Comparative Medicine
Copyright 2015
by the American Association for Laboratory Animal Science

Vol 65, No 5
October 2015
Pages 429-443

Overview

Miniature Swine as a Clinically Relevant Model of
Graft-Versus-Host Disease

Raimon Duran-Struuck,*” Christene A Huang,' Katherine Orf,' Roderick T Bronson,® David H Sachs,' and Thomas R Spitzer*

Miniature swine provide a preclinical model of hematopoietic cell transplantation (HCT) for studies of graft-versus-host disease.
HCT between MHC-matched or -mismatched pigs can be performed to mimic clinical scenarios with outcomes that closely resemble
those observed in human HCT recipients. With myeloablative conditioning, HCT across MHC barriers is typically fatal, with pigs
developing severe (grade III or IV) GVHD involving the gastrointestinal tract, liver, and skin. Unlike rodent models, miniature
swine provide an opportunity to perform extended longitudinal studies on individual animals, because multiple tissue biopsies
can be harvested without the need for euthanasia. In addition, we have developed a swine GVHD scoring system that parallels
that used in the human clinical setting. Given the similarities of GVHD in pigs and humans, we hope that the use of this scoring
system facilitates clinical and scientific discourse between the laboratory and the clinic. We anticipate that results of swine studies
will support the development of new strategies to improve the identification and treatment of GVHD in clinical HCT scenarios.

Abbreviations: BMT, bone marrow transplantation; GVHD, graft-versus-host disease; GVL, graft-versus-leukemia; HCT, hematopoietic

cell transplantation; TBI, total-body irradiation.

Clinical Significance

Many hematologic malignancies can be treated successfully
with nonmyeloablative conditioning (Figure 1) followed by al-
logeneic (where donor and host are genetically disparate) bone-
marrow transplantation (BMT). This treatment relies on the
graft-versus-leukemia (GVL) reaction where donor T cells kill
host tumor cells expressing either host or tumor associated an-
tigens. The major drawback of the GVL effect, however, is graft-
versus-host disease (GVHD), a life-threatening complication® of
allogeneic hematopoietic cell transplantation (HCT).

The pig is an excellent animal model for the study of human dis-
eases.* The Massachusetts General Hospital (MGH) miniature swine
has been used extensively for the development of novel protocols re-
lated to BMT and cytokine-mobilized HCT (Figure 2 A and B). Other
applications of swine HCT include studies on transplantation-asso-
ciated complications, the development of novel peripheral-blood
mobilization strategies, and the study of neoplastic disorders >

GVHD
Acute GVHD involves the trafficking of donor T cells to specif-
ic areas of the body, namely the skin, intestine, and liver, and the
subsequent attack on host cells in these locations.”” GVHD can be
summarized as a 3-step process. The first phase includes the con-
ditioning regimen prior to transplantation, which causes damage
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to host tissues and induces activation of cells within these tissues.
The intestine is affected in particular,'*' and the translocation
of bacteria and bacterial toxins, such as LPS, is common. Donor
T-cell activation occurs during the second phase when they en-
counter antigens expressed by host antigen-presenting cells. Po-
larization toward a Th1 response and secretion of cytokines, such
as IL2, IL1 and IFNY, occurs.? The effector (killer) functions of the
activated lymphocytes occur during the third phase. Activated
macrophages resulting from the conditioning regimen and cy-
totoxic cells resulting from antigen presentation migrate to the
tissues most affected by GVHD, mainly the gastrointestinal tract,
liver, skin, and lymphohematopoietic organs. These cells release
inflammatory cytokines, which further augment GVHD.>?0-265258
Identifying early cytokine signatures after HCT can allow the
clinician to anticipate the severity of the GVHD® and treat ac-
cordingly, and modulating or blocking these same cytokines also
can help to prevent GVHD? (Figure 3). Most current therapeu-
tic approaches to reduce GVHD rely on systemic immunosup-
pression (Figure 3). More refined approaches directed toward
the modulation of T cells are being investigated® and will be re-
quired to prevent current pan-immunosuppressive strategies,
which increase the rate of infection and relapse'>'¢ (Figure 4). Pre-
clinical evidence has shown that transplantation-related toxicities
and lethal GVHD are reduced markedly after nonmyeloablative
HLA-mismatched HCT*# (Figures 3 and 4). Many of these stud-
ies have been performed in both large and small animals.

Animal Models of GVHD

Excellent reviews have been written describing mouse models
for GVHD and GVL.* Murine studies have been critical for deter-
mining immunologic and molecular mechanisms of disease and
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1. Myeloablative regimen: chemotherapy or irradiation given to a recipient that kills all host hematopoietic and bone-marrow—
derived cells (including stem cells) and requires a bone-marrow transplant to rescue the recipient lymphohematopoietic system.

2. Nonmyeloablative (or reduced intensity) regimen: when the chemotherapy-irradiation approach does not kill all host bone-
marrow—derived cells. In this scenario, the recipient’s lymphohematopoietic cells recover, and hematopoietic cell transplantation is
not absolutely required.

3. Graft-versus-host disease (GVHD): a life-threatening condition in which the transplanted donor cells attack the recipient’s tissues
and organs (liver, gastrointestinal tract, Iymphohcmatnpnictic organs, lung and skin).

4. Graft-versus-leukemia (GVL): a response driven by the transplanted donor cells in which the host leukemia (or tumor) cells are
identified and killed. Often the GVL response is complicated by the development of graft-versus-host disease when donor immune
cells recognize antigens shared by the tumor and host tissues.

