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Abstract

Background—Interleukin 21 (IL-21) is involved in regulating the expansion and effector 

function of a broad range of leukocytes, including T cells and B cells. In transplantation, the 

exact role of IL-21 in the process of allograft rejection is unknown. To further explore this, the 

aim of this study is to test the effect of an IL-21 receptor (IL-21R) blocking antibody on the early 

phase of allograft rejection in a humanized skin transplantation model in mice reconstituted with 

human T and B cells.

Methods—Immunodeficient Balb/c IL2rγ-/-Rag2-/- mice were transplanted with human skin 

followed by adoptive transfer of human allogeneic splenocytes. Control animals were treated 

with a phosphate buffered saline vehicle while the other group was treated with a humanized 

anti-IL-21R antibody (αIL-21R).
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Results—In the phosphate buffered saline-treated animals, human skin allografts were infiltrated 

with lymphocytes and developed a thickened epidermis with increased expression of the 

inflammatory markers Keratin 17 (Ker17) and Ki67. In mice treated with αIL-21R, these signs 

of allograft reactivity were significantly reduced. Concordantly, STAT3 phosphorylation was 

inhibited in this group. Of note, treatment with αIL-21R attenuated the process of T and B cell 

reconstitution after adoptive cellular transfer.

Conclusions—These findings demonstrate that blockade of IL-21 signaling can delay allograft 

rejection in a humanized skin transplantation model.

Introduction

In transplantation, both short- and long-term allograft survival rates remain suboptimal, 

illustrating the need for new immunosuppressive agents.1 In general, 2 types of renal 

allograft rejection are recognized: T-cell–mediated rejection (TCMR) and antibody-mediated 

rejection (AMR). However, over the last years, it has become clear that these 2 types of 

rejection responses are not as distinct as thought before. For example, in renal allograft 

biopsies, overlapping histological features of TCMR and AMR are often detected.2 These 

rejections are characterized by allograft infiltration with both T and B cells as well as 

typical features of AMR, for instance, the presence of de novo donor-specific antibodies 

(DSA).2,3 Unsurprisingly, these cases are not responsive to treatment strategies that target 

either TCMR or AMR alone.4

Adaptive alloimmune responses are established via 3 essential signals: (1) donor antigen 

presentation, (2) costimulation, and (3) upregulation of cytokine receptors and cytokine 

production, resulting in T and B cell activation. Current immunosuppressive treatments 

include cal-cineurin inhibitors (CNIs) that mainly target the T-cell activation cascade. CNIs 

are unable to prevent B-cell driven AMR, which is normally addressed with B cell depleting 

therapies (eg, rituximab and intravenous immunoglobulins). Therapies that target B cells 

are generally not used as maintenance therapy due to the side effect profile and their 

ineffectiveness in the prevention of TCMR.5 There is, therefore, a need for the development 

of immunosuppressive drugs with mechanisms of action that concurrently target T and B 

cells.

Interleukin-21 (IL-21) is a cytokine with a broad pattern of actions that affect the 

differentiation and function of several lymphoid cells.6 IL-21 binds to the IL-21 receptor 

(IL-21R), which forms a heterodimer with the common gamma chain (γc).7 Upon IL-21/

IL-21R signaling, downstream JAK/STAT pathways are activated, of which signal transducer 

and activator of transcription 3 (STAT3) is most predominant.6 IL-21 is produced by T 

follicular helper (Tfh) cells, Th17 cells, and natural killer T (NKT) cells, and is important in 

the differentiation of functional Th17 and Tfh cells.6,8-10 For the CD8+ T cell compartment, 

IL-21 is a potent regulator of expansion and effector function and prolongs CD8+ T cell 

effector function in chronically infected hosts.11-13 IL-21 is also crucial for naïve B-cell 

differentiation to immunoglobulin-producing plasma cells after antigen recognition.14,15

In solid organ transplantation, IL-21 is expressed during the process of rejection.16-18 

