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   ABSTRACT OF THE DISSERTATION 

In Vivo Functions of Myeloid Cell TRAF3  

by ALMIN IQBALALI LALANI 

 

Dissertation Director: 

Dr. Ping Xie 

Tumor necrosis factor receptor-associated factor 3 (TRAF3) is a member of the TRAF 

family of cytoplasmic adaptor proteins that is ubiquitously expressed in various cell types 

of the immune system. It is shared for signaling by a variety of adaptive and innate immune 

receptors as well as cytokine receptors. Previous studies examining conditional TRAF3-

deficient mouse models that have the traf3 gene specifically deleted in B lymphocytes or 

T lymphocytes have revealed the diverse and critical in vivo functions of TRAF3 in 

adaptive immunity. Although in vitro evidence points to a pivotal and indispensable role 

for TRAF3 in type I interferon production induced by pattern recognition receptors in 

macrophages and dendritic cells, the in vivo functions of TRAF3 in myeloid cells had long 

remained unclear. My dissertation research has addressed this gap in knowledge by 

generating and characterizing myeloid cell-specific TRAF3-deficient (M-TRAF3-/-) mouse 

model, which allowed us to gain insights into the in vivo functions of TRAF3 in myeloid 

cells. We found that TRAF3 ablation did not affect the maturation or homeostasis of 

myeloid cells in young adult mice, even though TRAF3-deficient macrophages and 

neutrophils exhibited constitutive NF-B2 activation. However, in response to injections 

with LPS (a bacterial mimic) or polyI:C (a viral mimic), M-TRAF3-/- mice exhibited an 

altered profile of cytokine production. M-TRAF3-/- mice immunized with T cell-
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independent (TI) and -dependent (TD) antigens displayed elevated TI IgG3 as well as TD 

IgG2b responses. Interestingly, 15-22 months old M-TRAF3-/- mice spontaneously 

developed chronic inflammation and tumors including TRAF3-sufficient B lymphoma and 

hepatocellular adenoma and TRAF3-deficient histiocytic sarcoma. Moreover, diseased M-

TRAF3-/- mice displayed expanded population of myeloid derived suppressor cells that 

were highly immunosuppressive and blocked the proliferation of CD8 T cells in vitro. To 

further investigate the role of TRAF3 in MDSC physiology, we developed a new chronic 

inflammatory model in young adult M-TRAF3-/- mice using repeated injections of heat-

killed BCG. Our results obtained from this model established TRAF3 as a suppressor of 

MDSC expansion and showed that chronic inflammation led to greater de novo synthesis 

of MDSC in the spleen of M-TRAF3-/- mice as compared to littermate control mice. In 

addition, characterization of B lymphomas spontaneously developed in aging M-TRAF3-/- 

mice confirmed their germinal center or post-germinal center origin as they displayed 

somatic hypermutations and had undergone Ig isotype switching. Interestingly, we 

discovered reactivation of endogenous retroviruses in these B lymphomas. Furthermore, 

we found that antibiotic treatment of mice prevents chronic inflammation and B lymphoma 

development in aging M-TRAF3-/- mice, indicating the requirement of commensal 

bacteria for the development of chronic inflammation and B lymphomas in these mice. 

Importantly however, antibiotic treatment did not affect the development of histiocytic 

sarcomas in aging M-TRAF3-/- mice, demonstrating a cell intrinsic role of TRAF3 in 

suppressing the oncogenesis of this tumor type. Taken together, the results from my 

dissertation research has established myeloid cell TRAF3 as a critical regulator of innate 

immune responses and a potent inhibitor of chronic inflammation, MDSC expansion and 
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tumor development. Our findings suggest that restoration of TRAF3 signaling pathways in 

myeloid cells could be a potential therapeutic strategy for the treatment of a variety of 

human diseases, including chronic inflammatory diseases, chronic infectious diseases and 

cancers. 
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INTRODUCTION 

IMMUNE RESPONSE AND MYELOID CELLS 

Mammals have evolved an elaborate and complex immune response over time, 

which can be divided into two different types that are intricately interconnected: innate and 

acquired immune response1. Innate immune response is the foremost and non-specific 

defense mechanism launched by the mammalian host against pathogens, which, if needed, 

is followed by a highly specific acquired immune response that culminates in 

immunological memory1,2. The innate immune response is orchestrated by phagocytes 

which include macrophages, granulocytes and dendritic cells (DCs)1,2.  Macrophages and 

granulocytes arise from the myeloid progenitor cells in the bone marrow (BM), whereas 

DCs arise from both myeloid and lymphoid progenitors in the BM2,3. Tissue resident 

macrophages are the first phagocytes to encounter most pathogens at the site of infection 

and they are very quickly reinforced by the recruitment of neutrophils. Although, these 

innate immune cells do not have the specificity of adaptive immune cells like B and T 

lymphocytes, they are able to differentiate between self and non-self. This is made possible 

by the presence of several cell-surface and cytoplasmic receptors that are collectively 

known as pattern recognition receptors (PRRs)1,4. PRRs are germline encoded receptors 

that recognize microbial components known as pathogen associated molecular patterns 

(PAMPs)1. Different types of PAMPs can lead to activation of distinct PRRs, which will 

eventually lead to a pathogen specific response via activation of a particular signaling 

pathway.  
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 Tumor necrosis factor receptor (TNF-R) associated factor (TRAF) family of 

intracellular proteins play a significant role in signaling via various receptors including 

PRRs 4-6. TRAF adaptor proteins were initially identified as signal transducers of TNF-R 

superfamily 4,7-9. However, it is now widely accepted that TRAFs also play an indispensible 

role in signaling by various PRRs including Toll-like receptors (TLRs), RIG-I like 

receptors (RLRs) and NOD-like receptors (NLR). The structure of TRAF3 and an overview 

of its role in signaling by these PRRs are discussed below. 

STRUCTURE OF TRAF3 AND OTHER TRAF FAMILY MEMBERS 

 TRAF family consists of seven members (TRAF1-7), however TRAF7 is 

controversial because it does not contain the TRAF homology domain which is a signature 

of this family 4. TRAFs have a modular structure which consists of several functional 

domains 5 (Figure i).  TRAF is one of the domains which is located at the C-terminus. It 

can be sub-divided into amino-terminal region (TRAF-N) which promotes TRAF 

homotrimerization and C-terminal β-sandwich (TRAF-C) region which mediates TRAF 

oligomerization and also promotes interactions with upstream regulators and downstream 

effectors 4,5.  
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Figure i: Domain structure of the seven TRAF proteins. Symbols for different domains are 

shown, including zinc RING (Zn RING), zinc fingers (Zn Fingers), coiled-coil (TRAF-N) domain, 

TRAF-C domain, nuclear localization signals, and WD40 repeats. Adapted from Xie, Ping. TRAF 

molecules in cell signaling and in human disease10. 

 

 Apart from their function as adaptor proteins, some TRAFs are also known to act 

as E3 ubiquitin ligases, including TRAF3 4,11.This function is mediated by the N-terminal 

really interesting new gene (RING) finger motif, which is absent only in TRAF1. The 

RING finger motif is followed by variable number of zing fingers in different TRAFs 

(Figure i). RING finger motif is found in many E3 ubiquitin ligases and signal transduction 

via protein ubiquitination is an important mechanism used by TRAFs 5. Moreover, auto-

ubiquitinated TRAFs serve as docking sites for adaptors and kinases with ubiquitin-binding 

motifs, which lead to activation of downstream signaling events. In fact, differential 
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ubiquitation of TRAF3 is an important mechanism by which TRAF3 is used by cells to 

carry out opposing functions, as described in later section. 

TRAF3 IN IMMUNE CELL HOMEOSTASIS AND DEVELOPMENT 

We and Gardam et al. previously reported that B cell-specific TRAF3-deficient (B-

TRAF3-/-; TRAF3flox/floxCD19+/Cre) mice exhibit severe peripheral B cell hyperplasia and 

autoimmunity, due to vastly prolonged B cell survival and constitutive activation of the 

NIK-NF-B2 pathway 12,13. These mice eventually develop splenic marginal zone 

lymphomas (MZL) or B1 lymphomas by 18 months of age 14.  We also found that TRAF3-/- 

B cells display enhanced production of cytokines and type I interferons (IFN) as well as 

elevated Ig isotype switching in response to signaling by TLR3, 4, 7/8, and 9 15. These 

observations indicate that TRAF3 is a critical regulator of peripheral B cell homeostasis 

and autoimmunity, and serves as an important tumor suppressor in B lymphocytes.  

In contrast, T cell-specific TRAF3-deficient (T-TRAF3-/-; TRAF3flox/floxCD4-Cre) 

mice exhibit normal homeostasis of CD4 and CD8 T cells, but are defective  in T cell-

dependent IgG1 responses and in T cell-mediated immunity to infection with Listeria 

monocytogenes 16. The defects in T cell-mediated immune responses are caused by 

compromised T cell receptor (TCR)/CD28 signaling in both TRAF3-/- CD4 and CD8 T 

cells 16. Interestingly, T-TRAF3-/- mice contain markedly increased frequency and numbers 

of regulatory T cells (Treg) cells 16, but decreased numbers of CD8 central memory T 

(Tcm) cells 17 and invariant natural killer T (iNKT) cells 18. It was revealed that TRAF3 

inhibits IL-2 signaling by facilitating the recruitment of the tyrosine phosphatase TCPTP 

to the IL-2 receptor complex to dephosphorylate Jak1, Jak3 and STAT5, thereby 

restraining thymic Treg development 19. On the other hand, TRAF3 is required for TCR-
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induced expression of T-bet and CD122, two molecules required for IL-15 signaling, and 

as a consequence, IL-15-mediated homeostasis of CD8 Tcm cells and development of 

iNKT cells are impaired in T-TRAF3-/- mice 17,18. Furthermore, Treg cell-specific TRAF3-

deficient (Treg-TRAF3-/-; TRAF3flox/floxFoxp3-Cre) mice exhibit heightened formation of 

germinal centers (GCs) and increased production of high-affinity IgG antibodies, resulting 

from decreased numbers of follicular Treg cells (TFR cells) and increased numbers of 

follicular T helper cells (TFH cells) 20. It is found that TRAF3 signaling in Treg cells is 

required to maintain high level expression of the inducible co-stimulator (ICOS), which in 

turn is essential for TFR cell generation in GCs and inhibition of antibody responses 20. Both 

T-TRAF3-/- and Treg-TRAF3-/- mice have increased numbers of CD4 effector/memory T 

cells, suggesting that TRAF3-/- Treg cells might have defects in suppression of Th1 

responses 21. Collectively, the findings obtained from B-TRAF3-/-, T-TRAF3-/-, and Treg-

TRAF3-/- mice indicate that TRAF3 is a highly versatile regulator of different lymphocyte 

subpopulations in the adaptive immune system and thus adaptive immune responses. 

Different from adaptive immune responses, inflammation and innate immunity are 

mainly mediated by myeloid cells, including granulocytes, monocytes, macrophages and 

dendritic cells (DCs) 22. These cells constitutively or inducibly express a number of 

receptors of the TNF-R, TLR, NLR, and RLR families as well as cytokine receptors, whose 

signals are regulated by TRAF3 10,21-25. In particular, macrophages represent a major type 

of innate immune cell that initiate inflammatory responses and host defense against 

infections by producing pro-inflammatory cytokines and type I IFN 23. Although in vitro 

evidence indicates that TRAF3 regulates pro-inflammatory cytokine and type I IFN 

production in macrophages and DCs 26,27 almost a decade ago, the in vivo functions of 
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TRAF3 in the innate immune system has remained elusive. Here I present in vivo 

functions of TRAF3 in myeloid cells as obtained from our investigation of mice where 

TRAF3 is specifically deleted from myeloid cells (M-TRAF3-/- mice).  

TRAF3 IN TOLL-LIKE RECEPTOR (TLR) SIGNALING 

 A wide variety of pathogens can lead to production of cytokines and chemokines 

by macrophages as a result of activation of signaling receptors on these cells. TLRs are one 

of these receptors that are an ancient form of host defense system which can recognize 

pathogen associated molecular patterns (PAMPs) from different microbes including 

bacteria, viruses, parasites, protozoa and fungi 2,4. There are a total of 13 TLRs in mammals 

that recognize a distinct set of molecular pattern 2,28-31. Based on the type of pathogen 

encountered, TLR signaling can lead to the production of type I interferons (IFNα and 

IFNβ), pro-inflammatory cytokines (TNFα, IL-6, IL1β, IL-12, etc.), chemokines and other 

inflammatory mediators 4. TRAF3 is known to play a negative role in signaling by 

receptors from TNF-R superfamily like CD40 and BAFF-R 8,32,33. However, in TLR 

signaling it plays a dual role of positive and negative regulator based on the type of TLR, 

adaptors and its ubiquitination mode. TRAF3 is known to interact with TLR3, 4, 7, and 9 

via different sets of adaptor molecules 1,4,5,34. There are four different adaptors used by 

TLRs which include MyD88 (myeloid differentiation factor 88), MAL/TIRAP (MyD88 

adaptor-like)/ TIR domain-containing adaptor protein), TRIF (TIR domain-containing 

adaptor protein inducing IFN-β), and TRAM (TRIF-related adaptor molecule) 2,4,5. These 

adaptors have a Toll / IL-1 receptor (TIR) domain that interacts with the cytoplasmic TIR 

domains on the TLRs, which are dimerized or oligomerized upon ligand binding and leads 

to downstream signaling4. MyD88 is used by all TLR and IL-1R family members with the 
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exception of TLR3, whereas TRIF is only used by TLR3 and TLR44,5. MAL/TIRAP and 

TRAM are co-adaptors of MyD88 and TRIF, respectively. 

 Since TLR4 uses all the adaptor molecules, I will use that as an example to illustrate 

differential use of TRAF3 in TLR signaling. TLR4 signaling occurs at two distinct 

membranes: plasma membrane (PM) and endosomal membrane. Upon binding of the 

TLR4 receptor at the PM to its ligand lipopolysaccharide (LPS), a component of gram-

negative bacteria, a rapid assembly of a multi-protein complex involving MyD88 on the 

cytoplasmic side of the PM is seen 5 (Figure iiA). TRAF3, here, is poly-ubiquitinated at 

Lysine 48 (K48) and is rapidly degraded via proteasome, leading to expression of pro-

inflammatory cytokines. Thus un-ubiquitinated TRAF3 acts as a negative regulator of 

MyD88-mediated pro-inflammatory pathway and this negative regulation is relieved by 

K48 ubiquitination of TRAF3. In contrast, K63-linked poly-ubiquitinated TRAF3 acts as 

a positive regulator of type I interferons downstream of TLR4-TRIF/TRAM adaptor 

molecules on the endosomal membrane. Thus, the ubiquitination mode of TRAF3 dictates 

its role in TLR signaling.  

  TLR3 also uses TRIF and TRAM adaptor molecules and TRAF3 plays a similar 

role as in TLR4-TRIF-TRAM complex for the induction of type I IFN response upon TLR3 

stimulation which is triggered by dsRNA 1,4,11. Interestingly, TLR9 uses TRAF3 in 

conjunction with MyD88 adaptor and unlike TLR4-MyD88 pathway, TRAF3 here plays a 

positive regulatory role and promotes the expression of type I IFNs via activation of IRF7 

(interferon regulatory factor 7) 4,5. Together these findings, shed light on the versatility and 

substantially distinct roles that TRAF3 can play based on the cell type, receptor and 
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adaptors in use 5,32.  Here we have investigated the role of myeloid cell TRAF3 downstream 

of TLR3 and TLR4 receptors and the results are presented in chapter I.  
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Figure ii: TRAF3 in signaling by TLR4 and RIG-I. (A) TLR4 signaling pathways: Upon LPS 

engagement on the plasma membrane, TLR4 recruits TRAF6 and TRAF3 via MyD88-IRAK1. 

Internalized TLR4 recruits TRAF3 and TRAF6 to endosomes via TRIF. (B) Upon ligand binding, 

RIG-I recruits TRAF3, TRAF6, TRAF2 and TRAF5 to mitochondria via MAVS. TRAF3 mediates 

RIG-I-induced IRF3 but not NF-κB1 activation. TRAF6 mediates RIG-I-induced IRF7 activation 

and also contributes to activation of NF-κB1, JNK, and p38. TRAF2 is important for p38 activation, 

and both TRAF2 and TRAF5 also contribute to activation of IRF3 and NF-κB1 in RIG-I signaling. 

Figure adapted from Xie, P. TRAF molecules in cell signaling and in human diseases10.  

 

TRAF3 IN RIG-I LIKE RECEPTOR (RLR) AND NOD-LIKE RECEPTOR 

(NLR) SIGNALING 

 RLRs and NLRs are cytoplasmic PRRs that recognize different forms of viral RNA 

and components of bacteria, respectively. They both lead to the production of type I IFNs 

and pro-inflammatory cytokines upon recognition of their respective PAMPs 1,4,5 (Figure 

ii, NLR signaling is not shown). RLRs, including RIG-I (retinoic acid inducible gene-1) 

and MDA-5 (melanoma differentiation-associated protein 5), recruit MAVS 

(mitochondrial anti-viral signaling protein; also known as CARDIF, VISA and IPS1) upon 

stimulation. TRAF3 then directly interacts with MAVS via the TRAF-interacting motif on 

MAVS and undergoes auto-ubiquitination at K63 residue 35,36. This activates TRAF3 and 

leads to the recruitment and activation of TBK1 and IKKε, with subsequent 

phosphorylation, dimerization and nuclear translocation of IRF3 to trigger the production 

of type I IFNs 4,5,35. This pathway is comparable to the one mediated by TRIF adaptor, as 

both involves the non-degradative (K-63 linked) phosphorylation of TRAF3 (Figure ii).  

 On the other hand, TRAF3 is used differently by different NLRs, including 

NOD1(Nucleotide-binding oligomerization domain-containing protein 1)  and NOD2 

(Nucleotide-binding oligomerization domain-containing protein 2), to induce the 
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production of type I IFNs 4.  Recognition of meso-diaminopimelic acid (DAP), found in 

bacterial peptidoglycan, leads to oligomerization of NOD1 and the recruitment of TRAF3 

via RIP2 (Receptor-interacting protein 2; also known as RICK). TRAF3 in turn activates 

TBK1 and IKKε subsequently leading to activation of IRF7, which promotes the 

expression of type I IFNs 4,37. Activation of NOD2 by its bacterial ligand, muramyl 

dipeptide (MDP) leads to transcription of pro-inflammatory cytokines via NF-kB and 

MAPK cascades. However, upon recognition of viral ssRNA, NOD2 instead leads to the 

production of type I IFNs in a MAVS dependent manner 4,38. Weather TRAF3 is involved 

in MAVS dependent signaling downstream of NOD2 remains to be investigated. The 

integrity of NLR signaling pathways is important as loss of function mutations in NOD2 

and insertion/deletion polymorphisms of NOD1 are associated with susceptibility to 

inflammatory bowel disease (IBD) 39.  

Since TRAF3 is involved in signaling downstream of these cytoplasmic receptors, 

its deficiency in myeloid cells could lead to increased susceptibility to inflammation, 

infection or other abnormalities. Indeed, we found that M-TRAF3-/- mice are more prone 

to such abnormalities as discussed in chapter I.  
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MY DISSERTATION RESEARCH 

 The main goal of my dissertation research is to investigate the in vivo functions of 

TRAF3 in myeloid cell. In order to achieve that, our lab has created a conditional knockout 

mouse model where TRAF3 is specifically deleted from myeloid cells, thus allowing us to 

study its myeloid-cell specific function. In chapter I, I present results from our study of this 

mouse model. We found that deletion of TRAF3 from myeloid cells, leads to minor 

changes in young adult M-TRAF3-/- mice including enhanced pro-inflammatory cytokine 

production upon stimulation of TLR3 and TLR4 receptors and also enhanced antibody 

production of selected isotypes in response to T-cell independent and dependent antigens. 

However, we report that as M-TRAF3-/- age (15-22 months old) they are riddled with 

abnormalities ranging from chronic inflammation and infection to development of tumors 

in different cell types, leading to decreased life expectancy compared to control mice. They 

also show substantial expansion of immature and immune suppressive myeloid cells called 

myeloid derived suppressor cells (MDSC) and upregulation of several cytokines and 

chemokines that are implicated in chronic inflammation and tumor development. Thus, in 

chapter I we convincingly establish the in vivo role of myeloid cell TRAF3 as an inhibitor 

of chronic inflammation and tumor development.  

 In the later chapters, we have made an attempt to better understand the mechanism 

of tumor development and chronic inflammation in aging M-TRAF3-/- mice. In order to 

achieve that, we have developed a new model of chronic inflammation in young adult M-

TRAF3-/- mice which highly resembles the phenotype observed in aging M-TRAF3-/- 

mice. Results from this chapter are presented in chapter II. This model allowed us to 

reassert the role of myeloid cell TRAF3 as an inhibitor of chronic inflammation by 
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suppression of MDSC expansion. In chapter III, we have characterized the TRAF3-

sufficient B lymphomas observed in aging M-TRAF3-/- mice as arising from germinal 

center (GC) or post-GC B cells and show that they display significant upregulation of 

endogenous retroviruses. Moreover, we show that antibiotic treatment of aging M-

TRAF3-/- mice prevents development of B lymphomas suggesting a requirement of 

commensal bacteria in B lymphomagenesis in these mice. However, antibiotic treatment 

leads to a greater incidence of TRAF3-deficient histiocytic sarcomas (HS) in the aging 

antibiotic treated M-TRAF3-/- mice, suggesting that TRAF3 acts as a tumor suppressor in 

histiocytes in a cell intrinsic manner. Finally, we have successfully established B 

lymphoma and HS cell lines which will serve as a new model system to investigate the role 

of TRAF3 in tumor immunity and surveillance and better understand the mechanism of 

tumor suppression in histiocytes by TRAF3. 

 Overall, the results from my dissertation research, have established myeloid cell 

TRAF3 as a critical regulator of innate and adaptive immune responses that is required to 

inhibit chronic inflammation, maintain tissue homeostasis, host-commensal mutualism and 

prevent tumor development via both cell-intrinsic (in histiocytes) and cell-extrinsic (B 

cells) mechanisms. 
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CHAPTER I: MYELOID CELL TRAF3 REGULATES 

IMMUNE RESPONSES AND INHIBITS INFLAMMATION 

AND TUMOR DEVELOPMENT IN MICE 

ABSTRACT 

Myeloid cells, including granulocytes, monocytes, macrophages and dendritic 

cells, are crucial players in innate immunity and inflammation. These cells constitutively 

or inducibly express a number of receptors of the TNF receptor and Toll-like receptor 

(TLR) families, whose signals are transduced by TRAF molecules. In vitro studies showed 

that TRAF3 is required for TLR-induced type I interferon production, but the in vivo 

function of TRAF3 in myeloid cells remains unknown. Here we report the generation and 

characterization of myeloid cell-specific TRAF3-deficient (M-TRAF3-/-) mice, which 

allowed us to gain insights into the in vivo functions of TRAF3 in myeloid cells. We found 

that TRAF3 ablation did not affect the maturation or homeostasis of myeloid cells in young 

adult mice, even though TRAF3-deficient macrophages and neutrophils exhibited 

constitutive NF-B2 activation. However, in response to injections with LPS (a bacterial 

mimic) or polyI:C (a viral mimic), M-TRAF3-/- mice exhibited an altered profile of 

cytokine production. M-TRAF3-/- mice immunized with T cell-independent (TI) and -

dependent (TD) antigens displayed elevated TI IgG3 as well as TD IgG2b responses. 

