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Abstract

Despite advances in surgical technique and clinical care, lung transplantation still remains a short-
term solution for the treatment of end-stage lung disease. To date, there has been limited
experience in experimental lung transplantation using nonhuman primate models. Therefore, we
have endeavored to develop a long-term, nonhuman primate model of orthotopic lung
transplantation for the ultimate purpose of designing protocols to induce tolerance of lung grafts.
Here, we report our initial results in developing this model and our observation that the nonhuman
primate lung is particularly prone to rejection. This propensity toward rejection may be a
consequence of 1) upregulated nonspecific inflammation, and 2) a larger number of pre-existing
alloreactive memory T cells, leading to augmented deleterious immune responses. Our data show
that triple-drug immunosuppression mimicking clinical practice is not sufficient to prevent acute
rejection in nonhuman primate lung transplantation. The addition of horse-derived anti-thymocyte
globulin and a monoclonal antibody to the IL-6 receptor allowed six out of six lung recipients to
be free of rejection for over 120 days.

Introduction

Advances in immunosuppressive management, antibiotic therapy, and surgical technique
have made lung transplantation a viable therapeutic option for many patients with end-stage
lung diseases such as emphysema, cystic fibrosis, pulmonary fibrosis, and pulmonary
hypertension. Although one-year survival rates for lung transplant recipients now exceed
90%, the long-term success of lung transplantation has been limited by chronic rejection,
infection, posttransplant malignancy, and drug toxicity, which affect all solid organ
recipients to varying degrees (1). It is unlikely that further incremental advances in
conventional immunosuppression will significantly impact long-term graft survival. It is
therefore important to look toward new paradigms in the management of the transplant
patient.

To this end, we have directed our efforts toward creating a high-fidelity, large-animal model
of lung transplantation using nonhuman primates (NHPs). Common experience in the
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laboratory has shown that techniques which are successful in murine species often do not
translate to models higher on the phylogenetic tree. Likewise, strategies beneficial to one
organ may yield results which are quite dissimilar in another organ. Thus, we feel that
clinical progress in the mitigation of rejection and/or the induction of transplant tolerance
must be investigated in models that mimic the clinical situation as closely as possible.

In this manuscript, we describe our initial efforts to develop a long-term NHP model of
orthotopic lung transplantation that will be useful as a platform for further experimentation
in tolerance induction.

Materials and Methods

Animals

Cynomolgus monkeys (Macaca fascicularis) that weighed 4 to 7 kg were used (Charles
River Primates, Wilmington, MA). Recipient and donor pairs were selected for compatible
ABO blood types and fully mismatched cynomolgus leukocyte (CyLA)-MHC antigens.
Genomic DNA was prepared from peripheral blood mononuclear cells and splenocytes.
Panels of seventeen microsatellite loci spanning ~5Mb of the MHC region were amplified
from the genomic DNA with fluorescent-labeled PCR primers and fragment size analysis
was determined. The microsatellite haplotypes for each animal were converted to predicted
MHC genotypes based on previous cloning and sequencing work with cynomolgus
monkeys. All surgical procedures and postoperative care of animals were performed in
accordance with National Institutes of Health Guide for the Care and Use of Laboratory
Animals and were approved by the Massachusetts General Hospital Institutional Animal
Care and Use Committee.

Lung allotransplantation technique

Under general endotracheal anesthesia (isoflurane), the recipient’s chest was entered through
a left thoracotomy, and the hilar structures of the native lung were isolated. After
heparinization (300 U/kg V), the native lung was removed. The donor lung was approached
through a median sternotomy. After heparinization (300 U/kg) and cannulation of the main
pulmonary artery, the heart-lung block was topically cooled with iced-saline and flushed in
situ with ~250-500 mL cold Perfadex® solution (XVIVO Perfusion; Englewood, CO),
venting through the left atrial appendage. Immediately after harvesting the heart-lung block,
the left lung was isolated and surgically prepared for transplantation. The bronchial
anastomosis was performed using interrupted 5-0 polyglactin sutures. The left atrial cuff
anastomosis was performed with running 6-0 polypropylene sutures. The pulmonary artery
anastomosis was performed with running 6-0 or 7-0 polypropylene sutures depending on
vessel size. After ventilation and reperfusion of the transplanted lung, the chest was closed
over a thoracostomy tube, which was removed once the animal was breathing spontaneously
under anesthesia. Recipients and donors received a single-dose of cefazolin (500mg V)
prior to incision, and ketorolac (3mg qd IM), as an anti-platelet agent for the first five
postoperative days. Postoperative discomfort was managed with buprenorphine (0.01 mg/kg
IM/IV gq10-14 h) on a scheduled basis for the first three postoperative days and PRN
thereafter.

