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Acute cellular rejection remains a significant obstacle affecting successful
outcomes of organ transplantation including vascularized composite tissue
allografts (VCA). Donor antigen presenting cells (APCs), particularly dendritic cells
(DCs), orchestrate early alloimmune responses by activating recipient effector
T cells. Employing a targeted approach, we investigated the impact of donor-
derived conventional DCs (cDCs) and APCs on the immunogenicity of skin and
skin-containing VCA grafts, using mouse models of skin and hind limb
transplantation. By post-transplantation day 6, skin grafts demonstrated severe
rejections, characterized by predominance of recipient CD4 T cells. In contrast,
hind limb grafts showed moderate rejection, primarily infiltrated by CD8 T cells.
Notably, the skin component exhibited heightened immunogenicity when
compared to the entire VCA, evidenced by increased frequencies of pan (CD11b"
CD11c"), mature (CD11b"CD11c*MHCII*) and active (CD11b"CD11c*CD40*) DCs
and cDC2 subset (CD11b*CD11c* MHCII™) in the lymphoid tissues and the blood of
skin transplant recipients. While donor depletion of cDC and APC reduced
frequencies, maturation and activation of DCs in all analyzed tissues of skin
transplant recipients, reduction in DC activities was only observed in the spleen
of hind limb recipients. Donor cDC and APC depletion did not impact all
lymphocyte compartments but significantly affected CD8 T cells and activated
CD4 T in lymph nodes of skin recipients. Moreover, both donor APC and cDC
depletion attenuated the Th17 immune response, evident by significantly reduced
Th17 (CD4IL-17%) cells in the spleen of skin recipients and reduced levels of IL-17E
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and lymphotoxin-o. in the serum samples of both skin and hind limb recipients. In
conclusion, our findings underscore the highly immunogenic nature of skin
component in VCA. The depletion of donor APCs and cDCs mitigates the
immunogenicity of skin grafts while exerting minimal impact on VCA.

KEYWORDS

acute cellular rejection, vascularized composite-tissue allografts (VCA), antigen
presenting cells (APCs), conventional dendritic cells (cDCs), allograft immunogenicity,
mouse models of skin and hind limb transplantation, Th1l7 immune response

1 Introduction

Vascularized composite tissue allotransplantation (VCA), the
transplantation of multiple tissue types including skin, nerves,
muscles, and bones has become an accepted clinical reality: VCA
encompasses the reconstructive transplantation of upper and lower
extremities in amputees, facial transplantation for craniofacial tissue
defects and the transplantation of reproductive organs (1-4). VCA
recipients experience exceptionally high rates of acute rejection
episodes, affecting approximately 85% of patients within first year,
with figures reaching as high as 100% in some centers (5, 6). The
elevated incidence of acute cellular rejection (ACR) in VCA can be
attributed to the access and ease of obtaining skin biopsies (7), but has
been primarily linked to the augmented immunogenicity of its skin
component (5). ACR of the skin component in VCA responds in
general quite well to the treatment, with only few graft losses. More
frequent acute rejection rates, at the same time, may increase the risk
of graft loss with increased rates of chronic rejection and
vasculopathy. A detailed understanding of VCA immunology is
thus a prerequisite to improve the graft management through the
development of targeted therapeutic strategies (5, 7).

Current immunosuppression protocols in VCA are primarily
based on standard protocols used in solid organ transplantation
(SOT). These protocols typically involve an antibody-based
induction therapy with polyclonal antithymocyte globulin (ATG) or
monoclonal antibodies (mAb) including alemtuzumab or basiliximab,
followed by maintenance immunosuppressive regimens usually
consisting of tacrolimus, mycophenolate mofetil, and prednisolone
(8). While these protocols have shown partial effectiveness in VCA,
the lifelong use of immunosuppressive regimens comes with
considerable risks and unwanted effects, including infections,
metabolic disorders, and malignancies. These risks must be weighed
against the life-enhancing, though only rarely life-saving nature of
VCA therapy (9, 10). To ensure long-term graft acceptance through
specifically tailored immunosuppression protocols for VCA patients, a
comprehensive understanding of the underlying mechanisms during
early and late immune responses to VCA is imperative.

The initial alloimmune response against the graft is triggered by
donor-derived antigen presenting cells (APCs), primarily dendritic
cells (DCs) (11-14). Donor DCs activate recipient alloreactive T
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cells either by directly presenting intact antigens after migrating to
the draining lymph nodes or through transfer of intact donor major
histocompatibility (MHC)-antigen complexes to recipient DCs.
Immunogenic and regulatory role of graft-derived DCs has been
documented in skin and solid organ transplantations (11-16).
However, it is still under discussion if VCA-derived DCs
predominantly facilitate graft acceptance or trigger immune
activation that leads to rejection.

Here, we aimed at distinguishing recipient’s alloimmune response
between isolated skin and the entire VCA grafts utilizing mouse models
of hind limb and skin transplantation. Moreover, we investigated the
influence of APCs, particularly cDCs, on initiating and/or modulating
the alloimmune response in VCA compared to skin transplants. Our
findings underscore a more potent immunogenicity of the skin
component relative to the entire VCA and emphasize that pre-
implant depletion of donor DCs and APCs ameliorates the
immunogenicity of murine skin and hind limb transplants through a
modulation of Th17 responses in recipient animals.

2 Materials and methods
2.1 Animals

Female C57BL/6] (H-2k°, donor) and DBA/2] (H-2k¢,
recipient) mice were purchased from Charles River Laboratories
(Sulzfeld, Germany) or obtained from the central animal facility
(Forschungseinrichtungen fiir Experimentelle Medizin, FEM) of the
Charité — Universitdtsmedizin Berlin, Germany. Breeding pairs of
B6(Cg)-Zbtb4e'™ HMBEGEIMnz1 (6 ;DC-DTR, Jax Mice, stock
number: 019506) were purchased from Jackson Laboratory (Bar
Harbor, ME, USA) and bred in the FEM at Charité. In zDC-DTR
knock-in mice, human diphtheria toxin (DT) receptor (DTR) is
integrated into the promoter region of cDC-specific zinc finger
transcription factor (zDC). Treatment with diphtheria toxin ensures
targeted depletion of cDCc in these mice (17). Mice, weighing 20-24
g, were used for all the experiments and had ad libitum access to
food and water. Animals received human care in compliance with
the ‘Principles of Laboratory Animal Care’ prepared by the National
Academy of Sciences and published by the National Institutes of
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Health (NIH Publication No. 86-23, revised 1985). The State Office
for Health and Social Affairs (Landesamt fiir Gesundheit und
Soziales), Berlin approved and supervised all animal experiments
(approval number: G0300/17).

2.2 In vivo treatment

For ¢DC depletion zDC-DTR knock-in mice received an
intraperitoneal (i.p.) injection of 10 ng of DT (Sigma-Aldrich, St.
Louis, MO, USA) per gram of body weight 15 hours before
transplantation. Transient depletion of all antigen presenting cells
(APCs) was achieved by injecting 100 pl clodronate liposomes
intravenously (i.v.) into C57BL/6] on day -8, -5 and -1 before
transplantation, as previously described (18). All control mice
received the same amount of PBS liposomes (Liposoma B.V., The
Netherlands) using the same injection schedule.

2.3 Orthotopic hind limb transplantation

Hind limb transplantations in the mouse model were performed
under inhalation anesthesia with isoflurane (2%) as previously
described (19). Briefly, the left hind leg of the donor mouse was
prepared by shaving and disinfecting the skin of the thigh region,
followed by a circumferential cut in the center of the femur. The
femoral artery and vein were isolated and dissected to ensure
sufficient length for subsequent vascular anastomoses. The
remaining thigh muscle groups were then severed, followed by a
transverse femur osteotomy with a sharp scalpel. The grafts were
perfused via femoral artery with 2 ml of ice-cold histidine-
tryptophan-ketoglutarate (HTK) solution (Cardiolink, Barcelona,
Spain). Polyamide cuffs were placed over the femoral vessels,
followed by cold storage of the graft in ice cold HTK solution for
approximately 1 hour until transplantation.

