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Local FK506 implants in non-human primates to prevent early
acute rejection in vascularized composite allografts
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Background: Previous vascularized composite allograft (VCA) studies from our laboratory have shown
that topical FK506 delivery in non-human primates (NHPs) was limited by inadequate dermal penetration
and rejection persisted. Herein, we report the first utilization of FK506 via subcutaneously implanted discs
to mitigate VCA rejection in NHPs.

Methods: Full major histocompatibility complex (MHC)-mismatched NHP pairs underwent partial-face
VCA and FK506 disc implantation along the suture line. All allotransplants were maintained post-operatively
for two months on the FK506 discs, methylprednisolone, mycophenolate mofetil, and supplemented with
intramuscular FK506 if necessary. Group 1 (n=4) was used for optimization of the implant, while Group
2 (n=3) underwent delayed bone marrow transplantation (DBMT) after two months. VCA skin biopsies
and peripheral blood samples were obtained for serial assessment of rejection and mixed chimerism by
histopathology and flow cytometry respectively.

Results: In Group 1, two technical failures occurred. Of the remaining two NHPs, one developed
supratherapeutic levels of FK506 (50-120 ng/mL) and had to be euthanized on postoperative day (POD)
12. Reformulation of the implant resulted in stable FK506 levels (20-30 ng/mL) up to POD12 when
further intramuscular (IM) FK506 injections were necessitated. In Group 2, two NHPs survived to undergo
conditioning and one successfully developed chimerism at 2-3 weeks post-DBMT (96-97% granulocytes
and 7-11% lymphocytes of recipient-origin). However, all three NHPs had to be terminated from study
at POD64, 77 and 86 due to underlying post-transplant lymphoproliferative disorder. All VCAs remained
rejection-free up to study endpoint otherwise.

Conclusions: This study shows preliminary results of local FK506 implants in potentially mitigating VCA

acute rejection for tolerance protocols based on mixed chimerism approach.
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Introduction

It has been more than 20 years since the first successful
hand transplant (1) and the utility of vascularized composite
allografts (VCAs) remains plagued by the same fundamental
problem, lifelong systemic immunosuppression and the
attendant sequelae of life-threatening complications (2-4).
Compared to solid organ transplantation (SOT), VCAs
differ in the composition of the transplanted tissues
including the skin that presents a higher antigenic load
potentially requiring even more immunosuppression (5,6).
Based on the latest report of the International Registry on
Hand and Composite Tissue Allotransplantation in 2017,
patients compliant with triple immunosuppressive regimens
(i.e., calcineurin inhibitor, steroids, mycophenolate mofetil
(MMF) were able to maintain and prevent early loss of the
VCA. However, acute rejection of the VCA occurs in up
to 90% of patients, over the first year post transplantation,
with almost 60% developing multiple episodes (2). The
exteriorized skin component of VCAs could present an
opportunity for earlier detection and prompt treatment
of rejection with topical immunosuppression. The
clinical experience in VCA however, has more or less
confirmed that while topicals may help reverse rejection
episodes, further titration and boluses of systemic
immunosuppression (typically steroids) were often necessary
(7,8). Indeed, our laboratory has recently reported that
topical FK506 did not allow the reduction of systemic
maintenance immunosuppression in VCAs in a non-human
primate (NHP) model and could only penetrate into the
epidermis (9). Additionally, we have demonstrated through
in vitro analysis of NHP VCA skin biopsies that by week
2, skin leukocyte populations (CD4+, CD8+) within the
dermis have undergone near-complete (>90%) turnover
from donor (VCA) to recipient-origin (10). Nonetheless,
VCA rejection episodes were unavoidable and rendered
subsequent immune tolerance protocol attempts through
mixed chimerism using bone marrow transplantation
impossible (10).

Inducing a state of immunologic tolerance to
allotransplants in the absence of immunosuppression would
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greatly expand the clinical application of VCA. Mixed
chimerism, in which both donor- and recipient-derived
lymphohematopoietic elements co-exist in the recipient (11),
may negate the spectre of chronic rejection, and is a proven
strategy to enable immunosuppression withdrawal as
demonstrated in clinical trials on renal transplantation (12).
Many reported strategies to induce mixed chimerism
rely on 1-2 days of recipient preconditioning, including
viable donor cell infusions, which would not be logistically
possible for VCAs from cadaveric donors. Using a delayed
tolerance induction protocol (DTIP), whereby the donor
cells are temporarily stored for infusion 1-2 months
after VCA, could be one approach if acute rejection was
mitigated during the delay period.