Upon alloantigen stimulation, IL-21-secreting Tfh cells are present in the circulation at 
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3 months after renal transplantation and provide help to B cells for their differentiation 

toward plasmablasts.19 In addition, IL-21–expressing cells have been detected in renal 

rejection biopsies in acute TCMR, suggesting a local effect of IL-21 on cytotoxic CD8+ 

T cells in this type of rejection.20 We have previously demonstrated that IL-21 is a key 

factor in the Tfh-cell dependent differentiation of alloantigen-stimulated B cells toward 

immunoglobulin producing plasmablasts.21 Anti-human IL-21 mAb treatment has also been 

shown to suppress graft-versus-host-associated disease in a humanized murine model.22 

Therefore, IL-21R blockade may affect the process of allograft rejection. In the present 

study, we investigated whether blockade of the IL-21/IL-21R pathway can inhibit the 

process of allograft rejection in the early phase.

To investigate the effect of human IL-21 signaling blockade on allograft rejection, we 

used a humanized skin transplant model in which immunodeficient Balb/c IL2rγ-/- Rag2-/- 

mice are transplanted with human skin followed by adoptive transfer of human allogeneic 

splenocytes.23 When setting up a humanized transplantation model in mice, a skin transplant 

model is the first choice since it is relatively easy to obtain human skin, and with one piece 

of human skin several experiments can be performed, which improves reproducibility. The 

process of rejection of skin and a solid organ occurs via similar mechanism, making skin 

transplantation useful as a model for studying organ transplantation. Also, the use of the 

humanized skin transplant mouse model has proven successful in previous studies, in which 

the effect of several immune modulating therapies on skin inflammation was tested.23-26 

In general, many of these compounds were shown to reduce the number of infiltrating T 

cells in the human skin.23-25 Using this model, we provide evidence for efficacy of IL-21 

blockade in the control of the start of alloimmunity.

Materials and Methods

Mice

Balb/c IL2rγ-/- Rag2-/- mice were bred and housed under specific pathogen free conditions 

at the Erasmus Medical Center Experimental Animal Facility. The animals were housed in 

individually ventilated cages with ad libitum access to water and food and a 12-hour light-

dark cycle. Mice were aged between 8 and 14 weeks at the time of the first experimental 

procedure. All experiments were approved by the Central Committee Animal Experiments 

Ethical Committee (license number AVD101002016635) and complied with the 1986 

directive 86/609/EC of the Council of Europe.

Human Skin

Waste material from human abdominal skin surgeries performed for deep inferior epigastric 

artery perforator flap reconstruction was anonymously obtained as approved by the Medical 

Ethical Committee of our center (MEC-2014–347). The humanized skin allograft transplant 

model is based on the model described by Issa et al.23 Human skin grafts were retrieved 

from discarded abdominal skin using an electric dermatome (Zimmer, Utrecht, The 

Netherlands) in strips with a thickness of 200 μm. From these strips, punch biopsies were 

taken with a diameter of 1 cm and kept in ice-cold phosphate buffered saline (PBS). The 

human skin grafts were all transplanted within 16 hours.
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Human Skin Transplantation

Animals were subcutaneously injected with 0.05 mg/ kg buprenorphine 0.5 hours prior and 

12 hours after the surgery as analgesic. During the surgical procedure, mice were kept under 

complete anesthesia via isoflurane inhalation (5% isoflurane initially followed by 2% to 

2.5% with 1:1 air/oxygen mixture for maintenance) and the animals were kept warm on 

37°C heating pads. The left dorsal flank of the mice was shaved and a circular piece of 

skin with a diameter of 1 cm was removed. A human skin graft was placed in the circular 

incision and stitched on the mouse with absorbable 5/0 suture (Safil; B. Braun, Melsungen, 

Germany). The skin grafts were covered with a povidone-iodine nonadherent mesh (Johnson 

& Johnson, Amersfoort, The Netherlands) and pressure dressing wound and fixed with 

surgical tape. Ten days after the transplant procedure, the tape was removed under general 

anesthesia. Engraftment of the human skin graft was achieved 35 days after transplantation.

Preparation and Adoptive Transfer of Human Splenocytes

Human splenocytes were adoptively transferred 35 days after skin transplantation. Human 

splenocytes were obtained from a segment of the spleen from deceased kidney donors. 