Am J Transplant. Author manuscript; available in PMC 2015 September 10.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Page 3

Lung autotransplantation technique

Under general endotracheal anesthesia (isoflurane), the chest was entered through a left
thoracotomy, and the hilar structures of the left lung were exposed sufficiently to allow for
vascular clamping. After heparinization (300 U/kg V), the pulmonary artery and left atrium
were clamped, and the lung was removed. The lung was was topically cooled with iced-
saline and flushed ex vivo with ~250-500mL cold Perfadex® solution (XVIVO Perfusion;
Englewood, Colorado), which drained passively through the atrial cuff. The lung was then
re-implanted using interrupted 5-0 polyglactin sutures for the bronchial anastomosis. The
left atrial cuff anastomosis was performed with running 6-0 polypropylene sutures. The
pulmonary artery anastomosis was performed with running 6-0 or 7-0 polypropylene
sutures depending on vessel size. After ventilation and reperfusion of the implanted lung, the
chest was closed over a thoracostomy tube, which was removed once the animal was
breathing spontaneously under anesthesia. Recipients and donors received a single-dose of
cefazolin (500mg V) prior to incision, and ketorolac (3mg qd IM), as an anti-platelet agent
for the first five postoperative days. Postoperative discomfort was managed with
buprenorphine (0.01 mg/kg IM/IV q10-14 h) on a scheduled basis for the first three
postoperative days and PRN thereafter.

Immunosuppression

Three different immunosuppression regimens were used for the experimental transplants in
this study: 1) conventional immunosuppression, 2) conventional immunosuppression with
induction therapy, and 3) conventional immunosuppression with induction therapy and anti-
IL6R mAb. Conventional immunosuppression consisted of mycophenolate mofitil (200mg
PO gD admixed with the monkey’s daily food allotment and provided for consumption ad
libitum), tacrolimus (0.1 mg/kg IM bid on post-operative day (POD) 0 and POD 1, then
adjusted to achieve target plasma level of 20-30 ng/mL), methylprednisone (40mg IV on
POD 0, 40mg IM on POD 1, then tapering over 14 days to 1mg IM qd through the end of
the experiment). Tacrolimus levels averaged 23.1 ng/mL among all recipients, and there was
no statistically significant difference among the three transplanted groups. Induction therapy
consisted of either rabbit anti-thymocyte globulin (rATG) (50 mg/kg IV qd x 3 days) or
horse anti-thymocyte globulin (hATG) (50mg/kg IV qd x 3 days) administered on POD -2,
POD -1, and POD 0. Anti-IL6R mAb (tocilizumab; Chugai Pharmaceutical Co., Ltd.;
Tokyo, Japan) was dosed at 10 mg/kg 1V qd on PODs 0, 7, 14, and 21. In addition, 5
monkeys were used in a nontransplant study to assess the effect of hATG and anti-IL6R
mADb, alone and in combination, on the level of circulating regulatory T cells. hATG and
anti-IL6R mAb were administered in the doses and schedules listed above.

Detection of donor-reactive antibodies

The detection of donor-specific alloantibodies was performed using flow cytofluorometry,
as previously described (2). All of our recipients are tested prior to transplantation to ensure
that there is no pre-existing alloreactive antibody.
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Posttransplant monitoring

Histological

Results

All transplanted lung grafts are monitored weekly with chest radiography, beginning with a
radiograph immediately after chest closure. Protocol open lung biopsies performed through
a limited thoracotomy are scheduled on PODs 14, 28, 50, and 100. Any radiographic signs

of graft consolidation are investigated immediately with an additional biopsy.

analyses

Lung biopsies and necropsy specimens were fixed in formalin and stained with hematoxylin
and eosin, Masson’s trichrome, and Verhoeff’s stains. Examination of the tissue was
performed microscopically by transplant pathologists blinded to the protocol (R.N.S.,
R.B.C). Acute cellular rejection (ACR) was scored using the grading system promulgated by
the International Society of Heart and Lung Transplantation (ISHLT), ranging from 0 (no
rejection) to 4 (high-grade rejection) (3).

Lung autotransplantation

As a necessary control for a new model, one monkey (#M4809) underwent a left lung
orthotopic autotransplant without any immunosuppression. Chest radiographs and biopsies
on POD 7 and POD 35 showed no evidence of rejection (Figure 1).

Transplantation of an MHC-mismatched lung without immunosuppression

As a necessary control for a new model, one monkey (#M3805) underwent left lung
orthotopic transplantation without any immunosuppression. This animal was euthanized on
POD 5 with lethargy, cough, and abnormal chest radiograph. As expected, the pathologic
examination of this untreated fully MHC-disparate lung at necropsy showed acute rejection
(Figure 2). No alloantibody was detected in the serum of this short-lived recipient.

