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INTRODUCTION 
 

Allograft rejection remains one of the major barriers to 

the long-term survival of the graft. More potent immuno- 

 

suppressive drugs and better histocompatibility between 

recipients and donors have altered the characteristics of 

allograft rejection. The risk of rejection within 1 year 

after kidney transplantation has declined to less than 
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ABSTRACT 
 

Allograft rejection after renal transplantation remains a challenge to overcome. Interleukin (IL)-21, a cytokine 
with pleiotropic effects, maintains immune homeostasis post-transplantation. Here, we report higher levels of 
IL-21 in kidney transplant recipients with non-rejection (NR) than in recipients with T cell-mediated rejection 
(TCMR, P < 0.001) and antibody-mediated rejection (ABMR, P = 0.005). We observed a negative correlation 
between IL-21 and creatinine (Cr) levels (P = 0.016). The receiving operating characteristic (ROC) curve showed 
a promising diagnostic value of IL-21 to identify acute rejection with an area under the curve (AUC) of 0.822 (P < 
0.001). In contrast, exogenous administration of IL-21 accelerated acute rejection in a comparative translational 
kidney transplant (KT) mouse model. Reduced IL-21 levels in the peripheral blood were observed in KT mice 
after IL-21 injection. Further analysis revealed that increased IL-21 levels in the spleen induced proliferation of 
CD4+ T cells and CD19+ B cells after IL-21 treatment. Our findings suggest a critical function of IL-21 in kidney 
transplantation and the potential involvement of the IL-21/IL-21R pathway in acute rejection management. 
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15% [1]. However, the overall graft survival rates have 

still not improved due to the intractability of rejection 

[2]. Based on different clinicopathologies, rejection 

could be divided into T cell-mediated rejection (TCMR) 

and antibody-mediated rejection (ABMR) [1]. Patients 

with emerging rejection face an increased risk of graft 

failure, especially ABMR [3, 4]. 

 

Failure of immunosuppression and activation of the 

immune system against the allograft in recipients are 

majorly responsible for its rejection [1, 5]. The 

involvement of innate and adaptive immunity in TCMR 

and ABMR has been demonstrated by numerous 

clinical and animal studies [6–8]. Apart from the signals 

transduced by exogenous antigens and costimulatory 

molecules, cytokines secreted by immune cells, 

identified as “signal 3”, can activate the immune 

system, particularly T and B cells [9, 10]. Interleukin 

(IL)-21 is an important “signal 3” molecule that exerts 

its effects on T and B cells via autocrine and paracrine 

signaling. 

 

IL-21 is a proinflammatory cytokine involved in several 

immune dysfunction diseases. It is one of the main 

cytokines secreted by T follicular helper (Tfh) cells [11, 

12], which stimulate the differentiation of B cells into 

antibody-secreting plasma cells and have been reported 

to be involved in autoimmune disorders [13]. Weinstein 

et al. revealed the successive secretion pattern of IL-21 

and IL-4 by Tfh cells in germinal centers (GCs) using a 

double reporter mouse model [14] and highlighted the 

involvement of IL-21 in T and B cell crosstalk. 

Moreover, genome-wide association studies and animal 

studies have demonstrated a high expression of IL-21 in 

patients with autoimmune diseases, such as systemic 

lupus erythematosus [15, 16], rheumatoid arthritis [17], 

type 1 diabetes [18], and celiac disease [19]. The study 

of early onset of inflammatory bowel disease in patients 

deficient for IL-21 [20] has advanced the understanding 

of IL-21 as a proinflammatory cytokine. 

 

Increased levels of IL-21 in hyperplastic follicles were 

observed in a rhesus macaque kidney transplant model 

with ABMR [9]. The antagonist of IL-21 receptor (IL-

21R) was reported to block B cell differentiation [21]. 

Another study reported that the blocking of IL-21R 

ameliorated allograft rejection in a mouse skin 

transplant model [22]. Further, the role of IL-21 in 

immune tolerance in kidney transplant recipients is 

dependent on granzyme B (GZMB)+ B cells [23]. 
 

Previous studies have primarily focused on the effect of 

IL-21R blocking on transplantation or its in vitro 

effects. In the present study, we demonstrated the 

involvement of IL-21 in acute rejection after kidney 

transplantation. A unique cytokine profile was 

identified in patients with or without acute rejection 

after kidney transplantation. Surprisingly, higher levels 

of IL-21, accompanied by a comparable class switching 

rate of antibodies, were closely related with a stable 

immune status in patients after transplantation. To 

further directly investigate the function of IL-21 in 

maintaining a stable immune status, we generated a 

mouse model of kidney transplant (KT) with tail vein 

injection of exogenous IL-21. Intriguingly, histo-

pathological analysis revealed emerging acute rejection 

with an increased number of B cells after injection of 

exogenous IL-21. We believe that IL-21 can serve as a 

potential therapeutic target for acute rejection. 

 

RESULTS 
 

Patient characteristics 

 

The demographic characteristics of different subgroups 

are summarized in Table 1. There was no difference 

among non-rejection (NR), TCMR, and ABMR cohorts 

regarding the donor-associated parameters, recipient’s 

age, primary kidney disease, dialysis, delayed graft 

function (DGF) rate, or HLA-mismatch (HLA-MM). 

Considerable differences in recipient’s gender (P = 

0.025) and induction (P = 0.001) were noted among the 

three cohorts. 

 

Higher peripheral blood IL-21 levels in stable 

transplant recipients 

 

The serum cytokine levels of recipients with or without 

acute rejection after kidney transplantation were 

measured using the Luminex assay. Levels of major 

proinflammatory cytokines, such as IL-2, IL-4, and IL-6 

(Figure 1A–1C), were slightly higher in acute rejection 

patients than in immune stable patients after kidney 

transplantation. Unexpectedly, the levels of IL-21, 

which is widely considered as a driving factor of GC B 

cell differentiation, were lower in acute rejection 

patients (11.02±0.29 pg/mL) than in immune stable 

patients (18.21±2.00 pg/mL, P < 0.001) (Figure 1G). 

Similarly, the circulating levels of interferon (IFN)-γ in 

acute rejection patients (13.18±2.02 pg/mL) were lower 

than in immune stable patients (29.41±6.59 pg/mL, P = 

0.012) (Figure 1I). Comparable levels of IL-10, IL-12, 

IL-17, IL-27, and tumor necrosis factor (TNF)-α (Figure 

1D–1F, 1H, and 1J) were observed between recipients 

with and without acute rejection. 

 

Distinct circulating cytokine levels in different types 

of rejection 

 

To further characterize and compare acute rejection 

subgroups, we divided the acute rejection cohort into 
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Table 1. Demographics of patients. 

 
NR 

(N=30) 

AR 

(N=36) 

TCMR 

(N=28) 

ABMR 

(N=8) 
Pa Pb 

Donor associated parameters 

Age (years) 43.47±2.66 45.33±1.90 45.39±2.18 45.13±4.12 0.844 0.162 

Serum creatinine (mol/L) 92.36±11.48 99.19±12.98 101.03±14.62 92.75±29.97 0.892 0.286 

Donor type (DCD/LD) 19/11 22/14 19/9 3/5 0.291 0.853 

Donor sex(M/F) 22/8 24/12 19/9 5/3 0.807 0.557 

Recipients associated parameters 

Age (year) 41.27±1.88 36.94±1.79 38.00±2.08 33.25±3.38 0.511 0.791 

Sex (M/F) 10/20 22/14 16/12 6/2 0.054 0.025 

Kidney primary disease 0.697 0.466 

  Chronic kidney disease 25 25 20 5  

  IgA nephropathy  1 1 1 0  

  Lupus nephritis 0 1 1 0  

  Polycystic kidney disease  0 3 2 1  

  Diabetic nephropathy 0 1 1 0  

  Others 4 5 3 2  

Dialysis 0.495 0.480 

  Hemodialysis 20 20 14 6  

  Peritoneal dialysis 10 15 13 2  

  None 0 1 1 0  

DGF 1/29 31/5 5/23 0/8 0.100 0.137 

Induction 0.004 0.001 

  Simulect 9 19 13 6  

  ATG 5 13 11 0  

  Rituximab 0 1 1 2  

  None 16 3 3 0  

HLA-MM 2.63±0.23 2.61±0.22 2.68±0.27 2.38±0.26 0.837 0.924 

Stable creatinine 92.36±11.48 149.03±16.04 138.75±10.48 185.00±34.18 0.011 0.324 

Highest creatinine 92.36±11.48 248.25±24.37 235.75±25.80 292.00±63.42 <0.001 0.004 

DSA 0 8 0 8 0.006 <0.001 

Time of rejection NA 575.14±114.03 440.57±103.28 1046.13±336.15 NA NA 

NR, no rejection; AR, acute rejection; TCMR, T cell mediated rejection; ABMR, antibody mediated rejection; DGF, delayed 
graft function; ATG, anti-thymocyte globulin; HLA-MM, HLA-mismatch; DSA, donor specific antibody; Pa, P value represents 
the difference between NR and AR; Pb, P value represents the difference between NR, TCMR, and ABMR, using one-way 
ANOVA. 
 

