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Abstract

Objective—B lymphocytes are generally considered to be activators of the immune response, 

However recent findings have shown that a subtype of B-lymphocytes, regulatory B lymphocytes 

(Bregs) play a role in attenuating the immune response. Bronchiolitis obliterans (BO) remains the 

major limitation to modern day lung transplantation. Bregs role in BO has not been elucidated. We 

hypothesized that Bregs play a role in the attenuation of BO.

Methods—A standard heterotopic tracheal transplant model (HTT) model we performed. 

Tracheas from Balb/c were transplanted into C57BL/6 recipients. Rapamycin treatment and 

DMSO control groups each treated for the first 14 days after the transplant. Tracheas were 

collected on Days 7, 14, and 28 post-transplantation. Luminal obliteration was evaluated by HE 

staining and picrosirius red staining. Immune cell infiltration and characteristics, secretion of 

IL-10 and TGF-β1 were accessed by immunohistochemistry. Cytokines and TGF-β1 were 

measured using luminex assay.

Results—The results revealed that intraperitoneal injection of rapamycin for 14 days after 

tracheal transplantation significantly reduced luminal obliteration on days 28 when compared with 

DMSO control group (97.78% ±3.63% Vs 3.02% ±2.14%, P<0.001). Rapamycin treatment 

markedly induced Breg (B220+IgM+IgG- IL-10+TGF- β1+) cells when compared with DMSO 

controls. Rapamycin treatment inhibited IL-1β, -6, -13 and -17 at day 7 and 14. Furthermore, 

rapamycin also greatly increased IL-10 and TGF-β1 production in B cells and Treg infiltration on 

day 28.

Conclusions—mTOR inhibition decreases BO development via inhibition of pro-inflammatory 

cytokines and increasing Breg cell infiltration, which subsequently produce anti-inflammatory 

cytokines and upregulate Treg cells.
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Graphical abstract

Introduction

Lung transplantation is currently recognized as the preferred treatment for patients with end-

stage pulmonary diseases. The long term mortality of lung recipients is highest among all 

solid organs transplanted. The Achilles' heel of lung transplantation remains chronic 

allograft rejection (1-3). Histologically, chronic lung allograft rejection is seen as small 

airway obliteration known as bronchiolitis obliterans [BO, (3-5)]. Since BO is difficult to 

detect post-lung transplantation on transbronchial biopsies, it is commonly referred to as a 

syndrome characterized in the recipient as a progressively decline in pulmonary function. 

Most patients die of respiratory failure within 5 years of onset.

We and others have used a preclinical well-described mouse heterotopic tracheal transplant 

(HTT) model to better understand the mechanisms involved in BO (6-9). Our previous 

reports showed that short course treatment of rapamycin, a macrocyclic triene antibiotic pro-

drug, prevented development of BO through two different mechanisms in a HTT model: 1) 

reducing fibrocyte recruitment to the tracheal allografts(10); 2) protects against airway 

epithelium loss and promotes epithelial progenitor cells(11). During these studies, we 

appreciated that despite rapamycin significantly reduced BO development-; it 

simultaneously increased cell infiltration into the allografts. This surprising finding leads us 

to ask the following questions: 1) What are these infiltrated cells? 2) What is the function of 

these cells?

It is known that rapamycin is a clinically-utilized immunosuppressant that inhibits the 

activity of T, B, and Natural Killer cells. B cells can activate the immune system through 

producing antigen specific antibodies and inducing optimal T cell activation (12, 13). B cell 

activation has been reported (12, 13) the cause of antibody-mediated rejection post organ 

transplantation, also known as hyperacute rejection. Thus, B cells have been linked to 

decreased allograft survival. However, accumulated data suggest that B cells can also down 
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regulate the immune response. This down-regulation is a result of production of anti-

inflammatory cytokines.(14-22). Although much remains unknown about the role of Bregs 

play in suppression of the immune response, it is broadly accepted these cells exist and 

contribute to the immune response attenuation(23, 24). Among the variety of Breg subsets 

that have been described, IL-10-producing Breg cells (B10 cells) are the most widely 

studied Breg cell subset(22, 23, 25). In addition, Bregs may increase regulatory T cells 

(Tregs) differentiation through secretion of anti-inflammatory cytokine, IL-10 and TGF-β1 

(26). We hypothesize that the suppressive effects of rapamycin are at least partly attributed 

to Breg infiltration into the allograft and subsequently increase Tregs to prevent BO 

development. This may provide a previously unknown mechanism of action of rapamycin in 

lung transplantation rejection.

