
 
 
 
 
 
 
 
 

ABSTRACT 
 

Characterization of Human IL-10-Producing Regulatory B Cells 
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Co-Mentors: SangKon Oh, Ph.D. 
        HyeMee Joo, Ph.D. 

 
 

Regulatory B cells (Bregs) play a pivotal role in the maintenance of immune 

tolerance. Such critical roles of Bregs have been demonstrated in multiple disease types, 

including inflammatory diseases, organ transplantation, allergic asthma, and cancer. 

However, surface phenotypes and functional characteristics of human Bregs have not 

been fully investigated. Herein, we report that CD24hiCD38hi transitional B cells (TBs) 

and CD24hiCD27+ B cells (human equivalent of murine B10 cells) are the major IL-10-

producing B cells that are capable of suppressing CD4+ T cell proliferation as well as 

IFNγ/IL-17 expression. Impaired frequency and function of CD24hiCD38hi TBs and 

CD24hiCD27+ B10 cells were also found in liver allograft recipient with plasma cell 

hepatitis (PCH).  

Further investigation of human Bregs revealed that CD24hiCD27+ B cells consist 

of two major subsets, CD24hiCD27+CD39hiIgD+IgMhiCD1chi and 

CD24hiCD27+CD39hiIgD-IgMloCD1c+/lo B cells. These two subsets of Bregs expressed 

not only IL-10, a major anti-inflammatory cytokine, but also CD39, programmed death-



ligand 1 (PD-L1), transforming growth factor beta 1 (TGFβ1), granzyme B, and T-cell 

immunoreceptor with Ig and ITIM domains (TIGIT). In line with their ability to express 

such immunosuppressive molecules, they were efficient at suppressing CD4+ T cell 

proliferation as well as inflammatory cytokine expression. RNA-Seq data further showed 

that the two CD24hiCD27+ B cell subsets exhibited common as well as distinct 

transcriptomic signatures. However, they were distinct from TBs and others B cells in 

many different aspects. Finally, we showed that both frequency and function of 

CD24hiCD27+CD39hiIgD+IgMhiCD1chi and CD24hiCD27+CD39hiIgD-IgMloCD1c+/lo 

Bregs were significantly reduced in liver allograft recipients with donor specific 

alloantibody (DSA+) than DSA- patients and age-sex matched healthy control subjects.  

Data from this study are fundamental for our understanding of the biology of human 

Bregs as well as for a rational design of Breg-targeted therapy in future.  

 

 

 

 

 

 

 

 

. 

 



Page bearing signatures is kept on file in the Graduate School.

Characterization of Human IL-10-Producing Regulatory B Cells 

by

Md Mahmudul Hasan, B.Sc., M.S.

A Dissertation

Approved by the Institute of Biomedical Studies

Robert R. Kane, Ph.D., Director

Submitted to the Graduate Faculty of 
Baylor University in Partial Fulfillment of the  

Requirements for the Degree 
of

Doctor of Philosophy 

Approved by the Dissertation Committee

SangKon Oh, Ph.D., Co-Chairperson

HyeMee Joo, Ph.D., Co-Chairperson

Robert R. Kane, Ph.D.

Christopher M. Kearney, Ph.D.

Cheolho Sim, Ph.D.

Accepted by the Graduate School 
December 2019

J. Larry Lyon, Ph.D., Dean



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Copyright © 2019 by Md Mahmudul Hasan 
 

All rights reserved



v 
 

 
 
 

TABLE OF CONTENTS 
 

 
LIST OF FIGURES .......................................................................................................... vii 
  
LIST OF TABLES ............................................................................................................. ix 
 
LIST OF ABBREVIATIONS ............................................................................................. x 
 
ACKNOWLEDGMENTS ................................................................................................ xv 
 
CHAPTER ONE ................................................................................................................. 1 

Introduction .................................................................................................................... 1 
Biology of Bregs ........................................................................................................ 1 
History and Origin of Bregs ...................................................................................... 2 
Phenotype of Bregs .................................................................................................... 3 
Biological Functions of Bregs ................................................................................... 6                                                                          

IL-10-Dependent Immune Suppression by Bregs ................................................. 8 
IL-10-Independent Immune Suppression by Bregs ............................................... 9 

Signals that Promote Breg Differentiation and Their Functions ............................ 10 
Roles of Bregs in Transplantation ........................................................................... 12 
    Breg-Targeted Cell Therapy ................................................................................ 14 

 
CHAPTER TWO .............................................................................................................. 16 

Objectives ..................................................................................................................... 16 
Aim1: Characterization of human Breg subsets by assessing their surface  
 phenotypes and functions .................................................................................. 17 
Aim2: To identify new biomarkers/subsets of human Bregs based on new cell         
 surface phenotypes, transcriptomes, and functions .......................................... 17 
 

CHAPTER THREE .......................................................................................................... 19 
CD24hiCD38hi and CD24hiCD27+ Human Bregs Display Common and Distinct   
Functional Characteristics ............................................................................................ 19 

Abstract ................................................................................................................... 19 
Introduction ............................................................................................................. 20 
Materials and Methods ............................................................................................ 22 
Results ..................................................................................................................... 25 
Discussion ............................................................................................................... 42 

 
 
 
 
 



vi 
 

CHAPTER FOUR ............................................................................................................. 47 
CD19+CD27+CD39hiIgD+ and CD19+CD27+CD39hiIgD- B cells Exhibit Regulatory 
Properties in Healthy Donors, but Defective in DSA+ Liver Allograft Recipients ..... 47 

Abstract ................................................................................................................... 47 
Introduction ............................................................................................................. 48 
Materials and Methods ............................................................................................ 50 
Results ..................................................................................................................... 55 
Discussion ............................................................................................................... 77 
 

CHAPTER FIVE .............................................................................................................. 80 
Conclusion ................................................................................................................... 80 

 
APPENDICES .................................................................................................................. 82 
 
APPENDIX A ................................................................................................................... 83 

List of Current and Future Publications ....................................................................... 83 
Publications Related to the Topics of Dissertation ................................................. 83 
Additional Publications ........................................................................................... 83 

 
APPENDIX B ................................................................................................................... 84 

Author Contributions ................................................................................................... 84 
Chapter Three ......................................................................................................... 84 
Chapter Four ........................................................................................................... 84 

 
BIBLIOGRAPHY ............................................................................................................. 85 
  



vii 
 

 
 
 

LIST OF FIGURES 
 
 

Figure 1.1. Mechanisms of action of Bregs .........................................................................7 
 
Figure 1.2. Linear differentiation model of Bregs development in vivo in humans ..........11 
 
Figure 1.3. Immune mechanisms involved in allograft rejection and tolerance ................13 
 
Figure 3.1. Heterogeneity of human IL-10–producing B cells in the blood,  
 spleens, and tonsils.......................................................................................................26 
 
Figure 3.2. Surface phenotypes of CD24hiCD38hi TBs and CD24hiCD27+ in the blood ...28 
 
Figure 3.3. CD24hiCD38hi TBs (P1) and CD24hiCD27+ human equivalent of B10 cells 

(P2) can express both IL-10 and PD-L1 ......................................................................30 
 
Figure 3.4. Substantial fractions of IL-10-produsing B cells in CD24hiCD38hi TBs (P1) 

and CD24hiCD27+ human equivalent of B10 cells (P2) also express TNFα ...............32 
 
Figure 3.5. CD24hiCD38hi TBs (P1) and CD24hiCD27+ human equivalent of B10 cells B 

cells (P2) suppress allogenic CD4+ T cell proliferation and IFNγ/IL-17 expression ..33 
 
Figure 3.6. CD24hiCD38hi TBs (P1) and CD24hiCD27+ human equivalent of B10 cells 

(P2) suppress anti-CD3/anti-CD28 stimulated CD4+ T cell proliferation ...................34 
 
Figure 3.7. CD24hiCD38hi TBs (P1) and CD24hiCD27+ human equivalent of B10 cells 

(P2) suppress IFNγ/IL-17 expression of T cells through TNFα  .................................35 
 
Figure 3.8. Comparison of the frequency of currently known human Breg subsets in the 

blood, tonsils, and spleens ...........................................................................................37 
 
Figure 3.9. CD24hiCD27+ human equivalent of B10 cells (P2) are more efficient than 

others at expressing TGFβ1 and granzyme B ..............................................................38 
 
Figure 3.10. Granzyme B expression by B cell subsets with different stimuli ..................39 
 
Figure 3.11. Liver allograft recipients with plasma cell hepatitis (PCH) have decreased P1 

and P2 B cells in the blood ..........................................................................................41 
 
Figure 3.12. Frequency of blood CD19+CD24hiCD38hi TBs and CD19+CD24hiCD27+ 

(human equivalent B10) are not age dependent ...........................................................42 
 



viii 
 

Figure 4.1. IL-10–producing B cells from peripheral blood mononuclear cells (PBMCs) 
and tonsils express increased levels of CD39 ..............................................................57 

 
Figure 4.2. Characterization of CD39+ B cells in peripheral blood mononuclear cells 

(PBMCs) of healthy subjects .......................................................................................58 
 
Figure 4.3. CD39 expression on B cells before and after activation .................................59 
 
Figure 4.4. Characterization of surface phenotypes of B cell subsets (P1 to P6) ..............60 
 
Figure 4.5. CD19+CD27+CD39hiIgD+ (P2) and CD19+CD27+CD39hiIgD- (P4) B cells can 

efficiently express both IL-10 and PD-L1 ...................................................................62 
 
Figure 4.6. Substantial fractions of IL-10-produsing B cells in CD19+CD27+CD39hiIgD+ 

(P2) and CD19+CD27+CD39hiIgD- (P4) B cells also express TNFα ...........................63 
 
Figure 4.7. CD19+CD27+CD39hi IgD+ (P2) and CD19+CD27+CD39hi IgD- (P4) B cell 

subsets can efficiently suppress allogenic CD4+ T cell proliferation as well as IFNγ 
and TNFα expression in IL-10- and PD-L1-dependent manners ................................65 

 
Figure 4.8. Unsupervised gene clustering of FACS-sorted P1 to P6 B cell subsets ..........66 
 
Figure 4.9. CD19+CD27+CD39hi IgD+ (P2) and CD19+CD27+CD39hi IgD- (P4) B cell 

subsets exhibit unique gene profiles that are distinct from human transitional, naïve, 
and effector B cells in a steady state ............................................................................68 

 
Figure 4.10. Canonical pathway analysis of FACS-sorted B cell subsets .........................69 
 
Figure 4.11. CD19+CD27+CD39hi IgD+ (P2) and CD19+CD27+CD39hi IgD- (P4) Bregs 

exhibit common as well as unique gene profiles that are distinct from other B cell 
subsets upon 16 h activation with CpG-B plus CD40L ...............................................70 

 
Figure 4.12. CD19+CD27+CD39hiIgD+ (P2) and CD19+CD27+CD39hiIgD- (P4) B cell 

subsets exhibit common as well as district transcription factors .................................71 
 
Figure 4.13. CD19+CD27+CD39hi IgD+ (P2) and CD19+CD27+CD39hi IgD- (P4) B cell 

subsets express increased levels of granzyme B (A), TGFβ1(B), and TIGIT (C) in 
response to CpG-B stimulation ....................................................................................73 

 
Figure 4.14. Decreased frequency and functions of CD19+CD27+CD39hi IgD+ (P2) and 

CD19+CD27+CD39hi IgD- (P4) B cell subsets in DSA+ liver allograft recipients. ......76 
 
 
 
 
 



ix 
 

 
 
 

LIST OF TABLES 
 

Table 1. Subsets of Bregs in mice and humans .................................................................04 

Table 2. Liver transplant patient’s clinical characterization  .............................................75 

 
  



x 
 

 
 
 

LIST OF ABBREVIATIONS 
 

AMR    antibody-mediated rejection 

ANOVA   analysis of variance 

APCs    antigen-presenting cells 

AZA    azathioprine 

B10    IL-10-producing B cell subsets 

B10pro   progenitor B10 

B-1a    innate like type 1 B cells 

BAE        biliary atresia extrahepatic 

BCR   B cell receptor 

Br1   IL-10 producing type 1 regulatory B cells 

Bregs    regulatory B cells 

Bregs pro   precursor Bregs 

CALB    cirrhosis autoimmune lupoid banti s 

CB    cord blood 

CC        cirrhosis cryptogenic 

CCB    cirrhosis chronic b 

CCC    cirrhosis chronic c 

CD40L   CD40 ligand 

cDNA    complementary DNA 

CFSE    carboxyfluorescein succinimidyl ester 

cGVHD   chronic graft versus host disease 



xi 
 

CpG B    class B CpG oligodeoxynucleotides 

CPM    count per millions 

cRPMI    complete RPMI 

CTLA-4   cytotoxic T lymphocyte–associated protein 4 

CYA    cyclosporine 

DCs    dendritic cells 

DSA    donor specific allo-antibody 

dsDNA   double stranded DNA 

EAE    experimental autoimmune encephalomyelitis 

FACS    fluorescence activated cell sorting 

Fas-L    Fas ligand 

FBS    fetal bovine serum 

Fhf    fulminant hepatic failure 

FK    prograf 

FoxP3    forkhead box P3 

GZM B   granzyme B 

h    hours 

HC    hydrocortisone 

HCV    hepatitis C virus 

HIV    human immunodeficiency virus 

HLA    human leukocyte antigen 

HSCT    hematopoietic stem cell transplantation 

iBregs   induced regulatory B cells 

IDO    indoleamine 2,3-dioxygenase 



xii 
 

IFNγ    interferon gamma 

IL-10    interleukin 10 

IL-17    interleukin 17 

IL-2    interleukin 2 

IL-21    interleukin 21 

IL-35    interleukin 35 

IL-6    interleukin 6 

iNKT    invariant natural killer T cell 

IPA    Ingenuity pathway analysis 

IRB    institutional review board 

LC    laennec's cirrhosis 

LCPNCTC   laennec's cirrhosis & post necrotic cirrhosis type c 

MD    metabolic disease wilson's disease other copper disorders 

MDSCs   myeloid-derived suppressor cells 

MHC    major histocompatibility complex 

MMF    mycophenolate mofetil 

MNCs    mononuclear cells 

MOG    myelin oligodendrocyte glycoprotein 

MPR    methylprednisolone 

MS    multiple sclerosis 

MZ    marginal zone 

MZ-P    marginal zone precursor 

NGS    next generation sequencing 

NK cells   natural killer cells 



xiii 
 

NS    not significant 

PBC    primary biliary cirrhosis 

PBMCs   peripheral blood mononuclear cells 

PC    plasma cell 

PCA    principal component analysis 

PCH    plasma cell hepatitis 

PCR    polymerase chain reaction 

PD-L1    programmed death-ligand 1 

PIBM    PMA, ionomycin, brefeldin A, and monensin 

PMA    phorbol 12-myristate 13-acetate 

PRED/PRD   prednisolone 

PSC    primary sclerosing cholangitis no bowel disease 

RAPA    rapamycin 

RIN    RNA integrity number 

RNA-seq   RNA sequencing 

SD    standard deviation 

SLE    systemic lupus erythematosus 

T2    transitional 2 

T2-MZP   immature transitional-2 marginal zone precursor 

TBs    transitional B cells 

TGFβ1    transforming growth factor beta 1 

Th1    type 1 T helper cell 

Th17   type 1 T helper cell 

TIGIT    T cell immunoreceptor with Ig and ITIM domains 



xiv 
 

TIM-1    T-cell immunoglobulin and mucin domain 1 

TLRs   toll-like receptors 

TNFα    tumor necrosis factor alpha 

Tr1   IL-10 producing type 1 regulatory T cells 

Tregs    regulatory T cells 

t-SNE    t-distributed stochastic neighbor embedding 

VCAM-1   vascular cell adhesion molecule 1 

α1    integrin alpha 1 

α4    integrin alpha 4 

β1    integrin beta 1 

β7    integrin beta 7 

 

  



xv 
 

 
 
 

ACKNOWLEDGMENTS 
 
 

I would like to express my sincere gratitude first and foremost to my advisors, Dr. 

HyeMee Joo and Dr. SangKon Oh, who have provided me the opportunity to work with 

them and to learn from them in the last 5 years. In retrospect, I feel very fortunate to have 

worked on many different projects, including those documented in this very dissertation. 

I would also like to thank my committee members Dr. Robert R. Kane, Dr. 

Christopher M. Kearney, Dr. Cheolho Sim for their sincere guidance and insightful 

comments and suggestions. 

My gratitude also goes to the current and previous members of Dr. Oh’s and Dr. 

Joo’s lab for their help in almost every aspect of my graduate study. They are Yaming 

Xue, Lei Wang, Kuntal Halder, Matthew Wiest, Chao Gu, SangMin Ma, Katherine 

Upchurch, Richard Ouedraogo, Wenjie Yin, and Trivendra Tripathi for their inspiring 

discussions on many different topics.  

I am grateful to Dr. Jacqueline G. O'Leary and Dr. Goran B. Klintmalm for 

providing precious blood samples from liver transplant patients. Thanks Dr. Anthony J. 

Demetris for re-evaluating liver biopsy samples to confirm plasma cell hepatitis cohorts. 

Thanks to Shiying Bian for the help in recruiting patients and procuring blood samples. 

Thanks to Kay Kayembe, Elizabeth M. Lavecchio and Jean P. Blanck of the Flow 

Cytometry SRL at Baylor; Carole M. Viso and Tammy L. Brehm-Gibson of Flow 

Cytometry Core at Mayo Clinic Arizona for providing assistance in cell sorting. I would 



xvi 
 

also like to thank Rhonda Bellert at Baylor University and Jennifer Walkers and Barbara 

J. Balgaard at Mayo Clinic for the administrative support throughout. 

It has been a fulfilled journey and I am grateful to all the people that have helped 

me during my days at Baylor and Mayo Clinic. 

Last but not least, I would like to thank my parents, my siblings, my parents-in-

law, my wife, and my little princess. I know their supports are unconditional. 

 

 

 

 

 

 



1 

 
 
 

CHAPTER ONE 

Introduction 
 
 

Biology of Bregs 
 

B cells that can display immunosuppressive functions, collectively termed as 

regulatory B cells (Bregs), are comparatively new member of B cell family. Bregs have 

been shown to play a pivotal role in controlling immune responses in different types of 

diseases, including autoimmune diseases, transplantation rejection, cancer, and allergic 

asthma (Fillatreau, Sweenie et al. 2002, Blair, Norena et al. 2010, Chesneau, Pallier et al. 

