomatched grafts, and partially haplomatched grafts
show similar patency rates to what has been previously
reported in human peripheral bypass studies with radial
arteries. For example, radial artery grafts used for infrain-
guinal bypass had 62% patency after 1 year and 56% patency
at 3 to 5 years, whereas below-the-ankle bypass with radial
artery yielded 83% patency at 3 years.?>%¢ The present study
demonstrates a similar finding: even with a perfectly matched
radial artery (autologous surgical control) we still observed
only 67% patency for a minimum of 1 year after anastomosis.

The pathological characteristics between failed allografts
and autografts were similar, and immune infiltration was not
detected in histological samples of explants. The shortest time
between transplant and explant was 259 days. It is possible
that by this time an acute immune response could have
destroyed the graft with no evidence of persisting chronic
rejection. Indeed, the positive mixed lymphocyte reaction result
for the DSA-positive animal (Cy0700) may indicate that an
acute rejection response contributed to graft failure in this
animal. However, for the other transplant pairs tested, we found
no evidence of rejection by DSA assay, mixed lymphocyte
reaction assay, or histological analysis. Given our observations
of autologous graft failure in the surgical controls, it is more
likely that the graft failures observed in this model are
potentially the result of the surgical procedure itself. One
limitation to this model is that microsurgical anastomoses are
technically challenging, particularly those <2 mm. In addition,
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Figure 3. Continued.

Table 3. Mixed Lymphocyte Reaction

Animal Identifier Sex Haplotype Assay Direction Mean CFSE®, % SD
Cy0660 Male M3/M3 Cy0666E— Cy0660T Assay falil Assay falil
Cy0666 Male M1/M3 Cy0660E — Cy0666T 1.42 0.15
Cy0661 Female M3/M3 Cy0674E—Cy0661T 1.51 0.02
Cy0674 Female M1/M3 Cy0661E— Cy0674T 1.32 0.07
Cy0673 Female M1/M3 Cy0700E—Cy0673T 6.17 0.18
Cy0700 Female M5/M6 Cy0673E—Cy0700T 11.03 1.72
Cy0694 Female M3/M3 Cy0695E — Cy0694T 14.13 1.92
Cy0695 Female M4/M4 Cy0694E— Cy0695T 16.53 1.96
Cy0692 Female M2/M4 Cy0613E— Cy0692T 4.44 0.08
Cy0613 Female NMC Cy0692E —Cy0613T 6.81 1.95

A summary of transplant effector/target pair mixed lymphocyte reaction detection is shown. Assay direction indicates effector (E) peripheral blood mononuclear cell (PBMC) proliferation
to target (T); CFSE (Carboxyfluorescein succinimidyl ester); PBMC (effector PBMC—target PBMC). Animals are grouped by transplant pairs. NMC indicates non-Mauritian cynomolgus.;

CFSE™°, Carboxyfluorescein succinimidyl ester low expression.

other surgical factors that could potentially contribute to graft
failure include a high observed resting tension and elasticity of
the radial artery in nonhuman primates, possibly attributable to
evolutionary demands and the need for significant elastic recoil