In this study we show that intraperitoneal injection of rapamycin significantly increased 

Breg cell (B220+IgM+IgG- IL-10+TGF- β1+) and Foxp3+Treg infiltration into the allografts 

in a mouse HTT model. The results indicates that both these type of cells infiltrating into the 

grafts results in prevention of BO development. Therefore, understanding how Bregs 

infiltrate into allografts and their potential functions may provide novel ways to prevent BO 

and improve lung transplant success.

Materials and Methods

Animals

Balb/c and C57BL6 male mice were purchased from Jackson Laboratory, Bar Harbor, ME. 

All the experimental mice received humane care in accordance with “Principles of 

Laboratory Animal Care,” formulated by the National Society for Medical Research and The 

Guide for the Care and Use of Laboratory Animals prepared by the National Academy of 

Science and published by NIH. The study protocol was fully reviewed and approved by the 

Animal Care and Use Committee at the University of Virginia before experimentation.

Mouse model of heterotopic tracheal transplant

The mouse HTT model of BO was performed according to our previously publications (6, 7, 

27, 28). Briefly, an MHC class I- and class II-mismatch was produced by transplanting 

Balb/c (H-2d) trachea into the C57BL/6 mice (H-2b).

Experimental group design

Experimental mice were divided into four groups—1) Balb/c tracheas transplanted 

into C57BL/6, treated with rapamycin at dosage of 5mg/kg/day for the first two weeks; 2) 

Balb/c tracheas transplanted into C57BL/6, treated with rapamycin at dosage of 

10mg/kg/day for the first two weeks; 3) Balb/c tracheas transplanted into C57BL/6, 

treatment with DMSO for the first two weeks serving as controls; 4) C57BL/6 tracheas 

transplanted into C57BL/6 serving as isograft controls. In all groups, 4 donor tracheas were 

transplanted into one recipient, 6 recipients were used in each group and each timepoints. 

On days 7, 14, and 28 days post transplantation the isograft and allografts were collected for 

histology, Luminex assay and immunohistochemical staining.
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Histology

The transplanted trachea were collected and immediately fixed in 4% Zinc-formalin, After 

24 hours they were embedded in paraffin, sectioned and stained with hematoxylin & eosin 

(HE) or underwent immunohistchemical staining.

Immunohistochemical staining of macrophages and neutrophils

Macrophages and neutrophils were detected by immunohistochemical analysis as described 

previously (6, 7, 27, 28). Briefly, rat anti-mouse neutrophil (AbD Serotec, Raleigh, NC) and 

rat anti-mouse macrophage (Mac-2, Accurate Chem, Westbury, NY) antibodies were used 

as primary antibodies. Alkaline phosphatase - conjugated anti-rat IgG (Sigma, St Louis MO) 

were employed as secondary antibody. Fast-Red (Sigma, St Louis MO) was used as 

substrate. Purified normal rat IgG (eBioscience Inc, San Diego, CA) was used as a negative 

control. The sections were counterstained lightly with hematoxylin for viewing negatively 

stained cells.