2014, Natarajan, Guernsey et al. 2014, Karahan, Claas et al. 2016, van de Veen, Stanic et 

al. 2016, Sarvaria, Madrigal et al. 2017, Zhivaki, Lemoine et al. 2017). Bregs play an 

essential role in the suppression of inflammatory response mainly through the provision 

of IL-10. However, other molecules, including programmed death-ligand 1 (PD-L1), 

CD80, CD86, granzyme B, transforming growth factor beta (TGFβ), and indoleamine 

2,3-dioxygenase (IDO) are also known to be expressed by Bregs, and contribute to the 

down-regulation of inflammatory response (van de Veen, Stanic et al. 2013, Chesneau, 

Michel et al. 2015, Durand, Huchet et al. 2015, Guan, Wan et al. 2016, Schaut, Lamb et 

al. 2016, Chong and Khiew 2017, Wortel and Heidt 2017). Bregs can thus not only 

suppress inflammatory responses, including CD4+ T cell type 1 helper cell/type 17 helper 

cell (Th1/Th17) differentiation and TNFα-producing monocytes differentiation, but also 

induce regulatory T cell (Treg) responses (Blair, Norena et al. 2010, Iwata, Matsushita et 

al. 2011, Flores-Borja, Bosma et al. 2013). 
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Due to the lack of lineage specific markers and transcription factors, Bregs are 

currently being identified by their ability to express IL-10 as well as other inhibitory 

molecules, including PD-L1, IL-35, TGFβ1, and granzyme B (Mizoguchi and Bhan 

2006, Mauri and Bosma 2012, Rosser and Mauri 2015, Tedder 2015, Peng, Ming et al. 

2018).  Upon activation with certain stimuli, including CD40L (Mauri, Gray et al. 2003), 

B cell receptor (BCR) ligation (Fillatreau, Sweenie et al. 2002),  or specific toll-like 

receptors (TLRs) agonists (O'Garra, Chang et al. 1992), Bregs become competent for IL-

10 expression. Moreover, B cells are also known to differentiate into induced Bregs 

(iBregs) in response to T cells expressing cytotoxic T lymphocyte–associated protein 4 

(CTLA-4) and can thus modulate immune responses through the production of TGFβ and 

IDO. In addition, iBregs are also known to promote the conversion of activated T cells 

into IL-10–and TGFβ–producing Tregs (Nouel, Pochard et al. 2015, Mauri and Menon 

2017).  

History and Origin of Bregs 

Suppressive function of B cells was first described in 1970s; B-cell depletion 

resulted in a failure to suppress delayed-type hypersensitivity (Katz, Parker et al. 1974, 

Neta and Salvin 1974). However, the concept of “suppressor B cells” was not accepted 

by the scientific community at that time. In 1982, Shimamura et al. showed that antigen-

activated B cells could suppress immune responses in vivo in an antibody-independent 

mechanism (Shimamura, Hashimoto et al. 1982). Finally, B cell-mediated suppressive 

function was widely accepted in late 1990’s after two independent studies showed that B 

cell-deficient mice were unable to recover from experimental autoimmune 

encephalomyelitis (EAE) (Wolf, Dittel et al. 1996) and chronic colitis (Mizoguchi, 
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Mizoguchi et al. 1997). In 2000, Mizoguchi et al. used the term “regulatory B cells” to 

describe suppressive function of B cells in an inflammatory bowel disease (Mizoguchi, 

Mizoguchi et al. 2000).  Similar observations were made by three different groups by 

showing that IL-10 expressed by B cells plays a critical role in the suppression of 

ongoing inflammation in murine models of colitis (Mizoguchi, Mizoguchi et al. 2002), 

EAE (Fillatreau, Sweenie et al. 2002), and arthritis (Mauri, Gray et al. 2003).  Over the 

last decade, studies have further demonstrated that Bregs can suppress inflammatory 

responses by limiting  Th1 and Th17 cell differentiation (Sun, Deriaud et al. 2005, 

Matsumoto, Baba et al. 2014) as well as by suppressing TNFα expression by monocytes 

(Iwata, Matsushita et al. 2011). Bregs can also promote both Treg (Sun, Flach et al. 2008) 

and invariant natural killer T cells (iNKT) cell responses (Bosma, Abdel-Gadir et al. 

2012). iBregs are the relatively new addition of Bregs family. In 2015, a study by Nouel 

et al. showed that these iBregs requires stimulation with CTLA-4 by T cells to 

differentiate and exhibit their suppressive functions (Nouel, Pochard et al. 2015, Mauri 

and Menon 2017).  

Phenotype of Bregs 

There has been no lineage specific markers or transcription factors for Bregs. IL-

10 expression is thus considered as the hallmark of Bregs in both mice and human 

(Mizoguchi and Bhan 2006, Mauri and Bosma 2012, Rosser and Mauri 2015, Tedder 

2015, Peng, Ming et al. 2018). 
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Table 1: Subsets of Bregs in mice and humans (Mauri and Menon 2015, Rosser and 
Mauri 2015, Mauri and Menon 2017). 

 

B cells can secrete IL-10 upon specific stimulation (Yanaba, Bouaziz et al. 2008, 

Maseda, Smith et al. 2012). However, overlapping phenotypes among the multiple 

subsets of Bregs (Table 1) suggest that their surface phenotypes may need to be better 

CD39+CD73+ 

CD19+CD25hiCD71hiCD73lo 

CD19+CD27intCD38hi 

CD19+CD38+CD1d+IgM+ 

CD147+ 
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characterized and defined. Moreover, it is still unknown whether Bregs represent a 

developmentally specified and stable lineage or subsets of differentiated B cells that can 

display immunosuppressive functions in certain environments. To date, multiple subsets 

of IL-10-producing Bregs have been reported in both mice and human (Table 1) based on 

their differentially expressed cell surface markers (Rosser and Mauri 2015).  

 Indeed, murine Bregs expressing IL-10 showed various surface phenotypes, 

including splenic marginal zone (MZ) (Lenert, Brummel et al. 2005), MZ precursor (MZ‐

P) or transitional 2 (Evans, Chavez-Rueda et al. 2007),  follicular (Evans, Chavez-Rueda 

et al. 2007, Gray, Miles et al. 2007), CD1dhiCD5+ (B10) (Yanaba, Bouaziz et al. 2008), 

pro‐B (Stolp, Turka et al. 2014), and plasmablasts/plasma cells (PCs) (Neves, 

Lampropoulou et al. 2010, Matsumoto, Baba et al. 2014). In addition, T cell Ig domain 

and mucin domain protein 1 (TIM-1) is known to be expressed on the majority of IL-10-

expressing B cells in mice (Xiao, Brooks et al. 2015). However, TIM-1+IL-10+ B cells 

also represent the major B cell subpopulations, including transitional, MZ, and follicular, 

as well as the CD1dhiCD5+ B10 cells (Ding, Yeung et al. 2011).              

 Similar but not same as the murine Bregs, phenotypes of IL-10-producing Bregs 

in human blood could also range from early immature transitional B cell (TBs, 

CD24hiCD38hi) (Blair, Norena et al. 2010, Das, Ellis et al. 2012, Li, Zhong et al. 2012, 

Flores-Borja, Bosma et al. 2013, Latorre, Esteve-Sole et al. 2016) to plasmablasts 

(CD27intCD38+) (Matsumoto, Baba et al. 2014) and Br1 cells (Yanaba, Bouaziz et al. 

2008). The human equivalent of B10 cells (CD24hiCD27+) have also been reported 

(Iwata, Matsushita et al. 2011, Zha, Wang et al. 2012, van der Vlugt, Mlejnek et al. 

2014). All these human B cell subsets are capable of expressing IL-10 and could thus 
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suppress inflammatory responses. Compared to other subsets of Bregs, human TBs are 

relatively well studied in the context of inflammatory diseases (Blair, Norena et al. 2010, 

Flores-Borja, Bosma et al. 2013, Khoder, Sarvaria et al. 2014, Bigot, Pilon et al. 2016, 

Nova-Lamperti, Fanelli et al. 2016). 

Biological Function of Bregs 

Although the origin and rationale for having Bregs still need to be better 

understood, primary functions of Bregs could be the maintenance of immunological 

homeostasis and self-tolerance (Blair, Norena et al. 2010, Mauri and Bosma 2012). Bregs 

are known to produce IL-10, a major anti-inflammatory cytokine, and can thus control 

inflammation and autoimmunity (Yanaba, Yoshizaki et al. 2011, Yang, Deng et al. 2012, 

Kalampokis, Yoshizaki et al. 2013, Tedder 2015). The suppressive functions of IL-10-

producing Bregs have also been demonstrated in animal models of autoimmune 

encephalomyelitis (EAE), systemic lupus erythematosus (SLE), and chronic intestinal 

inflammation (Fillatreau, Sweenie et al. 2002, Mizoguchi, Mizoguchi et al. 2002, 

Miyagaki, Fujimoto et al. 2015). However, it is also known that Bregs can suppress 

inflammatory response through the provision of other inhibitory molecules, including 

PD-L1, CD80, CD86, granzyme B, TGFβ, and IDO (van de Veen, Stanic et al. 2013, 

Chesneau, Michel et al. 2015, Durand, Huchet et al. 2015, Guan, Wan et al. 2016, Schaut, 

Lamb et al. 2016, Chong and Khiew 2017, Wortel and Heidt 2017). 
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Figure 1.1: Mechanisms of action of Bregs. Bregs can influence a variety of immune 
system components. The inhibitory effects of Bregs include suppression of the 
following: T cell differentiation into Th1 and Th17 cells; pro-inflammatory cytokine 
production by CD4+ effector T cells; TNFα production by monocytes; and cytotoxic 
CD8+ T cell responses. Through the expression of FASL, Bregs can initiate apoptosis in 
effector T cells. Bregs can also promote the differentiation of Foxp3+ T cells and Tr1 
cells, alter cytokine production by dendritic cells and support the maintenance of iNKT 
cells, which may possess a regulatory function. The functional mechanisms of Bregs are 
mediated through the release of soluble factors, such as IL-10, TGFβ, and IL-35, and 
through direct cell-cell contact via co-stimulatory molecules. Breg, regulatory B cells; 
cGVHD, chronic graft versus host disease; CTLA-4, cytotoxic T-lymphocyte protein 4; 
DC, dendritic cell; HIV, human immunodeficiency virus; IFNγ, interferon γ; iNKT, 
invariant natural killer T cell; MS, multiple sclerosis; RA, rheumatoid arthritis; SLE, 
systemic lupus erythematosus; TGFβ, transforming growth factor β; TH1, type 1 T 
helper cell; Th17, type 17 T helper cell; TNF α, tumor necrosis factor alpha; Tr1, type 1 
regulatory T cell; Treg, regulatory T cell. Adapted from (Sarvaria, Madrigal et al. 2017) 
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As summarized in Figure 1.1, Bregs can modulate a variety of immune system 

components including effector T cells, Tregs, dendritic cells (DCs), monocytes and 

invariant natural killer cell (iNKT) via both IL-10-dependent and IL-10-independent 

pathways. Individual subsets of Bregs (Table 1) may display common as well as distinct 

mechanisms of action that need to be further investigated.  

                        IL-10-Dependent Immune Suppression by Bregs  

 IL-10 is one of the major anti-inflammatory cytokines that contribute to the Breg-            

mediated immune suppression in both animals and humans. Accumulating evidence 

showed that IL-10 expressed by Bregs can efficiently inhibit CD4+ T cell proliferation as 

well as IL-17 and IFNγ expression by Th17 and Th1 cells, respectively (Figure 1.1) 

(Fillatreau, Sweenie et al. 2002, Mauri, Gray et al. 2003, Blair, Norena et al. 2010, 

Matsumoto, Baba et al. 2014). In addition, it also limits TNFα expression by monocytes 

(Iwata, Matsushita et al. 2011). Moreover, it is also known that IL-10 expressed by Bregs 

can induce CD4+ T-cell death through the induction of FasL expression (Tian, Zekzer et 

al. 2001, Sarvaria, Madrigal et al. 2017).     

 Immune suppressive functions of Bregs are also well documented for limiting 

CD8+ T-cell proliferation and effector cytokines production (Figure 1.1). In humans, 

transitional and MZ Breg subsets suppress CD8+ T cell responses in an IL-10-dependent 

manner (Bankoti, Gupta et al. 2012, Das, Ellis et al. 2012, Sarvaria, Madrigal et al. 2017). 

In addition to the direct effects of IL-10 on inflammatory responses, IL-10 expressed by 

Bregs is also known to  induce the differentiation of Tregs (Figure 1.1)  (Blair, Norena et 

al. 2010, Iwata, Matsushita et al. 2011, Flores-Borja, Bosma et al. 2013). Moser and 

colleagues (Moulin, Andris et al. 2000) also demonstrated that IL-10-producing B cells 
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can promote IL-4 secretion by DCs and it can thus downregulate IL-12 expression 

followed by the alteration in Th1/Th2 balance (Figure 1.1). Lastly, IL-10 expressed by 

Bregs are also capable of limiting IFNγ production of NK cells (Inoue, Leitner et al. 

2006).  

                      IL-10-Independent Immune Suppression by Bregs 

 Although IL-10 is the major effector molecule that is expressed by Bregs, Bregs 

also express other effector molecules that contribute to the suppression of inflammatory 

responses (Figure 1.1). These include granzyme B (Lindner, Dahlke et al. 2013), CD1d 

(Bosma, Abdel-Gadir et al. 2012), TGFβ (Nouel, Pochard et al. 2015), IDO (Lindner, 

Dahlke et al. 2013, Nouel, Pochard et al. 2015), and IL-35 (Shen, Roch et al. 2014). IL-

35-producing Bregs were reported as one of the master regulators of ongoing T cell-

mediated inflammatory responses in both autoimmune and infectious disease model 

(Shen, Roch et al. 2014). It has also been postulated that non-Bregs can potentially 

differentiate into iBregs in the presence CTLA-4 when they were cultured with 

autologous T cells. iBregs can thus control immune responses by expressing TGFβ and 

IDO. iBregs are also known to promote the conversion of the activated T cells into IL-

10–and TGF-β–producing Tregs (Nouel, Pochard et al. 2015, Mauri and Menon 2017). It 

is also reported that CTLA-4 and CD80/CD86 co-receptors interaction could contribute 

to the IL-10-independent suppression of immune responses by Bregs (Figure 1.1) 

(Sarvaria, Basar et al. 2016, Sarvaria, Madrigal et al. 2017). Upon stimulation with IL-21, 

Bregs are competent for the expression of granzyme B and are also able to suppress 

CD4+ T cell proliferation in an IL-10-independent manner (Lindner, Dahlke et al. 2013). 

Human Bregs, especially transitional and immature Breg subsets have also been found to 
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support iNKT cell homeostasis by presenting lipid antigen through CD1d (Figure 1.1) 

(Bosma, Abdel-Gadir et al. 2012). Moreover, CD39/CD73 expressing Bregs can suppress 

both CD4+ and CD8+ T cell proliferation (Saze, Schuler et al. 2013) by hydrolyzing 

exogenous adenosine triphosphate (ATP) to adenosine 5′-monophosphate (5′-AMP) and 

adenosine.  

            Signals that Promote Breg Differentiation and Their Functions 

 It is still unclear whether Bregs have any lineage specific markers or transcription 

factors that are comparable to those of FoxP3+ Tregs or whether Bregs arise at every 

stage of B cell development. Moreover, it still needs to be answered whether tissue 

microenvironments or different types of inflammation could have any effect on Breg 

differentiation and their suppressive functions. A recent study has shown that commensal 

bacteria could contribute to Breg expansion through gut microbiota-induced IL-1β and 

IL-6 production in arthritic mice (Rosser, Oleinika et al. 2014). One can thus propose two 

potential models for the origin and differentiation of Bregs: First, Bregs may originate 

from a selective linage of B cell. In addition, there could be unknown factors that can 

control the expression of genes responsible for their suppressive nature (Rosser and 

Mauri 2015). Second, any B cell subsets can exhibit regulatory function in response to  

certain stimuli (Kalampokis, Yoshizaki et al. 2013). Tedder and colleagues have 

identified progenitor B10 (B10PRO) cells and B10 cells in humans and further 

demonstrated that combination of TLRs and CD40 ligation significatly enhanced 

cytoplasmic IL-10 expression (Iwata, Matsushita et al. 2011). 

 



11 

  

 

 

 

 

 

 

 

 

 

 

Although BCR stimulation inhibits the abilities of CpG-B to induce cytoplasmic 

IL-10 expression, simultaneous activation of the B10 and B10pro with CpG-B and anti-

BCR antibodies resulted in a significantly increased IL-10 expression. As shown in 

Figure 1.2, human Bregs may originate from precursor cells, designated as Bregs Pro. In 

response to CpG-B, both Bregs Pro and Bregs can be expressed and secreted IL-10 

(Figure 1.2). In addition to the engagement of TLRs (CpG-B), costimulatory signal CD40 

or BCR signal further enhanced the Bregs differentiation and induced IL-10 secretion.        

Moreover, TGFβ-and IDO-expressing activated B cells, collectively termed as iBregs, 

originated from dedicated lineage of B cells upon CTLA-4 stimulation, and modulates 

Figure 1.2. Linear differentiation model of Bregs development in vivo in humans. 
Bregs may originate from a progenitor population (Bregs Pro). Bregs and Bregs pro 
have been identified in human newborn and adult blood. CD40 stimulation induces 
Bregs pro to become competent for IL-10 expression, while CpG or anti-BCR induces 
Bregs pro cells to become competent for IL-10 expression and induces Breg cells to 
produce and secrete IL-10. Breg cells in the adult blood, spleens or tonsils are induced 
to express IL-10 following stimulation with phorbol esters (phorbol-12-myristate-13-
acetate (PMA) and ionomycin or CpG plus PMA and ionomycin for 5 h. Bregs + Bregs 
pro cells in adult human blood express CD24, CD27, and CD38. Whether human Breg 
cells further differentiate into PCs or Bregs memory remains to be determined. Solid 
arrows, known associations; dashed arrows, speculated associations. MHC-II, major 
histocompatibility complex class II. Figure adapted and modified from (Kalampokis, 
Yoshizaki et al. 2013). 
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immune responses by inducing both natural Tregs and Tr1 cells  (Nouel, Pochard et al. 

2015, Mauri and Menon 2017). Moreover, IL-21 has also been demonstrated to induce 

Breg differentiation and promote their immunosuppressive functions through cognate 

interactions with T cells (Yoshizaki and Tedder 2015). However, it has been also 

reported that such Bregs cells can further differentiate to memory or antibody-secreting 

plasma cells, although this still needs to be more carefully investigated.   

                                               Roles of Bregs in Transplantation     

 Allo-recognization of either intact allo-MHC molecules on donor antigen-

presenting cells (APCs) or allo-peptides presented by self-MHC molecules can lead both 

acute cellular rejection and chronic allograft rejection (Figure 1.3) (Rogers and Lechler 

2001, Ingulli 2010).        

 Although, the role of IL-10-producing Bregs have been relatively well studied in 

certain autoimmune and inflammatory disease models, recent studies have demonstrated 

that Bregs play a critical role in immune tolerance and could thus have therapeutic 

potential in transplantation settings (Redfield, Rodriguez et al. 2011, Karahan, Claas et al. 

