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RECIPIENT DENDRITIC CELLS DICTATE ALLOGRAFT FATE 

Sherrie J. Divito, PhD 

University of Pittsburgh, 2009

 

Organ transplantation is a life-saving and increasingly common procedure, as it often serves as 

the only treatment available for end-stage organ disease. Although the constant development of 

new and more effective immunosuppressive drugs has revolutionized the prevention and 

treatment of acute graft rejection, these drugs have significant toxicity, greatly increase patient 

susceptibility to neoplasms and infection and exert little impact on chronic rejection. 

A major obstacle to developing improved therapeutics is a lack of understanding the 

mechanisms by which the adaptive immune response is initiated, and how cellular therapies 

impact this response. Previous research has provided a mechanistic scaffold, however numerous 

gaps, often filled with assumptions rather than data, remain. In this dissertation, I demonstrate 

that contrary to current dogma, dendritic cell (DC)-based therapies simply serve as a source of 

alloantigen, and therefore have comparable efficacy to alternative cellular therapies. Further, I 

show that contradictory to the current paradigm of direct pathway T cell priming, recipient 

antigen-presenting cells (APC) stimulated via CD40 ligation by indirect pathway CD4+ T cells is 

requisite for a direct pathway response and allograft rejection. Conversely, I did validate the 

assumption that donor passenger APC are required for the direct pathway T cell response, but 

further show that they are also required for the indirect pathway T cell response, indicating that 

donor APC serve as a source of alloantigen for presentation by recipient APC. Finally, through 

investigating the role of recipient APC in cardiac allograft rejection, I identified that the recently 

described population of inflammatory monocyte-derived DC play a crucial role as effector cells 
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that mediate a DTH-like response within cardiac allografts during acute rejection, while at the 

same time, inhibiting T cell effector responses within the graft and systemically. 

Overall, our data provide essential puzzle pieces to understanding the processes of acute 

allograft rejection and insight into the utility of DC-based therapies for transplantation.  
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1.0  INTRODUCTION 

1.1 DENDRITIC CELLS 

1.1.1 Conductors of the adaptive immune response 

Dendritic cells (DC) are a heterogeneous population of hematopoietic-derived antigen-presenting 

cells (APC) that orchestrate the adaptive immune response to self and foreign antigen (Ag). DC 

are defined by surface expression of major histocompatibility complex (MHC) class II and the 

integrin and complement receptor CD11c1. DC respond to both endogenous and exogenous 

danger signals such as pathogen-associated molecular patterns on microorganisms, products 

secreted by activated macrophages, (MΦ) and parenchymal cells and stimulatory signals from 

activated T cells1. Further, they are the only APC capable of priming naïve T cells and as such, 

they serve as a crucial link between innate and adaptive immunity1,2.   

In the periphery, DC exist in 3 different stages of activation/maturation: immature, semi-

mature or quiescent, and mature or activated (Fig. 1). In the steady-state, quiescent DC have high 

phagocytic ability and low surface expression of MHC:peptide complexes and the co-stimulatory 

molecules CD80 and CD861-3. DC mature upon Ag uptake and exposure to pro-inflammatory 

stimuli. During maturation, DC decrease phagocytic ability and increase expression of MHC 

class I and II loaded with peptide, co-stimulatory molecules CD40, CD80 and CD86, as well as 
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the chemokine receptor CCR73. Maturing DC migrate through afferent lymphatics to secondary 

lymphoid organs, where CCR7 interacts with CCL19 and CCL21, allowing DC entrance into T 

cell-dependent areas for interaction with Ag-specific T cells2,4. MHC:peptide complex presented 

by DC binds the T cell receptor (TCR) (signal 1) and DC expressed co-stimulatory molecules, 

CD80 and CD86, bind CD28 (signal 2) on the T cell. This induces secretion of the pro-

inflammatory cytokine Interluekin (IL)-2, which is a potent agonist for T cell proliferation5. 

Additionally, there is interaction between CD40 on the DC and CD40Ligand (CD40L) (CD154) 

on the T cell which further enhances DC and T cell stimulation6. Mature DC also secrete pro-

inflammatory mediators (signal 3) which help direct the immune response, such as IL-12p70, 

which polarizes T cells toward a T helper cell type 1 (Th1) response1-3. 

 

Figure 1. Stages of DC maturation.  

DC can exist as either immature (express low levels of MHC:peptide complex without co-
stimulatory molecules CD80 or CD86), semi-mature or quiescent (express low levels of 
MHC:peptide complex along with low levels of co-stimulatory molecules), or mature or 
activated (express high levels of MHC:peptide complex and high levels of co-stimulatory 
molecules).  
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Notably, activated T cells up-regulate expression of CTLA-4 (CD152), an inhibitory 

receptor that binds CD80/CD86 with higher affinity than CD287. Ligation of CTLA-4 decreases 

IL-2 production and IL-2 receptor expression, and impedes cell cycle progression7. This serves 

as one example of a system of checks and balances to prevent uncontrolled immunity. 

1.1.2 Types of DC 

DC derive from multiple lineages1-3,8. Classically, they are divided into conventional DC 

plasmacytoid DC (pDC) and inflammatory DC (Fig. 2). 

 

 

Figure 2. Types of DC. 
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1.1.2.1 Conventional DC 

Conventional DC have typical DC morphology in the steady-state9 and are divided by 

location into lymphoid-resident and migratory DC. In mice, lymphoid-resident (spleen and 

lymph nodes) DC include CD8α+ DC, CD4+CD8- DC and CD4-CD8- DC10. CD8- DC are 

immature and are located primarily in the splenic marginal zone and to a lesser extent, 

throughout the splenic red pulp, although upon stimulation, they migrate to T cell areas. CD8α+ 

DC constitute 20-30% of the CD11chi DC population, reside in the T cell area, and are semi-

mature. They also constitute the majority of APC in thymus10,11.  

Migratory DC consist of tissue interstitial DC, dermal DC and Langerhans cells, which 

patrol skin and peripheral tissues for foreign Ag. Upon stimulation, these DC carry Ag from the 

periphery through lymphatics to draining lymph nodes12.   

1.1.2.2 Plasmacytoid DC 

Pre-pDC circulate through blood and lymphoid tissue and acquire typical DC 

morphology (become pDC) after activation by microbial infection or inflammation, at which 

time they release high amounts type I IFNs, suggesting an important role in the immune response 

to viral pathogens13. Conversely, significant work supports a role for pDC in tolerance, given the 

ability of pDC to produce indoleamine-2,3-dioxygenase (IDO), a potent anti-inflammatory 

molecule14-18. Mouse pDC are typically defined by low forward scatter (FSC, measure of size) 

and low side scatter (SSC, measure of cellular complexity) and surface expression of 

CD11cintCD11b-CD45RA+Ly6C+PDCA-1+13. However, there is currently no specific marker for 

pDC, thus complicating study of these cells. 
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1.1.2.3 Inflammatory DC 

Inflammatory DC derive from monocytes in vivo. Therefore, a brief review of monocytes 

follows.  

Monocytes are bone marrow (bm)-derived leukocytes19 that in the steady-state, constitute 

4-6% of blood cells in mice and 10% in humans, and have a brief half-life, lasting only 1 d in 

mice20 and 3 d in humans21. Monocytes express surface CD115 (M-CSF receptor), CD11b and 

F4/80 and have low SSC22. To date, three subsets of monocytes have been identified in mice, and 

are typically defined by their expression of Ly6C. Two subsets are considered inflammatory 

monocytes, so named because they migrate to sites of inflammation; these subsets express 

Ly6Chi and Ly6Cint. The third subset is comprised of resident monocytes that are characterized as 

Ly6Clow. Additional phenotypic differences between the three monocyte subsets are presented in 

Table 1. Recent evidence supports the ability of Ly6Chi inflammatory monocytes to differentiate 

into Ly6Cint and Ly6Clow monocytes23, although this is a point of contention in the literature24. 

Whereas inflammatory monocytes differentiate into inflammatory DC in response to 

inflammatory stimuli, resident monocytes are believed to replace conventional DC and MΦ 

under steady-state conditions, but are not believed to play a role during inflammation, and as 

such will not be further discussed in this dissertation.    
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Table 1. Characterization of monocyte subsets by surface expression. 

 Inflammatory monocytes Resident 
monocytes 

Ly6C (Gr-1) expression Ly6Chi Ly6Cint Ly6Clow 

Surface phenotype CD115+ 
CD11b+ 
F4/80+ 

CD62L+ 

CD115+ 
CD11b+ 
F4/80+ 

CD115+ 
CD11b+ 
F4/80+ 

CD62L- 

Chemokine receptor expression CCR2hi 
CX3CR1low 

CCR2hi 
CX3CR1low 

CCR7+ 
CCR8+ 

CCR2low 
CX3CR1hi 

 

 

Most studies of inflammatory monocytes have focused on the Ly6Chi subset for two 

reasons. First, Ly6Cint cells comprise only 10% of all monocytes25. Second, a commonly used 

antibody (Ab) to identify inflammatory monocytes, Gr1, recognizes both Ly6C and Ly6G, the 

latter expressed by granulocytes. Granulocytes in turn also express intermediate levels of Ly6C, 

and since granulocytes comprise a much larger population of cells than Ly6Cint monocytes, 

studies of Gr-1int monocytes are confounded by potentially contaminating granulocytes.  

Recent work unearthed inflammatory monocytes as complex entities capable of 

participating in immune responses in diverse ways. Circulating inflammatory monocytes 

extravasate across blood vessels into sites of inflammation, up-regulate CD11c, CD86 and MHC 

class II expression and differentiate into inflammatory DC, a phenomenon dependent on the local 

presence of granulocyte macrophage colony-stimulating factor (GM-CSF)24,26-28. Inflammatory 

DC in turn participate as innate effector cells that facilitate microbial clearance during bacterial, 

viral and parasitic infections24,29-32. Following infection with L. monocytogenes, inflammatory 

DC are recruited transiently into the spleen, where they secrete high levels of TNF-α, express 
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inducible nitric oxide synthase (iNOS) that generates nitric oxide (NO) radicals and release 

reactive oxygen intermediates (ROI)29. These inflammatory DC are fundamental to clearing 

infection, as their absence results in uncontrolled bacterial replication in the host29. Due to their 

ability to produce TNF-α and iNOS, these inflammatory DC are termed TNF-α and iNOS-

producing-DC or Tip-DC.  

Secondly, inflammatory DC can take up Ag in the periphery, migrate to draining lymph 

nodes (LN)33, and present Ag to T cells28. According to work by Randolph’s group, Gr-1int 

monocytes have greater allostimulatory capacity in vitro compared to Gr-1hi monocytes, and in 

vivo Gr-1int monocytes are the main monocyte cell trafficking to draining LN25. In viral and 

immunization models, inflammatory DC recruited to LN produce IL-12p70 and drive T cells 

toward a Th1 type response34 and during skin and lung inflammation, inflammatory DC are 

recruited to inflamed tissues, where they present Ag to CD8+ T cells and promote 

immunopathology35,36. Notably, the role of inflammatory DC in T cell responses varies with 

experimental model, as Tip-DC infiltrating L. monocytogenes infected spleen did not affect T 

cell priming29. 

Finally, inflammatory monocytes can replenish MΦ and DC resident cell compartments 

in skin37, the digestive tract38 and lung39-41, following damage or emigration of resident APC. 

Contrarily, there is data suggesting that inflammatory monocytes can expand in spleen 

and LN of tumor-bearing mice and differentiate into myeloid-derived suppressor cells (MDSC) 

that have been shown to mediate development of tumor induced regulatory T cells (Treg) and T 

cell anergy, partly through release of IL-10 and TGF-β42-44. Further, inflammatory monocyte-

derived MDSC have been shown to impair T cell responses, particularly CD8+ T cell responses, 

via molecular mechanisms involving ROI and NO42,43,45-48. Clearly, the roles played by 
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inflammatory monocytes in immune responses are diverse and complex, thus warranting further 

investigation. 

1.1.3 DC can induce T cell tolerance 

Although most T cells recognizing self-peptides with high affinity are eliminated centrally in the 

thymus through negative selection49, a percentage of self-reactive T cells escape thymic deletion 

and access the periphery. An efficient mechanism in the periphery is therefore necessary to 

prevent activation of self-reactive T cells and avoid autoimmunity.  

Quiescent DC expressing MHC:peptide complex (signal 1) with low levels of co-

stimulatory signals (signal 2) provide sub-threshold stimulation to auto-reactive T cells, resulting 

in defective T cell activation8,50,51. Incomplete T cell activation results in poor cellular 

proliferation followed by deletion, anergy and likely differentiation/expansion of Treg cells, all 

mechanisms leading to T cell hypo-responsiveness or tolerance8,50. 

1.1.3.1 Basics of Treg 

There are multiple types of CD4+ regulatory T cells (Treg) in vivo. Naturally occurring 

Treg arise in the thymus, express surface CD25 (IL-2Receptor) and the transcription factor 

FoxP3, and inhibit T cell proliferation by a contact-dependent mechanism52. Two additional Treg 

subsets are detected in the periphery: Tr1 Treg release IL-10, while Th3 Treg release TGF-β, both 

immunosuppressive cytokines52. Overall, Treg are thought to be important for inhibiting effector 

T cell priming and/or effector responses in vivo, although this remains a complicated area of 

research. Specifically in the setting of transplantation, most biologists agree that achieving 

donor-specific tolerance will require both effector T cell deletion and Treg induction.   
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1.1.3.2 Apoptotic cell uptake induces tolerogenic DC 

Over the past decade, the central role of DC in maintaining peripheral tolerance has 

become increasingly appreciated53-55. Normal cell turnover occurring daily in our bodies 

generates billions of dead cells without stimulating inflammation. Other conditions that induce 

apoptosis such as moderate ultraviolet-B light (UV-B) irradiation, certain viral infections and 

malignant tumors are also accompanied by a lack of inflammation. This was originally attributed 

to rapid clearance of apoptotic cells, thus preventing release of their toxic cellular components 

into the micro-environment. However, Voll and colleagues demonstrated that internalization of 

apoptotic cells “actively” suppresses the inflammatory response by delivering inhibitory signals 

to phagocytes56. It was further shown that endocytosis of early apoptotic cells by immature DC 

prevents DC activation in both humans and rodents, as the APC fail to up-regulate expression of 

MHC class II and the co-stimulatory molecules CD80, CD86, CD40 and in humans CD83, 

despite subsequent stimulation with DC-activating factors such as LPS, CD40 ligation, TNF-α 

and monocyte-conditioned medium57-61. This inhibitory effect of apoptotic cells was not simply a 

result of the process of phagocytosis, as activation of immature DC was not impaired after 

ingestion of control latex beads that were similar in size to apoptotic cell fragments59. 

Self-Ag derived from apoptotic cells resulting from steady-state cell turnover is 

constantly sampled by quiescent DC that migrate constitutively from peripheral tissues to lymph 

nodes and spleen62,63. In support of this idea, it was reported that ingestion of apoptotic cells 

causes DC to increase levels of CCR7, indicating that the DC acquire the ability to home to 

draining secondary lymphoid organs in response to the chemokine MIP-3β61,64. In vivo, Huang et 

al. demonstrated that intestinal DC that have internalized apoptotic cell fragments derived from 
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intestinal epithelial cells migrate to mesenteric LN, independently of DC-maturation stimuli 

derived from intestinal bacterial flora65.  

There is accumulated evidence supporting that DC that have phagocytosed early 

apoptotic cells and thus express MHC:Ag complex in the absence of co-stimulation exhibit a 

decreased capacity to stimulate Ag-specific TCR transgenic T cells, allogeneic T cells59,60 and 

even T cell clones (which do not require co-stimulation)57.  