Interestingly, 15-22 months old M-TRAF3-/- mice spontaneously developed chronic 

inflammation or tumors, often affecting multiple organs. Taken together, our findings 

indicate that TRAF3 expressed in myeloid cells regulates immune responses in myeloid 

cells and acts to inhibit inflammation and tumor development in mice. 
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1.1 BACKGROUND 

Tumor necrosis factor receptor-associated factor 3 (TRAF3), a member of the 

TRAF family of cytoplasmic adaptor proteins, is employed in signaling by a variety of 

immune receptors, including the tumor necrosis factor receptor (TNF-R) superfamily, Toll-

like receptors (TLRs), NOD-like receptors (NLRs), and RIG-I-like receptors (RLRs) 10,24. 

TRAF3 binds directly to almost all members of the TNF-R superfamily that do not contain 

death domains, including CD40, BAFF-R, TACI, BCMA, LT-R, CD27, CD30, RANK, 

HVEM, EDAR, XEDAR, 4-1BB (CD137), OX-40 (CD134), and GITR (TNFRSF18). 

TRAF3 is also indirectly recruited to the signaling complexes of pattern recognition 

receptors (PRRs) of the innate immune system through interactions with additional adaptor 

proteins, including MyD88 and TRIF for TLR signaling, RIP2 for NLR signaling, and 

MAVS for RLR signaling 40-42. The shared usage of TRAF3 by such a variety of immune 

receptors is indicative of its broad functional roles in the immune system. 

Mice made genetically deficient in TRAF3 (TRAF3-/-) die within 10 days of birth 

with severe progressive runting, illustrating crucial developmental functions of TRAF3 43. 

To circumvent experimental limitations imposed by the early mortality of TRAF3-/- mice 

and to explore the in vivo functions of TRAF3 in various cell types of adult mice, we 

recently employed a conditional gene targeting strategy to generate conditional TRAF3-

deficient (TRAF3flox/flox) mice. This makes it possible to delete the Traf3 gene in specific 

cell types or tissues 12. Characterization of conditional TRAF3-deficient mouse models 

revealed that TRAF3 is critically involved in regulating multiple receptor signaling 

pathways in different immune cell types. We previously reported that specific ablation of 

TRAF3 in B lymphocytes results in marked peripheral B cell hyperplasia, due to 



 

 

15 

remarkably prolonged survival of mature B cells independent of the B cell survival factor 

BAFF, leading to the development of splenic marginal zone lymphomas (MZL) or B1 

lymphomas by 18 months of age 12,14. These findings indicated that a major homeostatic 

function of TRAF3 in peripheral B cells is the promotion of spontaneous apoptosis, a 

conclusion subsequently corroborated by Gardam and colleagues 13. In contrast, specific 

deletion of TRAF3 from the T cell lineage leads to defective IgG1 responses to a T cell-

dependent (TD) antigen (Ag) and impaired T cell-mediated immunity to infection with 

Listeria monocytogenes due to compromised T cell receptor (TCR)/CD28 signaling in both 

CD4 and CD8 T cells 16. Additionally, recent evidence from other groups demonstrated 

that TRAF3 regulates the effector function of Treg cells 20 and that TRAF3 is required for 

the development of iNKT cells 18. Thus, TRAF3 plays distinct and pivotal roles in 

regulating the development and function of different subsets of immune cells. 

Myeloid cells, including granulocytes, monocytes, macrophages and dendritic cells 

(DCs), are crucial determinants of innate immunity and inflammation, and also play 

essential roles in antigen presentation as well as the effector phase of adaptive immunity. 

These cells constitutively or inducibly express a number of receptors of the TNF-R, TLR, 

NLR, and RLR families, whose signals are regulated by TRAF3 10,24. Although in vitro 

evidence indicates that TRAF3 is required for TLR-induced type I interferon (IFN) 

production 26,27 and for CD40-induced IL-12 production in macrophages 44, the in vivo 

functions of TRAF3 in myeloid cells remain unclear. In the present study, we generated 

TRAF3flox/floxLysM+/Cre myeloid cell-specific TRAF3-deficient mice (M-TRAF3-/-) to 

evaluate the functions of TRAF3 in innate immunity and inflammation mediated by 

myeloid cells. Cre expression driven by the lysozyme M promoter mediates deletion of 
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TRAF3 from neutrophils, eosinophils, basophils, monocytes, macrophages, and monocyte-

derived DCs but not plasmacytoid DCs (pDC) 45,46. We report here that deletion of TRAF3 

in myeloid cells resulted in altered systemic responses to injections with LPS (an agonist 

of TLR4) or polyI:C (an agonist of TLR3), as well as TI and TD antigens. Furthermore, 

we found that M-TRAF3-/- mice spontaneously developed inflammation, infection, and 

tumors between 15 and 22 months of age. Taken together, our findings demonstrate 

obligatory and indispensable roles for myeloid cell TRAF3 in inhibiting inflammation and 

tumor development. 

1.2 MATERIALS AND METHODS 

1.2.1 GENERATION OF M-TRAF3 - / - MICE 

TRAF3flox/flox mice were generated as previously described 12. The TRAF3flox/flox 

line was backcrossed with C57BL/6J (B6) mice (Jackson Laboratory) for >9 generations 

to generate TRAF3flox/flox mice on the B6 genetic background. These mice were 

subsequently bred with B6 mice transgenic for LysM-driven Cre expression (Jackson 

Laboratory, stock number: 4781). TRAF3+/floxLysM+/Cre mice were backcrossed with 

TRAF3flox/flox B6 mice to generate TRAF3flox/floxLysM+/Cre (M-TRAF3-/-) mice. Mouse tails 

were screened by genomic PCR using primer sets (FC3 + BT6) 12, (Lys-Com + Lys-WT), 

and (Lys-Com + Lys-Cre) 45 as described. Deletion of exons 1 and 2 of the TRAF3 gene 

in peritoneal macrophages was detected by genomic PCR using primers U7 and BT6 as 

previously described 12. All experimental mice for this study were subsequently produced 

by breeding of TRAF3flox/flox mice with TRAF3flox/floxLysM+/Cre mice, and TRAF3flox/flox 

littermates (LMC) were used as controls for all experiments. All mice were kept in specific 

pathogen-free conditions in the Animal Facility at Rutgers University, and were used in 
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accordance with NIH guidelines and under an animal protocol (Protocol # 08-048) 

approved by the Animal Care and Use Committee of Rutgers University. 

1.2.2 ANTIBODIES AND REAGENTS 

Polyclonal rabbit Abs to TRAF1 (N19), TRAF3 (H122), TRAF6 (H274), and RelB 

were from Santa Cruz Biotechnology (Santa Cruz, CA).  Polyclonal rabbit Ab to TRAF2 

was from Medical and Biological Laboratories (Nagoya, Japan).  Fluorescein 

isothiocyanate (FITC), phycoerythrin (PE), or Cy5 labeled Abs against mouse CD3, CD4, 

CD8, CD45R (B220), CD19, IgM, CD11b, Ly6C, Ly6G, CD115, F4/80, Siglec-F, CD68, 

CD11c, NK1.1, CD49b, CD21, CD23, CD5, CD44, CD62L, CD69, CD80, and MHC class 

II were purchased from eBioscience (San Diego, CA). Anti-mouse IL-6, IL-12, and TNF-

 ELISA Ab pairs were also purchased from eBioscience. Anti-mouse IL-1 and IL-10 

ELISA Ab pairs were also purchased from R&D (Minneapolis, MN). Polyclonal rabbit 

Abs against total or phosphorylated IRF3, p38, ERK, JNK, IB, Akt, and NF-B2 were 

from Cell Signaling Technology (Beverly, MA). Anti-actin Ab was from Chemicon 

(Temecula, CA).  HRP-labeled secondary Abs were from Jackson ImmunoResearch 

Laboratories, Inc. (West Grove, PA). Alkaline phosphatase (AP)-conjugated polyclonal 

goat Abs specific for mouse Ig isotypes were from Southern Biotechnology Associates 

(Birmingham, AL). Neutrophil purification kits were from Miltenyi Biotec Inc. (Auburn, 

CA). Tissue culture supplements including stock solutions of sodium pyruvate, L-

glutamine, non-essential amino acids, and HEPES (pH 7.55) were from Invitrogen 

(Carlsbad, CA). DNA oligonucleotide primers were obtained from Integrated DNA 



 

 

18 

Technologies (Coralville, IA). AP substrates were purchased from Sigma-Aldrich Corp. 

(St. Louis, MO). 

1.2.3 FLOW CYTOMETRY 

Single cell suspensions were made from the spleen, bone marrow (BM), and 

peritoneal lavage. Immunofluorescence staining and FACS analyses were performed as 

previously described 12,14. Erythrocytes from spleen were depleted with ACK lysis buffer. 

Cells (1 X 106) were blocked with rat serum and FcR blocking Ab (2.4G2), and incubated 

with various Abs conjugated to FITC, PE, PerCP, or Cy5 for multiple color fluorescence 

surface staining. Analyses of cell surface markers included antibodies to CD3, CD4, CD8, 

CD45R (B220), CD19, IgM, CD11b, Ly6C, Ly6G, CD115, F4/80, Siglec-F, CD68, 

CD11c, CD317, NK1.1, CD49b, CD21, CD23, CD5, CD44, CD62L, CD69, CD80, and 

MHC class II. Listmode data were acquired on a FACSCalibur (Becton Dickinson, 

Mountain View, CA) using Cell Quest software. The results were analyzed using FlowJo 

software (TreeStar, San Carlos, CA). FSC/SSC gating was used to identify live cells. 

1.2.4 CULTURE OF BM-DERIVED MACROPHAGES (BMDMS) AND 

PERITONEAL EXUDATE MACROPHAGES (PEMS) 

Bone marrow cells were harvested from 7-10 week old littermate control (LMC) or 

M-TRAF3-/- mice. BMDMs were prepared by culturing BM cells in complete RPMI-1640 

medium (Invitrogen) supplemented with 20% conditioned medium from L929 cells 

overexpressing M-CSF for 7 days as described 47-49. For preparation of PEMs, 7-10 week 

old LMC or M-TRAF3-/- mice were injected intraperitoneally (i.p.) with 3 ml of 4% 

thioglycollate (Becton Dickinson), and cells were harvested by peritoneal lavage on day 4 
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post injection as described 47. The cells were washed, macrophages were allowed to adhere 

to the tissue culture plates for two hours, and non-adherent cells were removed.   

1.2.5 PREPARATION OF THIOGLYCOLLATE-ELICITED PERITONEAL 

NEUTROPHILS 

7-10 week old LMC or M-TRAF3-/- mice were injected i.p. with 3 ml of 4% 

thioglycollate (BD), and cells were harvested by peritoneal lavage at 18 h post injection. 

Neutrophils were purified from peritoneal cells using anti-Ly-6G-Biotin and anti-Biotin 

magnetic beads following the manufacturer’s protocol (Miltenyi). Purified neutrophils 

were resuspended in RPMI-1640 medium containing 5% FCS, and aliquoted for 

stimulation. 

1.2.6 TLR4 SIGNALING 

Before stimulation with LPS, BMDMs or PEMs were cultured in 2.5% FCS 

medium for 2 hours. BMDMs, PEMs or neutrophils were stimulated with 100 ng/ml LPS. 

Total protein lysates were prepared at different time points as previously described 50 for 

measurements of early signaling events by immunoblot analysis. Total cellular RNA was 

extracted at different time points for measurement of cytokine transcript levels by 

quantitative real time PCR (RT-qPCR) using Taqman assay. Culture supernatants were 

collected at different time points for measurements of cytokine protein levels by ELISA. 

1.2.7 TAQMAN ASSAYS OF IFNB, IFNA4, IL12A, IL6, AND TNFA 

TRANSCRIPTS   

Total cellular RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA) 

according to the manufacturer’s protocol. cDNA was prepared from RNA using the High 

Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA). 

Quantitative real-time PCR (qPCR) was performed using TaqMan Gene Assay kit (Applied 
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Biosystems) as described 15. TaqMan primers and probes (FAM-labeled) specific for 

individual mouse cytokines were used in the PCR reaction to detect Ifnb, Ifna4, Il12a, Il6, 

or Tnfa mRNA. Each reaction also included primers and a probe (VIC-labeled) specific for 

mouse Actb (b-actin) mRNA, which served as an endogenous control. Reactions were 

performed on a 7500 Fast Real-Time PCR System (Applied Biosystems). Relative mRNA 

expression levels of cytokines were analyzed using Sequencing Detection Software 

(Applied Biosystems) and the comparative Ct (Ct) method following the manufacturer’s 

procedures.  

Ct = Ct of cytokine – Ct of b-actin.  

Ct = Ct of each sample – Ct of calibrator sample.  

For each cytokine assay, the calibrator sample was the one with lowest detectable 

RNA level (highest Ct value). Duplicate PCR reactions were performed for each biological 

sample. 

1.2.8 Cytokine ELISA  

Concentrations of IL-6, IL-12, and TNF in culture supernatants or mouse sera 

were determined by quantitative ELISA using cytokine-specific coating Abs and 

biotinylated detection Abs (eBioscience) as previously described 15,16. Mouse serum levels 

of IL-10 and IL-1 were analyzed by ELISA using cytokine-specific coating Abs and 

biotinylated detection Abs (R&D) as previously described 15,16. Levels of IFN- in mouse 

sera were measured using the VeriKine-HS™ Mouse Interferon Beta Serum ELISA Kit 

(PBL Assay Science, Piscataway, NJ) following the manufacturer’s protocol. 

1.2.9 IN VIVO RESPONSES TO CHALLENGES WITH LPS OR POLYI:C 
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Age- and gender- matched 8-12 week old LMC and M-TRAF3-/- mice were injected 

i.p. with LPS (E. coli 0127:B8, Sigma; 300 g LPS/20g body weight) or polyI:C 

(InvivoGen, 200 g polyI:C/20g body weight). Sera were collected at 2 h and 6 h post 

injection, and cytokine levels in sera were analyzed by ELISA as described above. 

1.2.10 IMMUNOBLOT ANALYSIS 

Total protein lysates were prepared as described 50. Proteins were separated by 

SDS-PAGE and immunoblotted with antibodies to phosphorylated (P-) or total IRF3, p38, 

ERK, JNK, Akt, IB, NF-B2, RelB, TRAF3 and actin. Immunoblot analysis was 

performed using antibodies as previously described 14,50. Images of immunoblots were 

acquired using a low-light imaging system (LAS-4000 mini, FUJIFILM Medical Systems 

USA, Inc., Stamford, CT) 14,50.  

1.2.11 IMMUNIZATIONS AND IG ELISAS 

Basal serum levels of various Ig isotypes in naïve 8-12 week old LMC and M-

TRAF3-/- mice were analyzed by ELISA as previously described 12. For TI antibody 

responses, age- and gender- matched 8-12 week old LMC and M-TRAF3-/- mice were 

immunized i.p. with 50 g of trinitrophenyl (TNP)-Ficoll (Biosource Technologies, 

Vacaville, CA), and sera were collected on day 7 after immunization. For TD antibody 

responses, age- and gender- matched 8-12 week old LMC and M-TRAF3-/- mice were 

injected i.p. with 100 g of TNP-KLH (Biosource Technologies) in an equal volume of 

Imject Alum (Thermo scientific, Rockford, IL), and sera were collected on day 7 after 

immunization. Serum TNP-specific Ig isotypes were measured by ELISA as previously 
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described 12. Plates were read on a Versamax plate reader (Molecular Devices, Sunnyvale, 

CA) and results analyzed by using SoftMax Pro 4.0 software as described 12.  

1.2.12 MOUSE DISEASE MONITORING AND HISTOLOGY 

Mice were monitored daily for signs of illness including weight loss, labored 

breathing, hunched posture, and paralysis or spontaneous tumor formation indicated by 

enlarged lymph nodes or abdomen 14. Necropsy and hematoxylin-eosin staining of 

formalin-fixed paraffin embedded tissues were performed to assess the presence of 

phenotypic abnormalities as described 12,14,51-56. Bright field micrographs of stained 

sections were taken using a microscope (Olympus BX-51, Olympus America Inc., Center 

Valley, PA). 

1.2.13 MOUSE CYTOKINE PROTEIN ARRAY ANALYSES 

Sera were collected from 15-22 month old LMC and diseased M-TRAF3-/- mice. 

Serum levels of cytokines and chemokines were measured using a Mouse Cytokine Array 

Panel A kit (R&D, Minneapolis, MN) following the manufacturer’s instructions. Images 

of the blots were acquired, and quantitative analyses of cytokine or chemokine spots were 

performed using a low-light imaging system (LAS-4000 mini, FUJIFILM Medical 

Systems USA, Inc., Stamford, CT) 14,50. 

1.2.14 STATISTICS  

Statistical analyses were performed using Prism software (GraphPad, La Jolla, 

CA). Survival curves were generated using the Kaplan-Meier method, and were compared 

using a log-rank (Mantel-Cox) test to determine whether differences are significant. For 

direct comparison of cytokine or Ig isotype levels between LMC and M-TRAF3-/- mice, 

statistical significance was determined with the unpaired t test for two-tailed data. P values 
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less than 0.05 are considered significant, and P values less than 0.001 are considered highly 

significant. 

1.3 RESULTS 

1.3.1 VALIDATION OF M-TRAF3 - / - MICE 

Previous in vitro studies indicated that TRAF3 regulates type I IFN and pro-

inflammatory cytokine production in myeloid cells 26,27. However, the in vivo functions of 

TRAF3 in myeloid cells had not been determined. To address this issue, we generated 

myeloid cell-specific TRAF3-deficient mice by crossing TRAF3flox/flox mice with mice that 

express Cre under the control of endogenous lysozyme M regulatory elements (LysM-Cre 

mice), which allows the specific deletion of floxed genes in myeloid cells 45. Progeny were 

born at expected Mendelian frequencies with no developmental abnormalities noted, and 

matured and bred normally. 

LysM-driven Cre expression has been shown to induce specific and highly efficient 

deletion of loxP-flanked gene segments in mature neutrophils and macrophages with a 

higher deletion efficiency in neutrophils 45,46,57. In contrast, LysM-Cre-mediated deletion 

does not occur in T cells, B cells, NK cells, and pDCs, despite the presence of LysM 

activity in a small population of the hematopoietic stem cells 58. Consistent with previous 

studies, we verified highly efficient deletion of the Traf3 gene and a corresponding loss of 

TRAF3 protein (80~90% reduction) in peritoneal macrophages and BMDMs prepared 

from M-TRAF3-/- mice as determined by genomic PCR and Western blot analysis (Figure 

1A and data not shown). No deletion of Traf3 was observed in splenic T and B cells of M-

TRAF3-/- mice (data not shown). Interestingly, we found that TRAF1 and TRAF2 protein 
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levels were modestly increased in TRAF3-deficient macrophages (Figure 1A). In contrast, 

TRAF6 protein levels were unchanged. We previously had observed modestly increased 

TRAF1 and TRAF2 protein levels in TRAF3-/- B cells and T cells 12,16. These findings raise 

the possibility that increased TRAF1 and TRAF2 may partially compensate for the loss of 

TRAF3 in these cell types. Together, these data validated TRAF3flox/floxLysM+/Cre mice as 

myeloid cell-specific TRAF3-deficient (M-TRAF3-/-) mice. 

1.3.2 YOUNG ADULT M-TRAF3 - / - MICE HAVE NORMAL POPULATIONS OF 

LYMPHOID AND MYELOID CELLS 

We previously reported that TRAF3 regulates mature B cell homeostasis in 

secondary lymphoid organs 12. To investigate whether TRAF3 is involved in the maturation 

and homeostasis of myeloid cells, we first examined the size and cell numbers of lymphoid 

organs of 8-12 weeks old M-TRAF3-/- and TRAF3-sufficient littermate control mice 

(TRAF3flox/flox, LMC). We found that M-TRAF3-/- mice had normal sized spleens, lymph 

nodes, and thymi, and also had normal numbers of cells in the BM and peritoneum (Table 

I and data not shown). We next used flow cytometry to characterize lymphocyte and 

myeloid cell populations in the BM, spleen, and peritoneum. Our data demonstrated that 

M-TRAF3-/- and LMC mice had similar proportions and numbers of splenic follicular and 

marginal zone B cell subsets and CD4 and CD8 T cells. This was also true for comparisons 

of granulocytes, monocytes and macrophages in the BM, spleen, and peritoneal lavage 

(Figure 1B, 1C, and Table I). Interestingly, TRAF3-/- and LMC CD11b+F4/80+ 

macrophages in the spleen and peritoneal cavity also expressed comparable levels of MHC 

class II, CD80 and CD86, suggesting that macrophages were not activated as a result of 

TRAF3 deficiency in mice of this age (data not shown). In addition, following i.p. injection 
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of thioglycollate, the numbers of neutrophils (analyzed at 2, 4, 6, 12 or 18 h post injection) 

and macrophages (analyzed at day 3 or day 4 post injection) recruited to the peritoneal 

cavity were also comparable between M-TRAF3-/- and LMC mice (data not shown). 

Collectively, our findings indicate that specific ablation of TRAF3 in myeloid cells did not 

affect  maturation, homeostasis or migration of macrophages and neutrophils and, as 

expected, had no effects on T and B cells. 

 

Table I: Summary of lymphocyte and myeloid cell populations of M-TRAF3-/- mice 

analyzed by FACS 

Mice analyzed were 8 to 12 weeks old. Data shown are the results of five independent 

experiments (mean  STDEV)  
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Figure 1:Normal lymphocyte and myeloid cell populations in M-TRAF3-/- mice.  

TRAF3flox/flox littermate control (LMC) and M-TRAF3-/- mice analyzed were 8 to 12 weeks old. 

(A) Verification of TRAF3 deletion in BMDMs by Western blot analysis.  Total cellular proteins 

were prepared from BMDMs derived from 3 pairs of LMC and M-TRAF3-/- mice. Proteins were 

immunoblotted for TRAF3, followed by TRAF2, TRAF1, TRAF6 and actin. (B) Representative 

FACS profiles of splenocytes prepared from LMC and M-TRAF3-/- mice. Cells were stained with 

fluorochrome-conjugated antibodies specific for B220, CD3, F4/80, CD68, CD21, and CD23, and 

then analyzed by a FACSCalibur. FACS profiles were scatter-gated on live cells. Similar results 

were observed in 4 additional experiments. 

 

1.3.3 ALTERED CYTOKINE PRODUCTION IN TRAF3 - / - BMDMS AND PEMS IN 

RESPONSE TO LPS STIMULATION 

It was shown previously that LPS-induced type I IFN production is abolished but 

IL-12 production is enhanced in BMDMs derived from chimeric mice reconstituted with 

TRAF3-/- fetal liver cells 26,27. We therefore analyzed LPS-induced cytokine production in 

BMDMs and PEMs derived from M-TRAF3-/- mice by RT-qPCR and ELISA. Consistent 

with published studies, we found that LPS-induced expression of Ifnb and Ifna4 was almost 

abolished in BMDMs and PEMs derived from M-TRAF3-/- mice (Figure 2A and 2B). 

Interestingly, production of IL-12 was enhanced by TRAF3 deficiency at both the 

transcript and protein levels (Figure 2A-2D). In addition, although transcription of Il6 was 

not changed (Figure 2A and 2B), secretion of IL-6 was significantly increased in TRAF3-/- 

BMDMs and PEMs (Figure 2C and 2D). In contrast, LPS-induced production of TNF-α in 

either cell population was not affected by TRAF3 deletion (Figure 2A-2D). Taken together, 

our results showed that in response to LPS stimulation, TRAF3-deficient macrophages 

exhibited alterations in expression of some cytokines but not others. These studies 

validated M-TRAF3-/- mice as a suitable model to explore the in vivo functions of myeloid 

cell TRAF3. 
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Figure 2: Impaired type I IFN but enhanced IL-6 and IL-12 production in TRAF3-/- 

macrophages in response to LPS stimulation.  