2016, Peng, Ming et al. 2018). B cell-mediated immune tolerance in organ transplantation 

was first reported by Yan et al. (Yan, van der Putten et al. 2002) in a rat kidney allograft 

model where significantly increased levels of IL-2, IFNγ and IL-10 were observed within 

tolerated grafts compared to rejected grafts. In addition, rituximab treatment of islet 

transplantation in non-human primates resulted in the prevalence of immature and TBs 

with long-term allograft survival (Liu, Noorchashm et al. 2007). 
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In humans, the presence of IL-10-secreting TBs (CD19+CD24hiCD38hi) and IgM 

memory (CD19+IgM+CD27+) B cells were correlated to the protection against chronic 

graft-verse- host disease (cGVHD) after hematopoietic stem cell transplantation (HSCT) 

(Khoder, Sarvaria et al. 2014, Sarvaria, Basar et al. 2016). Interestingly, Bregs have been 

enriched within human cord blood (CB) and were able to protect CB transplant recipients 

from cGVHD (Sarvaria, Basar et al. 2016). Increased frequency of a subset of Breg 

Figure 1.3: Immune mechanisms involved in allograft rejection and tolerance. 
Regulatory cells are in green and effector cells in red-yellow. APC, antigen presenting 
cell. Adapted from Sicard et. al. 2015 (Sicard, Koenig et al. 2015). 
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(CD19+CD24hiCD38hi) has also been reported to be associated with the protection of 

allograft kidney transplant rejection (Shabir, Girdlestone et al. 2015). Moreover, kidney 

allograft recipients with long-term graft acceptance had increased frequency of both 

CD20+CD24hiCD38hi TBs and CD20+CD24loCD38lo naïve B cells but decreased  

frequency of CD19+CD38+CD138+ plasma cells than patients relying on 

immunosuppressive therapy for stable graft function (Chesneau, Pallier et al. 2014). 

 A more recent study has shown that Bregs from patients with renal allograft 

rejection displayed a change in their cytokine polarization profile, with a decreased IL-

10/TNFα ratio (Cherukuri, Rothstein et al. 2014). They also showed that CD24hiCD38hi 

TBs had a greater IL-10/TNFα ratio that further distinguished them from CD24hiCD27+ 

B cells (Cherukuri, Rothstein et al. 2014).  

                                                  Breg-Targeted Cell Therapy   

 Alloreactive T cells and antibody-mediated rejection (AMR) are considered the 

major barrier for solid organ engraftment and survivals. Although therapy with 

immunosuppressive regimens mainly targeting T cell-mediated rejection has increased 

short-term graft survival, chronic AMR still occurs, emphasizing the need for the 

treatment of AMR for long-term graft survival. Moreover, long-term use of steroids and 

immunosuppressive drugs increases the risk of side effects as well as infectious diseases 

and cancer (Wiest, Upchurch et al. 2019) and Tregs (Segundo, Ruiz et al. 2006, Pascual, 

Bloom et al. 2008, Demirkiran, Sewgobind et al. 2009, Camirand and Riella 2017) . 

Therefore, it is likely that Breg-based cell therapy could be an alternative therapeutic 

strategy for controlling alloimmune responses. In addition, selective depletion of 
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immunosuppressive Bregs could be beneficial for the treatment of cancer or other 

infectious diseases where Bregs are known to suppress host immunity.  
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CHAPTER TWO 

                                                               Objectives  

Although alloreactive T cells are the primary cause of acute graft rejection, AMR 

is one of the major causes of chronic rejection in solid organ transplantation. The 

presence of post-liver transplant donor-specific human leukocyte antigen alloantibodies 

(DSAs) has also been well documented for both acute and chronic AMR (Demetris, 

Markus et al. 1987, Piazza, Adorno et al. 1997, Kasahara, Kiuchi et al. 1999, Kozlowski, 

Rubinas et al. 2011, Musat, Agni et al. 2011, O'Leary, Kaneku et al. 2011, Kaneku, 

O'Leary et al. 2012). The potential pathogenic role of DSAs has been recently 

demonstrated. HLA class II donor-specific antibodies have been explored as major 

contributors to both micro and macro vascular injuries (O'Leary, Kaneku et al. 2014). 

Even though current immunosuppressive therapy targeting T cells has increased short-

term graft survival, both acute and chronic rejection still occur, emphasizing the need for 

attenuation of DSA responses to allow long-term graft survival. Therefore, it is likely that 

controlling alloimmune responses, especially the B cell response to alloantigen, will 

further improve long-term solid organ allograft outcomes.     

    In this study, we hypothesize that the abundance and functions of Bregs in liver 

allograft recipients are associated with the presence of DSA as well as liver 

transplantation outcomes. This hypothesis was tested 1) by characterizing surface 

phenotypes of human Breg subsets and 2) by assessing the frequency and functions of 
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Breg subsets in allograft liver transplant patients. We tested this hypothesis in two 

specific aims: 

  Aim 1. We characterize human Breg subsets by assessing their surface 

phenotypes and functions. We next investigate whether the frequency of Bregs is 

associated with clinical development of plasma cell hepatitis in liver allograft recipients. 

a) To determine the frequency of currently known Breg subsets in different sources 

including tonsil, spleen, and PBMC. 

b) To assess the functional properties of Breg subsets. 

c) To determine factors (e.g. B cell stimuli) that can promote Breg functions and 

their expansion in vitro. 

d) To investigate the frequency and function of Bregs in liver allograft recipients 

with plasma cell hepatitis (PCH). 

Aim 1 is described in Chapter Three. 

Aim 2. We investigate whether currently known human Breg subsets can be further 

subdivided based on new cell surface phenotypes, transcriptomes, and functions. We then 

test the frequency and function of newly defined Breg subsets are associated with serum 

DSA levels and immune tolerance in liver allograft recipients. 

a) In depth analysis of cell surface phenotypes of IL-10-produncing Breg subsets. 

b) Transcriptome profiling of different Breg subsets in both steady state and after 

activation with CpG-B.  

c) Characterization of underlying mechanisms by which Breg subsets suppress CD4+ 

T cell responses.   
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d) To investigate whether the frequency and function of Breg subsets are associated 

with the presence of donor specific alloantibody (DSA) in liver allograft 

recipients.  

Aim 2 is described in Chapter Four. 
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CHAPTER THREE 

CD24hiCD38hi and CD24hiCD27+ Human Regulatory B Cells Display Common and 
Distinct Functional Characteristics 

 

                                                                  Abstract    

 Although IL-10-producing regulatory B cells (Bregs) play important roles in 

immune regulation, their surface phenotypes and functional characteristics have not been 

fully investigated. Here, we report that the frequency of IL-10-producing Bregs in human 

peripheral blood, spleens, and tonsils is similar, but they display heterogenous surface 

phenotypes. Nonetheless, CD24hiCD38hi transitional B cells (TBs) and CD24hiCD27+ B 

cells (human equivalent of murine B10 cells) are the major IL-10-producing B cells. 

They both co-express IL-10 and TNFα and suppress CD4+ T cell proliferation and 

IFNγ/IL-17 expression. However, CD24hiCD27+ B cells were more efficient than TBs at 

suppressing CD4+ T cell proliferation and IFNγ/IL-17 expression. TGFβ1 and granzyme 

B expression were also enriched within CD24hiCD27+ B cells, when compared to TBs. 

Additionally, CD24hiCD27+ B cells expressed increased levels of surface integrins 

(CD11a, CD11b, α1, α4, and β1) and CD39 (an ecto-ATPase) suggesting that the in vivo 

mechanisms of action of the two Breg subsets may not be the same. Lastly, we also report 

that liver allograft recipients with plasma cell hepatitis (PCH) had significant decreases of 

both Breg subsets.  
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                                                            Introduction 

Accumulating evidence indicates that B cells expressing immunosuppressive 

cytokines, especially IL-10, can efficiently curtail inflammatory responses. Such B cells 

are now collectively termed regulatory B cells (Bregs). Immune regulatory functions of 

Bregs have also been documented in several disease models, e.g., autoimmune and 

inflammatory diseases (Mauri, Gray et al. 2003, Evans, Chavez-Rueda et al. 2007, 

Yanaba, Yoshizaki et al. 2011, Yang, Deng et al. 2012, Kalampokis, Yoshizaki et al. 

2013, Candando, Lykken et al. 2014), cancer (Schioppa, Moore et al. 2011, Candando, 

Lykken et al. 2014), infectious diseases (Das, Ellis et al. 2012, Candando, Lykken et al. 

2014), and transplantation (Ding, Yeung et al. 2011, Chesneau, Michel et al. 2013, 

Cherukuri, Rothstein et al. 2014, Khoder, Sarvaria et al. 2014, Stolp, Turka et al. 2014, 

Nova-Lamperti, Fanelli et al. 2016). 

Nonetheless, there are several major questions about Bregs that need to be 

addressed. It is still unclear whether Bregs represent a developmentally specified and 

stable lineage, comparable to FoxP3+ regulatory T cells (Tregs) or differentiated subsets 

of B cells that can display immunosuppressive functions in certain circumstances. In the 

latter case, any B cell subsets could potentially display immune suppressive functions, 

depending on not only the nature of individual B cell subsets, but also the tissue 

microenvironments where they are located.  

To date, multiple subsets of human Bregs have been reported. Surface phenotypes 

of IL-10-producing Bregs in human blood range from early immature transitional B cell 

(TBs, CD24hiCD38hi) (Blair, Norena et al. 2010, Das, Ellis et al. 2012, Li, Zhong et al. 

2012, Flores-Borja, Bosma et al. 2013, Latorre, Esteve-Sole et al. 2016) to plasmablasts 
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(CD27intCD38+) (Matsumoto, Baba et al. 2014) and Br1 cells (Yanaba, Bouaziz et al. 

2008). The human equivalent of B10 cells (CD24hiCD27+) have also been reported 

(Iwata, Matsushita et al. 2011, Zha, Wang et al. 2012, van der Vlugt, Mlejnek et al. 

2014). All these human B cell subsets are capable of expressing IL-10 and could thus 

suppress inflammatory responses. Compared to other subsets of Bregs, human TBs are 

relatively well studied in the context of inflammatory diseases (Blair, Norena et al. 2010, 

Flores-Borja, Bosma et al. 2013, Khoder, Sarvaria et al. 2014, Bigot, Pilon et al. 2016, 

Nova-Lamperti, Fanelli et al. 2016). Human IL-10-producing TIM-1+ B cells are also 

reported to preferentially present in TBs (Aravena, Ferrier et al. 2017). However, it is still 

not known which subsets of human Bregs are more effective than others at suppressing 

inflammation. Their effectiveness could be affected by the possibly different mechanisms 

of action of individual Breg subsets. Subsets of Bregs modulate immune responses 

through IL-10 and other inhibitory molecules including PD-L1, granzyme B and TGFβ 

(van de Veen, Stanic et al. 2013, Chesneau, Michel et al. 2015, Durand, Huchet et al. 

2015, Guan, Wan et al. 2016, Schaut, Lamb et al. 2016, Chong and Khiew 2017, Wortel 

and Heidt 2017). 

In this study, we examined two major human Breg subsets, CD24hiCD38hi TBs 

and CD24hiCD27+ B cells (human equivalent of B10 cells) (Iwata, Matsushita et al. 2011, 

Zha, Wang et al. 2012, van der Vlugt, Mlejnek et al. 2014), for their regulatory functions 

by assessing their ability to express IL-10, TGFβ1, granzyme B, and PD-L1 and to 

suppress T cell responses. The clinical relevance of the two subsets of human Bregs was 

subsequently tested by examining their frequency in the peripheral blood of liver allograft 

recipients with plasma cell hepatitis (PCH). Our data suggest a novel role of Bregs in 
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PCH liver allograft recipients. PCH, also known as a de novo autoimmune hepatitis, is a 

variant of late onset rejection, and has been increasingly diagnosed in both pediatric and 

adult post-liver transplantation recipients in recent years (Kerkar, Hadzic et al. 1998, 

Mieli-Vergani and Vergani 2004, Lohse, Weiler-Norman et al. 2007, Fiel and Schiano 

2012).  

Materials and Methods 

Blood and Tissue Samples 

Blood samples from healthy donors and liver transplant patients with PCH were 

acquired in accordance with the protocols approved by the Institutional Review Board 

(IRB). Blood samples from all liver transplant patients were collected prospectively at 

prespecified time points post-transplant and at the time of indication liver biopsies and 

stored in the Baylor University Medical Center Transplant Biorepository. Patients with a 

confirmed diagnosis of PCH were selected for this study and blood samples from the time 

of their diagnosis or within 1-month of a confirmatory liver biopsy (re-evaluated for this 

study by a single pathologist A.J.D.) were analyzed. Spleen tissue from deceased organ 

donors and tonsils from tonsillectomy were obtained from the tissue bank at the Baylor 

University Medical Center with approval from the IRB.   

Cell Isolation and Stimulation 

Peripheral blood mononuclear cells (PBMCs), mononuclear cells (MNCs) from 

tonsils and splenocytes were isolated by density gradient centrifugation using Ficoll-

Paque PLUS (GE Healthcare). B cells were purified by negative selection using a pan-B 

cell enrichment kit (STEMCELL Technologies). Cells were incubated in complete RPMI 
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1640 (Invitrogen) (cRPMI 1640) supplemented with 25 mM HEPES (Invitrogen), 1% 

non-essential amino acids, 2 mM L-glutamate (Sigma-Aldrich), 50 µg/mL penicillin, and 

50 µg/mL streptomycin (Life Technologies), and 10% fetal bovine serum (FBS) (Gibco). 

During incubation, cells were stimulated with indicated B cell activators, including 

recombinant human CD40L (R&D Systems) at 0.5 µg/mL, class B CpG 

oligodeoxynucleotides (ODN 2006) (Invivogen) at 2.5 µg/mL, anti-BCR (polyclonal goat 

anti-human IgG plus IgM) (Jackson Immunoresearch) at 2.5 µg/mL, or combinations of 

activators. Blood B cell subsets, including TBs (CD19+CD24hiCD38hi), B10 

(CD19+CD24hiCD27+), CD19+CD24+CD27-, and CD19+CD24-CD27- were sorted using 

FACSAria II (BD Biosciences). 

Measurement of Cytokines, Granzyme B, and PD-L1 Expressed by B Cells  

A total of 4 × 105 purified B cells, PBMCs, tonsil MNCs, or splenocytes were 

cultured in cRPMI 1640 plus 10% FBS for indicated time periods. Cell stimulation 

cocktail containing phorbol 12-myristate 13-acetate (PMA), ionomycin, brefeldin A, and 

monensin (PIBM) (eBioscience) was added for the last 5 h. Human Fc-blocker (Miltenyi 

Biotec) was added and dead cells were excluded by staining them with LIVE/DEAD 

Fixable Aqua Dead Cell Stain Kit (Life Technologies). For surface staining, cells were 

stained with indicated antibodies. Cells were then washed, fixed, and permeabilized using 

Cytofix/Cytoperm (BD Biosciences), followed by intracellular cytokines and granzyme B 

staining. Cells were analyzed with a BD LSR Fortessa (BD Biosciences). Data were 

analyzed with FlowJo v10 (FlowJo). After gating on  IL-10+ B cells or sorted B cell 

subsets (P1-P4), t-distributed stochastic neighbor embedding (t-SNE)(Hinton 2008) 
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clustering was performed using FlowJo. The amount of IL-10, IL-6, and TNFα secreted 

by B cells was quantified by bead-based multiplex assays (Millipore Sigma). 

In Vitro Functional Assay 

FACS-sorted CD19+CD24hiCD38hi (population 1, P1), CD19+CD24hiCD27+ 

(population 2, P2), CD19+CD24+CD27- (population 3, P3), and CD19+CD24-CD27- 

(population 4, P4) B cells were stimulated with CpG-B and co-cultured for 6 days with 

carboxyfluorescein succinimidyl ester (CFSE; Invitrogen)–labeled CD4+ T cells. CD4+ T 

cells were further stimulated with allogeneic dendritic cells (DCs). PIBM was added for 

the last 5 h. Human Fc-blocker was added, and live-dead staining was performed. Cells 

were then washed, fixed, and permeabilized using Cytofix/Cytoperm (BD Biosciences), 

followed by intracellular staining with anti-IFNγ (B27), anti-IL17A (BL 168), and anti-

TNFα (MAb11) purchased from BioLegend. Intracellular cytokine expression and CD4+ 

T cell CFSE dilution were assessed with a BD LSR Fortessa. Percent suppression was 

calculated by the formula: [(percentage of CFSE-CD4+ T cells cultured with unstimulated 

B cells – percentage of CFSE-CD4+ T cells cultured with activated B cells) / percentage 

of CFSE-CD4+ T cells cultured with unstimulated B cells] x 100% (Khoder, Sarvaria et 

al. 2014). 

Blocking Experiments 

CpG-B-activated total CD19+ B cells or FACS-sorted CD19+CD24hiCD38hi (P1), 

CD19+CD24hiCD27+(P2)  , CD19+CD24+CD27-(P3)  , and CD19+CD24-CD27- (P4)  B 

cells were pre-incubated with anti-IL-10 at 10 µg/mL (JES3-9D7; Miltenyi Biotec), anti-

IL-10R at 10 µg/mL (3F9; BioLegend), anti-PD-L1 at 10 µg/mL (MIH-1; eBioscience), 
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anti-IL-6 at 10 µg/mL (6708; R & D systems ), anti-IL-6R at 10 µg/mL  (17506; R & D 

systems), TNFα blocker etanercept at 10 µg/mL (Enbrel; Amgen Inc), anti-TGFβ1 at 10 

µg/mL (21C11: BioLegend), granzyme B blocker at 20 µmol/mL (Ac-IEPD-CHO; 

Abcam),  or isotypes for 12 h . B cells were then washed and co-cultured for 6 days with 

CFSE–labeled CD4+ T cells upon stimulation with allogenic DCs or 4 days with CFSE–

labeled CD4+ T cells upon stimulation with anti-CD3/anti-CD28 bead (Dynabeads; 

Gibco). T-cell proliferation and cytokine expression were assessed as described above. 

Statistical Analysis  

Statistical analysis was performed with Prism Software (GraphPad) by Student's t 

test (paired or unpaired) or ANOVA, as appropriate. All data are shown as mean ± SD. A 

P value less than 0.05 was considered significant. ns, not significant; *P < 0.05; **P < 

0.01, ***P < 0.001, ****P<0.0001.  