A variety of research efforts are underway to develop
drug delivery systems (DDS) that may mitigate rejection in
VCA (13,14). All previous DDS studies have been limited to
small animal models that arguably, have limited translational
potential, especially in the context of VCA (15), except for
a recent porcine study by Fries ez 4l. (16). Those authors
showed that tacrolimus-loaded hydrogel implanted
into the allograft delayed the onset of Grade IV acute
rejection in porcine forelimb VCAs. In this study, we
describe our experience in replacing our previous topical
FK506-TyroSpheres (in the form of a gel dressing
acting mainly on the epidermis) (9) with subcutaneously
implanted discs for direct and sustained release into VCA
dermis. The primary and secondary aims of our study
are thus mitigation of acute rejection, and the successful
development of delayed mixed chimerism respectively.
The attainment of the former is expected to enable the
latter to be achieved. We present the following article in
accordance the ARRIVE reporting checklist (available at
http://dx.doi.org/10.21037/atm-21-313).

Methods

All experiments were performed in accordance with the
NIH’s Guide for the Care and Use of Laboratory Animals
with approval from the IACUCs of Rutgers University and
Massachusetts General Hospital (2015N000146).
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Figure 1 Delayed tolerance induction protocol for VCA. The sequence and timing of the protocol interventions are depicted relative to the
timing of VCA and DBMT. The VCAs were maintained with conventional triple-drug immunosuppression for 60 days, followed by DBMT
using a nonmyeloablative conditioning regimen including total body irradiation (TBI, 150 ¢Gy, on POD 54 and 55), thymic irradiation (T1I,
700 cGy on POD 59), ATGAM (IV 50 mg/kg on POD 58, 59 and 60), methylprednisolone (IV 5 mg on POD 58, 59 and 60) and anti-CD8
mAb (cM-T807, Centocor, Inc., Horsham, PA; 5 mg/kg IV on POD 59). After DBMT, the recipients were treated with short courses of
anti-CD40L (h5C8; 20 mg/kg IV on POD 60 and 62, and 10 mg/kg on POD 65, 67, 69, and 72) and anti-IL-6 receptor mAb (tocilizumab,
ACTEMRA®; Genentech, San Francisco, CA; 10 mg/kg IV on POD 0, 67, 74, 81 and 88). After this, no further immunosuppression was
given. ATGAM, equine anti-thymocyte globulin; DBMT, delayed bone marrow transplantation; mAb, monoclonal antibody; POD, post-
operative day; TBI, total body irradiation; TT, thymic irradiation; VCA, vascularized composite allograft.

Experimental design transplantation (DBMT) at 60 days.

Adult, male cynomolgus monkeys (Macaca fasicularis)
weighing 5 to 10 kg were chosen for this study (Charles Optimization of local FK506 implant design
River Primates, Wilmington, MA). Transplant pairs were Details of the in vitro and in vivo testing and manufacturing
selected for compatible ABO blood types and full major

of the FK506 implants in Sprague-Dawley rats are beyond
histocompatibility complex (MHC)-mismatching (17,18)

the scope of the current study and have been reported

before undergoing heterotopic, partial face VCA (19). elsewhere (20). Essentially, scale-up iterations of the FK506

In Group 1, four NHPs were used to optimize the
pharmacokinetics of FK506 delivery. In Group 2, three
NHPs received the optimized FK506 implants and were
maintained on supplemental FK506 as necessary along
with standard methylprednisolone, and MMF. Animals
in the latter group underwent the DTIP involving
preoperative thymic and total body irradiation along with
other conditioning agents, as described previously (10) and
detailed in Figure 1, prior to receiving delayed bone marrow
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implants were cycled through Group 1 before arriving at the
final formulation for Group 2, and all were distributed evenly
along the suture line between donor (VCA) and host skin.
The initial iteration of FK506 implants (15 wt% film
measuring 10 mm x 10 mm each) in Group 1 was based
on the release profile, tissue distribution and standard
intravenous (IV) or intramuscular (IM) FK506 dosing
protocol of 0.1 mg/kg/day. Based on the timeline of the
DTIP where immunosuppression lasts up to 90 days
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Figure 2 Development of local FK506 implant technology: (A) initial, unsuccessful iterations consisting of 15% drug-loaded devices