Using mice expressing model Ag controlled by tissue-specific promoters, it has been 

shown that in the steady state, constitutively migrating DC transport and process tissue-specific 

Ag from periphery to LN and spleen. These migrating semi-mature DC silence rather than 

stimulate self-reactive T cells66,67. A similar mechanism seems to operate when foreign-Ag are 

delivered directly to DC in secondary lymphoid organs by i.v. administration of early apoptotic 

cells. After i.v. injection of OVA-loaded dying cells in mice, DC cross-present OVA-peptides 

and induce abortive proliferation and deletion of OVA-specific CD8+ T cells and subsequent T 

cell tolerance to OVA-challenge68. Although macrophages phagocytose apoptotic cells more 

efficiently than DC, only the latter APC cross-present efficiently the apoptotic cell-derived 

peptides to CD8+ T cells69. In this regard, it has been shown that DC, unlike macrophages, cross-

present Ag derived from salmonella-infected apoptotic cells to CD8+ T cells70. Ag derived from 

apoptotic cells can also be presented through MHC class II molecules to CD4+ T cells. In fact, 

murine bone marrow-derived (bm-)DC present Ag from internalized apoptotic cells to CD4+ T 

cells 1-10,000 times better than pre-processed peptide71.  

In autoimmunity, Ag presentation in the absence of pro-inflammatory secondary signals, 

co-stimulation or cytokines results in T cell tolerization72,73. In the transplantation setting, human 

monocyte-derived DC loaded with allogeneic apoptotic cells down-regulates specifically the 
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anti-donor T cell response in vitro74. More importantly in vivo, i.v. administration of donor 

splenocytes in early stages of apoptosis induced by UV-B irradiation leads to defective activation 

of donor-reactive TCR transgenic CD4+ T cells and their peripheral deletion75. When combined 

with blockade of the CD40-CD154 pathway, systemic administration of donor apoptotic 

splenocytes promoted expansion of donor-specific CD4+ Treg in mice75. These findings have 

important implications for transplantation since, although opinions vary, induction of donor-

specific tolerance will ultimately depend on both deletion of alloreactive T cells and 

generation/expansion of Treg.  

Phagocytosis of apoptotic cells induces additional immunosuppressive changes in DC 

that may contribute to tolerance induction. Phagocytosis of apoptotic cells decreases activation 

of NF-κB, a transcription factor required for DC maturation/activation and synthesis of several 

pro-inflammatory cytokines, in DC and MΦ. This may explain why DC that have interacted with 

early apoptotic cells secrete significantly lower levels of IL-1α, IL-1β, IL-6, IL-12p70, IL-23 

and TNF-α57,76-78, a phenomenon that is maintained even in the presence of LPS76. Interestingly, 

phagocytosis of apoptotic cells does not interfere with secretion of TGF-β1 by mouse DC76 and 

even increases production of IL-10 by human DC57, both immunosuppressive cytokines. The 

effect of apoptotic cells on cytokine production by DC is at least partly due to altered cytokine 

mRNA transcription or stabilization76.  

Following internalization of cells in early apoptosis, macrophages increase secretion of 

additional anti-inflammatory mediators including prostaglandin E2 (PGE2), platelet-activating 

factor (PAF), IL-1 receptor-antagonist and hepatocyte growth factor, although these molecules 

have not been fully explored in DC79-81. More recently, other inhibitory mediators have been 

discovered to have pervasive anti-inflammatory effects on immune responses, including the 
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tryptophan catabolizing enzyme IDO and the cell surface receptor programmed cell death (PD)-1 

and its ligands PD-L1 and PD-L214,16,18,59,82-87. The contribution of these mediators to tolerance 

induction by DC following phagocytosis of apoptotic cells remains to be fully explored, but 

regardless, the potential to harness similar mechanisms in the setting of transplantation and 

autoimmunity is indeed promising.  

1.1.4 Mechanisms of donor Ag re-processing 

Ag re-processing refers to uptake of donor MHC class I or II, or minor histocompatibility Ag, 

from donor cells by recipient APC and processing it into allopeptides for presentation by 

recipient self:MHC. Re-processing of self-Ag is an important mechanism for maintaining 

peripheral tolerance in the steady-state. It could also play a key role during immunization 

(vaccination for infectious disease or cancer) and negative vaccination (for therapy of 

transplantation or autoimmune disorders). Thus, understanding the mechanisms by which donor 

Ag re-processing occurs in vivo is important for translational/clinical research of DC-based 

therapies in transplantation.  

Internalization of apoptotic cells is one mechanism by which donor Ag is transferred 

between cells for re-processing by recipient phagocytes. There is evidence that apoptotic cells 

dock on the surface of DC and macrophages through binding to the αvβ5 integrin, that recruits 

the CrkII-Dock180 molecular complex and in turn triggers Rac1 activation and phagosome 

formation88,89. Once internalized, the apoptotic cells are processed within MHC class II rich 

compartments (MHC class II+ LAMP+ H-2M+ cytoplasmic vesicles) for presentation as peptides 

loaded in MHC class II molecules to CD4+ T cells71. Alternatively, apoptotic cell-derived Ag can 

be routed out of the endosomal compartment into the lumen of the endoplasmic reticulum for 
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loading into MHC class I for cross-presentation to CD8+ T cells69,90. The ultimate mechanism by 

which apoptotic cell-derived Ag are shuttled into the endoplasmic reticulum is unknown, 

however the ability of lactacystin, a 26S proteasome inhibitor to partially block cross-

presentation of apoptotic cell-derived Ag in DC suggests that both classical and non-classical 

MHC class I pathways participate in this process69.  

In addition to apoptotic cell uptake, there is evidence that when administered i.v., 

exosomes (nanovesicles) carrying donor MHC molecules on their surface are re-processed by 

recipient DC and down-regulate the anti-donor response to prolong cardiac allograft survival in 

rats91,92, and our own data demonstrate that donor-derived exosomes significantly prolong 

cardiac allograft survival in an Ag-specific manner in mice (unpublished data). Further, living 

cells can exchange plasma membrane fragments containing intact MHC molecules, a process 

termed “nibbling”93,94. Interestingly, even CD4+ T cells have been shown to acquire intact 

MHC:peptide complex and act as potent APC95. Whether these other forms of donor-Ag uptake 

and re-processing occur upon DC or cellular therapy administration remain to be explored. 

1.1.5 Tolerogenic DC as therapeutics 

The ability of DC to tolerize T cells in an Ag-specific manner, coupled with the ability to 

propagate large numbers of DC in vitro, has heralded the use of tolerogenic DC as therapeutics 

for transplantation and autoimmunity. Tolerogenic DC are in an immature or quiescent state, in 

that they express low MHC:peptide complexes and low or absent co-stimulation (Fig. 1), and are 

impaired in their ability to produce the Th1-driving cytokine IL-12p70. A number of methods, 

including culture-conditioning with different cytokines or growth factors, treatment with various 

pharmacologic agents or genetic engineering (Table 2)9, have been developed to increase DC 
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tolerizing potential and/or render tolerogenic DC resistant to maturation (maturation resistant, 

MR-DC), to combat the risk of in vivo maturation of the administered DC and thus patient 

sensitization.  

 

Table 2. Methods of generating tolerogenic DC in vitro. 

 

 

These pharmacologic or genetic manipulations affect DC differentiation and function by 

various mechanisms9. Some tolerogenic DC express high levels of co-inhibitory molecules such 

as PD-L1 on their surface, or have a lower net ratio of co-stimulatory to co-inhibitory molecule 

expression (i.e. CD86:PD-L1). Secretion of inhibitory cytokines/mediators also is variable, as 

some tolerogenic DC release IL-10, which has been shown to inhibit T cell expansion96. Further, 

tolerogenic DC can induce activation-induced cell death through FasL expression or induce Treg 

through IDO expression15,97. Although tolerogenic DC phenotypes and their effect on T cells 

have been well characterized in vitro, the actual mechanisms by which tolerogenic DC achieve 

their effects in vivo are still unknown.  
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Despite the promise of DC-based therapies to induce donor-specific tolerance in 

transplantation, there are a number of potential obstacles for clinical use, namely the time and 

cost of generating tolerogenic DC, and as previously alluded to, the risk of patient sensitization. 

It is therefore essential to elucidate mechanism of action and compare efficacy to other cellular 

and pharmacologic therapeutics prior to initiating clinical studies.   

1.1.6 Vitamin D3 renders DC maturation-resistant 

The active form of vitamin D3, 1α,25-dihydroxyvitamin D3 (1α,25(OH)2D3), (Fig. 3a) is a 

secosteroid hormone known for its importance in calcium, phosphorus and bone metabolism, but 

also is now appreciated as a potent modulator of the immune system98-100. Physiologically, 

photosynthesis in the skin provides the majority of vitamin D3, although diet provides a small 

amount as well (Fig. 3b). Exposure to UV light (270-300 nm) induces the skin to catalyze 

conversion of 7-dehydroxycholesterol to pre-vitamin D3, which then spontaneously isomerizes to 

vitamin D3. Vitamin D3 is hydroxylated in the liver by D3-25-hydroxylase (CYP2D25) into 25-

hydroxyvitamin D3, then again in the proximal convoluted tubule cells of the kidney by 

25(OH)D3-1-α-hydroxylase (CYP27B1) into 1α,25(OH)2D3, the active form of the hormone101.   

   a. 
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b. 

 

Figure 3. Vitamin D3 structure (a) and synthesis (b). 

 

1α,25(OH)2D3 binds the vitamin D receptor (VDR), a nuclear hormone receptor and 

agonist-activated transcription factor102. VDR binds to specific DNA sequence elements on 

vitamin D3 responsive genes, such as cyp24, and affects the rate of RNA polymerase II-mediated 

transcription103. Treatment with 1α,25(OH)2D3 inhibits NFκB p65 phosphorylation and nuclear 

translocation104 in myeloid but not plasmacytoid DC105, and the inhibition of NFκB in part helps 

explain the effects of 1α,25(OH)2D3 on the immune response, which are multiple and diverse. 
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In general, 1α,25(OH)2D3 stimulates the innate immune response. It induces 

differentiation of promyelocytes to monocytes106 and myeloid stem cells and peripheral blood 

monocytes toward a MΦ phenotype107. Further, it increases tumor cell cytotoxicity, phagocytosis 

and mycobactericidal activity of monocytes/MΦ108. When exposed to 1α,25(OH)2D3 in culture, 

human monocytes have increased expression of mannose receptor and CD32, correlating with 

their increased endocytic capacity109,110.  

Conversely, 1α,25(OH)2D3 negatively affects the adaptive immune response. It limits 

lymphocyte proliferation, immunoglobulin production and the amount of IL-1, IL-2, IL-6, TNF-

α and β, and IFN-γ mRNA transcripts of leukocytes in culture111-114. Interestingly, mice lacking 

VDR have subcutaneous LN hypertrophy although mesenteric LN and spleen are unaffected, and 

DC in these hypertrophied LN have increased expression of MHC class II, CD40, and 

CD80/CD86115, suggesting that 1α,25(OH)2D3 maintains DC in an immature state under 

physiologic conditions. Monocytes and DC are particularly sensitive to 1α,25(OH)2D3 as they 

express VDR constitutively116,117. When bound to ligand, the VDR inhibits all stages of DC life 

cycle including differentiation, maturation, activation and survival109,110,118,119. 1α,25(OH)2D3 

prevents up-regulation of MHC class II and T cell co-stimulatory molecules CD40, CD80, 

CD86, and in humans CD83, and release of IL-12p70110,119. On human myeloid DC, 

1α,25(OH)2D3 treatment increases expression of CCL22105, a chemoattractant for Treg, 

immunoglobulin-like transcript 3, an inhibitory receptor shown to anergize T cells120,121 and IL-

10110,122. In vitro, 1α,25(OH)2D3 induces apoptosis of mature DC110, but at low doses does not 

affect DC morphology or survival109,119.  

DC treated with 1α,25(OH)2D3, VD3-DC, have decreased T cell allostimulatory 

capacity110,123, and T cells stimulated by VD3-DC in primary mixed lymphocyte cultures (MLC) 
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become hypo-responsive to control (not exposed to VD3) DC109 and have increased expression of 

CTLA-4 with decreased CD40L expression and IFN-γ production110.  

1α,25(OH)2D3 treatment exerts beneficial effects on various autoimmune diseases 

including experimental autoimmune encephalomyelitis124,125, systemic lupus erythematosus126,127 

and type 1 diabetes128-130 and prolongs allograft survival in murine models131-133. In cardiac 

transplant patients, it reduces dependence on pharmacologic immunosuppression134. However, 

administration of 1α,25(OH)2D3 has the potentially deleterious side effect of hyercalcemia, and 

further non-specifically shuts down the immune response, increasing susceptibility to infection 

and malignancies. Therefore, treatment of patients with in vitro generated VD3-DC is a 

promising alternative. Notably, VD3-DC are pro-tolerogenic in vivo, as their adoptive transfer 

(i.v.) significantly prolongs skin allograft survival in mice115,123. Overall, VD3 is inexpensive, 

exists in good supply and is already FDA approved. Further, VD3-DC have been extensively 

studied. As such, we will utilize VD3-DC as prototypic tolerogenic DC to study the mechanisms 

by which DC-based therapies down-regulate the anti-donor response to prolong allograft 

survival. 

1.2 ORGAN TRANSPLANTATION 

Organ transplantation is becoming an increasingly important and common surgical procedure, as 

transplantation surgery often serves as the only life-saving treatment available for end-stage 

organ disease. Although the constant development of new and more effective 

immunosuppressive drugs along with better knowledge of their therapeutic application have 

revolutionized the prevention and treatment of acute graft rejection, these drugs have significant 
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toxicity and greatly increase patient susceptibility to malignant neoplasias and infections. 

Further, the implementation of immunosuppressive agents has exerted little impact on the 

incidence of chronic rejection, and therefore overall long-term graft survival has only improved 

modestly. Novel cell-based therapies that are able to down-regulate the immune response against 

donor Ag, without inducing generalized immune-suppression and its harmful side-effects, 

represent a promising avenue of research in transplantation. 

 Allograft rejection is an extremely complex process, and there are gaps in our knowledge 

of the mechanisms mediating rejection, which represent a substantial barrier to developing 

effective therapeutic strategies.     

1.2.1 Types of allograft rejection 

Allografts are grafted organs/tissues/cells transplanted between genetically disparate, MHC-

mismatched individuals of the same species. The targeted Ag are called alloantigens (alloAg), 

and derive from MHC or minor histocompatibility antigens that are recognized by the adaptive 

immune response as non-self, or tissue incompatible135. Allorecognition describes recognition of 

the allogeneic Ag by the recipient, and alloresponse refers to the effector mechanisms recruited 

in the reaction to the transplanted tissue/organ135.  

Allografts are threatened by three types of rejection that are defined by the tempo of 

onset and histopathology. Hyperacute rejection occurs within minutes to hours (usually within 48 

h) after transplantation surgery and is mediated by deposition of pre-formed circulating 

antibodies against Ag on graft vascular endothelial cells and the consequent activation of 

complement and coagulation cascades, resulting in intravascular thrombosis, ischemia and 

necrosis. This results from pre-sensitization of the recipient, by previous blood transfusion, organ 
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transplant, or pregnancy and in 1% of the general population for no known reason. Hyperacute 

rejection is largely preventable due to screening for antibodies against non-self HLA phenotypes 

and cross-matching, and subsequent pre-transplantation plasmaphoresis if necessary, and 

experience transplanting into pre-sensitized recipients136,137.   

Acute rejection begins within weeks or months (5 days to 3 months is typical), or in rare 

cases even years, following transplantation, and constitutes the main immediate threat to 

allograft survival. It is mediated by both innate and adaptive immune responses, however the 

advent of immunosuppressive drugs renders acute rejection largely preventable. Histopathology 

reveals diffuse interstitial CD4+ and CD8+ T cell infiltrate with activated or memory 

phenotype138.  