Immunohistochemical staining of CD3+ T cell, B cells, Bregs and Tregs

The staining was performed according to our previous publications(6, 7, 27, 28). Briefly, the 

slides were deparaffinized, dehydrated antigen unmasked and blocked. Then the following 

primary antibodies were applied: Goat anti-mouse CD3ε antibody (Santa Cruz 

Biotechnology) for T cells, rat anti-mouse B220 (BD Pharmingen) for B cells, rat anti-

mouse IL-10 (BioLegend), rabbit anti-mouse TGF-β1(LSBio), rabbit anti-mouse forkhead 

box protein 3 (Foxp3, Abcam Inc, Cambridge, MA). After incubation with an avidin-biotin 

complex, immunoreactivity was visualized by incubatingthe sections with 3, 3-

diaminobenzidine tetrahydrochloride (DAKO Corp) to produce a brown precipitate, and 

then counterstained with hematoxylin. The number of positive staining cells per high power 

field was assessed by Photoshop counting tool, and at least 5 fields were counted per trachea 

by blinded observers. The average cell number was used for statistical analysis.

Double immunofluorescence staining of IgM and IgG

The slides were prepared as described above. The primary antibodies are goat anti-mouse 

IgM (Acris) and Alexa Fluor 488 conjugated rabbit anti-mouse IgG (Invitrogen). The 

secondary antibody for IgM is alkaline phosphatase - conjugated donkey anti goat IgG 

(Sigma, St Louis MO). The substrate is Fast Red (Sigma, St Louis MO). Purified pre-

immune IgGs from the same animal species were used as negative controls. The cell nucleus 

was stained with 4,6-diamidine-2-phenylindole dihydrochloride (DAPI; 

RocheDiagnostics,Mannheim, Germany). Images were viewed and saved using an Olympus 

BX51 microscope equipped with an Olympus DP70 digital camera (Minneapolis, Minn).

Measurement of the luminal obliteration

The degree of luminal obliteration on day 28 post transplantation was evaluated according to 

our previous publications.(6, 7, 27, 28). Briefly, allografts were photographed at 4× 

magnification and the area of the obliterated lumen and the total area of lumen were 

measured using the Image-Pro Plus software. The percent of the obliteration was calculated 
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by the area of the fibrosis divided by the total area of lumen. Eight to ten allografts were 

measured in each group. The data was used for statistical analysis.

Protein extraction and Bio-Plex cytokine analysis

The allografts and isografts were weighed and trimmed by scissors. After being mixed with 

10 volumes of 1XPBS buffer, the mixture were loaded into Lysing Matrix D tubes and 

homogenized in a MP fast prep machine for 30 second twice. Then the samples were 

centrifuged at 3,000rpm at 4˚C for 10 minutes. The supernatant was collected for Bio-Plex 

cytokine analysis. The Cytokine analysis was performed according to the manufacture's 

instruction in the Bio-Plex 200 system (Bio-RAD, Hercules, CA) using a Bio-Plex Pro 

mouse cytokines standard 23-Plex, Group I kit and Bio-Plex Pro TGF-β Standard 3-Plex kit.

Statistical analysis

Data are presented as the mean ± SEM. The B cells, Bregs, and Treg cells were compared 

using one-way ANOVA followed by the Student's t test for unpaired data with Bonferroni 

correction. Square roots of tissue cell counts were compared using one-way ANOVA. A 

P<0.05 was considered significant.

Results

Rapamycin treatment significantly reduced tracheal luminal obliterations, but increased 
cell infiltration

Using a mouse HTT model (Balb/C trachea as donor and wild type C57BL/6), we were able 

to observe the effects of rapamycin on the histological kinetics of allografts post-

transplantation from the different groups and different time points. The results revealed that 

rapamycin at two different concentrations (5mg/kg/day and 10mg/kg/day) significantly 

inhibited luminal obliterations when compared to DMSO control groups on day 28 post 

tracheal transplantation (Figure 1A). However, the two drug dosages did not show 

significant difference between one another. These results indicate that the lower dosage 

(5mg/kg/day) was sufficient for luminal obliteration. Interestingly, rapamycin (both 

dosages) treatment also increased cell infiltration into the allografts when compared with 

DMSO control groups on days 14 and 28 post tracheal transplantation (Figure 1B). The 

infiltrated cells were found in various forms, they could distribute evenly or cluster together 

(Figures 1B, 2).