measuring 10 mm x 10 mm each (10x film and 1x laminated versions), and (B) final, successful iteration consisting of 4 mm diameter circular

implants loaded with 30 wt% tacrolimus and 1 wt% vitamin E (stabilizer to prevent degradation following sterilization and storage) totaling

3 em’ (C) placed along the suture line and (D) final appearance on skin closure. Implants circled in yellow to aid visualization.

(60 days maintenance and 30 days bridging post-DBMT),
total dosages were:

¢ IV/IM FK506 = 0.1 mg/kg/day x 10 kg/NHP x

90 days = 90 mg/NHP.

"To provide the equivalent dose via FK506 implants,

% Implant FK506 = 0.15 mg/mg film x 60 mg film/

implant x 10 films/NHP = 90 mg/NHP.

Therefore, ten 15% FK506-loaded films were sterilized
intra-operatively with povidone-iodine before implantation
(in the first two NHPS in Group 1) at least 20 mm apart
around the transplant site (Figure 2A4,B,C,D). The in
vivo implant release profile (see Results section) was not
consistent with that predicted by in vitro data, with a high
initial release of FK506 followed by a second spike which
required redesign. This was addressed (in the next two
NHPs, M3 and M4, in Group 1) through lamination to
seal in the drug and provide a diffusion barrier to prevent
the initial burst release of FK506. Two implants were then
placed in M3, while only one was used in M4; this was
equivalent to a dosing of approximately 1.8 and 0.9 mg/kg

© Annals of Translational Medicine. All rights reserved.

respectively and models the daily IV/IM dose with the
secondary goal of also extending local immunosuppression
for as long as possible.

The final version of the FK506 implants in Group 2
was that of 4 mm circular implants (24 total) loaded with
30 wt% tacrolimus and 1 wt% vitamin E (stabilizer to
prevent degradation following sterilization and storage)
totaling 3 cm’ (based on in vive drug release studies in
rodents at Rutgers University). These implants were also
sterilized pre-operatively by gamma irradiation to mirror
actual clinical application. Such a design aimed to provide
therapeutic levels of FK506 via controlled release over
the first 7-10 days to combat acute rejection of the VCA
with further IM supplementation thereafter as necessary.
Despite the likely lower systemic levels, the presumed
higher FK506 concentration within the soft tissue (based on
rodent studies, no validated method in NHPs) surrounding
the implants is hypothesized to provide adequate local
immunosuppression throughout the lifetime of the implant
to prevent acute rejection. Historical NHP subjects from
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our laboratory without FK506 implantation were previously
reported and utilized as controls for this study (10).

Immunological monitoring

Post-transplantation, VCAs were monitored twice daily
for the first 72 hours and once daily subsequently, or more
frequently if requested. Protocol and for-cause VCA skin
biopsies were performed using a standard 6 mm punch
biopsy kit at approximately 30-day intervals. When
rejection was suspected clinically (i.e., increased erythema,
swelling, ulceration etc.), treatment was initiated with
steroid bolus and gradual taper over 14 days to 1 mg per day
(same as maintenance). All VCA skin biopsies were fixed in
formalin, stained with hematoxylin and eosin (H&E), and
subjected to pathologic analysis according to the 2007 Banff
Working Classification for composite tissues (21,22) by two
pathologists (I.A.R and R.B.C) blinded to the study.

Peripheral blood chimerism was evaluated chronologically
post-VCA by flow cytometry as described previously at
approximately 2-week intervals (10,23). Systemic levels of
FK506 were measured chronologically post-VCA with an
Abbott ARCHITECT Immunoassay Analyzer.

Statistical analysis

Experience with large animal models for transplantation
research over the past 30 years at MGH has demonstrated
that three transplant recipients per experimental group are
sufficient to provide statistical power for the detection of
survival differences, and to achieve statistical significance in
the comparison of categorically-scored histological specimens
using non-parametric statistical tests (e.g., Mann-Whitney U)
with an alpha risk level of 5% and a beta risk level of 80% (24).