(A and B) LPS-induced mRNA expression of cytokines in macrophages. BMDMs (A) or PEMs 

(B) derived from M-TRAF3-/- and LMC mice (7-10 week-old) were cultured in the absence or 

presence of 100 ng/ml of LPS for 2 or 4 hours. RNA was extracted, and real-time PCR was 

performed using TaqMan primers and probes specific for Ifnb, Ifna4, Il6, Il12a (p35), and Tnfa. 

Each reaction also included the probe (VIC-labeled) and primers for b-actin mRNA, which served 

as an endogenous control. Relative mRNA expression levels of each cytokine were analyzed using 

the Sequence Detection Software (Applied Biosystems) and the comparative Ct method. Graphs 

depict the results of three independent experiments with duplicate reactions in each experiment 

(mean ± S.D.). (C and D) LPS-induced secretion of cytokines in macrophages. BMDMs (C) or 

PEMs (D) derived from M-TRAF3-/- and LMC mice (7-10 week-old) were cultured in the absence 

or presence of 100 ng/ml of LPS for indicated time periods. The levels of IL-6, IL-12 and TNF in 

culture supernatants were analyzed by ELISA. Graphs depict the results of three independent 

experiments with duplicate samples in each experiment (mean ± S.D.). *, significantly different 

between LMC and M-TRAF3-/- (t test, p < 0.05); **, very significantly different between LMC and 

M-TRAF3-/- (t test, p < 0.01); ***, highly significantly different between LMC and M-TRAF3-/- (t 

test, p < 0.001). 

 

1.3.4 ENHANCED PRO-INFLAMMATORY RESPONSES IN M-TRAF3 - / - MICE 

CHALLENGED WITH LPS OR POLYI:C 

Myeloid cells provide the first line of defense against bacterial and viral infections 

by producing type I IFN and pro-inflammatory cytokines. In light of our in vitro evidence 

for TRAF3 regulation of cytokine production in BMDMs and PEMs, we investigated the 

in vivo responses of M-TRAF3-/- mice inoculated with LPS or PolyI:C, which mimic 

aspects of bacterial and viral infections, respectively. We measured serum levels of IFN- 

as well as pro-inflammatory and anti-inflammatory cytokines at different times after 

injection. Our results demonstrated that in response to LPS, serum levels of the pro-

inflammatory cytokines TNF and IL-1 were comparable in M-TRAF3-/- and LMC mice 

(Figure 3A). In contrast to the reduced in vitro inducibility of Ifnb observed in LPS-

simulated BMDMs and PEMs of M-TRAF3-/- mice, serum levels of IFN- were not 

decreased in M-TRAF3-/- mice inoculated with LPS or polyI:C (Figure 3A). The normal in 

vivo production of IFN- may reflect the lack of TRAF3 deletion in pDCs, which are the 
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most potent producers of type I IFN following TLR ligation. Interestingly, levels of the 

pro-inflammatory cytokines IL-6 and IL-12 in sera of M-TRAF3-/- mice were elevated at 2 

h, and IL-12 levels were also increased at 6 h post LPS injection (Figure 3A). Similarly, 

serum levels of IL-12 were also significantly elevated in M-TRAF3-/- mice at 2 h post 

injection with polyI:C (Figure 3B). In contrast, serum levels of the anti-inflammatory 

cytokine IL-10 were markedly decreased in M-TRAF3-/- mice compared to LMC mice at 

2 and 6 h post LPS injection (Figure 3A). These results suggest that TRAF3 inactivation 

in myeloid cells alters cytokine production profiles to favor pro-inflammatory responses 

following in vivo challenges with LPS or polyI:C. 
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Figure 3: In vivo cytokine production in response to injection with LPS or polyI:C. 

Gender and age-matched M-TRAF3-/- and LMC mice (8-12 week-old) were i.p. injected with LPS 

(300 g LPS/20g body weight, n=9 for each group, A) or polyI:C (200 g polyI:C/20g body weight, 

n=4 for each group, B), and sera were collected at 2 and 6 h post-injection. Serum levels of IFN-, 

IL-6, IL-12, IL-10, IL-1, and TNF were measured by ELISA. *, significantly different between 

LMC and M-TRAF3-/- (t test, p < 0.05); **, very significantly different between LMC and M-

TRAF3-/- (t test, p < 0.01); ***, highly significantly different between LMC and M-TRAF3-/- (t test, 

p < 0.001). 

 

1.3.5 PROXIMAL SIGNALING EVENTS DOWNSTREAM OF LPS/TLR4 

ENGAGEMENT IN TRAF3-DEFICIENT BMDMS AND NEUTROPHILS 

To understand how TRAF3 deficiency affects LPS-induced cytokine production in 

myeloid cells, we investigated proximal signaling events following TLR4 engagement by 

LPS in TRAF3-deficient BMDMs and neutrophils. Purified thioglycollate-elicited 

neutrophils and BMDMs were stimulated with LPS, and total cellular proteins were 

prepared from both cell types at different time points. Phosphorylation of proximal 

signaling components of TLR4 including IRF3, p38, ERK, JNK, Akt, and IB were 

examined by immunoblot analyses. We found that LPS-induced phosphorylation of IRF3, 

the key transcription factor driving type I IFN expression, was markedly reduced in 

TRAF3-/- BMDMs (Figure 4A). We did not detect any induction of IRF3 phosphorylation 

by LPS in LMC or TRAF3-/- neutrophils (data not shown). We found that LPS-induced 

phosphorylation of p38, ERK, JNK, and Akt was normal in TRAF3-/- BMDMs and 

neutrophils (Figure 4A and 4B). Similarly, activation of the classical NF-B1 pathway was 

not affected by TRAF3 deletion in either cell type as measured by phosphorylation and 

degradation of IB after stimulation with LPS (Figure 4A and 4B). We previously found 

that TRAF3 deficiency resulted in constitutive NF-B2 activation in B cells, leading to 

prolonged B cell survival 12,14. We therefore compared NF-B2 processing in TRAF3-/- and 

LMC BMDMs and neutrophils. Interestingly, in the absence of stimulation, TRAF3-
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deficient cells exhibited constitutive processing of NF-B2 from the inactive precursor 

p100 to the active p52, which was as robust as that observed in LMC cells after stimulation 

with LPS (Figure 4A and 4B). However, in contrast to TRAF3-deficient B cells, 

constitutive NF-B2 processing did not result in prolonged survival or decreased apoptosis 

in TRAF3-/- BMDMs or neutrophils (data not shown). Collectively, our findings indicate 

that TRAF3 deficiency leads to constitutive activation of NF-B2 in both BMDMs and 

neutrophils, and specifically impairs LPS-induced activation of IRF3 in BMDMs, thereby 

modulating their cytokine production. 
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Figure 4: Altered signaling events in TRAF3-/- BMDMs and neutrophils in response to LPS 

stimulation. 

BMDMs (A) or thioglycollate elicited peritoneal neutrophils (B) prepared from M-TRAF3-/- and 

LMC mice (8-12 week-old) were stimulated with 100 ng/ml of LPS for indicated time periods. 

Total protein lysates were prepared, and signaling events of TLR4 were analyzed by immunoblot 

analysis. Proteins were immunoblotted for phosphorylated (P-) or total IRF-3, p38, ERK, JNK, 

Akt, IB, followed by NF-B2 (p100 and p52), RelB, TRAF3 and actin. Results shown are 

representative of 3 independent experiments. 
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1.3.6 ENHANCED TI AND TD IGG RESPONSES IN M-TRAF3 - / - MICE 

In addition to serving as primary players in innate immunity and inflammation, 

myeloid cells also play important roles in antigen presentation to activate adaptive 

immunity. We therefore measured basal Ig isotype levels in sera from 8-12 week old M-

TRAF3-/- and LMC mice, and found that the levels of IgM, IgG1, IgG2b, IgG3, IgA and 

IgE were similar in both cohorts (Figure 5A). Following immunization with the TI Ag, 

TNP-Ficoll, M-TRAF3-/- mice tended to have slightly higher levels of all TNP-specific 

isotypes than LMC mice although only IgG3 differences were significant (Figure 5B). In 

contrast, following immunization with the TD Ag, TNP-KLH, only TNP-specific IgG2b 

levels were significantly increased in sera of M-TRAF3-/- as compared to LMC mice 

(Figure 5C). Collectively, these results indicate that while baseline levels of serum 

immunoglobulins were similar in M-TRAF3-/- and LMC mice, the responses to TI and TD 

antigens were altered in M-TRAF3-/- mice. 
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Figure 5: Altered antibody responses in M-TRAF3-/- mice. 

LMC and M-TRAF3-/- mice analyzed were 8 to 12 weeks old.  (A) Basal serum titers of Ig isotypes. 

Sera from naïve LMC and M-TRAF3-/- mice (n=8 for each group) were tested for IgM, IgG1, 

IgG2b, IgG3, IgA, and IgE levels by ELISA. (B) TI antibody responses. LMC and M-TRAF3-/- 

mice (n=9 for each group) were immunized with the TI Ag TNP-Ficoll, and sera were collected on 

day 7 after immunization. Serum titers of anti-TNP IgM, IgG1, IgG2b, IgG3, IgA, and IgE were 

analyzed by ELISA. (C) TD antibody responses. LMC and M-TRAF3-/- mice (n=12 for each group) 

were immunized with the TD Ag TNP-KLH in Alum. Sera were collected on day 7 after 

immunization. Serum titers of anti-TNP IgM, IgG1, IgG2b, IgG3, IgA, and IgE were measured by 

ELISA. Multiple serial dilutions of each serum sample were tested to ensure that the readout is 

within the linear range of the assay. *, significantly different from LMC (t-test, P < 0.05). 
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1.3.7 SPONTANEOUS INFLAMMATION, INFECTION, AND TUMOR 

DEVELOPMENT IN AGING M-TRAF3 - / - MICE 

In light of understandings that elevated pro-inflammatory cytokines contribute to 

inflammatory diseases, we hypothesized that M-TRAF3-/- mice should be predisposed to 

inflammation. We thus monitored the health of aging M-TRAF3-/- and LMC mice. We first 

noticed that beginning around 10 months of age, mortality of M-TRAF3-/- mice was greatly 

accelerated over that of LMC (Figure 6A).  Histopathological studies were performed on 

22 M-TRAF3-/- mice of 15-22 months old. We found that 15 out of the 22 (68.2%) mice 

displayed inflammation, infection, or tumors involving multiple organs, features that were 

not observed in age-matched LMC mice (Table II and Figure 6B). Twelve mice developed 

tumors, including two cases of histiocytic sarcomas (histiocytic neoplasms, tumors of a 

type of tissue-resident macrophages), one hepatocellular adenoma, and nine B cell 

lymphomas (Table II). Lymphomas observed in M-TRAF3-/- mice were diffuse large B cell 

lymphomas (DLBCLs) or follicular lymphomas (FLs). Six M-TRAF3-/- mice displayed 

inflammation involving multiple organs, including the liver, gastrointestinal tract (GI 

tract), lung, kidney, pancreas, and heart (Table II). Three M-TRAF3-/- mice had infections 

in the intestine/colon, liver, and lung (Table II). Notably, seven M-TRAF3-/- mice had 

internal hemorrhages and two had blistering (Table II). Interestingly, individual M-

TRAF3-/- mice often had more than one type of pathology. Examples include B cell 

lymphoma and lung inflammation, pancreatitis and hepatocellular adenoma, bacterial 

infection and hemorrhagic liver. Together, our findings indicate that specific ablation of 

TRAF3 in myeloid cells contributed to spontaneous development of different types of 

tumors, inflammation, and infection. 
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Table II: Summary of histological observations of M-TRAF3-/- mice at the age of 15-22 

months  

 

Histologic diagnoses were made based on established criteria (23-28). Mice with DLBCL and FL 

were diagnosed histologically using criteria outlined in a consensus nomenclature of mouse 

lymphoid neoplasms (23). Malignancies of histiocytes (histiocytic sarcoma) were diagnosed 

histologically as described (24). Inflammation was diagnosed histologically using criteria of 

myeloid cell/lymphocyte infiltration in tissues as described (25). Cases diagnosed with 

inflammatory conditions exhibited expansions of immature myeloid cells, monocytes and 

granulocytes in tissues outside the bone marrow and often in spleen or liver. Infections were 

diagnosed with evidence for bacterial or parasitic infection in different tissues, including 

visualization of bacteria and entamoeba as described (26-28). Individual mice could have more 

than one type of pathology. Examples include B cell lymphoma and lung inflammation, pancreatitis 

and hepatocellular adenoma, bacterial infection and hemorrhagic liver.  

 

1.3.8 HISTOPATHOLOGIC FEATURES OF M-TRAF3 - / - MICE WITH 

SPONTANEOUS INFLAMMATION, INFECTION OR TUMOR DEVELOPMENT  

Histologically, affected spleens of M-TRAF3-/- mice with spontaneous 

inflammation, infection or tumor development were most often characterized by a near 

complete loss of normal architecture (Figure 6C). In mice with histiocytic sarcomas, tumor 

cells were identified as the major cell type in the spleen, and nodal areas of pure 

histiocytosis were also observed in the liver (Figure 6C). In the mouse with hepatocellular 

adenoma, the liver was massively occupied by liver cancer cells in association with large 

cytoplasmic vacuoles (Figure 7). In mice with DLBCL, lymphoma cells were responsible 

for marked expansion of the splenic white pulp and infiltration of the liver (Figure 6C). In 

mice with inflammation, the majority of splenic lymphocytes were replaced with myeloid 
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cells, and granulocyte infiltration was observed in multiple organs, including the liver, 

intestine, lung, and pancreas (Figure 8 and data not shown). In addition, glomerular damage 

was observed in the kidneys of mice with inflammation (Figure 8).  In mice with infection 

and inflammation, the splenic architecture was also disrupted by myeloid cells, and the 

liver contained clustered inflammatory cells, including histiocytes and necrotic areas 

(Figure 6C). We observed two cases of bacterial abscesses (Figure 6B), in which bacteria 

were clearly identified in micrographs (Figure 9a and 9b). Interestingly, we also detected 

one case of infection by Entamoeba muris, a strain of commensal protozoan parasite, in 

cecum (Figure 9c). Taken together, the splenic red pulp and white pulp were disrupted in 

mice with histiocytic sarcoma, DLBCL, inflammation, or infection, and other affected 

organs also exhibited infiltration with tumor or myeloid cells.   
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Figure 6: Gross and histopathological features of M-TRAF3-/- mice with spontaneous tumor, 

inflammation or infection. 

(A) Accelerated mortality of M-TRAF3-/- mice. Survival curves of LMC and M-TRAF3-/- mice 

were generated using the Kaplan-Meier method. P<0.001 as determined by the Mantel-Cox log-

rank test. (B) Representative images of affected organs in diseased M-TRAF3-/- mice. a, Massively 

enlarged mesenteric lymph node (MLN) in a mouse with DLBCL (mouse ID: 237-2). b, GI tract 

and MLN of a mouse with bacterial infection and inflammation (mouse ID: 228-5). Arrow indicates 

the large bacterial intestinal abscess. c, Liver of a mouse with hepatocellular adenoma (mouse ID: 

237-4). (C) Representative micrographs of the spleen and liver of diseased M-TRAF3-/- mice. 

Sections of the spleen and liver were stained with hematoxylin and eosin, and representative 

micrographs of LMC and M-TRAF3-/- mice are shown for comparison. a, Normal tissues from a 

LMC mouse. b, Mouse (ID: 237-5) with extensive histiocytosis and increased erythroid activity in 

the spleen and areas of pure histiocytosis in the liver. c, Mouse (ID: 233-5) with DLBCL showing 

marked enlargement of the splenic white pulp by tumor cells and large perivascular infiltrates with 

tumor cells in the liver. d, Mouse (ID: 274-12) with infection showing inflammation and necrotic 

areas in the liver and marked red pulp hyperplasia of myeloid and erythroid elements in the spleen. 

  



 

 

41 

 

 

Figure 7: Hepatocellular adenoma observed in one M-TRAF3-/- mouse.  
Sections of the liver were stained with hematoxylin and eosin, and representative micrographs of 

LMC (normal liver) and the M-TRAF3-/- mouse with hepatocellular adenoma are shown. 
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Figure 8: Spontaneous development of inflammation in M-TRAF3-/- mice at the age of 15 – 

22 months. 

Sections of the intestine, lung, pancreas, and kidney were stained with hematoxylin and eosin, and 

representative micrographs of LMC (normal tissues) and diseased M-TRAF3-/- mice are shown for 

comparison. 
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Figure 9: Spontaneous development of bacterial and parasitic infections in M-TRAF3-/- 

mice at the age of 15 – 22 months.  

Sections of the colon, liver, and cecum were stained with hematoxylin and eosin, and representative 

micrographs of M-TRAF3-/- mice with infections are shown. Numerous bacteria (left panel) and 

Entamoeba muris (right panel) were clearly identified in the micrographs. Blue arrows indicate 

representative bacteria, and black arrows indicate representative Entamoeba muris.   
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1.3.8 FLOW CYTOMETRY REVEALS DRASTICALLY ALTERED 

LYMPHOCYTE AND MYELOID CELL POPULATIONS IN M-TRAF3 - / - MICE 

WITH SPONTANEOUS INFLAMMATION, INFECTION OR TUMORS  

To detect potential alterations of lymphocyte and myeloid cell populations 

underlying the above disease conditions, we performed immunophenotypic analyses using 

flow cytometry. In sharp contrast to the normal spleen size observed in young 8-12 week 

old M-TRAF3-/- mice or old LMC mice, diseased M-TRAF3-/- mice had greatly enlarged 

spleens as evidenced by significantly increased spleen weights (Figure 10A). Similarly, the 

splenic cell populations in M-TRAF3-/- mice with spontaneous inflammation, infection or 

tumor development were altered with increased populations of B220-CD3-CD11b+/lowGr-

1+/low myeloid cells (Figure 10B). Consistent with the histological diagnoses, the 

frequencies of normal B and T cells observed in LMC mice were often diminished in 

diseased M-TRAF3-/- mice. In mice with histiocytic sarcomas, splenic lymphocytes were 

mainly replaced by histiocytic tumor cells (B220-CD3-CD11blowGr-1low) (Figure 10B). In 

mice with inflammation, most lymphocytes were replaced with a major population of Gr-

1+CD11b+ myeloid cells in the spleen (Figure 10B). In mice with infections, splenic 

lymphocytes were also replaced with CD11b+Gr-1+ myeloid cells or B220-CD3- 

CD11blowGr-1low histiocytes (Figure 10B). In summary, common features of altered cell 

populations observed in spleens of different individual M-TRAF3-/- mice with spontaneous 

inflammation, infection or tumor development include increased percentages of 

CD11b+Gr-1+ myeloid cells and decreased percentages of CD3+B220- T lymphocytes 

(Figure 10C). In mice with DLBCL, splenic B lymphoma cells were B220+CD21-CD23- 

(Figure 10D). These results suggest that TRAF3 deficiency in myeloid cells promotes 
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inflammation but also greatly compromises the ability of mice to resist infections or control 

development of hematopoietic and solid tumors. 
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Figure 10: Abnormal lymphocyte and myeloid cell populations in the spleen of diseased M-

TRAF3-/- mice.  
(A) Enlarged spleens of M-TRAF3-/- mice (age: 15-22 month-old). The graph depicts spleen 

weights of age-matched LMC and M-TRAF3-/- mice (n=15 for each group of mice). (B) 

Representative FACS profiles of splenocytes of age-matched LMC and diseased M-TRAF3-/- mice. 

Splenocytes were stained with fluorochrome-conjugated B220, CD3, CD11b, Gr-1, CD21 and 

CD23 Abs, and then analyzed by a FACSCalibur. FACS profiles were scatter-gated on live cells. 

Gated cell populations include: B cells, B220+CD3-; T cells, CD3+B220-; myeloid cells, 

CD11b+Gr-1+; a distinct population of histiocytes (gated with a circle in the 3rd and 5th panel): 

CD11blowGr-1low. M-TRAF3-/- mice shown include: 237-2, DLBCL; 237-5, histiocytosis; 237-1, 

inflammation; 274-12, infection and inflammation. FACS profiles shown are representative of 2 

cases of DLBCL, 2 cases of histiocytosis, 2 cases of inflammation, and 2 cases of infection, 

respectively. (C) Increased percentage of CD11b+Gr-1+ myeloid cells and decreased percentage 

of CD3+B220- T cells in diseased M-TRAF3-/- mice. The graphs depict the percentages of 

CD11b+Gr-1+ myeloid cells or CD3+B220- T cells of age-matched LMC and diseased M-

TRAF3-/- mice (n=8 for each group of mice) analyzed by FACS. P values (t-test) between LMC 

and M-TRAF3-/- mice are shown. (D) Representative FACS profiles of B220+ splenic B cells of 

M-TRAF3-/- mice with DLBCL. Follicular (FO) B cells are identified as B220+CD21IntCD23+, and 

marginal zone (MZ) B cells are identified as B220+CD21+CD23Int. The small population (6.91%) 

of B220+CD21-CD23- observed in LMC are immature and activated B cells, and the major 

population (41.34% in mouse ID 237-5 and 68.48% in mouse ID 233-5) of B220+CD21-CD23- 

observed in M-TRAF3-/- mice are predominantly DLBCL cells. 
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1.3.9 ABERRANT PRODUCTION OF CYTOKINES AND CHEMOKINES IN 

DISEASED M-TRAF3-/- MICE 

To gain deeper understandings of diseased M-TRAF3-/- mice, we measured the serum 

levels of 40 cytokines and chemokines using a Mouse Cytokine Array assay kit. Our results 

demonstrated that M-TRAF3-/- mice with spontaneous tumor development or 

inflammation/infection exhibited strikingly elevated serum levels of a number of 

chemokines and cytokines, including CXCL-13, G-CSF, CCL1, IL-16, IL-17, IP-10, MCP-

1, MCP-5, CXCL9, TIMP-1, and TREM-1 (Figure 11). Among these, G-CSF stimulates 

the bone marrow to produce granulocytes and release them into the blood stream, and also 

promotes the survival, proliferation, differentiation, and function of neutrophil precursors 

and mature neutrophils 59,60. IL-17 is potent in inducing and mediating pro-inflammatory 

responses 61. Four chemokines, including CCL1, MCP-1 (CCL2), MCP-5 (CCL12), and 

IP-10 (CXCL10), all act as chemoattractants to recruit monocytes/macrophages, dendritic 

cells, and lymphocytes to the sites of inflammation 62-68. Interestingly, TREM-1, a 

triggering receptor expressed on myeloid cells, plays a role in promoting inflammatory 

responses mediated by monocytes/macrophages and neutrophils 69,70. These cytokines and 

chemokines are also implicated in the pathogenesis of various inflammatory diseases and 

tumor development (26-37), consistent with the phenotypes observed in our M-TRAF3-/- 

mice. Thus, aberrantly elevated serum levels of these cytokines and chemokines suggest 

that dysregulation of myeloid cells actively contributes to the pathogenesis of spontaneous 

inflammation, infection and tumor development observed in aging M-TRAF3-/- mice.  

http://en.wikipedia.org/w/index.php?title=Neutrophil_precursor&action=edit&redlink=1
http://en.wikipedia.org/wiki/Neutrophil
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Figure 11:Aberrant serum cytokine and chemokine levels of diseased M-TRAF3-/- mice.  