Splenocytes were anonymously used for research purposes as described in article 13 of The 

Netherlands law of organ donation (Wet op Orgaandonatie, WOD). The spleen segments 

were disrupted and filtered through a 70-μm cell strainer (Greiner Bio-one, Alphen a/d Rijn, 

The Netherlands) to obtain a single-cell suspension. Ficollpaque (Amersham Pharmacia 

Biotech, Uppsala, Sweden) density gradient was used to collect mononuclear cells. An 

aliquot of splenocytes was used to isolate quiescent B cells via negative selection with 

CD43 MicroBeads (Miltenyi Biotec, Bergisch Gladbach, Germany) (purities ≥ 90%); 25 

× 106 splenocytes were mixed with 12.5 × 106 enriched B cells and suspended in 1 mL 

of PBS. Thirty-five days after skin transplantation, 5 × 106 splenocytes and 2.5 × 106 

enriched B cells were administered in 200 μL of PBS via intraperitoneal (IP) injection. 

The composition of T and B cells within the total infusion is depicted in Figure S1 (SDC, 
http://links.lww.com/TP/B744).

αIL-21R Therapy

Humanized anti-IL-21R antibody (αIL-21R; also referred to as ATR-107) was kindly 

provided by Pfizer (New York, NY). αIL-21R was administered via IP injection at a dose 

of 10 mg/kg (recommended by Pfizer) on days 7, 14, and 21 after adoptive transfer of 

splenocytes.27,28 We started the administration of αIL-21R at day 7 after adoptive transfer to 

allow the splenocytes to first engraft and proliferate to reflect a healthy functioning immune 

system in the mice. αIL-21R antibody was infused 3 times to build up a significant level of 

antibody. PBS was used as a vehicle control.

Monitoring of the Human Skin Graft

All mice were euthanized 30 days after adoptive transfer of splenocytes to assess for the 

evidence of skin rejection and inflammation at a single time point.23
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Flow Cytometry

Human splenocytes were characterized by flow cytometry before adoptive transfer and 

from mouse blood and spleens 30 days after adoptive transfer. Cells were stained with 

antibodies specific for CD45 allophycocyanin (APC, BD), CD3 Brilliant Violet 510 

(BV510, Biolegend, San Diego, CA, USA), CD4 Brilliant Violet 421 (BV421, Biolegend), 

and CD19 BV510 (Biolegend), and the viability marker 7-AAD (BD Biosciences).

To test whether αIL-21R effectively blocked the IL-21R, phosphorylation of STAT3 

downstream of IL-21R was measured on CD4+ T cells by phospho-specific flow cytometry. 

Briefly, 200 μL of blood from treated animals was stained with anti-CD3 BV510 

(Biolegend, San Diego, CA, USA) and subsequently stimulated with recombinant human 

IL-21 (100 ng/mL, eBioscience, San Diego, CA) or recombinant human IL-6 (100 ng/mL, 

PeproTech, Rocky Hill, NJ) for 15 minutes at 37°C. Cells were fixed for 10 minutes with 

Cytofix buffer (BD Biosciences, San José, CA, USA) at 37°C and permeabilized for 30 

minutes in 1 mL of 90% methanol at −20°C. Samples were then stained with anti-CD4 

BV421 (Biolegend) and anti-pSTAT3 phycoerythrin (PE, BD Biosciences). All samples 

were measured on the FACSCanto II (BD Bioscience). Flow data were analyzed with Kaluza 

Analysis 5.1 software (Beckman Coulter, Brea, CA).

Immunohistochemistry

Human skin grafts were removed at day 30 after adoptive cell transfer, formalin 

fixed and paraffin-embedded (FFPE), and processed following a standardized diagnostic 

protocol. Sections (3 μm) were cut and stained with hematoxylin and eosin (H&E). 

Immunohistochemical staining was performed on the Benchmark Ultra Stainer (Ventana, 

Basel, Switzerland). The following human mAbs were used: CD45 (Cell Marque, ref. 