The major infiltrated cells were B cells

To better characterize these infiltrated cells, immunohistochemical staining with antigen 

specific antibodies was employed. Among these cells, neutrophils were not identified at all; 

only very small portion were Mac-2+ macrophages and CD3+ T cells (Figure 2A-2C). 

Surprisingly, we found that the majority of the infiltrated cells were B220+ B cells (Figure 

2D). After counting the B220+ B cells in the rapamycin (10mg/kg/day) treated group, 

DMSO control group and isograft controls, we confirmed that B cells were markedly 

elevated in the rapamycin treated groups (Figure 3A and 3B). The lower dosage rapamycin 

(5mg/kg/day) treatment also significantly elevated B cells when compared with DMSO 

controls (196.3 ± 50.0 vs. 2.4 ± 1.7).
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Majority of the infiltrated B cells were IgM+IgG-IL-10+TGF-β1+ regulatory B cells (Bregs)

To further determine the subset of these infiltrated B cells, conventional 

immunohistochemistry and double immunofluorescence staining were used. The results 

showed that almost all the B cells were IgM+ cells, while none of them produced IgG 

(Figure 4A). Majority of these cells were also IL-10+ and TGF-β1+ cells (Figure 4B), which 

suggested that these cells were B220+IgM+IgG-IL-10+TGF- β1+ Bregs. Statistical analysis 

showed that rapamycin significantly increased IL-10+ cells when compared with DMSO 

controls (P<0.001, Figure 5A). While TGF-β1 positive cells showed no significant 

difference between the rapamycin treatment and DMSO controls (P=0.147, Figure 5B). Our 

study also showed that TGF-β1 was mainly expressed in the B cells in the rapamycin treated 

grafts, but extensively expressed in fibrotic cells in the entire lumen of DMSO controls 

(Suppl Figure 1). We suggest that these Bregs (at least partially) are derived from the 

spleens of these animals comes from the following findings that: 1) the size of the 

rapamycin treated spleens was much smaller; 2) the numbers of Breg in the rapamycin 

treated spleens were decreased (Suppl Figure 2).

Bioplex assay of cytokines

The luminex assay showed that rapamycin treatment significantly inhibited pro-

inflammatory cytokines, including IL-1β, IL-6, IL-13, and IL-17, when compared with 

DMSO controls at day 7 and 14. Furthermore, rapamycin also greatly increased the levels of 

anti-inflammatory cytokines, IL-10 and IL-4, in the allografts on Day 28 (Figure 6A and 

6B). The activated TGF-β1 production in the rapamycin treated groups was decreased when 

compared with DMSO controls (18034.5±1978pg/ml vs 37405.0±3012pg/ml), while 

increased when compared with isograft groups (18034.5±1978pg/ml vs 8599±1453pg/ml) 

on day 28 (Suppl Figure 3).

FoxP3+regulatory T cells (Tregs) were significantly elevated in the Rapamycin treated 
groups

Since Bregs secret anti-inflammatory cytokine IL-10 and TGF-β1, which subsequently 

stimulate Tregs generation(26), we further tested Tregs in our experimental groups. The 

results showed that rapamycin treatment (both dosages) significant increase Tregs when 

compared with DMSO controls (Figure 7).

Discussion

The mouse HTT model of BO described in this study displays several features that are 

similar to human BO (5, 29) and is a well-established research model. Heterotopic tracheas 

transplanted into human leukocyte antigens mismatched recipients develop injury that can 

be divided into an acute phase (days 1 to 3), a later phase (days 4 to 12) and a fibro-

obliteration phase (days 13 to 28). The current studies in our laboratory have focused on the 

role played by fibrocytes (early progenitor cells) in the development of BO. We have found 

(through CXCR4-CXCL12 pathways) rapamycin prevents the influx of fibrocytes into the 

allografts and attenuates BO development. As a result of these studies we found other 

immune cells concentrating in the allografts of these treated animals. Majority of these cells 
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were subsequently determined to be Breg cells. To our knowledge this is the first report of 

Bregs's role in BO attenuation.