In recipient mice, the equilateral hind leg was removed
congruently after clamping the femoral artery and vein proximal
to the circumferential cut. The graft was first orthotopically
connected to the recipient via femoral osteosynthesis using an
intramedullary rod made from a 22-gauge blunt cannula. The
femoral vein and artery were then anastomosed between donor
and recipient with a cuff technique. Finally, the muscles were
adapted in layers, followed by anastomosis of the skin with 6-0
VicrleM (Ethicon/Johnson&Johnson Medical GmbH, Norderstedt,
Germany) suture. The animal was kept on a warming pad
throughout the operation. For post-operative analgesia, animals
received 0.05 mg/Kg BW of Buprenorphine (Temgesic®, Indivior
Europe Limited Dublin, Ireland) and 5 mg/Kg BW of Carprofen
(Rimadyl®, Pfizer, Berlin, Germany).

2.4 Skin transplantation
Skin transplants in the mouse were performed based on established

anesthetic and analgesic protocols, described for hind limb
transplantation. Full thickness skin grafts were procured from donor’s
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dorsum with blunt dissection at the level of the areolar connective tissue
under sterile conditions and prepared prior to transplantation via
separation of the epidermis from the remaining tissue. The skin grafts
were kept on ice for approximately 1 hour prior to transplantation,
aligning with unavoidable cold ischemia time incurred during the
transplantation of murine hind limb grafts. A transplant bed of
approximately 10 x 10 mm was prepared on the dorsal trunk of the
recipient mouse by removing a narrow strip of epidermis including hair
follicles without injuring the panniculus carnosus. The donor skin patch,
precisely adopted to the wound edges, was placed on the transplant bed
and fixed with intact 6-0 VicrleM sutures.

2.5 Immune cell isolation

To isolate graft mononuclear cells (MNCs), tissues procured
from transplanted skin and VCA grafts were cut into smaller pieces
and digested in Hanks Balanced Salt Solution (HBSS),
supplemented with 1.5 mg/ml Collagenase P and 0.4 mg/ml
DNAse I (both from Roche, Grenzach-Wyhlen, Germany) for 45
minutes at 37° C. Peripheral blood mononuclear cells (PBMCs)
were isolated from blood samples, taken via cardiac puncture.
MNCs from lymph nodes and spleen were isolated by gently
grinding the lymph node and spleen pieces through a 40 pm
strainer with the help of a syringe plunger. Erythrocytes were
eliminated from the PBMCs and splenocyte samples using ACK
Lysis buffer. All isolated cells were collected in MACS buffer (PBS,
0.5% BSA, 0.5 mM EDTA) and maintained on ice until antibody
labelling for flow cytometry.

2.6 Flow cytometry

For flow cytometry analysis, 2x10° isolated cells per sample were
incubated in 100 pul MACS buffer for 20 minutes in the dark with
different sets of antibodies, as specified in Supplementary Table 1. For
intracellular labelling, cells were fixed and permeabilized using the
Cyto-FastTM Fix/Perm kit from BioLegend® San Diego, CA, USA,
according to the manufacturer’s protocol prior to incubation with
antibodies. 4’, 6-diamidino-2-phenylindole (DAPI) was added just
before the analysis for live/dead cell discrimination. All flow
cytometry investigations were performed on a BD LSRFortessa'
X-20 device (BD Biosciences, Heidelberg, Germany) with FACS Diva
software, and the data sets were analyzed using the FlowJo® V10
software (BD, Ashland, OR USA).

2.7 Multiplex cytokine analysis

Analysis of serum cytokines was performed using multiplex
immunoassay. For isolation of serum, the blood samples taken from
transplanted mice were first kept on ice for 1 hour to allow clotting.
Subsequently, samples were centrifuged for 10 minutes at 3500 g to
separate serum from cellular components. Serum samples were
stored at -80° C until the analysis was performed on all samples
together. Cytokine expression was analyzed using the Milliplex®
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Mouse Th17 magnetic bead panel kit (Cat#: MT17MAG47K-PX25,
Merck, Darmstadt, Germany) according to the manufacturer’s
instrument and the xMAP®
software (Luminex Co, Hertogenbosch, The Netherlands).

protocol using a Luminex MagPix®

2.8 Cytokine qPCR

mRNA from fresh-frozen samples of transplanted skin and
hind limb tissues was isolated using the Qiagen EasyRNA® kit and
transcribed into ¢cDNA using the High-Capacity cDNA Reverse
Transcriptase kit (Thermo Fisher Scientiﬁc®). Real-time PCR was
performed with Thermo Scientiﬁc® Applied Biosystems TagMan
Gene expression master mix and TagMan Probes primer annotated
in Supplementary Table 2 using an Applied Biosystems
StepOnePlus device.

2.9 Macroscopic evaluation of
graft rejection

Recipient animals were monitored daily for gross appearance of
skin and hind limb grafts and documented via photographs. Graft
perfusion was evaluated via capillary refill test of toes or skin grafts
within 2-3 seconds. Clinical signs of rejection were classified as
previously described: Grade 0 - no signs of rejection; Grade I -
erythema of the graft; Grade II - erythema and edema; Grade III
epidermolysis of the graft; Grade IV — mummification of the graft
(20). Hind limb recipients with graft failure due to vascular
complications were excluded from the analysis.

2.10 Histopathology

Tissue samples of the skin and VCA transplants were fixed in
4% paraformaldehyde solution (PFA) for up to 24 hours, followed
by processing for paraffin embedding using a Thermo Scientiﬁc®
Excelsior ES Tissue Processor. Sections of 4 um thickness were
prepared, deparaffinized with Xylene and a descending ethanol
series, and stained with Mayer’s Hematoxylin and Eosin (both
Morphisto GmbH, Frankfurt a.M., Germany, cat# 10231 and
11503) as described before (19). Sections were blinded and
histopathological analysis was performed according to the
respective Banff criteria for skin and VCA transplants (21).

2.11 Statistics

Statistical analysis were performed using GraphPad Prism
(version 8.4.3, GraphPad Software, La Jolla, CA). The D’Agostino
& Pearson omnibus normality test was used to assess normal data
distribution. Data were expressed as the mean + standard error of
the mean (SEM). Ordinary One-Way ANOVA (Analysis of
Variance) or non-parametric Kruskal-Wallis test followed by
appropriate multiple comparison tests were performed to
compare more than two groups. Two-Way ANOVA was applied
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in case of two categorical variables (type of transplant, pretreatment
group) followed by Tukey’s or Sidak’s multiple comparison tests,
respectively. A p-value of less than 0.05 was considered significant.

3 Results

3.1 Targeted depletion of professional
APCs and cDCs in the donor mice

To elucidate the impact of donor-derived ¢DCs on the
immunogenicity of composite tissue and skin allotransplantation,
we selectively depleted ¢DCs in zDC-DTR knock-in mice and all
professional APCs in C57Bl/6 donor mice. To ensure toxicity safety,
we first titrated DT in zDC-DTR mice, determining 10 ng/g of body
weight as an effective dose, reducing frequencies of DCs in peripheral
blood and spleen of the treated mice with no signs of toxicity within
15 hours (Supplementary Figure 1A). This dose was consistently
applied for subsequent ¢cDC depletion experiments. Similarly,
intravenous administration of clodronate liposomes (100 pl) to
donor C57BL/6] mice on days -8, -5 and -1 prior to
transplantation significantly reduced the number of all APCs,
including macrophages and DCs in peripheral blood and spleen of
the treated mice (Supplementary Figures 1A, B) (18). Importantly,
the analysis of donor-specific DCs (H2Kb"CD11c") in the skin and
hind limb grafts at POD 6 showed significantly reduced numbers of
¢DCs in both zDC (DT treated zDC-DTR mice) and CL (clodronate
treated C57BL/6] mice) groups, compared to the WT (PBS treated
C57BL/6] mice) group (Supplementary Figure 1C).