5. Mixed hematopoietic chimerism: a term describing the degree of donor-derived immune cells within the peripheral blood (or
lymphohematopoietic organs) of the recipient. A full chimera is a recipient in which 100% of the hematopoietic cells are of donor
origin. A mixed chimera is a recipient in which both donor and host lymphohematopioetic cells coexist. The chimerism can be high
(for example, =50% donor-origin cells) or low (<20% donor-origin cells) and often is a subjective assessment based on the design of
the transplant. Microchimerism is a degree of chimerism that requires PCR analysis to identify donor-derived cells. Microchimerism

usually occurs when chimerism is below the detection limits of flow cytometry (that is, <1%).

6. Haploidentical transplant: a transplant in which the donor and recipient share a set of alleles. This situation occurs most
commonly with the mother-son combination, who are exact ‘half’ matches of each other.

Figure 1. Important terms.

therapy.* However, preclinical observations in murine models
using HCT often cannot be accurately extrapolated to man and
are difficult to replicate in large animals, specifically in regard to
transplantation-associated complications**®! (Figure 5).

For example, in vivo host and donor T-cell depletion can be
readily and completely achieved in mice by using monoclonal
antibodies against T cells® (Figure 3). Unfortunately, clinical
translation of biologic responses as observed in mice cannot be
achieved in humans (or other larger mammals, such as NHP and
swine'**%2, Figure 5). These differences support the usefulness of
large animals that more closely resemble the human scenario than
do experiments in mouse models." 1234

Mice provide an excellent model to study biologic mechanisms,
but large animals can better accommodate clinically relevant ap-
proaches and applications. The use of large preclinical animal
models is therefore a logical next step in translating discoveries
from rodent models. Among large animal species, swine have
been used extensively,* in part because of the availability of an
extensive panel of reagents. 3661674808410 Although NHP HCT
models have the obvious advantage of similarity to humans, fi-
nancial cost, breeding difficulties, small litter sizes, long gestation
periods (close to a year), and dangers such as bites and potential
exposure of serious zoonotic diseases such as B virus make pri-
mate HCT models problematic. As another model, dogs have
been extensively used in BMT studies.*” However, in addition to
their smaller size compared with humans, dogs are not an opti-
mal model for the study of GVHD because of their furred skin.

Compared with these other models, pigs are more economical,
have shorter gestations (approximately 4 mo) and larger litters
sizes (8 to 12 piglets), are easily handled and safe to work with,
and engender less societal and ethical sensitivity with their use in
biomedical research because they are already extensively used in
the food industry. Their similarity to humans in terms of both or-
gan size and physiology make miniature swine an excellent large
animal model. The Major histocompatibility (MHC)-defined min-
iature swine permits transplantation scenarios that resemble hu-
man clinical situations, and with the availability of inbred lines,
genetic studies similar to those achieved in mice can be performed
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in swine. The availability of harvested spontaneous tumors within
the most inbred lines*" and their similarity to human neoplasias®
make MGH pigs an ideal model to investigate clinically relevant
HCT approaches.” Herein we describe the advantages of pigs as
a clinically relevant large-animal model for the study of GVHD.

GVHD in Swine Undergoing HCT

GVHD in swine develops in a similar manner as that observed
in humans after allogeneic HCT. Surpassing a minimal threshold
of T cells is crucial for the development of GVHD, especially dur-
ing myeloablative regimens®® (Figure 4). Novel nonmyeloabla-
tive protocols that we developed suggest that the infusion of large
numbers of alloreactive T cells is not sufficient to cause GVHD."

In experimental minor-antigen—-mismatched HCT studies in
pigs, animals that received 900 cGy of total-body irradiation (TBI)
and more than 7.5 x 10® nucleated BM cells/kg developed GVHD
and survived long-term (Figure 4). When fewer than 7.5 x 10° BM
cells/kg were delivered, pigs succumbed to infection or hemor-
rhage 30 to 45 d after transplantation® (Figure 4). Therefore,
blood support and antibiotic, antiviral, and antifungal treatment
is recommended (Figure 6).

In this context, nonlethal skin GVHD usually occurred. In pilot
studies, skin GVHD was successfully controlled by using 1 to 3
doses (10 mg/kg each) of methyl prednisolone after a myeloabla-
tive regimen and minor-antigen—-mismatched HCT. Recipients
of T-cell-depleted donor BM did not survive long-term, as they
succumbed to BM failure and infections.** Similar findings have
been obtained in humans, in whom T-cell depletion of the allo-
geneic graft, although it significantly decreases the incidence of
GVHD, has been associated with an increased incidence of re-
lapse and graft loss.

In addition, allogeneic HCT have been performed across MHC
barriers.®%8182 In a parent-into-F1 model, swine irradiated with
900 ¢Gy TBI and given 2 to 9 x 10® BM cells/kg developed acute
GVHD.# Recipients of nonT-cell-depleted BM grafts developed
skin GVHD with a clinical course and pathology that resembled
human skin GVHD.#®' In particular, the pig rashes occurred on the
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Miniature swine and graft-versus-host disease

(B)

LEUKOPHORESIS

MACHINE

Figure 2. Two methods of harvesting hematopoietic stem cells for transplantation. (A) In bone marrow transplantation, hematopoietic stem cells are

directly harvested from the iliac crests (or vertebrae, in the case of a no:

nsurviving donor). (B) Cytokine-mobilized hematopoietic cell transplantation

(CM-HCT) is the most common approach to HCT clinically. Here, pigs (or humans) are injected with cytokines that target the release of the hemat-
opoietic stem cells into the peripheral circulation. The most common agent used clinically in humans is GCSF. Additional cytokines used commonly
in pigs have included porcine stem cell factor (SCF), porcine IL3, and AMD3100. The donor is catheterized, and a leukophoresis machine harvests all
leukocytes and returns plasma, RBC, and platelets to the recipient. Compared with BMT, the T-cell content is usually larger with CM-HCT, potentially
increasing the risk of GVHD. In addition, the total dose of CD34* cells that can be delivered can be higher, because multiple phoresis can be performed.

