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Vascularized composite allotransplantation has great potential
in face transplantation by supporting functional restoration
following tissue grafting. However, the need for lifelong
administration of immunosuppressive drugs still limits its
wide use. Modified mRNA (modRNA) technology provides
an efficient and safe method to directly produce protein in vivo.
Nevertheless, the use of IL-10 modRNA-based protein replace-
ment, which exhibits anti-inflammatory properties, has not
been shown to prolong composite facial allograft survival. In
this study, IL-10 modRNA was demonstrated to produce func-
tional IL-10 protein in vitro, which inhibited pro-inflammatory
cytokines and in vivo formation of an anti-inflammatory envi-
ronments. We found that without any immunosuppression,
C57BL/6] mice with fully major histocompatibility complex
(MHC)-mismatched facial allografts and local injection of IL-
10 modRNA had a significantly prolonged survival rate.
Decreased lymphocyte infiltration and pro-inflammatory T
helper 1 subsets and increased anti-inflammatory regulatory
T cells (Tregs) were seen in IL-10 modRNA-treated mice. More-
over, IL-10 modRNA induced multilineage chimerism, espe-
cially the development of donor Treg chimerism, which
protected allografts from destruction because of recipient al-
loimmunity. These results support the use of monotherapy
based on immunomodulatory IL-10 cytokines encoded by
modRNA, which inhibit acute rejection and prolong allograft
survival through the induction of donor Treg chimerism.

INTRODUCTION

Vascularized composite allotransplantation (VCA) is an emerging
form of treatment in the field of surgical reconstruction.' * It is partic-
ularly useful in cases in which a defect is too large or unique to repair
using conventional methods. Most defects caused by tumor resection,
trauma, and reconstruction of congenital anomalies can be repaired
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using autologous tissues. However, unique defects in areas such as
the face, hand, uterus, penis, etc., can only be replaced through
VCA.”" VCA differs from solid organ transplantation in that it
uses a composite of tissue types. Taking the face, for example, an allo-
graft would contain various tissue components, such as skin, muscle,
mandible, oral mucosa, vessels, and nerves, which have various levels
of immunogenicity.”*** Compared with organ transplantation, VCA
elicits complicated and aggressive immune rejection responses.”’
Therefore, patients need lifelong immunosuppression and are at
risk for opportunistic infections or tumor formations. If the dose of
immunosuppressive drugs can be reduced, perhaps VCA could be
more available to the patients who need it most.

Interleukin-10 (IL-10) has an important function in the maintenance
of immune balance. It suppresses alloantigen presentation of antigen-
presenting cells (APCs) and renders these cells more tolerogenic.** ™’
IL-10 also inhibits the expression of pro-inflammatory cytokines such
as IL-2, IL-1PB, tumor necrosis factor-o. (TNF-a), and interferon-y
(IFN-v).*** Anti-inflammatory regulatory T cells (Tregs) can be
differentiated from naive T cells by IL-10 treatment,”* which mainly
contributes to immunosuppression®” and inhibits various pro-in-
flammatory cells.”® Donor corneas pre-treated with transforming
growth factor f and IL-10 recombinant proteins displayed prolonged
allograft survival through the induction of tolerogenic APCs.”” IL-10
gene therapy was performed using intramuscular injection of adeno-
associated virus (AAV), which resulted in suppression of diabetes
recurrence when diabetic mice were transplanted with islet cells.
Moreover, the serum level of IL-10 was positively correlated with
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extended islet graft survival, whereas it was negatively associated with
diabetic autoimmune responses.’® Skeletal muscle transduction with
AAV-IL-10 effectively prevents spontaneous type 1 diabetes and in-
hibits insulin autoantibodies and insulitis in nonobese diabetic
(NOD) mice.”” Intramuscular injections of IL-10 plasmid DNA
also prevent spontaneous diabetes in NOD mice.”” Taking all the
data together, IL-10 administrations shown to protect against islet
destruction by suppressing autoimmunity through the use of IL-10
recombinant protein therapy (subcutaneous, intramuscular, or oral
injection) or gene therapy (AAV or plasmid administration). In
contrast, several studies reported that IL-10 administrations are
highly associated with the severity of graft-versus-host disease
(GVHD).*""* IL-10 infusion has a dose-dependent effect on
GVHD lethality through the modulation of CD4" and CD8"
T cells. High doses of IL-10 administration exacerbate GVHD
lethality, whereas low doses of IL-10 mediate protection for GVHD.*

Compared with therapy based on protein or DNA, mRNA has several
advantages, such as rapid production of the target protein, low purifi-
cation cost, easy operation, and lack of genomic integration. However,
there are disadvantages, such as instability, immunogenicity, and diffi-
cult delivery, which limit the therapeutic application of mRNA. In
recent years, scientists have substantially overcome the disadvantages
of mRNA therapy with modified mRNA (modRNA) technology
using anti-reverse cap analog (ARCA), 5-methylcytidine-5'-triphos-
phate, pseudouridine-5'-triphosphate, and other modifications. It
was demonstrated that ARCA does not interact with reverse oriented
mRNA, resulting in increased mRNA stability and translation
efficiency.**** The incorporation of modified nucleotides such as
5-methylcytidine (5mC) and pseudouridine (yU) and a poly-A tail
was reported to enhance mRNA stability and decrease innate immune
responses in the host.*® Phosphatase also facilitates reduced host im-
munity by the removal of triphosphates at the 5 end of the mRNA.
Therefore, modRNA can mediate highly transient expression and has
low immunogenicity, and its stability is enhanced, as it avoids degrada-
tion by RNase enzymes. modRNA is a safe, effective, and footprint-free
strategy with a half-life of up to 6 days in vivo."” Studies have demon-
strated that following intracardiac injection, purified vascular endothe-
lial growth factor (VEGF) modRNA can immediately produce VEGF
protein in heart tissue and further improve heart function.”’>° A single
injection of dendritic cells (DCs) electroporated with IL-4 modRNA
was shown to prevent autoimmune diabetes and maintain stable glyce-
mia in nonobese diabetic mice through the upregulation of Tregs.”!
Moreover, modRNA technology has also been used for various pur-
poses in clinical trials of several diseases, including in targeting
VEGF in cardiovascular disease, tumor-specific antigen in prostate
cancer, and vaccine in human immunodeficiency virus.”> modRNA-
based vaccines against coronavirus disease 2019 (COVID-19), such
as Pfizer/BNT 162b2 using proline mutations and Moderna 1273 using
N1-methyl-pseudourine, are widely available worldwide.”® >’

However, the effects of IL-10 modRNA monotherapy in composite
facial allotransplantation have not yet been studied. We used mod-
RNA with local injection to directly produce IL-10 protein around

the facial allograft in vivo and subsequently evaluated allograft sur-
vival and the underlying mechanisms. We hypothesized that the tran-
sient overexpression of anti-inflammatory cytokine IL-10 protein has
an important immunomodulatory role in the process of donor Treg
induction and acute allograft rejection.

RESULTS

Protein produced from IL-10 modRNA transcript is functional

in vitro

To distinguish between endogenously and exogenously expressed IL-
10, our construct was cloned with a FLAG tag in the C terminus of
IL-10 gene. Gene sequence corresponding to either IL-10 or IL-
10_FLAG was separately cloned into an RNA synthesis vector using
the Gibson Assembly method for in vitro transcription. DNA
sequencing and gel electrophoresis were used in the characterization
of both constructs, the latter of which was used to visualize the PCR
transcript and EcoRI-cut fragments (Figure S1). To confirm whether
the purified IL-10 modRNA transcript translates a protein that is actu-
ally secreted, we used several cell lines for transfection, including
mouse embryonic fibroblasts (MEFs), C2C12 mouse muscle myo-
blasts, human embryonic kidney 293 cells, and human Jurkat T cells.
GFP modRNA was used as a positive control to evaluate the transfec-
tion efficiency of modRNA in these cells. GFP protein expression was
detected 6 h after transfection, with robust expression levels observed
in the cells at 24 and 48 h post-transfection by fluorescence microscopy
(Figure S2). On the basis of quantitative ELISA, different cell types
were all similarly found to secrete increased IL-10 protein in a time-
dependent manner after modRNA transfection (Figures 1A-1D).
The expression of IL-10 protein from modRNA transcript in Jurkat
cells was examined using qualitative western blot assay (Figure 1E).
A Transwell system was used to evaluate whether the protein secreted
from IL-10 modRNA-transfected Jurkat cells was functional, namely
whether it could inhibit pro-inflammatory cytokines such as IL-2
and IFN-y produced from stimulated mouse splenocytes. We found
that the IL-10 modRNA group showed a time-dependent and quanti-
tative decrease in IL-2 and IFN-y production compared with the buffer
group (Figures 1F and 1G). These results demonstrate that IL-10 pro-
tein is translated from purified modRNA transcript in different cell
types, and the secreted protein is functional in inhibiting IL-2 and
IFN-y production in activated lymphocytes.