TCMR and ABMR cohorts based on the histological 

evidence provided by Banff in 2017 [24]. We found that 

serum IL-2 levels were higher in the ABMR cohort than 

in the NR (P = 0.014) or TCMR (P = 0.016) cohort 

(Figure 2A). By contrast, serum levels of IL-4, IL-6 

(Figure 2B and 2C), IL-12, IL-27, and TNF-α 

(Supplementary Figure 1A–1C) showed no detectable 

difference among the three cohorts. The IL-21 levels in 

the NR cohort were higher than in both TCMR 

(10.98±0.35 pg/mL, P < 0.001) and ABMR (11.15±0.56 

pg/mL, P = 0.008) cohorts (Figure 2F). However, no 

difference was found between the two rejection 

subgroups. Elevated levels of IL-10 were present in 

ABMR cohort, and slightly reduced levels of IL-17 and 

IFN-γ were present in the TCMR cohort (Figure 2D, 2E 

and Supplementary Figure 1D). 

Cytokines are characterized as “signal 3” in T and B 

cell crosstalk, which promotes B cell differentiation, 

maturation, and class switching. The class switching 

rate of B cells was measured by detecting the levels of 

serum immunoglobulins. No difference was found in 

the levels of IgM and IgG1-3 in the three cohorts 

(Figure 3A–3C). The circulating levels of IgG4 were 

high in the ABMR cohort (P = 0.044 vs. NR cohort and 

P = 0.012 vs. TCMR cohort) (Figure 3D). 

 

Serum IL-21 levels negatively correlate with 

allograft function 

 

The correlation between circulating cytokine levels and 

allograft function was analyzed (Supplementary Table 

1). Linear regression analysis revealed a good 
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Figure 1. Higher peripheral blood IL-21 levels in stable transplant recipients. Absolute concentration (pg/mL) of serum IL-2, IL-4, IL-
6, IL-10, IL-12, IL-17, IL-21, IL-27, IFN-γ, and TNF-α (A–J) in recipients with (n = 36) and without (n = 30) active rejection after kidney 
transplantation. Red dash dot line represents the mean value. *P < 0.05 and **P < 0.01 compared with NR cohorts. IL, interleukin; IFN, 
interferon; NR, non-rejection; TNF, tumor necrosis factor. 

 

 
 

Figure 2. Distinct circulating cytokine levels in different types of rejection. Serum levels of IL-2, IL-4, IL-6, IL-10, IL-17, and IL-21 (A–F) 
in patients in NR (n = 30), TCMR (n = 28) and ABMR (n = 8) cohorts were measured before anti-rejection therapy. Dash dot line represents the 
mean value. *P < 0.05, **P < 0.01, and ***P < 0.001. IL, interleukin; ABMR, antibody-mediated rejection; NR, non-rejection; TCMR, T cell-
mediated rejection. 
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correlation of serum IL-21 (ρ = −0.018, P = 0.016) and 

TNF-α (ρ = 0.006, P < 0.001) (Figure 4A and 4B) levels 

with serum creatinine (Cr), indicating that circulating 

cytokines could be a potential biomarker for monitoring 

renal dysfunction. The diagnostic capacity of IL-21 and 

TNF-α in distinguishing allograft rejection was measured 

using the receiver operating characteristic (ROC) curve. 

The area under the curve (AUC) for serum IL-21 levels 

was 0.822 (P < 0.001), with sensitivity and specificity of 

72.22% and 80%, respectively, and a cut-off value of 

11.47 pg/mL (Figure 4C). TNF-α exhibited less 

diagnostic capacity in rejection diagnosis with an AUC of 

0.636 (P = 0.059) (Figure 4D). 

 

Exogenous IL-21 promotes allograft rejection in 

mice 
 

To explore the function of IL-21 in transplant 

immunobiology, we generated KT mice with tail vein 

injection of exogenous IL-21 on days 0, 2, 4, and 6 

post-transplantation (Figure 5A). Hematoxylin and 

eosin (HE), periodic acid-Schiff (PAS), and Masson’s 

staining revealed enhanced infiltration of inflammatory 

cytokines and fibrosis in the allograft that worsened 

with IL-21 administration (Figure 5B). Next, the 

cytokine levels in the transplanted kidney were 

estimated; similar to the inflammatory infiltration, the 

expression of proinflammatory cytokines such as IFN-γ 

(P < 0.001 vs. control group and P = 0.008 vs. KT 

group) and TNF-α (P = 0.011 vs. control group) was 

upregulated (Figure 5C). The IL-21 (P < 0.001 vs. 

control group) and IL-4 (P = 0.011 vs. control group) 

levels in the transplanted kidney reduced (Figure 5D). 

No difference was found in the levels of IL-10, IL-6, 

and IL-17 in the transplanted kidney among the three 

groups (Figure 5E). 
 

Next, we evaluated the histopathology of the allograft. 

A heavy deposit of linear C4d in peritubular capillaries 

(P = 0.016 vs. control group) after IL-21 injection 

(Figure 6A and 6B) was observed. More severe 

allograft injury, including glomerulitis, tubulitis, and 

interstitial inflammation, was observed in KT mice with 

IL-21 treatment (Figure 6C, 6D, and 6E). Peritubular 

capillary and intimal arteritis showed no difference 

(Figure 6F and 6G). The donor-specific antibody (DSA) 

titers in the kidney recipients were measured by flow 

cytometry. Higher DSA titers were observed after  

IL-21 administration (P = 0.008 vs. control group) 

(Supplementary Figure 2). 

 

 
 

Figure 3. No significant difference in antibody class switching between NR and active rejection cohorts was observed. (A, B) 
Levels of IgM and IgG1-4 in NR (n =30) and rejection (n = 35) groups. (C, D) Levels of IgM and IgG1-4 in NR (n =30), TCMR (n = 28), and ABMR 
(n = 7) cohorts. The dash dot line represents the mean value. The difference among the three subgroups was analyzed using one-way ANOVA. 
*P < 0.05. ABMR, antibody-mediated rejection; ANOVA, analysis of variance; NR, non-rejection; TCMR, T cell-mediated rejection. 
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Exogenous IL-21 alters cytokine and IL-21R 

expression in mice after kidney transplantation 

 

The cytokine levels in the peripheral blood and spleen of 

KT mice were measured on the day mice were sacrificed. 

Interestingly, the peripheral IL-21 levels in mice after 

administration of exogenous IL-21 were lower than in 

mice injected with phosphate-buffered saline (PBS) (P = 

0.004) and control groups (P < 0.001) (Figure 7A). 

Moreover, the IL-6 levels increased after IL-21 treatment, 

but no major difference was found (Figure 7B). No 

difference was found among the levels of IL-2, IL-4, IL-

10, and IL-17 (Figure 7A and 7B), whereas an increased 

level of inflammatory cytokine TNF-α was observed (P = 

0.011 vs. control group) (Supplementary Figure 3A). A 

substantial increase in IL-21 levels in the spleen was 

observed after administration of exogenous IL-21 (P = 

0.040 vs. PBS injection) (Figure 7D), with a higher 

expression of IL-21R (P = 0.021 vs. PBS injection and P 

= 0.011 vs. control group) (Figure 7C and Supplementary 

Figure 3C–3E). Furthermore, compared with the other 

two groups, IL-10 levels were higher in the KT group (P 

= 0.018 vs. control group, P = 0.014 vs. IL-21+KT group) 

(Figure 7E). 