Once the IV catheters are in place, the donor does not need to be anesth

neck, back, and abdomen and often the lesions became conflu-
ent and ulcerative. GVHD usually presented 7 to 10 d after HCT.
Some pigs had spontaneous resolution of their skin lesions, only
to have a second episode of skin GVHD. If additional T cells were
given (in the form of peripheral blood infusions), skin GVHD
worsened in severity, and gastrointestinal GVHD developed with
dysentery-like symptoms (as occurs in humans). Liver enzyme
elevations were present also. Contrary to these findings, mice do
not typically develop GVHD, even across full MHC barriers,”
and require high doses of purified T cells (or bulk splenocytes)
to induce GVHD. These differences between mice and pigs (and
humans) support the case that, for preclinical translation, pigs
represent a valuable extension of preliminary (mechanistic) mu-
rine studies and may be more suitable for assessing the clinical
applicability of these novel approaches.

In MHC-mismatched transplants, when the donor BM was T-
cell-depleted and after myeloablative conditioning of the host,
pigs still developed GVHD, but it was milder in nature.®##2In a
very few cases, recipients of T-cell-depleted haploidentical BMT
and 900 cGy TBI never developed GVHD, and the pigs survived

etized for this procedure.

long-term. The principal histopathologic difference between pig
and human skin GVHD is that pigs have a denser infiltrate of
neutrophils in addition to the classic lymphocytic infiltrate than
humans.® The relevance is unknown and might reflect that pigs
have contaminated skin surfaces or have evolved to have high
neutrophil counts in the epithelium to prevent bacterial infec-
tions. Some pig studies demonstrated that, when peripheral
blood T cells were added to T-cell-depleted BM, severe GVHD
occurred, as expected. The difference in the severity and nature of
GVHD suggested, however, that mature peripheral blood T cells
are more aggressive than are BM-derived T cells in myeloabla-
tive regimens. Clinically speaking, T-cell contamination of a BM
aspirate is mostly from the peripheral blood, and minimizing the
number of alloreactive T cells has been a major subject of clinical
research. Similar to the situation in pigs, ex vivo T-cell depletion
of a human graft is complicated by higher rates of engraftment
failure.”

For the past 15 y, cytokine-mobilized HCT have been per-
formed in MGH pigs. The results of these studies have closely
paralleled human clinical findings. The use of allogeneic HCT—
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Treatment type Target
Cellular
Regulatory T cells (Tregs) T cells, B cells, antigen-presenting cells, monocytes
Mesenchymal stromal / stem cells (MSCs) Tcells, B cells, antigen-presenting cells, PMNs, NK cells

Nonpharmacologic
Reduced-intensity conditioning Decreased chemotherapy- and irradiation-induced organ damage
Extracorporeal photophoresis T cells

Pharmacologic

Glucocorticoids Lymphocytes, monocytes

Calcineurin inhibitors (for example, tacrolimus, cyclosporine) T cells

mTOR inhibitors (for example, rapamycin) T cells (and enhance regulatory T cells)
Mycophenolate mofetil T cells

Pentostatin T cells and NK cells

Antithymocyte globulin T cells

AntiCD3, antiCD2, antiCD4, and antiCD8 monoclonal antibodies T cells

AntiCD20 monoclonal antibodies B cells

AntiTNFu monoclonal antibody (Infliximab) T cells

TNF receptor inhibitor (Etanercept) T cells

Figure 3. GVHD treatment approaches.

Myeloablative Non- Myeloablative

Conditioning regimen (toxicity)

=TBI with <300cGy
-TBI with >800cGy -T cell depletion (CD3 immunotoxin, thymoglobulin)
-Cyclophosphamide =Thymic irradiation

<Co-stimulatory blockade (anti-CD40, CTLA-4| g, etc)

miHA

- -
I —

— Graft-loss

MHC mismatch

Graft-loss

Figure 4. Likelihood of infection, GVHD, and graft loss according to the toxicity of the preparatory regimen and the degree of MHC mismatch. Pigs that
undergo myeloablative HCT are more likely to develop infections and thus require more intensive antifungal, antiviral, antibiotic prophyllaxis. These
animals also have a higher risk of GVHD because of the chemotherapy and irradiation treatments and the inflammation associated with the regimen.
Graft loss typically is minimal under these conditions. In contrast, when the preparatory regimen is mild, the likelihood of infection is reduced greatly,
but the infused donor graft may be at higher potential of being lost (that is, rejected by the host). The incidence of GVHD under these conditions is
decreased. GVHD tends to be more severe across MHC barriers but less severe in minor-antigen-mismatched (miHA) transplantation. The most potent
antitumor effects are provided by MHC-mismatched transplantation.
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Miniature swine and graft-versus-host disease

Availability of mouse strains allows for ‘clean,” highly reproducible, and controlled

Histopathologic lesions and anatomy are more similar between pigs and humans.

Closed and SPF status in mice prevent many common complications observed in
P } P

humans. Swine are outbred and carry viruses (such as herpesviruses) which, when
reactivated, resemble the pathologies observed in humans undergoing

Swine (as humans) do not achieve the levels of T-cell depletion achieved in mice
Swine resemble humans, in that additional T cells are not required to induce GVHD.
Swine are infused with cell doses that mimic the clinical scenario.