Tracking of kinetics of the protein produced from luciferase
modRNA using in vivo image system

Although a cationic lipid is typically used in modRNA encapsulation
for in vivo delivery,”® it is associated with significant toxicity issues.>”
Recent studies reported that modRNA can be translated in in vivo tis-
sues without the need for lipid carriers.” The delivery of modRNA
embedded with a transfection reagent, such as RNAiMAX or Lipofect-
amine, into animal heart tissue in vivo was demonstrated to have lower
protein expression compared with injection with naked modRNA in a
sucrose-citrate buffer.”® To further determine whether injection with
naked modRNA in saline buffer is effectively translated into protein
in mice, a non-invasive real-time in vivo (IVIS) imaging detection sys-
tem was used for long-term live animal imaging. This system allows
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Figure 1. IL-10 modRNA transcript produces functional protein in vitro

(A-D) IL-10 modRNA produced IL-10 protein in mouse embryonic fibroblasts (MEFs), C2C12 mouse muscle myoblasts, human embryonic kidney 293 (HEK293) cells, and
Jurkat cells (human T cells) at different time points by IL-10 ELISA. MEF (2 x 10%, C2C12 (1 x 10°), and 293 cells (1 x 10°) were transfected with 100 ng modRNA. Jurkat cells
(5 x 10°% were transfected with 200 ng modRNA. All transfection experiments were performed in 96-well flat plate using Lipofectamine 3000 reagent. (E) Jurkat cells ex-
pressed IL-10 protein when transfected with IL-10 modRNA. Jurkat cells (12 x 10%) were transfected without or with 5,000 ng IL-10 modRNA in 6-well plate. Cells were
harvested one day after transfection, and 20 pg protein extract was analyzed using western blot assay. B-Actin was used as loading control. (F and G) Jurkat cells treated with
IL-10 modRNA secreted functional IL-10 protein, which inhibited IL-2 and IFN-y production in vitro. Jurkat cells (3 x 10° cells per well) transfected with 200 ng IL-10 modRNA
were seeded in the top chambers of Transwell 96-well plates. Splenocytes (SPL; 3 x 10° cells per well) were seeded in bottom reservoir and stimulated with coated anti-CD3
(2 pg/mL) and soluble anti-CD28 (2 ng/mL). Supernatants in bottom reservoir were collected at different time points and analyzed using IL-2 and IFN-y ELISA. Statistical data
are represented as mean + SD. The IL-10 modRNA group was compared with the buffer group at different time points (**p < 0.005 and ***p < 0.0005, Student’s t test).

instantaneous observation and characterization of the biodistribution
and expression time of target proteins in living animals. Firefly lucif-
erase modRNA was constructed into an RNA synthesis vector and
checked by DNA sequencing to confirm the length and identity of
the 1,653 bp sequence (Figure S3). Subsequently, the naked luciferase
modRNA was subcutaneously injected into the right neck of mice, rep-
resenting luminescent protein only expressed in the local injection site,
and bioluminescence measurement persisted up to 6 days (Figure S4).
This result suggests that the use of saline buffer alone for modRNA de-
livery results in good protein expression in mice.

Pharmacokinetics of IL-10 modRNA-translated protein in mice

To examine whether IL-10 modRNA mediates efficient protein trans-
lation in vivo, exogenous IL-10 protein expression needs to be distin-
guished from endogenous expression. Thus, purified IL-10_FLAG
modRNA was used for detecting exogenous IL-10 protein using
FLAG ELISA. Moreover, two dose groups of IL-10_FLAG modRNA
were designed for examining expression time of exogenous IL-10 pro-
tein in vivo. A single 10 pg dose of purified IL-10_FLAG modRNA
formulated in 50 pL saline buffer was directly injected into right
face tissue at day 0, defined as the IL-10 modRNA-10 group. On
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the other hand, two 5 ng doses of purified IL-10_FLAG modRNA
formulated in 50 pL saline buffer was directly injected into right
face tissue at day 0 and day 12, defined as the IL-10 modRNA-5 group.
We also explored whether exogenous IL-10 protein is secreted and
released to other tissues such as blood, spleen, and lymph nodes
(LNs), in addition to the injected tissue was determined. In IL-10
modRNA-10 group, on days 1-4 following injection, the concentra-
tion of IL-10_FLAG fusion protein was, on average, more than
100 pg/mL, measured from 100 mg of injected tissue in 400 pL lysis
buffer by FLAG ELISA. On days 5-6 and 10-18, the protein concen-
tration was below 50 and 10 pg/mL, respectively. However, in IL-10
modRNA-5 group, the first 5 pug dose of IL-10_FLAG modRNA dis-
played a high concentration of IL-10 protein (55.2 pg/mL) in injected
tissues on day 1 and then gradually decreased to 6.02 pg/mL on day 9.
The second dose of modRNA showed a second high concentration of
IL-10 protein (60.5 pg/mL) in injected tissues on day 13 and, subse-
quently, gradually reduced to 6.7 ng/mL on day 23 (Figure 2A). The
fusion protein was almost undetectable in blood, spleen, and LNs.
Immunohistochemistry of the injected tissue on day 2 following IL-
10_FLAG modRNA injection showed dramatic expression of IL-
10_FLAG fusion protein in muscle tissue, secondarily in epidermis
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Figure 2. Protein pharmacokinetics in mice injected
with IL-10 modRNA

(A) To distinguish between endogenous and exogenous IL-
10 expression in vivo and further observe the expression
time of exogenous IL-10 protein, the IL-10_FLAG modRNA
was used, and two dose groups of IL-10_FLAG modRNA
were designed in the experiments. A single 10 ng dose of
purified IL-10_FLAG modRNA formulated in 50 pL saline
buffer was directly injected into right face tissue at day O,
defined as the IL-10 modRNA-10 group. In addition, two
5 pg doses of purified IL-10_FLAG modRNA formulated
in 50 pL saline buffer was directly injected into right face
tissue at day O and day 12, defined as the IL-10

B Buffer

i ase modRNA-5 group. In both groups, blood serum, spleen,

lymph nodes (LNs) near injected site, and 100 mg of
injected tissue were harvested and analyzed for
exogenous IL-10 protein expression using FLAG ELISA.

In the IL-10 modRNA-10 group, samples were examined

at0, 1, 2,3, 4,5, 6, 10, 15, and 18 days after injection.
In the IL-10 modRNA-5 group, samples were examined
at 0, 1, 2, 5, 9, 13, 14, 16, 20, and 23 days after
injection. Day O indicates face tissue without modRNA
injection. Harvesting of tissue was conducted using
3 mice for each time point. Data are presented as

and hair follicles, by brown staining of FLAG, which was less brown in
connective and fatty tissues (Figure 2B). These results indicate that a
single direct injection of naked IL-10 modRNA induces locally tran-
sient production for up to 10 days, reaching a peak level at 24 h, cor-
responding to high translation levels in muscle cells. Although two
5 g doses of IL-10 modRNA produced around half concentrations
of IL-10 protein compared with a single 10 pug dose of modRNA, it
can induce locally transient expression for up to 20 days and produce
two peak levels on days 1 and 13.

IL-10 modRNA monotherapy prolongs facial allograft survival

The complexity of composite tissues is higher in the face than other
body parts, such as the hindlimb, which results in the elicitation of
more aggressive immunogenicity, making it difficult to be accepted
by the host.”” Thus, we established a semi-face transplantation mouse
model including skin, muscle, oral mucosa, and mandible to study
facial VCA therapy and the underlying mechanisms influencing its
outcome.®™®" To explore the effects of IL-10 modRNA-based protein
replacement on the acute rejection of facial allograft, semi-faces of
BALB/c mice as donors were transplanted to the right necks of
C57BL/6] recipient mice without administering immunosuppressive
drugs. Moreover, facial transplantation was divided into two groups
such as facial osteomyocutaneous (OMC) group with a mandible
and myocutaneous (MC) group without a mandible. In the MC
group, the mandible was removed from the facial allograft containing
skin, muscle, teeth, mandible, oral mucosa, and vessels, while the
OMC allograft was a whole hemiface subunit including the mandible.
The cuff technique was used to anastomose vessels between the recip-

mean + SD. (B) Immunohistochemistry of right face tissue
on day 2 following injection with saline buffer or 10 nug
purified IL-10_FLAG modRNA (IL-10_FLAG modRNA-10
group) at day 0. Scale bars, 200 um.

ient and donor. Representative charts of facial transplantation surgery
between both groups are shown in Figures 3A and 3B.