Rapamycin is a relatively new immunosuppressant drug that functions as a serine/threonine 

kinase inhibitor to prevent rejection in organ transplantation. The full mechanism of 

rapamycin's immunosuppression is still under exploration. When we study the effects of 

rapamycin on BO development through inhibiting fibrocytes recruitment (10) and promoting 

epithelial progenitor cell regeneration(11), an unexpected finding was seen that rapamycin 

significantly reduced luminal obliteration, but markedly increased cellular infiltration in the 

allografts on days 14 and 28. We and others have reported previously that the cellular 

infiltration was peaked on day 7, then the inflammatory cells gradually decreased to base 

levels (6, 7, 27, 28). In this study we discovered that rapamycin prevented luminal 

obliteration post tracheal transplantation and that Bregs infiltrated into the allografts 

indicating their involvement in BO attenuation. This finding suggests new mechanisms of 

BO development and prevention. Breg-targeted therapy may open a new window for BO 

treatment.

In organ transplantation, the composition of the B-cell compartment is increasingly 

identified as an important determinant for graft outcome. Naïve and transitional B cells have 

been correlated with long-term allograft survival and operational tolerance, while the 

memory B cells have been linked to decreased allograft survival(30). It is known that B cells 

are involved in regulating the immune responses through producing antibodies and inducing 

optimal T cell activation (12, 13). The antibody-mediated rejection in post lung 

transplantation has been well investigated and recently reviewed by McManigle W et al(31). 

Multiple studies have demonstrated that Bregs, a distinct subset of B cells, exert significant 

immunoregulatory functions (14-17, 19-22). For mouse Bregs, even though the molecular 

marks to definite the Bregs is still controversy, the two most widely accepted are Claudia 

Mauri's definition of Bregs as a subset of the transitional 2 (T2) B cells, defined as 

CD19+CD21hiCD23hiIgMhiCD24hi (21) and Thomas Tedder's description of B10 cells as 

CD19+CD5+CD1dhi (22). Another obvious marker for the Bregs is the production of the 

immunosuppressive cytokine IL-10 and TGF-β1 (14, 18, 20-24, 26). In our current study, we 

identified that rapamycin treatment not only significantly elevated B220+IgM+IgG- B cells 

(Figures 2-4), but markedly spared IL-10+ and TGF- β1+ B cells in the allografts on days 14 

and 28 post tracheal transplantation (Figures 4-5). The luminex assay confirmed that IL-10 

level was highly increased in the rapamycin treated allografts when compared with the 

DMSO controls (Figure 6). These results strongly indicate that rapamycin may attenuate BO 

through secretion of anti-inflammatory cytokine IL-10 and TGF-β1.

Even though rapamycin elevated TGF-β1 production in the infiltrated B cells populations, 

the total TGF-β+ cell counts had no significant difference between the rapamycin treated 

allografts and DMSO controls (Figure 5B) on day 28. Furthermore, the luminex assay 

results revealed that the total latent form of TGF-β1 had no significant difference between 

rapamycin treatment group and DMSO control groups on day 28. While the both active 

forms of TGF-β1 and TGF-β2 were significantly decreased. The TGF data from the luminex 

assay seemed controversy to our immunohistochemical staining data. Our additional 

experimental data demonstrated that the high levels of TGF-β1 in DMSO controls was 

Yunge et al. Page 7

J Thorac Cardiovasc Surg. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



originated from the various of fibrotic cells, while the main source of the TGF-β1 in 

rapamycin treated allografts was mainly from the B220+ B cells. No fibrotic tissues were 

observed in the rapamycin treated allografts, while few B220+ B cells were identified in the 