Transplantation of MHC-mismatched lung allografts with conventional
immunosuppression (Group 1)

Five monkeys underwent orthotopic left lung transplants using fully MHC-disparate
allografts followed by conventional triple-drug immunosuppression, as described in
Methods. One recipient was lost on POD 17 secondary to an anesthetic complication and did
not complete the protocol. It has been excluded from analysis. The remaining four monkeys
all rejected their lung allografts (while on immunosuppression) on PODs 21, 47, 61, and 97
(Table 1). ISHLT ACR scores at the time of graft loss ranged from 2 to 4. In all of the
animals that rejected lung grafts, alloantibody was identified in the serum at the time of
rejection (Table 1). Alloantibody was also present in the rejected graft at the time of
rejection, but not prior to the development of obvious cellular rejection.

Transplantation of MHC-mismatched lung allografts with conventional
immunosuppression and induction therapy (Group 2)

Four monkeys underwent orthotopic left lung transplants using fully MHC-disparate
allografts followed by conventional triple-drug immunosuppression supplemented by
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induction therapy with either rATG or hATG, as described in Methods. One recipient was
lost due to graft infarction on POD 5, and has been excluded from analysis. Of the
remaining three monkeys, two recipients receiving hATG maintained healthy grafts with no
evidence for rejection (Figure 3) for over 120 days; at which time, they were transferred to
other protocols. One of the recipients receiving rATG rejected its graft (while on
immunosuppression) on POD34 with moderate to high-grade rejection seen on histology and
with alloantibody detected in its serum (Table 1).

Transplantation of MHC-mismatched lung allografts with conventional
immunosuppression, induction therapy, and anti-ILER mAb (Group 3)

Seven monkeys underwent orthotopic left lung transplants using fully MHC-disparate
allografts followed by conventional triple-drug immunosuppression, supplemented by
induction therapy with hATG and anti-IL-6R mAb treatment, as described in Methods. One
graft was lost early in the postoperative course due to due infarction, and has been excluded
from analysis. All of the remaining six monkeys maintained healthy grafts with no evidence
for rejection for over 120 days; at which time, they were transferred to other protocols. No
alloantibody was detected in any of these recipients and only two of the grafts showed
slight, focal mononuclear cell infiltration (Table 1, Figure 4).

Impact of hATG and anti-IL6R mAb, alone and in combination, on circulating regulatory T

cells

When either hATG (50 mg/kg qd x 3 days) or anti-1L-6RmAb (10 mg/kg g week x 4 week)
was administered to a monkey (n=1, each), no significant effect was observed on the
numbers of circulating regulatory T cells. However, when both of these reagents were
administered concomitantly (n=3), a significant transient increase in circulating T cells was
observed (Figures 5 and 6).

Discussion

We report here the development of a long-term model of NHP orthotopic transplantation, as
a prelude to the development of tolerance induction protocols for clinical lung
transplantation. Our initial attempts to transplant lungs using a standard triple-drug regimen
(Group 1) led to universal graft rejection on immunosuppression. Given that similar
immunosuppressive regimens are in successful use in models of kidney and heart
transplantation (4,5), we do not believe that lung graft rejection can be attributed to species-
specific differences in the immunosuppressive effects of these drugs or drug dosing.
However, our data certainly point to an organ-specific difference in the propensity of the
NHP lungs to reject, as compared to NHP hearts, NHP kidneys, and human lung allografts.
This observation is supported by data from previous short-term studies of NHP lung
transplantation, in which rejection also occurred in animals that were immunosuppressed
(6,7).

We therefore hypothesize that the nonhuman primate immune system may be more robust
than the human counterpart, and that barrier organs in particular may exist in a higher
constitutive state of immune activation, making freedom from rejection, and ultimately
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tolerance, more difficult to achieve. This may be in part due to a relatively high prevalence
of alloreactive memory T cells that we have observed in our monkeys, presumably due to
past environmental exposures and to the many vaccinations that research NHPs receive (i.e.,
heterologous immunity) (8,9).

Based on the time course and histology observed on biopsy specimens, graft rejection
appears to be driven by an acute cellular immune response, followed by the induction of
alloantibody, presumably by a T cell-dependent mechanism. We have not observed grafts in
which a cellular immune response has been minimal or absent, which then progress to
rejection chronically through an antibody-mediated mechanism, as is common in the clinic.