V0000963; Rocklin, CA), CD4 (Ventana, ref. 790–4423), CD8 (Ventana, ref. Y04591), 

CD20 (Ventana, ref. 790–2531), Keratin 17 (Ker17, Ventana, ref. G03114), and Ki67 

(Ventana, ref. 790–4286). Antibodies were incubated on the tissue sections for 30 minutes 

together with anti-rabbit or anti-mouse amplifiers. 3,3′-diaminobenzidine was used as 

chromogen and sections were counterstained with hematoxylin. Analysis of the proportions 

of positive cells in a representative region of interest (including the epidermis and dermis) 

was performed by setting a fixed threshold followed by calculating the positive area with the 

ImageJ software (NIH, http://imagej.nih.gov/ij/).

Measurement of the Epidermal Thickness

Epidermal thickness was measured at 20 consecutive points in H&E stained skin slides from 

which the mean epidermal thickness was calculated.

Statistical Testing

GraphPad Prism 5 software (GraphPad Software Inc., San Diego, CA) was used 

for statistical analysis. Differences between unpaired groups were analyzed with the 

nonparametric Mann–Whitney test. A 2-tailed P < 0.05 was considered to be statistically 

significant.
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Results

αIL-21R Antibody Effectively Blocks STAT3 Phosphorylation

To assess the efficacy of αIL-21R to block IL-21R signaling, phosphorylation of STAT3 

downstream of the IL-21R was measured on human T cells after adoptive transfer of 

human splenocytes in mice.29 We tested the duration of efficient blockade of the IL-21R 

by measuring STAT3 phosphorylation (STAT3p) at multiple time points after cellular 

infusion (Figure 1A). Mice were treated with the αIL-21R compound on days 7, 14, and 

21 after adoptive transfer of human splenocytes and euthanized at specific time points 

as depicted in Figure 1A (n = 1 per time point). From day 42 after adoptive cellular 

transfer onward, the degree of human leukocyte chimerism within the blood was sufficient 

to perform the phospho-specific flow cytometry protocol to measure STAT3p. Whole blood 

was stimulated with IL-21 or IL-6 to induce STAT3p, followed by measurement of STAT3p. 

IL-6 stimulation was used as a positive control to induce STAT3p through bypassing the 

IL-21R. Figure 1B shows a representative flow cytometry plot of STAT3p staining. In this 

example, only 1.4% of CD3+ T cells were positive for STAT3p after IL-21 stimulation in the 

presence of αIL-21R, compared with 65.9% in control animals that did not receive αIL-21R 

treatment. These cells responded to IL-6 stimulation thereby demonstrating that αIL-21R 

specifically targets the IL-21R. Cells from a vehicle-treated animal expressed pSTAT3 after 

both IL-21 and IL-6 stimulation (Figure 1B). STAT3p remained suppressed until 49 days 

after the last infusion of αIL-21R (56 days after adoptive cellular transfer, Figure 1C). These 

data confirm efficient blockade of the IL-21 signaling pathway by αIL-21R treatment. For 

subsequent assays, we selected day 30 after adoptive cellular transfer for analysis to ensure 

IL-21R blockade.

αIL-21R mAb Treatment Delays Rejection of the Human Skin

We next assessed the in vivo immunosuppressive effects of αIL-21R using a humanized 

mouse skin transplantation model. Mice were transplanted with a human skin allograft, 

reconstituted with human splenocytes, and subsequently treated with αIL-21R or PBS 

control as described above (Figure 2A). Mice were euthanized at day 30 after adoptive 

cellular transfer for cross-sectional analysis by measurement of several hallmarks of skin 

rejection (Figure 2A). As expected, there was clear epidermal dyskeratosis in skin allografts 

from mice treated with PBS control. By contrast, mice that received αIL-21R treatment had 

markedly reduced evidence of epidermal damage (Figure 2B). Mean epidermal thickness 

was 370.9 μm in animals treated with vehicle control (n = 7) compared with 90.6 μm in 

the αIL-21R-treated animals (n = 8; P < 0.05; Figure 2B and D). Infiltrates of mononuclear 

cells were detected in the human dermis of vehicle-treated animals. These infiltrates were 

absent in the human dermis of αIL-21R-treated animals (Figure 2C). Overall, these results 

show that the epidermal changes indicative of severe rejection that occur in vehicle-treated 

animals are delayed upon infusion of αIL-21R.