(A) Cytokine and chemokine protein array blots of age-matched LMC and diseased M-TRAF3-/- 

mice. Cytokines and chemokines in mouse sera were detected using the Mouse Cytokine Array 

Assay kit (R&D) following the manufacturer’s protocol. In each blot, combined sera of three mice 

(70 l serum of each mouse) were used for the cytokine array assay. Sera of M-TRAF3-/- mice with 

tumor examined include 237-5 (histiocytosis), 228-7 (DLBCL), and 274-11 (FL). Sera of M-

TRAF3-/- mice with inflammation and infection examined include 228-5, 237-1, and 274-12. (B) 

Quantification of cytokine and chemokine levels of diseased M-TRAF3-/- mice measured by the 

cytokine protein array analyses. Each cytokine or chemokine spots on the blots in (A) were 

quantitated using a low-light imaging system, and the results presented graphically. The amount of 

each cytokine or chemokine in diseased M-TRAF3-/- mice (tumor or inflammation) was relative to 

the mean of the intensity of corresponding LMC1 and LMC2 spots. Each cytokine or chemokine 

has duplicate detection spots. The graph depicts the fold change (M-TRAF3-/-/LMC) of each 

cytokine or chemokine (mean). Bold numeric labels indicate the spots that are strikingly different 

between M-TRAF3-/- mice with tumor or inflammation/infection and LMC in (A) and the 

corresponding cytokine/chemokine quantitation data in (B). 
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1.4 DISCUSSION AND CONCLUSIONS 

In the present study, we generated and characterized M-TRAF3-/- mice to 

investigate the in vivo functions of TRAF3 in myeloid cells, central players in innate 

immunity and inflammation. Our results showed that 8-12 weeks old M-TRAF3-/- mice had 

normal lymphocyte and myeloid cell populations in various hematopoietic compartments, 

demonstrating that LysM-Cre-mediated TRAF3 ablation neither affects the development 

nor alters the homeostasis of myeloid cells in young adult mice. However, in response to 

challenge with LPS (a bacterial mimic) or polyI:C (a viral mimic), M-TRAF3-/-  mice 

exhibited an altered profile of cytokine production. Following immunization, M-TRAF3-/- 

mice displayed elevated T-independent IgG3 as well as T-dependent IgG2b responses. 

Interestingly, 15-22 months old M-TRAF3-/- mice spontaneously developed chronic 

inflammation or tumors with some cases showing two pathologic conditions affecting 

multiple organs. Together, our findings indicate that myeloid cell TRAF3 regulates 

immune responses and is required for inhibiting inflammation and tumor development in 

mice. 

It has been shown that TRAF3 regulates the homeostasis of multiple cell types 

through different mechanisms. Specific deletion of TRAF3 from B cells leads to vastly 

prolonged survival of mature B cells due to constitutive activation of the NIK-NF-B2 

pathway 12,13. Although ablation of TRAF3 from T cells does not affect the homeostasis of 

CD4 or CD8 T cells 13,16, the frequency and number of regulatory T cells (Treg) are 

increased in T-TRAF3-/- mice and Treg-specific TRAF3-/- mice 16,20. TRAF3 promotes IL-

15-mediated survival and proliferation in invariant natural killer T cells 18. TRAF3 also 

regulates the development of medullary thymic epithelial cells by affecting the LTR-NF-
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B2 and CD40-NF-B2 pathways 71. In osteoclast precursor cells, TRAF3 inhibits 

osteoclast formation by suppressing RANK-NF-B2 signaling 72. In the present study, we 

also observed constitutive NF-B2 activation in TRAF3-deficient macrophages and 

neutrophils. Interestingly, although the homeostasis of macrophages and neutrophils was 

normal in young adult M-TRAF3-/- mice, we detected malignant histiocytosis and frequent 

expansion of CD11b+Gr-1+ myeloid cells in aged M-TRAF3-/- mice. It would thus be 

interesting to investigate whether and how TRAF3 regulates the survival and/or 

proliferation of histiocytes and CD11b+Gr-1+ myeloid cells. We speculate that TRAF3 

deficiency may gradually lead to prolonged survival or increased proliferation of 

CD11b+Gr-1+ myeloid cells, causing chronic inflammation in M-TRAF3-/- mice. 

However, increasing evidence indicates that both inflammation and tumors stimulate the 

expansion of CD11b+Gr-1+ myeloid-derived suppressor cells (MDSC) 73-76. Therefore, it 

remains possible that the increased population of CD11b+Gr-1+ cells observed in our study 

consists mostly of expanded MDSC as a consequence of spontaneous inflammation and 

tumor development. 

The importance of TRAF3 in innate immunity is highlighted by the evidence that a 

variety of viral and bacterial proteins target TRAF3 for inactivation. These include Lb(pro) 

of foot-and-mouth disease virus, X protein (HBx) of hepatitis B virus, UL36 of herpes 

simplex virus 1 (HSV-1), YopJ of the Gram- bacterium Yersinia pestis, Tat protein of HIV-

1, Gn protein of NY-1 hantavirus, and M protein of severe acute respiratory syndrome 

coronavirus 10. All these pathogen proteins target TRAF3 and thus inhibit IRF3 

phosphorylation and type I IFN production 10. Consistent with these findings, TRAF3 

mediates type I IFN production and viral resistance in BMDMs, DCs, and TLR2-
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reprogrammed macrophages 26,27,37,77,78. In the present study, we verified previous 

observations that LPS-induced IRF3 phosphorylation and type I IFN production are 

impaired in TRAF3-/- BMDMs, and extended these findings to PEMs. Paradoxically, in 

vivo IFN- production was not affected in young adult M-TRAF3-/- mice injected with LPS 

or polyI:C, which is likely due to compensation by TRAF3-sufficient plasmacytoid DCs, 

the most potent producers of type I IFN.  Regardless of this, innate immunity is evidently 

altered by TRAF3 deletion in myeloid cells, as demonstrated by the spontaneous 

development of inflammation and infection in M-TRAF3-/- mice older than 15 months. 

Bacterial or entamoeba infections observed in aged M-TRAF3-/- mice are most likely 

caused by opportunistic strains of commensal microbiota (termed “pathobionts”) 79-81, 

which may trigger TRAF3-dependent signaling pathways via TLRs or NLRs in 

macrophages, neutrophils and DCs. For example, lipopeptidophosphoglycan of entamoeba 

has been shown to induce signaling through TLR2 and TLR4, while DNA of entamoeba 

triggers signaling via TLR9 in macrophages 82. Similarly, muramyl dipeptide and meso-

diaminopimelic acid of commensal bacteria stimulate signaling through NOD1 and NOD2, 

respectively 83,84. Defective type I IFN production in TRAF3-/- myeloid cells in response to 

TLR or NLR signaling may occasionally allow colonization of commensal bacteria or 

entamoeba following opportunistic penetration of protective mucosal and epithelial 

barriers in the gut. Thus, TRAF3 appears to be required for the proper control of 

commensal microbiota-triggered innate immune responses and inflammation in myeloid 

cells. 

Myeloid cells not only mediate innate immunity and inflammation, but also act as 

antigen-presenting cells in adaptive immunity. Here we found that a TI Ag stimulated 
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increased IgG3 response while a TD Ag induced increased IgG2b response in M-TRAF3-/- 

mice, which may result from elevated levels of pro-inflammatory cytokines in myeloid 

cells. It has been previously shown that IL-12 enhances TI IgG3 responses 85. IL-6 

selectively promotes IgG2b production in germinal center (GC) B cells, and TD IgG2b 

responses are selectively impaired in IL-6-/- mice 86,87. Additionally, IL-6 induces the 

differentiation, expansion, and maintenance of T follicular helper (TFH) cells by inducing 

Bcl6 expression 88-90. Decreased TFH cell number has been shown to correlate with 

decreased TD IgG2b response 91. Therefore, elevated levels of IL-12 and IL-6 likely 

mediate increased TI IgG3 and TD IgG2b responses, respectively. We previously reported 

that specific deletion of TRAF3 in B cells leads to hypergammaglobulinemia, increased 

IgM and IgG responses after immunization with a TI Ag, but normal IgG1 responses to a 

TD Ag 12. In contrast, specific deletion of TRAF3 in T cells causes defective IgG1 

responses to a TD Ag due to impaired CD4 helper T cell activation 16. Interestingly, specific 

ablation of TRAF3 in Treg cells results in moderately enhanced IgG2b responses to a TI 

Ag and markedly increased IgG1 and IgG2b responses to a TD Ag, due to decreased 

induction of follicular regulatory CD4 T cells (TFR) after immunization 20. Therefore, 

TRAF3 deficiency in different immune cell types modulates antibody responses in distinct 

manners. 

One particularly interesting finding of our study is spontaneous tumor development 

in older M-TRAF3-/- mice. Notably, malignant transformation was not only detected in 

TRAF3-deficient histiocytes, a type of tissue-resident macrophages, but was also observed 

in other cell types that are TRAF3-sufficient, including B cells and hepatocytes. In contrast, 

tumor development is limited to TRAF3-deficient B cells but is not observed in other 
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TRAF3-sufficient cell types in B-TRAF3-/- mice 14. This suggests that TRAF3 signaling 

pathways in myeloid cells may contribute to tumor surveillance. In this regard, B cells are 

especially susceptible to genetic alterations due to the unique features of B cell formation 

and development, which includes V(D)J recombination, somatic hypermutation (SHM) 

and class switch recombination (CSR) of Ig genes. All of these processes produce double 

strand DNA breaks (DSBs), which increase the risk of genomic instability in B cells 92-94. 

Indeed, unlike MZLs and B1 lymphomas observed in B-TRAF3-/- mice that do not involve 

SHM or CSR 14, the DLBCLs and FLs identified in M-TRAF3-/- mice originate from 

germinal center (GC) or post-GC B cells, which are undergoing or have gone through GC 

related events, including SHM and CSR. B cells that have acquired oncogenic alterations 

during GC passage may escape the compromised tumor surveillance and develop into 

malignant lymphomas in M-TRAF3-/- mice. Alternatively, the chronic inflammatory 

environment of M-TRAF3-/- mice, a strong risk factor for cancer, may induce mutations 

that facilitate malignant transformation of TRAF3-sufficient cells (e.g., hepatocytes and B 

cells), stimulate tumor growth, and promote angiogenesis to accelerate tumor progression, 

invasion, and metastasis 95-98. Consistent with this notion, we did detect strikingly elevated 

levels of 11 cytokines and chemokines in M-TRAF3-/- mice with tumors. Furthermore, 

chronic inflammation may induce the generation and expansion of CD11b+Gr-1+ MDSC, 

which in turn suppress the anti-tumor immune responses mounted by natural killer (NK) 

cells and CD8 cytotoxic T cells 73-76. MDSC can also recruit and activate Treg cells to 

further inhibit anti-tumor responses 73-76. Taken together, the above evidence suggests that 

TRAF3 is a tumor suppressor gene not only in B cells but also in myeloid cells. 
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Considering that TRAF3 is employed in signaling by many immune receptors 10,24, 

it will be especially interesting to further decode the signaling pathways that lead to 

spontaneous inflammation and tumor development in M-TRAF3-/- mice. In the absence of 

infection with pathogens, TLRs and NLRs can be activated by commensal micro-

organisms or danger-associated molecular patterns (DAMPs) derived from injured body 

cells or necrotic cancer cells 83,84,99-101. TRAF3 regulates signaling of TLRs through direct 

interaction with two key adaptor proteins MyD88 and TRIF. Similarly, TRAF3 participates 

in NOD1 and NOD2 signaling via direct binding to the adaptor protein RIP2 10,24. Defective 

type I IFN production in TRAF3-/- myeloid cells in response to TLR-MyD88, TLR-TRIF, 

or NOD1-RIP2 signaling may result in compromised tumor surveillance or anti-tumor 

immunity 10,24,100,102. Meanwhile, enhanced production of pro-inflammatory cytokines in 

TRAF3-/- myeloid cells mediated by TLR-MyD88 or NOD1/2-RIP2 signaling may 

exacerbate inflammation 10,24,102,103. Of particular interest, TRAF3 also directly interacts 

with NLRP12, which inhibits NF-B2 activation and inflammation 104. Additionally, 

TRAF3 is a negative regulator of LT-R signaling 10, which inhibits inflammatory 

responses by inducing cross-tolerance to TLR4 and TLR9 activation in macrophages 105. 

Relevant to our mouse model, myeloid cell-specific deletion of MyD88 rescues the 

spontaneous colitis observed in IL-10-/- mice 106, and TLR4-/-, NOD1-/-, NOD2-/-, RIP2-/-, 

or NLRP12-/- mice are all more susceptible to colitis and colorectal cancer development 

when subjected to AOM-DSS treatment 102,104,107. Thus, breeding of M-TRAF3-/- mice with 

conditional knockout mice of MyD88, TRIF, RIP2, or NF-B2 will help to delineate the 

involvement of specific signaling pathways in the disease pathogenesis. 
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Findings obtained from different TRAF3-deficient mouse models generated in 

multiple laboratories strongly indicate that aberrant functions of TRAF3 may contribute to 

the pathogenesis of a variety of diseases, and have sparked interest in investigating Traf3 

genetic alterations in human patients. Published reports have mainly focused on Traf3 

mutations in B cell malignancies. Indeed, somatic biallelic deletions and inactivating 

mutations of Traf3 have been documented in a variety of human B cell neoplasms, 

including multiple myeloma, MZL, B cell chronic lymphocytic leukemia, mantle cell 

lymphoma, Waldenström’s macroglobulinemia and Hodgkin lymphoma 108-114. To date, 

only one case of a heterozygous Traf3 autosomal dominant mutation has been reported in 

a young adult with a history of herpes simplex virus-1 encephalitis in childhood, due to 

impaired TLR3-induced type I IFN production 115. Interestingly, expression of TRAF3 is 

significantly decreased in peripheral blood mononuclear cells of patients chronically 

infected with hepatitis B virus as compared to healthy controls 116. In the present study, we 

demonstrated that TRAF3 deletion leads to spontaneous inflammation and tumor 

development in mice. Future studies thus need to be directed at systematically determining 

the existence and frequency of somatic deletions, mutations, single nucleotide 

polymorphisms, or decreased expression of traf3 in myeloid cells in human patients with 

chronic inflammation and tumors, including hepatitis, inflammatory bowel diseases, 

pneumonia, histiocytic sarcoma, DLBCL, and hepatocellular adenoma. 
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CHAPTER 2: INVESTIGATING THE ROLE OF TRAF3 IN 

MYELOID DERIVED SUPPRESSOR CELLS 

2.0 ABSTRACT 

 Results obtained in the previous chapter showed that myeloid cell TRAF3 plays an 

anti-inflammatory and tumor suppressor role by preventing development of chronic 

inflammation and cancer in littermate control mice as opposed to M-TRAF3-/- mice. One 

major finding of that study was the significantly high numbers of Gr1+CD11b+ myeloid 

cells observed in the spleen of M-TRAF3-/- mice affected with chronic inflammation and 

cancer. Here we show that Gr1+CD11b+ myeloid cells are myeloid derived suppressor cells 

as they potently suppress proliferation of T cells and also show typical morphological 

characteristics of MDSC. In order to further investigate the role of TRAF3 in MDSC 

physiology, we have created a new model of chronic inflammation in young adult M-

TRAF3-/- mice by repeated injections of Bacillus Calmette-Guérin (BCG) which closely 

resembles the phenotype observed in aging M-TRAF3-/- mice affected with chronic 

inflammation and leads to significant expansion of MDSC in spleen. Closer analysis in 

BCG inflamed mice showed that MDSC induction is directly proportional to the intensity 

of inflammation. Moreover, higher numbers of MDSC seen in M-TRAF3-/- mice could be 

attributed to greater de novo synthesis in spleen of these mice compared to LMC mice. 

Finally, our preliminary data suggest that differentiation of MDSC into their mature 

counterparts is not grossly affected by cell intrinsic TRAF3. However, TRAF3-deficient 

MDSC show enhanced STAT3 phosphorylation upon stimulation with GM-CSF. Overall, 

the results here further support the anti-inflammatory role of myeloid cell TRAF3 and 

establishes it as a suppressor of MDSC expansion.  
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2.1 INTRODUCTION 

 In chapter I we showed that deletion of TRAF3 in myeloid cells in vivo leads to 

altered signaling downstream of TLR3 and TLR4 receptors and also to an altered antibody 

response to T-dependent and T-independent antigens. More importantly, we reported that 

M-TRAF3-/- mice spontaneously develop inflammation, infection, and tumors between 15 

and 22 months of age, pointing to critical roles of myeloid cell TRAF3 in controlling 

chronic inflammation and tumor development. One of the major findings in that study was 

the expansion of CD11b+Gr1+ myeloid cells in the spleen of mice containing spontaneous 

cancer, inflammation and infection. We speculated these cells to be myeloid derived 

suppressor cells (MDSC), given the disease phenotype that they are expanded in.   

 MDSC are a heterogeneous group of immature myeloid cells that are normally 

present in the bone marrow of a healthy individual. They are precursors of dendritic cells 

(DC), macrophages, and granulocytes 76. However, during pathological conditions like 

cancer, inflammation, infection and stress, an increase in the numbers of MDSC is evident 

in peripheral lymphoid organs and in circulation 117. MDSC potently suppress both 

adaptive and innate immune responses against tumor cells, and also facilitate angiogenesis, 

invasion and metastasis of solid tumors, thereby promoting tumor progression 76,118,119. In 

mice they are identified by the expression of CD11b+Gr1+ markers. They are further 

divided into two major subsets: Granulocytic or polymorphonuclear (G-MDSC or PMN-

MDSC) and Monocytic (M-MDSC) which are phenotypically similar to neutrophils and 

monocytes, respectively 120. Due to differences in the mechanisms of immune-suppression 

and the half-life of immune-suppressive mediators secreted by these two cell types,  M-

MDSC is more suppressive as compared to G-MDSC on a per cell basis 
121. Therefore, 
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investigating their ratio is of significance and variability in their ratio has been found in 

different cancer types 121-123. Research efforts in the past decade has led to a better 

understanding of the MDSC biology, however, the intrinsic role of TRAF3 remains 

unexplored. 

Here we confirm that the CD11b+Gr1+ myeloid cells expanded in tumor-bearing 

and inflammation affected M-TRAF3-/- aging mice are indeed MDSC. Moreover, we report 

results from a new chronic inflammatory mouse model that closely mimics the phenotype 

observed in aging M-TRAF3-/- and confirms the role of TRAF3 as a suppressor of MDSC 

expansion. Finally, our preliminary data suggest that differentiation of MDSC into their 

mature counterparts is not grossly affected by cell intrinsic TRAF3.    

2.2 MATERIALS AND METHODS 

2.2.1 MICE  

TRAF3flox/flox  and TRAF3flox/floxLysM+/Cre (M-TRAF3-/-) mice were generated as 

previously described 12,124. Mouse tails were screened by genomic PCR using primer sets 

(FC3 + BT6) 12, (Lys-Com + Lys-WT), and (Lys-Com + Lys-Cre) 45 as described. Deletion 

of exons 1 and 2 of the TRAF3 gene in peritoneal macrophages was detected by genomic 

PCR using primers U7 and BT6 as previously described 12. All experimental mice for this 

study were subsequently produced by breeding of TRAF3flox/flox mice with 

TRAF3flox/floxLysM+/Cre mice, and TRAF3flox/flox littermates (LMC) were used as controls 

for all experiments. All mice were kept in specific pathogen-free conditions in the Animal 

Facility at Rutgers University, and were used in accordance with NIH guidelines and under 
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an animal protocol (Protocol # 08-048) approved by the Animal Care and Use Committee 

of Rutgers University. 

2.2.2 ANTIBODIES AND REAGENTS  

FITC-, PE-, or Cy5-labeled Abs against mouse CD3, CD4, CD8, CD45R (B220), 

CD11b, Ly6C, Ly6G, F4/80, CD11c, and MHC class II were purchased from eBioscience 

(San Diego, CA). Tissue culture supplements including stock solutions of sodium pyruvate, 

L-glutamine, nonessential amino acids, and HEPES (pH 7.55) were from Invitrogen 

(Carlsbad, CA). DNA oligonucleotide primers were obtained from Integrated DNA 

Technologies (Coralville, IA). 

2.2.3 FLOW CYTOMETRY 

Single cell suspensions were made from the spleen, bone marrow (BM), and 

peritoneal lavage. Immunofluorescence staining and FACS analyses were performed as 

previously described 12,14. Erythrocytes from spleen were depleted with ACK lysis buffer. 

Cells (1x106) were blocked with rat serum and FcR blocking Ab (2.4G2), and incubated 

with various Abs conjugated to FITC, PE, or Cy5 for multiple color fluorescence surface 

staining. Analyses of cell-surface markers included Abs to CD3, CD4, CD8, CD45R 

(B220), CD11b, Ly6C, Ly6G, F4/80, CD11c, and MHC class II. List-mode data were 

acquired on a FACSCalibur (Becton Dickinson, Mountain View, CA) using Cell Quest 

software. The results were analyzed using FlowJo software (Tree Star, San Carlos, CA). 

Forward light scatter/side light scatter gating was used to identify live cells. 

2.2.4 THE IN VIVO MODEL SYSTEM FOR CHRONIC INFLAMMATION 
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Bacillus Calmette–Guérin was administered as previously described125. Briefly, 

heat-killed Mycobacterium tuberculosis-BCG (231141; Difco Laboratories) was 

administrated by three subcutaneous injections (100 µg per animal/dose) at 1 week 

intervals to induce chronic inflammation. One and two subcutaneous injections of BCG 

were performed to study the kinetics of MDSC expansion. The first two injections were 

administrated as a mixture of BCG and IFA (Sigma) at a 1:1 ratio emulsified by vortexing 

for 15 mins at highest speed, and the third BCG injection was with PBS only. Unless stated 

otherwise, cells were collected 2 days after each injection. Control mice were subjected to 

the same protocol. 

2.2.5 ALEXA FLOUR670 LABELING AND EX VIVO T CELL PROLIFERATION 

ASSAY 

Purified T cells (20 x 106) were incubated in 10 mls of HBSS 1x with Ca2+ and 

Mg2+, containing 0.5 M of a proliferation dye Alexa Flour 670 (eBioscience) for 10 min 

at 37o C. Cells were then chilled on ice for 5 mins and washed two times with HBSS. Non-

tissue culture treated 24-well plates were coated with 10 g/ml of CD3 antibody 

(Biolegend) at 370 C for 2 hours. Unbound antibody was then washed away with PBS. 

Labeled T cells were then plated in equal ratio with or without purified MDSC in the 

presence or absence of 2 g of CD28 antibody (Biolegend). The percentage of proliferating 

CD8+ T cells were determined by flow cytometry. 

2.2.6 CELL ISOLATION AND PURIFICATION OF SPLENIC CD8+ T CELLS 

AND MDSC 

CD8+ T cells were purified from control mice using CD8+ T cell purification kit 

from Miltenyi Biotec per manufacturer’s instructions. MDSC were purified from 
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splenocytes by depleting B and T cells first using B220 and CD90.2 beads from Miltenyi 

Biotec, respectively, and the B220-CD90.2- fraction was subsequently used to purify Gr1+ 

MDSC using anti-Gr1 followed by anti-PE beads from Miltenyi Biotec. The purity of cell 

populations was verified to be greater than 90% as determined by flow cytometry.  

2.2.7 MDSC DIFFERENTIATION ASSAY 

MDSC were isolated from inflamed mice and cultured in the presence or absence 

of 10 ng/ml of G-, M-, or GM-CSF (Biolegend) for 3 or 5 days or 1 g/ml LPS (Sigma), 5 

µg/ml R848 (Axxora LLCs), 1µM CpG (IDT) or 10µg/ml pIC (InvivoGen) for 20 hours in 

non-tissue culture treated plates. The cells were harvested by trypsinization if needed and 

phenotypes were determined by flow cytometry.  

2.2.8 CELL MORPHOLOGICAL EXAMINATION 

Morphological characterization of MDSC subtypes was performed on cytospin 

preparations of purified MDSC from aging M-TRAF3-/- mice using a Diff-Quick staining 

kit (VWR). Bright field micrographs of stained slides were taken using a microscope 

(Olympus BX-51, Olympus America Inc., Center Valley, PA). 