3.2 Depletion of donor cDCs and APCs
influences rejection of murine skin and
hind limb allografts

To evaluate the impact of donor ¢DC on skin and hind limb
transplant outcomes, allografts from ¢DC and APC depleted mice were
transplanted into DBA/2] WT mice. Of note, immunosuppression was
not used to study an unbiased effect of DCs on acute rejections. Both
skin and hind limb allografts were macroscopically examined daily and
scored based on the clinical signs of acute rejection, as previously
described (20). Skin and hind limb transplants exhibited progressive
signs of acute rejection by day 5 (Figures 1A, C). Compared to the WT
and APC depletion groups, cDC depleted grafts exhibited ameliorated,
albeit not statistically different allograft rejection scores (Figures 1E).
Histopathological evaluation by post-operative day (POD) 6 revealed
severe rejection of hind limb and skin transplants, with highest possible
Banff scores (4) (Figure 1F). The Banff criteria for skin-containing
composite tissue allotransplantation are restricted to the skin
component of the transplant. The analysis of the underlying non-
skin VCA (muscular and connective tissue layers) demonstrated lower
rejection scores (<2), which is known to show reduced immunogenicity
relative to the skin component (22). Nonetheless, no significant
differences were observed between untreated WT groups and those
with donor APC or ¢DC depletion in both skin and hind
limb transplants.
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FIGURE 1

Effect of donor APC and cDC depletion on mouse hind limb and skin allografts. Hind limb and skin grafts of untreated control (WT) and APC
depleted (CL; clodronate treated) C57Bl/6 mice and cDC depleted (zDC; DT treated zDC-DTR) mice were transplanted in DBA/2 mice. The grafts
were macroscopically evaluated for acute rejection as previously defined (20). Representative images of the hind limb (A) and skin (C) transplants on
post-operative day (POD) 1, 3 and 5 are shown. Representative images of H&E-stained sections of the hind limb (B) and skin (D) allografts of
untreated (WT), APC depleted (CL) and cDC depleted (zDC) donor mice, harvested on POD 6 are shown (20x magnification) (n=5). The rejection
scores of the macroscopic evaluation (E) (n=3) and Banff classification (F) (n=8 skin Tx, n=5 hind limb Tx) of the hind limb and skin allografts are
presented by the bar graphs. ****p<0.0001.

3.3 Depletion of donor cDCs impacts (spleen, lymph nodes) of recipient mice procured on POD 6. The
recipient DC activity frequency of pan DCs (CD11b"CD11c") were markedly higher in all
analyzed tissues of recipients of skin WT grafts compared to

To understand the systemic impact of donor ¢cDC depletion on  recipients of hind limb (HL) WT grafts (Figures 2A-C). Notably,
skin and hind limb graft immunogenicity, we first characterized ~ DC counts in mice receiving a skin transplant from APC depleted
recipient DCs in blood and secondary lymphoid compartments  clodronate-treated donors (CL) were consistently reduced in all the
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FIGURE 2

Donor APC and cDC depletion variably impacts abundance, maturation, and activation of recipient DCs, following murine skin and hind limb
transplantation. Immune cells were isolated from blood and lymphoid tissues (spleen and lymph nodes) of the recipients (DBA/2 mice) of skin and
hind limb grafts-derived from untreated (WT), APC depleted (CL; clodronate treated) and cDC depleted (zDC; DT treated zDC-DTR) donor mice at
POD 6 and analyzed by flow cytometry. The bar graphs indicate frequencies of pan (CD11b"CD11c*) (A—C), mature (CD11b CD11c*MHCII*)

(D—F) and active (CD11b"CD11c*CD40") (G-I) DCs gated on recipient H2Kd* CD45" cells. The gating strategies are described in Supplementary
Figure 2. All values are given in % of the described population on the ordinate/"y-axis". (n=8 skin Tx, n=5 hind limb Tx). *p<0.05, **p<0.01,

**¥p<0.001, ****p<0.0001.

compartments. Similarly, DT-induced depletion of cDC in zDC-DTR
donor mice (zDC) significantly reduced DC counts in the spleen and
blood of skin graft recipients. However, depletion of APCs or cDCs in
the donor had minimal effects on the already low DC numbers in
recipients of hind limb, except on splenic DCs of clodronate treated
group (CL). Furthermore, the frequency of mature (CD11b
CD11c¢*MHCII") and active (CD11b°'CD11¢*CD40") DCs was
higher in almost all the analyzed tissues of the recipients of skin
WT grafts compared to recipients of hind limb WT grafts
(Figures 2D-I). Depletion of either donor APCs or cDCs resulted
in a significant decrease of mature and active DCs in the spleen,
blood, and lymph nodes of skin graft recipients. However, this
reduction was exclusively observed in the spleen of recipients who
received hind limb from ¢DC depleted donors (Figures 2D, G).
Focusing on the subtypes of cDCs, we observed that numbers of
lymphatic tissue resident type 1 cells (¢cDC1 subset: CD11c"CD8" of
CD11b/B220") were significantly higher in all analyzed tissues of
hind limb WT graft recipients compared to recipients of WT skin
grafts. Only spleen and blood in ¢DC depleted hind limb group
(zDC) demonstrated reduced cDC1 numbers (Figures 3A-C).
Conversely, numbers of type 2 ¢DCs (CD11c"MHCII' of
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CD11b") were significantly elevated in recipient’s spleen and
blood following WT skin transplantation compared to WT hind
limb (Figures 3D-F). Interestingly, depletion of donor APC (CL) or
¢DC (zDC) resulted in decreased cDC2 counts in the blood of skin
graft recipients, whereas augmented cDC2 numbers were observed
in the spleen of skin graft recipients of zDC animals.

3.4 Donor cDC and APC depletion
distinctly influence the T cell response
following skin and hind

limb transplantation

To delineate the effector response subsequent to dendritic cell-
initiated immune responses, we next analyzed T cell responses in
recipients of both skin and hind limb transplants. Notably, numbers
of CD3"CD4" Th cells were significantly higher in the blood of WT
skin graft recipients when compared to WT hind limb recipients;
¢DC or APC depletion did not impact this outcome; neither did we
observe differences in splenic and lymph nodes samples of either
WT or DC depleted groups (Figures 4A-C).
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FIGURE 3

Donor APC and cDC depletion demonstrate diverse impacts on two major subsets of DCs, following murine skin and hind limb transplantation.
Immune cells were isolated from blood and lymphoid tissues (spleen and lymph nodes) of the recipients (DBA/2 mice) of skin and hind limb grafts-
derived from untreated (WT), APC depleted (CL; clodronate treated) and cDC depleted (zDC; DT treated zDC-DTR) donor mice at POD 6 and
analyzed by flow cytometry. The bar graphs indicate frequencies of two major subsets of cDCs, cDC1 (CD11b"B220 CD11c*CD8") (A—C) and cDC2
(CD11b*CD11c*MHCIIY) (D-F) in the specified organs. The cDCs were gated on recipient-specific H2Kd* CD45" cells. The gating strategies are
described in Supplementary Figure 3. All values are given in % of the described population on the ordinate/"y-axis". (n=8 skin Tx, n=5 hind limb Tx).

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

Likewise, splenic and peripheral blood CD3"CD8" T cell counts
did not differ significantly, neither between the two transplant models
nor between the wild type and DC depletion groups. However, the
frequency of CD3"CD8" T cells was significantly higher in lymph
nodes of mice receiving a skin WT grafts compared to those receiving
hind limb WT grafts (Figures 4D-F). Interestingly, both the depletion
of donor ¢DCs (zDC) and APCs (CL) resulted in a significant
reduction of lymph nodes CD3"CD8" T cells in skin
transplant recipients.