Exogenous IL-21 induces B and T cell proliferation 
 

Flow cytometry was performed to analyze B and T cells 

in the peripheral blood and spleen. After kidney 

transplantation, the number of B cells slightly increased, 

and the number was higher after IL-21 stimulation both 

in the peripheral blood (P < 0.001 vs. control group, P = 

0.008 vs. KT group) and the spleen (P = 0.004 vs. 

control group) (Figure 8A, 8C). Furthermore, the 

number of CD4+ T cells in the peripheral blood steadily 

increased in kidney transplanted mice administered IL-

21 than in those administered PBS (P = 0.003) (Figure 

8B, 8D). The number of CD4+ T cells was more 

variable in the spleen, with no major difference (Figure 

8B, 8D). 
 

DISCUSSION 
 

In the present study, we measured the serum levels of 

IL-21 in acute rejection patients post kidney 

transplantation and assessed its function in a mouse KT 

model. Reduced serum levels of IL-21 were detected in 

both TCMR and ABMR cohorts as compared to 

immune stable recipients. Serum IL-21 levels 

 

 
 

Figure 4. Serum IL-21 levels correlate with allograft function. Correlation of serum IL-21 and TNF-α levels with serum Cr levels  
(A, B). The ROC curves of IL-21 and TNF-α to investigate their ability to distinguish between rejection and NR recipients (C, D). Cr, creatinine; 
IL, interleukin; NR, non-rejection; ROC, receiver operating characteristic; TNF, tumor necrosis factor. 
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Figure 5. Exogenous IL-21 promotes inflammatory infiltration in the allograft. C57BL/6 mice received renal allografts from Balb/c 
mice. Kidney recipients were injected recombinant murine IL-21 (10 μg in 100 μL PBS; n = 9) or 100 μL PBS (n = 7) in the tail vein on days 0, 2, 
4, and 6 after transplantation (A). Blank control (n = 3) of mice without transplantation received tail vein injection of PBS simultaneously. All 
animals were sacrificed 7 days post-transplantation. Histologic evaluation of kidney allografts from Control, KT, and IL-21+KT recipients on 
day 7 post-transplantation stained with (B) H&E, PAS, and Masson’s stains (scale bar: 100μm). Levels of (C) IFN-γ and TNF, (D) IL-21, IL-2, and 
IL-4, (E) IL-10, IL-6, and IL-17 in the transplanted kidney of KT subgroups and primary kidney of Control are shown. Values represent mean 
(±SEM). *P < 0.05, **P < 0.01, and ***P < 0.001. H&E, hematoxylin and eosin; IL, interleukin; PAS, periodic acid–Schiff; PBS, phosphate-
buffered saline; KT, kidney transplant; SEM, standard error of the mean. 
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negatively correlated with allograft function, showing a 

promising diagnostic value with an AUC of 0.822 (P < 

0.001). Interestingly, no difference in class switching was 

found. Administration of exogenous IL-21 accelerated 

allograft rejection in KT mice, accompanied by reduced 

levels of IL-21 in the peripheral blood and enrichment of 

IL-21 in the spleen. Further analysis revealed IL-21-

induced enhanced proliferation of T and B cells in the 

spleen resulting in acute humoral rejection. 

 

IL-21 is a cytokine with pleiotropic effects; it maintains 

the immune homeostasis including in patients after solid 

organ transplantation [25]. It is identified as the most 

potent plasma cell inducer in vitro [26]. IL-21 activates 

both Tfh cells [15, 27] and B cells in GCs via autocrine 

and paracrine signaling. Similarly, elevated levels of IL-

21 in the GC of ABMR recipients suggest its possible 

function in the GC during the onset of active rejection 

[9]. Blocking of IL-21 activity ameliorated the graft-

versus-host disease after hematopoietic stem cell 

transplantation [28]. 

 

Intriguingly, IL-21 can also mediate immuno-

suppressive effect. Studies have reported that IL-21 

induces apoptosis of immunocytes by upregulating the 

expression of transcription factor Bcl-2 [29, 30]. 

Chesneau et al. recently reported the function of IL-21-

dependent GZMB+ B cells in maintaining immune 

tolerance in kidney transplant recipients. Moreover, 

they observed elevated secretion of IL-21 by T cells 

after stimulation by B cells in tolerant recipients [23]. 

Their findings were mainly based on in vitro 
experiments and lacked the study of serum cytokine 

levels in patients. In the present study, we measured the 

cytokine levels in kidney transplant recipients. Elevated 

levels of IL-21 were observed in patients with stable

 

 
 

Figure 6. Exogenous IL-21 promotes active kidney rejection in mice. (A and B) Expression of C4d in the allograft (scale bar: 250μm). 
Histopathology scores of glomerulities, tubulitis, I, PTC, and V (C–G) of the kidney allografts from Control, KT, and IL-21+KT recipients. Values 
represent mean (±SEM). *P < 0.05, **P < 0.01, and ***P < 0.001. PTC, peritubular capillaritis; I, interstitial inflammation; V, intimal arteritis; 
IL, interleukin; KT, kidney transplant; SEM, standard error of the mean. 
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immune status. Serum IL-21 levels negatively 

correlated with serum Cr levels, whereas with an AUC 

of 0.822 (P < 0.001), IL-21 measurement did not 

outperform the diagnostic capacity of Cr (AUC: 0.989, 

P < 0.001). 

 

IL-21 is involved in antibody class switching of B cells 

in both human and mouse systems to activate the 

humoral response. The IgG production level was 

reported to be slightly lower in IL-21R-deficient mice 

[31]. However, the blocking of both IL-4 and IL-21R 

severely impaired the IgG response [31]. In addition, we 

evaluated the rate of antibody class switching in patients 

post kidney transplantation; it was largely intact when 

acute rejection occurred. Because the serum IL-4 levels 

were comparable among NR, TCMR, and ABMR 

cohorts, this result was expected. 

 

Patients with stable graft function for more than 5 years 

were enrolled in the NR cohort. In contrast, the average 

time of rejection in the total rejection group was 

575.14±114.03 days. NR and rejection groups were not 

matched with respect to the time from transplantation 

due to insufficient follow-up durations to define NR. 

However, no correlation was observed between the time 

of rejection and cytokine and antibody levels (data not 

presented). 

IL-21 is a well-conserved gene [32]. The distribution of 

its effector IL-21R and the downstream signaling 

pathways, through which it regulates the differentiation 

and functions of lymphoid cells responsible for humoral 

response, are similar in human and mice [33]. Hence, 

we established a KT mouse model to further directly 

address the role of IL-21 in kidney transplantation. 

Exogenous IL-21 was injected into KT mice to mimic 

the serum IL-21 levels in immune stable patients. 

However, unexpectedly, the injection of exogenous IL-

21 induced enhanced inflammatory infiltration, C4d 

deposit, and allograft injury including glomerulitis, 

tubulitis, and interstitial inflammation in the 

transplanted kidney. These findings suggest that 

exogenous IL-21 induced a higher rate of rejection 

instead of maintaining immune tolerance, a finding 

considerably different from that reported by previous 

studies [9, 22]. 
 

IL-21 exerts its effect on a variety of immune cells via 

the IL-21R to promote cell differentiation and 

maturation [33]. It is involved in the generation and 

differentiation of Tfh cells through an autocrine loop 

and amplifies its secretion [15, 27]. Moreover, it 

augments the proliferation, maturation, and differen-

tiation of B cells by upregulating transcription factors 

such as Bcl-6 and Blimp-1 in the GC [13, 34]. In 

 

 
 

Figure 7. Exogenous IL-21 alters cytokine and IL-21R expression in mice after kidney transplantation. The level of IL-21, IL-2, and 
IL-4, and IL-10, IL-6, and IL-17A in the peripheral blood (A and B) and spleen (D and E) on day 7 post-transplantation was measured by CBA. 
(C) Histologic evaluation of IL-21R expression in the spleen of subgroups. Values represent mean (±SEM). *P < 0.05, **P < 0.01, and ***P < 
0.001. CBA, cytometric bead array; IL, interleukin; SEM, standard error of the mean. 