In addition, IL-10 modRNA monotherapy had two groups: a single
10 pg injection of IL-10 modRNA on postoperative day (POD) 3,
defined as the IL-10 modRNA-10 group, and two 5 pg injections of
IL-10 modRNA on PODs 3 and 15, defined as the IL-10
modRNA-5 group. Saline buffer or IL-10 modRNA diluted in saline
was subcutaneously injected with 3 separate injections around the
facial allograft. The facial OMC graft was 100% accepted in the syn-
geneic group using C57BL/6] mice as donors. In facial OMC allo-
transplantation, rapid invasive necrosis of the facial OMC allograft
was seen around PODs 9-12, leading to allograft rejection in the allo-
geneic buffer group. However, delayed onset and a slow rate of acute
rejection were found in facial OMC allografts in the allogeneic group
with a single 10 pg dose of IL-10 modRNA. Interestingly, repeat
administration of the reduced dose resulted in a further extension
of survival for 45 days in the OMC-IL-10 modRNA-5 group. Similar
results in facial MC allotransplantation, the IL-10 modRNA-5 group
displayed better allograft survival than IL-10 modRNA-10 group, in
which both groups significantly prolonged facial MC allografts
compared with the MC-buffer group. However, the OMC-bulffer,
OMC-IL-10 modRNA-10, and OMC-IL-10 modRNA-5 groups ex-
hibited a significantly prolonged survival of facial allografts compared
with MC-buffer, MC-IL-10 modRNA-10, and MC-IL-10 modRNA-5
groups, respectively (Figure 3C), suggesting OMC facial allografts
have better protection against host alloimmunity than MC allografts.
These results demonstrate that repeat administration of the reduced
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Figure 3. Survival of facial allografts in IL-10
modRNA-treated mice

(A) Donor allograft surgery. The facial osteomyocutaneous
(OMC) allograft including mandible, skin, muscle, oral
mucosa, and vessels (a whole semi-face subunit), was
harvested from a BALB/c mouse. The facial myocuta-
neous (MC) allograft only containing skin, muscle, oral

MC

mucosa, and vessels except for the mandible, was har-
vested from a BALB/c mouse. (B) Recipient surgery.
Harvested allografts were transplanted to the right neck of
the recipient C57BL/6J mice by vessel anastomosis using
the cuff technique. (C) The impact of IL-10 modRNA
monotherapy on facial allograft survival without any
immunosuppressive drugs was examined. Fully major
histocompatibility complex-incompatible BALB/c facial

% - . allografts were grafted onto right necks of C57BL/6J
= 100 = OMC-Syngenelc mice. OMC grafts of C57BL/6J mice were used as donors
s -~ OMC-Buffer in syngeneic group. OMC-syngeneic, OMC-allogeneic
S 751 - OMC-IL-10 modRNA-10 buffer, OMC-allogeneic IL-10 modRNA-10 (single 10 ug
s % OMC-IL-10 modRNA-5 dose on POD 3), OMC-allogeneic IL-10 modRNA-5 (two

= 50 <= MC-Buffer 5 ng doses on PODs 3 and 15), MC-allogeneic buffer,

g O MC-IL-10 modRNA-10 MC-allogeneic IL-10 modRNA-10 (single 10 pg dose on
© 254 I+ MC-IL-10 modRNA-5 POD 8), and MC-allogeneic IL-10 modRNA-5 (two 5 pg

(O] doses on PODs 3 and 15) groups had 8, 10, 6, 5, 8, 7,
0- and 6 mice, respectively. The Kaplan-Meier method was

N S ‘$ S w? 5y used to calculate facial graft survival. Differences

Post-transplantation days

between the three allogeneic groups were significant
(OMC-buffer versus OMC-IL-10 modRNA-10, **p =
0.0002; OMC-buffer versus OMC-IL-10 modRNA-5,

**p = 0.0005; OMC-IL-10 modRNA-10 versus OMC-IL-10 modRNA-5, *p = 0.01; MC-buffer versus MC-IL-10 modRNA-10, ***p = 0.0002; MC-buffer versus MC-IL-10
modRNA-5, **p = 0.0005; MC-IL-10 modRNA-10 versus MC-IL-10 modRNA-5, *p = 0.02; OMC-buffer versus MC-buffer, ***p < 0.0001; OMC-IL-10 modRNA-10
versus MC-IL-10 modRNA-10, *p = 0.0079; OMC-IL-10 modRNA-5 versus MC-IL-10 modRNA-5, **p = 0.0013).

dose (5 pg) of IL-10 modRNA monotherapy significantly prolongs
the survival of facial osteomyocutaneous and myocutaneous allografts
compared with a single 10 pg dose of modRNA. When facial allo-
grafts include mandibles, their survival rates are dramatically
enhanced compared with facial allografts without mandibles.

Local injection of IL-10 modRNA decreases lymphocytic
infiltration of the facial allograft

To explore the influence of IL-10 modRNA-based protein replace-
ment on facial allograft protection, the levels of lymphocyte infiltra-
tion into facial OMC allografts were determined on PODs 10-14.
Macroscopic observation showed epidermolysis, diffuse erythema,
and necrosis of facial OMC allografts in the buffer group, while soft
facial OMC allografts were accepted in allotransplanted mice treated
with IL-10 modRNA. Histological H&E staining was used to evaluate
the degree of lymphocyte infiltration into facial OMC allografts.
Lower levels of lymphocyte infiltration were observed in the IL-10
modRNA group, while there was dramatically enhanced lymphocyte
invasion into the dermis, epidermis, and muscle layers of facial OMC
allografts, resulting in severe flap damage in the buffer group (Fig-
ure 4A). The Banff score showed corresponding results, supporting
the levels of lymphocyte infiltration between the two groups. The
buffer group presented more severe tissue damage, with the majority
of Banlff scores being grades III and IV, whereas the IL-10 modRNA
group showed major grades I and II (Figure 4A, right).
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T cells play a critical role in the elicitation of allograft rejection via
activation when recognition of alloantigens, results in allograft dam-
age.%” To further explore the infiltrated level of T cells in facial OMC
allografts between both groups, immunohistochemistry staining was
used to observe the infiltrated level of CD3™ T cells and Forkhead box
(FoxP3)* cells into the skin and muscle layers of allografts. Because
CD3 is expressed in the cell surface of T cells, the staining displays
a circle red. FoxP3 is an important transcription factor and marker
for mouse CD4"CD25" Tregs and the staining displays a dense red.
A single 10 pg dose of IL-10 modRNA displayed a trend toward
decreased CD3" T cells and increased FoxP3" cells in facial OMC al-
lografts compared with the buffer group (Figure 4B). The quantita-
tion of CD4"CD25'FoxP3" Tregs and CD3" T cells, including
CD4" and CD8" T cells, is presented in Figure 6. These results suggest
that allotransplanted mice treated with a single local injection of IL-10
modRNA had decreased levels of lymphocyte infiltration, including
CD3" T cells, in favor of FoxP3" cells into the flap compared with
the buffer group, resulting in protection of the facial allograft from
rejection.

IL-10 modRNA suppresses inflammation while inducing anti-
inflammation

To evaluate the effects of IL-10 modRNA-based protein replace-
ment on alloimmune responses, the production of pro-inflamma-
tory cytokines such as IL-12, IFN-y, TNF-a, IL-1B, IL-2, and
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Buffer

Figure 4. Degree of lymphocytic infiltration into
facial allograft

(A) Macroscopic and histological changes (indicated by
hematoxylin and eosin staining) in facial OMC allografts of
IL-10 modRNA and buffer groups on PODs 10-14. Facial
OMC allografts from allotransplanted mice receiving single
10 pg dose of IL-10 modRNA or saline buffer on POD 3
were analyzed. Infiltrating lymphocytes into skin and
muscle layers of facial OMC allografts are shown by dense
violet staining. Histological Banff classification of facial
OMC allografts between buffer and IL-10 modRNA
groups is as shown in the right of (A). Each group contains
four mice. Scale bars, 50 pm. (B) Immunohistochemistry
in facial OMC allografts of IL-10 modRNA and buffer
groups on PODs 10-14. Infiltrating CD3* T cells or FoxP3*
cells into skin and muscle layers of facial OMC allografts
are shown by red staining. Because CDS is expressed in
the cell surface of T cells, the staining displays a circle

IL-10 modRNA

o : g g::zlo red. FoxP3 is a critical transcription factor and marker
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(Figure S5). Subsequently, the absolute counts
of total immune cells in the blood, spleen,
LNs, and facial allograft (allo-face) were calcu-
lated in both groups. Although a trend toward

reduced absolute counts was observed in blood

-

and spleen, though the difference was not sig-
nificant. However, in the LNs and facial OMC
allografts, total cell numbers were significantly
decreased in IL-10 modRNA-treated mice (Fig-
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IL-17 and anti-inflammatory IL-4 and IL-10 cytokines was
analyzed using a Luminex multiplex assay. These cytokines were
undetected in the blood serum of both groups (data not shown).
IL-12 plays a critical role in the induction of T helper (Th) 1 dif-
ferentiation from naive CD4" T cells, which results in the produc-
tion of pro-inflammatory IFN-y. In the LNs of IL-10 modRNA
group, significantly decreased levels of IL-12 and IFN-y were
observed. In the facial OMC allografts of IL-10 modRNA group,
significantly reduced levels of IL-12, TNF-a, and IL-2 were found,
whereas a dramatically enhanced level of IL-10 was seen (Figure 5).
These results indicate that a single local administration of IL-10
modRNA can suppress inflammation and upregulate anti-inflam-
matory immune responses in face allotransplantation.