Numbers of activated CD4"CD25" T cells did not show
differences in spleen and blood samples of the skin and hind limb
transplant recipients. In contrast, in the lymph nodes of skin graft
recipients, the depletion of donor ¢DCs (zDC) and APCs (CL)
resulted in a significant reduction of CD4"CD25" T cells
(Figures 4G-I).To elucidate the effector responses within the skin
and hind limb allografts, we analyzed the composition of intra-graft
T lymphocyte. Notably, grafts were consistently infiltrated with
recipient lymphocytes with hind limb grafts predominantly
showing CD3"CD8" T cell infiltration and skin grafts showing
CD3"CD4" T cell dominance (Figures 4], K). Depletion of donor
¢DC (zDC) or APC (CL) had no impact on the frequencies of
CD3"CD8" T cells in both skin and hind limb grafts (Figure 4J).
However, while the number of CD3"CD4" T cells remained
unaffected in hind limb grafts of both donor ¢DC (zDC) and
APC (CL) depleted groups, frequencies of CD3"CD4" T cells
were significantly reduced in the skin grafts of both depleted
groups compared to the WT group (Figure 4K). This suggests an
influence of donor ¢cDC and APC depletion on the Th (CD3*CD4"
T cells) mediated effector response within the skin grafts.

Frontiers in Immunology

3.5 Effect of donor APC and cDC depletion
on Thl7 response in skin and hind
limb transplantation

To differentiate between Th mediate proinflammatory and
regulatory responses we next analyzed the responses of Thl7
(CDA4'IL-177) and Tregs (CD4"Helios") Th cells, respectively. While
there were no differences in regulatory T cell numbers between the two
transplant models or between the WT and depletion groups, Th17 cell
counts were significantly elevated in spleen samples of WT skin
recipients, compared to WT hind limb transplanted mice (Figures 5A,
B). Interestingly, in the skin transplant model, Th17 cells were strongly
reduced in both APC and ¢DC depletion groups compared to the
respective WT groups, suggesting an effect of both donor APC and ¢cDC
depletion on the Th17 immunity of skin recipients.

Multiplex analysis of various proinflammatory and regulatory Th
cytokines in the serum samples of the skin and hind limb recipients at
POD 6 revealed that most cytokine levels remained unaffected by
donor ¢cDC and APC depletion (Supplementary Figure 5). Donor cDC
depletion in skin transplant recipients and both ¢cDC and APC
depletion in hind limb transplant recipients reduced the serum levels
of Thl7-related cytokines, namely IL-17E and lymphotoxin-c,
indicating an attenuation of systemic Thl7 response (Figure 5C).
Likewise, intragraft gene expression of lymphotoxin-o. was reduced,
albeit not statistically significant, in both APC and ¢DC depletion
groups of skin and hind limb transplants (Figure 5D). Interestingly,
while the expression of proinflammatory cytokines IFN-y and IL-6 was
reduced in the skin grafts of the cDC depletion group, the expression of
TNEF-o. was increased (Supplementary Figure 6).
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FIGURE 4

Effect of donor APC and cDC depletion on recipient T lymphocytes, following murine skin and hind limb transplantation. Immune cells were isolated
from blood, lymphoid tissues (spleen and lymph nodes) and the allografts of the recipients (DBA/2 mice) of skin and hind limb grafts-derived from
untreated (WT), APC depleted (CL; clodronate treated) and cDC depleted (zDC; DT treated zDC-DTR) donor mice at POD 6 and analyzed by flow
cytometry. The bar graphs indicate frequencies of two major subsets of T lymphocytes, Th (CD3*CD4") (A—C) and CTLs (CD3*CD8*) (D—F) and
active Th cells (CD3"CD4*CD25%) (G-1) isolated from spleen, blood and lymph nodes of the recipients. (J, K) The bar graphs indicate frequencies of
recipient CD8" (J) and CD4" (K) T cells infiltrated in the skin and hind limb grafts of the recipients at POD 6 in untreated (WT), APC depleted (CL)
and cDC depleted (zDC) groups. The lymphocytes were gated on recipient-specific H2Kd* CD45" cells. The gating strategies are described in
Supplementary Figure 2. All values are given in % of the described population on the ordinate/"y-axis". (n=8 skin Tx, n=5 hind limb Tx). *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001.

4 Discussion against skin versus the whole vascularized composite allograft, we
performed a simultaneous analysis of isolated skin and hind limb

Compared to solid organs, VCA transplants have a higher  grafts in the mouse model. The isolated skin grafts and the skin
incidence of acute rejections, primarily attributed to the presumed  component of VCA demonstrated severe rejection, based on Banff
highly immunogenic nature of its skin component. To distinguish  score. However, the underlying muscular and connective tissues of
the rejection phenotype and the nature of immune responses  the VCA were protected (Figure 1). Preclinical studies in the rat (23)
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Effect of donor APC and DC depletion on Th17 mediated alloimmune response. Splenocytes were isolated from the recipients (DBA/2 mice) of skin
and hind limb grafts-derived from untreated (WT), APC depleted (CL; clodronate treated) and cDC depleted (zDC; DT treated zDC-DTR) donor mice
at POD 6 and analyzed for the expression of IL-17 and Hellios in CD4* T cells using flow cytometry. The bar graphs indicate frequencies of Tregs
(CD4"Hellios") (A) and Th17 (CD4"IL17") (B) cells, respectively. The CD3" T cells were gated on CD3"CD45" cells. The gating strategies are
described in Supplementary Figure 4. All values are given in % of the described population on the ordinate/"y-axis". Serum was isolated from the
blood samples of the skin and hind limb recipients at POD 6 and subjected to multiplex analysis for the levels of Th17-related cytokines IL17E/IL-25
and lymphotoxin-o. The representative bar graphs are shown (C). (D) Quantitative RT-PCR analysis of IL17/IL-25 and lymphotoxin-a. expression in
the skin and hind limb grafts at POD 6. (n=8 skin Tx, n=5 hind limb Tx). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

and swine models (24), as well as clinical reports (25) have
consistently shown severe rejections of the skin component of
VCA compared to milder rejections of the underlying tissues. The
recipient immune systems’ selective targeting of the skin
component in VCA can be attributed to the abundance of skin-
resident APCs, including DCs and Langerhans cells (10, 26).
Additionally, skin serves as a reservoir for a large number of
effector memory T cells generated in response to the continuous
exposure of skin to foreign antigens (10, 27). The presence of both
APCs and effector memory T cells within the skin intensifies the
recipients’ immune response against the skin component of VCA.
However, conversely, severe rejection of the non-skin components
in the absence of clinically detectable skin rejection has also been
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reported (28, 29). Particularly, the mucosa of the skin in case of
facial transplantation seems to show more distinct patterns of acute
rejections than the skin component (30). Apparently, the nature
and degree of rejection may substantially vary depending on the
type of VCA and the tissue composition underlying the skin.
Consistent with the variable rejection of skin and hind limb
grafts, our study revealed a notable distinction in the alloimmune
response to isolated skin versus skin-containing VCA transplants.
Specifically, in our experiments skin grafts were predominantly
infiltrated by recipient CD3*CD4" T cells, while hind limb grafts
were characterized by CD3"CD8" T cell infiltrates (Figures 4], K).
These observations indicate a favored CD4 T cell-driven adaptive

immune response during acute rejection in skin-only allogeneic
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transplantation and a distinct CD8 T cell-driven rejection process in
skin-containing VCA. The preference of T cell subsets in acute
rejection has been described for certain organs like skin and heart
(31-33). The observed graft-specific responses of T cell subsets may
be linked to the elevated ¢cDC1 and cDC2 numbers in secondary
lymphoid tissues of VCA and skin transplanted animals,
respectively. This is in line with the previous findings that
highlight the predominant role of spleen and lymph node
resident ¢cDCl in activating CD8" T cells, while the primary
function of the resident ¢cDC2 is to activate CD4" T cells (34).
Furthermore, in line with the lower degree of overall rejection of the
VCA, we detected lower numbers of pan, mature and active DCs,
cDC2 subset and, simultaneously, reduced frequencies of CD4 and
CDB8 T cells in VCA recipients compared to skin allograft recipients.
These data suggest a dampened indirect and semi-direct activation
of effector T cells, indicating a reduced systemic adaptive immune
response during acute rejection in VCA compared to the skin
transplantation model. In addition, we observed reduced Th17
cells in spleen samples of hind limb transplanted mice, compared
to skin (Figure 5B), suggesting an overall lower antigenicity of the
VCA compared to the isolated skin graft, despite the much higher
mass and skin area of the VCA graft. Larger allografts typically
contain a greater number of antigens, which can elicit a more robust
immune response from the recipient’s immune system, leading to
more severe rejection episodes. Skin, being the body’s outer barrier,
is constantly exposed to a plethora of environmental antigens,
including pathogens, allergens, and foreign substances. This
continuous exposure results in a higher antigen load in the skin
compared to deeper tissues like muscle. Moreover, the skin hosts a
dense population of specialized APCs, such as Langerhans cells in
the epidermis and dendritic cells in the dermis, which contribute to
its heightened immunogenicity compared to deeper muscle tissue
(10, 22, 35). We anticipate that the lower overall immune response
against the VCA graft might be due to the relative larger proportion
of the less immunogenic non-skin component of the VCA,
compensating the collective immune response. The slower rate of
rejection in VCA could also be due to T cell exhaustion, attributed
to the larger size of the highly immunogenic skin component of
VCA compared to smaller size of isolated skin grafts. This concept
is supported by a recent findings from Zou et al., which demonstrate
that T cell exhaustion develops in the presence of higher antigen
load and can promote transplant acceptance (36).