Results 
 

Heterogeneity of IL-10–Producing B cells in the Blood, Spleens, and Tonsils 

Due to the lack of lineage specific markers or transcription factors, IL-10 

expression is used as a major readout to determine Bregs in both mice and human 

(Matsushita and Tedder 2011, Rosser and Mauri 2015, Tedder 2015, Mauri and Menon 

2017). We thus examined the frequency of IL-10+ B cells in the blood, spleens, and 

tonsils (Figure 3.1A-B).  MNCs from human blood, spleens, and tonsils were incubated 

for 48 hr with CpG-B and then further re-stimulated with PMA/ionomycin to induce IL-

10 expression. Flow cytometry gating strategy is shown in Figure 3.1A.  Summarized  
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Figure 3.1: Heterogeneity of human IL-10–producing B cells in the blood, spleens, and 
tonsils. Cells from blood, spleens, and tonsils were incubated with 2.5 µg/ml CpG-B for 
16 or 48 h. B cells were then activated for 5 h with PMA/ionomycin in the presence of 
monensin and brefeldin A before staining them for intracellular IL-10 expression. (A) 
Gating strategy for IL-10+CD19+ B cells in the blood. (B) Frequency of IL-10+CD19+ B 
cells in the blood, spleens, and tonsils upon 48 h CpG-B stimulation. Each dot represents 
data generated with cells from a single donor. Error bars represent mean ± SD. (C) t-SNE 
analysis of IL-10+ B cells from blood, spleens, and tonsils upon 16 h CpG-B stimulation. 
Cells were stained with anti-IgD (IA6-2), anti-CD5 (UCHT2), anti-CD9 (M-L13), anti-
CD10 (HI10a), anti-CD19 (SJ25C1), anti-CD24 (ML5), anti-CD27 (M-T271), anti-CD38 
(HB7), anti-CD43 (L60), and anti-TIM-1 (1D12), all from BD Biosciences; anti-IgM 
(MHM-88) from BioLegend. Cells were then washed, fixed, and permeabilized using 
Cytofix/Cytoperm (BD Biosciences), followed by intracellular staining with anti-IL-10 
(JES3-9D7) from eBiosciences. Heatmap statistics were used to show the expression of 
each surface markers tested. Data generated with cells from 4 donors were compiled. P 
values were calculated with nonparametric ANOVA; ns., not significant. 
 

data (Figure 3.1B) show that human blood, spleens, and tonsils have comparable 

frequencies of IL-10+ B cells. 
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We next performed a t-SNE clustering analysis using a series of B cell surface 

markers tested in Figure 3.1C.  In line with previously published data (Yanaba, Bouaziz 

et al. 2008, Blair, Norena et al. 2010, Iwata, Matsushita et al. 2011, Das, Ellis et al. 2012, 

Li, Zhong et al. 2012, Flores-Borja, Bosma et al. 2013, Khoder, Sarvaria et al. 2014, 

Matsumoto, Baba et al. 2014, Latorre, Esteve-Sole et al. 2016), IL-10+ B cells in the 

blood were highly heterogenous (Figure 3.1C, upper panel). Indeed, they were populated 

in groups of B cells expressing any of the surface markers tested. Although, TIM-1+ B 

cells were reported to be a major subset of IL-10-producing Bregs in mice (Ding, Yeung 

et al. 2011, Xiao, Brooks et al. 2015), our data indicated that TIM-1 does not represent 

human IL-10+ blood B cells.         

  Fractions of IL-10+ cells co-express CD9 (Sun, Wang et al. 2015), CD24, and 

CD38, suggesting the existence of CD9+ TBs. The expression of CD24, CD27, CD5 on 

IL-10+ B cells also suggested that there could be the human equivalent of B10 cells 

expressing a high level of CD1d (Iwata, Matsushita et al. 2011). IL-10+ B cells from both 

spleens and tonsils were also highly heterogenous (Figure 3.1C, middle and bottom 

panel). The expression of IgD, IgM, CD24, CD27, and CD38 on IL-10+ B cells further 

indicates that such IL-10+ B cells are comprised of both immature TBs 

(CD19+CD24hiCD38hi) and human equivalent B10 cells (CD19+CD24hiCD27+).  

CD24hiCD38hi TBs and CD24hiCD27+ Human Equivalent of B10 cells Exhibit Common 
and Distinct Cell Surface Phenotypes  
 

Based on the expression levels of surface molecules in Figure 3.1C, we divided 

blood B cells into four subsets (Figure 3.2 A), CD24hiCD38hi TBs (P1), CD24hiCD27+ 

human equivalent of B10 (P2), CD24+CD27- (P3), and CD24-CD27- B cells (P4). 



28 

Clustering analysis further demonstrated that P1 (red), P2 (blue), P3 (pink), and P4 

(green) have distinct phenotypic properties (Figure 3.2 B). We next characterized surface 

phenotypes of the four B cell subsets (P1 to P4) (Figure 3.2 C).  

 

Figure 3.2: Surface phenotypes of CD24hiCD38hi TBs and CD24hiCD27+ in the blood. 
(A) Gating strategy for dividing B cell subsets P1 (TBs), P2 (CD24hiCD27+), P3 
(CD24+CD27-) and P4 (CD24-CD27-) B cells in the blood of healthy individuals. B cells 
were stained with anti-IgD (IA6-2), anti-CD19 (SJ25C1), anti-CD24 (ML5), anti-CD27 
(M-T271) and anti-CD38 (HB7), all from BD Biosciences. (B) t-SNE clustering, showing 
the distribution of the four B cell subsets (P1 to P4). (C) Representative histograms of 
IgD, IgM, CD1c, CD1d, CD5, CD9, CD10, CXCR3, CD11a, CD11b, CD11c, integrin 
α1, integrin α4, integrin β1, integrin β7, CD21, CD23, CD24, CD27, CD38, CD39, and 
CD43. B cells were labeled with anti-IgD (IA6-2), anti-CD1c (F10/21A3), anti-CD5 
(UCHT2),  anti-CD9 (M-L13), anti-CD10 (HI10a),  anti-CD21 (B-ly4),  anti-CD24 
(ML5), anti-CD27 (M-T271) anti-CD38 (HB7), anti-CD39 (Tü66), anti-CD43 (L60), 
anti-CD11a (Hl111), anti-CD11c (B-ly6), anti-CD49d/integrin-α4 (9F10), integrinα-β7 
(FIB504), anti-CD19 (SJ25C1) and anti-CD3 (UCHT1), all from BD Biosciences; anti-
IgM (MHM-88), anti-CD1d (51.1), anti-CD23 (EBVCS-5), anti-CD183/CXCR3 
(G025H7), anti-CD11b (CBRM1/5), anti-CD49a/integrin-α1 (TS2/7), anti-
CD29/integrin-β1 (TS2/16), and anti-CD274/PD-L1 (29E.2A3) from BioLegend. Data 
generated from 3 independent experiments with cells from 5 donors were compiled. 
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P1 expressed higher levels of surface IgD, IgM as well as CD1d, CD5, CD10, 

CD24, and CD38, but lower levels of CD21 and CD27, than P2 and P3. The majority of 

CD9hi B cells (Sun, Wang et al. 2015) were enriched in P1. P1 also expressed increased 

levels of integrin β1, when compared to P3, but P2 expressed the highest levels of 

integrin α1, α4 and β1. P2, human equivalent of B10 cells, expressed high levels of both 

CD24 and CD27 that distinguished them from the other three subsets. P2 expressed 

increased levels of CD1c, CXCR3, CD11a, CD11b, and CD43. Moreover, P2 expressed 

the highest level of CD39 that is known to be expressed by both regulatory T cells 

(Tregs) and myeloid-derived suppressor cells (MDSCs) (Borsellino, Kleinewietfeld et al. 

2007, Dwyer, Hanidziar et al. 2010, Gu, Ni et al. 2017, Li, Wang et al. 2017). P3 were 

separated from P4 mainly by expressing increased levels of CD23 and CD24. 

P1 and P2 B cells Express IL-10 and PD-L1 

In addition to IL-10, PD-L1 can contribute to immune suppressive functions of 

Bregs (Li, Zhang et al. 2018, Zacca, Onofrio et al. 2018). We thus measured intracellular 

IL-10 and surface PD-L1 expression by FACS-sorted P1, P2, P3 and P4 B cells. As 

shown in Figure 3.3 A and 3.3 B, both P1 and P2 had higher percentages of IL-10+ B 

cells than P3 and P4 in response to the stimuli tested. Moreover, P2 was more efficient 

than P1 at expressing IL-10 in response to CpG-B alone or CpG-B plus anti-BCR. IL-10 

expression by P1 and P2 was also significantly enhanced by CD40L treatment.  Both P1 

and P2 expressed similar levels of surface PD-L1 in response to all stimuli tested. 

However, PD-L1 expression was higher on both P1 and P2 than others (P3-P4) when 

they were stimulated with CpG-B, CD40L and anti-BCR together (Figure 3.3C).   
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Figure 3.3 : CD24hiCD38hi TBs (P1) and CD24hiCD27+ human equivalent of B10 cells 
(P2) can express both IL-10 and PD-L1. (A) Representative FACS plots, showing the 
frequency of IL-10+ and PD-L1+ cells in P1, P2, P3, and P4 B cells. FACS-sorted B cell 
subsets were incubated for 48 h with indicated stimuli (2.5 µg/ml CpG-B ODN 2006 
from Invivogen; 0.5 µg/ml recombinant human CD40L from R&D Systems; 2.5 µg/ml 
anti-BCR, polyclonal goat anti-human IgG + IgM, from Jackson Immunoresearch). Cells 
were further stimulated for 5 h with PMA/ionomycin in the presence of monensin and 
brefeldin A before staining them with anti-IL-10 (JES3-9D7) from eBiosciences. B cells 
were also stained with anti-CD274/PD-L1 (29E.2A3) from BioLegend. (B) Summarized 
data for the frequency of IL-10+ B cells. (C) Summarized data for the frequency of PD-
L1+ B cells. (D) Summarized data for the frequency of IL-10+PD-L1+ B cells.  Data in B, 
C, and D were obtained from 3 independent experiments using cells from 5 donors. Error 
bars represent mean ± SD. ****P <0.0001, ***P<0.001, **P<0.01, *P<0.05, and ns, not 
significant by 2 way ANOVA with the Tukey multiple-comparison test.  

  

The frequency of IL-10+PD-L1+ B cells were higher in P1 and P2 than P3 and P4 

(Figure 3.3D) and this was mainly due to the increase of IL-10+ cells in P1 and P2. We 

also found that P2 had an increase of IL-10+PD-L1+ B cells than P1 when they were 
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stimulated with CpG-B alone or combination of CpG-B, soluble CD40L and anti-BCR, 

but this difference was not significant when they were stimulated with CpG-B plus 

CD40L. We thus concluded that both P1 and P2 are superior to P3 and P4 for IL-10           

expression, but P2 B cells were more efficient than P1 B cells at expressing IL-10. PD-L1 

expression levels were also higher on P1 and P2 than P3 and P4 overall.  

Substantial Fractions of P1 and P2 B Cells Co-express IL-10 and TNFα  

We next investigated the amount of IL-10 secreted by FACS sorted P1, P2, P3 

and P4 B cells. Consistent with the data in Figure 3.3, both P1 and P2 secreted greater 

amount of IL-10 (Figure 3.4A, left panel) as well as TNFα (Figure 3.4A, middle panel) 

and IL-6 (Figure 3.4A, right panel) than P3 and P4. There was no significant difference in 

the amount of IL-6 secreted by P1 and P2 B cells. However, P2 secreted a greater amount 

of TNFα than P1 when they were stimulated with a combination of CpG-B, CD40L, and 

anti-BCR. We next assessed the frequency of IL-10+, TNFα+, IL-6+ B cells as well as IL-

10+TNFα+, IL-10+IL-6+, TNFα+IL-6+ B cells after 48 h incubation with CpG-B (Figure 

3.4B and 3.4C). Both P1 and P2 had increases of IL-10+ B cells than P3 and P4 (Figure 

3.4C, upper panel).          

  The highest frequency of TNFα+ and IL-6+ B cells were observed in P2. We also 

found that large fractions of IL-10+ P2 B cells co-expressed TNFα and IL-6. Fractions of 

P1 B cells also coexpressed IL-10 and TNFα, but P2 B cells were more efficient than P1 

B cells at expressing both TNFα and IL-6. Taken together, substantial fractions of IL-10-

expressing B cells in both P1 and P2 can co-express TNFα and IL-6.   
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Figure 3.4: Substantial fractions of IL-10-produsing B cells in CD24hiCD38hi TBs (P1) 
and CD24hiCD27+ human equivalent of B10 cells (P2) also express TNFα. (A) 
Summarized data for the amount of IL-10, TNFα, and IL-6 secreted by P1, P2, P3, and 
P4 B cells stimulated for 48 h in the presence of indicated stimuli. The amount of 
cytokines was measured by bead-based multiplex cytokine assay. (B) Representative 
FACS plots showing the frequency of IL-10+ and TNFα+, and IL-6+ B cells. B cells in 
(A) were further stimulated for 5 h with PMA/ionomycin in the presence of monensin 
and brefeldin A. they were then stained with anti-IL-10 (JES3-9D7) and anti-IL-6 (MQ2-
13A5) from eBiosciences; anti-TNFα (MAb11) from BioLegend. (C) Summarized data 
for the frequency of IL-10+, TNFα+, IL-6+, IL-10+TNFα+, IL-10+IL-6+, and TNFα+IL-6+ 
B cells. Each dot indicates data generated with B cells from one donor. Data from 5 
independent experiments using cells from 5 donors are presented. Error bars represent 
mean ± SD. ****P <0.0001, ***P <0.001, **P<0.01, *P<0.05, and ns, not significant by 
2 way ANOVA with Dunnett's multiple comparisons test or non-parametric ANOVA as 
appropriate. 
     

Both P1 and P2 B Cells Suppress CD4+ T Cell Proliferation, but P2 B Cells are More 
Efficient than P1 B Cells 
          

We next tested the ability of individual B cell subsets to suppress CD4+ T cell 

proliferation. Representative flow cytometry data were presented in Figure 3.5A, 

showing that P1 and P2 B cells were more efficient than P3 and P4 B cells at suppressing 

CD4+ T cell proliferation. Summarized data generated with three different B:T cell ratios  
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Figure 3.5: CD24hiCD38hi TBs (P1) and CD24hiCD27+ human equivalent of B10 cells B 
cells (P2) suppress allogenic CD4+ T cell proliferation and IFNγ/IL-17 expression. (A) 
Representative FACS data of T cell proliferation assay. FACS-sorted subsets of B cells 
(P1-P4) were stimulated for 48 h with CpG-B and then co-cultured for 6 days with 
CFSE-labeled CD4+ T cells stimulated with allo-DCs. CD4+ T cell proliferation was 
assessed by measuring CFSE dilution. Right panel shows summarized data from 5 
independent experiments performed with cells from 7 healthy individuals. (B) B cells 
were incubated for 12 h in the presence of CpG-B. After adding anti-IL-10 and anti-IL-
10R antibodies (10 µg/ml), T cells were mixed and co-cultured. CD4+ T cell proliferation 
was assessed as in (A). (C) Experiments in (B) were performed with anti-PD-L1 antibody 
(10 µg/ml). (D) Representative FACS data showing CD4+ T cell proliferation and IFNγ 
expression at day 6. T cells were then restimulated with PMA/ionomycin for 5 h in the 
presence of brefeldin A before staining them for intracellular IFNγ. Experiment in A was 
performed in the presence of anti-IL-10/IL-10R or control antibodies (10 µg/ml for each) 
(E) and 10 µg/ml anti-PD-L1 or control antibody (F). (G) Representative FACS data 
showing CD4+ T cell proliferation and IL-17A expression. Experiment in G was 
performed in the presence of anti-IL-10/IL-10R or control antibodies (10 µg/ml for each) 
(H) and 10 µg/ml anti-PD-L1 or control antibody (I). Error bars are mean ± SD of 6 
independent experiments using cells from 6 donors. ****P <0.0001, ***P<0.001, 
**P<0.01 ,*P< 0.05 by 2 way ANOVA with Šidák correction or Dunnett's multiple 
comparisons test as appropriate.  
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further demonstrated that P2 B cells were more efficient than P1 B cells at inhibiting 

CD4+ T cell proliferation elicited by allogeneic DCs. Blocking IL-10 (Figure 3.5B) and 

PD-L1 (Figure 3.5C) resulted in partial recoveries of CD4+ T cell proliferation that was 

suppressed by P1 and P2 B cells. The suppressive functions of P1 and P2 B cells were 

further assessed by measuring CD4+ T cell responses elicited with anti-CD3/anti-CD28 

beads (Figure 3.6A). Both P1 and P2 were more efficient than P3 and P4 at suppressing 

CD4+ T cell proliferation.   

 

 
 
Figure 3.6: CD24hiCD38hi TBs (P1) and CD24hiCD27+ human equivalent of B10 cells 
(P2) suppress anti-CD3/anti-CD28 stimulated CD4+ T cell proliferation. (A) 
Representative FACS data of T cell proliferation assay.  FACS-sorted subsets of B cells 
(P1-P4) were incubated for 48 h with CpG-B. After washing, they were co-cultured for 4 
days with CFSE-labeled CD4+ T cells. CD4+ T cells were stimulated with anti-CD3/anti-
CD28 beads at 1 to 1 T cells and beads ratio.  CD4+ T cell proliferation was assessed by 
measuring CFSE dilution. (B) Both anti-IL-10 (10 µg/ml) and anti-IL-10R (10 µg/ml) 
antibodies were added to the B cells, pre-incubated 12 h, and co-cultured with T cells. 
CD4+ T cell proliferation was assessed as in A. (C) Anti-PD-L1 antibody (10 µg/ml) was 
added as experiment in B. Error bars in B and C are mean ± SD of 4 independent 
experiments using cells from 4 donors. ****P <0.0001, ***P<0.001, *P< 0.05 by 2 way 
ANOVA with Šidák correction or Dunnett's multiple comparisons test as appropriate.  
 

In support of the data in Figure 3.3 and Figure 3.4 as well as previously published 

data (Blair, Norena et al. 2010, Iwata, Matsushita et al. 2011, Flores-Borja, Bosma et al. 

2013, Khoder, Sarvaria et al. 2014, Sarvaria, Basar et al. 2016),  blocking IL-10 also  
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Figure 3.7: CD24hiCD38hi TBs (P1) and CD24hiCD27+ human equivalent of B10 cells 
(P2) suppress IFNγ/IL-17 expression of T cells through TNFα. (A) Representative FACS 
data of IFNγ+CD4+ T cell expression in the presence of anti-TGFβ1 or granzyme B 
inhibitors or isotype. FACS-sorted subsets of B cells (P1-P4) were stimulated for 48 h 
with CpG-B. Cells were washed, pre-incubated with TNFα inhibitors (10 µg/ml) or anti-
IL-6/IL-6R (10 µg/ml for each) or control antibodies (10 µg /ml) for 10 h, and then co-
cultured for 4 days with magnetic bead enriched CD4+ T cells stimulated with anti-
CD3/anti-CD28 beads. T cells were then restimulated with PMA/ionomycin for 5 h in the 
presence of brefeldin A before staining them for intracellular IFNγ or IL-17. (B-C) Bar 
graph shows summarized IFNγ expression in the presence of TNFα inhibitors (B) or anti-
IL-6/IL-6R (C) from 3 independent experiments performed with cells from 5 healthy 
individuals. (D) Representative FACS data of IL-17+CD4+ T cell expression in the 
experiment described in A. (E-F) Bar graph shows summarized IL-17 expression in the 
presence of TNFα inhibitors (E) or anti-IL-6/IL-6R (F) from 3 independent experiments 
performed with cells from 5 healthy individuals. Error bars represent means ± SD. P 
values were determined by 2 way ANOVA with Dunnett's multiple comparisons test or 
nonparametric ANOVA as appropriate; **P<0.01, *P<0.05, and ns=not significant. 
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resulted in the recovery (approximately 75-80%) of CD4+ T cell proliferation suppressed 

by P1 and P2 B cells. We thus concluded that both IL-10 and PD-L1 expressed by P1 and 

P2 contribute to the suppression of CD4+ T cell responses. Importantly, P2 B cells were 

more efficient than P1 at suppressing CD4+ T cell proliferation in the two different 

experimental systems.  We next tested whether TNFα and IL-6 expressed by P1 or P2 B 

cells could affect T cell cytokine expression. We observed significant increases of IFNγ 

and IL-17 expression by T cells upon TNFα blocking; however, IL-6/IL-6R blocking was 

not effective as TNFα in increasing IFNγ and IL-17 expression (Figure 3.7). 