Mobilization approaches are practical in pigs and more clinically applicable. Blood

volume and vascular access is comparable between humans and pigs.

Responses to chemotherapeutics and irradiation in swine mirror those in humans

with greater fidelity than do rodents.

Mice Pigs Rationale

Mechanistic studies et -

immunologic studies.
Skin GVHD _ -
Clinical infectious disease complications — +

transplantation.
T cell depletion +4+4 o
GVHD induction with BM alone — -
Cell dose for clinical application — +
Cytokine-mobilized HCT — -
Preparatory regimens for transplantation — +
GVL studies +++ -

Graft-versus-tumor (or leukemia) studies cannot be performed in swine. A reliable

model has not yet been established.

Figure 5. Relative benefits of small (mouse) and large (swine) animal models for the study of BMT and GVHD

like HCT across MHC barriers—has been limited by GVHD when
myeloablative regimens are used. Novel protocols to minimize
GVHD, aimed to induce a state of immunologic tolerance, have
been developed by using MGH miniature swine.!%#303345 To
that end, many preparatory regimens have been nonmyeloab-
lative (also referred to as ‘reduced-intensity conditioning’ regi-
mens). These nonmyeloablative, haploidentical HCT resulted in
a reduced incidence and intensity of GVHD.”* We previously
published™ that reduced-intensity conditioning regimens con-
sisting of 100 cGy TBI, CD3 immunotoxin treatment, and 45 d of
cyclosporine followed by the delivery of 15 x 10° mobilized hap-
loidentical PBMC per kilogram were associated with no or only
limited (and nonlife-threatening) GVHD. We are investigating the
mechanisms behind this novel approach by which alloreactive T
cells are delivered (and controlled). Although donor T cells are in-
volved in the pathogenesis of GVHD, the presence of large num-
bers of alloreactive T cells alone is often not sufficient to cause
GVHD. As of 2015, 63 pigs have undergone a reduced-intensity
conditioning regimen consisting of low-dose TBI (100 cGy), T-
cell depletion with an antiCD3 immunotoxin, and cyclosporine
A monotherapy for 45 d. Of these 63 animals, only 8 developed
GVHD after cyclosporine A was discontinued, and only 2 of these
8 developed severe, acute GVHD. One of the pigs that developed
severe acute GVHD received an HCT inoculum from a donor that
had an adverse response (disseminated intravascular coagulation
secondary to mobilization regimen), which might have been, at
least in part, responsible for GVHD. It is probable that the disrup-
tion or dysregulation of immune regulatory mechanisms through
either harsh conditioning or adverse reactions were involved also.

The use of donor leukocyte infusions as a therapy for cancer af-
ter HCT has been studied in pigs (Duran-Struuck and colleagues,
manuscript in preparation). In the clinic, donor leukocyte infu-
sions usually are used as a tool to drive strong antitumor respons-
es. These therapies are also useful in inducing hematopoietic
conversion from mixed hematopoietic chimerism to full-donor
chimerism. Unfortunately, full conversion often is complicated by

GVHD. Therefore, the development of a reliable protocol using
donor leukocyte infusion in mixed chimeras to provide strong
GVH responses and eliminate tumor without GVHD (as has been
demonstrated in murine studies™) is needed. To this end, minia-
ture swine have been used to translate these novel approaches.

Preliminary experiments in MGH miniature swine demon-
strated that donor leukocyte infusions in stable, long-term, mixed
chimeras were ineffective at increasing the levels of donor chi-
merism. Of the 30 donor leukocyte infusions delivered experi-
mentally to pigs, 9 demonstrated a response measured either by
conversion, bone marrow failure, or GVHD (Duran-Struuck and
colleagues manuscript in preparation). These pigs received doses
of 50 x 10° T cells/kg or greater (that is, high relative to doses
used clinically but and at the low end of the range in murine ex-
periments). Similar to what is observed in humans that convert
after donor leukocyte infusion, GVHD developed. Thus a better
understanding of the immunobiology of GVHD in a large-animal
model of allogeneic HCT for clinical applications is needed. We
now discuss the strengths of pigs as a model for GVHD.

Swine, humans, and target organs of GVHD

The clinical and histopathologic presentation of GVHD in
swine closely mimics what is observed in humans.® We have de-
veloped the ‘Seattle” GVHD scoring system for swine in collabo-
ration with the MGH clinical HCT program (Figure 7) .To assess
the suitability of swine as an accurate animal model of GVHD,
we compared the target organs affected by GVHD, namely the
liver, skin, secondary lymphoid organs, and gastrointestinal tract.

The skin is the most commonly affected target tissue of GVHD in
both humans and swine."”?*» Numerous studies describe the simi-
larities and differences in skin histology between swine and humans.
Both have well-defined dermal papillae and rete ridges. Although
pig skin is thicker and less vascular than that of humans, the overall
characteristics of the cutaneous blood supply are similar.* The size,
distribution, and orientation of blood vessels in the dermis of pigs
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Figure 6. BMT with marked myelosuppression. Because of their involvement in acute and chronic GVHD, controlling T and B cells is important in
this scenario, and new approaches aimed at eliminating memory B and T cells are key. T and B cells are necessary for viral control and clearance, and
their depletion places the recipient at an increased risk of virus-related infections. In addition, chemotherapeutics and irradiation treatments destroy
the myeloid lineages, particularly polymorphonuclear cells and monocytes, which are important for defense against bacterial and protozoal infections.
Therefore recipients require antibiotics, antivirals, and antifungals. Furthermore, recipients typically are at risk of bleeding during the first 2 to 3 wk
after transplantation. Thrombocytopenia (platelets, PLT) and anemias are usual, and blood support may be required, depending on the severity of the
regimen. Blood support becomes less necessary during the third or fourth week after transplantation, as hematopoietic lineages recover. Control of
acute GVHD is important during the first 100 d after transplantation; often calcineurin inhibitors (such as cyclosporin) or mTOR inhibitors (such as
rapamycin) are administered to this end. Chronic GVHD occurs later after transplantation and resembles antibody-mediated autoimmune conditions.
In these cases, B-cell-depleting agents, such as rituximab, are used. Of note, the CD20 monoclonal antibody does not work in pigs but does in NHP.