Skin grafts were not reconnected to the blood supply during
transplantation. Although skin grafts have been placed on a very well
vascularized bed, a certain degree of extended ischemia cannot be
ruled out. Ischemia and reperfusion injury (IRI) may also occur
subsequent to neovascularization that may initiate a cascade of events
leading to enhanced proinflammatory responses to the allografts (37,
38). Therefore, the variations in immune responses observed between
the non-vascularized skin grafts and the vascularized hind limb grafts
could potentially be attributed to the inevitable period of prolonged
ischemia experienced by the skin grafts.

Recognizing the pivotal role of graft accompanying APCs in
defining immunogenicity, especially during early alloimmune
responses, we selectively depleted APCs and cDCs in donor mice,
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followed by skin and hind limb transplantation into the fully MHC
mismatched recipient mice. While there was a slight improvement
with donor ¢DC depletion in the macroscopically evaluated
hallmarks of acute rejection for both skin and VCA grafts, the
effect was not statistically significant (Figures 1A, C, E). We posit
that the sole depletion of donor cDCs or APCs might have been
insufficient to yield a substantial protective effect in the stringent
allograft rejection models with complete MHC mismatch.
Additionally, we had deliberately avoided the use of
immunosuppression to elude any side effect of immunosuppression
on DCand T cell responses. Interestingly, mouse skin grafts depleted
of ¢DCs and transplanted into minor histocompatibility mismatched
recipients exhibited prolonged survival, suggesting a protective effect
in a situation of a mild alloimmunity (39). It is noteworthy that even
minor mismatches were sufficient to induce rejection of the mouse
skin grafts, underscoring the robust nature of the skin graft rejection
(39). Moreover, in studies involving major histocompatibility
mismatched recipients, prolonged survival of murine hearts from
DC depleted donors was observed (18, 40), but the same could not be
replicated for skin grafts (40). Apparently, the role of donor-derived
DCs in rejection appears to be organ-specific and contingent on the
histocompatibility match between the donor and receipt.

After transplantation, donor DCs undergo stimulation and
migrate to the nearby lymph nodes, where they prime effector T
cells for alloantigen-specific immune responses. This activity of
donor DCs is most impactful during the initial stages of acute
cellular rejection, as these cells are frequently targeted and
eliminated by recipient cytotoxic T and NK cells (41, 42).
Similarly, we rarely observed donor DCs in blood or secondary
lymphoid organs of the recipients at POD 6, neither in the cDC and
APC depleted nor in the WT groups (Supplementary Figures 7A, 8).
However, a small proportion of cells were double positive,
expressing both donor (H2Kb)- and recipient (H2Kd)-specific
MHC class I molecules. Since all the double positive cells are
mature (MHCII") and active (CD40") (Supplementary
Figure 7B), we anticipate that these are recipient cells cross-
dressed with donor MHC-antigen complexes. However, further
studies should confirm the precise phenotype of these cells, and
thus the nature of antigen presentation. Nevertheless, the donor
APC and DC depletion significantly reduced the number of the
double positive cells in blood and lymph nodes of skin transplanted
recipients (Supplementary Figure 7C), confirming the influence on
recipient DC activity also by semi direct pathway. Interestingly,
APC and c¢DC depletion in the donor more effectively targeted
recipient DC activities and the subsequent Th cell mediated effector
response to the skin grafts compared to the hind limb grafts
(Figures 2, 4, 5). This implies that, despite disappearing earlier,
donor DCs might play a role in the subsequent alloimmune
response mediated by recipient DCs, albeit with organ-specific
effects. Donor DCs can influence recipient DC activities in several
different ways. After transmigrating to lymph nodes, the donor DCs
may deliver cargo loaded with donor MHC and antigens to the
recipient DCs, facilitating antigen presentation via indirect (cross-
presentation) or semi direct (cross-dressing) pathways (43, 44).
Additionally, donor DCs may secrete microvesicles-containing
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MHC-antigen complexes, which could be taken up by recipient DCs
and presented to effector T cells via semi-direct mechanism.
Depletion of APCs or DCs in the donor would likely interfere
with all these ways of recipient DC activation.

Regardless of the transplantation model, Th17 cells exhibit
reduced frequencies in the DC depletion groups, most
prominently in skin transplant recipients (Figure 5B). Th17 cells
play a crucial role in solid organ allograft rejection, and a decrease in
their numbers has been associated with improved transplant
outcomes (18, 45-48). It has been demonstrated that
immunosuppression may not be sufficient to control Th17
mediated transplant rejection, as Th17 cells can exhibit variable
resistance to immunosuppression (49-52). Additionally, a variable
response to Treg mediated suppression was shown (53, 54). The
reduced Th17 frequencies observed in our study could be a direct
effect of depleted donor APCs or DCs, but it may also represent an
indirect effect of the substantially reduced numbers of activated and
matured recipient DCs. Since we rarely detected donor DCs in the
analyzed WT secondary lymphoid organs at POD 6, the latter effect
seems more likely to be responsible for reduction in Th17 cell
counts. The decrease in Th17 cell counts in the APC and ¢DC
depletion groups was also somewhat reflected by systemic and local
cytokine expression in the allograft, particularly IL-17E and
lymphotoxin-o. (Figure 5). Although IL-17E is known to induce a
Th2-mediated allergic response by stimulating IL-4, IL-5 and IL-13
production, several studies highlight its proinflammatory role in
skin and autoimmune diseases (55). Genetic ablation or
neutralization of IL-17E ameliorated skin inflammation induced
by imiquimod and tape stripping by weakening innate immune
responses (56). Contrarily, IL-17E has been shown to enhance the
regulatory function of Foxp3 positive Tregs and prolong mouse skin
graft survival (57). In vivo treatment of heart-transplanted rat
recipients with lymphotoxin-o. neutralizing antibodies prolonged
graft survival (58). Likewise, the lymphotoxin-o. KO mice showed a
significant delay in the rejection of heart and skin grafts compared
to the WT counterparts following splenectomy (59). Interestingly,
in xenogeneic and allogeneic hematopoietic stem cell
transplantation (hSCT) models, antibody mediated neutralization
(60) or knockout of lymphotoxin-o but not of lymphotoxin-f8 in the
donor, led to the attenuation of graft versus host disease
(GVHD) (61).