IL-10 modRNA inhibits the development of T helper 1 cells in
favor of Treg induction

To study the impacts of IL-10 modRNA-based protein replacement
on immune cell populations in face allotransplanted mice, three ma-
jor subsets of lymphocytes, monocytes, and granulocytes in the
blood were first examined on PODs 10-14, which showed similar
percentages between the two groups of IL-10 modRNA and buffer

ure 6A). The initial activation of T cells and
subsequent stimulation of various effector cells
resulted in acute rejection.>** APCs such as DCs uptake alloantigen
and then present antigen to CD4" T cells, which contributes to T
helper cell activation. Subsequently, these activated cells secrete
IFN-y and TNF-B; IL-2, IL-4, IL-5, and IL-6; and IFN-y and IL-2
for the activation of macrophages, B cells, and natural killer (NK)
cells, respectively. NK cells secrete IFN-y to mediate innate immu-
nity and granzyme B to directly destroy allografts through cell-
mediated cytotoxicity. Macrophages primarily secrete inflammatory
mediators of allograft damage. Plasma cells activated from stimu-
lated naive B cells secrete autoantibodies to destroy allograft tissues
through antibody-dependent cellular cytotoxicity. To further
examine whether IL-10 modRNA-secreted proteins affect the devel-
opment of different immune cell subsets, flow cytometry was used
to analyze CD4" T, CD8" T, and CD19" B cells, NK1.1* NK cells,
CD11c" DCs, and CD11b" macrophages. Both buffer and IL-10
modRNA groups displayed similar amounts of these immune cells
in blood, spleen, and LNs, and IL-10 modRNA-treated mice showed
significantly decreased DC populations in LNs. A trend toward
reduced T cells, B cells, DCs, and macrophages was found in the
facial OMC allografts of IL-10 modRNA-treated mice compared
with the buffer group (Figure 6B).
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Figure 5. Effects of IL-10 modRNA on the pro-inflammatory and anti-inflammatory cytokine expression in face transplanted mice

Spleen, LNs near OMC allografts, and facial OMC allografts were harvested on PODs 10-14 in buffer and IL-10 modRNA-treated face allotransplanted mice (single 10 pg
dose of IL-10 modRNA on POD 3) without any immunosuppressive drugs. (A) The protein levels of pro-inflammatory cytokines such as IL-12, IFN-vy, TNF-a, IL-1B, IL-2, and
IL-17 and (B) anti-inflammatory cytokines such as IL-4 and IL-10 were examined using the Luminex multiplex assays in face transplanted mice. Data were collected from
three mice in both groups. Statistical data are represented as mean + SD. The IL-10 modRNA group was compared with the buffer group for lymphoid organs and facial OMC
allografts (*p < 0.05, **p < 0.05, and ***p < 0.0001, Student’s t test).

As a result of IL-10 modRNA-produced protein in the suppression of  protein replacement on the development of different T cell
inflammatory cytokines in favor of anti-inflammation cytokines,  subsets, the populations of pro-inflammatory and anti-inflammatory
their effects may be through the modulation of different T cell ~CD4" T cells were analyzed using flow cytometry. We determined
subsets. To further explore the impact of IL-10 modRNA-based  populations of CD4"IFN-y" Thl and CD4"IL-17" Th17 cells for

616 Molecular Therapy: Nucleic Acids Vol. 31 March 2023



www.moleculartherapy.org

Blood Spleen LNs Allo-face
5000000+ o 25x10- 5 1.5x10- 4000000
3 3 2 8
E 40000001 E 2.0x10- g § 3000000
c c c  1.0x104 c
= 3000000 = 1.5x10- = =
o 3 S 3 2000000 *
% 2000000 T g 1.0x10 % 5.0x16} % % _ T
'S 1000000 S 50410 2 T 2
=} QL
< ol < o < 0 < 0
£ (s £ (g & ~F & N
& & & & & & & &
< o < o & &
Si o N NS
N N , ,
N 4 g 4
B Blood Spleen
p
80+ 80+
Il Buffer Il Buffer
604 IL-10 modRNA 604 ] IL-10 modRNA
2 404 2 404
20 |
T
LNs Allo-face
80+
Il Buffer Il Buffer
604 IL-10 modRNA IL-10 modRNA
2 404
1
2| Q1
C
Blood Spleen LNs Allo-face
204 254 404 100+
*
» (] ] * [} *
- = 204 < 204 = 30
Q 15 I 2 | 2 30 I T
F 154 F 60
< 104 < < 204 p
o o [=] o
o o 104 o S 40
S 51 5 ‘s 104 s
R * = 7 S = 2
| - .‘f * T - x
04 o 04 = 0
& N & Q & =3 NOoQ &
PSSP R &8 AP N & &

Figure 6. Lymphocyte development in IL-10 modRNA-treated face allotransplanted mice
(A) Absolute cell counts in lymphoid organs and OMC allografts of face allotransplanted mice. White blood cells, spleen, LNs near OMC allografts, and facial OMC allografts
were harvested on PODs 10-14 in buffer and IL-10 modRNA-treated face allotransplanted mice (single 10 pg dose of IL-10 modRNA on POD 3) without any immuno-
suppressive drugs and estimated their absolute cell numbers. (B) Percentages of immune cells in lymphoid organs and OMC allografts of face allotransplanted mice. CD4*
Tcells, CD8" T cells, B cells, NK cells, DCs, and macrophages were stained with anti-mouse CD4-APC, CD8-PE, CD19-APC, NK1.1-PE-Cy7, CD11¢-APC, and CD11b-PE,
respectively, in different flow tubes to avoid same fluorescence. Percentages of T cells, B cells, and NK cells were gated from lymphocyte population, whereas DCs and
macrophages were gated from both lymphocytes and monocytes using flow cytometry. (C) Population of total T helper (Th) 1, Th17, Th2, and regulatory T (Treg) cells in
lymphoid organs and OMC allografts of face allotransplanted mice. Pro-inflammatory Th1 and Th17 and anti-inflammatory Th2 and Treg cells were examined using flow
cytometry. Th1, Th17, and Th2 cells were surface stained with anti-mouse CD4-APC, and subsequently, they were intracellularly stained with anti-mouse IFN-y-PerCP,
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assessing pro-inflammatory activity and CD4'IL-4" Th2 and
CD4"CD25"FoxP3" Treg cells for anti-inflammatory activity. Both
blood and LNs of IL-10 modRNA-treated mice exhibited a significant
decrease in Thl cells and a significant increase in Tregs compared
with the buffer group. Spleen showed a major reduction in Thl cells
and a trend toward increased Tregs in the IL-10 modRNA group.
Interestingly, in the facial OMC allografts of IL-10 modRNA-treated
mice, a dramatically increased percentage of Tregs (53.3%) was found
compared with the buffer group (10.8%) (Figure 6C). The percentages
of Th17 and Th2 cells were below 1% in the blood, spleen, and LNs of
both groups, indicating no significant difference. In facial OMC allo-
grafts, a single 10 pg dose of IL-10 modRNA showed a trend toward
decreased Th17 cells (4.5%) and increased Th2 cells (10.5%)
compared with the buffer group (Th17, 7.3%; Th2, 3.5%), but not
significantly. These results indicate that IL-10 modRNA-producing
protein suppresses pro-inflammatory Th1 cells and enhances anti-in-
flammatory total Treg cells in face allotransplanted mice.