Results
Optimization of FK506 delivery

In Group 1, M1 developed venous thrombosis of the
VCA and lost the graft by POD 4. Systemic FK506 levels
were measured up to POD 12 in M2 and ranged from
50-120 ng/mL. These levels were 2—6 fold higher than
the therapeutic target range of 20-30 ng/mL (for NHPs)
and were thought to have arisen from the combination of
the induction dose of IM FK506 (0.2 mg/kg x 9 kg NHP
=1.8 mg) and high early release levels from FK506 implants
that had been observed during the first few days from earlier
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in vitro studies in rats (not shown). The sustained and high
release of FK506 past the first week, however, was cause
for serious concern. Clinical assessment of M2 suggested
potential tacrolimus toxicity including poor appetite, weight
loss, and a slight tremor, resulting in removal of this animal
from the study on POD 12.

The burst release of FK506 was addressed by lamination
and reducing the number of implants (from ten) as
described in Materials & Methods, and implemented for
the next two NHPs (M3, M4) in Group 1. M4 received two
implants, developed venous thrombosis and lost the graft by
POD 5. M3 received two implants, which reduced systemic
levels of FK506 to within the desired therapeutic range up to
POD 11 before additional IM dosing was required. M3 was
then removed from study on POD 13 as it had reached the
experimental end point of rejection (corresponding FK506
levels <20 ng/mL) (Figure 3).

In Group 2 NHPs (n=3), initial systemic FK506 levels at
POD 3 were 60.0, 79.1 and 112.4 ng/mL and subsequent
IM FK506 administration was stopped. In M5, FK506 levels
fell rapidly to 26.6 ng/mL by POD 10, which necessitated
reinstatement of IM FK506. In contrast, M6 did not require
additional IM FK506 up to the point of DBMT (at POD
60). In this animal systemic FK506 levels had a second peak
at week two (100 ng/mL) before gradually tapering to and
maintaining just above the target range at 30-40 ng/mL
from approximately POD 30 onwards. M7 had a similar
course to M6 and only required additional IM FK506 from
around POD 45 onwards when systemic FK506 levels fell
below the target range (Figure 4).

Successful mitigation of acute rejection

Acute rejection episodes were avoided in all three Group
2 NHPs. However, routine CBC from M7 on POD 12
revealed a raised granulocyte count (14.5x10°/L) that
manifested with a cutaneous rash on the VCA associated
with pruritus. This was treated presumptively as rejection
by titrating methylprednisolone back up to 40 mg IV, and
symptomatically with diphenhydramine (50 mg/kg/day)
until clinical resolution was achieved. All Group 2 NHPs
had VCA biopsies taken on POD 30 and POD 60 that

returned negative for rejection (Figure 5).

Detection of donor cells after DTIP but PTLD remained
rampant

All three NHPs in Group 2 successfully underwent the
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Figure 4 Systemic levels of FK506 (lines with symbols) in Group 2
following transplantation, and corresponding dosages of IM FK506
(solid lines). M5 required additional IM FK506 throughout the study
whereas M6 did not, and M7 had a similar course until POD 45.

DTIP and received DBMT but developed progressive
weight loss of between 30-35% of total body weight and
worsening leukocytosis (14x10°/L-37.4x10°/L) shortly
after. Of note, M6 developed a period of impaired glucose
tolerance with random blood sugar at 389 mg/dL on POD
29 while FK dosing was being maintained by only the
subcutaneous implant. This was treated with a diabetogenic
diet and insulin until POD 50. At a similar timepoint,
M7 which also had FK dosing maintained solely by
subcutaneous implant, developed lymphadenopathy of the
right inguinal lymph node on POD 39. The lymph node

was surgically excised and histology confirmed underlying
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post-transplant lymphoproliferative disorder (PTLD).
Although the animal did go on to receive DBMT, it had
lost >20% of its total body weight by POD 64 and was
also removed from study per veterinary recommendation.
During this timeframe, all three NHPs were maintained
with comparable systemic tacrolimus levels despite the
varying clinical courses. Following DBM'T, there was
strong clinical suspicion for PTLD in M5 and M6, which
was confirmed at the end of study on POD 77 and 86,
respectively. PTLD were all likely of recipient-origin
(Figure 6).