2.2.9 IN VIVO BRDU LABELING  

BrdU (BD Pharmingen™, San Diego, CA) 3 mg in 0.3 ml of Dulbecco's PBS was 

given to mice in two doses via i.p. route 16 and 19 h before sacrifice and cell harvest. The 

percentage of BrdU+ cells was determined by intracellular staining with an APC-

conjugated anti-BrdU antibody using reagents from the BrdU flow kit (BD Pharmingen™). 

2.2.10 STATISTICS 
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Statistical analyses were performed using Prism software (GraphPad, La Jolla, 

CA). For direct comparison of means between LMC and M-TRAF3-/- mice, statistical 

significance was determined with the unpaired t test for two-tailed data. For comparison of 

two independent variables as in time course analysis, two-way ANOVA was used. P values 

less than 0.05 are considered significant (*), and P values less than 0.0001 are considered 

highly significant (***). 

2.3 RESULTS 

2.3.1 CD11B+GR1+  CELLS FROM SPLEEN OF TUMOR-BEARING AND 

INFLAMMATION AFFECTED AGING M-TRAF3-/- MICE ARE MDSC 

 As previously reported in chapter I, the percentage of CD11b+Gr1+ cells in the 

spleen of M-TRAF3-/- aging mice with spontaneous chronic inflammation and tumor 

development are significantly higher than that observed in littermate control mice of 

similar age (Figure 12A). The CD11b and Gr1 markers are shared by neutrophils as well 

as MDSC in mice. However, MDSC can be distinguished from neutrophils 

morphologically by the shape of nucleus and functionally by the potent 

immunosuppressive effects toward T cells 126. As mentioned earlier, there are two different 

subsets of cells within MDSC, G-MDSC and M-MDSC, which exhibit differential 

expression levels of the cell surface markers of granulocytes and monocytes such as Ly6G 

and Ly6C. We therefore used flow cytometry to identify these two subsets in the spleen of 

M-TRAF3-/- aging mice (Figure 12A). Indeed, we identified two subsets in the expanded 

CD11b+Gr1+ cells, including Ly6G+Ly6CInt cells (likely represent G-MDSC or mature 

neutrophils) and Ly6Glo/-Ly6CHi cells (likely represent M-CDSC or mature monocytes) 

(Figure 12B). Out of the total CD11b+Gr1+ population, we found that Ly6G+Ly6CInt cells 
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were much higher in proportion than Ly6Glo/-Ly6CHi cells with the ratio of approximately 

3:1, which is in line with what is reported in tumor-bearing mice and human patients with 

cancer 122,127 (Figure 12B). To further characterize the CD11b+Gr1+ cells, we purified these 

cells from the spleen of diseased M-TRAF3-/- aging mice using magnetic sorting. We next 

examined the morphology of purified CD11b+Gr1+ cells by doing Wright-Giemsa staining 

of cytospin slides using a Diff-Quick staining kit. The purified CD11b+Gr1+ cells exhibited 

a nuclear morphology distinct from mature neutrophils, and displayed ring-shaped or oval-

shaped nuclear morphology (Figure 12C), which are characteristic of G-MDSC and M-

MDSC, respectively. Thus the two subsets were confirmed immuno-phenotypically and 

morphologically.  

Next, we looked at the immune-suppressive capacity of these cells by co-culturing 

them with splenic CD8 T cells purified from naïve LMC mice in equal ratio. We found that 

the vast majority of CD8 T cells (>80%) are proliferated cells after stimulation with CD3 

and/or CD28 for 4 days in the absence of MDSC as demonstrated by the dilution of the 

proliferation dye eFluor 670 (Figure 12D). However, CD8 T cell proliferation was 

significantly reduced (<10%) after co-culture with CD11b+Gr1+ cells purified from aging 

M-TRAF3-/- mice for 4 days (Figure 12D). These data indicate that the purified  

CD11b+Gr1+ cells are highly immune-suppressive. Taken together, our results 

convincingly show that the CD11b+Gr1+ cells expanded in the spleen of tumor-bearing or 

inflammation affected aging M-TRAF3-/- mice are indeed MDSC and they will be referred 

as such going forward.  
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Figure 12: CD11b+Gr1+ cells in diseased aging M-TRAF3-/- mice are MDSC. 
M-TRAF3-/- mice analyzed were 15-22 months old (n=8 per group). (A) Increased percentage of 

CD11b+Gr-1+ myeloid cells in the spleen of diseased M-TRAF3-/- mice. Each data point depicts 

an individual mouse. (B) Representative FACS profiles of splenocytes. Cells were stained with 

fluorochrome-conjugated CD11b, Gr-1, Ly6G, and Ly6C Abs, and then analyzed by a 

FACSCalibur.  Two subsets of CD11b+Gr1+ cells were identified, including G-MDSC (CD11b+ 

Ly6G+ Ly6CInt) and M-MDSC (CD11b+ Ly6Glo/- Ly6CHi). (C) Representative micrographs of 

CD11b+Gr1+ cells purified from aging M-TRAF3-/- mice analyzed by cytospin and Wright-

Giemsa staining. (D) Potent suppressive activities of CD11b+Gr-1+ cells purified from diseased 

M-TRAF3-/- mice on CD8 T cell proliferation in co-culture experiments. CD8 T cells were purified 

from naïve LMC mice, labeled with a cell proliferation dye eFluor 670, stimulated with anti-CD3 

or anti-CD3+anti-CD28 in the absence or presence of purified CD11b+Gr-1+ cells (1:1 ratio) for 4 

days, and then stained with fluorochrome-conjugated CD8 Ab followed by FACS analyses. 

Dilution of the proliferation dye eFluor 670 labeling was compared. 

 

2.3.2 MYELOID CELL TRAF3 SUPPRESSES MDSC ACCUMULATION DURING 

CHRONIC INFLAMMATORY RESPONSE 

 Since it takes about 15 months for M-TRAF3-/- mice to spontaneously develop 

chronic inflammation and cancer with significant upregulation of MDSC in the spleen, we 

sought to establish an in vivo mouse model of chronic inflammation to induce MDSC in 

young adult mice. It has been previously reported that repeated and sustained exposure of 

mice to heat-killed pathogens or Toll-like receptor (TLR) ligands can lead to chronic 

inflammation and induction of MDSC 128,129. We therefore administered three 

subcutaneous injections of heat-killed Mycobacterium tuberculosis - Bacillus Calmette-

Guérin (BCG) in mice at 1 week intervals to induce chronic inflammation, modified from 

Sade-Feldman et al. 125. Our results showed an enhanced inflammatory response in young 

adult M-TRAF3-/- as compared to age- and gender- matched littermate control (LMC) mice 

as indicated by the significantly increased spleen weight (Figure 13A). Moreover, immuno-

phenotypic analysis revealed substantially elevated proportions of MDSC (2-fold higher) 

in the spleen of M-TRAF3-/- mice as compared to LMC mice (Figure 13B, top panel). The 

absolute numbers of total MDSC and G- and M-MDSC are approximately 3-fold higher in 
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M-TRAF3-/- mice compared to those detected in LMC mice (Figure 13C, bottom panel). 

In addition, the ratio of G-MDSC to M-MDSC in BCG inflamed M-TRAF3-/- young adult 

mice was similar (3:1) to that observed in tumor-bearing and chronically inflamed aging 

M-TRAF3-/- mice (Figure 13C and 12B). We also noticed a significant decrease in the 

percentages of B and T cells in M-TRAF3-/- compared to LMC mice (Figure 13C), which 

was also evident in the diseased aging M-TRAF3-/- mice (Figure 10B). In BCG-inflamed 

young adult M-TRAF3-/- mice, the decrease in the percentage of B and T cells appears to 

be an indirect result of the hyperexpansion of MDSC in the spleen, because the numbers 

of splenic B and T cells were not decreased as compared to those observed in LMC mice 

(Figure 13C, bottom panel). Overall, these results reaffirm the role of myeloid cell TRAF3 

as an inhibitor of chronic inflammation and MDSC expansion. 
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Figure 13: Myeloid cell TRAF3 suppresses MDSC induction during chronic inflammatory 

response induced by heat-killed BCG. 

TRAF3flox/flox littermate control (LMC) (n=23) and M-TRAF3-/- mice (n=13) analyzed were 8 to 12 

weeks old. Mice were s.c. injected with heat-killed BCG (100 ug/100 ul/mouse) at 1 week intervals. 

The first two injections were administrated as a mixture of BCG/PBS and incomplete Freud 

adjuvant (IFA) at a 1:1 ratio, and the third BCG injection was in PBS only. Spleens were harvested 

on day 2 after the third injection. (A) The graph depicts spleen weights of LMC and M-TRAF3-/- 

mice. (B) Representative FACS profiles of splenocytes from age- and gender- matched LMC and 

M-TRAF3-/- mice. FACS profiles were scatter-gated on live cells. The gated cell populations 

include: B cells, B220+CD3-; T cells, CD3+B220-; MDSC, CD11b+Gr-1+. (C) Frequency and 

numbers of B and T lymphocytes, total MDSC, and G- and M-MDSC within total MDSC 

population analyzed by FACS. * P value < 0.05; ** P value < 0.01; *** P value < 0.001. Error bars 

represent SEM. 

 

2.3.3 MDSC FROM CHRONICALLY INFLAMED YOUNG M-TRAF3 - / - MICE 

SHOW POTENT IMMUNOSUPPRESSIVE ACTIVITY 

 We further investigated if TRAF3 deficiency in MDSC affects their 

immune-suppressive capacity as compared to control TRAF3-sufficient MDSC.  We 

purified MDSC from BCG-inflamed young adult M-TRAF3-/- and LMC mice, and 

performed co-culture experiments with splenic CD8 T cells purified from naïve LMC mice 

in the absence or presence of stimulation with anti-CD3 or anti-CD3 + anti-CD28. Our 

results showed that TRAF3-/- MDSC are equally suppressive as control MDSC as revealed 

by comparable suppression of T cell proliferation upon co-culture with MDSC at equal 

ratios (Figure 14). Together, the above results validate heat-killed BCG-induced chronic 

inflammation as a suitable model to further study the role of TRAF3 in MDSC physiology, 

especially in MDSC expansion, in young adult mice.  
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Figure 14: Potent immunosuppressive activity of MDSC induced by repeated BCG injections 

in young adult mice.   
Mice were s.c. injected with heat-killed BCG (100 ug/100 ul/mouse) at 1 week intervals. The first 

two injections were administrated as a mixture of BCG/PBS and incomplete Freud adjuvant (IFA) 

at a 1:1 ratio, and the third BCG injection was in PBS only. Spleens were harvested on day 2 after 

the third injection. CD8 T cells were purified from naïve LMC mice, labeled with a cell 

proliferation dye eFluor 670, stimulated with anti-CD3 or anti-CD3+anti-CD28 in the absence or 

presence of purified CD11b+Gr-1+ cells (1:1 ratio) for 4 days, and then stained with fluorochrome-

conjugated CD8 Ab followed by FACS analyses. Dilution of the proliferation dye eFluor 670 

labeling was compared. Representative FACS profiles from 2 separate experiments are shown here. 

 

2.3.4 TRAF3 DEFICIENCY LEADS TO ALTERED KINETICS OF MDSC 

INDUCTION DURING AN INFLAMMATORY RESPONSE 

 We next sought to investigate the kinetics of MDSC induction during the heat-

killed BCG-induced chronic inflammatory response between the two genotypes as well as 

the ability of each genotype to resolve inflammation assessed by a reduction in the numbers 

of MDSC. We therefore looked at the spleen weight and percentage and absolute numbers 

of MDSC at day 2 after 1, 2, and 3 BCG injections (1 week apart) and also 4 weeks after 
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the 3rd BCG injection (Figure 15A). We noticed that the spleen weight and percentage and 

numbers of MDSC were higher in M-TRAF3-/- mice compared to LMC mice as early as 

day 2 after 1st injection (Figure 15B, 15C, and 15D). The differences keep getting wider as 

the number of BCG injections increase and it is most pronounced on day 2 after 3rd injection 

when the chronic inflammatory response is well established. At this time point, there is a 

highly significant difference in the spleen weight, percentage and numbers of MDSC 

between the two genotypes (Figure 15B, 15C, and 15D). However, both the genotypes are 

able to successfully reduce the percentage of MDSC in the spleen at 4 weeks after the 3rd 

injection, but M-TRAF3-/- mice continue to display higher numbers of MDSC due to 

significantly higher spleen weight (Figure 15B, 15C, and 15D).  Taken together, these 

results show that myeloid cell TRAF3 suppresses MDSC induction during the acute and 

chronic inflammatory response to heat-killed BCG.   



 

 

71 

 

 

 

Figure 15: Kinetics of MDSC induction by BCG in young adult mice. 
Kinetics of MDSC induction. (A) An in vivo model for chronic inflammation induced by BCG 

injections showing different timepoint when cells were harvested for analysis. Arrows indicate 

BCG injection given on day 0, 7 and 14, 2 days before the cell harvest time point. (B) The graph 

depicts spleen weights of age-matched LMC and M-TRAF3-/- mice at indicated time points. (C) 

The graph depicts percentage of MDSC in spleen of age-matched LMC and M-TRAF3-/- mice at 

indicated time points. (D) The graph depicts absolute numbers of MDSC in spleen of age-matched 

LMC and M-TRAF3-/- mice at indicated time points. * P value < 0.05; **** P value < 0.0001. P 

values were obtained by two-way ANOVA. Error bars represent SEM. n=3 to 23 for LMC and 3 

to 13 for M-TRAF3-/-. 
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2.3.5 TRAF3 DEFICIENCY LEADS TO ENHANCED PROLIFERATION OF MDSC 

IN THE SPLEEN 

Myelopoiesis, including MDSC proliferation, is known to primarily occur in the 

BM. However, it can also occur in extramedullary sites such as the spleen especially during 

inflammation associated pathologies, including cancer, stress and infection 130-132. We 

therefore examined the frequency and numbers of lymphocytes and MDSC in the BM and 

spleen using in vivo BrdU labeling in the context of chronic inflammation on day 2 after 

the 2nd BCG injection. We noticed no significant difference in the percentage of BrdU+ B 

and T lymphocytes in the spleen between the two genotypes (Figure 16A and 16B). 

However, the percentage and absolute numbers of proliferating (BrdU+) MDSC were 

remarkably higher in the spleen of M-TRAF3-/- mice as compared to the LMC mice 

(Figure 16A and 16B). In addition, the absolute number of non-proliferating (BrdU-) 

MDSC was also higher in the spleen of M-TRAF3-/- mice although the percentage of these 

cells was decreased (Figure 16A and 16B). Furthermore, the number of proliferating 

MDSC were also significantly higher in the BM of M-TRAF3-/- mice compared to LMC 

mice but there was no significant difference in the frequency of proliferating MDSC in the 

BM between the two genotypes (Figure 16C and 16D). Whereas LMC mice showed higher 

numbers of BrdU+ cycling MDSC in the BM than the spleen, the M-TRAF3-/- mice 

showed higher numbers of BrdU+ cycling MDSC in the spleen than the BM (Figure 16A 

and 16C). Overall, our results indicate that the spleen and BM are both major sites of 

MDSC proliferation during a chronic inflammatory response and that the higher percentage 

and numbers of MDSC observed in the spleen of M-TRAF3-/- mice may be attributed to 

the higher MDSC proliferation in the spleen of these mice.  
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Figure 16: In vivo proliferation of MDSC in the spleen and bone marrow after 2 BCG 

injections. 

Gender-matched young adult mice were s.c. injected with heat-killed BCG (100 ug/100 ul/mouse) 

at 1week interval. The two injections were administrated as a mixture of BCG/PBS and incomplete 

Freud adjuvant (IFA) at a 1:1 ratio. Spleens and BM cells were harvested on day 2 after the second 

injection. (A) Graphs depict the percentage of BrdU+ B and T lymphocytes and MDSC among each 

cell type in the spleen of inflamed mice. Numbers of proliferating (BrdU+) and non-proliferating 

(BrdU-) MDSC are also shown. (B) Representative FACS profiles of proliferating B cells (B220+ 

BrdU+), T cells (CD3+ BrdU+) and MDSC (Gr1+ CD11b+ BrdU+) in the spleen of inflamed mice. 

(C) Graphs show the percentage and numbers of proliferating MDSC as well as the numbers of 

non-proliferating MDSC in the BM of inflamed mice. (D) Representative FACS profiles of 

proliferating MDSC in the BM. * P value < 0.05; ** P value < 0.01; *** P value < 0.001. Error 

bars represent SEM. n=4 for LMC and 5 for M-TRAF3-/-. 

 

2.3.6 TRAF3 DOES NOT GROSSLY AFFECT DIFFERENTIATION OF MDSC TO 

MATURE MYELOID CELLS 

 MDSC are a group of immature myeloid progenitor cells that can differentiate into 

their mature counterparts including neutrophils, macrophages and dendritic cells (DC) if 

given an appropriate stimuli 117,125. We therefore stimulated control and TRAF3-/- MDSC 

purified from BCG-inflamed mice after 3 BCG injections with different Toll-like receptor 

(TLR) and colony-stimulating factor receptor (CSFR) ligands. Figure 17 shows 

representative FACS dot plots of MDSC from 2 such experiments. Our preliminary results 

suggest that upon stimulation with ligands for TLR7/8 (R848), TLR4 (LPS), TLR9 (CpG) 

and TLR3 (pIC) for 20 hours, TRAF3 deficient MDSC are slightly less capable of 

differentiating to mature macrophages (CD11b+ F4/80+) (Figure 17A). We also compared 

the percentage of mature macrophages upon incubation of MDSC with CSFR ligands 

macrophage-colony stimulating factor (M-CSF) and granulocyte-macrophage colony 

stimulating factor (GM-CSF) for 3 and 5 days. As expected, M-CSF leads to highest 

percentage of macrophages and their percentages were found to be similar between the two 

genotypes on day 3 and day 5 (Figure 17B and 17D). Also, M-CSF did not promote 

differentiation of MDSC to mature DC (ClassII+ CD11c+), on day 3 and 5 time points for 
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either genotypes (Figure 17C and 17E). But, GM-CSF promoted differentiation of MDSC 

of both genotypes almost equally to mature DC on day 3 and 5 (Figure 17C and 17E) but 

not to mature macrophages (Figure 17B and 17D). We also did not find any obvious 

differences between the two genotypes in the percentage of apoptotic cells (Annexin V+) 

upon stimulation with the above mentioned TLR and CSFR ligands (data not shown). 

However, these results are preliminary and further repetition is required for conclusive 

remarks.  



 

 

76 

 

  



 

 

77 

Figure 17: In vitro differentiation of MDSC in response to TLR and CSF ligands. 

MDSC were purified from mice on day 2 after the 3rd BCG injection. (A) Purified MDSC were 

incubated in the presence or absence of 1 g/ml LPS, 5 µg/ml R848, 1µM CpG or 10µg/ml pIC for 

20 hours in non-tissue culture treated plates. (B, C, D and E) MDSC were also separately cultured 

in the presence or absence of 10 ng/ml of M-CSF or GM-CSF for 3 days (B and C) or 5 days (D 

and E) in non-tissue culture treated plates. Cells were then harvested and analyzed for mature 

macrophage markers (F4/80+ CD11b+) (Panel B and D) or DC markers (CD11c+ MHC class II+) 

(Panel C and E) via flow cytometry using FACSCalibur and FlowJo software. FACS profiles were 

scatter gated on live cells.    

 

2.3.7 ENHANCED STAT3 PHOSPHORYLATION IN RESPONSE TO SIGNALING 

BY GM-CSF IN TRAF3-/- MDSC 

 Colony stimulating factors (CSF) are critical factors that have been demonstrated 

to regulate the expansion and activation of MDSC in different tumor mouse models as well 

as in human tumor samples 117. These factors along with others trigger signaling pathways 

that lead to activation of Janus kinase (JAK) protein family members and signal transducer 

and activation of transcription (STAT) proteins, which promotes cell survival, 

proliferation, and differentiation 117. Upon preliminary investigation, we found that, 

TRAF3-/- MDSC show enhanced activation of STAT3 at 5, 10, 30, 60 mins and 20 hours 

after stimulation with GM-CSF as compared to LMC MDSC (Figure 18). We also detected 

slightly higher levels of STAT1 phosphorylation (P-STAT1) at 30 and 60 mins after GM-

CSF stimulation (Figure 18A). However, no difference was observed between the two 

genotypes in the levels of arginase I, an enzyme secreted by MDSC that leads to 

suppression of T cell activation (Figure 18B). Taken together, these results suggest that the 

higher percentage and numbers of MDSC seen in chronically inflamed M-TRAF3-/- mice 

could be at least partially due to enhanced GM-CSF-STAT3 signaling. 
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Figure 18: Enhanced STAT3 signaling downstream of GM-CSF receptors in M-TRAF3-/- 

MDSC. 

Splenic MDSC were harvested from mice on day 2 after 3 BCG injections. (A) 6 x 106 MDSC were 

starved for 2 hours in 2.5% media before stimulation with or without 10 ng/ml of GM-CSF for 

indicated time periods. (B) 10 x 106 MDSC were stimulated with or without 10 ng/ml of GM- or 

M-CSF for indicated time points. Total protein lysates were subsequently prepared, and signaling 

events were analyzed by immunoblotting analysis. Proteins were immunoblotted for 

phosphorylated (P-) or total STAT3, STAT1 or Arginase I followed by actin.  
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2.4 DISCUSSION AND CONCLUSIONS 

We have previously reported that deletion of TRAF3 specifically in myeloid cells 

leads to significant expansion of splenic CD11b+ Gr1+ myeloid cells in the context of 

chronic inflammation and cancer as the mice age 124(Chapter 1). In this study, we report 

that these splenic CD11b+ Gr1+ myeloid cells are myeloid-derived suppressor cells 

(MDSC) as indicated by their ability to significantly block the proliferation and activation 

of CD8 T cells. We have further established an in vivo mouse model of chronic 

inflammation by repeated injections of heat-killed BCG bacteria. We have shown that this 

model is highly comparable to the phenotype of aging M-TRAF3-/- mice with spontaneous 

chronic inflammation, as it leads to hyper expansion of MDSC in the spleen with similar 

ratio of G- to M-MDSC but significant reduction in the percentage of T and B lymphocytes. 

Furthermore, TRAF3 deficiency leads to higher expansion of MDSC not only during the 

chronic phase but also during acute phase of the inflammatory response to heat-killed BCG. 

Interestingly, M-TRAF3-/- mice as compared to LMC mice show significantly higher 

proliferation of MDSC in the spleen than in the BM. Finally, our preliminary results 

suggest that TRAF3 deficiency does not grossly affect the differentiation response of 

MDSC induced by several ligands of TLRs or CSF-Rs. However, stimulation with GM-

CSF leads to enhanced phosphorylation of STAT3, suggesting a potential involvement of 

this pathway in the hyper expansion of TRAF3-deficient MDSC. Taken together, our 

results suggest that TRAF3 is required for suppressing MDSC expansion in a chronic 

inflammatory milieu in vivo.  