IL-10 modRNA monotherapy induces the development of mixed
chimerism

Allograft survival has been successfully achieved in mice, swine,
nonhuman primates, and humans through the induction of mixed
chimerism.®>°° This refers to the coexistence of donor and recipient
immune cells in the host, usually through bone marrow transplanta-
tion. Facial OMC allografts that include the mandible have been
reported to harbor bone marrow hematopoietic stem cells.””**® Our
preliminary results demonstrate that the mouse mandible in facial
OMC allografts is capable of inducing mixed chimerism in the
host,’’
in facial allografts is correlated with the induction of chimerism.*
Therefore, survival following IL-10 modRNA monotherapy-medi-
ated facial allografting without immunosuppressive drugs may be
associated with the induction of chimerism. To evaluate the effects
of IL-10 modRNA-producing protein on the induction of mixed
chimerism, we used flow cytometry to analyze donor immune cells
in the host. Because H2d class I histocompatibility antigens are spe-
cific to the cells of donor BALB/c mice, we used H2d antibodies to
discriminate between donor and recipient cells. Leukocytes were
collected and analyzed from lymphoid organs and facial OMC allo-
grafts in both groups on PODs 10-14. We found that the percentage
of donor immune cells was significantly increased in the blood and
LNs, especially in facial OMC allografts (8.8% of buffer versus 21%
of IL-10 modRNA) but not in the spleen (Figure 7A).

similar to the results showing that the presence of rat mandible

To further explore whether hematopoietic bone marrow stem cells in
the mandible of facial OMC allografts differentiate into donor im-
mune cells, we characterized various donor immune cell subsets,
including CD4" T, CD8" T, and CD19" B cells, NK1.1" NK cells,
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CDl11c" DCs, and CD11b* macrophages, using flow cytometry. We
found that donor immune cells primarily differentiated into B cells,
followed by DCs and macrophages, and then T cells and NK cells
in the blood, spleen, and LNs of both groups. The IL-10 modRNA
group showed significantly increased T and B cells and macrophages
in blood and increased T cells in LNs but not spleen. Especially in
facial OMC allografts, dramatic enhancement of NK cells, DCs, and
macrophages was observed in the IL-10 modRNA group compared
with the buffer group (Figure 7B). These results imply that IL-10
modRNA-producing protein induces mixed chimerism from allo-
mandible bone marrow hematopoietic stem cells, leading to multili-
neage chimerism.

IL-10 modRNA treatment increases donor Treg chimerism

In the facial OMC allografts of IL-10 modRNA-treated mice, a lower
percentage of infiltrated lymphocytes (Figure S6) and a higher
percentage of donor chimerism were observed. Therefore, we hypoth-
esized a major donor population, such as of Treg cells, mediates pro-
tection against the destruction caused by recipient alloimmunity. To
test this hypothesis, we examined the population of donor Tregs in
the facial OMC allografts of both groups. The marker of donor Tregs
was represented as CD4"CD25"FoxP3*H2Dd", which was first gated
from infiltrated lymphocytes, followed by gating of CD4™ T cells, then
CD25" and FoxP3" Tregs, and finally H-2Dd" (Figure 8A). Interest-
ingly, the percentage of donor Tregs in IL-10 modRNA-treated mice
was significantly increased in the blood and LNs but not the spleen.
Especially in facial OMC allografts, the donor Treg population was
dramatically enhanced in the IL-10 modRNA group (66.4%)
compared with the buffer group (7.5%) (Figure 8B).

As donor Treg chimerism was found to develop from allo-facial
mandible hematopoietic bone marrow cells, it was necessary to clarify
whether donor Treg cells are homing to the allo-facial (donor)
mandible or recruited to the recipient femur, which may provide a
special environment to harbor donor Tregs. We found that the per-
centage of donor immune cells was significantly increased in the
donor mandible of facial OMC allografts (12.1% of buffer versus
29.5% of IL-10 modRNA) but not in the recipient femur (Figure S7).
Additionally, we further found donor mandible displayed a signifi-
cantly increased percentage of donor Tregs in the IL-10 modRNA
group (59.23%) compared with the buffer group (3.89%). Although
the recipient femur showed a trend toward increased donor Tregs
in the IL-10 modRNA group (2.83%) compared with the buffer group
(0.53%), the difference had no significance (Figure 8C). These results
suggest that protein is produced from IL-10 modRNA, which induces
the differentiation of donor Tregs and recruits them into facial OMC
allografts to form an anti-inflammatory environment, resulting in
protection against alloimmunity-mediated destruction. Homing to

IL-17-PE, and IL-4-PE-Cy7, respectively. Additionally, Tregs were surface stained with anti-mouse CD4-APC and CD25-PE, and subsequently, they were intracellularly
stained with FoxP3-PerCP. CD4*IFN-y* Th1, CD4*IL-17* Th17, or CD4*IL-4* Th2 cell percentage was analyzed from CD4* T cells, which were gated from lymphocytes. For
the analysis of CD4*CD25*FoxP3*Tregs, lymphocytes were gated first, followed by gating of CD4* T cells, then CD25*FoxP3*-expressing cells. Buffer and IL-10 groups are
black and grey bars, respectively. Data were collected from four mice in both groups. Statistical data are represented as mean + SD. The IL-10 modRNA group was
compared with the buffer group for lymphoid organs and facial OMC allografts (*p < 0.05, Student’s t test).
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and harboring of these donor Tregs in allo-facial mandibles also
occurs.

DISCUSSION

In this study, we used the modRNA technique to investigate the
relationship of IL-10 protein between the prolongation of facial allo-
graft survival and the induction of mixed chimerism. We demon-
strated that IL-10 modRNA transcript can effectively translate
secreted IL-10 protein in various cell lines, such as fibroblasts,
muscle, kidney cells, and especially T cells. IL-10 protein was
demonstrated to be functional in suppressing the production of
pro-inflammatory cytokines such as IL-2 and IFN-y in vitro. The
saline buffer used as a delivery system formulated with the naked
modRNA can induce good expression in mice by the IVIS system,
as confirmed by luminescence studies. Moreover, the pharmacoki-
netics of a single 10 pg dose of naked IL-10 modRNA in mice
displayed locally transient production for up to 10 days, peak
expression at 24 h, and major translation in the muscle layer of
the injected site. Although two 5 pg doses of IL-10 modRNA pro-
duced around half concentrations of IL-10 protein compared with
a single 10 pg dose of modRNA, it can induce locally transient
expression for up to 20 days and produce two peak levels on days
1 and 13. We observed that without any immunosuppression,
C57BL/6] mice with fully major histocompatibility complex
(MHC)-mismatched facial OMC allografts and one local injection

Figure 7. Levels of mixed chimerism in IL-10
modRNA-treated face allotransplanted mice

(A) Effects of IL-10 modRNA-based protein replacement
on donor chimerism development. Immune cells were
harvested from lymphoid organs and facial OMC allografts
from both groups without immunosuppressive drugs on
PODs 10-14. Donor immune cells were distinguished by
staining anti-mouse H-2Dd-BV421 from recipient cells,
which is specific for BALB/c cells. Subsequently,
amount of H-2Dd* donor immune cells in blood, spleen,
LNs, and facial OMC allografts was examined using flow
cytometry. (B) Impact of IL-10 modRNA-based protein
replacement on multiineage chimerism development.
Various donor immune cell subsets, including CD4* T,
CD8" T, B cells, NK cells, DCs, and macrophages, were
analyzed and stained with anti-mouse CD4-APC, CD8-
PE, CD19-APC, NK1.1-PE-Cy7, CD11c-APC, and
CD11b-PE, respectively, and all were further stained
with anti-mouse H-2Dd-BV421. Percentages of T cells,
B cells, and NK cells were gated from the lymphocyte
population and DCs and macrophages were gated from
both populations of lymphocytes and monocytes using
flow cytometry. Data were collected from four mice in
both groups. Statistical data are represented as mean +
SD. IL-10 modRNA group (single 10 pg dose of IL-10
modRNA on POD 3) was compared with the buffer
. group for lymphoid organs and facial OMC allografts
] (*p < 0.05 and **p < 0.05, Student’s t test).