in neurovascular structures in the upper extremity; given this,
the anastomoses could potentially be burdened by the high
tension at rest, leading to fibrosis and thinning. Our lack of
observed immune responses in this nonimmunosuppressed
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Animal ID | Recipient Haplotype| Donor Graft Haplotype Matching Explant Graft Endothelial Cell Explant Graft Non-endothelial Cell
Cy0666 M1/M3 M3/M3 homozygous haplomatch M1/M3 NA
Cy0675 M3/M6 M3/M3 homozygous haplomatch M3/M6 NA
Cy0665 M1/M3 M3/M3 homozygous haplomatch M1/M3 NA
Cy0674 M1/M3 M3/M3 homozygous haplomatch M1/M3 M1/M3
Cy0683 M1/M6 M1/M1 homozygous haplomatch M1/M6 M1/M6
Cy0681 M1/M2 Mi1/M1 homozygous haplomatch M1/M2 M1/M2
Cy0660 M3/M3 M1/M3 partial haplomatch M3/M3 [ M1/M3 NA
Cy0676 M3/M3 M1/M3 partial haplomatch M3/M3 NA
Cy0661 M3/M3 Mi1/M3 partial haplomatch M3/M3 M3/M3
Cy0682 MI1/M1 M1/M6 partial haplomatch M1/M1 | M1/M6 M1/M1
Cy0680 M1/M1 M1/M2 partial haplomatch M1/M1 M1/M1
Cy0673 M1/M3 MS5/M6 Mauritian mi h M1/M3 M1/M3
Cy0700 M5/M6 M1/M3 plete Mauritian mi h M5/M6 M5/M6
Cy0694 M3/M3 M4/M4 plete Mauritian mi h M3/M3 M3/M3
Cy0695 M4/M4 M3/M3 Mauritian mi tch M4/M4 | M3/M3 M4/M4
Cy0613 NMC M2/M4 Phillipine/Mauritian mismatch NMC NMC
Cy0692 M2/M4 NMC Phillipine/Mauritian mismatch M2/M4 M2/M4
Cy0667 M3/M4 NMC Phillipine/Mauritian mismatch M3/M4 M3/M4

Figure 4. Summary table of single-nucleotide polymorphism analysis of host/donor cells in allografts. Orange represents donor graft
haplotype. Blue represents recipient haplotype. NA, the CD31-negative cells were not sorted in those samples.

environment may indicate that these vascular grafts display a
lower degree of immunogenicity compared with other tissue
types (Figure 3Aand 3B),%”"?® but we have not yet examined the
early in vivo immune response to allogenic and autologous
vascular cells.?’

To explore a donor or recipient identity of smooth muscle
and endothelial cells in the radial artery allografts at the time
of graft explant, we analyzed gDNA from CD31-positive
endothelial cells and CD31-negative cells (most of which are
likely smooth muscle cells) from each of the grafts. In all
allografts, the donor CD31-negative cells were replaced with
recipient CD3 1-negative cells. In all but 3 cases, donor CD31-
positive cells were replaced with recipient CD31-positive
cells. The remaining 3 grafts exhibited a heterogeneous
population of recipient and donor CD31-positive cells. Thus,
the graft tissue is mostly replaced with recipient cells, which
could originate from either cells in the vascular tissue flanking
the graft or vascular progenitor cells in circulation.?®3°

The replacement of donor cells with recipient cells has
previously been demonstrated in transplant arteriosclero-
sis.2*3” Transplant arteriosclerosis is characterized by vascular
lesions in the graft consisting of concentric myointimal
proliferation. Previous studies examining the origin of vascular
smooth muscle cells in transplant arteriosclerosis found donor
as well as recipient origins of the graft vessel endothelium, and
recipient cells contributed significantly to neointimal hyperpla-
sia. In contrast, rodent models of vascular transplantation have
demonstrated high percentages of recipient cells after trans-
plantation, but these studies typically do not include immuno-
suppression.®%3¢3842  Although these studies examined
replacement of smooth muscle cells, replacement of endothe-
lial cells has been more difficult to study in vivo. Recently, a
possible mechanism by which endothelial cells are replaced
after injury has been described.*?