Comparison of the Frequency of Human Breg Subsets in the Blood, Tonsils, and Spleens 

To date, a number of human Breg subsets, including TBs, CD24hiCD38hi (P1) 

(Blair, Norena et al. 2010) and human equivalent of B10, CD24hiCD27+ (P2) (Iwata, 

Matsushita et al. 2011), have been reported.  We thus compared the frequency of 

CD24hiCD38hi (P1), CD24hiCD27+ (P2), CD27+CD38hi (Matsumoto, Baba et al. 2014), 

CD25hiCD71hiCD73lo (van de Veen, Stanic et al. 2013), CD39+CD73+ (Saze, Schuler et 

al. 2013), CD38+CD1d+IgM+CD147+ (Lindner, Dahlke et al. 2013), and TIM-1+ Bregs 

(Aravena, Ferrier et al. 2017) in the blood, tonsils and spleens (Figure 3.8A). As shown in 

Figure 3.8B, the frequency of P2 B cells was greater than P1 B cells in the blood as well 

as in spleens and tonsils. The frequency of plasmablast Bregs (CD27+CD38+) and Br1 

Bregs (CD25hiCD71hiCD73lo) was greater in tonsils than blood or spleens. The majority 

of circulating B cells was CD39+CD73+ (Figure 3.8A) and they were also found in both 

spleens and tonsils. The frequency of CD38+CD1d+IgM+CD147+ Bregs was similar in the 

blood and spleens, but slightly lower in tonsils.  We were able to detect TIM-1+ B cells in 
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the blood, spleens, and tonsils, but the frequency of TIM-1+ B cells were lower than other 

Breg subsets tested in this study. 

 

 

 

 

 

 

 

 

 

 

                  

 

 

 

 

  

 

 

P2 B Cells Express Increased Levels of Both TGFβ1 and Granzyme B  

B cell-derived TGFβ (Kessel, Haj et al. 2012) and granzyme B (Lindner, Dahlke 

et al. 2013) can suppress inflammatory responses. We thus investigated whether P1 and 

P2 B cells are more efficient than P3 and P4 B cells at expressing TGFβ1 and granzyme 

B in response to CpG-B.   

Figure 3.8. Comparison of the frequency of currently known human Breg subsets in the 
blood, tonsils, and spleens. (A) FACS plot showing gating strategy for different Breg 
subsets including CD24hiCD38hi, CD24hiCD27+, CD27+CD38hi, CD25hiCD71hiCD73lo, 
CD39+CD73+, CD38+CD1d+IgM+CD147+, and TIM+ B cells. B cells were stained with 
anti-CD19 (SJ25C1), anti-CD24 (ML5), anti-CD25 (M-A251), anti-CD27 (M-T271), and 
anti-CD38 (HB7), all from BD Biosciences; anti-IgM (MHM-88), anti-CD1d (51.1), anti-
CD71 (CY1G4), anti-CD73 (AD2), anti-CD147 (HIM6), and anti-TIM-1 (1D12) from 
BioLegend. (B) Data generated from 5 donors were compiled. Error bars represent means 
± SD. 
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Figure 3.9: CD24hiCD27+ human equivalent of B10 cells (P2) are more efficient than 
others at expressing TGFβ1 and granzyme B. (A) Representative FACS data for the 
frequency of TGFβ1+ B cells. FACS-sorted B cell subsets (P1, P2, P3, and P4) were 
incubated for 48 h in the presence of CpG-B. B cells were then stimulated for 5 h with 
PMA and ionomycin in the presence of brefeldin A before staining cells with anti-TGFβ1 
antibody. (B) Summary of three independent experiments using cells from 5 donors. (C) 
Granzyme B expression by B cells stimulated as in A and B. (D) Summary of three 
independent experiments using cells from 5 donors. (E) Representative FACS data of 
IFNγ+CD4+ T cell expression in the presence of anti-TGFβ1 or granzyme B inhibitors or 
isotype. FACS-sorted subsets of B cells (P1-P4) were stimulated for 48 h with CpG-B. 
Cells were washed, pre-incubated with anti-TGFβ1(10 µg/ml ) or granzyme B inhibitors 
(20 µmol/ml) or control antibodies (10 µg/ml) for 10 h, and then co-cultured for 4 days 
with magnetic bead enriched CD4+ T cells stimulated with anti-CD3/anti-CD28 beads. T 
cells were then restimulated with PMA/ionomycin for 5 h in the presence of brefeldin A 
before staining them for intracellular IFNγ or IL-17. Right panel shows summarized data 
from 3 independent experiments performed with cells from 4 healthy individuals. (F) 
Representative FACS data of IL-17+CD4+ T cell expression in experiment described in E.  
Right panel shows summarized data from 3 independent experiments performed with 
cells from 4 healthy individuals. Error bars represent means ± SD. P values were 
determined by 2 way ANOVA with Dunnett's multiple comparisons test or nonparametric 
ANOVA as appropriate; ****P<0.0001, ***P<0.001, **P<0.01, *P<0.05 and ns=not 
significant. 
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TGFβ1 (Figure 3.9A and 3.9B) and granzyme B (Figure 3.9C and 3.9D) 

expression were significantly higher in P2, followed by P1 B cells, than P3 and P4 B 

cells. We also found that both P1 and P2 B cells were capable of expressing granzyme B 

in response to CpG-B alone. Neutralizing TGFβ1 expressed by P2 B cells resulted in 

significant increases of IFNγ expression by CD4+ T cells (Figure 3.9E and left panel in 

Figure 3.9F), suggesting that TGFβ1 expressed by P2 B cells contributes to the inhibition 

of IFNγ expression by CD4+ T cells. However, this was not the case for P1 B cells. 

 

 

Figure 3.10: Granzyme B expression by B cell subsets with different stimuli. Bar graph 
shows summary of granzyme B expression by sorted B cell subsets stimulated with CpG-
B, CpG-B plus CD40L, and combination of anti-BCR with CpG-B and CD40L. Data 
were obtained from 3 independent experiments using cells from 5 donors. Error bars 
represent means ± SD. ****P <0.001, ***P <0.001, **P <0.01 by 2 way ANOVA with 
the Tukey multiple-comparison test. ns, not significant. 
 
 

Blocking granzyme B activity also increased IFNγ expression by CD4+ T cells, 

but such blocking effect was more significant P2 B cells than P1 B cells (right panel, 
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Figure 3.9E). Neutralizing TGFβ1 also increased IL-17 expression by CD4+ T cells (left 

panel in Figure 3.9F). Nonetheless, such TGFβ1 neutralizing effect was more significant 

when CD4+ T cells were co-cultured with P2 B cells, compared to those co-cultured with 

P1 B cells (left panel, Figure 3E and 3F).      

 Blocking granzyme B activity in P2 B cells, but not P1 B cell, also resulted in 

significant increases of CD4+ T cell expression of IL-17. Taken together, P2 B cells, 

compared to P1 B cells, express increased levels of both TGFβ1 and granzyme B that 

further contribute to the inhibition of IFNγ and IL-17 expression by CD4+ T cells. 

Alterations in P1 and P2 B Cells in Liver Allograft Recipients with PCH 

We next examined the frequency of P1 and P2 B cells in a rare cohort of liver 

allograft recipients with PCH. PCH patient information was summarized in Figure 3.11A. 

Blood samples from 6 patients were collected as indicated. Age- and sex-matched healthy 

subjects were used as controls. As shown in Figure 3.11B, there was no significant 

difference in the numbers of circulating B cells in the two groups. However, the 

frequency of P1 (TBs) was lower in PCH patients than control subjects (Figure 3.11C). 

 In addition, PCH patients had a decrease of P2 (human equivalent of B10 cells).  

In line with the decreases of both P1 and P2 B cells in PCH patients, they had a 

significantly decreased frequency of IL-10+ B cells in peripheral blood. The frequency of 

both P1 and P2 in the blood of healthy individuals was not affected by age differences 

(Figure 3.12). We thus concluded that liver allograft recipients with PCH have altered 

frequency of Bregs, P1 and P2 B cells. 
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Figure 3.11: Liver allograft recipients with plasma cell hepatitis (PCH) have decreased 
P1 and P2 B cells in the blood.  (A) PCH patient information. (B) The frequency of total 
CD19+ B cells in the blood of patients and control subjects. (C) Representative FACS 
data for the frequency of P1 (CD24hiCD38hi TBs) B cells. Summarized data of PCH 
patients (N=6, but with two time blood draws for patients 1 and 4 as indicated) and 
healthy controls (N=9) are presented in right panel. (D) Representative FACS data for the 
frequency of P2 (CD24hiCD27+ human equivalent of B10 cells) B cells. Summarized data 
of PCH patients and healthy controls are presented in right panel. (E) Representative 
FACS data for the frequency of IL-10+ B cells in the blood of PCH patients and controls. 
PBMC from PCH+ liver allograft recipients healthy donor’s (N=6 from 6 patients) and 
(N=9) were stimulated with CpG-B for 48 h. Cells were then re-stimulated for 5 h with 
PMA and ionomycin in the presence of brefeldin A. Cells were harvested and labeled 
with anti-CD19 (SJ25C1), anti-CD24 (ML5), anti-CD27 (M-T271) and anti-CD38 
(HB7), all from BD Biosciences. Cells were then washed, fixed, and permeabilized using 
Cytofix/Cytoperm (BD Biosciences), followed by intracellular staining with anti-IL-10 
(JES3-9D7) from eBiosciences. Summarized data of PCH patients and controls are 
presented in right panel. P values were determined with unpaired Student’s t test (A-E); 
*** P < 0.001, P * < 0.05, and ns, not significant. 
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Figure 3.12. Frequency of blood CD19+CD24hiCD38hi TBs and CD19+CD24hiCD27+ 
(human equivalent B10) are not age dependent. (A-B) Scattered plots illustrating the 
frequency of human CD19+CD24hiCD38hi (A) and CD19+CD24hiCD27+ (B) cells in 
different age groups. Bars indicate means values with SD. 

Discussion 

Due to the lack of lineage specific markers or transcription factors for Bregs, IL-

10 expression is still considered as one of the major characteristics of Bregs in both 

humans and mice (Matsushita and Tedder 2011, Rosser and Mauri 2015, Tedder 2015, 

Mauri and Menon 2017). By assessing cell surface phenotypes of IL-10-expressing B 

cells, we demonstrated a great heterogeneity of IL-10+ B cells in human blood, spleens 

and tonsils. However, our data demonstrated that CD24hiCD38hi TBs and CD24hiCD27+ 

human equivalent of B10 cells were the major Breg subsets that could display immune 

regulatory functions by expressing not only IL-10 and PD-L1, but also TGFβ1 and 

granzyme B. We also found that CD24hiCD27+ human equivalent of B10 cells seemed to 

be more effective than CD24hiCD38hi TBs at suppressing CD4+ T cell responses. This 

was further supported by the increased expression of IL-10, TGFβ1, and granzyme B by 

CD24hiCD27+ human equivalent of B10 cells, suggesting that the mechanisms of action 
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of the two Breg subsets may not be the same. Furthermore, increased expression of 

CD11a, CD11b, α1, α4, and β1 by CD24hiCD27+ human equivalent of B10 cells further 

suggested that effector sites of the two Breg subsets may not be the same.  

A recent study reported that TIM-1+ B cells comprise more than 70% of IL-10+ B 

cells in a murine islet transplantation model (Ding, Yeung et al. 2011). TIM-1+ B cells, 

along with murine B10 (CD1dhiCD5+), were also reported to play important roles in the 

induction and/or maintenance of immune tolerance in the mice. In humans, however, our 

data showed that IL-10 expression was not greatly enriched in TIM-1+ B cells. In 

addition, the frequency of TIM-1+ B cells in the blood of healthy subjects was variable 

(0.1-3% of B cells), as recently reported (Ye, Zhang et al. 2018). IL-10 expression was 

enriched in B cells expressing surface IgD and IgM, CD5, CD10, CD24 and CD27, 

which are expressed on both TBs and CD24hiCD27+ human equivalent of B10 cells. CD9 

was also identified as a marker of murine CD1dhiCD5+ B10 cells (Sun, Wang et al. 2015). 

Interestingly, however, our data (Figure 3.2C) showed that the majority of human blood 

CD9+ cells are within CD24hiCD38hi TBs. In line with the enrichment of IL-10 expression 

in IgD+, IgM+, CD5+, CD10+, CD24+ and CD27+ blood B cells, both CD24hiCD38hi TBs 

(Blair, Norena et al. 2010) and CD24hiCD27+ B cells (Iwata, Matsushita et al. 2011, 

Tedder 2015) were far more efficient than CD24+CD27- and CD24-CD27- B cells at 

expressing IL-10 (Figure 3.3). More importantly, CD24hiCD27+ B cells were more 

efficient than TBs at expressing IL-10 when they were stimulated with CpG-B alone or 

CpG-B, CD40L and anti-BCR. Consistent with the previously published data (van de 

Veen, Stanic et al. 2013, Nova-Lamperti, Fanelli et al. 2016), CD24hiCD38hi and 

CD24hiCD27+ Bregs expressed similar, but higher level of surface PD-L1 than the other 
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two B cell subsets. Such increases of PD-L1 expression could be via IL-10-mediated 

STAT3 activation (Copland, Sparrow et al. 2019). Further enhancement of surface PD-L1 

expression on anti-BCR-activated Bregs could be due to the BCR-mediated NFATc1 

activation followed by the induction of IL-10/STAT3/PD-L1 expression (Li, Zhang et al. 

2018). 

The majority of IL-10+ B cells expressed surface PD-L1, while only a fraction of 

PD-L1+ B cells expressed IL-10. We also found that surface PD-L1 expression was not 

limited to Bregs only, but it was expressed on the surface of the other two B cell subsets 

(P3 and P4) when they were activated.  Importantly, however, the frequency of IL-

10+PD-L1+ B cells were still significantly higher in CD24hiCD38hi TBs and 

CD24hiCD27+ human equivalent of B10 cells than the other two. CD24hiCD27+ B cells 

were also more efficient than CD24hiCD38hi TBs at co-expressing IL-10 and PD-L1.  The 

difference between CD24hiCD38hi TBs and CD24hiCD27+ B cells were further observed 

when we assessed the frequency of TGFβ1 (Kessel, Haj et al. 2012, Xiao, Zhang et al. 

2016) and granzyme B+ cells (Lindner, Dahlke et al. 2013) (Figure 3.9). In addition, 

CD24hiCD27+ B cells expressed increased levels of integrins as well as CD39, an ecto-

ATPase, that is expressed on Tregs and MDSCs (Dwyer, Hanidziar et al. 2010, Gu, Ni et 

al. 2017, Li, Wang et al. 2017). Increased expression of integrins, including CD11a, 

CD11b, α1, α4, and β1, on CD24hiCD27+ B cells (Figure 3.2) indicated that the in vivo 

mechanisms of action of the two Breg subsets, CD24hiCD38hi TBs and CD24hiCD27+ B 

cells, may not be the same as TBs.  

Cherukuri et al. (Cherukuri, Rothstein et al. 2014) reported that Bregs from 

patients with renal allograft rejection displayed a change in their cytokine polarization 
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profile, with a decreased IL-10/TNFα ratio. They also showed that CD24hiCD38hi TBs 

had a greater IL-10/TNFα ratio that further distinguished them from CD24hiCD27+ B 

cells. In contrast, our data demonstrated that CD24hiCD27+ B cells were more efficient 

than CD24hiCD38hi TBs at suppressing CD4+ T cell proliferation as well as IFNγ and IL-

17 expression (Figure 3.5). These were in line with the increases of IL-10+, TGFβ1+, and 

granzyme B+ cells in CD24hiCD27+, when compared to CD24hiCD38hi TBs. In addition, 

our data also showed that both CD24hiCD38hi TBs and CD24hiCD27+ B cells secreted 

similar levels of TNFα and IL-6 (Figure 3.4A) even though there were increases of both 

TNFα+ and IL-6+ cells in CD24hiCD27+, when compared to CD24hiCD38hi TBs.  

PCH is a variant of late onset rejection and has been increasingly diagnosed in 

both pediatric and adult post-liver transplantation recipients in recent years (Kerkar, 

Hadzic et al. 1998, Mieli-Vergani and Vergani 2004, Lohse, Weiler-Norman et al. 2007). 

Moreover, developing PCH in the setting of recurrent HCV has a negative impact on 

allograft survival (Ward, Schiano et al. 2009, Fiel and Schiano 2012). Consistent with 

previously published data in renal transplant recipients and autoimmune disease patients, 

a rare group of PCH patients had significantly decreased frequency of both 

CD24hiCD38hi TBs and CD24hiCD27+ B cells in their blood, suggesting that the absence 

of two Breg subsets might also play a role in the development of PCH.  

In summary, this study demonstrated that the frequency of IL-10-producing B 

cells in human peripheral blood, spleens, and tonsils is similar, but they display highly 

heterogenous surface phenotypes. Although both CD24hiCD38hi TBs and CD24hiCD27+ 

B cells are capable of suppressing T cell responses, CD24hiCD27+ human equivalent of 

B10 cells were more efficient than CD24hiCD38hi TBs at suppressing T cell responses. 
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This is supported by their ability to express IL-10, PD-L1, TGFβ1, and granzyme B. 