Il Buffer
IL-10 modRNA

Il Buffer
IL-10 modRNA

of 10 pg IL-10 modRNA had significantly prolonged survival of
33 days compared with 12 days for control mice without modRNA
treatment. Interestingly, face transplanted mice treated with two
5 pg doses of IL-10 modRNA showed a delayed onset and slow
rate of acute rejection, resulting in allograft survival of 36 days.
IL-10 modRNA monotherapy also displayed protection for facial
MC allografts. However, facial allografts include mandibles, and
their survival rates are dramatically enhanced compared with facial
allografts without mandibles in the presence of IL-10 modRNA or
not. Histological H&E staining showed a lower degree of lympho-
cyte infiltration into the facial allograft and decreased levels of abso-
lute cell numbers for the IL-10 modRNA group, suggesting that the
alloimmune responses were modulated. Interestingly, pro-inflam-
matory Thl cells were significantly suppressed in the blood, spleen,
and LNs, whereas anti-inflammatory Treg cells were dramatically
enhanced in the blood, LNs, and facial OMC allografts. This sug-
gests that IL-10 modRNA effectively inhibits inflammation while
promoting anti-inflammation as an attempt to balance immune re-
sponses in facial composite-elicited alloimmunity. We also found
that the level of donor immune cells as an indicator of mixed
chimerism was significantly enhanced in blood, LNs, and facial
OMC allografts but not spleen. These donor cells even differentiated
into various immune cell subsets, a phenomenon referred to as mul-
tilineage chimerism. Especially in facial OMC allografts, the donor
Treg population was dramatically enhanced compared with the
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buffer group, suggesting that IL-10 modRNA induces donor
Treg chimerism to protect allografts from alloimmunity-mediated
rejection.

The modRNA technique is an efficient, safe, nonviral, integration-
free, non-immunogenic, and footprint-free method for therapeutic
protein replacement. It can facilitate immediate and rapid induction
of in vivo target protein expression over a short period. Therefore, it
has also been used in the development of vaccines against severe acute
respiratory syndrome coronavirus-2 (SARS-CoV-2), such as the BNT
and Moderna vaccines.”” The technique has greatly shortened the
time for the development of SARS-CoV-2 vaccines. Although con-
ventional recombinant protein therapy has many advantages, such
as fast delivery, immediate functioning, and controlled protein
administration, recombinant protein has a very short half-life, in
the range of 6 h in vivo, thus requiring repeat administration, and it
cannot be delivered intracellularly. In addition, the cost of purifying
recombinant protein is high, and the protocol is more difficult than
for modRNA. Compared with conventional recombinant protein
therapy, in vivo administration of therapeutic protein for various dis-
ease treatments is more easily achieved with modRNA. Therefore,
modRNA-based therapeutic protein replacement holds great promise
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Figure 8. Levels of donor Treg chimerism in IL-10
modRNA-treated face allotransplanted mice
(A) Representation of gating strategy for donor Tregs

“1 TregsHanas (CD4*CD25*FoxP3*H2Dd"), which were stained with
. 32.5% anti-mouse CD4-APC, CD25-PE, FoxP3-PerCP, and
“ H-2Dd-BV421. (B) Effects of IL-10 modRNA-based
R T Sl R protein replacement on development of donor Treg
H2Dd-BV421 chimerism. Immune cells were harvested from lymphoid
organs and facial OMC allografts from both groups

Allo-face without immunosuppressive drugs on PODs 10-14.

100 * Donor immune cells were distinguished by staining anti-

mouse H-2Dd-BV421 from recipient cells, which is
specific for BALB/c cells. Subsequently, the amount of
H-2Dd* donor Treg cells in blood, spleen, LNs, and
facial OMC allografts was examined using flow
cytometry. (C) Impact of IL-10 modRNA-based protein
replacement on track of donor Tregs. Donor mandible
0 from facial OMC allografts and recipient femurs were

:

&,} Ny isolated in both groups without regimens on PODs 10—
< &o‘> 14 and analyzed using flow cytometry. Data were
o collected from four mice in both groups. Statistical data

are represented as mean + SD. IL-10 modRNA group
(single 10 pg dose of IL-10 modRNA on POD 3) was
compared with the buffer group for lymphoid organs
and facial OMC allografts (*p < 0.05, Student’s t test).

for the future of transplant medicine as well as in
the treatment of other diseases.

Regarding the delivery system for modRNA,

many materials can be used for encapsulating

modRNA, such as lipid nanoparticles (LNPs),

polymeric nanoparticles, and transfection re-
agents. In the development of modRNA-based vaccines, LNPs are
the most commonly used system for delivery. Many studies have re-
ported that LNPs possess the adjuvant ability to synergistically
enhance pro-inflammatory, innate immunity, and anti-viral immune
responses with the injection of LNP-formulated mRNA.””7%7?
However, in transplant medicine, alloimmune responses must be
suppressed in order to achieve immune balance between the
recipient host and the donor allograft. Because of their detergent
properties, widely used cationic lipid transfection reagents usually
cause cell toxicity and necrosis through the disruption of membrane
integrity.”>’>"*
cationic lipids, with detergent properties, were not a clear first choice
for us in the delivery of modRNA in transplanted mice. The first
studies using naked mRNA injections into skeletal muscle or hypo-

Therefore, LNPs, with adjuvant properties, or

thalamus without other transfection reagents resulted in direct target
protein expression”” or reversal of diabetes insipidus,”® respectively.
Use of saline or sucrose-citrate buffer formulated with luciferase
modRNA was reported to have higher protein expression compared
with the use of other transfection reagents such as RNAIMAX,
Invivo-JetPEI, Invivofectamine, and calcium phosphate when mod-

50

RNA complex was directly injected into mouse myocardium.” In

addition, direct intracardiac injection of a citrate-saline buffer with
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VEGF modRNA resulted in improved cardiac function.*® Therefore,
we tested saline buffer for encapsulating purified IL-10 modRNA and
transient protein expression in face allotransplanted mice.

The survival rate of facial allografts in Figure 3 shows that two 5 pg
doses of modRNA led to a longer subsequent period of survival
than one 10 pg dose of modRNA. This may be due to IL-10 mod-
RNA-induced transient protein expression. The pharmacokinetics
of IL-10 modRNA-translated protein in mice by ELISA (Figure 2)
showed that direct injection of 10 pg modRNA induced locally tran-
sient production for up to 10 days and a peak level at 24 h. Although a
single 10 pg dose of IL-10 modRNA exhibited allograft protection
against alloimmune responses, we found that a small part of tissue ne-
crosis such as ears or tails in one mouse was observed and other five
IL-10 modRNA-treated facial OMC allotransplanted mice did not
appear tissue necrosis. Therefore, we used two 5 g doses of IL-10
modRNA to observe the efficacy of facial allograft protection. Inter-
estingly, repeat administration of the half dose significantly prolonged
facial allograft survival compared with a single 10 pug dose. Moreover,
the half dose of IL-10 modRNA completely did not cause tissue ne-
crosis. In the pharmacokinetics of IL-10 modRNA-translated protein
in vivo as shown in Figure 2, although two 5 ug doses of IL-10 mod-
RNA produced around half concentrations of IL-10 protein
compared with a single 10 pg dose of modRNA, it can induce locally
transient expression for up to 20 days and produce two peak levels on
days 1 and 13. Therefore, the sustained optimal concentration of IL-
10 protein encoded by the IL-10 modRNA provides better protection
against alloimmunity-mediated allograft destruction.

In our previous study, we demonstrated that the facial mandible of an
allograft can induce donor chimerism in mice®' as effectively as in
9 Therefore, if a facial allograft contains a mandible, improved
survival may be expected as a result of the induction of mixed chime-
rism compared with a facial allograft without a mandible. In this
study, no matter which group (buffer, a single 10 pg dose of IL-10
modRNA, or two 5 pg doses of IL-10 modRNA), the survival rate
of facial allografts with mandibles is dramatically enhanced compared
with facial allografts without mandibles (Figure 3C). This suggests
that donor bone marrow cells also contribute to prolonged survival
of facial allografts. Moreover, we observed that donor chimerism
was significantly enhanced in IL-10 modRNA-treated mice, and mul-
tilineage chimerism was even observed, such as in the appearance of
T cells, B cells, DCs, NK cells, and macrophages in the blood, LNs, and
facial OMC allografts (Figure 7). We speculate that IL-10 modRNA-
translated protein creates an anti-inflammatory environment in face
transplanted mice by suppressing pro-inflammatory Thl cells in
favor of expanded anti-inflammatory Treg cells in blood, LNs, and
facial OMC allografts (Figure 6C). The anti-inflammatory environ-
ment in the host may provide an opportunity for induction and main-
tenance of donor immune cells and further achieve immune balance
between host and donor. Subsequently, mixed chimerism developed
in face transplanted mice, leading to facial allograft survival. Many
studies have reported that anti-inflammatory strategies, such as
anti-CD154/CTLA4Ig co-stimulation blockade, can prolong allograft

rats.

. . . . R . 7779
survival by inducing mixed chimerism in animals or humans.””~”*

Moreover, hematologic multilineage chimerism was verified to
induce organ allograft tolerance,””*’
showing a correlation between multilineage chimerism and facial
allograft survival. More interestingly, we found that donor hemato-
poietic stem cells further differentiated to Treg cells and were
harbored in the blood, LNs, donor mandible, and facial OMC allo-
grafts. Such local enrichment of allograft-residing donor Tregs may
protect the allograft from host alloimmunity-mediated rejection.
Similar evidence in organ transplantation has shown that Treg

cells play a critical role in renal allograft tolerance via mixed
80,81

which is similar to our results

chimerism.