IL-21R Blockade Reduces Lymphocyte Infiltration in Skin Grafts

Human skin graft sections were stained by immunohisto-chemistry to phenotype the 

infiltrating mononuclear cells. The mean area of CD45 cell positivity in the dermis was 

10.2% in the vehicle-treated animals compared to 2.2% in the αIL-21R-treated animals (P < 
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0.001; Figure 3A). CD3 cell positivity correlated with the staining patterns for CD45, with 

9.0% in the control group compared to 1.4% in the αIL-21R group (P < 0.05; Figure 3B). 

CD4 cell positivity was 6.2% in the control group compared to 1.2% in the αIL-21R group 

(P < 0.05; Figure 3C). CD8+ T cell numbers in the dermis and epidermis were low in both 

the control group and αIL-21R group (Figure 3D; P < 0.05). Some CD8+ T cells resided 

within the epidermis in the control group animals while the CD4+ cells in these animals 

were mainly detected within the dermis (Figure 3C and D). CD20+ B cells were low within 

the control animals and barely detectable within the skin of αIL-21R-treated animals (P = 

0.07; Figure 3E).

IL-21R Blockade Reduces Human Skin Inflammation Markers

A consequence of the infiltration of mononuclear cells is the induction of local inflammation 

measured among others by increased cell proliferation (epidermal hyperplasia) and the 

activation of several keratines. To further assess this, we stained human skin graft sections 

with 2 epidermal proliferation markers. Upon injury, de novo production of Ker17 is 

associated with epidermal formation after skin injury.30 Indeed, significantly higher levels of 

Ker17 were found in the vehicle-treated animals (mean positive area: 30.5%) compared to 

the αIL-21R-treated animals (mean positive area: 7.6%, P < 0.05; Figure 4A). Proliferation 

of the epidermal cells was assessed by staining with the proliferation marker Ki67. The 

mean area of dividing epidermal cells of the vehicle-treated animals was 4.6% compared 

to 1.9% in the αIL-21R-treated animals (P < 0.05; Figure 4B). Ki67 positive cells were 

mainly detected in the basal layers of the epidermis, suggesting active hyperplastic activity 

in vehicle-treated animals. These findings suggest that IL-21R signaling contributes to the 

generation of a proinflammatory climate in the transplanted skin.

αIL-21R mAb Treatment Reduced Human Leukocyte Engraftment

To investigate the mechanisms underlying decreased infiltration of lymphocytes and reduced 

inflammation of human skin grafts in αIL-21R-treated animals, we measured the numbers 

of lymphocytes in blood and spleen at different time points after adoptive transfer of human 

splenocytes in animals without a skin graft. The mean spleen weight (as a measure of cell 

engraftment) of 2 vehicle-treated animals was 319 mg at day 28 and 42 after splenocyte 

infusion (Figure 5A). Spleen weights of the αIL-21R-treated animals (at day 7, 14, and 

21; protocol Figure 1A) were 38 mg at day 28 and increased to 169 mg at day 63 after 

cell infusion (Figure 5A). Absolute numbers of human CD45+ cells in the spleen of 

αIL-21R-treated animals also increased over time (Figure 5B). In animals that received 

a skin graft, similar effects of αIL-21R mAb on human splenocyte engraftment were 

observed. The average spleen weight was 192 mg in the vehicle-treated animals compared 

to 42 mg in the αIL-21R-treated animals at day 30 after administration of splenocytes (P 
< 0.001; Figure 5C) and the proportions of human CD45+ within total viable lymphocytes 

were 22% in the vehicle group versus 0.8% in the αIL-21R group (P < 0.01; Figure 5C). 