are similar to those found in human skin. However, the subepider-
mal plexus, which supplies adnexal structures, is less developed in
pigs, although the adnexal structures found in swine and humans
are similar.”' Physiologically, swine and human skin have many
similarities. These include the epidermal turnover time, type of ke-
ratinous proteins found within the skin, and lipid composition of the
stratum corneum.”~* Based on these similarities, pigs are an excel-
lent model for studying skin GVHD, in contrast to other species such
as mice, dogs, and NHP, all of which are furred animals. Clinically,
swine GVHD exhibits a similar course to that in humans. The initial
presentation is in the form of an erythematous rash that can prog-
ress to severe and generalized hyperkeratosis and ulceration. Be-
cause of these many similarities, we clinically score the GVHD in our
pigs according to the same parameters as described in humans. For
practical reasons, we include a drawing of a pig on which we note
the level of skin involvement (Figures 8 and 9). We also photograph
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and mark the edges of the erythema for assessment of resolution or
progression of skin GVHD. Grossly, early GVHD can be confused
with many skin conditions, including a drug (hypersensitivity) rash
or a herpetic skin condition, but advanced GVHD is unequivo-
cal (Figure 8). When untreated (or uncontrolled), skin GVHD can
be lethal in pigs, just like in humans. The histopathology of skin
GVHD in pigs is similar to what has been documented in humans.**
Lymphocytic infiltration along the dermal-epidermal junction is
observed, especially at the rete tips (Figure 9). Satellitosis, which is
the surrounding of lymphocytes around keratinocytes undergoing
apoptosis, is also seen. Hyperkeratosis and ulceration is present in
grade IV GVHD (Figures 8 and 9).

GVHD affects the gastrointestinal tract as well® (Figure 10) and
can involve either the upper (stomach, duodenum, jejunum) or
lower (rectum, colon) regions. Histologically, the stomachs of both
humans and pigs have a glandular epithelium, although pigs also
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TBRC SWINE CLINICAL GVHD ASSESSMENT R puran 2010

Date Of Assessment:
Transplant Day:
STAGE

0 1 2 3 4
Skin O O O O O % body rash:
UpperGl [ [
LowerGI [ O O O O Volume stool: Color stool
Liver O O 0O a o

SKIN (draw below) UPPER GI LOWER Gl

0 = No rash 0 = No nausea and 0 = no diarrhea
1 = Maculopapular rash on < 25% of BSA vomiting 1 = soft stools
2 = Maculopapular rash on 25% to 50% 1 = Persistent nausea, 2 =diarrhea
3= Rash = 50%, generalized erythroderma vomiting or anorexia 3 = bloody diarrhea
4 = Stage 3 plus bullae and desquamation 4= b diarrh+hunched

LIVER (max total=4)

Bilirubin ALKP ALT AST
0=<0.8 mg/dl 0=<294 0=<43 0=<65
0.25=0.8 — 1.5 mg/dl 0.25=294-500 0.25=43-90 0.25=65-130
0.5=1.5-3 mg/dl 0.5=500-1500 0.50.0=90-180 0.50=130-500
0.75 =3 -9 mg/dl 0.75=1500-3000 0.75=180-400 0.75=500-1500
1= > 9.0mg/dl 1.0=>3000 1.0=>400 1=>1500
RIGHT LEFT
Overall Grading of Acute GVHD
o 0 Grade 0 all Grade 1 g [l Grade 2 c [ Grade 3 p L] Grade 4
SKIN 0 1 2 3 4
LOWER Gl 0 0 1-2 3 4
UPPER Gl 0 0 1
LIVER 0 0 1-2 3 4

Note: Subscripts relate to grading at MGH clinic
Figure 7. Seattle GVHD scoring system adapted for use with swine.
have a muscular and mucoid glandular structure called the torus

pyloricus, which is located near the pyloric sphincter. This struc-
ture is unique in pigs and is involved in the functional closure of

the pylorus. The pig small intestine, as in humans, functions as
the major site for absorption and consequently has a large surface
area with finger-shaped villi. However, the pig gastrointestinal
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Figure 8. Clinical skin GVHD. (A) Maculopapular rash characteristic of GVHD observed in and near high-motion areas on day 56 after HCT. The left in-
guinal area is shown; the head of the pig is to the left. (B) Generalized erythema and desquamation of the left lateral leg on day 62 after HCT. Erythema
now extends beyond the inguinal high-motion area to the lateral aspect of the leg. (C) Moderate hyperkeratosis and mild ulceration of the medial left
inguinal area on day 70 after HCT. (D) Severe hyperkeratosis cracking of skin and severe ulcerations observed in the left inguinal region on day 76 after
HCT. The blue pigment is ink used to identify the borders of the erythematous regions, to assess the kinetics of the skin GVHD.

tract is very long, extending as much as 15 times the length of the
body.* The anatomy of the colon is significantly different in pigs.
It has a centrifugal and centripetal loop, thus coiling within itself
and occupying a large part of the abdominal cavity. Physiologi-
cally, pigs and humans are both omnivores, and they share simi-
lar characteristics in regard to digestion and intestinal transport.”
Indeed, this likeness may also help to explain their similarity in
liver metabolism (discussed in following section). Given these
considerations, we grade gastrointestinal GVHD in pigs similarly
to the scoring that is performed in humans (Figure 7).