Chronic rejection develops in months or typically years post-transplantation and is the 

most common cause of graft loss one year after transplantation139,140. It results from both 

immune and non-immune factors. Typical features of chronic rejection include steady decline of 

organ function, interstitial fibrosis, chronic inflammatory infiltrate (i.e. lymphocytes, plasma 

cells), atrophy and gradual loss of parenchymal cells and chronic vascular arteriopathy (CVA), 

the latter a condition manifested by endothelitis, intimal proliferation, elastic fiber disruption, 

fibrosis and leukocyte infiltration of medium- and small-size arteries of the graft140. 

Unfortunately, current immunosuppression protocols are ineffective at preventing or treating 

chronic rejection.   

1.2.2 Pharmacologic immunosuppression 

The development and introduction of immunosuppressive drugs in the 1980s has greatly reduced 

the risk of acute rejection. Steroids, calcineurin inhibitors such as tacrolimus and cyclosporine 
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that block TCR-dependent T cell activation, and lymphocyte-depleting antibodies are currently 

employed in the clinic to prevent or mitigate acute rejection with great success. However, these 

agents non-specifically suppress the immune system, thus greatly increasing patient 

susceptibility to opportunistic infections and various cancers. Further, currently employed 

immunosuppressive regimens offer little protection against chronic rejection, and have 

significant toxicity. Clinical trials of newer pharmacologic agents such as rapamycin, an mTOR 

(mammalian target of rapamycin) inhibitor that blocks the cell cycle downstream of IL-2 

signaling, and antibody mediated co-stimulation blockade are underway, although results so far 

are disappointing. Clearly, generation of therapeutics capable of donor Ag-specific suppression 

is necessary to reduce dependence on chronic pharmacologic agents.  

1.3 IMMUNE MECHANISMS OF ALLOGRAFT REJECTION 

The diversity and robustness of the alloresponse constitute major challenges to preventing graft 

rejection. Both the innate and adaptive immune responses are contributory. Mechanisms of graft 

damage include contact-dependent T cell cytotoxicity, granulocyte activation by Th1 or Th2 

cytokines, NK cell mediated cytotoxicity, delayed-type hypersensitivity like reaction and alloAb 

and complement activation141.  

1.3.1 Ischemia-reperfusion injury 

Ischemia-reperfusion injury refers to tissue damage resulting from the return of blood supply to 

tissue after a period of ischemia. This injury is Ag-independent and is responsible for initiating 
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the events associated with rejection. Land et al. developed the “injury hypothesis” by showing 

that intra-operative treatment of cadaver-derived renal allografts with a free-radical scavenger 

reduced the incidence of acute rejection and improved long-term graft outcome142. Tissue injury 

up-regulates pro-inflammatory mediators, inducing a robust innate immune response that in turn 

further promotes inflammation143. The innate immune response occurs prior to and 

independently of the adaptive immune response144-146, as RAG-deficient cardiac transplant 

recipients experience comparable cellular infiltration, chemokine receptor expression and pro-

inflammatory cytokine expression with wildtype (WT) recipients 1 day post-transplantation146.  

Innate immune cells express non-rearranged pattern recognition receptors that recognize 

not only conserved pathogen-derived molecules, as originally appreciated147, but also self-

derived molecules released from damaged or stressed tissue148. For example, signaling through 

toll-like receptor 4 (TLR4) expressed on hematopoietic-derived phagocytes, and activated by 

products of necrotic cells or extracellular matrix disruption, is required for optimal inflammatory 

responses to liver damage by ischemia-reperfusion injury149-152. However, except in cases of 

weakly immunogenic situations, TLR signaling is not required for graft rejection153,154. 

Interestingly, in humans, studies of lung transplant patients and kidney transplant recipients that 

are heterozygous for either of two TLR4 functional polymorphisms associated with LPS 

hyporesponsiveness both showed a reduced incidence of acute allograft rejection155,156. This is 

likely due to abundance of various redundant danger signals. Levels of high-mobility group box 

1 (HMGB1), another danger signal, are increased following liver ischemia-reperfusion injury as 

early as 1 h following transplantation, and neutralization of HMGB1 decreases markers of liver 

inflammation157. Likewise, inhibiting signals of receptor for advanced glycation end products 

(RAGE), the receptor for HMGB1, prolongs survival of fully allogeneic cardiac allografts158.   
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Notably, danger signals seem to persist within allografts long after transplantation, as T 

cell-deficient mice transplanted with mismatched skin or cardiac allografts that are allowed to 

heal for 50 days, rapidly reject their grafts upon T cell reconstitution159,160. If homeostatic 

proliferation is taken into account using a model devoid of secondary lymphoid organs but 

containing a normal T cell compartment, allografts display histological evidence of chronic 

rejection, but are not acutely rejected161.  

1.3.2 Innate immune response 

Polymorphonuclear cells (PMN), or neutrophils, rapidly infiltrate allografts following surgery 

and ischemia/reperfusion injury. Neutrophils have numerous cytotoxic and pro-inflammatory 

mechanisms, including release of pro-inflammatory cytokines and chemoattractants, and 

production of reactive oxygen and nitrogen species. In a rat liver model of ischemia-reperfusion 

injury, depletion of neutrophils abrogates tissue damage162 and neutralization of KC/CXCL1, a 

potent neutrophil chemoattractant, decreases PMN infiltration and prolongs graft survival163. 

NK cells are also important contributors to allograft rejection. Based on the ‘missing self’ 

hypothesis, NK cells recognize cells lacking expression of self-MHC class I molecules. NK cells 

are not sufficient to reject solid organ allografts, as Rag-/- or SCID mice, that lack T and B cells, 

fail to reject skin or heart allografts159,164. NK cells do however contribute to tissue damage and 

amplify graft inflammation through release of the pro-inflammatory cytokines IFN-γ and TNF-α, 

and through contact-mediated cytotoxicity165. Further, NK cell depletion in CD28-/- mice, whose 

T cells are unable to receive co-stimulation, prolongs fully MHC-mismatched cardiac allograft 

survival166, suggesting that NK cells influence the adaptive immune response167.   
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MΦ are also believed to be important for rejection, although their importance may be 

organ or model dependent. MΦ contribute to an inflammatory response in multiple ways. They 

phagocytose necrotic debris, secrete pro-inflammatory cytokines, produce reactive nitrogen and 

oxygen species and present Ag to effector T cells168. In rat renal allografts, MΦ begin infiltrating 

allografts within 24 h following surgery and proliferate in situ169, and in human acute renal 

rejection, MΦ accumulate in significant numbers170. Also in a rat renal transplant model, 

liposomal clodronate administration 1 d post-transplantation, which depletes the majority of MΦ, 

reduces allograft damage171, although liposomal clodronate also depletes some types of 

monocytes and DC. The production of iNOS in particular seems important for allograft rejection, 

as its neutralization prolongs cardiac allograft survival in mice172,173. Interestingly, recent data 

supports the ability of inflammatory monocyte-derived Tip-DC to produce iNOS in various 

bacterial infections. The role of inflammatory monocytes and Tip-DC in allograft transplantation 

has not been investigated. 

1.3.3 Adaptive immune response 

1.3.3.1 Pathways of allorecognition 

There are two pathways by which the donor-reactive T cells recognize alloAg: the direct 

and the indirect (Fig. 4)174. By the direct pathway, recipient T cells recognize intact donor MHC 

molecules expressed by donor APC transplanted along with the allograft (i.e. donor DC, 

macrophages, endothelial cells)175. Ischemia-reperfusion injury and surgical trauma activate 

donor DC inducing their migration as “passenger leukocytes” to recipient secondary lymphoid 

organs, where they prime donor-reactive T cells58. The precursor frequency of direct pathway T 
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cells is extremely high, roughly 1-10%176 of the T cell pool. This direct T cell alloreactivity 

likely results from cross-reactivity between intact allogeneic MHC molecules and self-MHC-

foreign peptide complexes175.  

                

Figure 4. Pathways of allorecognition. 

In the direct pathway, donor DC directly interact with anti-donor T cells. In this case, T cells 
recognize alloMHC:peptide complexes on the surface of donor DC. In the indirect pathway, 
recipient DC re-process donor alloAg derived from donor APC into allopeptide for presentation 
by self-MHC to anti-donor T cells.   

 

By the indirect pathway, recipient T cells recognize self-MHC molecules presenting 

donor-derived allopeptides on recipient APC177,178. The precursor frequency of indirect pathway 

T cells is extremely low (1:100,000-200,000), the same as that for any other 

conventional/nominal Ag. It is unknown whether recipient APC mobilized into the graft acquire 

alloAg then traffic to secondary lymphoid organs to prime indirect pathway T cells, or whether 

alloAg derived from the graft, either in the form of passenger leukocytes or soluble Ag, enters 
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secondary lymphoid organs and is taken up by lymphoid resident DC for presentation. Either 

way, recipient APC internalize donor Ag and re-process it into peptide for presentation by self-

MHC to indirect pathway T cells. 

Recently, a third “semi-direct” pathway has been identified in mouse models. By the 

semi-direct pathway, intact donor MHC molecules are acquired by recipient APC and are 

presented intact to direct pathway T cells179.  

The semi-direct pathway is one proposed model challenging the existing paradigm that 

direct pathway T cells are primed independently of recipient APC and the indirect pathway (Fig. 

5a,d). Alternatively, the 4-cell hypothesis suggests that indirect pathway CD4+ helper T cells 

stimulated by recipient APC provide unlinked bystander help to direct pathway CD8+ T cells 

stimulated by donor APC (Fig. 5b,c). Indirect CD4+ T cells could also provide CD40-mediated 

stimulation of recipient APC that in turn might stimulate the direct pathway response through an 

unknown mechanism (Fig. 5b), or via interaction between a B cell receptor, if the recipient APC 

were a B cell, with donor MHC:alloAg on the surface of donor APC (Fig. 5c).  
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Figure 5. Models of direct pathway CD8+ T cell priming. 

1.3.3.2 Anti-donor T cell effector response 

T cells are both necessary and sufficient for allograft rejection of almost all tissues. Acute 

graft rejection is considered T cell dependent, as several studies demonstrate that mice lacking T 

cells accept fully MHC-mismatched allografts, but that T cell reconstitution results in rejection. 

Due to the high precursor frequency of direct pathway T cells (approximately 1000 fold greater 

than indirect pathway T cells), it is assumed that the direct pathway is the more significant 

contributor of acute rejection180-182. However, as the supply of donor APC within the graft wanes 

over time, the contribution of the direct pathway decreases. Human studies confirm that the 
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direct pathway response is strongest in the period immediately following transplantation. 

Comparatively, alloAg is shed from the graft continuously, and due to epitope spreading183, the 

significance of the indirect pathway increases184. As such, it is considered the main mediator of 

chronic rejection, which is confirmed in human studies of chronically rejected heart, kidney and 

lung178,183-189.  

Notably, there is evidence supporting the ability of the indirect pathway to mediate acute 

rejection. In human recipients of heart, kidney and liver allografts, in vitro detection of the 

indirect response shows strong correlation with episodes of rejection185,190 and immunization of 

animals with peptide derived from allogeneic MHC (thus presented through the indirect 

pathway) causes allograft rejection191,192. Finally, using a cardiac allograft transplant model in 

mice, Auchincloss et al. showed that the indirect pathway is sufficient to elicit graft rejection in 

the absence of direct allorecognition193. The relative contributions of the indirect and direct 

pathway were evaluated in skin, cornea and retina, and results reveal that the importance of each 

pathway appears to be model dependent194. As expected, skin allografts have a pronounced direct 

pathway response, likely attributable to their high passenger APC load. Comparatively, cornea 

had a more potent indirect pathway response, again not surprising given its low level of MHC 

molecule expression. Such studies are yet to be performed in heart transplantation, although 

given the low number of passenger leukocytes, one might expect increased importance of the 

indirect response. 

T cells contribute to allograft rejection by various mechanisms. Contact mediated 

cytotoxicity and release of pro-inflammatory cytokines are both potent mechanisms of allograft 

damage. Typically, the allograft response is Th1, IFN-γ mediated, however both Th1 and Th2 

effector responses can cause allograft rejection141. Further, T cells stimulate other immune cells 
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to cause damage. B cell function and the alloAb response depends on indirect pathway CD4+ T 

cell help because B cells recognizing Ag via B cell receptors internalize, process and present 

antigenic peptides loaded in self-MHC to T cells, that in turn, provide the necessary help for B 

cell effector function and Ab class switching195,196. Indirect pathway T cells could also stimulate 

recipient MΦ or DC within the graft to release pro-inflammatory molecules in a DTH-like 

response. This previously has been associated with chronic rejection, however it is possible that 

the cytotoxic molecules released by MΦ/DC could contribute to acute rejection, particularly 

since one stimulated MΦ/DC could damage numerous surrounding donor cells simultaneously, 

while one CD8+ cytotoxic T cell targets only one donor cell at a time.  

1.4 CELLULAR THERAPIES IN TRANSPLANTATION 

1.4.1 Types and history of cellular therapies 

The concept of utilizing cellular therapies to induce allograft tolerance has its roots in the earliest 

studies of transplantation. Billingham, Brent and Medawar showed that infusion of donor 

allogeneic cells into newborn mice resulted in acceptance of skin allografts in the absence of 

immunosuppression197. More recently, Sayegh et al. demonstrated that intrathymic injection of 

donor allopeptides prolongs subsequent allografts of the same MHC198, further indicating that 

exposure of recipients to donor Ag prior to transplantation has a tolerizing effect. Currently, 

there are three types of cellular therapies proposed for use in transplantation. Donor-specific 

transfusion (DST) refers to the transfer of donor splenocytes in mice, or peripheral blood 

mononuclear cells in humans, directly from donor to recipient with little manipulation. DST has 
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been employed in the clinic for decades and in some cases successfully decreased the anti-donor 

immune response and prolonged allograft survival. However, prevention of acute rejection was 

not universally achieved, and DST was associated with risk of recipient sensitization, thus the 

advent of pharmacologic immunosuppressive agents replaced DST as the main prophylactic for 

transplant recipients. Ironically, the negative side effects of pharmacologic immunosuppression 

coupled with the new goal of achieving operational tolerance, defined as long-term freedom from 

all immunosuppression with normal graft function, has resulted in a renewed interest in cellular 

therapies. Advancements in understanding peripheral tolerance mechanisms have led to 

development of newer cellular therapies including donor apoptotic cell therapy and tolerogenic 

DC therapies. 

1.4.2 Effects of DST on allograft transplantation  

Quezada et al showed that DST significantly prolongs skin allograft survival through peripheral 

deletion of indirect pathway CD4+ T cells and increased numbers of Treg199. Brouard and 

Soulillou and colleagues demonstrated that infusion of splenocytes without additional 

immunosuppression leads to long-term survival of cardiac allografts through expansion of Treg, 

and that transfer of long-term survivor splenic T cells to new allograft recipients transfers long-

term allograft survival in an Ag-specific manner200. Importantly, in the Quezada study, the 

injected living donor splenocytes did not directly interact with CD4+ T cells199. This finding 

suggests that living splenocytes upon i.v. injection become apoptotic in vivo and are re-

processed by recipient APC for indirect presentation and therefore that living donor splenocytes 

simply serve as a source of alloAg.  

 30 



1.4.3 Effects of apoptotic splenocytes on allograft transplantation 

1.4.3.1 Apoptotic leukocytes promote allograft survival 

Bittencourt and colleagues demonstrated that i.v. infusion of apoptotic leukocytes 

enhances allogeneic bone marrow engraftment following a non-myeloablative conditioning 

regimen in mice201. The beneficial effect of apoptotic cells was independent of the stimulus used 

to trigger cell death. Interestingly, donor, recipient and even xenogeneic apoptotic leukocytes 

were capable of promoting allogeneic bone marrow engraftment, suggesting that the therapeutic 

effect of apoptotic cells was not donor-specific. However, since the apoptotic cells were 

administered simultaneously with the bone marrow graft, it is possible that the apoptotic cells 

had exerted a bystander pro-tolerogenic effect on recipient DC when they were presenting the 

donor alloAg from the graft. Further, co-administration of apoptotic leukocytes with allogeneic 

hematopoietic stem cells has been proven to expand Treg able to delay onset of graft versus host 

disease202, and also to prevent the anti-donor humoral response203.  