In summary, our findings suggest a higher sensitivity of the skin
component in VCA compared to the underlying muscles and
connective tissues. Correspondingly, the isolated skin graft
demonstrated heightened immunogenicity compared to the whole
VCA graft. Moreover, while depletion of donor APCs or ¢cDCs was
insufficient to ameliorate rejection of skin and hind allografts, the
activities of recipient DCs and the subsequent Th17 response in the
skin transplantation model were improved. Future studies exploring
the effect of targeting donor DCs, along with immunosuppression,
may offer additional benefits and warrant further investigation.
Additionally, future studies should aim to understand the precise
mechanisms by which donor DC regulate the activity of the
recipient DCs, conducting a thorough analysis of the temporal
dynamics of donor DCs and their interaction with the recipient
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DCs. The inevitable IRI of the transplant results in the release of
damage-associated molecular patterns (DAMPs) from the injured
cells, which promote activation of APCs, including DCs. Future
studies should explore how the IRI of skin and hind limb grafts
influence the activation and migration of graft-resident DCs to the
lymphoid organs of the recipient and impacts graft outcome.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The animal study was approved by The State Office for Health
and Social Affairs (Landesamt fiir Gesundheit und Soziales), Berlin
(approval number: G0300/17). The study was conducted in
accordance with the local legislation and institutional requirements.

Author contributions

MA: Conceptualization, Data curation, Formal analysis,
Investigation, Methodology, Writing - original draft, Writing -
review & editing. JM: Data curation, Formal analysis, Investigation,
Methodology, Writing — review & editing. AR-S: Data curation,
Formal analysis, Investigation, Validation, Writing — review &
editing. DP: Data curation, Methodology, Writing - review &
editing, Validation. KF: Data curation, Methodology, Writing -
review & editing. SL: Data curation, Methodology, Writing
- review & editing. PT: Data curation, Methodology, Writing -
review & editing. EM: Data curation, Formal analysis, Methodology,
Writing - review & editing. RC: Data curation, Formal analysis,
Writing - review & editing. JP: Conceptualization, Funding
acquisition, Resources, Supervision, Writing - review & editing.
CW: Investigation, Resources, Supervision, Writing - review &
editing. IS: Project administration, Resources, Supervision,
Validation, Writing - review & editing. ST: Funding acquisition,
Project administration, Supervision, Validation, Writing — review &
editing. BK: Data curation, Formal analysis, Investigation,
Methodology, Project administration, Writing - original draft,
Writing - review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This study
was funded by Einstein Foundation Berlin in cooperation with
Stiftung Charite (EVF-BIH-2016-287 and EVEF-BIH-2019-287-2).
The financial support for the publication of this article was partially
provided by the Open Access Publication Fund of Charité -
Universitdtsmedizin Berlin.

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1395945
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Ashraf et al.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

References

1. Shores JT, Brandacher G, Lee WPA. Hand and upper extremity transplantation:
an update of outcomes in the worldwide experience. Plast Reconstr Surg. (2015)
135:351e-60e. doi: 10.1097/PRS.0000000000000892

2. Siemionow M. The past the present and the future of face transplantation. Curr
Opin Organ Transplant. (2020) 25:568-75. doi: 10.1097/MOT.0000000000000812

3. Lantieri L, Cholley B, Lemogne C, Guillemain R, Ortonne N, Grimbert P, et al.
First human facial retransplantation: 30-month follow-up. Lancet. (2020) 396:1758-65.
doi: 10.1016/S0140-6736(20)32438-7

4. Brannstrom M. Womb transplants with live births: an update and the future.
Expert Opin Biol Ther. (2017) 17:1105-12. doi: 10.1080/14712598.2017.1347633

5. Kaufman CL, Marvin MR, Chilton PM, Hoying JB, Williams SK, Tien H, et al.
Immunobiology in VCA. Transpl Int. (2016) 29:644-54. doi: 10.1111/tri.12764

6. Kollar B, Pomahac B, Riella LV. Novel immunological and clinical insights in
vascularized composite allotransplantation. Curr Opin Organ Transplant. (2019)
24:42-8. doi: 10.1097/MOT.0000000000000592

7. Kueckelhaus M, Fischer S, Seyda M, Bueno EM, Aycart MA, Alhefzi M, et al.
Vascularized composite allotransplantation: current standards and novel approaches to
prevent acute rejection and chronic allograft deterioration. Transpl Int. (2016) 29:655—
62. doi: 10.1111/tri.12652

8. Petruzzo P, Lanzetta M, Dubernard JM, Landin L, Cavadas P, Margreiter R, et al.
The international registry on hand and composite tissue transplantation.
Transplantation. (2010) 90:1590-4. doi: 10.1097/TP.0b013e3181£f1472

9. Leonard DA, Kurtz JM, Cetrulo CL Jr. Vascularized composite
allotransplantation: towards tolerance and the importance of skin-specific
immunobiology. Curr Opin Organ Transplant. (2013) 18:645-51. doi: 10.1097/
MOT.0000000000000022

10. IskeJ, Nian Y, Maenosono R, Maurer M, Sauer IM, Tullius SG. Composite tissue
allotransplantation: opportunities and challenges. Cell Mol Immunol. (2019) 16:343-9.
doi: 10.1038/s41423-019-0215-3

11. Demetris AJ, Murase N, Rao AS, Fung J], Starzl TE. The dichotomous functions
of passenger leukocytes in solid-organ transplantation. Adv Nephrol Necker Hosp.
(1995) 24:341-54.

12. Lin J, Wang H, Liu C, Cheng A, Deng Q, Zhu H, et al. Dendritic cells: versatile
players in renal transplantation. Front Immunol. (2021) 12:654540. doi: 10.3389/
fimmu.2021.654540

13. Billingham RE. The passenger cell concept in transplantation immunology. Cell
Immunol. (1971) 2:1-12. doi: 10.1016/0008-8749(71)90022-0

14. Steinmuller D. Passenger leukocytes and the immunogenicity of skin allografts.
J Invest Dermatol. (1980) 75:107-15. doi: 10.1111/1523-1747.ep12521331

15. Ordikhani F, Pothula V, Sanchez-Tarjuelo R, Jordan S, Ochando J. Macrophages in
organ transplantation. Front Immunol. (2020) 11:582939. doi: 10.3389/fimmu.2020.582939

16. Rogers NM, Ferenbach DA, Isenberg JS, Thomson AW, Hughes J. Dendritic cells
and macrophages in the kidney: a spectrum of good and evil. Nat Rev Nephrol. (2014)
10:625-43. doi: 10.1038/nrneph.2014.170

17. Meredith MM, Liu K, Darrasse-Jeze G, Kamphorst AO, Schreiber HA,
Guermonprez P, et al. Expression of the zinc finger transcription factor zDC
(Zbtb46, Btbd4) defines the classical dendritic cell lineage. J Exp Med. (2012)
209:1153-65. doi: 10.1084/jem.20112675

18. Oberhuber R, Heinbokel T, Cetina Biefer HR, Boenisch O, Hock K, Bronson RT, et al.
CD11c+ Dendritic cells accelerate the rejection of older cardiac transplants via interleukin-
17A. Circulation. (2015) 132:122-31. doi: 10.1161/CIRCULATIONAHA.114.014917

19. Kern B, Ashraf M-I, Reutzel-Selke A, Mengwasser J, Polenz D, Michaelis E, et al.
Moderate LMWH anticoagulation improves success rate of hind limb
allotransplantation in mice. Plast Reconstructive Surg - Global Open. (2023) 11:
€5249. doi: 10.1097/GOX.0000000000005249

Frontiers in Immunology

12

10.3389/fimmu.2024.1395945

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2024.
1395945/full#supplementary-material

20. Wolfram D, Starzl R, Hackl H, Barclay D, Hautz T, Zelger B, et al. Insights from
computational modeling in inflammation and acute rejection in limb transplantation.
PloS One. (2014) 9:¢99926. doi: 10.1371/journal.pone.0099926

21. Cendales LC, Kanitakis J, Schneeberger S, Burns C, Ruiz P, Landin L, et al. The
Banff 2007 working classification of skin-containing composite tissue allograft
pathology. Am J Transplant. (2008) 8:1396-400. doi: 10.1111/j.1600-6143.2008.02243.x

22. Leonard D, Amin K, Giele H, Fildes J, Wong JK. Skin immunology and rejection
in VCA and organ transplantation. Curr Transplant Rep. (2020) 7:251-9. doi: 10.1007/
540472-020-00310-1

23. Oda H, Ikeguchi R, Aoyama T, Ohta S, Noguchi T, Kaizawa Y, et al. Relative
antigenicity of components in vascularized composite allotransplants: An experimental
study of microRNAs expression in rat hind limb transplantation model. Microsurgery.
(2019) 39:340-8. doi: 10.1002/micr.30408