From a practical standpoint, the availability of metabolic cages
for large animals also permits us to easily quantify the volume of
diarrhea produced when gastrointestinal GVHD develops. The
level of dehydration can be assessed by physical exams by using
eyelid, axillary, or inguinal skin tenting and through bloodwork.
Because all of our pigs have central venous catheters, supportive
care with crystalloids, colloids, or any type of blood product for
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the management of the GVHD is relatively simple. Furthermore,
we monitor serum and hematologic parameters without sedat-
ing the pigs (this process is more difficult and associated with a
higher risk in awake NHP models).

The liver is frequently affected by GVHD (Figures 10 B and
11). Pigs have been readily used as an animal model for hepatic
studies. One study claims that the metabolic functions of hu-
man liver may be more similar to those of swine than they are
to those of NHP species.’® Grossly, the size and shape of the liver
between human and pigs is comparable.** Histopathologically,
the pig liver is very similar to that of humans, with the major
difference being the connective tissue septae that demarcate the
hepatic lobes and lobules. Human livers normally lack connective
tissue in these areas.

An important physiologic function of the liver in both humans
and swine is the synthesis of albumin, the most abundant protein
in plasma. Human and porcine albumin show 65% similarity at

$S900E 93J) BIA $1-90-GZ0Z e /wod Aiooeignd-poid-swid-yiewssiem-jpd-awiid//:sdiy wouy papeojumoq



Miniature swine and graft-versus-host disease

i

Figure 9. Histopathologic lesions of GVHD. (A) Skin from

the amino-acid level, although the serum albumin concentration
is lower in pigs than in primates.®**” Furthermore, one study*
found no significant difference in the composition of hepatic bile,
including viscosity, between humans and pigs. These similarities
allow assessment and comparison of bile stasis in human patients
and swine with liver GVHD.

Serum bilirubin concentrations can provide a measure of func-
tional capacity of the liver and are closely followed and used for
GVHD scoring clinically.” Pigs with GVHD, similar to what is
observed in humans, have elevated serum levels of bilirubin and
various liver enzymes (Figure 11 B and C). Histopathologic diag-
nosis (Figure 10 B) of GVHD documents the presence of a lym-
phoid infiltrate and correlates with increases in chimerism (Figure
11 A) and bilirubin (Figure 11 C).

The cytochrome P450 system has a similar activity between
pigs and humans.?” Blood glucose is closely monitored in pigs
with GVHD. In contrast to humans, who are able to maintain
blood glucose through extrahepatic gluconeogenesis (mainly by
the kidney, gut and muscle),*® anhepatic pigs are unable to main-
tain blood glucose concentrations, with blood lactate levels ris-
ing.*® The mechanisms of cholesterol transport also differ between

3 M . P

pig 18432 on day 56 after haploidentical HCT. There is mild mononuclear inflammatory
cell infiltrate in the superficial dermis. Mixed inflammatory cells, including neurophils, infiltrate the epidermis. The crust on the surface of the skin is
composed of exudates and keratin (solid arrow). Hematoxylin and eosin stain; magnification, 10x. (B) Skin from from same animal on day 62 after HCT.
There is mild to moderate inflammatory cell infiltration in the superficial dermis and epidermis (arrows). The superficial epidermis is necrotic. Capillar-
ies are congested. Hematoxylin and eosin stain; magnification, 10x. (C) Day 76 after HCT. There is extensive mononuclear cell infiltrate in the superficial
dermis and around a hair follicle (arrow). The epidermis is acantholytic and hyperkeratotic. Hematoxylin and eosin stain; magnification, 10x.

pigs and humans. The lipoprotein complexes used to transport
cholesterol in the blood (LDL, HDL, and VLDL) differ between
the 2 species by 40% at the protein level.® In addition, pigs have
a lower binding capacity of LDL, with a greater number of apoB
receptors in the liver.*!

The different effects of liver GVHD on cholesterol and its re-
lated metabolites between pigs and humans are unclear, but we
continue to monitor these serum parameters as a component of
hepatic functional assessment in our studies and to obtain ad-
ditional information regarding the overall health status of our
miniature swine. Both complement and coagulation factors are
crucial in host defense and clotting mechanisms. Studies from
several groups suggest that differences in complement formation
and coagulation factors exist between pigs and humans. How-
ever, 2 studies in which baboons received transgenic pig livers
documented that clotting parameters normalized after the xeno-
transplanted liver was placed.?"