Increased expression of surface integrins on CD24hiCD27+ B cells further distinguished 

themselves from TBs and other B cells. Taken together, the in vivo mechanisms of action 

of the two human Breg subsets might not be the same, although the frequency of both 

Breg subsets was decreased in the peripheral blood of liver allograft recipients with PCH. 
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CHAPTER FOUR 

CD19+CD27+CD39hi IgD+ and CD19+CD27+CD39hi IgD- B cells Exhibit Regulatory 
Properties in Healthy Donors, but Defective in DSA+ Liver Allograft Recipients 

 

                                                                 Abstract     

 Donor-specific alloantibodies (DSAs) play critical role in chronic rejection of 

allogeneic organ transplantation. In this chapter, we further investigated surface 

phenotypes of Breg subsets described in Chapter 3. We found that P2 B cells in Chapter 3 

could be further subdivided into two subsets: CD19+CD27+CD39hiIgD+ and 

CD19+CD27+CD39hiIgD-. They were also capable of efficiently suppressing allogenic T 

cell proliferation and cytokines production. Importantly, these two Breg subsets were also 

more efficient than four other subsets of B cells, including CD24hiCD38+ transitional B 

cells (TBs). RNA-seq data further demonstrated that transcriptional profiles of these two 

Breg subsets were distinct from four other B cell subsets. In line with the RNA-seq data, 

CD19+CD27+CD39hiIgD+ and CD19+CD27+CD39hiIgD- Bregs expressed increased levels 

of TGFβ1, granzyme B, and T cell Ig and ITIM domain (TIGIT) that contribute to the 

suppression of CD4+ T cell responses. Finally, we also found that the frequency of both 

CD19+CD27+CD39hi IgD+ and CD19+CD27+CD39hi IgD- Bregs was significantly reduced 

in DSA+ liver allograft recipients compared to DSA- liver allograft recipients and healthy 

control subjects. Interestingly, there was no significant difference in the frequency of TBs 

in the two groups of patients. The frequency of IL-10+ and PD-L1+IL-10+ B cells were 

also significantly decreased in DSA+ liver allograft recipients. Our findings suggest that 
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subsets of Bregs might play an important role in immune tolerance in organ 

transplantation.   

                                                             Introduction     

 The roles of IL-10-producing Bregs in immune regulation have been 

demonstrated in different disease models, including inflammatory diseases, infectious 

diseases, transplantation, and cancers (Mauri, Gray et al. 2003, Evans, Chavez-Rueda et 

al. 2007, Ding, Yeung et al. 2011, Schioppa, Moore et al. 2011, Yanaba, Yoshizaki et al. 

2011, Das, Ellis et al. 2012, Yang, Deng et al. 2012, Chesneau, Michel et al. 2013, 

Kalampokis, Yoshizaki et al. 2013, Candando, Lykken et al. 2014, Cherukuri, Rothstein 

et al. 2014, Khoder, Sarvaria et al. 2014, Stolp, Turka et al. 2014, Nova-Lamperti, Fanelli 

et al. 2016). However, it is still unknown whether Bregs represent a developmentally 

specified and stable lineage or subsets of differentiated B cells that can display 

immunosuppressive functions in certain environments. It is thus important to characterize 

their surface phenotypes that will further allow us to better define Bregs as well as 

subsets of Bregs.           

  Similar to Bregs in mice, surface phenotypes of IL-10-producing Bregs in 

humans are highly heterogenous, ranging from early immature TBs (CD24hiCD38hi) 

(Blair, Norena et al. 2010, Das, Ellis et al. 2012, Li, Zhong et al. 2012, Flores-Borja, 

Bosma et al. 2013, Latorre, Esteve-Sole et al. 2016) to plasmablasts (CD27intCD38+) 

(Matsumoto, Baba et al. 2014) and Br1 cells (Yanaba, Bouaziz et al. 2008). The human 

equivalent of B10 cells (CD24hiCD27+) have also been reported as Bregs (Iwata, 

Matsushita et al. 2011, Zha, Wang et al. 2012, van der Vlugt, Mlejnek et al. 2014). All 

these human B cell subsets are capable of expressing IL-10 and they could thus suppress 
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inflammatory responses. Overlapping surface phenotypes and functional similarities 

among the multiple distinct subsets of Bregs further suggest that more extensive 

characterization of Breg subsets is needed (Rosser and Mauri 2015). Compared to other 

subsets of Bregs, human TBs are relatively well studied in the context of inflammatory 

diseases the context of inflammatory diseases (Blair, Norena et al. 2010, Flores-Borja, 

Bosma et al. 2013, Khoder, Sarvaria et al. 2014, Bigot, Pilon et al. 2016, Nova-Lamperti, 

Fanelli et al. 2016). Human IL-10-producing T cell Ig domain and mucin domain protein 

1+ (TIM-1+) B cells have also been reported to preferentially present in TBs (Aravena, 

Ferrier et al. 2017).  Nonetheless, it is still unclear which subsets of human Bregs are 

more effective than others at suppressing of inflammatory response. Their effectiveness 

could be dependent on the mechanisms of action of individual Breg subsets as well as the 

types and nature of ongoing inflammatory responses.     

 Bregs plays an essential role in the suppression of inflammatory response by the 

expression of  IL-10, PD-L1, granzyme B and TGFβ (van de Veen, Stanic et al. 2013, 

Chesneau, Michel et al. 2015, Durand, Huchet et al. 2015, Guan, Wan et al. 2016, Schaut, 

Lamb et al. 2016, Chong and Khiew 2017, Wortel and Heidt 2017). In addition, data 

from recent studies suggests that not all Bregs, but only specific subsets of Bregs are 

effective for the suppression of certain types of ongoing inflammatory responses 

(Cherukuri, Rothstein et al. 2014, de Masson, Bouaziz et al. 2015, Cherukuri, Salama et 

al. 2017, Wiest, Upchurch et al. 2019). In hematopoietic stem cell transplantation, both 

TBs (CD19+CD24hiCD38hi) and IgM memory (CD19+IgM+CD27+) B cells were 

associated with the protection against cGVHD (Khoder, Sarvaria et al. 2014, Sarvaria, 

Basar et al. 2016). In kidney transplantation patients, however, the presence of 
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CD19+CD24hiCD38hi TBs cells are associated with immune tolerance and with protection 

from acute kidney transplant rejection (Shabir, Girdlestone et al. 2015). Moreover, 

patients with long-term renal graft acceptance even after withdrawing 

immunosuppressive drugs had increased frequency of CD20+CD24hiCD38hi TBs and 

CD20+CD24loCD38lo naïve B cells and decreased frequency of CD19+CD38+CD138+ 

plasma cells, when compared to patients with stable graft with immunosuppressive 

therapy (Chesneau, Michel et al. 2015).       

 In this chapter, we found that IL-10+ B cells from both peripheral blood and 

tonsils expressed higher levels of surface CD39, an ecto-ATPase (Dwyer, Hanidziar et al. 

2010, Gu, Ni et al. 2017, Li, Wang et al. 2017) than IL-10- B cells. Increased expression 

of CD39 on both CD24hiCD27+ Bregs than CD24hiCD38hi TBs further supported the 

importance of our findings. In addition, we were able to further divide CD24hiCD27+ 

Bregs into two different subsets (depending on IgD, IgM, and CD1c expression levels): 

CD24hiCD27+CD39hiIgD+IgMhiCD1chi and CD24hiCD27+CD39+IgD-IgM+CD1c+. We 

further tested their surface phenotypic and functional characteristics by comparing them 

with those of CD24hiCD38hi TBs and other B cell subsets. Clinical relevance of the two 

new Breg subsets were supported by our findings that these two new Breg subsets, but 

not CD24hiCD38hi TBs, were significantly reduced in liver transplant patients with DSA, 

when compared to patients without DSA. 

Materials and Methods 

 
Blood and Tissue Samples        

 Blood samples from healthy donors and liver transplant patients were acquired in 

accordance with the protocols approved by the Institutional Review Board (IRB). Blood 
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samples from all liver transplant patients were collected prospectively at prespecified 

time points post-transplant and at the time of indication liver biopsies and stored in the 

Baylor University Medical Center Transplant Biorepository. Serum DSA levels were 

determined by bead-based multiplex assays (O'Leary, Kaneku et al. 2013). Tonsils from 

tonsillectomy were obtained from the tissue bank at the Baylor University Medical 

Center with approval from the IRB.   

Cell Isolation and Stimulation       

 Peripheral blood mononuclear cells (PBMCs), mononuclear cells (MNCs) from 

tonsils were isolated by density gradient centrifugation using Ficoll-Paque PLUS (GE 

Healthcare). B cells were purified by negative selection using a pan-B cell enrichment kit 

(STEMCELL Technologies). Cells were incubated in complete RPMI 1640 (Invitrogen) 

(cRPMI 1640) supplemented with 25 mM HEPES (Invitrogen), 1% non-essential amino 

acids, 2 mM L-glutamate (Sigma-Aldrich), 50 µg/mL penicillin, and 50 µg/mL 

streptomycin (Life Technologies), and 10% fetal bovine serum (FBS) (Gibco). During 

incubation, cells were stimulated with class B CpG oligodeoxynucleotides (ODN 2006) 

(Invivogen) at 2.5 µg/mL. Peripheral B cells subsets, including CD19+CD24hiCD38hiIgD+ 

(population 1, P1), CD19+CD27+CD39hiIgD+ (population 2, P2), CD19+CD27-

CD39+IgD+ (population 3, P3), CD19+CD27+CD39hiIgD- (population 4, P4), 

CD19+CD27-CD39-IgD+ (population 5, P5), and CD19+CD27-CD39+ IgD- B cell 

(population 6, P6) subsets were sorted on a BD FACSAria II (BD Biosciences). 

 

 



52 

Measurement of Cytokines, Granzyme B, and PD-L1 Expressed by B Cells  

A total of 4 × 105 purified B cells or sorted P1 to P6 B cell subsets were cultured 

in cRPMI 1640 plus 10% FBS for indicated time periods. Cell stimulation cocktail 

containing phorbol 12-myristate 13-acetate (PMA), ionomycin, brefeldin A, and 

monensin (PIBM) (eBioscience) was added for the last 5 h. Human Fc-blocker (Miltenyi 

Biotec) was added and dead cells were excluded by staining them with LIVE/DEAD 

Fixable Aqua Dead Cell Stain Kit (Life Technologies). For surface staining, cells were 

stained with anti-IgD (IA6-2), anti-CD1c (F10/21A3), anti-CD5 (UCHT2),  anti-CD9 

(M-L13), anti-CD10 (HI10a),  anti-CD21 (B-ly4),  anti-CD24 (ML5), anti-CD27 (M-

T271) anti-CD38 (HB7), anti-CD39 (Tü66), anti-CD43 (L60), anti-CD11a (Hl111), anti-

CD11c (B-ly6), anti-CD49d/integrin-α4 (9F10), integrinα-β7 (FIB504), anti-CD365/Tim-

1 (1D12), anti-CD19 (SJ25C1) and anti-CD3 (UCHT1), all from BD Biosciences; anti-

IgM (MHM-88), anti-CD1d (51.1), anti-CD23 (EBVCS-5), anti-CD183/CXCR3 

(G025H7), anti-CD11b (CBRM1/5), anti-CD49a/integrin-α1 (TS2/7), anti-

CD29/integrin-β1 (TS2/16), and anti-CD274/PD-L1 (29E.2A3) from BioLegend. Cells 

were then washed, fixed, and permeabilized using Cytofix/Cytoperm (BD Biosciences), 

followed by intracellular cytokines staining with anti-IL-10 (JES3-9D7) from 

eBiosciences and anti-TGFβ1 (TW4-6H10) from BioLegend; granzyme B staining with 

anti-granzyme B (GB11) from BD Biosciences. Cells were analyzed with a BD LSR 

Fortessa (BD Biosciences). Data were analyzed with FlowJo v10 (FlowJo). After gating 

on  CD39+ B cells or sorted B cell subsets (P1-P6), t-distributed stochastic neighbor 

embedding (t-SNE)(Hinton 2008) clustering was performed using FlowJo. The amount of 
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IL-10 secreted by B cells was quantified by bead-based multiplex assays (Millipore 

Sigma). 

In Vitro Functional Assay         

 FACS-sorted CD19+CD24hiCD38hiIgD+(P1), CD19+CD27+CD39hiIgD+ (P2), 

CD19+CD27-CD39+IgD+(P3), CD19+CD27+CD39hiIgD- (P4), CD19+CD27-CD39-IgD+ 

(P5), and CD19+CD27-CD39+ IgD- (P6) B cell subsets from PBMCs were stimulated with 

CpG-B and co-cultured for 6 days with carboxyfluorescein succinimidyl ester (CFSE; 

Invitrogen)–labeled CD4+ T cells. CFSE-labeled CD4+ T cells were further stimulated 

with allogeneic dendritic cells (DCs). PIBM was added for the last 5 h. Human Fc-

blocker was added, and live-dead staining was performed. For surface staining, cells were 

labeled with anti-CD4 (RPA-T4, BioLegend), anti-CD19 (SJ25C1) and anti-CD3 

(UCHT1) from BD Biosciences. Anti-IFNγ (B27) and anti-TNFα (Mab11) from 

BioLegend were used in intracellular staining. Percent suppression of CD4+ T cell 

proliferation was calculated by the formula: [(total frequency of proliferating CD4+ T 

cells cultured with unstimulated B cells or alone – frequency of proliferating CD4+ T 

cells in the presence of activated B cells) / total frequency of proliferating CD4+ T cells 

cultured alone or unstimulated B cells] x 100% (Khoder, Sarvaria et al. 2014, Sarvaria, 

Basar et al. 2016). 

Blocking Experiment          

 FACS-sorted CD19+CD24hiCD38hiIgD+ (P1), CD19+CD27+CD39hiIgD+ (P2), 

CD19+CD27-CD39+IgD+ (P3), CD19+CD27+CD39hi IgD- (P4), CD19+CD27-CD39-IgD+ 

(P5), and CD19+CD27-CD39+ IgD- (P6) B cells from PBMCs were activated with CpG-B 

for 48 h. Before mixing with CD4+ T cells, they were pre-incubated with the indicated 
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reagents, anti-IL-10 at 10 µg/mL (JES3-9D7; Miltenyi Biotec), anti-IL-10R at 10 µg/mL 

(3F9; BioLegend), and anti-PD-L1 at 10 µg/mL (MIH-1; eBioscience), and or isotypes 

for 12 h. B cells were then co-cultured for 6 days with CFSE–labeled CD4+ T cells upon 

stimulation with allogenic DCs. T-cell proliferation and cytokine expression were 

analyzed. 

RNA Preparation         

 Total RNA was isolated from cell lysates using a modified protocol for the 

RNAqueous™ Micro Total RNA Isolation Kit (Thermo Fisher Scientific) including on-

column DNase digestion. Total RNA was analyzed for quality using the RNA 6000 Pico 

Kit (Agilent). Samples obtained RNA Integrity Numbers (RIN) averaging 9.5.  

Sequencing Library Preparation        

 NGS library construction was performed using the SMART-Seq v4 Ultra Low 

Input RNA kit (Clontech) using 5ng of input total RNA according to manufacturer’s 

protocol using 9 amplification cycles to generate cDNA. Prior to final library preparation, 

15ng of cDNA was sheared using the Covaris AFA system.  The Low Input Library Prep 

Kit V2 (Clontech) with 2ng of sheared cDNA was used for final library construction.  

According to manufacturer’s protocol, 5 PCR cycles were performed for optimal 

amplification.  The quality of the individual libraries was assessed using the High 

Sensitivity DNA Kit (Agilent).  Individual libraries were quantitated using Qubit dsDNA 

HS Assay Kit (Thermo Fisher Scientific) and equimolar pooled. Final pooled libraries 

were sequenced on an Illumina NextSeq 500 with paired-end 75 base read lengths. 
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RNA-Seq Data Processing and Bioinformatics Analysis    

 Quality control of raw reads was performed with the FASTQC software (S 2010). 

Reads were aligned to the human reference genome (GRCh38) using hisat2 after quality 

and adapter trimming by cutadapt (Martin , Kim, Langmead et al. 2015). Alignment 

BAM files were processed by samtools, and HTSeq-count was used to quantify total 

number of counts for each gene (Li, Handsaker et al. 2009, Anders, Pyl et al. 2015). 

Genes with sequencing counts per million (CPM) less than 1 were filtered from further 

analysis. DESeq2 was used to perform differential gene expression analysis comparing 

different cell populations at 0 h and 16 h (Love, Huber et al. 2014). IPA (QIAGEN Inc., 

https://www.qiagenbioinformatics.com/products/ingenuitypathway-analysis) was used to 

perform functional and network analysis for differentially expressed genes. UCSC 

genome browser was used to visualize the coverage for various genes of interest across 

cell populations and time points (Kent, Sugnet et al. 2002). 

Statistical Analysis        

 Statistical analysis was performed with Prism Software (GraphPad) by Student's t 

test (paired or unpaired) or ANOVA, as appropriate.  All data are shown as mean ± SD. 

A P value less than 0.05 was considered significant. ns, not significant; *P < 0.05; **P < 

0.01, ***P < 0.001, ****P < 0.0001. 

Results 

Surface CD39 Expression is Higher on IL-10+ B Cells than IL-10- B Cells from Both 
Peripheral Blood and Tonsils 
 

To better define IL-10-producing human Bregs, we compared the expression 

levels of a variety of B cell surface molecules on both IL-10+ with those of IL-10- B cells 
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(Figure 4.1). PBMCs and MNCs from tonsils were stimulated for 48 h with CpG-B 

(Huggins, Pellegrin et al. 2007, Capolunghi, Cascioli et al. 2008). Intracellular IL-10 

expression was assessed upon the final 5 h restimulation with PIBM (left, Figure 4.1A-

C).  Heatmap in Figure 4.1C shows that CD39 expression was ubiquitously higher on IL-

10+ B cells than IL-10- B cells from both PBMCs and MNCs from tonsils. CD39, an ecto-

ATPase, is also known to be expressed on regulatory T cells (Tregs) and myeloid-derived 

suppressor cells (MDSCs) (Borsellino, Kleinewietfeld et al. 2007, Dwyer, Hanidziar et al. 

2010, Gu, Ni et al. 2017, Li, Wang et al. 2017). CD21, CD24, CD32, CD35, and CD58 

expressions were also higher on IL-10+ B cells than IL-10- B cells, but the differences 

were less significant than CD39. CD11a expression level was also higher in IL-10+ B 

cells than IL-10- B cells from the blood, but this was not the case for B cells from tonsils. 

In contrast, CD72 (Akatsu, Shinagawa et al. 2016) expression was higher on IL-10+ B 

cells than IL-10- B cells from tonsils, but this difference was not observed on B cells 

from the blood. 