24. Mathes DW, Randolph MA, Solari MG, Nazzal JA, Nielsen GP, Arn JS, et al.
Split tolerance to a composite tissue allograft in a swine model. Transplantation. (2003)
75:25-31. doi: 10.1097/00007890-200301150-00005

25. Win TS, Crisler WJ, Dyring-Andersen B, Lopdrup R, Teague JE, Zhan Q, et al.
Immunoregulatory and lipid presentation pathways are upregulated in human face
transplant rejection. J Clin Invest. (2021) 131. doi: 10.1172/JCI135166

26. Thaunat O, Badet L, Dubois V, Kanitakis J, Petruzzo P, Morelon E.
Immunopathology of rejection: do the rules of solid organ apply to vascularized
composite allotransplantation? Curr Opin Organ Transplant. (2015) 20:596-601.
doi: 10.1097/MOT.0000000000000242

27. Lian CG, Bueno EM, Granter SR, Laga AC, Saavedra AP, Lin WM, et al.
Biomarker evaluation of face transplant rejection: association of donor T cells with
target cell injury. Mod Pathol. (2014) 27:788-99. doi: 10.1038/modpathol.2013.249

28. Kauke M, Safi AF, Zhegibe A, Haug V, Kollar B, Nelms L, et al. Mucosa and
rejection in facial vascularized composite allotransplantation: A systematic review.
Transplantation. (2020) 104:2616-24. doi: 10.1097/TP.0000000000003171

29. Knoedler L, Knoedler S, Panayi AC, Lee CAA, Sadigh S, Huelsboemer L, et al. Cellular
activation pathways and interaction networks in vascularized composite allotransplantation.
Front Immunol. (2023) 14:1179355. doi: 10.3389/fimmu.2023.1179355

30. Kauke M, Panayi AC, Tchiloemba B, Diehm YF, Haug V, Kollar B, et al. Face
transplantation in a black patient - racial considerations and early outcomes. N Engl |
Med. (2021) 384:1075-6. doi: 10.1056/NEJMc2033961

31. Valujskikh A, Lantz O, Celli S, Matzinger P, Heeger PS. Cross-primed CD8(+) T
cells mediate graft rejection via a distinct effector pathway. Nat Immunol. (2002) 3:844—
51. doi: 10.1038/ni831

32. Youssef AR, Otley C, Mathieson PW, Smith RM. Role of CD4+ and CD8+ T cells
in murine skin and heart allograft rejection across different antigenic desparities.
Transpl Immunol. (2004) 13:297-304. doi: 10.1016/.trim.2004.10.005

33. Tian Q, Zhang Z, Tan L, Yang F, Xu Y, Guo Y, et al. Skin and heart
allograft rejection solely by long-lived alloreactive T(RM) cells in skin of severe
combined immunodeficient mice. Sci Adv. (2022) 8:eabk0270. doi: 10.1126/
sciadv.abk0270

34. Schroth S, Glinton K, Luo X, Thorp EB. Innate functions of dendritic cell subsets in
cardiac allograft tolerance. Front Immunol. (2020) 11:869. doi: 10.3389/fimmu.2020.00869

35. Sender R, Weiss Y, Navon Y, Milo I, Azulay N, Keren L, et al. The total mass,
number, and distribution of immune cells in the human body. Proc Natl Acad Sci U S A.
(2023) 120:2308511120. doi: 10.1073/pnas.2308511120

36. Zou D, Dai Y, Zhang X, Wang G, Xiao X, Jia P, et al. T cell exhaustion is
associated with antigen abundance and promotes transplant acceptance. Am |
Transplant. (2020) 20:2540-50. doi: 10.1111/ajt.15870

37. Li Q, Lan P. Activation of immune signals during organ transplantation. Signal
Transduct Target Ther. (2023) 8:110. doi: 10.1038/s41392-023-01377-9

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2024.1395945/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1395945/full#supplementary-material
https://doi.org/10.1097/PRS.0000000000000892
https://doi.org/10.1097/MOT.0000000000000812
https://doi.org/10.1016/S0140-6736(20)32438-7
https://doi.org/10.1080/14712598.2017.1347633
https://doi.org/10.1111/tri.12764
https://doi.org/10.1097/MOT.0000000000000592
https://doi.org/10.1111/tri.12652
https://doi.org/10.1097/TP.0b013e3181ff1472
https://doi.org/10.1097/MOT.0000000000000022
https://doi.org/10.1097/MOT.0000000000000022
https://doi.org/10.1038/s41423-019-0215-3
https://doi.org/10.3389/fimmu.2021.654540
https://doi.org/10.3389/fimmu.2021.654540
https://doi.org/10.1016/0008-8749(71)90022-0
https://doi.org/10.1111/1523-1747.ep12521331
https://doi.org/10.3389/fimmu.2020.582939
https://doi.org/10.1038/nrneph.2014.170
https://doi.org/10.1084/jem.20112675
https://doi.org/10.1161/CIRCULATIONAHA.114.014917
https://doi.org/10.1097/GOX.0000000000005249
https://doi.org/10.1371/journal.pone.0099926
https://doi.org/10.1111/j.1600-6143.2008.02243.x
https://doi.org/10.1007/s40472-020-00310-1
https://doi.org/10.1007/s40472-020-00310-1
https://doi.org/10.1002/micr.30408
https://doi.org/10.1097/00007890-200301150-00005
https://doi.org/10.1172/JCI135166
https://doi.org/10.1097/MOT.0000000000000242
https://doi.org/10.1038/modpathol.2013.249
https://doi.org/10.1097/TP.0000000000003171
https://doi.org/10.3389/fimmu.2023.1179355
https://doi.org/10.1056/NEJMc2033961
https://doi.org/10.1038/ni831
https://doi.org/10.1016/j.trim.2004.10.005
https://doi.org/10.1126/sciadv.abk0270
https://doi.org/10.1126/sciadv.abk0270
https://doi.org/10.3389/fimmu.2020.00869
https://doi.org/10.1073/pnas.2308511120
https://doi.org/10.1111/ajt.15870
https://doi.org/10.1038/s41392-023-01377-9
https://doi.org/10.3389/fimmu.2024.1395945
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Ashraf et al.

38. Eltzschig HK, Eckle T. Ischemia and reperfusion-from mechanism to
translation. Nat Med. (2011) 17:1391-401. doi: 10.1038/nm.2507

39. Fernandes E, Goold HD, Kissenpfennig A, Malissen B, Dyson ], Bennett CL. The
role of direct presentation by donor dendritic cells in rejection of minor
histocompatibility antigen-mismatched skin and hematopoietic cell grafts.
Transplantation. (2011) 91:154-60. doi: 10.1097/TP.0b013e318201ac27

40. Wang Z, Castellaneta A, De Creus A, Shufesky W], Morelli AE, Thomson AW.
Heart, but not skin, allografts from donors lacking Flt3 ligand exhibit markedly
prolonged survival time. J Immunol. (2004) 172:5924-30. doi: 10.4049/
jimmunol.172.10.5924

41. Garrod KR, Liu FC, Forrest LE, Parker I, Kang SM, Cahalan MD. NK cell
patrolling and elimination of donor-derived dendritic cells favor indirect alloreactivity.
J Immunol. (2010) 184:2329-36. doi: 10.4049/jimmunol.0902748

42. Jungraithmayr W, Codarri L, Bouchaud G, Krieg C, Boyman O, Gyulveszi G,
et al. Cytokine complex-expanded natural killer cells improve allogeneic lung
transplant function via depletion of donor dendritic cells. Am ] Respir Crit Care
Med. (2013) 187:1349-59. doi: 10.1164/rccm.201209-17490C

43. Campana S, De Pasquale C, Carrega P, Ferlazzo G, Bonaccorsi I. Cross-dressing:
an alternative mechanism for antigen presentation. Immunol Lett. (2015) 168:349-54.
doi: 10.1016/j.imlet.2015.11.002