The use of Banna inbred minipig clotting factors demonstrated
that swine serum successfully activates the human intrinsic and
extrinsic clotting pathways. Interestingly, the activities of some
factors (II, V, VII, XII) were significantly higher in pigs than hu-
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ek :
) BM from a pig that underwent BM failure secondary to lym-

phohematopoietic GVHD after a halpoidentical HCT and donor lymphocyte infusion. There are very few cells with nuclei in the marrow, which is
composed primarily of adipocytes and RBC. Normal BM shows numerous nucleated cells. Hematoxylin and eosin stain; magnification, 10x. (B) Liver
from a pig that developed GVHD 30 d after haploidentical HCT. A moderately severe mononuclear inflammatory cell infiltration is present in the portal
areas and bridges from portal area to portal area. The adjacent parenchyma is infiltrated slightly, as well. Hematoxylin and eosin stain; magnification,
20x. (C) Colon from the same animal as in panel A. The lamina propria is infiltrated by moderate numbers of lymphocytes. The capillaries are con-
gested. Hematoxylin and eosin stain; magnification, 40x. (D) Small intestine from the pig shown in panel A. The lamina propria is densely infiltrated

by lymphocytes. Hematoxylin and eosin stain; magnification, 20x.

mans.”® A study involving the use of pig liver xenoperfusion to
treat acute liver failure in humans detected increased levels of
vitamin-K-independent clotting factors (V and XII) and decreased
levels of vitamin-K-dependent factors VII and X in pigs.* Pigs in
our allogeneic HCT studies are assessed for clotting deficiencies
and coagulation factors once liver GVHD is suspected.

Hepatic veno-occlusive disease is a serious complication of
HCT in humans,” but to date, we have not diagnosed this condi-
tion in any of our pigs. Therefore, similar to humans, in whom the
incidence of veno-occlusive disease is minimal in reduced-inten-
sity conditioning regimens, pigs undergoing similar preparatory
regimens do not develop veno-occlusive disease.

The pig liver produces complement proteins as well,” and
complement-regulatory proteins are thought to be relatively
species-specific. However, in some experiments, human comple-
ment-regulatory protein was able to inhibit porcine complement,”
thus suggesting that the proteins are relatively compatible. There-
fore, in theory, the effect of liver GVHD on complement formation
may be similar between humans and pigs.
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Given the similarities in liver anatomy and physiology between
humans and pigs, our liver GVHD scoring system for pigs in-
cludes evaluations of total bilirubin, ALT, AST, and ALP (Figure
7), all of which increase when GVHD develops (Figure 11 B and
C). In our GVHD scoring system, we have assigned equal impor-
tance to the ALP, ALT, AST, and total bilirubin levels. In addition,
liver GVHD in pigs can be followed longitudinally, and biop-
sies can be obtained by means of laparotomy or transcutaneous
ultrasound-guided methods as clinically indicated (Figure 10 B).

The lymphoid organs—mainly the lymph nodes, spleen, thy-
mus, and BM—are targets of GVHD as well as the sites where
allogeneic immune responses are primed.” The most important
gross and histopathologic differences between swine and humans
are in the characteristics of the lymph nodes and thymus. The
lymph nodes of swine display a unique histologic characteris-
tic: the typical cortex and medulla are reversed, with the germi-
nal centers located in the interior of the gland.* Afferent lymph
moves through the node from the central cortex to the outer para-
cortex, which is equivalent to the medulla. The cells then travel
through the endothelial venules and back into the blood. Despite
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Figure 11. Chimerism, weight loss, and liver parameters associated with GVHD. (A) This pig developed acute GVHD soon after transplantation. The
animal developed liver GVHD on day 30, during the cyclosporine taper. Weight loss observed starting on day 55, with GVHD affecting the liver and
skin. Donor-derived cell populations are given in % (y axis, amount of donor chimerism; x axis, time [d] after HCT). (B) AST, ALP, and total bilirubin

and (C) ALT.

these anatomic differences, lymph node follicles and cellular and
humoral immune responses are elicited in swine in a similar fash-
ion to what occurs in humans and other species.”®®% Although
lymphocytes are similar between swine and humans in many
respects, some studies have revealed interesting differences.* For
example, peripheral lymphocytes in swine include CD4*CD8*
of T cells and high numbers of ¥8 T cells. Many of the ¥ T cells
are CD2*. CD2 is also found on some CD8 o cells (including NK
cells) and conventional ¥d and off T cells. Conversely, the porcine
T-cell receptor B repertoire is highly conserved and nearly identi-
cal to that in humans.® The spleen in swine functions primarily
as a clearance and RBC storage organ and has poorly developed
or nonexistent sinuses. In addition, lymphocyte turnover in the
porcine spleen is estimated to be 30 times higher than that in the
circulation.® Anatomically, the spleen of pigs is long and thin
and wraps around the greater curvature of the stomach, unlike

the spleen of humans, which is smaller and more kidney-like in
appearance.

The pig thymus is histologically similar to those of other spe-
cies.® The thymus has a thin connective tissue capsule, which
penetrates and divides it into different lobules. The outer cortex
is darkly stained with packed small lymphocytes that are separate
from the medulla. The medulla is paler and is continuous between
lobes but may appear isolated and surrounded by the cortex, de-
pending on histology. Grossly, the pig has a very large thymus, part
of which extends into the thoracic cavity. As a result, thymic biop-
sies are very easy to perform and are minimally invasive, because
there is no need to enter the thoracic cavity. The spleen and thymus
are targets of the GVHD response. Due to destruction, thymus tis-
sue is difficult to find in pigs that develop GVHD. BM failure as
a result of GVHD is not uncommon (Figure 10 A). The thymus in
swine involutes with age, as occurs in humans,®*%*” thus T cell
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output diminishes as it atrophies. Although comparative studies
detailing the incidence of GVHD between aged and young swine
have not been performed, we anticipate that, given the available
literature, the incidence of GVHD in pigs might vary according
to age, similar to what has been observed in humans and mice.®
Splenic, BM, thymic, and lymph node biopsies can be performed
easily in swine, and the ability to assess peripheral lymphoid or-
gans (in addition to blood) longitudinally after HCT makes pigs an
invaluable animal model for the study of GVHD.