 

www.aging-us.com 18405 AGING 

the present study, the administration of IL-21 led to the 

corresponding increased IL-21R expression in the 

spleen. The upregulated expression of IL-21R allows 

IL-21 to perform its growth factor-like functions via the 

IL-21/IL-21R signaling pathway. Furthermore, flow 

cytometry was used to analyze the proportion of 

immune cells in the peripheral blood and spleen of KT 

mice after IL-21 injection. An increase in the number of 

B cells in both peripheral blood and spleen was 

observed, accompanied by an elevated number of CD4+ 

T cells in the peripheral blood. 

 

Tfh cells are the primary source of serum IL-21, 

whereas the ability of Tfh subsets to produce IL-21 is 

variable. Recent studies have reported that Tfh cells can 

be further divided into GC Tfh cells and peripheral Tfh 

cells based on different locations [35]. The IL-21 

secretion ability of GC Tfh cells is extremely low such 

that little or no induction of IL-21 in antigen-specific 

GC Tfh cells was detected in macaque studies [36–38], 

whereas the peripheral Tfh cells have been reported to 

secrete high levels of cytokines such as IL-21 [39]. We 

detected decreased serum IL-21 levels in mice after KT 

despite the administration of exogenous IL-21, which 

was similar to the serum level of IL-21 in patients with 

acute rejection after KT, with a notably higher level of 

IL-21 in the spleen observed after IL-21 injection. 

Besouw et al. recently reported a correlation between 

increased donor-specific IL-21-producing cells, 

especially circulating Tfh cells, and kidney graft 

rejection [40]. Accumulation of Tfh cells in follicular-

like structures of the transplanted kidney was reported 

 

 
 

Figure 8. Exogenous IL-21 induces B cell and T cell proliferation. Flow cytometry analysis to measure CD19+ B (A) and CD4+ T (B) 
lymphocytes in the peripheral blood and spleen of recipients and controls. Distribution of proportions of CD4+ T cells (C) and CD19+ B cells (D) 
of total lymphocytes on day 7 post-transplantation. Boxes and whiskers represent minimum to maximum of all the data. **P < 0.01 and ***P 
< 0.001 one-way ANOVA. ANOVA, analysis of variance; IL, interleukin. 
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by Graav et al. [41]. This could be attributed to the fact 

that during acute rejection onsets, peripheral IL-21-

producing Tfh cells enter into the spleen and allograft, 

activating T and B cell proliferation and maturation by 

secreting IL-21 in the GC or follicular-like structures, 

leading to acute rejection. 

 

The present study had certain limitations. First, the 

number of patients enrolled in this study was relatively 

low because of the low incidence rate of acute rejection 

in our kidney disease center. As healthy volunteers do 

not have alloantigens or take immunosuppressants, the 

immune status of such population is considerably 

different from that of kidney transplant recipients. 

Although our study could not include healthy controls 

due to their unwillingness to provide samples, we 

believe the NR cohort used as the disease control should 

be sufficient for studying transplant immunology 

changes in allograft rejection. This is because the 

immune status of the NR cohort is considerably closer 

to that of rejection cohorts. Second, the present study 

did not provide biopsy information of patients with 

stable allograft function because patients refused to 

undergo biopsy due to a Chinese tradition. Third, 

although we studied the critical function of IL-21 in 

kidney transplantation, the interpretation of results still 

requires more clinical evidence. 
 

In conclusion, we observed distinctly lower levels of 

serum IL-21 in acute rejection patients, with a 

diagnostic and therapeutic implication of IL-21 from a 

precision medicine perspective. The mouse KT model 

proved useful in conducting in vivo studies of IL-21 

biology. The injection of exogenous IL-21 triggered 

allograft rejection in kidney transplantation mice and 

resulted in enrichment of IL-21 in the spleen. Flow 

cytometry study revealed the proliferation of CD4+ T 

and CD19+ B cells in the peripheral blood and spleen 

when rejection occurred. These findings suggest the 

involvement of IL-21 in transplant immunobiology, 

highlighting its therapeutic potential in acute rejection. 

 

MATERIALS AND METHODS  
 

Patients 
 

The study was approved by the Research Ethics 

Committee of The First Affiliated Hospital, College of 

Medicine, Zhejiang University (Hangzhou, China; 

approval number: 2016-512). All patients provided 

written informed consent. From September 2017 to 

September 2018, a total of 66 peripheral blood samples 

were collected from 66 patients after kidney 

transplantation, of which 30 were NR, 28 were acute 

TCMR, and 8 were active ABMR. Of the 28 patients in 

the TCMR group, 12 patients belonged to grade IA, two 

patients belonged to grade IB, 13 patients belonged to 

grade IIA, and 1 patient belonged to grade IIB. Patients 

with stable allograft function (creatinemia < 150 

mmol/L and proteinuria < 1g/24 h [23]), negative panel 

reactive antibodies, and no BK virus infection for more 

than 5 years post transplantation were enrolled into the 

NR cohort. Patients with histological confirmation of 

acute rejection were enrolled in the rejection cohort, 

which was further divided into TCMR and ABMR 

according to the Banff 2017 criterion [24]. Exclusion 

criteria included acute infection, use of glucocorticoids, 

or anti-thymocyte globulin (ATG) pulse in 3 months. 

The characteristics of different subgroups are 

summarized in Table 1. 

 

The peripheral blood samples of patients in the NR 

cohorts were collected during their routine follow-up 

investigations. The peripheral blood samples of patients 

in the acute rejection cohort were collected before renal 

biopsy and anti-rejection treatment. Histopathology was 

conducted by two experienced pathologists in our 

hospital.  

 

Detection of serum cytokine levels and isotype class 

switching in serum 

 

Serum levels of cytokines IL-2, IL-4, IL-6, IL-10, IL-

12, IL-17, IL-21, IL-27, IFN-γ, and TNF-α, and IgM 

and IgG subsets were measured by the multiplex bead 

immunoassay (HGAMMAG-301K-05, Millipore for 

cytokine detection; LXSAHM-10, R&D system for 

antibody detection, Shanghai Universal Biotech Co., 

Ltd) according to the manufacturer’s instructions. 

Briefly, the beads with standards and samples were 

incubated for 1 h at room temperature. The wells were 

washed with wash buffer and incubated with primary 

antibodies for 30 min. Afterward, the coated beads were 

incubated with biotinylated antibodies for 30 min. The 

analysis was performed using the Luminex system (X-

200). 

 

Animals 
 

All protocols involving animals were approved by the 

Institutional Animal Care and Utilization Committee of 

The First Affiliated Hospital, College of Medicine, 

Zhejiang University. The C57BL/6 and Balb/c mice 

were purchased from the Laboratory Animal Center of 

Zhejiang University. All mice were housed in sterile 

microisolator cages. Eight-week-old male mice were 

used in all experiments. 

 

Kidney transplantation and treatment 
 

The left kidney from Balb/c mice was transplanted 

into C57BL/6 mice with anastomosis to the inferior 
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vena cava and the recipient abdominal aorta, ureter 

anastomosis to the bladder as previously described 

[42]. The right kidney remained intact. Recombinant 

murine IL-21 (BMS6021, eBioscience; 10 μg in 100 

μL PBS) (n = 9) [43] or 100 μL PBS (n = 7) was 

administered by tail vein injection into the recipients 

at days 0, 2, 4, and 6 after transplantation (Figure 5A). 

PBS was administered by tail vein injection into mice 

without transplantation (blank control, n = 3) 

simultaneously. All animals were sacrificed 7 days 

post-transplantation. 