One potential limitation to this model is the clinical
relevance to vascular disease requiring vascular bypass
because both donor and recipient subjects were generally
healthy, without a diganosis of peripheral arterial occlusive
disease. However, we believe that our data are informative in
helping understand fundamental aspects of primary blood
vessels in a transplant context. More specifically, the primary
focus of these studies was to understand the degree of MHC
matching that would be required in future studies using iPSCs.
There is little information in the literature on the immune
response to transplanted vascular grafts in the clinical
setting. Vascular bypass surgeries are done using autologous
artery or vein in most cases or synthetic material with or
without autologous vascular cells from the patient. Given
limitations in autologous adult cells, various stem cell sources
have been explored for vascular tissue engineering.*> Using
allogenic iPSCs could eliminate the problems with cell quality
and variations associated with patient-specific therapies and
remove delays in graft availability, potentially making grafts off-
the-shelf. There is a body of literature describing primary grafts
and tissue-engineered grafts in animal models.** More specif-
ically, remodeling of transplanted tissue-engineered vascular
grafts with host endothelial cells has been described, similar to
what we describe with primary vascular grafts.** Clinically, the
immune response to allogenic tissue has not been explored in
depth; however, the lack of an immune response has been
reported previously, similar to the findings in the present
study.*®*® We hypothesize that the lack of immune response
that we observed in all but one of our animals was caused by
the remodeling of the graft with host cells.

Transplanting native radial arteries between matched and
partially matched animals resulted in similar patency rates as
the autologous controls at least 1 year after transplantation.
Surprisingly, transplanting completely mismatched radial
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arteries resulted in only one animal developing a DSA
response. Because most of our allografts were mostly
comprised of recipient cells at the time of explant, it is
possible that this turnover mitigated any immune response to
alloantigens. The data presented in this study suggest that the
use of iPSC bioengineered arterial constructs for therapy may
only require the attenuation of the immune response until the
graft becomes repopulated by recipient cells.

Materials and Methods

The authors declare that all supporting data are available
within the article (and its online supplementary files).

Animal Model

All Mauritian cynomolgus macaques were housed at the
Wisconsin National Primate Research Center. All procedures
were performed in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals and
under the approval of the University of Wisconsin—Madison
College of Letters and Sciences and the Vice Chancellor
Office for Research and Graduate Education Centers (LSVC
[Letters and Sciences Vice Chancellor]) Animal Care and Use
Committee. A total of 20 Mauritian cynomolgus macaques
were used in this study, composed of pairs for homozygous
haplomatch and partial haplomatch comparison (12 animals),
Mauritian mismatch comparison (4 animals), and Philippine/
Mauritian mismatch comparison (4 animals).

Statistical Analysis

A 2-sided Fisher’'s exact test was used to determine the
significance in patency rates between each group (ie,
homozygous haplomatch versus partial haplomatch). A 2-
sided Wilcoxon rank-sum test was used to determine
significance of lumen area and intima/media ratio between
each group (ie, homozygous haplomatch versus partial
haplomatch). Only patent vessels were used to determine
statistical significance of lumen area and intima/media ratio.
The P-value cutoff for statistical significance used was 0.05.
Statistical analysis was performed using the Mstat program
(https://mcardle.wisc.edu/mstat/).

MHC Typing

Genotyping of MHC-I and MHC-II genes in M fascicularis
(cynomolgus monkeys) was performed as previously
described.?? Briefly, gDNA was isolated from peripheral blood
mononuclear cell samples and used as templates for poly-
merase chain reaction with a panel of primers that flank the
highly polymorphic peptide binding domains encoded by exon 2

of class | (Mafa-A, Mafa-B, Mafa-l, and Mafa-E) and class Il
(Mafa-DRB, Mafa-DQA, Mafa-DQB, Mafa-DPA, and Mafa-DPB)
loci. These polymerase chain reaction products were generated
with a Fluidigm Access Array, which allows all reactions to be
multiplexed in a single experiment. After cleanup with AMPure
beads and pooling, the amplicons were sequenced on an
lllumina MiSeq instrument; and the resulting sequence reads
were mapped against custom databases of Mauritian cynomol-
gus macaque class | and class Il sequences. Because each
sequence read is tagged with a unique set of barcodes, it can be
traced back to the animal from which it originated. This
approach provides comprehensive genotypes for both class | as
well as the DRB, DOA/DQB, and DPA/DPB class Il loci.