Further, apoptotic cell therapy has been shown to improve bone marrow engraftment by 

inducing mixed chimerism, defined as the presence of donor-derived cells (normally of 

hematopoietic origin) in the tissues of allograft recipients204. Micro- and macro-chimerism refers 

to the detection of <1.0 and >1.0%, respectively, of donor cells in the recipient. The reason(s) 

that mixed chimerism correlates with a state of anti-donor hypo-response/tolerance and the 

consequent prolongation of graft survival has not been entirely elucidated.  

A limited number of studies in murine models have proven the efficacy of apoptotic cell-

based therapies for prolongation of solid organ allograft survival. Our group has demonstrated in 

mice that i.v. administration of donor-derived UV-B-irradiated apoptotic splenocytes seven days 

prior to transplantation significantly prolongs survival of heart allografts in the absence of 
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immunosuppression75. Moreover, combination of donor apoptotic splenocytes with suboptimal 

blockade of the CD40-CD154 pathway with a single dose of anti-CD154 monoclonal Ab (mAb) 

results in long-term survival of cardiac transplants for more than 100 days75. The therapeutic 

effect of donor apoptotic cells was donor-specific and required interaction of the apoptotic cells 

with recipient DC in secondary lymphoid organs. It also depended on the physical properties of 

the apoptotic leukocytes, since administration of donor necrotic cells did not affect graft 

survival75. Similarly, infusion of donor apoptotic leukocytes prolonged significantly cardiac 

allograft survival in a rat model205. In humans, there is indirect evidence suggesting that 

apoptotic leukocytes may have a beneficial effect in graft recipients treated with extracorporeal 

photophoresis (ECP), a technique by which blood leukocytes are UV-B-irradiated ex-vivo and 

then re-infused systemically206. The ultimate mechanism of action of ECP is still unknown, 

however it is believed that UV-B-irradiation primes leukocytes to become apoptotic when re-

infused into the bloodstream with consequent anti-inflammatory effects on the immune system.   

1.4.3.2  Apoptotic leukocytes down-regulate the T cell alloresponse 

We demonstrated that i.v. administered donor-apoptotic cells are rapidly phagocytosed by 

recipient splenic DC, which present apoptotic cell-derived allopeptides in self-MHC to indirect 

pathway T cells75. Importantly, internalization of apoptotic cells did not induce 

maturation/activation of recipient DC in vivo, as reflected in similar expression of MHC 

molecules, CD40, CD80 and CD86 compared to splenic DC from non-treated mice.  

Using a model of C57BL/10 (B10) mice reconstituted with 1H3.1 TCR transgenic (tg) 

CD4+ T cells [specific for the BALB/c allopeptide IEα52-68 loaded in IAb molecules (MHC class 

II of B10)], we characterized the in vivo effect of apoptotic cell-derived allopeptide presentation 

on indirect pathway T cells75. Interestingly, splenic 1H3.1 CD4+ T cells proliferated in response 

 32 



to injection of BALB/c apoptotic splenocytes, but did not up-regulate expression of the T cell 

activation markers CD25, CD44, CD69 and CD152, and secreted lower amounts of IL-2 and 

IFN-γ upon ex vivo re-stimulation with IEα52-68, when compared to controls. Importantly, the 

defective activation of anti-donor 1H3.1 CD4+ T cells resulted in their peripheral deletion, as 

their numbers decreased significantly in spleen, LN, blood and peripheral tissues, 14 days after 

administration of apoptotic cells. Notably, after administration of BALB/c apoptotic splenocytes, 

proliferating 1H3.1 CD4+ T cells failed to increase levels of the anti-apoptotic protein Bcl-XL 

and of receptors for IL-7 and IL-15, which are cytokines required for homeostatic 

survival/proliferation of T cells.  

Besides inducing peripheral deletion of donor-reactive T cells, administration of donor 

apoptotic splenocytes in combination with suboptimal CD40-CD154 blockade promoted 

differentiation/expansion of donor-specific CD4+ Treg75 and long-term heart allografts of mice 

treated with donor apoptotic splenocytes plus anti-CD154 mAb were infiltrated with a high 

number of CD4+ T cells expressing the Treg marker FoxP3 and containing intracellular IL-10 

and TGF-β. Accordingly, adoptive transfer of CD4+ T cells, from B10 mice with long-term 

surviving BALB/c cardiac grafts (>100 days) following treatment with BALB/c apoptotic 

splenocytes plus CD154 mAb, into naïve B10 recipients prolonged survival of BALB/c hearts 

but not third-party control grafts.  

1.4.3.3 Apoptotic leukocytes decrease the B cell alloresponse 

Given the dependence of B cell differentiation into plasma cells and secretion of alloAb 

on indirect pathway CD4+ T cell help, deletion of indirect pathway CD4+ T cells should 

indirectly reduce generation of alloAb. Indeed, we have shown in mice that therapy with donor 
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apoptotic splenocytes reduces significantly the level of circulating alloAb in cardiac allograft 

recipients75. 

1.4.3.4 Apoptotic leukocytes mitigate chronic rejection 

Although the effects of cellular therapies on acute rejection are routinely studied, the 

effects on chronic rejection are less commonly explored. Given the detrimental outcomes from 

chronic rejection in the clinic, this is of importance to study in animal models. An experimental 

approach in mice to investigate the onset of CVA, the main feature of chronic rejection, is the 

model of aortic (abdominal) allografts, where the histological features of CVA develop in the 

transplanted aorta 30-60 days after surgery. Using this model, we found that administration of 

BALB/c apoptotic splenocytes to recipient B6 mice seven days before transplant of BALB/c 

aortic grafts, results in significant inhibition of the indirect pathway T cell response and the 

histopathological features of CVA207. 

1.4.4 Comparing DST to apoptotic leukocyte therapy 

Although there are multiple similarities between the mechanisms of action of donor apoptotic 

and living splenocytes injected i.v., dead or dying cells behave in some aspects differently than 

living cells. Whereas donor apoptotic cells injected i.v. induce activation of donor-reactive T 

cells only in the spleen, DST is followed by T cell stimulation in spleen and LN75. This 

difference is likely attributable to the ability of living splenocytes to traffic actively to both 

spleen and LN, as opposed to the passive transport of apoptotic cells by the bloodstream into the 

spleen, where they are trapped mainly by marginal zone phagocytes. Further, whereas donor 

apoptotic cells induce defective activation of donor-reactive T cells, DST is followed by up-
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regulation of the activation marker CD69 and CD44 by T cells75. At the same time, outcome in 

murine models of allograft transplantation are similar, suggesting that DST and apoptotic 

splenocyte therapies have comparable efficacy.  

1.4.5 DC therapies in transplantation 

It has been assumed that therapeutic tolerogenic DC, once administered i.v. to prospective graft 

recipients, interact directly with anti-donor T cells. Given the preponderance of the direct 

pathway in acute allograft rejection, it has further been assumed that the ability to down-

modulate the direct pathway response makes DC therapies superior to alternative cellular 

therapies (DST and apoptotic cell therapy) in transplantation. However, the ability of DC 

therapies to modulate the direct and indirect pathways has never been tested, nor has a 

comparison of efficacy between cellular therapies been performed. 

 A number of different types of tolerogenic DC have been studied in mouse models of 

heart transplantation using a heterotopic cardiac allograft model. These tolerogenic DC therapies 

prolong allograft survival with a mean survival time (MST) between 20 and 50 days208-212. 

Typically, an increased percentage of Treg is observed along with decreased T cell effector 

responses. Although these different tolerogenic DC vary phenotypically in vitro, the similar 

effect on allograft survival and anti-donor T cell responses suggest similar mechanism of action 

in vivo.  

Based on the “missing self” hypothesis, recipient NK cells would recognize as non-self 

and eliminate i.v. administered donor-derived therapeutic DC. Even though i.v. administered 

recipient-derived tolerogenic DC loaded ex vivo with alloAg would be spared from NK cell 

recognition, they would likely have a limited life-span in vivo and become apoptotic due to 
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natural turnover213. Supporting this concept, MST from DC therapies mirror those observed with 

alternative cellular therapies suggesting that contrary to current dogma, tolerogenic DC 

therapies, like living and dead splenocyte therapies, serve as a source of alloAg to prolong 

allograft survival75,199,208-210,212,214,215. 

Given the time, cost and risk of DC therapies for clinical use in transplantation, it is 

essential to explore the fate of tolerogenic DC in vivo, elucidate their mechanism of action and 

compare their efficacy to alternative cellular therapies. 

1.5 SPECIFIC AIMS 

1.5.1 Specific Aim 1 (Chapter 2): To investigate the in vivo mechanism(s) by which 

tolerogenic DC therapy prolongs allograft survival 

Current dogma in transplantation assumes that therapeutic tolerogenic DC delay/prevent 

transplant rejection by interacting directly with donor-reactive T cells in vivo. However, this 

hypothesis remains untested. We demonstrate in mice that therapeutic DC failed to directly 

tolerize anti-donor T cells, but rather were re-processed into alloAg by quiescent recipient DC to 

induce Treg outgrowth and effector T cell deletion. Interestingly, therapeutic DC did impair the 

direct pathway response, resulting in prolonged cardiac allograft survival comparable to 

alternative cellular therapies. To explain this apparent paradox, we reveal that CD40 stimulation 

of recipient APC by indirect CD4+ helper T cells was requisite for direct pathway T cell 

activation and cardiac allograft rejection. Therefore, recipient DC link indirect and direct 

pathway responses, allowing DC-based therapy prolongation of cardiac allograft survival. Our 
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data support utilizing safer and more practical cellular therapies coupled with agents that 

maintain recipient APC in a quiescent state for clinical use in transplantation. 

1.5.2 Specific Aim 2 (Chapter 3): To examine the necessity of donor “passenger” APC in 

priming the anti-donor T cell response 

Our data from specific aim 1 contradicts the paradigm that donor APC prime the direct pathway 

response independently of the indirect pathway. We further tested the validity of this paradigm 

by investigating the requirement of donor passenger APC for priming the T cell alloresponse. 

We observed that although cardiac allograft parenchymal and endothelial cells up-regulated 

robust MHC class I and  II expression, donor passenger APC were required for direct pathway T 

cell responses in cardiac allograft and secondary lymphoid organs. Further, we have preliminary 

data that donor passenger APC are required for an indirect pathway T cell response as well. 

Therefore, donor passenger APC provide both intact MHC:peptide complexes, and a source of 

alloAg, for priming the T cell alloresponse. 

1.5.3 Specific Aim 3 (Chapter 4): To investigate the role of inflammatory monocytes in 

transplant rejection 

Given the crucial nature of recipient DC in transplantation, we investigated the role that 

inflammatory monocyte-derived DC, “inflammatory DC” play in cardiac allograft rejection. We 

identified two populations of inflammatory monocytes, one characterized as CD11bhiLy6Chi and 

the other as CD11bhiLy6Cint, as the main types of APC infiltrating cardiac allografts. Infiltration 

peaked at 7 d post-transplant, during the effector phase of the anti-donor immune response. 
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Accordingly, we observed that inflammatory monocytes differentiated into TNF-α and iNOS 

producing-DC that participated in a DTH-like response mediated by indirect pathway CD4+ 

helper T cells. Allograft infiltration was concomitant with monocytopoiesis and monocytosis, as 

well as increased infiltration into secondary lymphoid organs. Egress of inflammatory 

monocytes out of the bone marrow depended on CCR2 expression. Interestingly, absence of 

inflammatory monocytes in the periphery resulted in enhanced T cell priming and effector 

function.  

This data demonstrate a previously undocumented finding that inflammatory monocytes 

are capable of playing a dual role within the same disease model, one as a pro-inflammatory 

innate immune cell, and the other as a brake on the adaptive immune response. Further, our data 

suggest the exciting possibility that blood tests to detect monocytosis could be employed in the 

clinic to screen for acute allograft rejection, thus relinquishing dependence on risky and costly 

heart biopsies. 
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2.0  RECIPIENT APC RE-PROCESS THERAPEUTIC DC AND LINK ALLO-

RECOGNITION PATHWAYS TO PROLONG ALLOGRAFT SURVIVAL 

2.1 INTRODUCTION 

Dendritic cells (DC) are antigen (Ag)-presenting cells (APC) capable of initiating T cell 

immunity or tolerance. Understanding the mechanisms by which DC promote tolerance, and the 

development of methods to propagate DC in vitro has enabled generation of DC-based therapies 

for treatment in transplantation and autoimmunity. However, in transplantation, DC-based 

therapy mechanism of action remains unknown. The prevailing dogma states that therapeutic 

donor-derived DC down-regulate the anti-donor response by directly interacting with T cells 

recognizing donor-MHC (direct pathway of allorecognition)175 in lymphoid organs. 

Alternatively, the injected DC could function as a source of alloAg for recipient APC, which in 

turn down-regulate the anti-donor response elicited by T cells recognizing self-MHC molecules 

loaded with donor-peptide (indirect pathway of allorecognition)177,178. Interestingly, evidence in 

mice suggests that the beneficial effect on cardiac allograft survival induced by donor-specific 

transfusion of donor splenocytes (DST) or donor-apoptotic cell therapy may be achieved through 

this indirect mechanism75,199.  

Here, we investigated in vivo the mechanisms by which DC-based therapies prolong 

transplant survival. We demonstrate that therapeutic DC failed to directly regulate T cells, but 
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rather were re-processed by quiescent recipient splenic DC for indirect presentation. Therapeutic 

DC did impair direct pathway responses in vivo though, thus allowing prolongation of cardiac 

allograft survival comparable to alternative cellular therapies. These findings appear paradoxical 

based on the current paradigm of direct pathway priming which presumes that donor APC 

directly prime anti-donor T cells independently of the indirect pathway. We demonstrate 

however the novel finding that recipient APC activation by indirect CD4+ T cells via CD154-

CD40 ligation was requisite for direct pathway T cell activation and allograft rejection. We 

therefore conclude that recipient APC serve as a crucial link between the indirect and direct 

pathways and that therapeutic DC, like alternative cellular therapies, function as a source of 

alloAg for quiescent recipient DC to prolong allograft survival.   

2.2 RESULTS 

2.2.1 Vitamin D3 treated bm-DC are maturation-resistant and exhibit normal survival 

To compare the efficacy of donor-derived DC-based methods over alternative cellular therapies 

at prolonging allograft survival in mice, we tested as prototypic therapeutic DC, maturation-

resistant (MR)-DC generated from bone marrow precursors cultured with GM-CSF, IL-4 and 

1α,25(OH)2VD3, the active form of VD3 which inhibits DC maturation (Fig. 6)109,110,118,119. We 

determined that 10-8 M VD3 treatment of DC results in the greatest resistance to maturation with 

minimal effect on cell viability (data not shown), so we used this dose throughout our study. At 

this dose, MR-DC exhibited an immature phenotype (MHC-I/IIloCD40negCD80/86neg/lo) and, 

unlike control-DC, failed to up-regulate expression of MHC-I/II, CD40, CD80 and CD86 
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molecules, secrete IL-12p70, and stimulate proliferation of alloreactive T cells after challenge 

with a DC1-maturation cocktail (DC1c)216,217 (Fig. 6), LPS or agonistic CD40 mAb (not shown). 

Neither IL-10 nor IL-23 were detected in culture supernatants of VD3-treated or control-DC with 

or without stimulation (data not shown). 

 

Figure 6. VD3-treated bone marrow-derived DC are maturation-resistant. 

Unlike control-DC, following challenge with DC1c, MR-DC (a) exhibited an immature 
phenotype (MHC-I/IIloCD40negCD80/86neg/lo) and failed to up-regulate expression of MHC-I/II, 
CD40, CD80 and CD86 molecules, as determined by flow cytometry, (b) secrete IL-12p70, 
quantified from culture supernatants by ELISA or (c) stimulate proliferation of alloreactive T 
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cells. (a,c) Representative data from 2 independent experiments is shown. (b) Combined data 
from 2 independent experiments is shown (mean ± SEM). * p < 0.05, *** p < 0.001.  