  We further characterized CD39hi B cells from the blood by performing a t-SNE 

clustering analysis using cell surface markers examined. As shown in Figure 4.2B, 

CD39hi/+ B cells in the blood were heterogenous,  similar to Bregs (Yanaba, Bouaziz et 

al. 2008, Blair, Norena et al. 2010, Iwata, Matsushita et al. 2011, Das, Ellis et al. 2012, 

Li, Zhong et al. 2012, Flores-Borja, Bosma et al. 2013, Khoder, Sarvaria et al. 2014, 

Matsumoto, Baba et al. 2014, Latorre, Esteve-Sole et al. 2016). CD39hi/+ B cells were 

populated in groups of B cells expressing IgD, IgM, CD1d, CD5, CD24, CD27, and 

CD38, CD43, which are also expressed on currently known human Bregs, including TBs, 

CD24hiCD27+ (human equivalent of murine B10 cells), and B1 cells.  
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Figure 4.1: IL-10–producing B cells from peripheral blood mononuclear cells (PBMCs) 
and tonsils express increased levels of CD39. (A) Graphical illustration of IL-10-
producing B cell analysis from both tonsils and PBMCs. Both tonsil and PBMCs were 
stimulated with CpG-B for 48 h. PMA, ionomycin, brefeldin A, and monensin cocktails 
(PIBM) were added for the last 5 h of the culture. Cells were fixed/permeabilized and 
stained for intracellular IL-10 expression.  (B) Representative FACS data and bar graphs 
showing the frequency of IL-10-producing B cells in total CD19+ B cells in human 
PBMCs. B cells were stimulated for 48 h with CpG-B. B cells from 6 healthy donors 
were tested. Results are expressed as the means ± SD. P values were determined by 
paired t-test **** p <0.0001. (C) Heatmap showing the relative expression of various 
human cell surface markers for both IL-10+ and IL-10- B cells upon 48 h CpG-B 
stimulation.  

 

In contrast, CD39lo/- B cells had higher expression of CD9 (Sun, Wang et al. 

2015), CD24, and CD38, indicating TBs are unable to express high level of ecto-ATPase 

(Figure 4.2B). It was also of note that CD39 was highly expressed on B cells expressing 

CD49d and integrin β1.   
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Figure 4.2: Characterization of CD39+ B cells in peripheral blood mononuclear cells 
(PBMCs) of healthy subjects. (A) Gating strategy for CD39hi and CD39lo/- B cells. (B-C)  
t-SNE plot shows distribution of different clusters including IgD, IgM, CD5, CD9, CD10, 
CD24, CD27, CD38, CD43, and  TIM-1 on CD39hi (B) and CD39lo/- (C) B cells. Data 
generated with cells from 5 donors were compiled. 

 
We thus concluded that CD39 expression was relatively well enriched in other IL-

10+ B cells as well as B cells expressing surface markers of human Bregs, CD24hiCD27+ 

B cells and B1 B cells, but not TBs. Moreover, t-SNE clustering analysis further 

confirmed co-expression of CD27 within CD39 expressing B cells (Figure 4.2). 

However, CD27 expression was downregulated after activation, but CD39 was 

ubiquitously expressed on B cell surface both before and after CpG-B activation (Figure 

4.3).   
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Figure 4.3: CD39 expression on B cells before and after activation.                                                                                                                             
(A) FACS staining of CD27+CD39hi B cells in peripheral blood mononuclear cells 
(PBMCs), spleens, and tonsils before activation. (B) Contour plot showing CD27+CD39hi 
B cells on PBMCs, spleens, and tonsils after 16 hr CpG-B activation. 
 

All together, our data suggests that CD39 could potentially be used as a cell 

surface marker of IL-10-producing human Bregs.  

 P1 and P2 B Cells Exhibit Distinct Cell Surface Phenotypes than Others B Cells 

 Based on the expression levels of surface molecules in Figure 4.1C and t-SNE 

clustering in Figure 4.2B-C, we divided peripheral blood B cells into six subsets (Figure 

4.4A): CD19+CD24hiCD38hi IgD+ TBs (P1), CD19+CD27+CD39hiIgD+ (P2), 

CD19+CD27-CD39hiIgD+ (P3), CD19+CD27+CD39hiIgD-(P4), CD19+CD27-CD39-IgD+ 

(P5), and CD19+CD27-CD39+ IgD-  (P6) B cell subsets.      
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Figure 4.4: Characterization of surface phenotypes of B cell subsets (P1 to P6). (A) 
Gating strategy for P1 (CD19+CD24hiCD38hi IgD+), P2 (CD19+CD27+CD39hi IgD+), P3 
(CD19+CD27-CD39+ IgD+),  P4 (CD19+CD27+CD39hi IgD-), P5 (CD19+CD27-CD39-

IgD+ ) and P6 (CD19+CD27-CD39+ IgD-) B cells from the blood of healthy individuals. 
(B) t-SNE clustering, showing the distribution of the 6 B cell subsets (P1 to P6). (C) 
Representative histograms showing the surface expression of IgD, IgM,  CD1c, CD1d, 
CD5, CD9, CD10, CD21, CD23, CD24, CD25, CD27, CD38, CD39, CD43, CD73, 
CD11a, CD11b, CD11c, Integrin α1, Integrin α4, Integrin β1, and Integrin β7 of P1 (Red) 
, P2 (light blue)  , P3 (pink)  , P4  (light green), P5 (dark yellow), and P6 (violet)  B cell 
subsets. Data generated cells from with 3-6 donors were compiled. 

Clustering analysis further demonstrated that P1 (red), P2 (blue), P3 (pink), P4 

(green), P5 (dark yellow) and P6 (violet) have distinct cell surface phenotypic 

characteristics (Figure 4.4B). Moreover, P2 (light blue) clustered with P4 (light green) 
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subsets; whereas P1 (red) subsets mostly aligned with P5 (dark yellow), followed by P3 

(pink). However, P6 subsets showed two clusters: one was in between P1 and P4 and the 

other cluster was close to P3.         

 To further characterize surface phenotypes of those 6 subsets, B cells from 

PBMCs were stained with antibodies specific for indicated surface markers (Figure 

4.4C). P1 (TBs, CD24hiCD38hi) expressed increased levels of surface IgD, IgM as well as 

CD1d, CD5, CD10. The majority of CD9hi B cells (Sun, Wang et al. 2015) were also 

enriched in P1 TBs. Both P2 and P4 (CD24hiCD27+ B cells) expressed increased levels of 

CD21, CD25, and CD43. P2 and P4 also expressed higher levels of CXCR3, CD11a, 

CD11b, as well as integrins α4 and β7, than other subsets, including P1 TBs. Similar to 

P2 and P4, P1 also showed an increased expression of integrin β1, when compared to P3, 

P5, and P6. Interestingly, however, CD39 expression level was higher on P2 and P4 than 

P1 TBs. Although both P2 and P4 are CD24hiCD27+ and they showed similar surface 

phenotypes tested, they were different in terms of IgD, IgM, and CD1c expression levels: 

P2 was IgD+, IgMhi, and CD1chi, whereas P4 was IgD-, IgMlo, and CD1c+. We thus 

concluded that B cells in peripheral blood can be divided into CD24hiCD38hiCD39lo TBs 

(P1), CD24hiCD27+CD39hiIgD+IgMhiCD1chi(P2), CD27-IgD+CD39+ (P3), 

CD24hiCD27+IgD-IgMloCD39hi (P4), CD27-IgD+CD39lo (P5), and CD27-IgD-CD39+ 

(P6).   

P2 and P4 B Cells Display a Similar IL-10 Expression Kinetics, But Different from that 
of P1 TBs 

IL-10 secreted from Bregs plays an essential role in Breg-mediated immune 

suppression. We thus measured both intracellular IL-10 and surface PD-L1 expression  
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Figure 4.5: CD19+CD27+CD39hiIgD+ (P2) and CD19+CD27+CD39hiIgD- (P4) B cells can 
efficiently express both IL-10 and PD-L1. (A) Representative FACS plots, showing the 
frequency of IL-10+ and PD-L1+ cells in P1, P2, P3, P4, P5, and P6 B cells. FACS-sorted 
B cell subsets were incubated for 48 h with 2.5 µg/ml CpG-B. Cells were further 
stimulated for 5 h with PMA/ionomycin in the presence of monensin and brefeldin A 
before staining them with anti-CD274/PD-L1, followed by intracellular IL-10 staining. 
(B-C) Cumulative frequency of IL-10+PD-L1+ B cells (B) and IL-10+ B cells (C) by sort 
purified P1, P2, P3, P4, P5, and P6 B cell subsets (n=5-7). Results are expressed as the 
means ± SD. ***P <0.001, and **P<0.01 by non-parametric ANOVA. (D) Summarized 
data for the secretion of IL-10 after 48 h stimulation with CpG-B. Supernatants were 
collected before adding PMA, ionomycin, brefeldin A, and monensin cocktails (PIBM). 
The amount of cytokines was measured by bead-based multiplex cytokine assay. Data 
from 5 independent experiments using cells from 5 donors are presented. Error bars 
represent mean ± SD. ****P <0.0001, **P<0.01 by non-parametric ANOVA. (E) 
Scattered plot illustrating the kinetics of IL-10+ B cell by the three major IL-10-
producing B cell subsets (P1, P2, and P4) upon CpG-B stimulation in different time 
points starting from 16 h to 48 h (n=6). Cumulative results expressed as mean ± SD.  *P 
< 0.05 by 2-way ANOVA with Dunnett’s multiple comparison test. 

 

levels on P1 to P6 B cells after stimulating FACS-sorted B cell subsets (P1-P6) for 48 h 

with CpG-B (Figure 4.5A). Summarized data in Figure 4.5B shows that P1 TBs were 

more efficient than P3, P5 and P6 B cells at co-expressing IL-10 and PD-L1. However, 

P2 and P4 were even more efficient than P1 TBs at co-expressing IL-10 and PD-L1. 

Enhanced ability of P2 and P4 B cells to express IL-10 was further demonstrated in  
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Figure 4.5C-D, showing that both P2 and P4 B cells secreted greater amount of IL-10 

than P1 TBs and the other 3 subsets of B cells.      

 To further understand P1, P2, and P4 B cells, we assessed their IL-10 expression 

kinetics (Figure 4.5D). Interestingly, P1 TBs were more efficient than P2 and P4 B cellsat 

16 and 24h, but this was not the case when the frequencies of IL-10+ cells were measured 

at 48 h after stimulation, showing that P2 and P4 have greater numbers of IL-10+ B cells 

than P1 B cells. This suggests that cell intrinsic mechanisms of IL-10 expression by P2 

and P4 might be different from those of P1 TBs. 

 

Figure 4.6: Substantial fractions of IL-10-produsing B cells in CD19+CD27+CD39hiIgD+ 
(P2) and CD19+CD27+CD39hiIgD- (P4) B cells also express TNFα. (A) Representative 
FACS plots showing the frequency of IL-10+ and TNFα+, and IL-6+ B cells. FACS-sorted 
B cell subsets were stimulated with CpG-B for indicated time points and further re-
stimulated for 5 h with PMA/ionomycin in the presence of monensin and brefeldin A. 
They were then stained with anti-IL-10 (JES3-9D7) and anti-IL-6 (MQ2-13A5) from 
eBiosciences; anti-TNFα (MAb11) from BioLegend. (B) Summarized data illustrating 
the kinetics for the changes in the frequency of IL-10+, TNFα+, IL-6+, IL-10+TNFα+, IL-
10+IL-6+, and TNFα+IL-6+ B cells overtime. Each dot indicates data generated with B 
cells from one donor. Data were obtained from 3 independent experiments using cells 
from 5 healthy donors. Error bars represent means ± SD. ****P <0.0001, ***P <0.001, 
**P<0.01, *P<0.05, and ns, not significant by nonparametric ANOVA. ns, not 
significant. 
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We next examined IL-6 and TNFα expression by individual subsets of B cells 

after 48 h incubation with CpG-B (Figure 4.6A-B). Fractions of P1 TBs expressed TNFα 

and IL-6. We also found that large fractions of P2 and P4 B cells were also capable of 

expressing TNFα and IL-6.  In contrast to P1 TBs, the majority of IL-10+ P2 and P4 B 

cells co-expressed TNFα and IL-6 (Figure 4.6A-B).  Analysis of TNFα expression 

kinetics revealed that P2 and P4 B cells were capable of expressing TNFα more 

efficiently than P1 TBs at all time points tested (Figure 3F). Similar to IL-10 expression 

(Figure 4.5E), IL-6 expression by P2 and P4 B cells were steadily increased over time.  In 

line with the increased frequency of IL-10+ as well as TNFα+ and IL-6+ B cells in P2 and 

P4, the frequency of IL-10+TNFα+, IL-10+IL-6+, and TNFα+IL-6+ B cells were also 

higher in P2 and P4 than P1 (lower panels, Figure  4.6B).  

 
P1, P2, P4 B Cells Can Efficiently Suppress CD4+ T Cell Proliferation as well as 
IFNγ/TNFα Expression 

We next tested the ability of individual B cell subsets to suppress CD4+ T cell 

proliferation. Representative flow cytometry data are presented in Figure 4.7A, showing 

that P1, P2, and P4 B cells were more effective than P3, P5, and P6 B cells at suppressing 

CD4+ T cell proliferation. We next tested the role of IL-10 and PD-L1 expressed by 

individual B cell subsets in the suppression of CD4+ T cell proliferation and IFNγ/TNFα 

expression by CD4+ T cells activated with allogeneic DCs.  Blocking IL-10 resulted in 

partial recoveries of CD4+ T cell proliferation as well as IFNγ and TNFα (Figure 4.7B) 

that were suppressed by P1, P2 and P4 B cells. In line with the previously reported data 

(Schaut, Lamb et al. 2016) , blocking PD-L1 also resulted in the recoveries of CD4+ T  
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Figure 4.7: CD19+CD27+CD39hi IgD+ (P2) and CD19+CD27+CD39hi IgD- (P4) B cell 
subsets can efficiently suppress allogenic CD4+ T cell proliferation as well as IFNγ and 
TNFα expression in IL-10- and PD-L1-dependent manners. (A) Representative FACS 
plots and summarized data of T cell proliferation/suppression assay. FACS-sorted subsets 
of B cells (P1-P6) were stimulated for 48 h with CpG-B and then co-cultured for 6 days 
with CFSE-labeled CD4+ T cells stimulated with allo-DCs. PMA, ionomycin, brefeldin 
A, and monensin cocktails (PIBM) were added 5 h before staining them. Intra cellular 
IFNγ and TNFα staining were performed. CD4+ T cell proliferation was assessed by 
measuring CFSE dilution. Right panel shows summarized data of CD4+ T cells 
proliferation as well as IFNγ and TNFα expression. (B-C) Suppression of CD4+ T cell 
proliferation, CD4+IFNγ+ T-cell and CD4+TNFα+ T-cell after co-cultured with CpG-B 
stimulated sort purified P1, P2, P3, P4, P5, and P6 B cell subsets in the presence or 
absence of anti-IL-10/anti-IL-10R (B) and anti-PD-L1 (C) or matched isotypes. B cell 
subsets were harvested, washed, and  pre-incubated with or with isotype control or IL-
10/IL-10R or PD-L1 for 11-12 h prior to  co-culture with CFSE labeled autologous CD4+ 
T cells for 6 days. T cells were stimulated with dendritic cells at 1:5 DCs and T cells 
ratio. T cell proliferation and cytokines expression was assessed as in A. Data were 
obtained from 5 independent experiments using 6-9 healthy individuals. Error bars are 
mean ± SD. ****P <0.0001, ***P<0.001, and **P<0.01 by 2 way ANOVA with 
Dunnett's multiple comparisons test. 
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cell proliferation and IFNγ/TNFα expression (Figure 4.7 C) by P1, P2, and P4 B cells. 

We thus concluded that both IL-10 and PD-L1 expressed by P2 and P4 contribute to the 

suppression of CD4+ T cell responses. 

P2 and P4 B Cell Subsets Exhibit Unique Gene Profile Distinct from TBs and Others  

 Next, we aimed to investigate the transcriptional profiles of the individual B cell 

subsets (P1-P6) by bulk RNA-Seq assays and compared with a known Breg subset, P1 

(IgD+ TBs). We identified 17278 genes differentially expressed on across the different B 

cell subsets (Figure 4.8A). Statistics of changes in gene expression among intra-

population comparison is summarized in Figure 4.8B.        

 

Figure 4.8: Unsupervised gene clustering of FACS-sorted P1 to P6 B cell subsets. (A) 
heatmap showing expression of all genes for 6 individual healthy donors before and after 
activation with CpG-B. (B) Numbers of significantly expressed genes with FDR value 
P<0.05 and P<0.01 among different B cell subsets. 
                                                                                                                                             

Our in-depth cell surface phenotype analysis (Figure 4.4C) revealed that P1, P3, 

and P5 subsets were the fraction of naïve B cells (IgD+CD27-). However, P1 expressed 

increased levels of CD1A, CD5, CD9, CD10, CD38, CD72, CD153, CD162, CD179A, 

CD303, CD322, CD357, CD358, and CD360 genes, separating them from conventional 
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naïve B cells and other B cell subsets tested  in this study (Figure 4.9A). Principal 

component analysis (PCA) in Figure 4.9B shows that P2 and P4 B cells shared gene 

profiles (upper circle); whereas P1 shared gene profiles mostly with P3 and P5 (lower 

circle). However, P6 was clustered with both circles, indicating that P6 shares many of 

the gene profiles with all groups and this was consistent with the t-SNE plot in Figure 

4.4B. CD1C, CD1D, CD6, CD26, CD66A, CD143, and CD268 genes were highly 

expressed in P2, whereas CD35, CD71, CD224, and CD11B genes were highly expressed 

in P4 (Figure 4.9A). CD27, TIGIT, CD54, CD70, CD218A, CD267, CD277, and 

CD300A genes were highly expressed by both P2 and P4.      

 T cell Ig and ITIM domain (TIGIT) is known to be expressed by Tregs and also 

contributes to the suppressive function of Tregs (Lozano, Dominguez-Villar et al. 2012, 

Joller, Lozano et al. 2014, Kurtulus, Sakuishi et al. 2015). Pathway analysis in Figure 

4.10A further shows that IL-10 signalling, aryl hydrocarbon receptor signaling and 

STAT3 signalling were highly expressed in P2 when compared to P1. However, these 

pathways were missing or underexpressed in P4 when compared to P1 (Figure 4.10B).   

Altogether, our data suggested P2 and P2 B cell subsets exhibit unique gene profiles that 

are distinct from other B cell subsets in a steady-state. We next examined transcription 

profiles of individual B cell subsets after stimulating them for 16 h with CpG-B. A recent 

study showed B cell can express intracellular IL-10 without losing the expression of cell 

surface markers upon 15 h stimulation with CpG-B (Khoder, Sarvaria et al. 2014).  It has 

been known that soluble CD40L can significatly enhance IL-10 expression when 

combined with CpG-B (Iwata, Matsushita et al. 2011, Hasan 2019).     
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Figure 4.9: CD19+CD27+CD39hi IgD+ (P2) and CD19+CD27+CD39hi IgD- (P4) B cell 
subsets exhibit unique gene profiles that are distinct from human transitional, naïve, and 
effector B cells in a steady state. (A) Heatmap showing differentially expressed cell 
surface markers in the FACS-sorted P1, P2, P3, P4, P5, and P6 B cell subsets by bulk 
RNA-seq. Heatmap was generated by using average expression of genes obtained from B 
cells of 6 healthy donors. (B) Principal component analysis of FACS-sorted P1-P6 B cell 
subsets.  
 