DMSO control allografts. These results suggest that the total levels of TGF-β1 may not as 

important as the origination cells of this molecule. It is quite possible that the same TGF-β1 

molecule from different originations, in different locations, and in different environments, 

may act differently. For examples, Liu et al reported TGF-β1 promoted the production of 

alpha smooth muscle protein and transformation of fibroblasts into myofibroblasts through 

the Smad3 dependent signal pathway, thus resulting in the development of bronchiolitis 

obliterans (32). While Schliesser et al. demonstrated that TGF-β1 led to increasing of 

CD25(+)Foxp3(+)-expressing Tregs (33), which are well-known inhibitory regulatory cells 

to immune response and results in allograft tolerance and long-term graft survival. Lung 

transplantation patients were normally treated with immunosuppressive agents, such as 

Sirolimus, cyclosporine A, Tacrolimus or azathioprine for successful outcomes (2, 34). 

Based on these findings, we proposed that the total level of TGF-β1 could not be used as a 

biomarker to monitor the process of BO development post lung transplantation, but the 

B220+IGM+IgG-TGF-β1+ cells can be served as a useful cellular marker for prognosis and 

treatment of BO.

We found that rapamycin not only elevated B22+IgM+IgG-IL-10+TGF-β1+ Bregs, but also 

significantly increased Foxp3+ Tregs, which is a subset of CD4+CD25+Foxp3+ 

lymphocytes, have the functional ability to suppress immune responses in vitro and in vivo. 

Our current findings are consistent with the previous reports that rapamycin administration 

was also associated with an increase in Tregs (35-39). It is notable that Breg cells can not 

only inhibit Th1/Th17-mediated immune responses but also convert effector T cells into 

Tregs (39-42), The promotion effects of Bregs on the Tregs, was mediated by IL-10 and 

TGF-b1 (26, 33, 41, 42). In addition, Schliesser et al. proved that addition of TGF-β

+retinoic acid or Rapa resulted in an increase of CD25(+)Foxp3(+)-expressing T cells, but 

addition of TGF-β+retinoic acid seems to be superior over rapamycin in stabilizing the 

phenotype and functional capacity of Tregs (33). Thus, we suggest the possible mechanism 

for rapamycin-induced Tregs elevation is that rapamycin increases Bregs, which 

subsequently secreted IL-10 and TGF-β1. Then these two molecules stimulate the 

conversion of T cells into Tregs in our mouse HTT model.

This study has limitations in the following aspects: 1) The heterotopic tracheal transplant 

model of bronchiolitis obliterans is a large airway model, while it is a small airway disease 

in humans; 2) The transplanted tracheas are neither aerated nor surgically revascularized. 

Recent reports showed other murine models of BO, such as the orthotopic tracheal 

transplant model and the lung transplant model (43, 44). However, these other models do not 

generate airway obliteration as consistently as the HTT model, and are more difficult to 

reproduce technically. Therefore, the HTT model remains the most reliable model of BO. In 

addition, because the current results were obtained in mouse BO model, it may be not 

applicable exactly in clinics.

In conclusion our results indicate that Breg infiltration is a possible mechanism that prevents 

OB in rapamycin treated animals. Rapamycin spare B220+IgM+IgG-IL-10+TGF-β1+ Bregs, 
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which subsequently release anti-inflammatory IL-10 and TGF-β1. These two important 

molecules lead to the increasing of Tregs. These results suggest that Bregs, Tregs, IL-10 

(both total levels and cellular) and cellular TGF-β1 (not the total level of TGF-β1) could be 

used a serial markers for prognosis and monitoring parameters during immunosuppressive 

treatment of BO patients after lung transplantation. These cells and molecules could be 

potential combinational targeted treatment of BO patient post lung transplantation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A Glossary of Abbreviations

ANOVA Analysis of variance

BO Bronchiolitis obliterans

Bregs Regulatory B lymphocytes

CD Cluster of differentiation

DAPI 4,6-diamidine-2-phenylindole dihydrochloride

DMSO Dimethyl sulfoxide

Foxp3 Forkhead box P3

HE Hematoxylin & eosin

HTT Heterotopic tracheal transplant

IgG/M Immunoglobulin G/M

IL Interleukin
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SEM Standard error of the mean