 

Histopathological analysis 
 

Primary renal, spleen, and renal allograft tissue cross-

sections were fixed in 10% formalin and embedded in 

paraffin. Five µm sections were cut with a Leica 

CM1900 cryomicrotome (Leica Biosystems Division of 

Leica Microsystems Inc.). The sections underwent 

H&E, PAS, and Masson's staining for histological 

evaluation. Immunochemistry staining was performed 

following the manufacturer’s protocol. Briefly, sections 

were deparaffinized by successively washing them with 

xylene, 100% and 95% ethanol, and distilled water. 

After antigen unmasking and blocking, the sections 

were incubated with anti-C4d antibody (HP8033; 

Hycult Biotech, USA) or anti-IL21R antibody (ab5980; 

Abcam, UK) overnight at 4°C. The rabbit-specific 

HRP/AEC IHC Detection Kit Micro-polymer (Abcam, 

UK) was used to visualize the stained sections, followed 

by staining with diaminobenzidine and counterstaining 

with hematoxylin. The acute humoral rejection was 

confirmed by the presence of DSA, linear C4d staining 

in peritubular capillaries, and histologic evidence of 

graft injury [44]. A well-experienced pathologist scored 

the histopathologic characteristics of rejection, 

including tubulitis, glomerulitis, interstitial 

inflammation, intimal arteritis, and peritubular 

capillaritis according to the Banff lesion scores [45]. 

ImageJ software was used to analyze the captured 

images. 

 

DSA detection 
 

The serum DSA titers in kidney transplant mice were 

measured using the previously reported method [46]. In 

brief, after pretreatment with mice Fc blocker, the cell 

suspensions of kidney donor spleen were incubated with 

diluted recipient serum collected on day 7 post kidney 

transplantation. The cells were washed using PBS thrice 

and subsequently incubated with anti-mouse IgG 

(Abcam) for 15 min on ice. The unbound antibody was 

washed away with PBS and the cells were analyzed by 

flow cytometry. The mean channel fluorescence of each 

sample was calculated using the FlowJo software (Tree 

Star Inc.) and reported as a titer. 

Cytometric bead array 
 

Cytokines from the peripheral blood, spleen, and 

transplanted kidney were isolated as previously 

described [47]. Cytokine levels in the peripheral blood 

and spleen of mice after kidney transplantation were 

measured by cytometric bead array (CBA). The spleen 

and kidney tissues were mechanically homogenized, 

and the supernatants were collected. The Mouse Soluble 

Protein Master Buffer Kit and the appropriate CBA flex 

sets Mouse Th1/Th2/Th17 Cytokine Kit (BD 

Biosciences) were used to perform CBA analysis. 

 

As per the manufacturer’s protocol, the supernatants 

were mixed with capture beads after 2× dilution in the 

diluent. Flow cytometry samples were run on 

ACSCantoII, LSRFortessa (BD Biosciences), and the 

data were analyzed using the FlowJo software (Tree 

Star Inc.). The median fluorescence intensity on beads 

was used for statistical analysis. A standard curve was 

used to extrapolate the protein concentrations. 

 

Isolation of cells from spleen, kidneys, and graft 
 

The tissue was gently dissociated using the gentleMACS 

Dissociator (Miltenyi Biotec) in the PBS/bovine serum 

albumin (BSA)- ethylene diamine tetraacetic acid 

(EDTA) buffer. The buffer was prepared by mixing the 

BSA stock solution with autoMACS Rinsing Solution 

containing EDTA at a ratio of 1:20 (Miltenyi Biotec). The 

MACS Pre-Separation Filters (Miltenyi Biotec) were used 

to ensure that the dissociated tissue samples were free of 

cell clumps, promoting successful MACS separation and 

subsequent analysis. 

 

Flow cytometry 
 

Peripheral blood was collected in sodium heparin tubes. 

Next, the peripheral blood mononuclear cells (PBMCs) 

were isolated using Ficoll (GE Healthcare) gradient 

centrifugation on the same day. CD4+ T cells and 

CD19+ B cells were analyzed by Flow cytometry. In 

brief, the PBMCs were labeled with anti-CD4 and anti-

CD19 antibodies for 30 min at room temperature in the 

dark. Gates for CD4+ T cells and CD19+ B cells were 

determined based on the staining with anti-mice CD4 

and anti-mice CD19 antibodies (BioLegend). The 

number of CD4+ T cells and CD19+ B cells in the 

peripheral blood and spleen of mice after KT was 

determined by FACSCalibur (BD Biosciences). FlowJo 

software (Tree Star Inc.) was used for further analysis. 

 

Statistical analysis 
 

All statistical analyses were performed using the 

GraphPad Prism 8 (La Jolla). Continuous data are 
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presented as mean±standard error of the mean (SEM), 

whereas frequencies are presented as proportions. One-

way analysis of variance (ANOVA) was performed for 

multiple group comparisons. The Mann-Whitney U test 

was performed for unpaired t test. For categorical 

covariates, Chi-square tests were used to generate P-

values. Linear regression was performed to determine 

correlations. All presented P-values were calculated 

with the two-tailed test; a P-value < 0.05 was 

considered significant. 

 

AUTHOR CONTRIBUTIONS 
 

J.S. and R.W. made substantial contribution to the 

conception and design of the study, interpretation of 

data, drafting the manuscript, and supervision of the 

project. L.G. and J.L. collected clinical samples, 

conducted animal studies, performed data analyses, 

interpreted the data, and drafted the manuscript. J.Z., 

S.F., and H.C. conducted animal experiments. H.D., 

P.Y., JY.Z, and S.L. enrolled the patients, collected the 

blood samples, and acquired the data. M.W., Q.Z., and 

H.W. performed pathology classification. Y.K. and J.C. 

provided advice on manuscript writing. 

 

CONFLICTS OF INTEREST 
 

There are no conflicts of interest among the authors. 

 

FUNDING 
 

This study was supported, in part, by Science and 

Technology Department of Zhejiang Province 

(2019C03029), the National Natural Science 

Foundation of China (grant nos. 81870510,81770719, 

and 81770752),  and Natural Science Foundation of 

Zhejiang Province (LQ18H050002). 

 

REFERENCES 

 
1. Nankivell BJ, Alexander SI. Rejection of the kidney 

allograft. N Engl J Med. 2010; 363:1451–62. 
 https://doi.org/10.1056/NEJMra0902927 

PMID:20925547 

2. Meier-Kriesche HU, Schold JD, Srinivas TR, Kaplan B. 
Lack of improvement in renal allograft survival despite 
a marked decrease in acute rejection rates over the 
most recent era. Am J Transplant. 2004; 4:378–83. 

 https://doi.org/10.1111/j.1600-6143.2004.00332.x 
PMID:14961990 

3. Halloran PF, Chang J, Famulski K, Hidalgo LG, Salazar ID, 
Merino Lopez M, Matas A, Picton M, de Freitas D, 
Bromberg J, Serón D, Sellarés J, Einecke G, Reeve J. 
Disappearance of T cell-mediated rejection despite 

continued antibody-mediated rejection in late kidney 
transplant recipients. J Am Soc Nephrol. 2015; 
26:1711–20. 

 https://doi.org/10.1681/ASN.2014060588 
PMID:25377077 

4. Nguan C. Antibody-mediated vascular rejection of 
kidney allografts: a population-based study. Urology. 
2013; 82:503–04. 

 https://doi.org/10.1016/j.urology.2013.04.003 
PMID:23711439 

5. Loupy A, Lefaucheur C. Antibody-mediated rejection 
of solid-organ allografts. N Engl J Med. 2018; 
379:1150–60. 

 https://doi.org/10.1056/NEJMra1802677 
PMID:30231232 

6. Luque S, Lúcia M, Melilli E, Lefaucheur C, Crespo M, 
Loupy A, Bernal-Casas D, Gomà M, Jarque M, Crespo 
E, Montero N, Manonelles A, Cruzado JM, et al. Value 
of monitoring circulating donor-reactive memory B 
cells to characterize antibody-mediated rejection 
after kidney transplantation. Am J Transplant. 2019; 
19:368–80. 

 https://doi.org/10.1111/ajt.15055 PMID:30085394 

7. Parkes MD, Halloran PF, Hidalgo LG. Mechanistic 
sharing between NK cells in ABMR and effector T cells 
in TCMR. Am J Transplant. 2018; 18:63–73. 