Imaging

Before graft explant, animals underwent magnetic resonance
angiography imaging to identify graft patency before harvest
and assess distal blood flow before explant. Animals were
anesthetized, transferred to an imaging facility, and placed in
a standard immobilization position. Scans were performed on
the GE Signa positron emission tomographic/magnetic res-
onance instrument (3 T). Multihance contrast was loaded at
0.2 mmol/kg and diluted to 10 mL. Injections of 5 mL
multihance contrast, followed by a 20-mL flush injected at
1.5 mL/s each, were performed for vascular imaging. During
tricks scan of 15 phases (25 seconds into the scan), we
injected at the pause after the first phase. Precontrast and
postcontrast FSPGR (fast spoiled gradient echo) subtraction
was performed. Images were viewed and analyzed using
Horos software (horosproject.org).

Surgical Technique

All surgeries were performed in accordance with Institutional
Animal Care and Use Committee guidelines under the super-
vision of trained veterinary staff. Surgeries were performed with
animals under general anesthesia with an endotracheal tube.
All animals were positioned supine with the operative extrem-
ities(s) secured at ~30° of shoulder abduction and 60° of
elbow flexion. Positioning the animal in this manner minimized
tension on the arterial anastomoses while simultaneously
providing exposure of the vasculature of the upper arm.
Optimal extremity position was determined via anatomic
cadaver dissections with 2 animals not included in this study.

Arterial transplantation

For both radial artery allotransplants and autotransplants, a 6-
to 8-cm incision was made over the medial aspect of the arm,
along the interval between the biceps and triceps muscles.
Subcutaneous flaps were elevated, and the intermuscular
septum was dissected. The brachial, radial, and ulnar arteries
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were identified. In the M fascicularis species, the brachial
bifurcation was found at the mid-upper arm in all subjects.
The brachial, radial, and ulnar arteries were separated from
the adjacent vena comitans. Using standard microvascular
techniques, microvascular clamps were applied to the brachial
artery and radial artery distal to the planned graft resection.
An additional clamp was applied to the proximal ulnar artery
to prevent retrograde flow into the operative field. On
average, a 13-mm segment of radial artery starting 3 mm
distal to the brachial-radial artery bifurcation was then sharply
excised. The excised segment was removed from the
operative field and kept sterile in saline solution at room
temperature for no more than 5 minutes.

The excised arterial segments were intended to be imme-
diately transplanted (ie, no more than 5 minutes in room
temperature sterile saline solution) as interposition radial artery
grafts. These were either explanted and reimplanted from the
same arm (autotransplant/autograft control) or explanted
from one monkey and implanted into another monkey (allo-
transplant/allograft). Before performing the anastomoses,
each animal was administered 200 units of intravenous heparin.
Using the operating microscope, the proximal and distal
anastomoses were sewn using simple interrupted 9-0 Nylon
sutures (Ethicon Inc, Somerville, NJ). Topical heparinized saline
(concentration, 100 U/mL) was used during vessel preparation
and suturing of the anastomose. All anastomoses were
confirmed patent using a vascular strip test. Additional sutures
and anastomotic revisions were performed as needed to
achieve anterograde flow through the radial artery graft.
Hemostasis was achieved using electrocautery, and the
incision was closed in 2 layers using polyglactin absorbable
sutures. The animals were awoken from anesthesia and
extubated.

Harvest of transplanted segments

For histopathologic assessment, we selected an end point of
at least 6 months after the initial transplant. This end
point was selected to allow for sufficient time to observe
subacute or chronic inflammation, fibrosis, and/or signs of
graft rejection; and it is comparable to end points of other
studies of vascular graft patency.*”*° In several cases, the
grafts remained in place for =1 year on the basis of
surveillance imaging findings, suggesting that the grafts were
patent (data not shown). Explantation was performed under
general anesthesia. The previous incision was incised, and the
radial artery was identified. Careful inspection under the
operating microscope allowed for identification of the prox-
imal and distal anastomoses. Inspection, strip test, and sterile
Doppler probe were used to assess arterial flow through the
previous anastomoses. The artery to be excised was then
clamped, and distal perfusion was assessed. The radial artery
was ligated proximal and distal to the transplanted segment,

and the segment was sharply excised. The incision was closed
using 2 layers of absorbable sutures, and the animal was
awoken from anesthesia.