 

Importantly, we confirmed that the use of VD3 at 10-8 M concentration did not affect the 

viability of VD3-DC (80.5% vs. 87.1% in control-DC) (Fig. 7) or expression of the chemokine 

receptor CCR7 (data not shown), which is required by DC for effective migration into lymph 

nodes, although the necessity of CCR7 for DC entry into spleen is less clear. This data indicate 

that, at least at the time of i.v. injection, therapeutic DC are viable and capable of migrating to 

lymphoid tissue.  

 

 

Figure 7. VD3 treatment does not affect DC viability in vitro. 

Seven days after culture, bone marrow-derived DC treated with VD3 or not, were stained for 
detection of externalized phosphatidyl serine, a marker of apoptosis, by fluorochrome conjugated 
Annexin V, and analyzed by flow cytometry. Light gray line – unstained control, dark gray 
shaded region – control-DC, black line – VD3-DC. 
 

2.2.2 VD3-DC prolong cardiac allograft survival similarly to alternative cellular therapies 

Several studies have shown in murine models that therapy with immature, MR or alternatively-

activated DC, expressing low amounts of MHC:Ag and co-stimulatory molecules, in otherwise 

non-immunosuppressed recipients prolongs cardiac allograft survival with mean survival times 

(MST) between 20-50 d208-210,212,214,215. Therapy with our donor-derived MR-DC 7 d prior to 
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transplantation prolonged survival of BALB/c hearts in B6 mice similarly to immature control-

DC (MST of 52.2 vs. 53.5 d, p>0.05), and significantly compared to non-treated (52.2 vs. 11.5 d, 

p<0.0001) or third-party controls (21.2 d, p=0.0317) (Fig. 8). Surprisingly, no side-by-side 

comparison in cardiac transplantation of donor-derived DC therapies and alternative cellular 

therapies has previously been performed. Notably in our model, treatment with donor 

splenocytes (alive or apoptotic) prolonged cardiac allograft survival comparably to therapy with 

donor-derived MR-DC (56 and 45.9 vs. 52.2 d, respectively, p>0.05) (Fig. 8), refuting the 

alleged superiority of donor-derived therapeutic DC over other cellular therapies and suggesting 

that different donor-derived cellular therapies might share similar mechanisms of action. Given 

the ability of VD3 to render DC maturation resistant, and the similar effect on allograft survival 

of VD3-DC compared to other tolerogenic DC therapies, we utilized VD3-DC as prototypic MR-

DC for the remainder of studies. 

 

Figure 8. Donor-derived MR-DC prolong cardiac allograft survival. 

Survival of BALB/c cardiac allografts in B6 recipient mice treated i.v. (or not), 7 d prior to 
transplantation, with 5x106 donor- or third-party-derived MR-DC, 5x106 donor immature 
control-DC or with 107 donor living or apoptotic splenocytes. * p < 0.05, *** p < 0.001.  
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2.2.3 Donor-derived MR-DC rapidly die in vivo 

Given the similar MST induced by DC therapies, DST and apoptotic cell therapy, we 

hypothesized that once injected i.v., donor-derived MR-DC would become apoptotic due to 

natural turnover and/or to targeting by recipient NK cells, and thus serve as a source of alloAg 

for quiescent recipient DC in lymphoid organs218.  

To evaluate our hypothesis, we first analyzed trafficking of BALB/c-derived (CD45.2+) 

MR-DC administered i.v. (107 DC) in B6 mice (CD45.1+). Six h after injection, very few MR-

DC (CD45.2+) were detected in the splenic marginal zone, and between 12-48 h, within T cell 

areas (Fig. 9a). Due to the low numbers of BALB/c MR-DC observed by microscopy, we 

estimated the number of MR-DC in recipient spleen by PCR analysis for the IgG2aa allele 

(encoded in the BALB/c, but not B6, genome)219. Using BALB/c MR-DC serially diluted in a 

fixed number of B6 splenocytes, we determined the PCR sensitivity to be approximately 1 

BALB/c MR-DC in 10,000 B6 splenocytes220,221 (Fig. 9b). By assaying B6 spleens 1, 6 and 24 h 

following BALB/c MR-DC administration (5x106 DC), we found that BALB/c DNA content 

decreased steadily 1 h after DC inoculation and was barely detectable 24 h later, roughly 

indicative of ≤10,000 BALB/c MR-DC per spleen (Fig. 9b). Treatment with depleting NK1.1 

mAb increased the amount of BALB/c DNA detected 6 and 24 h following MR-DC injection, 

indicating that host NK cells contribute to or hasten elimination of donor-derived MR-DC.   
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           Figure 9. DC. Donor-derived MR-DC are short-lived in vivo. 

(a) BALB/c MR-DC (CD45.2+) migration into host B6 mice (CD45.1+) with staining for CD11c, 
CD45.2 and CD3. (b) PCR analysis of the BALB/c IgG2aa allele. Top: assay sensitivity. Bottom: 
samples taken 1, 6 or 24 h after injection of BALB/c MR-DC into B6 mice treated (+) or not (-) 
with depleting NK1.1 mAb. Representative images are shown. 
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2.2.4 Apoptotic MR-DC derived fragments are internalized, re-processed into 

allopeptides and presented by recipient DC briefly in vivo 

Given this rapid loss of donor-derived MR-DC in vivo, we explored whether BALB/c MR-

DC are internalized as apoptotic cell fragments by splenic APC. Following i.v. injection of 

PKH26-labeled (red) BALB/c MR-DC (5x106 DC) into CD11c-eGFP B6 mice, MR-DC-derived 

fragments were clearly visible inside recipient CD11c+ DC (Fig. 10a). Quantification revealed 

that at 6, 24 and 48 h after adoptive transfer, roughly 20% of recipient CD11c+ DC contained 

BALB/c MR-DC-derived fragments (Fig. 10b). To exclude passive transfer of PKH26 between 

donor and host DC and to identify apoptotic bodies, BALB/c MR-DC (CD45.2+) were injected 

into B6 mice (CD45.1+). Twelve h later, we detected BALB/c MR-DC-derived apoptotic bodies 

(CD45.2+ TUNEL+) within B6 splenic DC (CD11c+ CD45.2-) (Fig. 10c). 

 

Figure 10. Apoptotic bodies derived from donor MR-DC are internalized by recipient DC.  
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Confocal microscopy image of recipient splenic CD11c-eGFP+ cells containing intracellular 
fragments derived from PKH26-labeled BALB/c MR-DC (a) and the number of recipient DC 
containing fragments derived from donor MR-DC were quantified and averaged from 15 low 
power fields (b). (c) Cytospin showing a recipient splenic CD11c+ DC containing phagocytosed 
apoptotic bodies (TUNEL+) derived from CD45.2+ BALB/c MR-DC. Nuclei were counter-
stained with DAPI. Insets: detail of apoptotic cell fragments. (a,c) Representative data is shown, 
(b) Mean ± SEM is shown. n = 3 animals per group. 

  

We next identified the subpopulation(s) of splenic APC responsible for re-processing 

donor-derived MR-DC and presentation of alloAg to donor-reactive T cells. BALB/c MR-DC 

were injected i.v. (107 DC) in B6 mice and 20 h later, subsets of host (H2-Kb+) splenic APC 

were isolated by FACS-sorting: (i) CD11chiCD8- DC, (ii) CD11chiCD8α+ DC, (iii) 

CD11cintCD45RA+ plasmacytoid DC, and (iv) CD11cneg cells. Each subset was used as 

stimulators of CFSE-labeled 1H3.1 CD4+ TCRtg T cells (specific for the BALB/c IEα52-68-B6 

IAb complex) in 5 d-mixed lymphocyte culture. Only CD11chiCD8- and CD8α+ DC induced 

1H3.1 T cell proliferation (Fig. 11). 

 

 

Figure 11. Recipient DC re-process therapeutic DC into alloAg for presentation via the 
indirect pathway. 
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Five d-MLC of CFSE-labeled 1H3.1 CD4+ T cells stimulated with FACS-sorted splenic APC 
isolated from B6 mice injected 20 h earlier with BALB/c MR-DC. Representative data from two 
independent experiments is shown.  

 

A recent publication showed that splenic DC undergo a limited number of divisions over 

10-14 d and pass on Ag to daughter DC222, thus we assessed the duration that recipient splenic 

DC present MR-DC-derived alloAg in vivo. B6 mice were injected with BALB/c MR-DC 14, 7, 

3 or 1 d before adoptive transfer of CFSE-labeled responder 1H3.1 CD4+ T cells. Splenic DC 

presentation of BALB/c allopeptides was limited in time, as only minor 1H3.1 T cell 

proliferation was detected following the 3 d lag period between MR-DC and 1H3.1 T cell 

administration (Fig. 12). Thus, systemically-injected donor-derived MR-DC rapidly become 

apoptotic, and are internalized, re-processed and briefly presented to indirect CD4+ T cells by 

splenic CD8- and CD8α+ DC. 

     

           

Figure 12. Donor MR-DC-derived alloAg is presented only briefly in vivo. 

BALB/c MR-DC were injected on various days before CFSE-labeled 1H3.1 T cells to assess 
duration of alloAg presentation in vivo. Representative data from two independent experiments 
is shown.   
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2.2.5 Recipient DC down-modulate indirectly alloreactive T cells 

These findings prompted us to investigate the effect of donor-derived MR-DC on the 

indirect T cell response in vivo, and the importance of activation status of the recipient DC that 

re-process injected MR-DC. B6 mice were adoptively transferred with CFSE-labeled 1H3.1 

CD4+ T cells (Thy1.1+), then 1 d later were injected i.v. with BALB/c MR-DC alone, or to 

determine the influence of recipient DC maturation status, plus agonistic CD40 mAb (Fig. 13a). 

BALB/c MR-DC administration induced “defective activation” of 1H3.1 T cells assessed 3 d 

after DC injection, as demonstrated by proliferation of 1H3.1 T cells with CD69loCD62Lhi 

phenotype, while 1H3.1 T cells from mice treated with MR-DC plus CD40 mAb expressed a 

typical activation phenotype (CD69+CD62LloCD127-) (Fig. 13b).  
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Figure 13. Donor-derived MR-DC induce defective activation of indirect pathway CD4+ T 
cells.  
 
(a) Recipient B6 mice were adoptively transferred with CFSE-labeled 1H3.1 CD4+ T cells then 
treated, or not, 1 d later with BALB/c MR-DC alone or plus agonistic CD40 mAb. (b) FACS 
analysis showing representative dot plots gated on CD4+Thy1.1+ T cells of activation marker 
expression 3 d after MR-DC administration. Representative plots shown. n = 3 or more animals 
per group.  
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The initial expansion of defectively activated splenic 1H3.1 CD4+ T cells was followed 

14 d after MR-DC administration by a significant reduction in their number, compared to MR-

DC plus CD40 mAb (p=0.0054) or to No DC negative controls (p=0.0329) (Fig. 14a), and 

ability to secrete IFN-γ in response to stimulation with IEα52-68, compared to MR-DC plus CD40 

mAb (p=0.0024) (Fig. 14c), indicating that peripheral deletion of indirect CD4+ T cells had 

occurred. This reduction in number could be attributed to 1H3.1 T cell migration to the 

periphery, however we were unable to detect 1H3.1 Thy1.1+CD4+ T cells in heart, kidney, liver 

or blood 14 d after MR-DC treatment (not shown). 1H3.1 T cell deletion in mice treated with 

MR-DC alone was accompanied at d 14 by a significant increase in 1H3.1 CD4+ T cells 

expressing the regulatory T cell (Treg) marker FoxP3, compared to MR-DC plus CD40 mAb 

(p=0.0002) and to No DC controls (p=0.0081) (Fig. 14b). MR-DC administration did not induce 

immune-deviation of indirect CD4+ T cells, as neither IL-4 nor IL-10 was detected in culture 

supernatants following stimulation with IEα52-68, 3 or 14 d after MR-DC treatment (not shown). 

Thus, therapy with donor-derived MR-DC utilizes the indirect pathway to promote deletion of 

anti-donor effector CD4+ T cells and expansion of Treg. 

By contrast, 1H3.1 T cell IFN-γ production remained high (Fig. 14c) and percentage 

FoxP3+ low (Fig. 14b) in mice treated 14 d prior with donor-derived MR-DC plus agonistic 

CD40 mAb. These findings demonstrate that recipient DC quiescence is critical for down-

regulating the indirect T cell response.  
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Figure 14. Indirect pathway presentation results in peripheral deletion and Treg 
outgrowth. 
 
(a) Percentage 1H3.1 Thy1.1+ T cells of the total splenic CD4+ T cell population of B6 recipient 
mice, 3 and 14 d after MR-DC administration. (b) Percentage 1H3.1 CD4+Thy1.1+FoxP3+ T 
cells in host spleen 14 d after MR-DC injection. (c) Amount of IFN-γ secreted by host B6 
splenocytes stimulated with the BALB/c IEα52-68 allopeptide for 24 h. Data are averaged from 2 
independent experiments with 3 or more animals per group (mean ± SEM). * p < 0.05 ** p < 
0.01, *** p < 0.001. 
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2.2.6 Therapeutic DC fail to directly tolerize anti-donor T cells 

The prevailing theory regarding prolongation of allograft survival by currently employed 

therapeutic DC proposes that systemically-administered DC interact directly with anti-donor T 

cells in lymphoid organs to induce deficient activation/proliferation of T cells leading to deletion, 

anergy and/or regulation. To test this hypothesis we injected i.v. 5x106 BALB/c MR-DC 

(therapeutic dose in our cardiac transplant model) in B6 MHC-IKO-/- mice (Thy1.2+) previously 

reconstituted with CFSE-labeled 2C TCRtg CD8+ T cells (Thy1.1+), that are specific for BALB/c 

H-2Ld  (Fig. 15). Since host APC lack surface MHC-I molecule expression, 2C T cell priming 

depends upon contact with donor-derived MR-DC.  

 

Figure 15. Model for direct pathway experimentation. 
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Surprisingly, no or minimal 2C T cell proliferation was detected in spleen 3 d after MR-

DC administration (Fig. 16). If the number of donor MR-DC was increased 3-fold, greater 

proliferation of 2C cells was observed compared to therapeutic dose (p=0.0131). These results 

suggest that at therapeutic dose (5x106 DC), too few MR-DC home to/persist in the spleen to 

directly prime anti-donor CD8+ T cells (Fig. 16). Administration of 5x106 BALB/c LPS-matured 

DC triggered robust 2C T cell proliferation in these animals (p<0.0001) (Fig. 17), supporting the 

capability of 2C T cells to proliferate in MHC-IKO-/- mice, and intimating that LPS-matured DC 

are superior to MR-DC at homing to/surviving in recipient spleen.  

To address this question with anti-donor CD4+ T cells, we employed a surrogate model, 

where syngeneic B6 MR-DC were pulsed with the BALB/c IEα52-68 peptide and injected into B6 

MHC-IIKO-/- mice (Thy1.2+) previously reconstituted with CFSE-labeled 1H3.1 CD4+ T cells 

(Thy1.1+) (Fig. 15). Similar to the 2C system, administration of a therapeutic dose of MR-DC 

carrying donor alloAg (5x106 DC) failed to directly prime anti-donor CD4+ T cells (Fig. 16), 

while increasing the number of injected MR-DC 3-fold did induce limited CD4+ T cell 

proliferation (p=0.0355 vs No DC group). Administration of LPS-matured DC pulsed with 

IEα52-68 induced significant 1H3.1 T cell proliferation (p=0.0201).  
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Figure 16. MR-DC fail to directly prime anti-donor T cells in vivo.  