 https://doi.org/10.1111/ajt.14410  
PMID:28654216 

8. Kohei N, Tanaka T, Tanabe K, Masumori N, Dvorina N, 
Valujskikh A, Baldwin WM 3rd, Fairchild RL. Natural 
killer cells play a critical role in mediating inflammation 
and graft failure during antibody-mediated rejection of 
kidney allografts. Kidney Int. 2016; 89:1293–306. 

 https://doi.org/10.1016/j.kint.2016.02.030 
PMID:27165816 

9. Kwun J, Manook M, Page E, Burghuber C, Hong J, 
Knechtle SJ. Crosstalk between T and B cells in the 
germinal center after transplantation. Transplantation. 
2017; 101:704–12. 

 https://doi.org/10.1097/TP.0000000000001588 
PMID:27906827 

10. Thaunat O, Koenig A, Leibler C, Grimbert P. Effect of 
immunosuppressive drugs on humoral allosensitization 
after kidney transplant. J Am Soc Nephrol. 2016; 
27:1890–900. 

 https://doi.org/10.1681/ASN.2015070781 
PMID:26872489 

11. Nurieva RI, Chung Y, Hwang D, Yang XO, Kang HS, Ma L, 
Wang YH, Watowich SS, Jetten AM, Tian Q, Dong C. 
Generation of T follicular helper cells is mediated by 
interleukin-21 but independent of T helper 1, 2, or 17 
cell lineages. Immunity. 2008; 29:138–49. 

https://doi.org/10.1056/NEJMra0902927
https://pubmed.ncbi.nlm.nih.gov/20925547
https://doi.org/10.1111/j.1600-6143.2004.00332.x
https://pubmed.ncbi.nlm.nih.gov/14961990
https://doi.org/10.1681/ASN.2014060588
https://pubmed.ncbi.nlm.nih.gov/25377077
https://doi.org/10.1016/j.urology.2013.04.003
https://pubmed.ncbi.nlm.nih.gov/23711439
https://doi.org/10.1056/NEJMra1802677
https://pubmed.ncbi.nlm.nih.gov/30231232
https://doi.org/10.1111/ajt.15055
https://pubmed.ncbi.nlm.nih.gov/30085394
https://doi.org/10.1111/ajt.14410
https://pubmed.ncbi.nlm.nih.gov/28654216
https://doi.org/10.1016/j.kint.2016.02.030
https://pubmed.ncbi.nlm.nih.gov/27165816
https://doi.org/10.1097/TP.0000000000001588
https://pubmed.ncbi.nlm.nih.gov/27906827
https://doi.org/10.1681/ASN.2015070781
https://pubmed.ncbi.nlm.nih.gov/26872489


 

www.aging-us.com 18409 AGING 

 https://doi.org/10.1016/j.immuni.2008.05.009 
PMID:18599325 

12. Shulman Z, Gitlin AD, Weinstein JS, Lainez B, Esplugues 
E, Flavell RA, Craft JE, Nussenzweig MC. Dynamic 
signaling by T follicular helper cells during germinal 
center B cell selection. Science. 2014; 345:1058–62. 

 https://doi.org/10.1126/science.1257861 
PMID:25170154 

13. Zotos D, Coquet JM, Zhang Y, Light A, D’Costa K, Kallies 
A, Corcoran LM, Godfrey DI, Toellner KM, Smyth MJ, 
Nutt SL, Tarlinton DM. IL-21 regulates germinal center 
B cell differentiation and proliferation through a B cell-
intrinsic mechanism. J Exp Med. 2010; 207:365–78. 

 https://doi.org/10.1084/jem.20091777 
PMID:20142430 

14. Weinstein JS, Herman EI, Lainez B, Licona-Limón P, 
Esplugues E, Flavell R, Craft J. TFH cells progressively 
differentiate to regulate the germinal center response. 
Nat Immunol. 2016; 17:1197–205. 

 https://doi.org/10.1038/ni.3554  
PMID:27573866 

15. McPhee CG, Bubier JA, Sproule TJ, Park G, Steinbuck 
MP, Schott WH, Christianson GJ, Morse HC 3rd, 
Roopenian DC. IL-21 is a double-edged sword in the 
systemic lupus erythematosus-like disease of BXSB.Yaa 
mice. J Immunol. 2013; 191:4581–88. 

 https://doi.org/10.4049/jimmunol.1300439 
PMID:24078696 

16. Bubier JA, Sproule TJ, Foreman O, Spolski R, Shaffer DJ, 
Morse HC 3rd, Leonard WJ, Roopenian DC. A critical 
role for IL-21 receptor signaling in the pathogenesis of 
systemic lupus erythematosus in BXSB-yaa mice. Proc 
Natl Acad Sci USA. 2009; 106:1518–23. 

 https://doi.org/10.1073/pnas.0807309106 
PMID:19164519 

17. Block KE, Huang H. The cellular source and target of IL-
21 in K/BxN autoimmune arthritis. J Immunol. 2013; 
191:2948–55. 

 https://doi.org/10.4049/jimmunol.1301173 
PMID:23960240 

18. Ferreira RC, Simons HZ, Thompson WS, Cutler AJ, 
Dopico XC, Smyth DJ, Mashar M, Schuilenburg H, 
Walker NM, Dunger DB, Wallace C, Todd JA, Wicker LS, 
Pekalski ML. IL-21 production by CD4+ effector T cells 
and frequency of circulating follicular helper T cells are 
increased in type 1 diabetes patients. Diabetologia. 
2015; 58:781–90. 

 https://doi.org/10.1007/s00125-015-3509-8 
PMID:25652388 

19. van Leeuwen MA, Lindenbergh-Kortleve DJ, Raatgeep 
HC, de Ruiter LF, de Krijger RR, Groeneweg M, Escher 
JC, Samsom JN. Increased production of interleukin-21, 

but not interleukin-17A, in the small intestine 
characterizes pediatric celiac disease. Mucosal 
Immunol. 2013; 6:1202–13. 

 https://doi.org/10.1038/mi.2013.19  
PMID:23571506 

20. Salzer E, Kansu A, Sic H, Májek P, Ikincioğullari A, Dogu 
FE, Prengemann NK, Santos-Valente E, Pickl WF, Bilic I, 
Ban SA, Kuloğlu Z, Demir AM, et al. Early-onset 
inflammatory bowel disease and common variable 
immunodeficiency-like disease caused by IL-21 
deficiency. J Allergy Clin Immunol. 2014; 133:1651–
9.e12. 

 https://doi.org/10.1016/j.jaci.2014.02.034 
PMID:24746753 

21. de Leur K, Dor FJ, Dieterich M, van der Laan LJ, 
Hendriks RW, Baan CC. IL-21 receptor antagonist 
inhibits differentiation of B cells toward plasmablasts 
upon alloantigen stimulation. Front Immunol. 2017; 
8:306. 

 https://doi.org/10.3389/fimmu.2017.00306 
PMID:28373876 

22. de Leur K, Luk F, van den Bosch TP, Dieterich M, van 
der Laan LJ, Hendriks RW, Clahsen-van Groningen MC, 
Issa F, Baan CC, Hoogduijn MJ. The effects of an IL-21 
receptor antagonist on the alloimmune response in a 
humanized mouse skin transplant model. 
Transplantation. 2019; 103:2065–74. 

 https://doi.org/10.1097/TP.0000000000002773 
PMID:31343579 

23. Chesneau M, Michel L, Dugast E, Chenouard A, Baron 
D, Pallier A, Durand J, Braza F, Guerif P, Laplaud DA, 
Soulillou JP, Giral M, Degauque N, et al. Tolerant 
kidney transplant patients produce B cells with 
regulatory properties. J Am Soc Nephrol. 2015; 
26:2588–98. 

 https://doi.org/10.1681/ASN.2014040404 
PMID:25644114 

24. Haas M, Loupy A, Lefaucheur C, Roufosse C, Glotz D, 
Seron D, Nankivell BJ, Halloran PF, Colvin RB, Akalin E, 
Alachkar N, Bagnasco S, Bouatou Y, et al. The banff 
2017 kidney meeting report: revised diagnostic criteria 
for chronic active T cell-mediated rejection, antibody-
mediated rejection, and prospects for integrative 
endpoints for next-generation clinical trials. Am J 
Transplant. 2018; 18:293–307. 