Arterial Graft Postexplant Processing

Adventitia was cleaned from the graft, and lumen was flushed
of any remaining blood. A 2- to 3-mm section, starting at the
visible suture site and extending 2 to 3 mm into the donor
graft of the proximal and distal anastomosis sites, was taken.
The proximal anastomosis site up to 3 mm length was
dissected and fixed in 4% paraformaldehyde, paraffin embed-
ded, and sectioned for histopathological analysis. The distal
anastomosis site up to 3 mm length was dissected and
embedded in Tissue Tek OCT compound (Sakura catalog No.
4583) for frozen sections in case of need. The middle of the
graft was analyzed for donor versus recipient cell identity.
Briefly, the tissue was digested in collagenase/dispase for 1
to 2 hours until most of the tissue was dissociated. Disso-
ciated cells were washed in 2% fetal bovine serum in PBS and
stained for CD31 (clone WM59 BD Biosciences catalog No.
555446). CD31-positive and CD3 1-negative populations were
analyzed and sorted on the BD FACSARIA Il. DNA was isolated
from sorted cell populations for SNP chimerism assay using
the Zymo Quick-DNA plus kit (Zymo Research, D4074).

Histopathological Analysis

The proximal anastomosis sites were embedded in paraffin
wax and cut into cross-sections of 10 um in sequential order
and mounted onto microscopic slides. Proximal radial artery
sections were stained using hematoxylin and eosin, Trichrome
for fibrosis, and Verhoeff’s stain for elastin. All stains were
performed by the TRIP pathology laboratory (University of
Wisconsin—Madison School of Medicine and Public Health,
Department of Pathology and Laboratory Medicine). Histolog-
ical analyses of hematoxylin and eosin, Trichrome, and
Verhoeff’s stains were performed by an independent pathol-
ogist (I.I.S.) at the Wisconsin National Primate Research
Center. Hematoxylin and eosin sections were used to examine
lumen area and intima/media ratio with Image] software.
Lumen area is defined as the interior area of patent vessels
(expressed in mm?). We defined the intima/media ratio as a
ratio of the measurements of the thickness of the tunica
intima/tunica media. The lumen area and intima/media ratio
were analyzed only in patent vessels for statistical analysis.

SNP Chimerism Assay
SNP selection

Twelve SNPs were selected from previously published data
identifying SNPs and allele frequency in ~250 Mauritian

DOI: 10.1161/JAHA.119.012135

Journal of the American Heart Association 1

HDOYVHASHY TVYNIDIYO



MHC-Defined Radial Artery Transplant Model Maufort et al

cynomolgus macaques.’' Selection criteria for SNPs included
the following: (1) minor allele frequencies between 0.35 and
0.55; (2) SNPs were at least 42 Mb apart (11/12 on separate
chromosomes); (3) all SNPs were classified as synonymous
mutations; and (4) availability of published M fascicularis
sequence for gene containing SNP. A similar previously
published human assay found that if SNPs had a minimal
allele frequency of 0.4, then there was a 99.6% likelihood of at
least one SNP being different between 2 animals when
comparing 11 SNPs.?

Graft sample SNP identification

A titration was done with 1 ng, 100 pg, 50 pg, 30 pg, 20 pg,
10 pg, and 5 pg of gDNA per reaction. A water-only negative
control was also included. Once informative SNPs were identified
in donor/recipient pairs, all samples isolated from grafts were run
in triplicate, according to manufacturer’s instructions, with the
exception of using 30 pg of gDNA per reaction and performing the
assay with 46 rather than 40 cycles. For all samples, gDNA
isolated from blood and previously used for SNP genotyping was
diluted to 30 pg per reactions for both donor and recipient
animals used as controls. In addition, a mixture of donor and
recipient gDNA was combined, the sample was diluted to 30 pg
per reaction for use as a heterozygous control, and Millipore water
was used as a negative control. Data were analyzed using “end
point genotyping” data analysis Roche LightCycler 96 Instrument
software.