Representative histograms showing in vivo proliferation of CFSE-labeled 2C CD8+ T cells and 
1H3.1 CD4+ T cells adoptively transferred into host MHC-IKO-/- or MHC-IIKO-/- B6 mice, 
respectively, that were injected or not the following d with either MR-DC or LPS-matured DC 
bearing BALB/c alloAg. Numbers in histograms are percentages of dividing TCRtg T cells. Bars 
indicate mean ± SEM of percentages of T cell proliferation from 2 independent experiments with 
3 or more animals per group. * p < 0.05, *** p < 0.001. 

 

We next examined whether the lack of anti-donor CD4+ T cell proliferation was due to 

induction of anergy or Treg. To do so, B6 MHC-IIKO-/- mice previously reconstituted with CFSE-

labeled 1H3.1 T cells were injected i.v. (or not) with B6 MR-DC pulsed with IEα52-68 (5x106 

DC) and challenged 7 d later, or not, with B6 LPS-matured-DC loaded with IEα52-68. The fact 

that splenic 1H3.1 CD4+ T cells from B6 MHC-IIKO-/- mice pre-treated with B6 MR-DC + IEα52-
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68 proliferated vigorously in vivo in response to challenge without up-regulating FoxP3 

expression, precludes anergy induction or Treg differentiation through direct contact between 

therapeutic MR-DC and anti-donor CD4+ T cells (Fig. 17).  

 

 

Figure 17. Therapeutic DC fail to directly induce T cell anergy or Treg.  

MHC-IIKO-/- B6 mice reconstituted with CFSE-labeled 1H3.1 CD4+ T cells were injected or not 
with IEα52-68 peptide-pulsed B6 MR-DC. After 7 d, mice were challenged in vivo, or not, with 
IEα52-68 peptide-pulsed B6 LPS-matured DC. Representative dot plots show percentage 
proliferation (in parentheses) and FoxP3 expression (in gated region) of 1H3.1 CD4+ T cells 3 d 
later. Two or more independent experiments were performed with at least 3 animals per group. 
 

2.2.7 Therapeutic DC inhibit the immune response to cardiac allografts 

Direct pathway T cells are classically considered the main mediators of acute cardiac allograft 

rejection. Given that donor-derived MR-DC therapy fails to directly interact with T cells, we 

wondered why direct pathway T cells did not acutely reject cardiac allografts in MR-DC treated 

recipients. To address this, we analyzed the effect of donor-derived MR-DC administration on 

the intra-graft and systemic response 7 d post-transplantation. Cardiac allografts from non-

treated mice exhibited intense cellular infiltrate, hemorrhagic foci, interstitial edema and 
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myocardial damage whereas allografts from MR-DC treated mice showed reduced infiltrate and 

minimal hemorrhage (Fig. 18).  

 

 

Figure 18. Allograft histology from non-treated and MR-DC treated mice. 

Representative allograft histology (H&E) 7 d post-transplantation in B6 recipient mice. Asterisks 
indicate hemorrhagic foci, arrows point to interstitial edema. n = at least 3 animals per group. 
 

Quantification of graft-infiltrating leukocytes (GIL) revealed significantly fewer CD8+ T 

cells (p=0.0111) and a similar content of CD4+ and CD4+FoxP3+ T cells compared to non-

treated controls (Fig. 19a,b). Investigation of the systemic anti-donor T cell effector response by 

ELISPOT assay revealed that donor-derived MR-DC administration significantly reduced the 

frequency of both direct (p=0.0135) and indirect (p=0.0059) pathway IFN-γ-secreting T cells in 

the spleen, compared to that of non-treated recipients (Fig. 19c). Therefore, despite an inability 

of donor-derived MR-DC to directly interact with anti-donor T cells, the direct pathway T cell 

response is inhibited following DC therapy.  
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Figure 19. Donor-derived MR-DC therapy decreases T cell responses within the graft and 
systemically. 
 
Representative images (a) and quantification of GIL (average of 10 low-powered fields, LPF) (b) 
on cardiac allograft sections. Asterisks indicate the corresponding GIL on low power image and 
inset. (c) Frequency of IFN-γ producing direct and indirect T cells from naïve B6 or allograft 
recipient B6 mice. (b,c) Data are averaged from 2 or more independent experiments with 3 or 
more animals per group, mean ± SEM shown. * p < 0.05, ** p < 0.01. 
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2.2.8 Indirect CD4+ T cell help is required for the direct pathway response and cardiac 

allograft rejection 

The prevailing paradigm regarding initiation of the anti-donor adaptive immune response 

assumes that donor APC prime direct pathway T cells, independently of the indirect pathway 

(Fig. 5). However, we demonstrate that DC therapies inhibit the direct pathway response without 

directly interacting with anti-donor T cells. We therefore hypothesized that induction of a direct 

pathway response in a cardiac allograft model may require recipient APC and/or indirect 

pathway T cells, which are modulated by MR-DC therapy. To address this, we transplanted 

BALB/c hearts into B6 MHC-IIKO-/- mice previously reconstituted with 107 polyclonal syngeneic 

CD4+ T cells. Notably, recipients, which cannot stimulate indirect CD4+ T cells, universally 

accepted their allografts through 50 days post-transplantation (Fig. 20a). We then bypassed the 

need for CD4+ T cell help via CD40-CD154 ligation by treating MHC-IIKO-/- recipients with 

agonistic CD40 mAb 3 d after transplantation. All allografts were rejected, with a MST of 28.5 d 

(p=0.0027). Histologic analysis of the grafts 7 d post-transplant showed sub-pericardial 

leukocytic infiltrate but otherwise healthy myocardium in non-treated mice, while heavy 

infiltrate, hemorrhage and interstitial edema were detected in CD40 mAb treated recipients (Fig. 

20b). By 50 d post-transplant, non-treated recipient allografts demonstrated healthy cardiac 

tissue with only mild infiltrate, while addition of agonistic CD40 mAb resulted in severe 

infiltrate and hemorrhage, myocardial damage, interstitial fibrosis and vasculopathy.  
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Figure 20. CD40 ligation of recipient APC by indirect CD4+ helper T cells is required for 
allograft rejection. 
 
MHC-IIKO-/- recipient mice were reconstituted with 107 naïve syngeneic polyclonal CD4+ T cells, 
and treated i.p., or not, with agonistic CD40 mAb on d 3 post-transplant. (a) Survival of BALB/c 
cardiac allografts. (b) Representative images of histology 7 and 50 d post-transplantation. n = 3 
or more animals per group. ** p < 0.01. 

 

Both CD4+ and CD8+ T cells were observed infiltrating cardiac allografts, although more 

robustly in CD40 mAb treated recipient mice, 7 d post-transplant (Fig. 21a). In spleens, CD40 

mAb treatment roughly doubled the total number of splenic CD4+ (p=0.0705) and CD8+ T cells 
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(p=0.0023) compared to non-treated allograft recipients (Fig. 21b), suggesting that CD40 mAb 

treatment had induced T cell priming and proliferation. We then investigated the direct pathway 

effector response by performing IFN-γ ELISPOTs 7 d post-transplant. The ratio of splenic 

CD4+:CD8+ T cells was comparable between non-treated and CD40 mAb treated recipients (Fig. 

21c), so equivalent numbers of CD4+ and CD8+ T cells were plated in both groups. In the 

absence of indirect CD4+ T cell help, non-treated MHC-IIKO-/- recipients lacked a direct pathway 

effector response, while addition of CD40 mAb into MHC-IIKO-/- recipients induced a robust 

direct pathway response (p=0.0169) (Fig. 21d). Splenic CD4+ and CD8+ T cell number and 

effector frequency were unaltered in naïve wildtype mice treated with CD40 mAb (not shown). 

Therefore, indirect CD4+ T cells function as helper cells, providing CD40 ligation to recipient 

APC, that is necessary for priming a direct pathway effector response and allograft rejection. 
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Figure 21. CD40 ligation of recipient APC by indirect CD4+ helper T cells is required for 
direct pathway priming. 
 
MHC-IIKO-/- recipient mice were reconstituted with 107 naïve syngeneic polyclonal CD4+ T cells, 
and treated i.p., or not, with agonistic CD40 mAb on d 3 post-transplant. (a) Representative 
images of graft-infiltrating CD4+ and CD8+ T cells 7 d post-transplantation. Asterisks indicate 
corresponding graft-infiltrating leukocytes on low power image and inset. (b) Total number of 
splenic CD4+ and CD8+ T cells in recipient mice. (c) Ratio of CD4+:CD8+ T cells. (d) Frequency 
of IFN-γ producing direct pathway T cells 7 d post-transplant. (c,d) Representative data is shown 
from two independent experiments (mean ± SD), n = 3 or more per group. * p < 0.05.  
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2.3 DISCUSSION 

Neither the in vivo mechanisms by which in vitro-generated therapeutic DC promote allograft 

survival nor their efficacy compared to other cell-based therapies have been explored. Our data 

show for the first time that VD3 generated donor-derived MR-DC prolonged cardiac allograft 

survival with similar efficacy to donor immature control-DC, DST or donor-apoptotic cell 

therapy, and comparably to previously described immature, MR or alternatively-activated DC 

generated by various pharmacologic and/or genetic manipulations208,209,212,214,215,223. Importantly, 

maintaining therapeutic cells in a quiescent state is essential, as we demonstrate that treatment 

with mature-DC induced potent direct T cell stimulation, and others have reported that treatment 

with mature-DC induces allograft rejection224, thus highlighting a major risk of DC therapies for 

transplantation.  

Mechanistically, we observed that donor-derived MR-DC survived only briefly in vivo, 

at least partly due to targeting by recipient NK cells, and likely also by natural turnover, given 

that both donor-derived MR-DC and recipient-derived MR-DC pulsed with alloAg failed to 

directly tolerize anti-donor T cells in vivo, yet both equally prolong allograft survival212,214. 

Thus, therapeutic DC quickly become apoptotic in vivo. Despite the immunoregulatory effects of 

apoptotic cells, apoptosis of even tolerogenic therapeutic cells presents an additional risk of 

patient sensitization, as an increase in the ratio between apoptotic cells and phagocytes can 

promote inflammation and immunity. DC incubated with an excess of apoptotic cells results in 

DC maturation and efficient Ag presentation to both MHC class I- and class II-restricted T 

cells225 and immunization with DC exposed to high numbers of apoptotic cells results in priming 

of tumor-specific cytotoxic T cells and protection against tumor challenge in mice226. Our data 
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showing that increasing the dose of MR-DC three-fold directly induced robust allo-reactive T 

cell proliferation supports this concept.  

The ability of splenic-resident DC to capture and present circulating apoptotic cell-

derived Ag to down-regulate the T cell response has received great attention, but the individual 

contribution of each splenic DC subset to this process is incompletely understood. Intravenous 

administration of apoptotic leukocytes generated by osmotic shock are internalized exclusively 

by splenic CD8α+ DC, while UV-B-induced apoptotic leukocytes are captured mainly by splenic 

CD8- DC of the marginal zone and to a lesser extent by CD8α+ DC of the T cell areas76. 

Intriguingly, i.v. treatment of naïve recipients with splenic DC isolated from mice pretreated 

(i.v., 24-26 hours before) with donor UV-B-induced apoptotic cells, prolongs heart allograft 

survival in those treated mice, but that depletion of CD8α+ DC from the transferred inoculum 

abrogates the effect75, suggesting that presentation of donor alloAg by splenic CD8α+ DC is 

necessary for the beneficial effect of donor apoptotic cells in allograft survival. In our model, we 

found that both splenic CD11chiCD8α+ and CD8- DC re-processed and presented MR-DC-

derived alloAg to indirectly alloreactive T cells. The stage of apoptosis of i.v. injected cells could 

be relevant in this regard. Dying cells may be capable of actively migrating to T cell areas for 

internalization by CD8α+ DC, whereas apoptotic cells unable to actively traffic are captured by 

marginal zone CD8- DC. Alternatively, CD8- DC could capture apoptotic MR-DC-derived Ag 

and migrate to T cell areas where they either up-regulate CD8α expression or transfer alloAg to 

CD8α+ DC. 

Additionally, other cells may phagocytose MR-DC-derived fragments to impact the 

immune response. Plasmacytoid DC were shown to be tolerogenic in mice227-231, although 

Dalgaard and colleagues showed that pDC do not phagocytose apoptotic or necrotic cells in 
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vitro232. In our model, pDC did not capture, re-process and/or present MR-DC-derived alloAg to 

T cells. We did observe internalization of donor MR-DC-derived fragments by F4/80+ splenic 

MΦ (data not shown), a major phagocyte of apoptotic cells, and interestingly, splenic B cells can 

process and present self-Ag to T cells233, although its unknown whether they phagocytose 

apoptotic cells. However, as neither MΦ nor B cells are capable of priming naïve T cells, we did 

not observe T cell stimulation in our ex vivo assay of CD11c- cells for MR-DC-derived alloAg 

presentation. Notably, this does not rule out bystander regulation by splenic MΦ or B cells that 

have phagocytosed MR-DC, or an effect on memory T cells in sensitized animal models.  

MR-DC-derived alloAg presentation via the indirect pathway is only brief in vivo, but 

similar to observations in the literature for DST and donor-apoptotic cell therapy75,199,200, 

triggered defective activation and deletion of effector T cells and survival/outgrowth of 

FoxP3+CD4+ T cells. However, as an additional level of complexity, we demonstrate that the 

quiescent state of recipient DC is crucial for tolerance, as activated recipient DC presenting MR-

DC-derived alloAg induced robust T cell stimulation. This supports our previous findings that 

donor apoptotic cell treated mice fail to prolong allograft survival if recipient DC are activated in 

situ by agonistic CD40 mAb75. Interestingly, the specific signals received during activation seem 

to dictate DC function rather than simply the stage of maturation, as administration of TNF-α-

stimulated DC pulsed with self-Ag protects against autoimmune encephalomyelitis in mice, 

partly through release of IL-10, while treatment with LPS or CD40-ligated DC has no beneficial 

effects234. Given the potent pro-inflammatory milieu resulting from transplant surgery, it seems 

likely that in the clinical setting, agents aimed at maintaining recipient APC in a quiescent state, 

will be necessary for successful implementation of cellular therapies. 
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Based on our findings, we developed a proposed model (Fig. 22) for tolerogenic DC 

mechanism of action. Notably, this model encompasses an important paradox: donor-derived 

MR-DC fail to directly interact with donor-reactive T cells, yet down-regulate the direct pathway 

T cell response in allograft recipients. This could occur through (i) indirect pathway Treg-

mediated suppression of direct pathway T cell function, or (ii) deletion of indirect pathway CD4+ 

T cell help that is required for induction of direct pathway CD8+ T cells. In support of the 

former, it has been shown that indirect Treg mediate linked suppression in a mouse skin graft 

model235, and that Treg attenuate anti-donor CD8+ T cell priming in lymphoid organs and 

prevent rejection upon homing to the graft236. In agreement with the latter theory, the limited 

number of passenger donor DC mobilized from the cardiac graft may render direct pathway 

CD4+ T cell help inconsequential, necessitating indirect CD4+ T cell help for induction of direct 

pathway T cells. It was previously shown in an allogeneic skin transplant model that indirect 

CD4+ T cells are capable of providing help to direct CD8+ T cells237, and that WT cardiac 

allografts transplanted into CD80/86KO-/- recipient mice results in long-term survival that is 

abrogated with treatment of agonistic CD28 Ab238, indicating that indirect pathway co-

stimulation is requisite for acute allograft rejection.  
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Figure 22. Proposed model for mechanism of action of donor-derived MR-DC.  
 
Donor-derived cells and Ag are depicted in blue and recipient cells in green. Donor-derived MR-
DC administered systemically undergo apoptosis. Upon entering recipient spleen, apoptotic MR-
DC are internalized and re-processed by recipient CD11chi DC for presentation via the indirect 
pathway (donor allo-peptides loaded in self-MHC molecules) to donor-reactive T cells. 
Activated recipient DC induce T cell stimulation, while quiescent DC promote deletion of 
effector T cells and Treg outgrowth. Deletion of indirect CD4+ T cells reduces the helper T cell 
cooperation necessary for priming direct pathway T cells. Indirect CD4+ Treg generated by MR-
DC therapy may also inhibit priming and/or function of direct pathway T cells. 