 https://doi.org/10.1111/ajt.14625  
PMID:29243394 

25. Wu Y, van Besouw NM, Shi Y, Hoogduijn MJ, Wang L, 
Baan CC. The biological effects of IL-21 signaling on b-
cell-mediated responses in organ transplantation. 
Front Immunol. 2016; 7:319. 

 https://doi.org/10.3389/fimmu.2016.00319 
PMID:27602031 

https://doi.org/10.1016/j.immuni.2008.05.009
https://pubmed.ncbi.nlm.nih.gov/18599325
https://doi.org/10.1126/science.1257861
https://pubmed.ncbi.nlm.nih.gov/25170154
https://doi.org/10.1084/jem.20091777
https://pubmed.ncbi.nlm.nih.gov/20142430
https://doi.org/10.1038/ni.3554
https://pubmed.ncbi.nlm.nih.gov/27573866
https://doi.org/10.4049/jimmunol.1300439
https://pubmed.ncbi.nlm.nih.gov/24078696
https://doi.org/10.1073/pnas.0807309106
https://pubmed.ncbi.nlm.nih.gov/19164519
https://doi.org/10.4049/jimmunol.1301173
https://pubmed.ncbi.nlm.nih.gov/23960240
https://doi.org/10.1007/s00125-015-3509-8
https://pubmed.ncbi.nlm.nih.gov/25652388
https://doi.org/10.1038/mi.2013.19
https://pubmed.ncbi.nlm.nih.gov/23571506
https://doi.org/10.1016/j.jaci.2014.02.034
https://pubmed.ncbi.nlm.nih.gov/24746753
https://doi.org/10.3389/fimmu.2017.00306
https://pubmed.ncbi.nlm.nih.gov/28373876
https://doi.org/10.1097/TP.0000000000002773
https://pubmed.ncbi.nlm.nih.gov/31343579
https://doi.org/10.1681/ASN.2014040404
https://pubmed.ncbi.nlm.nih.gov/25644114
https://doi.org/10.1111/ajt.14625
https://pubmed.ncbi.nlm.nih.gov/29243394
https://doi.org/10.3389/fimmu.2016.00319
https://pubmed.ncbi.nlm.nih.gov/27602031


 

www.aging-us.com 18410 AGING 

26. Tangye SG. Advances in IL-21 biology — enhancing our 
understanding of human disease. Curr Opin Immunol. 
2015; 34:107–15. 

 https://doi.org/10.1016/j.coi.2015.02.010 
PMID:25801685 

27. Vogelzang A, McGuire HM, Yu D, Sprent J, Mackay CR, 
King C. A fundamental role for interleukin-21 in the 
generation of T follicular helper cells. Immunity. 2008; 
29:127–37. 

 https://doi.org/10.1016/j.immuni.2008.06.001 
PMID:18602282 

28. Lim JY, Park MJ, Im KI, Kim N, Park HS, Lee SH, Kim EK, 
Nam YS, Lee ES, Cho ML, Cho SG. Interleukin 21 
blockade modulates activated T- and b-cell 
homeostasis via b-cell activating factor pathway-
mediated inhibition in a murine model of acute graft-
versus-host disease. Exp Hematol. 2015; 43:23–31.e1. 

 https://doi.org/10.1016/j.exphem.2014.09.005 
PMID:25246268 

29. Mehta DS, Wurster AL, Whitters MJ, Young DA, Collins 
M, Grusby MJ. IL-21 induces the apoptosis of resting 
and activated primary B cells. J Immunol. 2003; 
170:4111–18. 

 https://doi.org/10.4049/jimmunol.170.8.4111 
PMID:12682241 

30. Jandl C, Liu SM, Cañete PF, Warren J, Hughes WE, 
Vogelzang A, Webster K, Craig ME, Uzel G, Dent A, 
Stepensky P, Keller B, Warnatz K, et al. IL-21 restricts T 
follicular regulatory T cell proliferation through bcl-6 
mediated inhibition of responsiveness to IL-2. Nat 
Commun. 2017; 8:14647. 

 https://doi.org/10.1038/ncomms14647 
PMID:28303891 

31. Ozaki K, Spolski R, Feng CG, Qi CF, Cheng J, Sher A, 
Morse HC 3rd, Liu C, Schwartzberg PL, Leonard WJ. A 
critical role for IL-21 in regulating immunoglobulin 
production. Science. 2002; 298:1630–34. 

 https://doi.org/10.1126/science.1077002 
PMID:12446913 

32. Parrish-Novak J, Dillon SR, Nelson A, Hammond A, 
Sprecher C, Gross JA, Johnston J, Madden K, Xu W, 
West J, Schrader S, Burkhead S, Heipel M, et al. 
Interleukin 21 and its receptor are involved in NK cell 
expansion and regulation of lymphocyte function. 
Nature. 2000; 408:57–63. 

 https://doi.org/10.1038/35040504 PMID:11081504 

33. Spolski R, Leonard WJ. Interleukin-21: a double-edged 
sword with therapeutic potential. Nat Rev Drug Discov. 
2014; 13:379–95. 

 https://doi.org/10.1038/nrd4296 PMID:24751819 

34. Ozaki K, Spolski R, Ettinger R, Kim HP, Wang G, Qi CF, 
Hwu P, Shaffer DJ, Akilesh S, Roopenian DC, Morse HC 

3rd, Lipsky PE, Leonard WJ. Regulation of B cell 
differentiation and plasma cell generation by IL-21, a 
novel inducer of Blimp-1 and Bcl-6. J Immunol. 2004; 
173:5361–71. 

 https://doi.org/10.4049/jimmunol.173.9.5361 
PMID:15494482 

35. Schultz BT, Teigler JE, Pissani F, Oster AF, Kranias G, 
Alter G, Marovich M, Eller MA, Dittmer U, Robb ML, 
Kim JH, Michael NL, Bolton D, Streeck H. Circulating 
HIV-specific interleukin-21+CD4+T cells represent 
peripheral tfh cells with antigen-dependent helper 
functions. Immunity. 2016; 44:167–78. 

 https://doi.org/10.1016/j.immuni.2015.12.011 
PMID:26795249 

36. Hessell AJ, Malherbe DC, Pissani F, McBurney S, Krebs 
SJ, Gomes M, Pandey S, Sutton WF, Burwitz BJ, Gray M, 
Robins H, Park BS, Sacha JB, et al. Achieving potent 
autologous neutralizing antibody responses against tier 
2 HIV-1 viruses by strategic selection of envelope 
immunogens. J Immunol. 2016; 196:3064–78. 

 https://doi.org/10.4049/jimmunol.1500527 
PMID:26944928 

37. Yamamoto T, Lynch RM, Gautam R, Matus-Nicodemos 
R, Schmidt SD, Boswell KL, Darko S, Wong P, Sheng Z, 
Petrovas C, McDermott AB, Seder RA, Keele BF, et al. 
Quality and quantity of TFH cells are critical for broad 
antibody development in SHIVAD8 infection. Sci Transl 
Med. 2015; 7:298ra120. 

 https://doi.org/10.1126/scitranslmed.aab3964 
PMID:26223303 

38. Dan JM, Lindestam Arlehamn CS, Weiskopf D, da Silva 
Antunes R, Havenar-Daughton C, Reiss SM, Brigger M, 
Bothwell M, Sette A, Crotty S. A cytokine-independent 
approach to identify antigen-specific human germinal 
center T follicular helper cells and rare antigen-specific 
CD4+ T cells in blood. J Immunol. 2016; 197:983–93. 

 https://doi.org/10.4049/jimmunol.1600318 
PMID:27342848 

39. Ricard L, Jachiet V, Malard F, Ye Y, Stocker N, Rivière S, 
Senet P, Monfort JB, Fain O, Mohty M, Gaugler B, 
Mekinian A. Circulating follicular helper T cells are 
increased in systemic sclerosis and promote 
plasmablast differentiation through the IL-21 pathway 
which can be inhibited by ruxolitinib. Ann Rheum Dis. 
2019; 78:539–50. 