In the blood, we detected the same trend with a significant difference in human CD45+ 

lymphocyte chimerism levels when comparing the vehicle group and the αIL-21R group 

(mean: 3.6% versus 38% of total viable cells within the lymphocyte gate, respectively, P 
< 0.001; Figure 5D). The majority of the human CD45+ lymphocytes measured within 

the blood consisted of CD3+ T cells, with only minor amounts of CD19+ B cells (Figure 
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5E). This was observed for both the vehicle-treated group and the αIL-21R-treated group 

and correlated with the low level of infiltrating human B cells in the human skin (Figure 

3D). Overall, blockade of IL-21R signaling hampers engraft-ment of human lymphocytes in 

Balb/c IL2rγ-/- Rag2-/- mice, suggesting an effect of IL-21R blockade on human leukocyte 

survival and proliferation.

Discussion

Evidence from previous studies presents a role for the pleiotropic cytokine IL-21 in the 

process of allograft rejection.16,17 Therefore, we hypothesized that blockade of the IL-21R 

in a humanized skin transplant model affects the early phase of rejection of the human 

skin. In the present study, we demonstrate that rejection of a human skin graft occurs after 

adoptive transfer of human splenocytes in Balb/c IL2rγ-/- Rag2-/- mice. In the presence of 

αIL-21R mAb, phosphorylation of STAT3 downstream the IL-21R is effectively blocked. 

Blockade of IL-21R signaling led to a significant inhibition of epidermal thickening, 

reduced infiltration of lymphocytes, and decreased expression of inflammation markers 

Ker17 and Ki67 in human skin allografts.

The inhibition of human skin rejection through IL-21R blockade was accompanied 

by impaired engraftment of human lymphocytes. Blockade of IL-21R influenced the 

homeostatic proliferation of the infused cells and therefore their engraftment within the 

host. Indeed, previous studies present a role for IL-21 in lymphocyte homeostasis.31-33 This 

impaired homeostatic proliferation may be a result of impaired cross talk between different 

lymphocyte subsets upon IL-21R blockade. For instance, IL-21R signaling is involved in 

the generation of Tfh cells and mediates Tfh cell help to activate B cell differentiation 

toward immunoglobulin producing plasma cells.21,34,35 Moreover, IL-21 is involved in 

sustaining CD8+ T cell responses, which is in line with the low levels of CD8+ T cells 

in the human skin that we detected in the presence of αIL-21R.36,37 Furthermore, there 

is evidence that activation of Th17 cells is impaired by αIL-21R,10 which may contribute 

to the reduced allograft rejection upon IL-21R blockade. Despite the low engraftment of 

human lymphocytes following IL-21R inhibition, we succeeded to reach a level of human 

lymphocyte chimerism that is acknowledged in the literature as a reconstituted human 

lymphocyte system.38,39 To allow some degree of immune cell engraftment to occur, 

we decided to delay blockade of IL-21R signaling until day 7 after infusion of human 

lymphocytes. Further delay of αIL-21R treatment or administration of higher numbers of 

immune cells to enhance engraftment of the human immune system was limited by the risk 

for graft-versus-host disease (GVHD) in this model.

In the present study, B-cell engraftment was detected with marginal B cell numbers in the 

peripheral blood and less than expected B cells in the spleens of control mice. In αIL-21R-

treated animals, B-cell engraftment was negligible. It is known that the engraftment of B 

cells in humanized mouse models is challenging, as described by others.40 One technical 

obstacle is the long maturation time of B cells after infusion, which can take up to 5–6 

months after administration of human hematopoietic stem cells in mice.41 The model used 

in the present study does not allow such long engraftment times, as after 3 months the risk 

for GVHD caused by human T cells that recognize mouse antigens rapidly increases.42 In 

de Leur et al. Page 8

Transplantation. Author manuscript; available in PMC 2022 July 23.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



addition, we have seen that infusion of higher splenocyte doses as well leads to an increased 

incidence of GVHD. In our study, infusion of αIL-21R at a later time point to diminish 

the effect of the IL-21R blockade on T and B cell repopulation is therefore an unsuitable 

option. An alternative might be to infuse mature B cells instead of the CD43-quiescent B 

cell population to accelerate the process of B cell activation and reconstitution.