A study indicated that 5% of donor Tregs (CD4"CD25 "FoxP3") ap-
peared in recipient blood within the first week after liver allotrans-
plantation,®” which is similar to our results that 10.7% of donor Tregs
in the blood of IL-10 modRNA-treated mice compared with 0.35% of
buffer group (Figure 8B). Moreover, isolated donor Tregs from liver
allotransplanted patients suppressed lymphocyte proliferation and
IFN-v production of donor and recipient T cells. They demonstrated
that donor Tregs directly inhibit the alloimmune responses and help
mixed chimerism-induced allograft tolerance early after liver allo-
transplantation. Another study demonstrated that posttransplanta-
tion cyclophosphamide-induced GVHD protection requires donor
CD4"CD25"FoxP3" Tregs to suppress alloimmune responses in addi-
tion to the depletion of alloreactive T cells.*’

Therefore, this study inspires the idea that the local administration of
IL-10 modRNA monotherapy may also provide good protection in
other organ allotransplantations. If IL-10 modRNA monotherapy is
combined with bone marrow transplantation, it may increase the ef-
ficacy of prolonged survival compared with IL-10 monotherapy.
However, the doses of IL-10 modRNA need to be evaluated in
different animal models. A study showed that low doses of IL-10
had good protection for GVHD, while high doses accelerated
GVHD lethality.*” This result is similar to our result that low doses
of IL-10 modRNA displayed better protection against allograft
destruction than the high dose. If IL-10 modRNA therapy is com-
bined with a short-term systemic immunosuppressive regimen in
transplantation, the doses of immunosuppressive drugs may be
reduced. Moreover, the local administration of IL-10 modRNA may
decrease the side effects of systemic administration in addition to
the reduction of immunosuppressive drugs. This study thus provides
valuable information regarding the efficacy of IL-10 modRNA mono-
therapy on composite vascularized allotransplantation, allowing us to
further understand the potential application of IL-10 modRNA-based
protein replacement therapy in other pro-inflammatory diseases.

MATERIALS AND METHODS

IL-10 modRNA synthesis

Mouse IL-10 (FLAG tag) plasmid (GeneBank: NM_010548) was pur-
chased from OriGene Technologies. IL-10 cDNA with FLAG or not
was first cloned into the RNA synthesis vector using a Gibson Assem-
bly cloning kit (New England Biolabs, Ipswich, MA), including

Molecular Therapy: Nucleic Acids Vol. 31 March 2023 621


http://www.moleculartherapy.org

a 5’ exonuclease to generate long overhangs, a polymerase to fill gaps
in annealed single-stranded regions, and a DNA ligase to seal gaps in
annealed and filled gaps. The robust T7 RNA polymerase was used for
in vitro transcription of IL-10 modRNA from a linearized DNA tem-
plate (RNA synthesis vector) that included sequences for mouse IL-10
cDNA, 5" UTR Kozak consensus, 3’ UTRs, and poly-A tail. Anti-
reverse cap analogs and modified nucleotides, such as pseudouridine
(W)-5'-triphosphate and 5-methylcytidine-5'-triphosphate, were
incorporated into the modRNAs to decrease the immune response
of host cells and increase mRNA stability. Following modRNA syn-
thesis, the DNA template was digested using DNase L. In addition,
the 5’ triphosphates of modRNA ends were removed by phosphatase
for decreased innate immunity in the host. Purified modRNA was
formulated in saline buffer according to the designated concentration
after RNA purification.

In vitro protein assay for IL-10 modRNA

Protein translation from modRNA was confirmed in different cell
types, including mouse embryonic fibroblasts, C2C12 mouse muscle
myoblasts, human embryonic kidney 293 (HEK293) cells, and Jurkat
cells (clone E6-1, human T cells), which were used to transfect IL-10
modRNA. These cells were purchased from Bioresources Collection
and Research Center (BCRC). MEF (2 x 10* cells per well), C2C12
(1 x 10° cells per well), and 293 (1 X 10° cells per well) cells were
transfected with 100 ng purified modRNA (GFP or IL-10). Jurkat cells
(5 x 10° cells per well) were transfected with 200 ng purified mod-
RNA (GFP or IL-10). GFP modRNA (catalog no. MR700A-1) was
purchased from SBI System Biosciences. These cells were transfected
with purified IL-10 modRNA in 96-well flat plates using Lipofect-
amine 3000 (Thermo Fisher Scientific, Carlsbad, CA). At 6, 24, and
48 h, the supernatants were harvested, and concentrations of secreted
IL-10 were determined using a mouse IL-10 ELISA kit (R&D Systems,
Minneapolis, MN). A SpectraMax reader was used to read the absor-
bance at 450 nm.

Western blot

Twenty micrograms of protein was analyzed by loading on 12% SDS-
PAGE, and electrophoresis was carried out using SDS running buffer
(Thermo Fisher Scientific). Fractionated protein was electroblotted
onto a polyvinylidene difluoride membrane. Then, 5% BSA in 0.1%
Tween-TBS buffer was used to block the membrane, and mouse IL-
10 primary antibody (dilution 1:1,000; GeneTex, Irvine, CA) was
added followed by incubation for 2 h. Subsequently, horseradish
peroxidase (HRP)-labeled secondary antibody (dilution 1:5,000;
GeneTex) was added to the membrane followed by incubation for 1
h, and ECL western blotting substrate (Thermo Fisher Scientific)
was added for immunoreaction. The ChemiDoc Touch Imaging Sys-
tem (Bio-Rad, Hercules, CA) was used to visualize chemiluminescent
signals.

In vitro functional assay for IL-10 modRNA

The in vitro functional ability of IL-10 modRNA-translated pro-
teins was examined in a T cell line (Jurkat, clone E6-1, BCRC-
60424). Jurkat cells (3 x 10° cells per well) were transfected with
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200 ng IL-10 modRNA and seeded in the top chambers of Corning
HTS Transwell 96-well plates (Merck, Darmstadt, Germany).
Mouse C57BL/6] splenocytes (3 x 10° cells per well) were activated
with coated anti-mouse CD3 (2 pg/mL; BioLegend, San Diego, CA)
and soluble anti-mouse CD28 (2 pg/mL; BioLegend) and seeded in
the bottom reservoir. At different time points, the supernatants in
the bottom reservoir were harvested and analyzed by mouse IL-2
and IFN-y ELISA (R&D Systems) according to the manufacturer’s
instructions. A SpectraMax reader was used to read the absorbance
at 450 nm.

Quantification of exogenous IL-10 protein in tissues

To evaluate exogenous protein expression of IL-10 in vivo after direct
injection in tissue, purified IL-10_FLAG modRNA was used.
Additionally, in order to examine expression time of exogenous IL-
10 protein, two dose groups of IL-10_FLAG modRNA were designed
in the experiments. modRNA diluted in 50 pL saline buffer was
directly injected in the right semi-face tissue after male C57BL/6]
mice (10-12 weeks old) were anesthetized with 1.5%-2% isoflurane.
A single 10 pg dose of purified IL-10_FLAG modRNA formulated
in 50 pL saline buffer was directly injected into right face tissue at
day 0, defined as the IL-10 modRNA-10 group. Two 5 pg doses of pu-
rified IL-10_FLAG modRNA formulated in 50 pL saline buffer was
directly injected into right face tissue at day 0 and day 12, defined
as the IL-10 modRNA-5 group. At the designated time points after
modRNA injection, various tissues were harvested, including blood
serum, spleen, LNs near the injected tissue, and injected tissue.
Spleen, LN, or 100 pg face tissue was added to 400 pL T-PER Tissue
Protein Extraction Reagent (Thermo Fisher Scientific). We added
ceramic beads (3 mm) to the tissues for homogenization using a Pre-
cellys homogenizer. The homogenate was centrifuged at 14,000 x g
for 15 min, and the supernatants were analyzed by ELISA. The con-
centration of exogenous IL-10_FLAG fusion protein in various tissues
was measured using FLAG ELISA kit (Cayman Chemical, Ann Arbor,
MI) according to the manufacturer’s instructions. A SpectraMax
reader was used to read the absorbance at 450 nm.