 https://doi.org/10.1136/annrheumdis-2018-214382 
PMID:30760472 

40. van Besouw NM, Yan L, de Kuiper R, Klepper M, 
Reijerkerk D, Dieterich M, Roelen DL, Claas FH, 
Clahsen-van Groningen MC, Hesselink DA, Baan CC. 
The number of donor-specific IL-21 producing cells 
before and after transplantation predicts kidney graft 
rejection. Front Immunol. 2019; 10:748. 

https://doi.org/10.1016/j.coi.2015.02.010
https://pubmed.ncbi.nlm.nih.gov/25801685
https://doi.org/10.1016/j.immuni.2008.06.001
https://pubmed.ncbi.nlm.nih.gov/18602282
https://doi.org/10.1016/j.exphem.2014.09.005
https://pubmed.ncbi.nlm.nih.gov/25246268
https://doi.org/10.4049/jimmunol.170.8.4111
https://pubmed.ncbi.nlm.nih.gov/12682241
https://doi.org/10.1038/ncomms14647
https://pubmed.ncbi.nlm.nih.gov/28303891
https://doi.org/10.1126/science.1077002
https://pubmed.ncbi.nlm.nih.gov/12446913
https://doi.org/10.1038/35040504
https://pubmed.ncbi.nlm.nih.gov/11081504
https://doi.org/10.1038/nrd4296
https://pubmed.ncbi.nlm.nih.gov/24751819
https://doi.org/10.4049/jimmunol.173.9.5361
https://pubmed.ncbi.nlm.nih.gov/15494482
https://doi.org/10.1016/j.immuni.2015.12.011
https://pubmed.ncbi.nlm.nih.gov/26795249
https://doi.org/10.4049/jimmunol.1500527
https://pubmed.ncbi.nlm.nih.gov/26944928
https://doi.org/10.1126/scitranslmed.aab3964
https://pubmed.ncbi.nlm.nih.gov/26223303
https://doi.org/10.4049/jimmunol.1600318
https://pubmed.ncbi.nlm.nih.gov/27342848
https://doi.org/10.1136/annrheumdis-2018-214382
https://pubmed.ncbi.nlm.nih.gov/30760472


 

www.aging-us.com 18411 AGING 

 https://doi.org/10.3389/fimmu.2019.00748 
PMID:31024571 

41. de Graav GN, Dieterich M, Hesselink DA, Boer K, 
Clahsen-van Groningen MC, Kraaijeveld R, Litjens NH, 
Bouamar R, Vanderlocht J, Tilanus M, Houba I, 
Boonstra A, Roelen DL, et al. Follicular T helper cells 
and humoral reactivity in kidney transplant patients. 
Clin Exp Immunol. 2015; 180:329–40. 

 https://doi.org/10.1111/cei.12576  
PMID:25557528 

42. Tse GH, Hesketh EE, Clay M, Borthwick G, Hughes J, 
Marson LP. Mouse kidney transplantation: models of 
allograft rejection. J Vis Exp. 2014; e52163. 

 https://doi.org/10.3791/52163 PMID:25350513 

43. Seo H, Kim BS, Bae EA, Min BS, Han YD, Shin SJ, Kang 
CY. IL21 therapy combined with PD-1 and tim-3 
blockade provides enhanced NK cell antitumor activity 
against MHC class i-deficient tumors. Cancer Immunol 
Res. 2018; 6:685–95. 

 https://doi.org/10.1158/2326-6066.CIR-17-0708 
PMID:29615398 

44. Tse GH, Hughes J, Marson LP. Systematic review of 
mouse kidney transplantation. Transpl Int. 2013; 
26:1149–60. 

 https://doi.org/10.1111/tri.12129  
PMID:23786597 

45. Oellerich M, Shipkova M, Asendorf T, Walson PD, 
Schauerte V, Mettenmeyer N, Kabakchiev M, Hasche 
G, Gröne HJ, Friede T, Wieland E, Schwenger V, 
Schütz E, Beck J. Absolute quantification of donor-
derived cell-free DNA as a marker of rejection and 
graft injury in kidney transplantation: results from a 
prospective observational study. Am J Transplant. 
2019; 19:3087–99. 

 https://doi.org/10.1111/ajt.15416  
PMID:31062511 

46. Bickerstaff A, Nozaki T, Wang JJ, Pelletier R, Hadley G, 
Nadasdy G, Nadasdy T, Fairchild RL. Acute humoral 
rejection of renal allografts in CCR5(-/-) recipients. Am 
J Transplant. 2008; 8:557–66. 

 https://doi.org/10.1111/j.1600-6143.2007.02125.x 
PMID:18294152 

47. Barclay D, Zamora R, Torres A, Namas R, Steed D, 
Vodovotz Y. A simple, rapid, and convenient luminex-
compatible method of tissue isolation. J Clin Lab Anal. 
2008; 22:278–81. 

 https://doi.org/10.1002/jcla.20253  
PMID:18623112 

  

https://doi.org/10.3389/fimmu.2019.00748
https://pubmed.ncbi.nlm.nih.gov/31024571
https://doi.org/10.1111/cei.12576
https://pubmed.ncbi.nlm.nih.gov/25557528
https://doi.org/10.3791/52163
https://pubmed.ncbi.nlm.nih.gov/25350513
https://doi.org/10.1158/2326-6066.CIR-17-0708
https://pubmed.ncbi.nlm.nih.gov/29615398
https://doi.org/10.1111/tri.12129
https://pubmed.ncbi.nlm.nih.gov/23786597
https://doi.org/10.1111/ajt.15416
https://pubmed.ncbi.nlm.nih.gov/31062511
https://doi.org/10.1111/j.1600-6143.2007.02125.x
https://pubmed.ncbi.nlm.nih.gov/18294152
https://doi.org/10.1002/jcla.20253
https://pubmed.ncbi.nlm.nih.gov/18623112


 

www.aging-us.com 18412 AGING 

SUPPLEMENTARY MATERIALS 
 

Supplementary Figures 

 

 

 

 

 
 

Supplementary Figure 1. Serum cytokine levels in transplant recipients. Serum levels of IL-12, IL-27, TNF-α, and IFN-γ (A−D) in 
patients with NR (n = 30), TCMR (n = 28), and ABMR (n = 8) cohorts were measured before the anti-rejection therapy. Red dash dot line 
represents the mean value. *P < 0.05 compared with NR cohorts. ABMR, antibody-mediated rejection; IFN, interferon; IL, interleukin; TNF, 
tumor necrosis factor; NR, non-rejection; TCMR, T cell-mediated rejection. 
 

 

 
 

Supplementary Figure 2. Higher DSA titers were observed after IL-21 administration. **P < 0.01 compared with the control. DSA, 
donor-specific antibody; IL, interleukin; KT, kidney transplant. 
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Supplementary Figure 3. Exogenous IL-21 alters cytokine and IL-21R expression in mice after kidney transplantation. The 
levels of IFN-γ and TNF-α in (A) the peripheral blood and (B) spleen on day 7 post-transplantation were measured by CBA. The expression of 
IL-21R in the spleen of (C) control, (D) KT, and (E) IL-21+KT mice on day 7 post-transplantation. Values represent the mean (±SEM). **P < 0.01 
compared with the control. CBA, cytometric bead array; IFN, interferon; IL, interleukin; KT, kidney transplant; SEM, standard error of the 
mean; TNF, tumor necrosis factor. 
  



 

www.aging-us.com 18414 AGING 

Supplementary Table 
 

 

Supplementary Table 1. Correlation between serum cytokine levels and creatinine levels at rejection onset. 

 
IL-2 IL-4 IL-6 IL-10 IL-12 IL-17 IL-21 IL-27 IFN-γ TNF-α 

Slope 0.04035 0.004171 0.002605 0.002559 0.001074 −0.0005405 −0.01824 0.1259 −0.03793 0.006161 

P-value 0.5044 0.8906 0.1431 0.1787 0.9055 0.5304 0.0157 0.7046 0.1285 <0.0001 

 