SNP genotyping

gDNA was isolated from whole blood (with EDTA) using the
Qiagen DNeasy Blood & Tissue Kit (catalog No. 69504), as per
manufacturer’s protocol. After isolation, gDNA concentration was
determined using ThermoFischer Qubit dsDNA HS Assay (catalog
No. Q32851). The IDT rhAmp SNP Assay was used to SNP
genotype all animals. Custom primers were designed for all 11
SNPs using IDT’s online software. All genotyping reactions were
run in triplicate, as per manufacturer’s instructions, using a final
concentration of 2 ng gDNA per reaction. The Roche LightCycler
96 Instrument was used to record VIC and FAM intensity after
every polymerase chain reaction cycle. The end point genotyping
data analysis option on instrument software was used to identify
SNP genotype on the basis of end point fluorescence of VIC and
FAM. The SNP genotype for donor/recipient pairs was compared
to identify informative SNPs. Informative SNPs refers to SNPs that
had different genotypes in the donor and recipient animals; when
possible, SNPs that were homozygous for different SNPs in
donor/recipient pairs were used.

DSA Assay

Blood serum samples were drawn using BD SST tubes (BD
Biosciences, Franklin Lakes, NJ) from animals pretransplant and

posttransplant to assay for presence of preexisting and de novo
DSAs, respectively. Serum samples were frozen at collection day
and thawed fresh on the day of assay. Peripheral blood
mononuclear cells were collected in CPT tubes (BD Biosciences),
processed according to manufacturer’s instructions, and cryop-
reserved in either fetal bovine serum + 10% dimethyl sulfoxide or
CryoStor CS10 freezing medium (Stem Cell Technologies,
Vancouver, CA) until thawed on day of the assay. Serum was
diluted 1:5 in FACS Buffer, incubated for 30 to 90 minutes with
2 x 10° autologous or transplant donor peripheral blood
mononuclear cells + FcR block (BD Biosciences), washed twice,
and then stained with secondary antimacaque 1gG—fluorescein
isothiocyanate antibody (clone 1B3; Nonhuman Primate Reagent
Resource, Worcester, MA) to detect bound DSA. Dead cells were
excluded with BD Horizon Fixable Viability Stain 700, then stained
and gated for T cells (ie, CD3" [PerCPCy5.5, clone SP34-2] and
CD20" [APC, clone 2H7]) for DSA analysis. Samples were
acquired on a BD FACSCANTO Il flow cytometer and analyzed
using FlowJo software v10 (BD Biosciences). Each experiment
used triplicate samples for each condition. DSA-positive samples
were repeated and reproduced in 5 of 5 separate experiments to
ensure validity. Because of the low SD between intraexperimen-
tal sample replicates, a threshold for DSA positivity of >1.75-fold
increase in fluorescein isothiocyanate median fluorescence
intensity compared with autologous background was
chosen on the basis of a positive control rhesus sample (data
not shown). Because of fluctuations in flow cytometer settings
and performance, sample comparisons were only conducted
within individual experiments versus DSA-positive control.