Immunohistochemistry of exogenous IL-10 protein

One 50 pL dose of saline buffer or 10 pg IL-10_FLAG modRNA
diluted in 50 pL saline buffer was directly injected in the right
semi-face tissue after male C57BL/6] mice (10-12 weeks old) were
anesthetized with 1.5%-2% isoflurane. After 2 days, the injected
face tissue was harvested and put in 4% formaldehyde for fixation.
The injected tissue was transversely sectioned and distally incised
2 mm in both directions. The sections were embedded in paraffin
and cut into 4 pm slices. Antigen retrieval was performed in Ventana
Cell Conditioner 1 at 95°C. The BOND Polymer Refine detection sys-
tem (Leica Biosystems, Buffalo Grove, IL) was used for immunohis-
tochemistry. Primary antibodies were used against FLAG (dilution
1:200; Sigma-Aldrich, Louis, MO) with incubation for 2 h at 37°C.
Post-primary rabbit anti-mouse (<10 png/mL) was added, followed
by polymer anti-rabbit HRP (<25 pg/mL). Expression of IL-
10_FLAG fusion protein in injected tissue was indicated by DAB
chromogenic brown reagent.
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Immunohistochemistry of CD3 and FoxP3

Immunohistochemical studies were performed on formalin-fixed,
paraffin-embedded tissue. Tissue sections were deparaffinized ac-
cording to established procedures. Antigen retrieval was performed
at pH9.0 using Epitope Retrieval 2 solution (Leica Microsystems,
Wetzlar, Germany) for 40 min at 100°C. Primary antibodies were
used against CD3 (SP7 clone; dilution 1:100; GeneTex) or FoxP3
(FJK-16 s clone; dilution 1:200; Thermo Fisher Scientific for
60 min. Slides were then stained using the Leica Microsystems
BONDMAX autostainer according to the following steps. Secondary
antibodies (goat anti-rabbit poly-AP IgG reagent localized rabbit
antibody) were used against CD3 antibodies for 40 min. Additionally,
secondary antibodies (rabbit anti-rat poly-AP IgG reagent localized
rat antibody) were used against FoxP3 antibodies for 40 min. Staining
was developed with the substrate chromogen, fast red for 10 min. The
sections were counterstained with modified Mayer’s hematoxylin
for 5 min.

Mice

C57BL/6] and BALB/c mice (6-8 weeks old) were purchased from the
National Laboratory Animal Center, Taiwan, and used as recipients
and donors, respectively. Ketoprofen (2.5 mg/kg/day), a pain medi-
cine, and cefazolin (50 mg/day), an antibiotic, were subcutaneously
injected into postoperative mice for 3 days. These mice were cared
for in a comfortable environment with abundant nesting materials.
All mouse protocols followed in the study were in full compliance
with the recommendations set forth in the Guide for the Care and
Use of Laboratory Animals of the Chang Gung Memorial Hospital.
Mouse protocols were approved by the Committee on the Ethics of
Animal Experiments of the Chang Gung Memorial Hospital and its
Institutional Animal Care and Use Committee (IACUC) under
permit numbers IACUC 2019120201, TACUC 2020121608, IACUC
20210315032, and IACUC 2021091405.

Heterotopic face transplantation

We established a microsurgical protocol for heterotopic face transplan-
tation in a mouse model.*” The right side of the donor face was har-
vested and implanted into the right neck of recipient mice. For anes-
thesia, ketamine and rocuronium were intraperitoneally injected in
the donor mice because of the need for sacrifice, and isoflurane into
the recipient mice to maintain survival. The composite vascularized
facial flap contained upper lips, lower lips, right commissure, cheek
(skin and mucosa), right hemi-mandible with two central incisors,
masseter muscle, anterior facial vein, and carotid artery. In the donor
surgery, carotid artery and anterior facial vein were carefully ligated af-
ter the dissection and ligation of all graft branches. As the blood vessels
of mice range 0.2-0.4 mm in diameter, the hands-on suture technique
seemed was considered unsuitable for vascular anastomosis. Therefore,
a polyamide cuff was used for vascular anastomosis in the mice in this
study. The semi-face graft was cut and included upper and lower lips,
with mandibular osteotomy of incisor teeth, mouth muscle, and mu-
cosa. In the recipient surgery, the submandibular gland in the right
neck was removed, and the anterior facial vein was ligated. After
fixation of the face graft on the neck space, artery anastomosis was per-

formed between the donor and recipient common carotid arteries; vein
anastomosis was performed between the anterior and posterior facial
veins using the cuff technique.*** The success of face grafting was
confirmed on the basis of whether blood perfusion was adequate,
and the skin was then sutured using 6-0 nylon suture.

Postoperative care

Postoperative mice were subcutaneously injected with cephazolin
(50 mg/kg/day), ketoprofen (1 mg/kg/day), and saline (30 mL/kg/day)
for 3 days. Buffer saline or IL-10 modRNA (10 or 5 pg) diluted in saline
was subcutaneously injected around the facial allografts in 3 separate
sites (50 pL each, total volume 150 puL). Imaging, weight measurement,
and visual inspection of each mouse were performed daily to collect
data on facial allograft survival. Rejection time was defined by the
appearance of epidermolysis or diffuse erythema to complete necrosis
of the allograft.

Histological evaluation

H&E staining was used to evaluate the degree of lymphocyte infiltra-
tion into facial OMC allografts as a result of the host’s alloimmune
responses. Facial OMC allografts containing skin and muscle in
buffer and IL-10 modRNA groups were collected on PODs 10-14
and stained with histological H&E.

Quantitation of cytokine proteins by Luminex multiplex assays

Spleen, LNs near OMC allografts, and facial OMC allografts were har-
vested on PODs 10-14 in buffer and IL-10 modRNA-treated face al-
lotransplanted mice (single 10 pg dose of IL-10 modRNA on POD 3)
without any immunosuppressive drugs. 100 mg of tissue samples
were incubated with RIPA buffer and then shredded for ultrasonica-
tion. Shredded tissues were centrifugated at 16,000 x g for 10 min.
Collected supernatants were analyzed for various cytokine measure-
ments such as IL-12, IFN-y, TNF-a, IL-18, IL-2, IL-17, IL-4, and
IL-10 using a ProcartaPlex multiplex assay kit on a Luminex instru-
ment platform (Thermo Fisher Scientific). The ProcartaPlex multi-
plex assay analyzes cytokine measurements similar to the conven-
tional ELISA assay but with greater efficiency and a little sample.

Purification of facial allograft-infiltrated cells

Facial OMC allografts with mandible removed were collected and
finely cut into small pieces using dissection scissors. Digestion buffer
(3 mL) containing collagenase type IV (0.8 mg/mL; Worthington,
Lakewood, NJ), 10% FBS, 1% HEPES, 1% penicillin/streptavidin,
and DNAse (0.02 mg/mL; Sigma-Aldrich) in PBS was added to
shredded tissues. Mixtures were incubated at 37°C for 1 h and washed
with buffer (2% FBS and 1% penicillin in PBS), then filtered using a
100 pum filter and centrifuged at 1,200 rpm for 5 min. Ficoll gradient
centrifugation was performed for cell isolation and flow cytometry
was used to analyze the cell composition.

Flow cytometry

Isolated immune cells were analyzed by staining fluorescence conju-
gated antibodies against cell surface markers and intracellular pro-
teins. Anti-mouse CD4-APC, anti-mouse CD19-APC, anti-mouse

Molecular Therapy: Nucleic Acids Vol. 31 March 2023 623


http://www.moleculartherapy.org

H-2Dd-BV421, anti-mouse H-2Db-FITC, anti-mouse CD8a-PE,
anti-mouse NK-1.1-PE-Cy7, and anti-mouse IFN-vy-PerCP-Cy5.5
antibodies were purchased from BD Biosciences (San Jose, CA).
Anti-mouse CD11c-APC, anti-mouse FoxP3-PerCP, and anti-mouse
CD25-PE antibodies were purchased from eBioscience (San Diego,
CA). Anti-mouse CD11b-PE antibody was purchased from Miltenyi
Biotec (Bergisch Gladbach, Germany). For Treg cell staining, immune
cells were first stained with cell surface markers CD4 and CD25 and
fixed overnight at 4°C, then permeabilized for 30 min at room tem-
perature, and finally stained with intracellular FoxP3 for 30 min.
For T helper cell intracellular cytokine staining (Thl, Thl7, and
Th2 cells), immune cells were first activated in the presence of phor-
bol 12-myristate 13-acetate (20 ng/mL), ionomycin (1 pg/mL), and
monesine (4 M) for 4 h, and then staining of cell surface and intra-
cellular cytokines was carried out.

Statistical analysis

All data in this study are expressed as mean + SD. The Kaplan-Meier
method was used to calculate the statistical significance of facial sur-
vival rate by comparing the differences using the log rank test. The
two-tailed Student’s t test was used to measure significant differences
between various groups. GraphPad Prism 6 software was used to
perform all calculations. p values <0.05 were considered to indicate
statistical significance.
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