44. Siu JHY, Surendrakumar V, Richards JA, Pettigrew GJ. T cell allorecognition
pathways in solid organ transplantation. Front Immunol. (2018) 9:2548. doi: 10.3389/
fimmu.2018.02548

45. Chen L, Ahmed E, Wang T, Wang Y, Ochando J, Chong AS, et al. TLR signals
promote IL-6/IL-17-dependent transplant rejection. J Immunol. (2009) 182:6217-25.
doi: 10.4049/jimmunol.0803842

46. Burrell BE, Bishop DK. Th17 cells and transplant acceptance. Transplantation.
(2010) 90:945-8. doi: 10.1097/TP.0b013e3181f5c3de

47. Agorogiannis EI, Regateiro FS, Howie D, Waldmann H, Cobbold SP. Th17 cells
induce a distinct graft rejection response that does not require IL-17A. Am |
Transplant. (2012) 12:835-45. doi: 10.1111/j.1600-6143.2011.03971.x

48. Yuan X, Paez-Cortez J, Schmitt-Knosalla I, D’Addio F, Mfarrej B,
Donnarumma M, et al. A novel role of CD4 Th17 cells in mediating cardiac
allograft rejection and vasculopathy. J Exp Med. (2008) 205:3133-44. doi: 10.1084/
jem.20081937

49. Zhang C, ZhangJ, Yang B, Wu C. Cyclosporin A inhibits the production of IL-17
by memory Th17 cells from healthy individuals and patients with rheumatoid arthritis.
Cytokine. (2008) 42:345-52. doi: 10.1016/j.cyt0.2008.03.006

Frontiers in Immunology

13

10.3389/fimmu.2024.1395945

50. Abadja F, Sarraj B, Ansari MJ. Significance of T helper 17 immunity in transplantation.
Curr Opin Organ Transplant. (2012) 17:8-14. doi: 10.1097/MOT.0b013e32834ef4e4

51. Haider AS, Lowes MA, Suarez-Farinas M, Zaba LC, Cardinale I, Khatcherian A,
et al. Identification of cellular pathways of “type 1,” Th17 T cells, and TNF- and
inducible nitric oxide synthase-producing dendritic cells in autoimmune inflammation
through pharmacogenomic study of cyclosporine A in psoriasis. J Immunol. (2008)
180:1913-20. doi: 10.4049/jimmunol.180.3.1913

52. Liu Z, Yuan X, Luo Y, He Y, Jiang Y, Chen ZK, et al. Evaluating the effects of
immunosuppressants on human immunity using cytokine profiles of whole blood.
Cytokine. (2009) 45:141-7. doi: 10.1016/j.cyt0.2008.12.003

53. Huter EN, Stummvoll GH, DiPaolo R], Glass DD, Shevach EM. Cutting edge:
antigen-specific TGF beta-induced regulatory T cells suppress Th17-mediated autoimmune
disease. J Immunol. (2008) 181:8209-13. doi: 10.4049/jimmunol.181.12.8209

54, Stummvoll GH, DiPaolo RJ, Huter EN, Davidson TS, Glass D, Ward JM, et al.
Th1, Th2, and Th17 effector T cell-induced autoimmune gastritis differs in pathological
pattern and in susceptibility to suppression by regulatory T cells. ] Immunol. (2008)
181:1908-16. doi: 10.4049/jimmunol.181.3.1908

55. Deng C, Peng N, Tang Y, Yu N, Wang C, Cai X, et al. Roles of IL-25 in type 2
inflammation and autoimmune pathogenesis. Front Immunol. (2021) 12:691559.
doi: 10.3389/fimmu.2021.691559

56. Senra L, Mylonas A, Kavanagh RD, Fallon PG, Conrad C, Borowczyk-Michalowska J,
et al. IL-17E (IL-25) enhances innate immune responses during skin inflammation. J Invest
Dermatol. (2019) 139:1732-42 el7. doi: 10.1016/1.jid.2019.01.021

57. Tang ], Zhou X, Liu ], Meng Q, Han Y, Wang Z, et al. IL-25 promotes the
function of CD4+CD25+ T regulatory cells and prolongs skin-graft survival in murine
models. Int Immunopharmacol. (2015) 28:931-7. doi: 10.1016/j.intimp.2015.03.036

58. Imagawa DK, Millis JM, Olthoff KM, Seu P, Dempsey RA, Hart J, et al. Anti-
tumor necrosis factor antibody enhances allograft survival in rats. J Surg Res. (1990)
48:345-8. doi: 10.1016/0022-4804(90)90072-A

59. Zhou P, Hwang KW, Palucki D, Kim O, Newell KA, Fu YX, et al. Secondary
lymphoid organs are important but not absolutely required for allograft responses. Am
J Transplant. (2003) 3:259-66. doi: 10.1034/j.1600-6143.2003.00067.x

60. Chiang EY, Kolumam G, McCutcheon KM, Young J, Lin Z, Balazs M, et al. In
vivo depletion of lymphotoxin-alpha expressing lymphocytes inhibits xenogeneic graft-
versus-host-disease. PloS One. (2012) 7:¢33106. doi: 10.1371/journal.pone.0033106

61. Markey KA, Burman AC, Banovic T, Kuns RD, Raffelt NC, Rowe V, et al. Soluble
lymphotoxin is an important effector molecule in GVHD and GVL. Blood. (2010)
115:122-32. doi: 10.1182/blood-2009-01-199927

frontiersin.org


https://doi.org/10.1038/nm.2507
https://doi.org/10.1097/TP.0b013e318201ac27
https://doi.org/10.4049/jimmunol.172.10.5924
https://doi.org/10.4049/jimmunol.172.10.5924
https://doi.org/10.4049/jimmunol.0902748
https://doi.org/10.1164/rccm.201209-1749OC
https://doi.org/10.1016/j.imlet.2015.11.002
https://doi.org/10.3389/fimmu.2018.02548
https://doi.org/10.3389/fimmu.2018.02548
https://doi.org/10.4049/jimmunol.0803842
https://doi.org/10.1097/TP.0b013e3181f5c3de
https://doi.org/10.1111/j.1600-6143.2011.03971.x
https://doi.org/10.1084/jem.20081937
https://doi.org/10.1084/jem.20081937
https://doi.org/10.1016/j.cyto.2008.03.006
https://doi.org/10.1097/MOT.0b013e32834ef4e4
https://doi.org/10.4049/jimmunol.180.3.1913
https://doi.org/10.1016/j.cyto.2008.12.003
https://doi.org/10.4049/jimmunol.181.12.8209
https://doi.org/10.4049/jimmunol.181.3.1908
https://doi.org/10.3389/fimmu.2021.691559
https://doi.org/10.1016/j.jid.2019.01.021
https://doi.org/10.1016/j.intimp.2015.03.036
https://doi.org/10.1016/0022-4804(90)90072-A
https://doi.org/10.1034/j.1600-6143.2003.00067.x
https://doi.org/10.1371/journal.pone.0033106
https://doi.org/10.1182/blood-2009-01-199927
https://doi.org/10.3389/fimmu.2024.1395945
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Depletion of donor dendritic cells ameliorates immunogenicity of both skin and hind limb transplants
	1 Introduction
	2 Materials and methods
	2.1 Animals
	2.2 In vivo treatment
	2.3 Orthotopic hind limb transplantation
	2.4 Skin transplantation
	2.5 Immune cell isolation
	2.6 Flow cytometry
	2.7 Multiplex cytokine analysis
	2.8 Cytokine qPCR
	2.9 Macroscopic evaluation of graft rejection
	2.10 Histopathology
	2.11 Statistics

	3 Results
	3.1 Targeted depletion of professional APCs and cDCs in the donor mice
	3.2 Depletion of donor cDCs and APCs influences rejection of murine skin and hind limb allografts
	3.3 Depletion of donor cDCs impacts recipient DC activity
	3.4 Donor cDC and APC depletion distinctly influence the T cell response following skin and hind limb transplantation
	3.5 Effect of donor APC and cDC depletion on Th17 response in skin and hind limb transplantation

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