     Therefore, we stimulated purified P1 to P6 B cell subsets for 16 hr with CpG-B 

plus soluble CD40L.Upon activation, P1 B cells expressed high level of CD303, CD153, 

CD357, CD10, and CD9 genes (Figure 4.11A).           
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Figure 4.10: Canonical pathway analysis of FACS-sorted B cell subsets.  (A-B) List of 
differentially expressed genes (p < 0.05) with fold changes greater than 2 were processed 
for pathway analysis using the Ingenuity pathway analysis software. Only pathways that 
are relevant to B cells are presented. Canonical pathways were considered significant for 
p < 0.05 (red line). Data from experiments using cells of 6 healthy donors were used.  
More than 500 genes were used in the pathway analysis. 
 

In contrast, P2 highly expressed CD319, CD143, CD58, and CD26 genes; 

whereas P2 B cells had high level of CD25, CD268, CD151, and CD218A gene 

expression (Figure 4.11A). Although, both P2 and P4 expressed CD71, CD35, CD29 and 

CD74 genes, but expression level was comparatively higher for P4 B cells. As shown in 

Figure 4.11B, IL-10, IL-19, and CXCR4 genes expression were higher in P1 B cells upon 

activation. Interestingly, CXCR5, IL-7, TGFB1, IL-15, CCR10, CCR9, IL-32, CCL17, 

CCL22, GZB and CCR6 gene were highly expressed in both P2 and P4 (Figure 4.11B).    
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Figure 4.11: CD19+CD27+CD39hi IgD+ (P2) and CD19+CD27+CD39hi IgD- (P4) Bregs 
exhibit common as well as unique gene profiles that are distinct from other B cell subsets 
upon 16 h activation with CpG-B plus CD40L. (A-B) Heatmap showing differentially 
expressed cell surface molecules (A) and cytokines/chemokines (B). Heatmaps were 
generated with an average expression of genes obtained from FACS-sorted B cell subsets 
of 6 healthy donors. 

     Altogether, our data suggests P2 and P4 B cells display unique gene profiles 

that are distinct from other B cell subsets. Our data also suggested that P2 and P4 B cells 

could display unique biological/suppressive functions that are different from P1 and other 

subsets we tested.        

P2 and P4 B Cell Subsets Exhibit Unique and District Transcription Factors 

 Bregs are highly heterogenous population and there have been no Breg-specific 

linage specific markers or transcription factors (Iwata, Matsushita et al. 2011, Rosser and 
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Mauri 2015, Hasan 2019). We thus investigated whether individual Breg subsets defined 

in this study could express different transcription factors which might contribute to Breg 

differentiation and their functions. Interestingly, our RNA-seq data showed that each 

subset of B cells expressed common and subset-specific transcription factor genes 

(Figure 4.12 A-B).   

 

Figure 4.12: CD19+CD27+CD39hiIgD+ (P2) and CD19+CD27+CD39hiIgD- (P4) B cell 
subsets exhibit common as well as district transcription factors. (A-B) Heatmaps showing 
differentially expressed transcription factor genes expressed by FACS-sorted P1-P6 B 
cell subsets on time 0 (T0) without activation (A) and after 16 h activation (T16) with 
CpG-B and CD40L (B). Heatmaps were generated by using average expression of genes 
obtained from 6 healthy donors. 

 

For example, P1 B cells highly expressed MYBY2, SCML4, SOX4, AEBP1, LEF1, and 

CUX1 transcription factor genes and distinguish them from other B cells subsets (Figure 

4.12 A). Although t-SNE clustering and PCA analysis showed that P2 and P4 B cells had 
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similar phenotypic and transcriptomic profiles, P2 and P4 B cells expressed common as 

well as distinct transcription factors (Figure 4.12 A-B) that might contribute to the 

differentiation and functions of Breg subsets. P2 expressed MYC, STAT1, POU2AF1, 

STAT3, ZNF589, EGR1, ETV6, TEAD2, ESR2, REL-A, and GZF1 transcription factor 

genes, whereas AHR, KFL10, TCF7, STAT3, ZBTB38, and RORA   transcription factor 

genes were highly expressed by P4. Expression levels of ID3, RUNX3, ZBTB7, and 

SETBP1 transcription factor genes were similar in P2 and P4. After activation, GZF1, 

SOX4, AEBP1, GFL1, LEF1, and CUX1 transcription factor genes were highly expressed 

in P1 B cells (Figure 4.12B). In contrast, ZNF589 and STAT1 transcription factor genes 

were highly expressed in P2 B cells, whereas AHR, E2F1, ETV6, SCML4, IR5, 

POU2AF1, KFL10, TCF7, STAT3, and ZTBT7A   transcription factor genes were highly 

expressed in P4. Moreover, BATF, ZNF385C, and RORA transcription factor genes were 

similarly expressed in P2 and P4 B cells. 

Granzyme B, TGFβ1, and Surface TIGIT Expression are Highly Enriched in P4, 
Followed by P2 than Others 
 

B cell-derived TGFβ (Kessel, Haj et al. 2012) and granzyme B (Lindner, Dahlke 

et al. 2013) are known to suppress inflammatory responses. Moreover, our RNA-seq data 

confirmed the increased expression of TGFβ1 and granzyme B in P2 and P4 in response 

to CpG-B stimulation (Figure 4.11B). We thus investigated whether P2 and P4 B cells 

TGFβ1 and granzyme B in protein levels. TGFβ1 (Figure 4.13A) and granzyme B 

(Figure 4.13B) expressions were indeed found significantly higher in P2 and P4, followed 

by P1 B cells and three other B cell subsets (P3, P5, and P6). 
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Figure 4.13: CD19+CD27+CD39hi IgD+ (P2) and CD19+CD27+CD39hi IgD- (P4) B cell 
subsets express increased levels of granzyme B (A), TGFβ1(B), and TIGIT (C) in 
response to CpG-B stimulation. FACS-sorted B cell subsets were stimulated for 48 h with 
CpG-B. Each dot indicates data generated with B cells from one donor. Data were 
obtained from 3 independent experiments using cells from 5-6 donors. The bars represent 
the means ± SD. **** p <0.001, *** p <0.005 and **P < 0.01 by nonparametric 
ANOVA. 
 
 

We also found that P1 was less efficient at expressing granzyme B than P2 and 

P4, but more efficient than three other B cell subsets (P3, P5, and P6). We thus concluded 

that P2 and P4 B cells are more efficient at expressing not only IL-10 and PD-L1, but 

also granzyme B and TGFβ1 than other B cell subsets.    

 TIGIT is known to be expressed by both effector T cells and Tregs. It is also 

known that TIGIT contributes to the suppressive function of Tregs by limiting pro-

inflammatory Th1 and Th17 cell responses (Lozano, Dominguez-Villar et al. 2012, 

Joller, Lozano et al. 2014, Kurtulus, Sakuishi et al. 2015). Consistence with our RNA-seq 
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data shown in Figure 4.9A and Figure 4.11A, P4 expressed increased level of TIGIT, 

when compared to P2 and other B cell subsets (Figure 4.9A and 4.11A).   

P2 and P4 B Cell Subsets are Defective in DSA+ Liver Transplant Patients   

 We next examined the frequency and functions of P2 and P4 B cells in the blood 

of liver allograft recipients with DSA+ and DSA- and also compared them with those of 

healthy individuals.  Information of liver transplant patients and healthy donors is 

summarized in Table 2. Blood samples from DSA+ and DSA- patients were collected as 

indicated. Age- and sex-matched healthy subjects were used as controls. As shown in 

Figure 4.14A, there was no significant difference in the numbers of total circulating B 

cells in the three groups. Frequency of P1 was also similar among DSA+ and DSA- 

patients and healthy control subjects (Figure 4.14B). However, the frequency of P2 and 

P4 was lower in DSA+ patients than both DSA- patients and healthy control subjects 

(Figure 4.14C-D). 4.14E-G).The frequency of P3 and P6 was similar in all three groups, 

but DSA+ patients had an increase of P5 than DSA- patients and healthy control subjects 

(Figure Moreover, CD24hiCD27+ B cells (human equivalent of murine B10) and 

CD27+CD43+ (B1) B cells were found significatly lower in DSA+ liver allograft 

recipients than DSA- patients and healthy control subjects (Figure 4.14H-I). In line with 

the decreases of both P2 and P4 B cells in DSA+ patients, they had a significantly lower 

frequency of PD-L1+IL-10+ (Figure 4.14J-K) and IL-10+ (Figure 4.14L) B cells. We thus 

concluded that liver allograft recipients with DSA+ have significantly decreased P2 and 

P4 Bregs that were found to be the most effective at suppressing allogeneic CD4+ T cell 

responses in our study.  
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* Patients have two time point samples.  

Following abbreviations are used: PRD, prednisone; MPR, methylprednisolone, HC, 
hydrocortisone; CCC, cirrhosis chronic c; PBC, primary biliary cirrhosis; LC, 
laennec's cirrhosis; LCPNCTC, laennec's cirrhosis & post necrotic cirrhosis type c; 
CCB, cirrhosis chronic b; BAE, biliary atresia extrahepatic; CC, cirrhosis cryptogenic; 
MD, metabolic disease wilson's disease other copper disorders, PSC, primary 
sclerosing cholangitis no bowel disease; CALB, cirrhosis autoimmune lupoid banti s; 

      

 

       

 

  

 

 

 

 

 

 

 

 

 

 

 
Sex Age Diagnosis  Drugs DSA status 

  
1* M 48 CCC PRD/MPR/HC positive 
2 F 55 PBC PRD/MPR/HC negative 
3* M 58 LC PRD/MPR/HC positive 
4* M 45 LCPNCTC PRD/MPR/HC positive 
5 M 49 CCB PRD/MPR/HC positive 
6 M 19 BAE PRD/MPR/HC negative 
7 M 45 CC PRD/MPR/HC negative 
8 F 30 MD PRD/MPR/HC positive 
9 M 55 CC PRD/MPR/HC positive 
10 M 45 LCPNCTC PRD/MPR/HC positive 
11* M 50 CCC PRD/MPR/HC positive 
12 F 57 PSC PRD/MPR/HC negative 
13* M 42 Sfhf-Unspecified PRD/MPR/HC negative 
14 M 48 CCC PRD/MPR/HC positive 
15* M 52 LC PRD/MPR/HC negative 
16* M 50 LCPNCTC PRD/MPR/HC negative 
17* M 48 CCB PRD/MPR/HC negative 
18* F 40 CALB No negative 
19 M 50 LCPNCTC No negative 
20 M 61 MD PRD/MPR/HC positive 
21 F 28 Fhf-Tylenol PRD/MPR/HC negative 
22 F 42 PBC PRD/MPR/HC negative 
      

Table 2: Liver transplant patient’s clinical characterization 
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Figure 4.14: Decreased frequency and functions of CD19+CD27+CD39hi IgD+ (P2) and 
CD19+CD27+CD39hi IgD- (P4) B cell subsets in DSA+ liver allograft recipients. (A)  
Frequency of total CD19+ B cells in DSA+ and DSA- patients and healthy controls. (B-C) 
Representative FACS plot and summarized data for the frequency of CD24hiCD38hi (P1) 
B cells (B) and CD19+CD27+CD39hi IgD+ (P2) B cells (C) in PBMCs of DSA+ and DSA- 
patients and aged-matched healthy controls. (D-I) Frequency of P4 (D), P3 (E), P5 (F), 
P6 (G), human equivalent of B10 (H), and B1 (I) B cell subsets in DSA+ and DSA- 
patients and healthy controls. (J-K) Representative FACS data showing IL-10 and PD-L1 
expression (J) and summarized data for the frequency of IL-10+PD-L1+ (K) B cells upon 
48 h CpG-B stimulation. PIBM were added for the last 5 h of the culture. Cells were 
harvested and stained with anti-PD-L1. Cells were then fixed/permeabilized before 
staining them for intracellular IL-10 expression. Each dot indicates data generated with B 
cells from one donor. Data were obtained from 3 independent experiments using cells 
from 9-17 donors for each group. The bars represent the means ± SD. P* <0.05 and **P 
< 0.01 by unpaired student t test. 
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                                                               Discussion     

 CD39 expression on Bregs has previously been reported (Saze, Schuler et al. 

2013). In this study, we found that CD39 expression was higher on IL-10+ B cells than 

IL-10- B cells. In addition, surface CD39 expression was relatively stable regardless of B 

cell activation status.  More importantly, we were able to further divide CD24hiCD27+ 

Bregs (human equivalent of B10) into two subsets, CD19+CD27hiCD39hi IgD+ and 

CD19+CD27hiCD39hi IgD- B cell, using CD39 and other surface markers. These two new 

Breg subsets display common as well as distinct phenotypes, including the expression of 

a variety of cell surface molecules and the mechanisms of action of immune suppression. 

Compared to TBs, these two Bregs expressed increased levels of TGFβ1, granzyme B 

and TIGIT. Common and shared characteristics of Breg subsets were further investigated 

by assessing their transcriptional profiles.  

We found that subsets of B cells, including Breg subsets, expressed different 

levels of integrins, suggesting that and this might also indicate that they might be able to 

exert their immune suppressive functions in different tissue sites. For example, CD49d 

expression was higher on P1, P2, and P4 than others. It is known that CD49d (integrin 

α4) plays a critical role in leucocyte trafficking, activation, and survival. It also facilitates 

interactions between leucocytes and stromal cells in the bone marrow or germinal center 

of lymphoid follicles via VCAM-1 and fibronectin (Rose, Han et al. 2002). Notably, 

CD49d can also serve as a signalling receptor that influences B-cell survival via 

upregulation of Bcl-2 family members (Koopman, Keehnen et al. 1994, Hayashida, 

Shimaoka et al. 2000).          
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Recently, CD9 has been identified as a potential marker to define murine IL-10-

producing Bregs cells (Sun, Wang et al. 2015). Our RNA-seq data and FACS staining 

confirmed that CD9 is the unique marker for human TBs (CD19+CD24hiCD38hi), not for 

other B cell subsets. However, CD80 expression was comparatively low in TBs. Our data 

suggest, CD9 is the exclusive to define human TBs in regardless of their activation status.

 CD39/CD73 expressing B cells are known to drive shifting from an ATP-driven 

proinflammatory environment to an anti-inflammatory milieu utilizing by adenosine and 

IL-10 (Saze, Schuler et al. 2013, Figueiro, Muller et al. 2016).  Moreover, these Bregs are 

capable of producing 5′-AMP and suppress both CD4+ and CD8+ T cell proliferation 

(Saze, Schuler et al. 2013). Such increased expression of CD39/CD73 by P2 and P4 also 

suggests that individual Breg subsets have their own subset-specific mechanisms to 

suppress inflammatory responses.  

In addition to IL-10, B cell-derived TGFβ (Kessel, Haj et al. 2012) and granzyme 

B (Lindner, Dahlke et al. 2013) are known to suppress T cell proliferation and modulate 

immune responses. It was of note that P2 and P4 expressed higher levels of both TGFβ1 

and granzyme B than P1 TBs. Surprisingly, we also found that P2 and P4 expressed 

increased level of TIGIT that has been well studied in the context of Tregs.  TIGIT is a 

costimulatory receptor, known to be expressed by both effector T cells and Tregs, and is 

also known to enhance the suppressive function of Tregs by limiting pro-inflammatory 

Th1 and Th17 cell responses (Lozano, Dominguez-Villar et al. 2012, Joller, Lozano et al. 

2014, Kurtulus, Sakuishi et al. 2015). In addition to CD39/CD73, TGFβ1, and granzyme 

B, an increased TIGT expression in P2 and P4 clearly suggests that P2 and P4 might be 

more effective than P1 TBs at suppressing inflammatory responses in vivo. Decreased 
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frequency and function of P2 and P4 B cells in liver allograft recipients with DSA+ 

supported this notion. Our RNA-seq data showed increases of tigit, tgfb1, and gzm b gene 

expression by P4 compared to P2. These findings were further validated by flow 

cytometry. This further suggested that the in vivo mechanisms of action of P2 and P4 

Bregs may not be the same. This was further supported by our canonical pathway 

analysis (Figure 4.10).         

 In summary, we were able to further define CD24hiCD27+ Bregs (human 

equivalent of murine B10 cells) into two subsets in this chapter. We further demonstrated 

that both P2 and P4 Bregs are distinguished from P1 (TBs) Breg based on their surface 

phenotypes, transcription profiles, including transcription factors, and potential in vivo 

mechanisms of actions. Decreased frequency and function of P2 and P4 Breg subsets in 

liver allograft recipients with DSA+ support the clinical relevance of our findings in this 

chapter.    
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CHAPTER FIVE 

 
Conclusion 

 
 

Based on my study presented in this dissertation, we conclude: 

1. CD24hiCD38hi TBs and CD24hiCD27+ B cells (human equivalent of murine B10 
cells) are the major IL-10-producing B cells.  
 

2. CD24hiCD27+ B cells were more efficient than TBs at suppressing CD4+ T cell 
proliferation and IFNγ/IL-17 expression, while they both co-express IL-10 and 
TNFα. 

 
3. TGFβ1 and granzyme B expression were also enriched within CD24hiCD27+ B 

cells, when compared to TBs. 
 

4. CD24hiCD27+ B cells expressed increased levels of surface integrins (CD11a, 
CD11b, α1, α4, and β1) and CD39 (an ecto-ATPase) suggesting that the in vivo 
mechanisms of action of the two Breg subsets may not be the same. 

 
5. Liver allograft recipients with plasma cell hepatitis (PCH) had significant 

decreases of both TBs and CD24hiCD27+ Bregs (human equivalent of murine B10 
cells).  
 

6. CD24hiCD27+ B cells can be subdivided divided into two subsets, 
CD24hiCD27+CD39hiIgD+IgMhiCD1chi and CD24hiCD27+CD39hiIgD-

IgMloCD1c+/lo Bregs. 
 

7. In addition to IL-10, other immunosuppressive medicators including CD39, PD-
L1, TGFβ1, granzyme B, TIGIT are well highly expressed by 
CD24hiCD27+CD39hiIgD+IgMhiCD1chi and CD24hiCD27+CD39hiIgD-

IgMloCD1c+/lo Bregs.  
 

8. CD24hiCD27+CD39hiIgD+IgMhiCD1chi and CD24hiCD27+CD39hiIgD-

IgMloCD1c+/lo Bregs exhibit common and distinct transcriptome signatures that 
separate them from CD24hiCD38hi TBs and others. 

 
9. Liver allograft recipients with DSA+ had significantly lower numbers of Breg 

subsets, CD24hiCD27+CD39hiIgD+IgMhiCD1chi and CD24hiCD27+CD39hiIgD-

IgMloCD1c+/lo Bregs than patients with DSA- and healthy control subjects.   
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10. Bregs from liver allograft recipients with DSA- are more efficient than Bregs from 
liver allograft recipients with DSA+ patients at expressing IL-10.  

11. Our findings suggest that a lack of immunosuppressive IL-10 producing Breg 
subsets could be associated with DSA-mediated chronic rejection of liver 
allografts. 
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