By adding ATG induction therapy (Group 1), we were able to partially address the issue of
rejection, with two out of three grafts remaining healthy for over 120 days. We suspect that
the benefit derived from ATG is due to both its general anti—T cell effect, and its ability to
deplete or modulate alloreactive memory T cells. ATG has also been shown to facilitate the
generation of regulatory T cells (10,11), and this effect is reported to be enhanced by
concomitant tacrolimus administration (12). Interestingly, the two healthy grafts were
induced with hATG, whereas the rejected graft was induced with rATG. Additional studies
would be needed to determine whether there is a true difference between these two ATGs,
and whether hATG in combination with triple-drug immunosuppression would be sufficient
to prevent rejection reliably.

However, based in part on the in vivo data presented here (Figures 5 and 6) showing that the
combined administration of hATG and anti-1L-6R resulted in a measurable increase in
peripheral regulatory T cells, we elected to add an anti-IL-6R mAb to the above hATG
regimen. This humanized mAb inhibits IL-6 binding to membrane-bound IL-6R (CD126)
and to its soluble form (sIL-6R) (13). Its potential beneficial effects on the graft are multiple.
First, IL-6 is known to be a potent pro-inflammatory cytokine and general activator of innate
immunity (14-19). As such, it is able to reinforce an antigen-specific immune response.
Second, blockade of the IL-6 pathway has been reported to inhibit the activation and
survival of alloreactive CD4* memory T cells (20,21). Third, I1L-6 blockade has been shown
to prevent the differentiation of CD4* T cells into a Ty17 phenotype, while at the same time
enhancing the activation/expansion of regulatory T cells (22,23). This is consistent with the
data presented here showing that the combination of IL-6 blockade and ATG therapy leads
to a transient increase in peripheral regulatory T cells.

The addition of the anti-1L6-R mAb allowed the reliable transplantation of MHC-
mismatched lungs, with six out of six transplants surviving with healthy grafts for over 120
days (Group I1). Again, our data do not conclude whether the anti-IL-6RmADb is necessary
in addition to hATG to allow reliable transplantation. However, if rATG and hATG are
considered collectively, the regimen which includes the anti-IL-6R mAb is clearly superior.

In the course of developing this long-term NHP model of orthotopic lung transplantation, we
have observed that the cynomolgus monkey lung is particularly prone to rejection, making
this model a rigorous platform for pre-clinical investigation. Nonetheless, this NHP lung
transplant model has far greater fidelity than any current murine model or heterotopic tissue
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model, and represents an incremental improvement over our own orthotopic inbred swine
model, which differs substantially from human beings, particularly in terms of the ease with
which tolerance can be induced. We also have generated limited evidence to show that that
triple-drug therapy, along with hATG induction and IL-6R blockade, prevents graft
rejection. While not initially foreseen or intended, the stringency of our NHP model will
make it likely that any tolerance induction protocol successful in the monkey, will be easily
translated into clinical practice.
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Figure 1.
Lung histology showing no evidence for rejection in an autotransplanted lung (#M4809, Day

35, H&E 50X).
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Figure2.
Lung histology showing high-grade rejection of an MHC-mismatched lung in a

nonimmunosuppressed recipient (#M3805, Day 5, Verhoeff’s stain 50X).
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Figure3.
Lung histology showing healthy graft (#M4012 [Group 2], Day 96, H&E 50X).
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Figure4.

Lung histology showing healthy graft (#M4209 [Group 3], Day 97, H&E 50X).
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Figureb.
hATG+anti-ILBRmADb (n=3) have asynergistic effect on the expansion of circulating

regulatory T cells, compared to either hAATG (n=1) or anti-IL6R mAb (n=1) alone.
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Figure6.
Transient increase in CD25"Foxp3* T lymphocytes after treatment with hATG and anti-

ILSR mAb (#M1407).
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Table 1
Summary of results of NHP lung transplantation

Treatment Animal Number  Graft Survival (d) Clinical Outcome Final Pathology Alloantibody

Conventional M5707 21 Rejection ACR 4 +
M6207 97 Rejection ACR 2 +
M5907 61 Rejection ACR 2 +
M7607 47 Rejection ACR 4 +

Conventional + ATG M2908 34 Rejection ACR 3-4 +
M912 >120 Healthy Graft ACRO -
M4012 >120 Healthy Graft ACRO n/a

Conventional + ATG + anti-IL6R  M4209 >120 Healthy Graft ACR 0-1 -
M5110 >120 Healthy Graft ACRO -
M5410 >120 Healthy Graft ACRO -
M2411 >120 Healthy Graft ACR 0-1 -
M4711 >120 Healthy Graft ACRO -
M4612 >120 Healthy Graft ACRO n/a
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