Future Directions

In summary, because of their physiologic and anatomic similar-
ities to humans, pigs likely will provide increasing opportunities
to explore novel preventive and therapeutic approaches to GVHD
after MHC-matched and -mismatched HCT. Unlike rodent mod-
els, miniature swine provide the ability to perform extended lon-
gitudinal studies on individual animals, because multiple tissue
biopsies can be taken without requiring euthanasia.

Future preclinical studies in the MGH miniature swine can ex-
ploit the genetics (MHC characterization and inbred lines) of the
model with their similarities to human clinical outcomes. Adoptive
transfer studies with MGH swine, one of our most inbred lines
(coefficient of inbreeding, >97%), can be a powerful tool for the
understanding of responses to cellular targets (such as regulatory
T cells) with minimal genetic variation between animals. Novel
swine studies can be performed to evaluate clinically controversial
issues such as the role of mesenchymal stem (stromal) cells in HCT
(Figure 3). In addition, in-depth investigation of the role of o and
of T cells in GVHD can be performed easily in swine.

Given the similarities between human and pig skin, novel
GVHD therapies such as extracorporeal photopheresis and topi-
cal treatments can be readily assessed in this species. The avail-
ability of swine tumor cell lines and our current efforts to develop
a swine tumor model will, for the first time, permit for the in-
vestigation of novel antitumor cellular and pharmacologic treat-
ments in a large-animal model.** The similarity in the responses
to preparatory regimens between pigs and humans reinforces the
choice of this large-animal model for studies of HCT.

Novel preparatory regimens, which can be translated to the
clinic for the development of tolerance, have already been exten-
sively investigated in our laboratory. It is important to understand
whether these approaches enhance or control the development of
GVHD. Given the advantages mentioned previously, MGH min-
iature swine can provide the translational bridge between mouse
and humans and will likely be instrumental in the testing of new
antiGVHD therapeutic approaches.

Materials and Methods

Transplant donors and recipients were selected from the herd of
partially inbred, MHC-defined MGH miniature swine. A breed-
ing pair, one pig from the Andes and a second one from the Rock-
ies, were selected for the creation of the herd. MGH miniature
swine are a closed SPF herd (free of pseudorabies, porcine repro-
ductive and respiratory syndrome, transmissible gastroenteritis
viruses and brucellosis) of the species Sus scrofa domestica that is
defined at the MHC loci. Approximately 50 miniature swine of
varying ages and weights are housed in our large animal facility.
The MGH is an AAALAC-accredited facility. Animals undergo-
ing HCT are housed in conventional steel cages with HEPA filters.
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Donor animals shown in the figures ranged from 6 mo to 1y
old; recipients were 8 to 12 wk of age. Donors and recipients were
chosen to differ by single haplotypes at both the class I and class
ITloci. All donors were chosen to be positive for pig allelic antigen
(PAA), a nonhistocompatibility cell-surface antigen that is present
on all differentiated hematopoietic cells in animals that express
this allele. All recipients were chosen to be PAA-negative to de-
tect chimerism by flow cytometry after HCT. All transplantations
were approved by the Massachusetts General Hospital IACUC.

Preparatory regimen. Miniature swine SLA™ recipient animals
(age, 8 to 12 wk; weight, 8 to 12 kg) were pretreated with low-dose
(100 cGy) TBI on day -2, partial T-cell depletion by using a CD3
immunotoxin delivered intravenously prior to HCT, and a 45-d
course of oral cyclosporine A (referred to as the ‘ITC nonmyeloab-
lative conditioning regimen’) followed by megadose haploidenti-
cal HCT. Beginning on day —4 until day -1, recipients received
50 pug/kg of a recombinant CD3 immunotoxin twice daily, 8 h
apart. Pigs were premedicated with 2 mg/kg diphenhydramine,
and the immunotoxin was administered by intravenous push
followed by flushing with PBS. Cyclosporine was administered
through a gastrostomy tube twice daily, beginning on day -1 and
concluding on day 45. Target (therapeutic) levels were 400 to 800
ng/mL from day -1 to day 30, followed by a steady taper to day
45, at which point cyclosporine levels were lower than 200 ng/mL
and thus considered subtherapeutic.

Donor cytokine mobilization and HCT. Miniature swine SLA*
donor animals (age, 6 to 12 mo; weight, 40 to 60 kg) underwent
hematopoietic stem-cell mobilization with IL3 and porcine stem
cell factor at a dose of 100 ug/kg for the first 30 kg of body weight
and 50 pg/kg for the remaining body weight. Porcine-specific
cytokines were developed by Biotransplant (Charlestown, MA)
and supplied either through Biotransplant or the Dana Farber
Recombinant Protein Expression and Purification Core facility at
Massachusetts General Hospital. Cytokines were administered
beginning on day -5 and concluding on day 2 or until the pig
was deemed clinically unfit to continue. Animals (were sedated
with 1 to 2 mg/kg tiletamine—zolazepam prior to subcutaneous
administration of cytokines (including porcine IL3 and stem cell
factor). PBMC were harvested by using 8 to 10 h of leukapheresis
beginning on day 0. Thereafter, donor animals were leukapher-
esed while unanesthetized on days 1 and 2 until the target cell
dose of 15 x 10° cells/kg was achieved or pigs were clinically un-
fit to continue. After each leukapheresis, cells were infused into
conditioned recipient pigs at a rate of 20 mL/kg hourly. Donor
mobilizations and subsequent recipient HCT outcomes were ret-
rospectively compared with those previously published.®
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