Final chimerism analysis showed a very low percentage
of donor cells (~2-5%) at experimental endpoint in M5 and
M?7. M6 on the other hand successfully developed mixed
chimerism (96-97% granulocytes and 7-11% lymphocytes
of donor-origin) at 2-3 weeks post-DBMT (Figure 7).

Discussion

A plethora of drug delivery systems have been reported
in small animal VCA models to mitigate acute rejection
using various immunosuppressants including FK506,
steroids, and rapamycin (13,14). These include direct
topical application (25,26); intra-graft administration with
various functionalities such as “on-demand” drug release
in response to inflammation (27) and “on-cue” release
upon ultrasound stimulation (28); and local biodegradable
implants with sustained regional release (29). Most
encouragingly, these reports have all had varying degrees of
long-term (100-280 days) VCA survival, minimal systemic
toxicity and related complications, and the potential for
immunoregulation through chimerism and even increased
levels of T, (30).

Our laboratory is focused on developing a similar
approach to local immunosuppression but instead, we
utilized a translational large animal model (NHPs). We
have previously shown that topical FK506 was limited
by inadequate dermal penetration in NHP when given
alongside reduced levels of systemic immunosuppression (9).
This outcome reflected the clinical experience in VCA,
whereby topicals could only augment systemic therapy
(2,8). Hence, our current study was focused on directing
local FK506 delivery to the dermis, similar to the reported
experience in rats (29). Our main challenges, however, were
to translate successes in small animal models for scale-up of
in vivo testing in a pre-clinical NHP VCA model.

To the best of our knowledge, there has only been one
prior large animal study on local immunosuppression.
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Figure 5 (A) M5 (H&E, 100x) and (B) M7 (H&E, 400x). The skin from the VCA shows no evidence of rejection at end of study. The

epidermis is intact and shows no inflammation. VCA, vascularized composite allograft.
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Figure 6 End-of-study whole blood data for each Group 2 recipient. PTLD likely of recipient origin in all recipients since there was

minimal double positive staining in the CD20+ H38+ population (Q2). Majority of B-cells are recipient origin. PTLD, post-transplant

lymphoproliferative disorder.

Fries et al. (16) investigated the use of high (91 mg/limb)
and low-dose (49 mg/limb) FK506-loaded hydrogels
alone, administered subdermally prior to skin closure in a
porcine VCA model. Both experimental groups had similar
early burst release of FK506 (range, 33.18-42.16 ng/mL
and 11.91-35.62 ng/mL for high and low-dose groups
respectively on POD 1) followed by a second spike around
POD7-10. However, animals in the high-dose group had to
be euthanized at POD 24, 30 and 42 due to failure to thrive,
while low-dose group animals survived up to POD 56, 63,
91 and 93 before Grade IV rejection developed. Similarly,

© Annals of Translational Medicine. All rights reserved.

NHP recipients in Group 2 of the current study developed
a myriad of side effects, likely from the high dose of
systemic FK506, including diabetes and the development of
recipient-origin PTLD (in association with BMT). VCAs in
the study by Fries et al. were performed across only a single
haplotype mismatch rather than a full MHC-mismatch as in
our current study. Furthermore, Fries’ study was designed
to consider graft survival as up to Grade IV rejection (i.e.,
necrosis). However, Grade I-1I rejection developed from
as early as POD 4 in both groups, an observation that is
arguably of greater clinical importance, which underlies the
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Figure 7 Flow cytometry plots of chimerism analysis of Group 2 recipients. Large spike in donor cells within the granulocyte population

of M6 whole blood post-DBMT; donor cells in this gate are negative for almost all lineage markers. Very low percentage of donor cells was

detected for M5 and M7 throughout the study. DBMT, delayed bone marrow transplantation.

premise of topical and/or local immunosuppressive therapy
(i.e., to prevent the onset of Grade I-II rejection episodes).
While Fries’ results are encouraging with the use of the
FK506-loaded hydrogels alone, our study represents an
alternative approach towards FK506 treatment. We utilized
FK506 implants, standard induction and maintenance
triple immunosuppression concurrently (in Group 2), and
provided proof-of-concept of the efficacy of our technology
in mitigating acute rejection across the highest MHC
mismatch barrier (i.e., full) possible. Additionally, 2 of 3
NHPs in Group 2 of the current study also demonstrated
rejection-free VCA survival without additional IM FK506
dosing for 45-60 days (Figure 4).