Repeated exposure of mice to inactivated pathogens is known to induce an 

inflammatory response and lead to chronic inflammation 128,129. Such a response is mainly 



 

 

80 

mediated by TLRs and other pathogen recognition receptors (PRRs) upon recognition of 

their respective ligands where TRAF3 is known to play a critical role in regulation of 

signaling downstream of these receptors as discussed in the Introduction Chapter (Figure 

ii). A major characteristic of chronic inflammation is the induction and activation of 

MDSC, which leads to suppression of innate and adaptive immune responses 73. As a result, 

MDSC expansion is associated with several pathologies characterized by inflammation 

including bacterial and parasitic infections, sepsis, autoimmune diseases and inflammatory 

bowel diseases 117. For example, MDSC numbers are increased in the spleen and blood in 

a mouse model of multiple sclerosis, where they enter the central nervous system during 

the inflammatory phase of the disease 133. MDSC expansion is also seen during chronic 

infection with helminths 134, Leishmania major 135 and Candida albicans 136,137. We believe 

that sustained release of BCG in the chronically inflamed young M-TRAF3-/- mice and 

the opportunistic pathogens of commensal microbiota termed “pathobionts” in the aging 

M-TRAF3-/- mice provide constant stimulation of PRRs and lead to expansion and 

accumulation of MDSC. Consistent with this notion, we did find bacterial infection in liver 

and colon and protozoan infection of Entamoeba muris in the caecum of aging M-TRAF3-/- 

mice with expanded MDSC (chapter I). Overall, these data suggest that activation and 

accumulation of MDSC in response to pathogens expressing TLR ligands is an inherent 

innate immune response by the host, possibly to restrict the damage caused by a prolonged 

active immune response 117.  

Why TRAF3 deficiency in myeloid cells lead to an enhanced expansion of MDSC 

as compared to control mice in BCG-induced chronic inflammation as well as in 

spontaneously inflamed aging M-TRAF3-/- mice could be explained by enhanced pro-
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inflammatory cytokine production by TRAF3 deficient myeloid cells upon PRR 

stimulation. We have reported increased production of pro-inflammatory cytokines IL-6 

and IL-12 from TRAF3-deficient bone-marrow derived macrophages (BMDMs) and 

increased expression of these genes in vivo in M-TRAF3-/- mice upon stimulation or 

immunization with TLR4 and TLR3 ligands, respectively (Chapter I; Figure 2 and 3). In 

support of this, MDSC accumulation and suppressive functions are regulated by a complex 

mix of factors associated with inflammation. These factors include pro-inflammatory 

cytokines like IL-1, IL-6, TNF- and IFN- and inflammatory mediators like complement 

factors (C5a), endogenous ligands of TLRs such as HMGB1, chemoattractants (S100A8, 

S100A9) and prostaglandins (PGE2) 
73,138. These inflammatory factors regulate different 

aspects of MDSC functions including prevention of MDSC differentiation to their mature 

counterparts – macrophages, dendritic cells and neutrophils, increasing resistance to Fas-

mediated apoptosis by T cells and enhancing suppressive activity by increased production 

of reactive oxygen and nitrogen species 73. Among these, IL-6 is an important cytokine that 

leads to increase in suppressive activity and accumulation of MDSC in tumor setting by 

acting downstream of IL-1 signaling 139,140. Moreover, bacterial products like LPS, which 

is a ligand for TRAF3-dependent TLR4 receptor, and other cytokines like IL-1 and IFN-

, all induce expression of COX-2 in monocytes, which prevents their differentiation into 

DCs and rather promote differentiation to MDSC by expression of IDO1, iNOS, IL-10, IL-

4R and PGE2 endogenously 117. Given the pivotal roles played by these inflammatory 

cytokines and mediators in MDSC physiology, it would be critical to check their expression 

levels endogenously in TRAF3-deficient MDSC and also systemically in M-TRAF3-/- mice 



 

 

82 

after induction of chronic inflammation to better understand the mechanism of MDSC 

suppression by TRAF3.  

Colony stimulating factors like GM-CSF, M-CSF and G-CSF are among the other 

factors that govern MDSC development and accumulation 141. Our preliminary results 

show that TRAF3 deficiency in MDSC from BCG-inflamed M-TRAF3-/- mice does not 

grossly affect their differentiation into mature myeloid cells following stimulation with M-

CSF or GM-CSF (Figure 17). However, these cells show enhanced activation of 

phosphorylated STAT3 upon GM-CSF stimulation, indicating a different mechanism of 

MDSC accumulation (Figure 18).  STAT3 is considered as one of the most important 

transcription factors that controls the expansion of MDSC. STAT3 regulates MDSC in 

several different ways 117,142: 1) STAT3 upregulates the expression of anti-apoptotic genes 

Bcl-xL, c-myc and cyclin D1, which leads to an increase in the half-life and proliferation 

of MDSC in humans and mice 143,144. 2) It induces expression of S100A8 and S100A9 

proteins, which prevents the differentiation of myeloid progenitor cells resulting in 

expansion of MDSC in the spleen 145. 3) It activates another key transcription factor called 

C/EBPβ which promotes cell proliferation by induction of c-myc. 4) STAT3 is also 

necessary for the immunosuppressive program in both murine and human MDSC 146. 

STAT3 activation leads to increased reactive oxygen species (ROS) production by 

upregulation of p47 and gp91, which are part of the ROS generating complex called 

NAD(P)H oxidase enzyme complex (NOX) 147. STAT3 is also activated by GM-CSF and 

IL-6, and IL-6 is upregulated in TRAF3-deficient BMDMs upon TLR stimulation. 

Moreover, a combination of GM-CSF and IL-6 is sufficient to induce MDSC generation 

from human and murine bone marrow cells in vitro, which were able to inhibit the 
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proliferation of both mitogen and alloantigen-activated T cells 123,146. These findings 

underscore the importance of STAT3 signaling in the regulation of MDSC functions and 

might represent the dominant mechanism used by TRAF3-deficient MDSC upon 

stimulation by a myriad signaling molecules encountered in the complex in vivo 

inflammatory environment. 

Increasing evidence also suggests that myeloid cell TRAF3 may control tumor 

development by inhibiting the expansion of CD11b+Gr-1+ myeloid derived suppressor cells 

(MDSC), which in turn suppress the anti-tumor immunity mounted by natural killer (NK) 

cells and CD8 cytotoxic T cells. This might provide an explanation for the higher incidence 

of tumors observed in M-TRAF3-/- mice. We have consistently observed that aging 

M-TRAF3-/- mice with spontaneous tumors or chronic inflammation also display striking 

expansion of MDSC 124. Although the increased population of MDSC may be a 

consequence of spontaneous inflammation and tumor development 73-76, emerging new 

evidence suggests that TRAF3 may directly or indirectly regulate the expansion and 

function of MDSC. First, Parker et al. found that an endogenous agonist of the TRAF3-

dependent receptor TLR4, HMGB1, is commonly present in the tumor microenvironment 

and potently promotes the generation and suppressive activity of MDSC 148. Second, Jin et 

al. demonstrated that upon ligand stimulation, TRAF3 is recruited to M-CSFR and GM-

CSFR, which are known to play essential roles in regulating the development and 

differentiation of MDSC 25,149,150. Signaling by M-CSFR or GM-CSFR induces the 

degradation of TRAF3 and subsequent accumulation of c-Rel and p52 NF-B2 25,151. Third, 

Yu et al. reported that c-Rel and p52 NF-B2 cooperatively bind to the promoter region of 

the Csf2 gene to induce the production of GM-CSF in Th17 cells, raising the interesting 



 

 

84 

possibility that this may also occur in certain myeloid cell populations 152. Increased GM-

CSF production has been shown to cause the expansion of MDSC 153. Finally, constitutive 

activation of NF-B2 has been shown to promote the immuno-suppressive activity of 

MDSC by mediating the expression of IDO, an enzyme that catalyzes the degradation of 

tryptophan through the kynurenine pathway to suppress T cell proliferation and activation 

154. Consistent with this, we have noticed constitutive activation of NF-B2 in bone marrow 

derived macrophages and neutrophils from M-TRAF3-/- mice in the absence of any 

stimulation and this could very well be the case in MDSC, however it needs to be 

investigated. Collectively, the above evidence obtained by other groups supports the 

conclusion reported in this Chapter that TRAF3 is a novel critical regulator of the 

expansion of MDSC, which are recognized as crucial drivers of tumor progression and 

chronic inflammation in the tumor microenvironment 73,74,76,118,119. 
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CHAPTER 3: CHARACTERIZATION OF B LYMPHOMA 

AND HISTIOCYTIC SARCOMA OBSERVED IN AGING 

M-TRAF3-/- MICE 

3.0 ABSTRACT 

 As reported in chapter I, specific deletion of TRAF3 from myeloid cells leads to 

spontaneous development of tumor in TRAF3-sufficient B cells and also in TRAF3-

deficient tissue resident macrophages called histiocytes in aging mice. Here we have 

characterized these B lymphomas using V(D)J sequencing of Ig heavy chain gene. We 

found that these malignant B cells have undergone isotype switching and somatic 

hypermutation, and preferentially use two major IgV families indicating activation by 

similar endogenous antigens. Southern blot analysis of B lymphomas showed that they are 

monoclonal or oligoclonal and further examination revealed significant upregulation of 

reactivated and native endogenous retroviruses (ERV). Treatment of mice with broad-

spectrum antibiotics prevented development of B lymphomas in aging M-TRAF3-/- mice, 

indicating the requirement of commensal bacteria in B lymphoma development. However, 

antibiotic treatment did not affect the development of histiocytic sarcomas (HS) in M-

TRAF3-/-, indicating that TRAF3 functions as a tumor suppressor in tissue-resident 

macrophages in a cell intrinsic manner. Immunophenotypic analysis of HS revealed their 

positivity for Mac2 and CD68 markers, which are typical macrophage lineage markers. B 

lymphomas and HS observed in M-TRAF3-/- mice were both transplantable, verifying 

their malignant states. Furthermore, we have successfully developed B lymphoma and HS 

cell lines from these tumor cells. Collectively, the results presented here provide support 

for the requirement of myeloid cell TRAF3 in the maintenance of innate immune responses 
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to commensal bacteria and prevention of ERV reactivation as well as in inhibiting tumor 

development in B cells and histiocytes.  

3.1 BACKGROUND 

 A very interesting finding obtained from our characterization of aging M-TRAF3-/- 

mice was the spontaneous development of tumors that affected multiple organs at the age 

of 15-22 months 124(Chapter I). Tumors observed in M-TRAF3-/- mice include histiocytic 

sarcomas, B cell lymphomas, and hepatocellular adenoma 124. Development of tumor in B 

cells and hepatocytes in M-TRAF3-/- mice was of surprise to us since these cells are not 

affected by the LysM-Cre mediated deletion of TRAF3. Also, this finding was in sharp 

contrast to that observed in B-TRAF3-/- mice, in which tumor development is limited to 

TRAF3-deficient B cells but is not observed in other TRAF3-sufficient cell types 14. 

However, unlike the B1 lymphomas and maginal zone lymphomas (MZLs) observed in B-

TRAF3-/- mice, the B lymphomas from M-TRAF3-/- mice appeared to be diffuse large B 

cell lymphomas (DLBCLs) and follicular lymphomas (FLs) based on their 

histopathological features. B1 lymphomas and MZLs of B-TRAF3-/- mice are derived 

from naïve B cells, whereas DLBCLs and FLs are known to derive from germinal center 

(GC) or post-GC B cells 124. B cells normally undergo somatic hypermutation (SHM) and 

class switch recombination (CSR) of Ig genes as they pass through GC reactions  71-73. In 

order to verify these GC reactions and determine the clonality of B lymphoma cells from 

M-TRAF3-/- mice, we have performed V(D)J sequencing analysis of the Ig heavy chain 

(IgH) gene. Here, we report that these B lymphoma cells show significant SHM and have 

undergone isotype switching with majority of the examined lymphomas preferentially 

utilizing two major IgV gene families during V(D)J recombination.  
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The above results prompted us to hypothesize that B cells in M-TRAF3-/- mice 

could be activated by an endogenous antigen leading to utilization of similar IgV gene 

families during V(D)J recombination. We therefore, first checked for reactivation of 

endogenous retroviruses (ERV), as they could be a potential source of endogenous antigens 

and also their reactivation has been reported to cause lymphoma and leukemia in mice 155. 

Indeed, we found significant upregulation of replication-defective ERV transcripts and 

potentially replication-competent ERV transcripts in B lymphomas harvested from aging 

M-TRAF3-/- mice. Moreover, commensal bacteria serve as another potential source of 

endogenous antigens for B cells and their products are known to induce the expression of 

ERV, we therefore sought to investigate their involvement in B lymphoma development. 

We discovered that B lymphoma development along with other abnormalities observed in 

aging M-TRAF3-/- mice can be prevented upon treatment of mice with broad-spectrum 

antibiotics. Interestingly, antibiotics treatment of mice led to a greater incidence of TRAF3-

deficient histiocytic sarcomas than that observed in aging M-TRAF3-/- mice, indicating 

that TRAF3 functions as a tumor suppressor in histiocytes in a cell intrinsic manner. Here, 

we also report results from further characterization of these histiocytic sarcomas that are 

spontaneously developed in antibiotics-treated M-TRAF3-/- mice using 

immunophenotypic and morphological analyses.  Overall, our results hint towards a critical 

function of myeloid TRAF3 in fine-tuning of innate immune responses to maintain host-

commensal mutualism and prevent tumor development via both cell-intrinsic (in 

histiocytes) and cell-extrinsic (B cells) mechanisms.  

  



 

 

88 

3.2 MATERIALS AND METHODS 

3.2.1 MICE AND DISEASE MONITORING 

TRAF3flox/flox  and TRAF3flox/flox LysM+/Cre (M-TRAF3-/-) mice were generated as 

previously described 12,124. NOD SCID mice (Jackson Laboratory, stock number: 001303, 

strain name: NOD.CB17-Prkdcscid/J) were used as recipients in B lymphoma and 

histiocytic sarcoma transplantation experiments. All mice were kept in specific pathogen-

free conditions in the Animal Facility at Rutgers University, and were used in accordance 

with NIH guidelines and under an animal protocol (Protocol # 08-048) approved by the 

Animal Care and Use Committee of Rutgers University. Mice were monitored daily for 

spontaneous tumor formation, or signs of illness or discomfort, including weight loss, 

enlarged lymph nodes or abdomen, labored breathing, hunched posture, and paralysis 51. 

3.2.2 ANTIBODIES AND REAGENTS 

FITC-, PE-, or Cy5-labeled Abs against mouse CD45R (B220), IgM, IgG, CD11b, 

Gr1, F4/80, CD68, CD14 and Mac2 were purchased from eBioscience (San Diego, CA) 

and BioLegend (San Diego, CA). Tissue culture supplements including stock solutions of 

sodium pyruvate, L-glutamine, nonessential amino acids, and HEPES (pH 7.55) were from 

Invitrogen (Carlsbad, CA). DNA oligonucleotide primers were obtained from Integrated 

DNA Technologies (Coralville, IA). 

3.2.3 FLOW CYTOMETRY 

Single cell suspensions were made from the spleen, liver and intestinal tumors. 

Immunofluorescence staining and FACS analyses were performed as previously described 

12,14. Erythrocytes from spleen were depleted with ACK lysis buffer. Cells (1x106) were 

blocked with rat serum and FcR blocking Ab (2.4G2), and incubated with various Abs 
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conjugated to FITC, PE, or Cy5 for multiple color fluorescence surface staining. 

Intracellular markers were stained after fixation and permeabilization of cells using an 

Intracellular Staining kit (BD Biosciences, San Jose, CA). Cell-surface and intracellular 

markers analyzed include CD45R (B220), IgM, IgG, CD11b, Gr1, F4/80, CD68, CD14 

and Mac2. List-mode data were acquired on a FACSCalibur (Becton Dickinson, Mountain 

View, CA) using Cell Quest software. The results were analyzed using FlowJo software 

(Tree Star, San Carlos, CA). Forward light scatter/side light scatter gating was used to 

identify live cells. 

3.2.4 SOUTHERN BLOT ANALYSIS OF THE IGH GENE OF B LYMPHOMAS 

Genomic DNA was prepared from the spleen or ascites of M-TRAF3-/- mice as 

described 12,51. DNA was digested with EcoRI, separated on a 0.7% agarose gel, and blotted 

onto a Zeta-Probe GT membrane (Bio-Rad, Hercules, CA). Blots were hybridized with a 

JH4 probe of the mouse IgH locus. The JH4 probe was generated by PCR using LMC 

genomic DNA as template, and primers JH4-F (5’-TAC TAT GCT ATG GAC TAC TGG-

3’) and InE-R (5’-CTC TCC AGT TTC GGC TGA ATC-3’) 156. The purified JH4 probe 

has been confirmed by DNA sequencing. Southern blot hybridization was performed as 

described 156.  

3.2.5 CLONING AND SEQUENCING OF THE VDJ REGIONS OF THE IGH GENE 

OF B LYMPHOMAS 

Total cellular RNA was prepared from the spleen, ascites, liver or mesenteric lymph 

node (MLN) of M-TRAF3-/- mice with B lymphomas using TRIzol reagent (Invitrogen) 

according to the manufacturer’s protocol. cDNA was prepared from RNA using High 

Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA). The 

IgH VDJ regions were amplified from cDNA by PCR using common forward primer VH 
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consensus (5’-GTG CAG CTG GTG GAG TCT GG-3’) and isotype specific reverse 

primer C-4 (5’-CCT GGA TGA CTT CAG TGT TGT TCT G-3’) for IgM isotype, C-G1 

(5’-AGA TGG GGG TGT CGT TTT GG-3’) for IgG1 isotype, C-G2b (5’-GCC AGT GGA 

TAG ACT GAT G-3’) for IgG2b isotype, and C-G3 (5’-GAC CAA GGG ATA GAC AGA 

TG-3’) for IgG3 isotype. The high fidelity polymerase, Pfu UltraII, was used in the 

amplification reaction. PCR products were subsequently subcloned into pBlueScript vector. 

Mini-prep DNAs of about 20 clones of each B lymphoma sample were sequenced from 

both orientation using the primers T7 and T3 of the pBlueScript vector, respectively. Each 

VDJ sequence was aligned with mouse germline IgH database at the following website:  

http://www.ncbi.nlm.nih.gov/igblast/ to determine whether it contains somatic 

hypermutation (SHM). 

3.2.6 TRANSPLANTATION IN NOD SCID MICE 

Spleen cells, ascites or liver cells (20 x 106) from representative M-TRAF3-/- mice 

with B lymphomas or histiocytic sarcomas (HS) were i.p. injected into 

immunocompromised NOD SCID recipient mice. Lymphoma or HS growth and 

progression were monitored in the recipient mice daily. 6-16 weeks post-transplantation, 

spleens, ascites and liver were harvested from recipient mice for immunophenotypic 

analysis using flow cytometry and for culture to generate immortalized cell lines.  

3.2.7 TREATMENT OF MICE WITH ANTIBIOTICS 

 Age- and gender- matched LMC and M-TRAF3-/- mice were treated with broad 

spectrum antibiotics continuously for 4 months starting from the age of 8-10 months. 

Antibiotic treatment was administered ad libitum in drinking water using a cocktail of three 

broad spectrum antibiotics: ampicillin (1 mg/ml, Henry Schein, Melville, NY) and 
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sulfamethoxazole-trimethoprim (1.6 mg/ml : 0.32 mg/ml, prescribed and obtained from 

local pharmacy) in amber bottles. Antibiotic water was refreshed twice weekly. Mice were 

monitored daily for any abnormalities or discomfort daily until 22 months of age or when 

moribund. Organs were collected for histopathological and immunophenotypic analysis.  

3.2.8 GENERATION OF IMMORTALIZED B LYMPHOMA AND HISTIOCYTIC 

SARCOMA CELL LINES 

Cell lines were generated from TRAF3 sufficient primary B lymphomas harvested 

from aging M-TRAF3-/- mice and also from histiocytic sarcomas from antibiotics-treated 

M-TRAF3-/- mice as previously described 157. Briefly, primary tumor cells were harvested 

from the diseased mouse and were passaged in NOD SCID mice once. Tumor cells 

harvested from transplanted NOD SCID mice were plated in 24-well plates in mouse media 

12 containing 10% FCS. After culture for 1 month, several actively proliferating clones 

were expanded and passaged successively. The cell lines were derived after continuous 

culture for 4-5 months and frozen for future use.  

3.2.9 QUANTITATIVE REAL-TIME PCR ANALYSIS 

Total cellular RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA) 

according to the manufacturer’s protocol. cDNA was prepared from RNA using the High 

Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA). cDNA 

was then used as a template for the amplification of target gene transcripts with SYBR 

green PCR master mix (Applied Biosystems). Hprt was used as an endogenous control 

gene. Reactions were performed on a 7500 Fast Real-Time PCR System (Applied 

Biosystems). Relative mRNA expression levels of target genes were analyzed using 
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Sequencing Detection Software (Applied Biosystems) and the comparative Ct (Ct) 

method following the manufacturer’s procedures.  

Ct = Ct of sample – Ct of Hprt.  

Ct = Ct of each sample – Ct of litter mate control (LMC).  

Fold change = 2-Ct 

Duplicate PCR reactions and triplicate experiments were performed for each biological 

sample. Primers used to detect native and reactivated endogenous retroviruses (including 

eMLV, MMTV, and RARV) as well as the gene encoding the envelope protein ecotropic 

gp70 were previously described 155.  

3.2.10 CELL MORPHOLOGY 

Morphological characterization of histiocytic sarcoma cells was performed on 

cytospin preparations of dissociated HS cells derived from aging M-TRAF3-/- mice using 

a Diff-Quick staining kit (VWR). Bright field micrographs of stained HS cells were taken 

using a microscope (Olympus BX-51, Olympus America Inc., Center Valley, PA). 

3.2.11 STATISTICAL ANALYSIS 

Statistical analyses were performed using the Prism software (GraphPad, La Jolla, 

CA). Survival curves were generated using the Kaplan-Meier method, and were compared 

using a log-rank (Mantel-Cox) test to determine whether differences are significant.  
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3. 3 RESULTS 

3.3.1 B LYMPHOMAS DEVELOPED IN AGING M-TRAF3-/- MICE HAVE 

UNDERGONE ISOTYPE SWITCHING AND SOMATIC HYPERMUTATION 

  To determine the clonality of B lymphomas spontaneously developed in aging M-

TRAF3-/- mice, we performed Southern blot analysis of the IgH gene of primary B 

lymphoma samples harvested from the spleen, ascites, liver and mesenteric lymph node 

(MLN) of diseased M-TRAF3-/- mice. Our results of Southern blot analyses revealed that 

one or more non-germline bands were present in most of the genomic DNA samples 

examined, indicating monoclonal or oligoclonal expansion of malignant B cells in these 

aging M-TRAF3-/- mice (Figure 19). To gain information about the origin, history and 

partitioning of malignant B cells, we further cloned and sequenced the IgH V(D)J regions 

of B lymphomas spontaneously developed in 9 individual M-TRAF3-/- mice. The V(D)J 

regions of IgG isotypes were also cloned and sequenced since the B lymphomas were 

histopathologically characterized as arising from germinal center (GC) or post-germinal 

center (GC) B cells (Chapter I). Our initial analysis revealed that 8 out of 9 examined mice 

show somatic hypermutations (SHM) and all of them showed clonality of isotype switched 

B cell, thus confirming the GC or post-GC status of these B cells (Table III). Interestingly, 

the IgV families identified in the examined mice were mainly dominated by two specific 

IgV clones, namely IGHV5-9-3*01 and IGHV5-17*02 (Table III). These results suggest 

that two common endogenous antigens drive the GC reaction of two specific clones of B 

cells across all the 9 examined mice, eventually leading to B lymphoma development in 

the immunocompromised context of M-TRAF3-/- mice. Taken together, the results from 

both Southern blot analyses and V(D)J sequencing confirmed our original 



 

 

94 

histopathological classification of these B lymphomas as DLBCLs or FLs, which were 

derived from GC or post-GC B cells. 

  

 

 

Figure 19: Clonality of the IgH gene of B lymphomas characterized by Southern blot 

analysis.  
Representative Southern blots of the IgH gene rearrangement of B lymphomas from aging M-

TRAF3-/- mice are shown. Genomic DNA was prepared from the spleen (SP), ascites (AS), 

mesenteric LN (MLN), liver, or Gr1+ cells purified from the liver. DNA was digested with EcoRI, 

and hybridized with a JH4 probe. Germline bands (GL) of the IgH gene are indicated by arrowheads. 