TGF-β1 Transforming growth factor beta 1

Tregs Regulatory T lymphocytes
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Figure 1. Rapamycin (Rapa) treatment reduces luminal obliteration, but increases cell 
infiltration
A Intraperitoneal injection of Rapa significantly reduced luminal obliteration of the 

allografts on day 28 post tracheal transplantation. Data shown are the mean ± SE, n=6. B 
Representative pictures of cellular infiltration in the allografts and isograft (Iso) controls 

from 28 days post-transplantation. The magnification of all the pictures was 40× and 400×. 

Black arrow indicates infiltrated cells. The donors are Balb/c mice and the recipients are 

C57BL/6 mice. C57BL/6 to C57BL/6 isograft controls are also performed.
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Figure 2. Immunohistochemical staining of macrophages, neutrophils, CD3+ T cells, and B220+ 

B cells in the rapamycin (10mg/kg/day) treated allografts on day 28 post tracheal transplantation
A, B, C, and D are representative immunostaining picture of macrophage, neutrophils, 

CD3+ T cells, and B220+ B cells, respectively. Red color/solid arrows indicate positive 

staining cells in A and B. Brown/dark brown/solid arrows indicate T and B cells in C and D. 

All sections were counterstained lightly with hematoxylin for viewing negatively stained 

cells. The magnifications are indicated in the pictures.
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Figure 3. Increasing of B220+ B cells in rapamycin (Rapa) treated allografts on day 28 post 
transplantation
A Representative pictures of B220 staining in the allografts and isograft (Iso) controls from 

28 days post-transplantation. Brown color/Solid arrows indicate B220+ cells. The 

magnification is 400×. B Comparison of B220+ B cell infiltration in the Rapa treated 

allograft with the isograft (Iso) and DMSO control allografts on day 28 post transplantation. 

Data shown are the mean ± SD *, n=6.
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Figure 4. Identification of B220, IL-10, IgM and TGF-b1 positive regulatory B cells (Bregs) in 
the Rapa treated allografts on day 28 post transplantation
A Double immunofluorescence staining of IgM and IgG in the Rapa treated allografts on 

day 28. Red indicates IgM positive B cells in A-a and A-d. Green indicates IgG positive B 

cells in A-c and A-d. Blue is DAPI staining for viewing negative staining cells in A-b and 

A-d. B Representative immunohistochemical staining of B220, IL-10 and TGF-β1 in the 

Rapa treated allografts. Cells stained brown indicate positive staining cells. The arrows 

indicated B220+ cells in B-a, IL-10 + cells in B-b, TGF- β1+ cells in B-c and -d. The 

magnifications were 400× in all pictures.
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Figure 5. Comparison of Effects of Rapa on IL-10+ (A) and TGF-β1+ (B) cells in the allografts 
with DMSO controls on day 28
The number of positive staining cells per high power field (HPF) was assessed by Photoshop 

counting tool, and at least 5 fields were counted per trachea. Data shown are the mean ± SD, 

n=6.
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Figure 6. The Levels of IL-10 (A) and IL-4 (B) in the allografts and isografts on day 28
Luminex assay was performed using the Bio-Plex 200 system with standard controls. The 

concentration is pg/ml. Data shown are the mean ± SD, n=6.
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Figure 7. Comparison of Effects of Rapa on FoxP3+ regulatory T cells (Tregs) in the allografts 
with DMSO controls on day 28
A Representative immunohistochemical staining of FoxP3+ Tregs in the treated allografts. 

Cells stained brown indicate positive staining cells (marked by arrows). The magnifications 

are 400×. B Statistical analysis of Tregs cells in Rapa treated and DMSO control in the 

allografts. The number of positive staining cells per high power field (400×) was assessed by 

Photoshop counting tool, and at least 5 fields were counted per trachea. Data shown are the 

mean ± SD, n=6.
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