As described above, T cells are necessary in the process of B cell expansion.41 Thus, a 

decreased T cell homeostastic proliferation caused by αIL-21R might lead to impairment 

of B cell reconstitution as we have seen in our model. Since we found an effect of 

αIL-21R on T and B cell engraftment within the host due to the effects of IL-21R signaling 

on homeostatic proliferation, blockade of this receptor may also impair maintenance of 

both arms of the immune system. The inhibition of allograft rejection through reduced 

engraftment of reconstituted immune cells by IL-21R blockade that we detected in our 

study is in line with a previous study by Oliveira et al.25 In this study, cyclosporine-A 

and rapamycin were introduced in a similar humanized skin transplant mouse model, 

which resulted in lower numbers of peripheral T cells combined with a decrease in T cell 

infiltration and inflammation of the human skin.25 The humanized skin transplant model is 

also used to study the effect of regulatory T (Treg) cells on reducing rejection of human 

skin.23,24 These studies demonstrated that Treg cells might have an inhibiting effect on the 

engraftment of human lymphocytes. The effect of immune modulating compounds on the 

engraftment of lymphocytes forms the main limitation in this study. For future studies, local 

infusion of the compound into the transplanted skin may be an alternative to overcome 

the systemic effect of the immune modulating therapies on lymphocyte reconstitution.43 

In addition, the use of a reference drug alongside the αIL-21R compound during future 

experiments will further clarify the effectiveness of blockade of IL-21R signaling.

The humanized mouse model represented in this study forms a valuable preclinical model 

to evaluate humanspecific reagents such as humanized monoclonal antibody therapies. 

However, since the infusion of these reagents might also affect the reconstitution of the 

infused human lymphocytes, one should take into account that reduced rejection of the skin 

may occur as a result of the impaired engraftment of the human lymphocytes. In conclusion, 

we prove that blockade of IL-21R signaling delays the start of rejection of a human skin 

graft, but also influences T and B cell reconstitution in Balb/c IL2rγ−/− Rag2−/− mice. These 

preclinical data using an in vivo humanized system demonstrate significant promise for 

blockade of IL-21R signaling in transplantation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. STAT3p is effectively blocked by αIL-21R.
A, Schematic representation of the treatment strategy to measure blockade of IL-21R-

dependent STAT3p. Mice were adoptively transferred with 5 × 106 splenocytes plus 2.5 

× 106 enriched quiescent B cells. αIL-21R was administered via intraperitoneal injection 

at a concentration of 10 mg/kg at day 7, 14, and 21 after adoptive transfer of splenocytes. 

PBS was used as a vehicle control. Blood was sampled on days 28, 35, 42, 49, 56, and 

62 after adoptive cellular transfer (n = 1 per time point). B, Typical example dot plots of 

STAT3p analysis of a vehicle-treated animal and an αIL-21R-treated animal; 42 days after 
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adoptive cellular transfer, blood was sampled and stimulated for 15 min with 100 ng/mL 

recombinant human IL-21, 100 ng/mL recombinant human IL-6 as a positive control, or not 

stimulated (unstim.). Subsequently, cells were stained for CD3, CD4, and STAT3p. Numbers 

within the dot plots indicate proportions of the STAT3p positive population. C, Proportions 

of STAT3p of CD4+ T cells after stimulation with IL-21, IL-6, or control at different time 

points after adoptive cellular transfer and αIL-21R treatment. Before day 42, the human 

lymphocyte numbers in the blood were not sufficient for STAT3p measurements. αIL-21R, 

anti-interleukin-21 receptor antibody; STAT3p, STAT3 phosphorylation.
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Figure 2. αIL-21R mAb treatment delays rejection of human skin grafts.
A, Treatment strategy used to explore the effect of αIL-21R on rejection of human skin 

grafts. A circular piece of human skin with a diameter of 1 cm was stitched on the mouse 

(day 35). After 35 days, the human skin was engrafted and mice then received 5 × 106 

splenocytes with 2.5 × 106 enriched quiescent B cells (day 0). αIL-21R was administered 

at a concentration of 10 mg/kg on days 7, 14, and 21 after adoptive cellular transfer 