All bands of sizes different from the germline band are recombined IgH bands, representing clonal 

expansion of B lymphoma cells.  
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Table III: Sequencing of the V(D)J regions of the IgH gene of B lymphomas 

IgH V(D)J regions of primary B lymphomas harvested from aging M-TRAF3-/- mice were cloned 

and sequenced as described in the methods section. This table summarizes the most frequently 

occurring IgV clone of each IgG isotype from each sample. 

 

3.3.2 B LYMPHOMAS FROM AGING M-TRAF3 - / - MICE ARE 

TRANSPLANTABLE IN IMMUNODEFICIENT RECIPIENT MICE 

 To verify the  malignant nature of the B lymphomas spontaneously developed in 

aging M-TRAF3-/- mice, we transplanted primary tumor cells via intraperitoneal (i.p.) 

route to immunodeficient NOD SCID mice, which are highly receptive to foreign cells as 

they lack T and B cells along with other immune deficiencies 158. At 6-7 weeks after tumor 

transplantation, multiple organs were found to have lymphoma infiltrates in the recipient 

mice including spleen, liver and numerous nodules of peritoneal B lymphomas associated 

with the intestine (data not shown). Some transplanted NOD SCID mice also had ascites 

in the peritoneal cavity. Immunophenotypic analysis of these tumors using flow cytometry 

revealed that both the primary B lymphomas of M-TRAF3-/- mice and the secondary 

splenic B lymphomas of NOD SCID mice are B220+ IgG+ (Figure 20A). These 

immunophenotypic data also confirmed the Ig isotype switching to IgG as revealed by the 
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V(D)J sequencing analysis (Table III). Thus these results of transplantation experiments 

proved that the B lymphomas spontaneously developed in aging M-TRAF3-/- mice are 

indeed malignant and transplantable in NOD SCID mice. 

3.3.3 GENERATION OF CELL LINES FROM TRANSPLANTED B LYMPHOMAS 

DERIVED FROM AGING M-TRAF3 - / - MICE 

 In order to create new model systems to study tumor immunity and tumor immune 

surveillance in M-TRAF3-/- mice, we generated cell lines from primary B lymphomas 

spontaneously developed in two aging M-TRAF3-/- mice (291-6 and 291-7). The primary 

tumor B cells were passed once through NOD SCID mice and the affected organs with 

transplanted B lymphomas were harvested and dissociated into single cell suspensions. 

These cells were cultured in vitro in 24-well plates for 4 weeks and malignant clones were 

identified, which eventually developed into cell lines that are able to propagate via 

successive passages in culture. Four clones from each original mouse (291-6 and 291-7) 

were successfully developed into cell lines. These cell lines have been cultured for 5 

months without obvious changes in morphology or growth rate. We confirmed the 

transplantation potential of 291-6 and 291-7 cell lines using NOD SCID mice, in which 

rapid lymphoma growth killed the recipient mice within 3 weeks (data not shown). We also 

performed flow cytometric analysis to characterize these B lymphoma cell lines, and 

representative FACS data from 2 such clones are shown in Figure 20B. Both 291-6 and 

291-7 B lymphoma cell lines were immunophenotypically characterized as B220+ IgG+ 

(Figure 20B). These B lymphoma cell lines will serve as useful model systems in future in 

vivo experiments to study the role of myeloid cell TRAF3 in tumor immunity and tumor 

surveillance.  
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Figure 20: Immunophenotypic characterization of B lymphoma cells developed in M-

TRAF3 -/- mice.  
Splenocytes or B lymphoma cells were stained with Abs to B220 IgM and IgG, and then analyzed 

by a FACSCalibur. Representative FACS profiles of splenocytes from primary B lymphoma from 

aging M-TRAF3-/- mouse 291-6 (A, top panel), secondary B lymphoma from NOD SCID mouse 

transplanted with 291-6 B lymphoma cells (A, bottom panel), and B lymphoma cell lines derived 

from secondary lymphomas from NOD SCID mice transplanted with 291-6 and 291-7 B lymphoma 

cells (B). B lymphoma cells were identified as B220+ IgG+.  

 

3.3.4 ENDOGENOUS RETROVIRUSES WERE REACTIVATED IN B 

LYMPHOMAS SPONTANEOUSLY DEVELOPED IN AGING M-TRAF3-/- MICE 

 To understand the pathological mechanisms underlying B lymphomagenesis 

observed in M-TRAF3-/- mice, we explored the potential involvement of reactivation of 

endogenous retroviruses, an oncogenic event commonly observed in immunocompromised 

mice and humans. Endogenous retroviruses (ERVs) are retrotransposons containing long 

terminal repeats (LTR) that are formed by integration of ancient and modern exogenous 

retroviruses into the germline of the host 159. They are mostly replication defective due to 

deleterious mutations or transcriptional silencing through the action of diverse mechanisms 

in healthy individuals 155,160. However, under pathological conditions such as 

immunodeficiency, cancer, infection and autoimmunity, the expression levels of ERVs are 

significantly upregulated 155,160. It was also recently shown that recombination of defective 

ERVs can restore infectivity and lead to spontaneous development of leukaemias and 

lymphoma in antibody-deficient mice 155. We therefore investigated the expression levels 

of replication-defective native ERVs and recombined ERVs that could become replication-

competent virus in B lymphomas obtained from three individual aging M-TRAF3-/- mice. 

Interestingly, we found that replication-defective ecotropic murine leukemia virus (eMLV) 

env mRNA was significantly upregulated compared to LMC in two of the three mice 

examined (291-6 and 291-7; Figure 21). In wild type C57BL6 mice, endogenous eMLV is 
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transcribed from a single copy of replication-defective Emv2 locus 155. Expression of the 

replication-defective mouse mammary tumor virus (MMTV) env mRNA was also 

significantly upregulated in B lymphomas developed in the third examined mouse (274-

11; Figure 21). Most importantly, expression of the reactivated eMLV (RARV; formed by 

correction of inactivating mutation G-to-C at position 3576 of the pol region of Emv2 locus 

155) was strikingly higher in B lymphomas of mice 291-6 and 291-7 compared to LMC 

(Figure 21). Interestingly, B lymphomas of mice 291-6 and 291-7 also showed significant 

upregulation of the ecotropic gp70 envelope glycoprotein, suggesting that the reactivated 

RARV may be packaged into infectious retroviruses in these B lymphomas. Overall, these 

results demonstrate the reactivation of ERVs in B lymphomas spontaneously developed in 

aging M-TRAF3-/- mice, suggesting a potential role of ERV reactivation in B 

lymphomagenesis observed in M-TRAF3-/- mice.   
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Figure 21: Endogenous retrovirus (ERV) transcripts are upregulated in B lymphoma 

samples.  
Total cellular RNA was extracted from splenocytes of LMC mice and B lymphoma-bearing M-

TRAF3-/- mice (274-11, 291-6 and 291-7), and reverse transcribed into cDNA. Quantitative real-

time PCR of cDNA was performed using SYBR reagents and primers specific for the transcripts 

of eMLV, eMMTV, RARV, ecotropic gp70, or hprt. Relative mRNA expression levels of 

endogenous retroviruses represented as fold-change compared to the LMC sample. The data of 

ERVs of each sample were first normalized to endogenous control hprt mRNA expression, and 

then fold of change was calculated using Ct method as described in Methods section. Graphs 

represent three individual experiments with duplicate reactions in each experiment. eMLV and 

MMTV represent mRNAs of replication-defective ERVs, whereas RARV and gp70 represent 

mRNAs of reactivated ERVs that are likely replication-competent. 

 

3.3.5 DEPLETION OF COMMENSAL BACTERIA PREVENTED THE 

DEVELOPMENT OF B LYMPHOMA IN AGING M-TRAF3-/- MICE 

 Bacterial products such as lipopolysaccharides (LPS) have been shown to induce 

the expression of endogenous MLV in mouse cells 161. Intestinal commensal microbiota 

have also been implicated in successful transmission of MMTV through mucosal surfaces 

162 as well as in inflammation and carcinogenesis via their direct interaction with immune 

cells following epithelial barrier damage 163-166. Therefore, we were interested to test the 

hypothesis that commensal bacteria may induce chronic inflammation and tumor 

development in M-TRAF3-/- mice, either directly via activation of pro-inflammatory 

cytokine signaling through TLRs and NLRs or indirectly via reactivation of ERVs or other 

mechanisms. To address this, we treated M-TRAF3-/- mice with a cocktail of broad 

spectrum antibiotics to deplete commensal bacteria for four months, and monitored them 

for development of any abnormalities for up to 22 months of age or until moribund. We 

first noticed that antibiotic treatment significantly improved the life span of the M-

TRAF3-/- mice as compared to the untreated mice (Figure 22). Moreover, out of the 9 

antibiotics-treated M-TRAF3-/- mice examined, none had any incidence of B lymphoma, 

hepatocellular carcinoma, inflammation or infection (Table IV). Interestingly however, we 
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detected an increase in the incidence of histiocytic sarcomas (Table IV), which is a tumor 

of interstitial connective tissue resident macrophages called histiocytes 167. Spontaneous 

development of these tumors were observed in 9.1% aging M-TRAF3-/- mice as reported 

in chapter I, and the incidence was increased to 33.3% in aging M-TRAF3-/- mice after 

treatment with antibiotics for 4 months. This increase is likely due to the prolonged life-

span of M-TRAF3-/- mice after treatment with antibiotics, allowing histiocytes to 

accumulate more oncogenic mutations for malignant transformation.  Taken together, these 

results suggest that commensal bacteria are required for chronic inflammation and B 

lymphoma development but are not required for histiocytic sarcoma development observed 

in aging M-TRAF3-/- mice, indicating that TRAF3 is an intrinsic tumor suppressor in 

histiocytes.  

 

 

Figure 22: Antibiotic treatment inhibited disease pathogenesis and increased the survival 

rate in aging M-TRAF3-/- mice.  
Mice were treated with a cocktail of broad spectrum antibiotics (Amp + SMZ-TMP) in drinking 

water for 4 months and their health was monitored for up to 22 months of age. Survival curves of 

LMC and M-TRAF3-/- mice were generated using the Kaplan–Meier method. P values were 

determined by the Mantel–Cox log-rank test. n=8-13 for LMC and 8-11 for M-TRAF3-/-. 

 



 

 

102 

Table IV: Summary of abnormalities seen in M-TRAF3-/- mice treated with or without 

antibiotics  

Mice with or without antibiotic treatment were diagnosed as described in chapter I (Table II).  

 

3.3.6 CHARACTERIZATION OF HISTIOCYTIC SARCOMAS (HS) OBSERVED 

IN ANTIBIOTICS-TREATED M-TRAF3 - / - MICE 

 Upon treatment with a cocktail of broad spectrum antibiotics, we found that 3 out 

of the 9 M-TRAF3-/- examined developed HS. Our initial analysis showed that antibiotics-

treated M-TRAF3-/- mice with HS display near complete loss of B and T lymphocytes as 

compared to antibiotics-treated LMC and M-TRAF3-/- mice that did not exhibit 

pathologies (Figure 23A). M-TRAF3-/- mice with HS contained a significant increase in 

the percentage of cells expressing low levels of CD14, Gr1, F4/80 and CD11b markers 

(Figure 23A). Similar expression pattern of Gr1 and CD11b markers were reported in the 

histiocytic sarcoma cells derived from aging M-TRAF3-/- mice in the absence of antibiotic 

treatment (Figure 10). Two out of the three M-TRAF3-/- mice with HS (369-2 and 369-4) 

also displayed significant expansion of myeloid derived suppressor cells (MDSC) (data not 

shown). Further immunophenotypic analyses revealed that all the three cases of histiocytic 

sarcoma cells were positive for intracellular markers CD68 and Mac2, which are 

commonly used for tissue resident macrophages and histiocytes 167,168 (Figure 23B). 
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Although CD11b expression level on histiocytic sarcoma cells was low in two HS cases 

(370-8 and 369-2), the majority of the histiocytic cells in the third case (369-4) showed 

high expression level of CD11b (Figure 23B). Morphological examination of TRAF3-/- 

HS cells by Wright-Giemsa staining of cytospin slides revealed that these malignant cells 

displayed the typical morphology of HS cells with abundant eosinophilic cytoplasm, and 

accompanied by frequent mitotic figures and occasional multinucleated giant cells (Figure 

23C). 
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Figure 23: Characterization of histiocytic sarcomas from antibiotics-treated M-TRAF3-/- 

mice.  
(A) Representative FACS profile of splenocytes from antibiotics-treated LMC and M-TRAF3-/- 

mice using surface markers. (B) Representative FACS profile of splenocytes from antibiotics-

treated M-TRAF3-/- mice with histiocytic sarcomas using intracellular markers. (C) Representative 

micrographs of splenocytes harvested from an antibiotics-treated M-TRAF3-/- mouse (369-4). A 

large histiocytic sarcoma cell with abundant eosinophilic cytoplasm accompanied by 2 MDSC are 

shown in the top panel, and another giant histiocytic sarcoma cell with clearly visible 

multinucleated morphology is shown in the bottom panel.  
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3.3.7 HISTIOCYTIC SARCOMAS SPONTANEOUSLY DEVELOPED IN M-

TRAF3 - / - MICE ARE TRANSPLANTABLE IN NOD SCID MICE 

 To determine the malignant nature of histiocytic sarcomas spontaneously 

developed in antibiotics-treated M-TRAF3-/- mice, we transplanted HS-containing 

splenocytes of M-TRAF3-/- mice intraperitoneally into immunodeficient NOD SCID 

recipient mice. At 3-4 months after transplantation, tumor growth was observed in multiple 

systems including intestine, spleen and liver in NOD SCID recipient mice. 

Immunophenotypic analysis revealed that the histiocytic sarcoma cells grown in 

transplanted NOD SCID mice exhibited similar expression profiles of markers to those 

observed in the primary HS population of M-TRAF3-/- mice (Figure 23B and 24A). HS 

cells grown in the intestine and liver of transplanted NOD SCID mice exhibited high 

expression levels of CD68, Mac2, CD11b and CD14 markers, whereas the spleen contained 

heterogeneous HS populations with varying expression levels of these 4 examined markers 

(Figure 24A). Thus, our results of transplantation experiments demonstrate that the 

histiocytic sarcoma cells spontaneously developed in antibiotics-treated M-TRAF3-/- mice 

are malignant and transplantable in immunodeficient recipient mice. 

 

3.3.8 GENERATION OF CELL LINES FROM TRANSPLANTED TRAF3-/- 

HISTIOCYTIC SARCOMAS 

 Molecular mechanisms underlying the tumorigenesis of histiocytes are poorly 

understood. To generate new model systems that allow us to gain insights into this area, 

we sought to generate HS cell lines from transplanted histiocytic sarcoma cells using a 

similar approach as described under section 3.2.2 for the generation of B lymphoma cell 
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lines. Briefly, after one or two passages through NOD SCID mice, tumor cells were 

harvested from the spleen or liver, and cultured in vitro continuously. Malignant clones 

were selected and further propagated in vitro via successive passages. Interestingly, 

immunophenotypic characterization of two HS cell lines generated revealed that there two 

distinct populations of histiocytic sarcoma cells in each cell line, which differ in terms of 

their expression levels of markers CD11b, CD68, F4/80 and CD14 (Figure 24B).  

Specifically, one HS cell population in the cell lines is CD11bhi Mac2hi CD68+ F4/80+ 

CD14+ Gr1-, and the other HS cell population is characterized as CD11blow Mac2hi CD68- 

F4/80- CD14- Gr1-. Nevertheless, the positive expression of CD11b and Mac2 on both 

populations confirms their HS origin. These HS cell lines will serve as important model 

systems in future studies to better understand the intrinsic role of TRAF3 in suppressing 

the tumorigenesis of histiocytes as well as the underlying mechanisms.  
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Figure 24: Immunophenotypic characterization of transplanted TRAF3-/- histiocytic 

sarcomas and HS cell lines generated in this study.  
(A) Representative FACS profiles of cells harvested from the spleen, liver, and peritoneal tumors 

associated with intestines of NOD SCID mice transplanted with primary HS cells of an antibiotics-

treated M-TRAF3-/- mouse (369-4). (B) Representative FACS profiles of histiocytic sarcoma cell 

lines derived from transplanted  HS tumor cells of mouse 369-4. Two distinct populations of 

histiocytic sarcoma cells are identified in each HS cell line: one is CD11bhi Mac2hi CD68+ F4/80+ 

CD14+ Gr1-, and the other is CD11blow Mac2hi CD68- F4/80- CD14- Gr1-. 
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3.4 DISCUSSION AND CONCLUSIONS 

 In this chapter, we demonstrated that the B lymphoma cells observed in 

M-TRAF3-/- mice were originated from GC or post- GC B cells since they have undergone 

SHM and class switch recombination. Moreover, these cells are monoclonal or oligoclonal. 

Interestingly, the heavy chain genes of these B lymphomas show strong preference for 

IGHV5-9-3*01 and IGHV5-17*02 clones and are often switched to IgG isotypes, including 

IgG1, IgG2b and IgG3. Notably, the B lymphomas show significant upregulation of native 

and reactivated ERVs. Furthermore, we found that B lymphoma development along with 

other abnormalities observed in aging M-TRAF3-/- mice can be prevented by depletion of 

commensal bacteria, with the exception of HS. In contrast, the occurrence of HS was more 

frequent in antibiotics-treated aging M-TRAF3-/- mice and the TRAF3-/- HS cells were 

characterized as CD68+ Mac2+ cells with abundant eosinophilic cytoplasm or 

multinucleated giant cell morphology. Taken together, our results indicate that commensal 

bacteria are required for chronic inflammation and B lymphoma development but are not 

required for histiocytic sarcoma development observed in aging M-TRAF3-/- mice. These 

data provide conclusive evidence demonstrating that TRAF3 is an intrinsic tumor 

suppressor in tissue-resident macrophages - histiocytes. 

 Endogenous retroviruses are germline encoded and constitute approximately 10% 

of the mouse genome and 8% of the human genome159. The expression of ERVs is tightly 

controlled in C57BL/6 mice via epigenetic silencing mechanisms such as DNA169 and 

histone methylation170 and via cell-intrinsic mechanisms that prevent successful viral 

replication through functions of Apobec3, TRIM5-, tetherin and SAMHD1171,172. 

However, in pathological conditions including cancer and infection, the expression of 
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ERVs is significantly upregulated155,160. In support of this, we found significantly 

upregulated ERV transcripts in B lymphomas harvested from aging M-TRAF3-/- mice 

(Figure 21). B lymphoma is the most frequent type of tumor observed in these mice and 

this could be explained by several mechanisms linking to findings obtained in this chapter 

124. One possible mechanism could be induction of tumor by recombined ERVs observed 

in B cells either via insertional mutagenesis involving activation of oncogenes or disruption 

of tumor suppressor genes or via other mechanisms 173. In support of this, Johnson et al., 

demonstrated that aggressive B-cell leukemia can be developed by participation of 

repetitive MuLV-related ERV sequences in aberrant end-joining events 174. They identified 

a novel class of activating mutations in Fms-like tyrosine kinase 3 (Flt3), a receptor 

tyrosine kinase important for normal hematopoiesis, which was created by complex 

genomic rearrangements with Moloney leukemia virus (MuLV)-related endogenous 

retroviral (ERV) elements in Rag-2-/-p53-/-Prkdcscid/scid triple-mutant (TM) mice 174. 

Moreover, Young et al., reported development of B and T cell lymphomas in thymus, 

spleen and liver of aging Rag1-/- mice which showed significant upregulation of 

recombined and fully infectious MLV 155. Furthermore, they observed that the infectious 

ERVs in Rag1-/- mice exhibited B cell-tropism 155. Since, such a mechanism is highly likely, 

it would be interesting to check the DNA integration sites of activated ERVs against 

commonly associated oncogenes and tumor suppressors in B lymphoma from M-TRAF3-/- 

mice 157,175. 

 In addition to ERVs, a second possible mechanism of high incidence of B 

lymphoma development observed in aging M-TRAF3-/- mice could be activation of B cells 

by opportunistic strains of commensal bacteria known as Pathobionts. This may drive 
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specific clones of B cells to undergo massive proliferation, affinity maturation and Ig 

isotype switching processes in germinal centers (GC), leading to a precise humoral 

adaptive immune response against the pathobionts 52-54. In this regard, B cells are especially 

susceptible to genetic alterations due to the unique features of GC reactions, which include 

somatic hypermutation (SHM) and class switch recombination (CSR) of Ig genes. All of 

these processes produce double strand DNA breaks (DSBs), which increase the risk of 

genomic instability in B cells 92-94. Moreover, proliferating cells like B and T cells are 

targets of spontaneous mutations and retroviral transformation, and therefore more 

susceptible to leukemia or lymphoma development 176,177. Zeng et. al. recently reported 

that activation of mouse B cells in vivo by immunization with T-cell independent type 2 

antigen leads to upregulation of ERV RNAs in antigen-specific B cells, which is required 

for specific IgM production 178. In support of this, we found bacteria and Entamoeba 

infections in aging M-TRAF3-/- mice (chapter I), and confirmed the origin of B lymphoma 

cells as GC or post-GC and having undergone SHM (Table III). Most notably, our initial 

investigation showed that depletion of commensal bacteria by antibiotic treatment 

prevented the development of B lymphoma, chronic inflammation and infection in aging 

M-TRAF3-/- mice. Overall, these results point towards a role of commensal bacteria in B 

lymphomagenesis in the context of TRAF3 deficiency in myeloid cells. However, further 

investigation is warranted to better understand the underlying complex molecular 

mechanisms.  

 Surprisingly, antibiotic treatment of M-TRAF3-/- mice leads to greater incidence 

of HS. HS in humans is a rare malignancy with a dismal prognosis, and its pathologic and 

cytogenetic data are sparse 179-181. Because the genetic etiology of HS is largely unknown 
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and patients with HS respond poorly to conventional chemotherapy, there is no standard 

therapy for human HS 179-181. In M-TRAF3-/- mice with histiocytic sarcomas, whitish 

nodules of tumors are observed in the liver, and tumor cells are also identified as the major 

cell type in the spleen that disrupt the splenic architecture 124. TRAF3-/- histiocytic 

sarcomas have the typical morphology of HS cells with abundant eosinophilic cytoplasm, 

and accompanied by frequent mitotic figures and occasional multinucleated giant cells and 

erythrophagocytosis 124 (Figure 23). Immunophenotypically, TRAF3-/- HS cells were 

identified as CD68+Mac2+CD11b+, and are negative for markers of the B and T lymphoid 

lineages, including B220, CD19, IgM, CD3, CD4, and CD8 and granulocytic lineage 

marker Gr1 124 (Figure 23 and data not shown). The predominance of HS in antibiotics-

treated aging M-TRAF3-/- mice led us to hypothesize that HS is a late-onset tumor and its 

lower frequency in aging M-TRAF3-/- mice could be due to relatively early onset of B 

lymphoma and chronic inflammation proceeding to death of the affected animal and 

denying a chance for HS to take its root. The results of antibiotics treatment experiments 

also showed that commensal bacteria do not play a critical role in the development of HS, 

indicating that a cell intrinsic mechanism is at play as a consequence of TRAF3 deficiency 

in this cell type. We speculate that TRAF3 deficiency may gradually cause prolonged 

survival or increased proliferation of histiocytes, and eventually result in the development 

of HS in M-TRAF3-/- mice. Detailed tumorigenesis mechanisms of TRAF3-/- histiocytes 

remain to be investigated in future studies.  