Mixed Lymphocyte Reaction

Target peripheral blood mononuclear cells from transplant
donor were irradiated (30 Gy) and labeled with CellTrace-Violet
dye (ThermoFisher catalog No. 562158), whereas effector
peripheral blood mononuclear cells from transplant recipient
were not irradiated and labeled with CFSE (carboxyfluorescein
succinimidyl ester) proliferation dye (ThermoFisher catalog No.
565082). Cells were cocultured at a 1:1 ratio for 5 days in 96-
well tissue culture plates in ImmunoCult-XF serum-free T-cell
expansion medium (StemCell Tech catalog No. 10981) with
100 IU/mL rhIL2 (recombinant human interleukin 2). On the
day of harvest, cells were collected and stained with BD Horizon
Fixable Viability Stain (BD Biosciences catalog No. 564407) and
antiprimate CD3 (BD Biosciences catalog No. 557597). Viable
singlet CD3"Violet cells were analyzed for CFSE dilution.
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SUPPLEMENTAL MATERIAL



Table S1. Autograft patency.

Animal Sex Haplotype Matching Days Post- Explant

ID Surgery Patency
Cy0665 M M1/M3 Surgical Control 448 Yes
Cy0674 F M1/M3 Surgical Control 490 No
Cy0683 M M1/M6 Surgical Control 364 Yes
Cy0672 F M3/M3 Surgical Control 500 No
Cy0676 M M3/M3 Surgical Control 448 Yes
Cy0661 F M3/M3 Surgical Control 364 No
Cy0682 M M1/M1 Surgical Control 364 No
Cy0673 F M1/M3 Surgical Control 521 Yes
Cy0700 F M5/M6 Surgical Control 521 No
Cy0694 F M3/M3 Surgical Control 350 Yes
Cy0695 F M4/M4 Surgical Control 350 Yes




Table S2. Donor specific antibody (DSA).

Animal Sex Haplotype Radial Artery DSA
ID Swap Direction Pre-existing De Novo Target Donor

Cy0665 M M1/M3 M1/M3—->M3/M3 No No -
Cy0676 M M3/M3 M3/M3—->M1/M3 No No -
Cy0682 M M1/Ml1 M1/M1->M1/M6 No No -
Cy0683 M M1/M6 M1/M6—>M1/M1 No No -
Cy0680 M M1/Ml1 M1/M1->M1/M2 No No -
Cy0681 M M1/M2 M1/M2—M1/M1 No No

Cy0660 M M3/M3 M3/M3—-M1/M3 No No -
Cy0666 M M1/M3 M1/M3—->M3/M3 No No -
Cy0672 F M3/M3 M3/M3—->M3/M6 No No -
Cy0675 F M3/M6 M3/M6—-M3/M3 No No -
Cy0661 F M3/M3 M3/M3—-M1/M3 No No --
Cy0674 F M1/M3 M1/M3—->M3/M3 No No --
Cy0673 F M1/M3 M1/M3—-M5/M6 No No --
Cy0700 F M5/M6 M5/M6—-M1/M3 No Yes Cy0673
Cy0694 F M3/M3 M3/M3—->M4/M4 No No --
Cy0695 F M4/M4 M4/M4—->M3/M3 No No --
Cy0692 F M2/M4 M2/M4—-NMC No No --
Cy0613 F NMC NMC—->M2/M4 No No --

A summary of transplant donor:recipient pair DSA detection is shown. Radial artery swap
direction indicates recipient serum bound to donor PBMC (Recipient Serum—>Donor
PBMC). Animals grouped by transplant pairs. NMC, non-Mauritian cyno



Figure S1. Pre-transplant donor-specific antibodies.
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Representative graph summarizing the pre-transplant results of one experiment showing DSA

positive pair Cy0700 and Cy0673.



Figure S2. Assessment of cell identity within

allografts. A.
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At end of study, radial artery grafts were explanted. The proximal and distal anastomosis sites

were saved for sectioning and staining while the middle of the graft was processed and analyzed

for the presence of host/donor cells. (A) The graft was digested and individual graft cells were

sorted for CD31+ and CD31- populations. Shown is a representative sort for CD31 cells. (B)

Plot of SNP analysis results from all samples in the study. (C) Plot of SNP analysis results from

a partial haplomatch (left panel) and complete mismatch animal (right panel) that showed a

mixture host and donor endothelial cells within the graft.
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