 67 



We investigated this latter hypothesis and demonstrate that, contrary to the current 

paradigm, (Fig. 5a) recipient APC and indirect CD4+ T cell help are requisite for direct pathway 

T cell priming and cardiac allograft rejection. Further, our data indicate that indirect pathway 

CD4+ T cells provide help through CD40 ligation of recipient APC rather than through bystander 

mechanisms. The activated recipient APC could in turn i) modulate donor APC through B cell 

receptor:donor MHC interaction if the recipient APC is a B cell (Fig. 5c) or ii) express intact 

donor MHC:Ag on its surface for presentation to and modulation of direct pathway T cells, 

recently dubbed “semi-direct” presentation (Fig. 5d). There is emerging evidence supporting the 

latter179, however, this complex area of research requires further investigation.  

Our findings indicate that in mice, currently employed DC-based therapies have similar 

mechanism of action75,199 and efficacy as other safer and more clinically practical cellular 

therapies. Comparing efficacy in larger animal models is yet to be performed, and our study does 

not preclude generation of a tolerogenic DC capable of mediating direct T cell suppression and 

superior efficacy. However, our data support providing alloAg from alternative cellular sources, 

coupled with agents that prevent recipient APC activation for use in transplantation.  
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3.0  DONOR APC ARE REQUIRED TO ELICIT THE ANTI-DONOR T CELL 

RESPONSE 

3.1 INTRODUCTION 

Donor passenger APC are typically regarded as the primary stimulators of the anti-donor T cell 

response and allograft rejection. This is largely supported by “parking” studies where donor 

organs are transplanted into one recipient, then several days later re-transplanted into a naïve 

recipient, presumably after all donor passenger APC have emigrated out of the grafted organ. In 

rat, kidney parking prior to transplantation achieves ‘tolerance’ that is reversible upon infusion of 

donor DC into the recipient181,239-241. Likewise, prolongation of cardiac allograft survival is 

observed in rats following donor APC depletion or in mice using donors that are Flt3Ligand-/- 

and therefore lack donor DC242-245. However, these results seem to be strain and experimental 

model dependent. Soulillou’s group showed that depletion of donor passenger APC by graft 

parking or treatment with cyclosporine only mildly prolonged cardiac allograft survival and that 

although graft infiltrate and cytokine transcript levels were reduced at 5 d post-transplant, by the 

time of rejection, Ab deposition (a marker of the indirect pathway cellular response) and 

transcript levels had reached that of unmodified controls246, indicating that depleting donor 

passenger APC only mildly delayed the alloresponse. Further, due to methodological limitations, 
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these studies did not distinguish effects on the direct versus the indirect pathway, nor on the 

intragraft versus systemic alloresponse. 

More recent studies have attempted to utilize donor organs lacking expression of MHC 

class I or II247,248, however the role of donor passenger APC versus donor non-hematopoietic cell 

MHC expression cannot be discriminated, and further the indirect pathway response is also 

affected due to the absence of alloAg. 

We therefore investigated the role of donor passenger APC in priming both the direct and 

indirect pathway responses, both systemically and within the graft. We determined that, similar 

to previous observations by Larsen et al.249, donor passenger APC rapidly emigrated out of 

cardiac allograft through the vasculature. We further show that following transplantation, 

allograft parenchymal and endothelial cells robustly expressed MHC class I and II. To test 

whether anti-donor T cells could be primed by MHC class I or II expressed on non-

hematopoietic allograft tissue in the absence of donor passenger APC, we eliminated donor 

passenger APC from the graft without affecting parenchymal and endothelial cell up-regulation 

of MHC class I and II by total body irradiating donor mice 3 day prior to organ harvest. We 

observed that in the absence of donor passenger APC, a direct pathway T cell response failed to 

occur in either secondary lymphoid organs or within the allograft. Further, preliminary 

experiments suggest that the absence of donor passenger APC also attenuated priming of an 

indirect pathway T cell response in secondary lymphoid organs, although to less extent than the 

direct pathway response. We therefore conclude that donor passenger APC do serve as a source 

of alloAg that is requisite for priming the anti-donor T cell response. 
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3.2 RESULTS 

3.2.1 Donor passenger APC emigrate from cardiac allograft tissue 

To evaluate the hypothesis that donor passenger APC are requisite for a T cell alloresponse, we 

first characterized the fate of donor passenger APC in vivo, by immunofluorescently staining 

cardiac allograft tissue. We identified donor passenger APC by expression of donor MHC class 

II, IAd. We observed a surprisingly high number of donor passenger APC present in naïve donor 

(BALB/c) hearts (Fig. 23a,c). Expression of CD11c was much lower or even undetectable on 

naïve donor APC by this method. Following transplantation, donor APC numbers in cardiac 

allografts rapidly diminished (between naïve and 2 d, p=0.0043, between naïve and 3 d, 

p=0.0328) (Fig. 23a,c) and donor APC were observed emigrating through cardiac vessels (Fig. 

23b). Notably, by averaging the number of IAd+ cells per low power field, we did observe an 

increased number of IAd+ cells at 7 d post-transplant (Fig. 23c). Since donor passenger APC had 

already exited allograft tissue by this time, we wondered whether alternative cell populations up-

regulated expression of MHC class II during the effector phase (day 7) of the immune response. 
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Figure 23. Donor passenger APC emigrate from cardiac allograft tissue rapidly following 
transplantation. 
 
(a) Immunofluorescent staining for CD11c and donor MHC class II, IAd on naïve donor hearts 
and cardiac allografts 2, 3 and 7 d post-transplant was performed. Inserts show enlarged images. 
(b) Immunofluorescent staining for IAd and von Willebrand factor, vWF, an endothelial marker 2 
d post-transplant. (a,b) Nuclei are counterstained with DAPI. Bars indicate 50 μm. (c) The total 
number of IAd+ cells per low power field averaged from 10 images from naïve donor hearts and 
cardiac allografts 2, 3 and 7 d post-transplant is graphed. (a,b) Representative images are shown. 
(c) Mean ± SD is shown. n = 3 or more animals per group. * p < 0.05, ** p < 0.01. 
 

3.2.2 Cardiac allograft tissue expresses MHC class I and II 

By staining for IAd and the endothelial marker von Willebrand Factor (vWF), we observed that 

naïve cardiac tissue and allograft tissue 2 d post-transplant failed to express IAd (Fig. 24). 

However, up-regulation of MHC class II was noted by 3 d post-transplant, and significant 

expression of MHC class II was observed 7 d post-transplant by endothelial and parenchymal 
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cells. In fact, overall expression of MHC class II was more robust at 7 d post-transplant than in 

naïve cardiac tissue prior to donor passenger APC emigration. 

 

 

Figure 24. Cardiac allograft tissue up-regulates expression of MHC class II. 

Naïve donor hearts and cardiac allograft sections were immunofluoresently stained for IAd and 
von Willebrand factor 2, 3 and 7 d post-transplant. Nuclei were counterstained with DAPI. Bars 
indicate 50 μM. Inset shows enlarged image from 7 d post-transplant. Representative images are 
shown. n = 3 or more animals per group.  

 

We next evaluated expression of MHC class I, H2Dd, on cardiac allograft tissue. We 

observed very low expression of H2Dd in naïve donor hearts, but up-regulated expression by 2 d 

post-transplant (Fig. 25). Interestingly, H2Dd expression was visualized in patches at 2 and 3 d 

post-transplant. By 7 d post-transplant, there was significant expression of MHC class I by both 

parenchymal and endothelial cells in the graft. High power imaging revealed that parenchymal 

cells were actually fibroblasts rather than myocardial cells (Fig. 25). 
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Figure 25. Cardiac allograft tissue up-regulates expression of MHC class I. 

Naïve donor hearts and cardiac allografts were immunofluorescently stained for von Willebrand 
factor and donor MHC class I, H2Dd, 2, 3 and 7 d post-transplant. Nuclei were counterstained 
with DAPI. Representative images are shown. n = 3 or more animals per group. Bars indicate 50 
μM, except images within the red box, where bars indicate 100 μM. 
 

3.2.3 Donor passenger APC are required for an anti-donor T cell response 

Given the robust expression of MHC class I and II within graft tissue, we wondered whether 

donor passenger APC were necessary for priming the anti-donor T cell response, or whether 

sufficient alloAg was expressed by graft tissue for T cell priming. To evaluate this, we total body 

irradiated donor BALB/c mice 3 d prior to organ harvest. This eliminated all donor 

hematopoietic cells and thus all passenger APC. However, non-hematopoietic organ tissue was 

unaffected, and thus capable of up-regulating MHC class I and II expression upon 

transplantation. Seven days post-transplant, we performed IFN-γ ELISPOT assay to evaluate the 

direct pathway T cell effector response. We observed in both the heart allograft and recipient 
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spleen, that in the absence of donor passenger APC, a direct pathway effector T cell response 

failed to develop (heart, p=0.0328; spleen, p=0.0403) (Fig. 26). This data indicate that graft 

parenchymal and endothelial tissue can neither directly prime alloreactive T cells in the graft or 

provide intact MHC:peptide complex to recipient APC for semi-direct T cell priming. 

 

Heart, Direct Pathway

 

Figure 26. Donor passenger APC are required for a direct pathway T cell response.  

IFN-γ ELISPOT assay was performed 7 d post-transplant on T cells isolated from recipient 
spleen or cardiac allograft tissue from WT control recipients or recipients that received donor 
hearts from irradiated mice. T cells were stimulated with donor BALB/c APC, or with syngeneic 
B6 APC, third-party C3H APC or nothing as controls. Naïve splenic T cells were also included 
as controls. Black bars, unmodified donors; open bars, irradiated donors; striped bars, naïve 
splenic T cells. Mean is shown. n = 2 mice per group. * p < 0.05.   

 

We previously showed (chapter 2) that recipient APC and indirect pathway T cell help is 

required for a direct pathway response. Figure 26 suggests that either donor passenger APC are 

directly required for a direct pathway response, or potentially, that donor passenger APC are 

required for an indirect pathway response and therefore by attenuating the indirect pathway 

response, we have effectively prevented a direct pathway response. We therefore evaluated in 

preliminary experiments the indirect pathway T cell effector response by IFN-γ ELISPOT assay 
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7 d post-transplant in recipient mice transplanted with hearts from irradiated donor or 

unmodified controls. To our surprise, the indirect pathway T cell response was undetectable in 

cardiac allograft tissue of either irradiated or unmodified WT recipients (data not shown). In 

recipient spleen, the indirect pathway T cell response was markedly reduced in recipients of 

irradiated donor organs (data not shown). This suggests that recipient APC do not acquire alloAg 

from allograft parenchymal or endothelial tissue for presentation via the indirect pathway, but 

rather acquire alloAg from donor passenger APC.      

3.3 DISCUSSION 

Our data demonstrating that donor passenger APC rapidly emigrate out of cardiac allograft tissue 

supports findings by Larson et al. who showed similarly that donor APC migrate from cardiac 

tissue to the white pulp of recipient spleen for interaction with T cells249. Interestingly, our data 

indicate that alloAg presented via the indirect pathway derives from donor passenger APC, rather 

than recipient graft-infiltrating APC taking up alloAg from non-hematopoietic graft tissue 

expression, or from soluble Ag or apoptotic graft cells circulating through secondary lymphoid 

organs. Since splenic resident recipient DC acquire alloAg from donor passenger APC that have 

migrated to spleen, and that direct pathway priming requires activated recipient APC (Chapter 

2), it follows that naïve anti-donor T cells could not be primed by allograft parenchymal or 

endothelial cells despite robust expression of MHC class I and II. This data supports findings by 

Lakkis et al. who demonstrated in a mouse model of cardiac transplantation that T cell priming 

requires secondary lymphoid organs (spleen or LN)250. 
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One caveat to this work is that by preventing the indirect pathway response in our 

irradiated donor model, we potentially negated the indirect CD4+ T cell help necessary for a 

direct pathway response. To evaluate this possibility, recipient mice of irradiated donor hearts 

could be treated with agonistic CD40 mAb to bypass the need for indirect pathway CD4+ T cell 

help. Further exploration of these preliminary studies are required, but if true, this data provide 

novel insight into the interactions between donor and recipient APC and thus between the direct 

and indirect pathway T cell responses. This remains an intriguing area of research for our lab and 

the transplantation community.      
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4.0  INFLAMMATORY MONOCYTES DIFFERENTIATE INTO TIP-DC BUT 

INHIBIT T CELL RESPONSES IN CARDIAC ALLOGRAFT TRANSPLANTATION 

4.1 INTRODUCTION 

Traditionally, transplantation biologists have emphasized the central role of donor ‘passenger’ 

dendritic cells (DC) as initiators of the anti-donor response. However, we recently showed in a 

cardiac allograft transplant model in mice, that activated recipient DC are requisite for a T cell 

alloresponse and acute allograft rejection. It is yet unknown which recipient DC subset(s) 

participate in this response, whether these DC function in the graft itself or within secondary 

lymphoid organs and whether their role is limited to Ag presentation or if they contribute 

additional effector functions. To further elucidate the contributions of recipient DC to the anti-

graft immune response, we investigated the involvement of inflammatory monocyte-derived DC, 

“inflammatory DC” in acute cardiac allograft rejection in a mouse model. 

Inflammatory monocytes have become increasingly appreciated as key players in various 

models of infection and inflammation over the past few years. By definition, both CD11b+Ly6Chi 

and CD11b+Ly6Cint monocytes are inflammatory monocytes, since both migrate to inflammatory 

sites, although to date, research has primarily focused on the characterization and functional 

analysis of CD11b+Ly6Chi monocytes. Pamer’s group first described the ability of 

CD11b+Ly6Chi monocytes to infiltrate Listeria monocytogenes infected spleen, and differentiate 
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into tumor necrosis factor-α (TNF-α) and inducible nitric oxide synthase (iNOS)-producing 

(Tip-) DC, that were necessary for effective bacterial clearance29. Inflammatory monocytes have 

also been shown to take up Ag in peripheral tissues, migrate to draining LN and present Ag to T 

cells33. Further, in viral infection and immunization models, inflammatory monocytes produce 

IL-12p70 and skew T cells toward a Th1 response34. However, the ability of inflammatory 

monocytes to modulate T cell responses is apparently model dependent, as Tip-DC were not 

required to elicit T cell responses to L. monocytogenes infection29. Comparatively, in studies of 

tumor-bearing mice, inflammatory monocytes have been shown to expand in spleen and LN into 

myeloid-derived suppressor cells that mediate development of Treg and T cell anergy, and 

impair T cell responses42-48,251,252. 

In light of these studies, it is clear that inflammatory monocytes are dynamic cells, 

capable of playing diverse and complex roles in an immune response. To our knowledge, the role 

of inflammatory monocytes in organ transplantation has not been investigated. In this study, we 

discovered that the vast majority of cardiac allograft-infiltrating recipient APC were 

inflammatory monocyte, CD11bhiLy6Chi and CD11bhiLy6Cint, derived DC, that infiltrated into 

the allograft most robustly during the effector phase of the alloresponse. Allograft infiltration 

was associated with monocytopoiesis and monocytosis similar to the “left shift” of granulocytes, 

and emigration of inflammatory monocytes out of the bone marrow into circulation required 

CCR2 expression. Interestingly, this monocytosis may prove a safer and more practical means of 

diagnosing or screening for acute rejection episodes, thus relinquishing the current dependence 

on routine heart biopsies, a risky procedure.  

Within cardiac allografts, inflammatory DC differentiated into Tip-DC and served as 

effector cells in a DTH-like response, explaining previous reports that CCR2-/- recipient mice 
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have modestly improved cardiac allograft survival253. Notably, this DTH-like effector response 

depended on indirect (recognize self-MHC presenting allopeptide) CD4+ T cell help via CD40-

CD40 ligation. Therefore, cellular therapies aimed at deleting indirect CD4+ T cells effectively 

attenuate the DTH-like response in cardiac allografts. 