This study is a proof-of-concept for clinical application
of local FK506 implant technology. Additionally, it may
prevent cases of VCA rejection that are due to patient
noncompliance with oral immunosuppression. We do
acknowledge that the current formulation, despite our best
efforts, can lead to unacceptably high levels of systemic
FK506. However, the surgically accessible subcutaneous
position permits removal of some, or all of the implants in
the event of unacceptably high levels.

Interestingly, high-dose FK506 has been explored as
part of induction therapy prior to VCA in both NHP (29)
and swine (30) models with varying results. In NHPs,
high dose FK506 (systemic levels of 30-50 ng/mL) was
maintained for 28 days before maintenance on once-daily
IM dosing (target trough levels of 10-20 ng/mL) and 5 of 6
NHPs demonstrated clinically rejection-free (but histology
revealed mild rejection) survival of up to 177 days (mean,
113 days). All five NHPs subsequently developed PTLD
and no evidence of chimerism was detected throughout

© Annals of Translational Medicine. All rights reserved.

the study. In swine, full MHC-mismatch transplant pairs
underwent VCA following conditioning with 50 cGy
total body and 350 cGy thymic irradiation (i.e., a “day
0” protocol rather than a D'TIP) and results were highly
variable. High dose FK506 (15-20 ng/mL) maintenance
prevented VCA rejection in swine (3 of 3) but all developed
major infectious complications leading to death. Swine that
only received transient high dose FK506 for 60 days (3 of 3)
had indefinite VCA survival (>300 days) while off all
immunosuppression without any mention of the presence
or absence of chimerism.

Previous SOT studies in swine utilizing high-dose FK506
as induction over 12 days (31-33) have led to immune
tolerance, so a species-specific mechanism may explain the
differences in NHP versus swine experiments. Also, we have
previously shown in swine VCA studies that transient mixed
chimerism was insufficient for tolerance (34) and that stable
mixed chimerism would be required instead (35), but this
was dependent on the MHC barriers involved (36). Building
on these mechanistic studies in swine, our laboratory has
been focused on developing a successful mixed chimerism
protocol in NHPs. Our recent work showed that DTIP, in
which animals are kept on immunosuppression until healed
and recovered from the initial tissue transplant procedure,
then conditioned and given stem cells for tolerance
induction months later, while successful in SOT (37), was
not able to mitigate acute VCA rejection during the delay
period. The rejection episodes negated development of
mixed chimerism in NHPs (10), similar to the experience
in clinical renal tolerance trials (38). While recent clinical
developments have shown the intriguing promise of adding
rituximab as part of induction to abrogate rejection episodes
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Figure 8 Proposed mechanism of action of local FK506 implant technology in averting rejection in vascularized composite allografts

(VCA). (A) Previous studies from our laboratory suggest that skin cells within VCA dermis undergoes near complete turn-over and

becomes infiltrated by recipient-origin leukocytes which likely results in rejection. (B) By delivering FK506 into the dermis directly through

subcutaneous implantation, this infiltration of recipient-origin leukocytes may be delayed and/or negated completely, to mitigate the

development of acute VCA rejection.

for up to two years post-VCA (39), the need for strict
patient compliance with maintenance immunosuppression
remains and demonstrates the potential utility of our local
FK506 implants (Figure §). Most encouragingly, there is
now emerging evidence to support the use of rituximab
prophylactically against PTLD (40), which is a strategy
under consideration in our laboratory.

In conclusion, the recent development of DDS has
shown much promise in controlling acute rejection of VCA.
Our current study has shown that such proof-of-concept
work in small animals can be scaled up into a clinically
relevant large animal model (NHP). Future efforts will be
focused on optimizing our local FK506 implant technology
to minimize systemic morbidity by reducing the initial peak
of burst release, in pursuance of the DTIP strategy for
mixed chimerism and immune tolerance to VCA.
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