(n = 8 mice). PBS was used as a vehicle control (n = 7 mice); 30 days after adoptive 

cellular transfer, mice were euthanized for cross-sectional analysis. B, H&E staining of the 

complete human skin graft of a vehicle-treated animal and an αIL-21R-treated animal. C, 
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×10 magnification of the H&E staining of the human skin graft of a vehicle and αIL-21R-

treated animal. In the vehicle-treated animal (upper panel), thickening of the epidermis and 

dermal infiltrate was detected in contrast to the αIL-21R-treated animal (lower panel). D, 

Quantified data of epidermal thickness. Epidermal thickness is presented in μm as a mean of 

20 consecutive measurements with the SEM. Vehicle group n = 7; αIL-21R group n = 8 (*P 
< 0.05). αIL-21R, anti-interleukin-21 receptor antibody; H&E, hematoxylin and eosin.
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Figure 3. 
Interleukin-21 receptor (IL-21R) blockade reduces lymphocyte infiltration in skin grafts. 

Typical examples of immunohistochemical stainings of human skin grafts for (A) human 

CD45, (B) human CD3, (C) human CD4, (D) human CD8, and (E) human CD20. Increased 

infiltration of human lymphocytes was detected in skin of vehicle-treated animals compared 

to anti-IL-21R antibody (αIL-21R)-treated animals. Quantified data are presented as mean 

proportions of the positive area with SEM or as mean positive cells counted within the total 
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dermis and epidermis with SEM. Magnification: ×10. Vehicle group n = 7, αIL-21R group n 
= 8 (*P < 0.05, ***P < 0.001).
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Figure 4. Interleukin-21 receptor (IL21R) blockade reduces human skin inflammation markers.
A, Immunohistochemistry for skin inflammation marker keratin 17 (Ker17). Typical 

example of the human skin graft of a vehicle-treated animal and an anti-IL-21R 

antibody (αIL-21R)-treated animal are depicted combined with the quantified data. B, 

Immunohistochemistry for proliferation marker Ki67. A typical example of the human skin 

graft of a vehicle-treated animal and an αIL-21R-treated animal are depicted combined with 

the quantified data. Quantified data are presented as mean proportions of the positive area 

with SEM. Magnification: ×10. Vehicle group n = 7, αIL-21R group n = 8 (*P < 0.05).
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Figure 5. Anti-interleukin-21 receptor antibody (αIL-21R) mAb treatment affects human 
leukocyte engraftment.
A, Spleen weight in mg of mice treated following the schedule depicted in Figure 1A. Mice 

were euthanized on days 28, 35, 42, 49, 56, and 63 after adoptive cellular transfer. Two 

vehicle-treated animals were euthanized on days 28 and 42 after adoptive cellular transfer. n 
= 1 per time point. B, Absolute numbers of CD45+ lymphocytes of mice treated following 

the schedule depicted in Figure 1A. Mice were euthanized on days 28, 35, 42, 49, 56, and 

63 after adoptive cellular transfer. One vehicle-treated animal was euthanized on day 42 after 

adoptive cellular transfer. n = 1 per time point. C, Spleen weight in mg and proportions 
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of CD45+ human lymphocytes of the total viable leukocytes in the spleen. Measurements 

were performed 30 days after adoptive cellular transfer. D, Proportions of human CD45+ 

lymphocytes within the total viable leukocytes within blood of the vehicle-treated animals vs 

the αIL-21R-treated animals 30 days after adoptive cellular transfer. A typical example of 

a dot plot from a vehicle-treated animal and an αIL-21R-treated animals is depicted on the 

right-hand side. E, Proportions of CD3+ T cells and CD19+ B cells within human CD45+ 

lymphocytes in the blood. Vehicle-treated animals were compared to the αIL-21R-treated 

animals 30 days after adoptive cellular transfer. Vehicle group n = 7, αIL-21R group n = 8 

(N.S. = not significant, *P < 0.05, **P < 0.01, ***P < 0.001).
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