Similar to M-TRAF3-/- mice, several other mouse models were previously reported 

to spontaneously develop histiocytic sarcomas, including p21-/- 182, Cyp1b1-/- 183, p19ARF-

/-Bax-/- 184, PTEN-/-INK4a/ARF-/- 179, Dok1-/-Dok2-/-Dok3-/- 185, and humanized TLR7/TLR8 
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transgenic 186 mice, implicating these genes in the pathogenesis of HS. Among these, 

TRAF3 is functionally linked to TLR7, TLR8, and DOK3 10,187. TRAF3 is recruited to the 

TLR7 and TLR8 signaling complex through direct interaction with MyD88 10 (Figure 2). 

Snyder et al. found that transgenic expression of human TLR7/TLR8 in mice deficient for 

endogenous TLR7/TLR8 drives proliferative histiocytosis with multisystem infiltration of 

histiocytes that efface normal tissue architecture 186. Compound deletion of MyD88 in 

humanized TLR7/TLR8 transgenic mice prevents the inflammatory phenotype and the 

development of HS, suggesting that the illness is caused by constitutive activation of 

humanized TLR7/TLR8 and exuberant MyD88-mediated signaling 186. Interestingly, a 

recent study by Kim et al. identified TRAF3 as a new interacting protein for DOK3, a 

negative regulator of protein tyrosine kinase-mediated signaling 187. As observed in 

TRAF3-/- macrophages, DOK3-/- macrophages are also impaired in IRF3 phosphorylation 

and IFNβ production upon influenza virus infection or polyI:C stimulation 187. Some 

DOK3-/- mice exhibit abnormal accumulation of macrophages in the lung, and Dok1-/-

Dok2-/-Dok3-/- mice succumb to spontaneous HS at a high incidence 185. Taken together, 

the above findings reinforce the notion that dysregulation of TRAF3-dependent signaling 

pathways in macrophages contributes to the pathogenesis of histiocytic sarcoma. 

Overall, the results presented here provide significant evidence for the involvement 

of commensal bacteria and ERVs in the pathogenesis of B lymphoma and chronic 

inflammation observed in M-TRAF3-/- mice and also for the unique cell intrinsic 

mechanism of TRAF3 in suppressing the malignant transformation of histiocytes. It would 

therefore be interesting to further dissect the underlying molecular mechanisms to gain a 

better understanding of these two types of cancer in the context of TRAF3 loss in myeloid 
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cells. The B lymphoma and HS cell lines developed in this study will be instrumental in 

achieving these goals in future studies.  
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SIGNIFICANCE 

 Studying the roles of TRAF3 has clinical relevance since alteration in its function 

is associated with several human diseases. Given its significant role in the homeostasis of 

B cells, deletions, inactivating mutations and single nucleotide polymorphisms (SNPs) of 

TRAF3 are frequently detected in primary human samples of various B cell malignancies 

including multiple myeloma, splenic marginal zone lymphoma, Hodgkin lymphoma, B cell 

chronic lymphocytic leukemia, mantle cell lymphoma, Waldenström’s macroglobulinemia 

and diffuse large B-cell lymphoma 4. Recently, a heterozygous germline mutation of 

TRAF3 (R118W) was found in a young patient with a history of herpes simplex 

encephalitis115. The mutation is a loss-of-function, loss-of-expression and dominant 

negative one which leads to defective type I IFNs and enhanced pro-inflammatory cytokine 

expression in myeloid cells. Such a role of TRAF3 in myeloid cells was corroborated by 

our in vivo mouse model – M-TRAF3-/- mice, suggesting conservation of TRAF3 functions 

between mice and humans. The results from the study of M-TRAF3-/- mice by our lab and 

other groups have linked TRAF3 deficiency in myeloid cells to the pathogenesis of tumors, 

inflammatory diseases, metabolic diseases, and infectious diseases 124,151,188 . Therefore, 

these findings suggest that disruption of TRAF3-dependent signaling pathways might be 

one of the leading causes of the above mentioned diseases and that restoration of TRAF3 

signaling pathways could be a potential therapeutic strategy for their successful treatment.  

 Restoration of TRAF3 signaling could also lead to suppression of MDSC 

population in the context of cancer and chronic inflammation as supported by our results 

presented in the present study. MDSC, a heterogeneous group of immature myeloid cells, 

are recognized as primary drivers of immune suppression and chronic inflammation in 
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tumor microenvironment 76,118. MDSC potently suppress both tumor-specific CD8 

cytotoxic T cell responses and anti-tumor innate immune responses, and promote 

angiogenesis, invasion and metastasis of solid tumors 74,118,119. Therefore, intensive efforts 

are currently directed at developing therapeutic agents and strategies to target MDSC for 

the prevention and treatment of cancers 74,118. Our results demonstrated that TRAF3 is a 

critical regulator of MDSC expansion in chronic inflammation. Further research in this line 

will lead to a better understanding of the role of TRAF3 signaling in regulating MDSC 

physiology and will provide a novel approach for targeting this highly immune-suppressive 

and tumor promoting cell type in disease settings.  

 Finally, we obtained interesting findings that endogenous retroviruses (ERVs) are 

reactivated in B lymphomas spontaneously developed in aging M-TRAF3-/- mice and that 

commensal bacteria are required for chronic inflammation and B lymphoma development 

in these mice. Further research efforts in the study of reactivated ERVs identified in B 

lymphomas derived from M-TRAF3-/- mice could lead to identification of new tumor-

specific antigens, elucidation of novel mechanisms of B lymphomagenesis, and 

development of novel tumor-specific immunotherapy. Such a possibility is supported by 

reports from the study of human endogenous retroviruses (HERV) in at least three different 

types of human cancers - gastrointestinal cancer, clear cell kidney cancer and breast cancer 

189-191. All of these cancers showed tumor-specific expression of unique HERV proteins, 

which were highly immunogenic and were the target of humoral and cell-mediated immune 

responses launched by antigen-specific B cells and T cells, respectively 189-191. In summary, 

my dissertation research has led to a better understanding of the in vivo functions of TRAF3 

in myeloid cells and has provided new avenues for therapeutic intervention of 
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inflammatory diseases, infectious diseases and cancers in the context of TRAF3 deficiency 

in myeloid cells.  
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SUMMARY AND DISCUSSION 

TRAF3 is a cytoplasmic adaptor protein that is involved in signaling downstream 

of a variety of adaptive and innate immune receptors as well as cytokine receptors 10,24. 

TRAF3 is a highly versatile regulator of different lymphocyte subpopulations, including B 

and T cells, in the adaptive immune system and serves as a tumor suppressor in B 

lymphocytes 192. Previous in vitro evidence indicates that TRAF3 regulates pro-

inflammatory cytokine and type I IFN production in myeloid cells including macrophages 

and DCs 26,27. However, the in vivo functions of TRAF3 in myeloid cells had remained 

unexplored. My dissertation research presented here has addressed this significant gap in 

knowledge by using a newly created mouse model, where TRAF3 is specifically deleted 

from myeloid cells (M-TRAF3-/-).  We found that deletion of TRAF3 from myeloid cells 

does not affect the development and homeostasis of myeloid cells, but leads to interesting 

changes in young adult M-TRAF3-/- mice in response to different stimuli. These include 

enhanced pro-inflammatory cytokine production upon stimulation of TLR3 and TLR4 

receptors and also enhanced antibody production of selected isotypes in response to T-cell 

independent and dependent antigens. As M-TRAF3-/- mice age (15-22 months old) they 

develop abnormalities ranging from chronic inflammation and infection to development of 

tumors including TRAF3-sufficient B lymphomas and hepatocellular adenoma and 

TRAF3-deficient histiocytic sarcomas (HS), resulting in decreased lifespan compared to 

littermate control mice. Moreover, these mice showed substantial expansion of immature 

and immunosuppressive myeloid cells called myeloid derived suppressor cells (MDSC) 

and upregulation of several cytokines and chemokines that are implicated in chronic 

inflammation and tumor development. Our results thus provide conclusive in vivo evidence 
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that TRAF3 is a critical regulator of chronic inflammation and a new tumor suppressor in 

myeloid cells. 

 Our new model of chronic inflammation in young adult M-TRAF3-/- mice by 

repeated BCG injections reasserted the inhibitory role of myeloid cell TRAF3 in chronic 

inflammation and as a suppressor of MDSC expansion. In addition, further analysis of B 

lymphomas developed in aging M-TRAF3-/- mice showed that they are either monoclonal 

or oligoclonal and display significantly high expression of native and reactivated 

endogenous retroviruses (ERVs). The development of chronic inflammation and B 

lymphomas is prevented by treatment with broad spectrum antibiotics, indicating the 

requirement of commensal microbiota for the development of chronic inflammation and B 

lymphomas observed in aging M-TRAF3-/- mice. However, antibiotic treatment does not 

affect HS development pointing towards a cell intrinsic role of TRAF3 in suppressing the 

oncogenesis of this tumor type. Taken together, the results from my dissertation research 

establish myeloid cell TRAF3 as a critical regulator of innate and adaptive immune 

responses that is required to maintain tissue homeostasis, host-commensal mutualism and 

successful suppression of endogenous retroviruses to prevent development of cancer and 

chronic inflammation. 

The anti-inflammatory role of myeloid cell TRAF3 is further supported by two 

other groups from the study of similar M-TRAF3-/- mouse model. Jin J. et. al., showed that 

in a dextran sulfate sodium (DSS)-induced colitis model, M-TRAF3-/- mice exhibit 

exacerbated colon inflammation, as demonstrated by reduced survival rate, worsened 

bodyweight loss, as well as more severe mucosal damage and colon shortening 151. 

Moreover, colonic macrophages purified from the DSS-treated M-TRAF3-/- mice express 
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significantly higher levels of proinflammatory cytokines, including IL-6, IL-12 and IL-23 

151. Chen et al. also found a similar anti-inflammatory role of myeloid cell TRAF3 in lean 

mice. Interestingly however, they observed that the anti-inflammatory function of TRAF3 

in macrophages is not static, but is dynamically modulated according to the metabolic 

states 188. Macrophages in adipose tissue and the liver are the major mediators of metabolic 

inflammation, promoting insulin resistance and metabolic disease progression in obesity 

193. Obesity is associated with chronic, low-grade inflammation, which contributes to 

insulin resistance and metabolic disease 193. Chen et al. found that myeloid cell-specific 

deletion of TRAF3 has opposite effects on inflammation between lean and obese mice 188. 

In lean mice, myeloid cell-specific deletion of TRAF3 increases the expression of 

proinflammatory cytokines in the liver and adipose tissue 188. In contrast, TRAF3 

deficiency in myeloid cells decreases the expression of proinflammatory cytokines in the 

liver and adipose tissue of obese mice, and largely prevents high-fat diet (HFD)-induced 

inflammation in these metabolic tissues 188. Consequently, M-TRAF3-/- mice exhibit 

significantly attenuated insulin resistance and hepatic steatosis in models of either genetic 

(ob/ob) or HFD-induced obesity 188. Chen et al. also showed evidence to suggest that in 

obese state, TRAF3 may promote metabolic inflammation by increasing the expression of 

proinflammatory cytokines in myeloid cells and by facilitating macrophage infiltration into 

metabolic tissues 188. Thus, during metabolic inflammation and obesity progression, 

TRAF3 functionally switches its activity from anti-inflammatory to pro-inflammatory 

modes in macrophages, but in normal physiological conditions it plays an anti-

inflammatory role188. 
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To understand the mechanisms underlying TRAF3-mediated inhibition of 

proinflammatory cytokine production, several groups have carefully compared the early 

signaling events of TLR4 engagement in macrophages in the presence or absence of 

TRAF3. The findings from these investigations indicate that elevated production of 

proinflammatory cytokines IL-6, IL-12 and IL-23 in response to TLR4 stimulation 

observed in TRAF3-deficient macrophages could not be attributed to the hyperactivation 

of MAPKs and constitutive activation of the NIK-NF-B2 pathway only plays a minor role 

in mediating the hyper-induction of the proinflammatory cytokine IL-23 26,124,151. Rather, 

recent findings point towards a major role of c-Rel and IRF5 in the hyper-induction of 

above mentioned proinflammatory cytokines. As revealed by Jin et al., TRAF3 

constitutively binds to c-Rel and IRF5, and therefore is responsible for recruiting c-Rel and 

IRF5 to the TRAF3-TRAF2-cIAP1/2 complexes 151. In these complexes, the E3 ligases 

cIAP1/2 catalyze the K48-linked ubiquitination on c-Rel and IRF5, thereby targeting them 

for proteasome-mediated degradation in resting macrophages 151. Indeed, elevated protein 

levels of c-Rel and IRF5 are observed in both TRAF3- and TRAF2-deficient macrophages 

in the absence of stimulation 151. TRAF2-/- macrophages also exhibit hyper-induction of 

proinflammatory cytokines in response to TLR4 stimulation and M-TRAF2-/- mice are also 

more susceptible to DSS-induced colon inflammation 151. It is known that c-Rel is 

specifically required for TLR-stimulated expression of IL-12 and IL-23 151,194,195. 

Similarly, IRF5 mediates the expression of multiple proinflammatory cytokines, including 

IL-6, IL-12, and IL-23, and inhibits the expression of the anti-inflammatory cytokine IL-

10 151,196. Taken together, the above findings support the model that stabilized c-Rel and 

IRF5 are the major transcription factors that drive the hyper-induction of the 
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proinflammatory cytokines IL-6, IL-12, and IL-23 in TRAF3- or TRAF2-deficient 

macrophages in response to TLR agonists (Figure 25A). 
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Figure 25: TRAF3 in pro-inflammatory cytokine and type I interferon signaling. 
(A) TRAF3 inhibits TLR-induced proinflammatory cytokine production in macrophages. In 

response to LPS stimulation, dimerized or oligomerized TLR4 recruits Mal and MyD88, which in 

turn recruits TRAF3 and the associated TRAF2-cIAP1/2 complex to the receptor signaling complex 

at the plasma membrane. This allows the activation of cIAP1/2 to target TRAF3 for K48-linked 

ubiquitination and degradation. Similarly, stimulation of TLR7 by ssRNA or stimulation of TLR9 

by CpG DNA also recruits TRAF3 via MyD88, while engagement of TLR3 by dsRNA recruits 

TRAF3 via TRIF to the receptor signaling complexes at the endosome membrane. Recruitment of 

TRAF3 by dimerized or oligomerized TLRs via MyD88 or TRIF disrupts the interaction between 

TRAF3 and NIK, c-Rel, or IRF5. This results in the accumulation of NIK, c-Rel and IRF5, and 

subsequent activation of NF-κB2 (p52/RelB), p50/c-Rel, and IRF5, which promote the expression 

of the proinflammatory cytokines IL-6, IL-12, and IL-23 in stimulated macrophages. In addition, 

nuclear IRF5 also inhibits the expression of the anti-inflammatory cytokine IL-10. Ablation of 

TRAF3 from macrophages mimics TLR engagement and also releases NIK, c-Rel and IRF5 from 

the TRAF2-cIAP1/2 complexes, allowing the accumulation of NIK, c-Rel and IRF5. Therefore, 

TLR agonists induce enhanced production of the proinflammatory cytokines IL-6, IL-12 and IL-

23 but decreased production of the anti-inflammatory cytokine IL-10 in TRAF3-/- macrophages. 

Transcription factors (p50/c-Rel and IRF5) that play major roles in driving the production of IL-6, 

IL-12 and IL-23 are shown in bold green arrows. TRAF3-independent TLR signaling pathways, 

including TRAF6- or TRAF2-induced activation of ERK1/2, p38, JNK1/2 and NF-κB1 

(p50/RelA), are not depicted in the figures. (B) Roles of TRAF3 in type I IFN production induced 

by RIG-I signaling. Upon viral RNA binding, RIG-I recruits TRAF3 via MAVS to the receptor 

signaling complex at the mitochondrial membrane. This induces the self-ubiquitination of TRAF3 

and subsequent activation of TBK1/IKKε, leading to the activation and nuclear translocation of 

IRF3 and IRF7 to promote the expression of IFNβ and IFNα in infected macrophages. Similar to 

TLR signaling, recruitment of TRAF3 by engaged RIG-I via MAVS also allows the accumulation 

of IRF5 and NIK, which promotes the expression of IFNα and inhibits the expression of IFNβ, 

respectively. Therefore, TRAF3-/- macrophages are defective in producing type I IFN in response 

to TLR agonists or viral infections, due to both impaired activation of stimulatory IRFs (IRF3 and 

IRF7) and constitutive activation of repressive NIK-NF-κB2. TRAF3-independent TLR or RIG-I 

signaling pathways, including TRAF6- or TRAF2-induced activation of MAPKs and NF-κB1, are 

not depicted in the figures. 

 

Previous in vitro evidence indicates that TRAF3 is required for the innate anti-viral 

responses and type I IFN production triggered by TLRs or RLRs in macrophages and DCs 

26,27,77. Consistent with this, TLR4-induced expression of Ifnb and Ifna4 is almost abolished 

and phosphorylation of IRF3 is markedly reduced in BMDMs and PEMs derived from M-

TRAF3-/- mice 124,151. Moreover, Jin et al. obtained an interesting finding that another 

signaling pathway affected by TRAF3 deletion, constitutive activation of NIK-IKK-NF-
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B2, also contributes to the defective type I IFN production observed in TRAF3-/- 

macrophages 25. Macrophages derived from NIK∆T3-transgenic mice overexpressing a 

stable form of NIK, which lacks its TRAF3-binding motif and thus results in constitutive 

activation of IKK-NF-B2, show remarkably impaired production of type I IFN in 

response to TLR agonists 25. Jin et al. further revealed that NF-B2suppresses TLR or 

RLR-induced histone modifications at the Ifnb promoter, an action that involves attenuated 

recruitment of the transactivator RelA and the histone demethylase JMJD2A25. It is known 

that JMJD2A, recruited to the Ifnb promoter by RelA, induces activating modifications of 

histone H3 such as trimethylation of H3K4 (H3K4me3) and H3 acetylation (H3Ac), and 

also decreases the repressive histone modifications such as H3K9me2 and H3K9me3 25,197. 

Elevated nuclear levels of NF-B2 (p52-RelB) lead to inhibition of RelA-JMJD2A 

recruitment to the Ifnb promoter, as p52-RelB bind to the Ifnb promoter more strongly than 

RelA 25. Consequently, RelA-JMJD2A-mediated activation of chromatin structures at the 

Ifnb promoter is suppressed by constitutive NF-B2 activation, which is present in 

TRAF3-/- macrophages 124,151. Taken together, TRAF3 promotes TLR- or RLR-induced 

type I IFN production by facilitating the phosphorylation of IRF3 and IRF7 via its adaptor 

function and E3 ligase activity, and also by suppressing the inhibitory roles of the NIK- 

IKK-NF-B2 pathway via targeting NIK for degradation (Figure 25B). 

  



 

 

124 

 

  



 

 

125 

Figure 26: Model for the in vivo functions of myeloid cell TRAF3 discovered in this study. 

(A) Myeloid cell TRAF3 prevents B lymphoma development by inhibiting several different 

pathways. It inhibits chronic inflammation mediated by commensal microbiota. It also potentially 

inhibits reactivation of ERVs induced by commensal bacteria. Pathobionts of commensal bacteria 

and reactivated ERVs may engage specific clones of B cells to undergo GC reactions, which 

introduce double-stranded DNA breaks and increase the risk of genetic alterations. Reactivated 

ERVs further increase genomic instability in such B cell clones. Moreover, TRAF3 is required for 

suppression of MDSC expansion, which is regulated by and also a potent driver of chronic 

inflammation and may contribute to the progression of B lymphomas. Therefore, aging M-

TRAF3-/- mice exhibit spontaneous development of chronic inflammation and B lymphoma 

development in the absence of antibiotic treatment. (B) TRAF3 acts as a tumor suppressor in 

histiocytes. Its deletion predisposes histiocytes to malignant transformation possibly via 

dysregulation of the survival and proliferation responses of histiocytes to different innate immune 

recepotrs and cytokine receptors.  However, the development of histiocytic sarcoma in M-

TRAF3-/- displays a long latency, suggesting that accumulation of secondary genetic and 

epigenetic alterations are required for histiocytic malignant transformation. Additionally, 

hyperexpansion of TRAF3-/- MDSC in the tumor microenvironment may suppress tumor 

immunity and accelerate the progression and metastasis of histiocytic sarcomas. Because of the 

loss of such cell intrinsic tumor suppressive function of TRAF3, aging M-TRAF3-/- mice 

spontaneously develop histiocytic sarcomas regardless of the absence or presence of antibiotic 

treatment.  

 

In conclusion, evidence obtained by my dissertation research demonstrates that 

specific ablation of TRAF3 in myeloid cells leads to chronic inflammation, significant 

expansion of MDSC, spontaneous development of different types of tumors, reactivation 

of endogenous retroviruses in B lymphoma and infections by commensal microbiota in 

mice. These results were corroborated by two other laboratories which showed that deletion 

of myeloid cell TRAF3 leads to inflammatory diseases and altered progression of diabetes. 

These new findings indicate that myeloid cell TRAF3 acts as an anti-inflammatory factor, 

and is required to resist infections and reactivation of endogenous retroviruses and control 

development of hematopoietic and solid tumors. Our evidence thus identifies TRAF3 as a 

novel tumor suppressor in macrophages (Figure 26). Although information about TRAF3 

mutations or malfunctions in human macrophages is limited, available evidence indicates 

that TRAF3 mutation and aberrant expression exist in myeloid cells of human patients with 

viral infectious diseases and inflammatory bowel diseases. Therefore, the functions of 
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TRAF3 in myeloid cells appear to be conserved between mice and humans, suggesting that 

findings obtained from M-TRAF3-/- mice may be extrapolated to human diseases and merit 

further systematic investigations of TRAF3 in human patients. Furthermore, TRAF3 is 

now recognized as a converging point of numerous signaling pathways, including the TNF-

R superfamily, TLRs, RLRs, and cytokine receptors. It would thus be especially interesting 

to further decipher how TRAF3 integrates or modulates different signals in situations that 

involve simultaneous or sequential engagement of multiple receptors present on 

macrophages and DCs, such as chronic inflammation, co-infections, or tumorigenesis. 

Deeper mechanistic insights into TRAF3 signaling pathways will be valuable for 

understanding the molecular pathogenesis of TRAF3 inactivation-associated diseases, and 

will provide new opportunities for developing effective therapeutic modalities for chronic 

inflammation, infection, and cancer. 
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APPENDIX 1: LIST OF ABBREVIATIONS USED 

M-TRAF3-/-: Myeloid cell-specific TRAF3 deficient 

LMC: Littermate control 

BMDM: Bone-marrow derived macrophages 

PEM: Peritoneal exudate macrophages 

TLR: Toll-like receptor 

RLR: RIG-I like receptor 

NLR: NOD-like receptor 

LPS: lipopolysaccharide 

Poly I:C: polyinosinic:polycytidylic acid 

TI: T-cell independent 

TD: T-cell dependent 

SHM: Somatic hypermutation 

CSR: Class switch recombination 

GC: Germinal center 

V(D)J: Variable, Diversity and Joining domains 

MDSC: Myeloid derived suppressor cell/s 

BCG: Bacillus Calmette-Guérin 

CSF: Colony stimulating factor 

ERV: Endogenous retroviruses 

HS: Histiocytic sarcoma 

eMLV: ecotropic murine leukemia virus 

MMTV: mouse mammary tumor virus 
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PUBLISHED PAPERS REPORTING FINDINGS OF THIS 

DISSERTATION RESEARCH 

Lalani, A. I. et al. Myeloid Cell TRAF3 Regulates Immune Responses and Inhibits 

Inflammation and Tumor Development in Mice. Journal of immunology 194, 334-348, 

doi:10.4049/jimmunol.1401548 (2015). 

Lalani, A. I., Luo, C., Han, Y. & Xie, P. TRAF3: a novel tumor suppressor gene in 

macrophages. Macrophage (Houst) 2, e1009, doi:10.14800/macrophage.1009 (2015). 
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