Surprisingly, despite this pro-inflammatory response within cardiac allografts, T cell 

responses within allografts and within secondary lymphoid organs were actually enhanced in the 

absence of CD11bhiLy6Chi inflammatory monocytes, suggesting that CD11bhiLy6Chi monocytes 

inhibit T cell responses in WT mice. As such, inflammatory monocytes apparently are capable of 

serving dual roles as both pro- and anti-inflammatory mediators within the same disease model, a 

finding not previously described. Our data further illustrate the diversity and complexity of 

inflammatory monocytes, and offer a new intriguing dual functionality of these enigmatic cells.   

4.2 RESULTS 

4.2.1 Composition of graft-infiltrating APC 

Previously, characterization of cardiac allograft infiltrate has been performed by 

immunofluorescence staining, yielding only estimated quantification by microscopy. We 

performed flow cytometry on graft-infiltrating leukocytes (GIL) isolated from cardiac allografts 

to better quantify and characterize the recipient APC infiltrate. BALB/c CD45.2+ hearts were 

transplanted into B6 CD45.1+ recipients, then 2, 3 or 7 d later, hearts were harvested and 

digested with collagenase for 1 h at 37o C. Single cell suspensions were generated and GIL were 

enriched by lympholyte M density gradient. By this method, we observed that the vast majority 
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of graft-infiltrating APC were CD11c+ DC, with few F4/80+ MΦ or CD19+ B cells (Fig. 27a,b). 

Notably, massive accumulation of CD11c+ cells did not occur at 2 or 3 d post-transplant, as 

initially anticipated, but rather at 7 d post-transplant (Fig. 27b), during the effector phase of the 

anti-donor immune response. Immunofluorescence staining of allograft sections revealed that 

recipient (H2Ddneg) CD11c+ DC migrated into cardiac allograft tissue from the periphery of the 

graft at 3 d post-transplant and infiltrated deeper within myocardial tissue by 7 d post-transplant 

(Fig. 27c). 
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Figure 27. DC comprise the majority of recipient APC infiltrating cardiac allograft tissue.  

GIL were isolated from CD45.2+ cardiac allografts transplanted into CD45.1+ recipient mice. (a) 
Representative dot plots of graft-infiltrating APC are shown with staining for CD45.1 (recipient), 
CD11c, CD8α, F4/80 and CD19. (b) These populations were quantified at 2, 3 and 7 d post-
transplant and the total number is graphed. (c) Cardiac allograft sections were 
immunofluorescently stained for CD11c and donor MHC class I, H2Dd. Nuclei were 
counterstained with DAPI. Insets show enlarged images, and asterisks demonstrate 
corresponding regions on insets and images. Representative images are shown. n = 3 or more 
animals per group. 
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Graft-infiltrating CD11c+ DC were CD8α- (Fig. 27a) and composed of two distinct 

subpopulations based on expression of CD11c and CD11b: CD11chiCD11bhiFSChiSSChi cells 

that constitute the majority of DC and CD11cintCD11b-FSClowSSClow (p=0.0029) (Fig. 28a,b). 

The high expression of CD11b and larger FSC/SSC suggested that the majority of graft-

infiltrating DC are inflammatory monocyte-derived. This assertion was confirmed by 

immunofluorescence staining of cardiac allograft sections that revealed that the majority of 

CD11c+ DC co-expressed the monocyte marker CD115 (M-CSF receptor) (Fig. 28c). 

  

Figure 28. Graft-infiltrating DC are inflammatory monocyte-derived. 

Graft-infiltrating APC were stained for CD11c and CD11b. (a) Representative dot plots showing 
two populations of CD11c+ cells: CD11cintCD11b- (gray) and CD11chiCD11bhi (black), shown 
on FSC/SSC. (b) Quantification of two DC populations showing mean ± SD. (c) Cardiac 
allograft sections were immunofluorescently stained for CD115, a monocyte marker and CD11c. 
Nuclei were counterstained with DAPI. Representative images are shown. n = 3 animals. ** p < 
0.01.   
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4.2.2 Graft-infiltrating monocytes differentiate into CD11c+ DC 

Employing CD45 congenic models, we found that 7 d post-transplant, all GIL isolated from 

cardiac allografts were of recipient origin (not shown), therefore further analysis at d 7 post-

transplant was performed using WT non-congenic BALB/c to B6 strain combination. 

We further investigated the origin of graft-infiltrating CD11c+ DC by performing FACS 

analysis for co-expression of Ly6C and CD11b. To do so, staining for Ly6G, a granulocyte 

marker, was concomitantly performed to allow separation of Ly6C+Ly6G- inflammatory 

monocytes from the Ly6C+Ly6G+ contaminating granulocytes (Fig. 29a). As a result, two 

populations were identified: one characterized as CD11bhiLy6Chi, and the second as 

CD11bhiLy6Cint. These populations each comprised approximately 20% of the total graft-

infiltrate 7 d post-transplant, or roughly 1x106 cells per allograft (Fig. 29b,c). Consistent with 

recent literature, the CD11bhiLy6Chi population required CCR2 expression for migration into 

allografts, while the CD11bhiLy6Cint population infiltrated cardiac allografts independently of 

CCR2 expression (Fig. 29a,b,c).  

Notably, upon migration into cardiac allografts, both infiltrating monocyte populations, 

CD11bhiLy6Chi and CD11bhiLy6Cint, expressed CD11c and IAb (recipient MHC class II) (Fig. 

29d), although CD11bhiLy6Cint monocytes expressed higher levels of CD11c and slightly higher 

levels of IAb compared to CD11bhiLy6Chi monocytes. 
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Figure 29. Graft-infiltrating inflammatory DC derive from two subsets of inflammatory 
monocytes. 
 
GIL from WT and CCR2-/- recipient mice were stained for Ly6G, Ly6C, CD11b, CD11c and 
MHC class II, IAb and analyzed by flow cytometry. (a) Representative dot plots showing all 
Ly6G- graft-infiltrating leukocytes are shown. Regions depict CD11bhiLy6Chi and 
CD11bhiLy6Cint populations. (b) Percentage of total GIL and (c) total cell number of the two 
inflammatory monocyte populations within cardiac allografts. Black bars, WT recipients; open 
bars, CCR2-/- recipients. Mean ± SD is shown. (d) Representative histograms of CD11c 
expression and IAb expression on CD11bhiLy6Chi monocytes (dark gray), CD11bhiLy6Cint 
monocytes (medium gray) and a negative population (light gray). n = 4 or more animals per 
group. *** p < 0.001. 
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4.2.3 The pDC marker, PDCA-1, is non-specifically expressed during allograft rejection 

Ochando et al. recently described that recipient-derived plasmacytoid DC (pDC) comprised the 

majority of cardiac allograft-infiltrating DC in a mouse model254. This conclusion was based 

primarily on positive staining for PDCA-1, a marker often considered specific for pDC. 

However, work by Blasius et al. clearly demonstrated that under inflammatory conditions, 

PDCA-1 expression can be up-regulated by numerous cell types255. Notably, pDC are better 

characterized by the expression pattern CD11cintCD11b- and FSClowSSClow. As previously 

mentioned, in our hands, the majority of CD11c+ DC were CD11chiCD11bhiFSChiSSChi (Fig. 

28a,b), suggesting that these graft-infiltrating DC are not pDC. We therefore investigated PDCA-

1 expression by graft-infiltrating DC to clarify this point. Interestingly, in WT BALB/c allografts 

transplanted into WT B6 recipients, CD11chiCD11b+ cells expressed PDCA-1 while 

CD11cintCD11b- cells did not (p=0.0120) (Fig. 30a,b). Consistent with the report that PDCA-1 is 

up-regulated as a result of inflammation, we observed a significant increase in PDCA-1 

expression by graft-infiltrating CD11c+ DC between 3 and 7 d post-transplant (7 d vs 2 d, 

p=0.122; 7 d vs 3 d, p=0.0053) (Fig. 30b). Further, robust PDCA-1 expression by allograft 

endothelium and non-hematopoietic cells was visualized by immunofluorescence microscopy of 

allograft sections at 7 d post-transplant (Fig. 30c). Interestingly, the few CD11bhiLy6Chi 

inflammatory DC infiltrating cardiac allografts in CCR2-/- recipient mice failed to up-regulate 

PDCA-1 expression (p=0.0181) (Fig. 30b). 
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Figure 30. Graft-infiltrating inflammatory DC express PDCA-1 in response to the 
inflammatory milieu. 

 

 87 



(a) Representative histograms showing expression of PDCA-1 by graft-infiltrating 
CD11chiCD11bhi (dark gray) and CD11cintCD11b- (light gray) from WT and CCR2-/- recipient 
mice at 7 d post-transplant. (b) Change in MFI (stained – isotype control) of the two graft-
infiltrating DC populations in WT and CCR2-/- mice at 7 d post-transplant. (c) Change in MFI of 
all CD11c+ cells at 2, 3 and 7 d post-transplant. (d) Representative images of PDCA-1 expression 
by immunofluorescence staining of naïve donor (CD45.2+) heart or allograft tissue (CD45.2+) at 
7 d post-transplant. Mean ± SD shown. n = 3 or more animals per group. * p < 0.05, ** p < 0.01. 

 

4.2.4 Acute rejection is associated with monocytopoiesis, monocytosis and inflammatory 

monocyte infiltration into secondary lymphoid organs 

Similar to previous observations, we detected only inflammatory monocytes in naïve mouse 

bone marrow, and that inflammatory monocytes constituted roughly 6% of total blood cells. In 

our cardiac transplant model, acute allograft rejection was associated with both monocytopoiesis 

and monocytosis compared to naïve controls (CD11bhiLy6Chi, bone marrow (bm), p=0.0006; 

blood p=0.0003; CD11bhiLy6Cint, bm, p=0.0033; blood, p=0.0004) (Fig. 31a,b). Similarly to 

previous reports in infection models of Listeria monocytogenes and Leishmania major, CCR2-/- 

recipient mice had a significantly increased population of CD11bhiLy6Chi cells in bm, but few 

CD11bhiLy6Chi monocytes in blood or spleen 7 d post-transplant (CCR2-/- vs WT recipients, 

blood, p<0.0001; spleen, p=0.0181; CCR2-/- recipients vs naïve WT, blood, p=0.0414; spleen, 

p=0.9105) (Fig. 31a,b), indicating that CCR2 expression is necessary for egress out of the bm 

into the circulation and peripheral tissues. The percentage of CD11bhiLy6Cint monocytes was 

unaltered in bm of CCR2-/- recipients compared to WT recipients, and although a significant 

reduction in the percentage of these monocytes was observed in blood, there was no reduction in 

the spleen of CCR2-/- recipients (bm, p=0.6975; blood, p=0.0008; spleen, p=0.3324), suggesting 
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that CCR2 expression contributes to egress of CD11bhiLy6Cint out of the bm, but that these cells 

proliferate in situ.  

In bm, blood and spleen, neither CD11bhiLy6Chi nor CD11bhiLy6Cint cells expressed 

CD11c or IAb, indicating that differentiation into inflammatory DC occurred only within cardiac 

allografts (data not shown). 

 

Figure 31. Inflammatory monocytes emigrate from bm into circulation and secondary 
lymphoid organs. 
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Single cell suspensions were stained for Ly6G, Ly6C and CD11b from bone marrow, blood and 
spleen of WT and CCR2-/- recipient mice or naïve WT mice. (a) Representative dot plots 
showing all Ly6G- cells. Two regions are gated revealing two distinct populations: 
CD11bhiLy6Chi and CD11bhiLy6Cint. (b) Percentage of the two inflammatory monocyte 
populations of the total leukocyte population per tissue. Gray bars, naïve control mice; black 
bars, WT recipient mice; open bars, CCR2-/- recipient mice. Mean ± SD shown. n = 3 or more 
animals per group. * p < 0.05,** p < 0.01, *** p < 0.001. 
 

4.2.5 Graft-infiltrating inflammatory DC express TNF-α and iNOS 

Differentiation of CD11bhiLy6Chi inflammatory monocytes into TNF-α and iNOS producing-DC 

(Tip-)DC has been recently described in bacterial infection models. Given the massive influx of 

inflammatory DC during the effector phase of cardiac allograft rejection, we explored whether 

these inflammatory DC were in fact Tip-DC. After excluding granulocytes by FACS analysis, 

we determined that both CD11bhiLy6Chi and CD11bhiLy6Cint cells produced significant amounts 

of TNF-α (~9% and 6%, respectively) following 4 h ex vivo stimulation with CD40 ligation 

(Fig. 32a). The Ly6Chi population produced only slightly more TNF-α than the Ly6Cint 

population (p=0.1695) (Fig. 32b). Gating on all living cells revealed that all TNF-α producing 

cells expressed CD11b (Fig. 32c). The majority of these cells were Ly6C+ inflammatory DC, 

while a smaller population of granulocytes also contributed to TNF-α production (not shown). 

Notably, CCR2-/- recipient mice, which contain graft-infiltrating granulocytes and 

CD11bhiLy6Cint inflammatory DC, still had significantly reduced levels of TNF-α compared to 

WT recipients (p=.0276) (Fig. 32c,d). 
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Figure 32. Graft-infiltrating inflammatory DC produce TNF-α. 

Graft-infiltrating leukocytes from WT and CCR2-/- recipient mice were cultured for 4 h in the 
presence of brefeldin-A and agonistic CD40 mAb. Cells were then stained for Gr-1, Ly6C, 
CD11b and TNF-α and analyzed by flow cytometry. Gr-1 was used to gate out granulocytes. (a) 
Representative contour plot showing all non-granulocytic cells reveals two populations of 
inflammatory DC. Each population is then shown in a dot plot for TNF-α production. (b) The 
percentage of TNF-α producing cells of each inflammatory DC population is shown. (c) 
Representative dot plots showing TNF-α production by all graft-infiltrating leukocytes in WT 
and CCR2-/- recipient mice. (d) Percentage of total graft-infiltrating leukocytes in WT and CCR2-

/- recipient mice producing TNF-α is shown. n = 4 or more mice per group. * p < 0.05. 
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Additionally, a high number of iNOS-expressing cells were detected in cardiac allografts 

in WT recipient mice by immunohistochemistry, while cardiac allografts transplanted into 

CCR2-/- recipient mice had only minimal iNOS expression (Fig. 33a), and quantification of 

nitrite (a by-product of iNOS activity) by GIL in culture revealed significantly reduced levels of 

nitrite produced by GIL from CCR2-/- recipient mice compared to WT recipients (p=.0274) (Fig. 

33b). Since CCR2-/- mice contain normal numbers of graft-infiltrating CD11bhiLy6Cint 

inflammatory DC but significantly reduced numbers of CD11bhiLy6Chi inflammatory DC, these 

data suggest that CD11bhiLy6Chi inflammatory DC are either the main producers of iNOS in 

cardiac allografts, or that iNOS expression is indirectly dependent on CD11bhiLy6Chi 

inflammatory DC infiltration. To confirm that inflammatory DC are the main producers of iNOS, 

we performed immunofluorescence staining of cardiac allografts in WT recipient mice. By this 

method, we visualized that all iNOS producing cells co-expressed CD11c (Fig. 33c). 

 

Figure 33. CD11bhiLy6Chi inflammatory DC produce iNOS. 
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(a) Representative images of cardiac allograft tissue from WT and CCR2-/- recipient mice stained 
by immunohistochemistry for iNOS. (b) Nitrite production was quantified in 72 h culture 
supernatants of single cell suspensions of GIL from WT and CCR2-/- recipient mice. Mean ±  SD 
shown. (c) Representative images of cardiac allograft tissue from WT recipient mice 
immunofluorescently stained for CD11c and iNOS. Nuclei were counterstained with DAPI. n = 3 
or more animals per group. * p < 0.05. 
    

Release of TNF-α and iNOS by inflammatory DC suggests that these DC participate in a 

DTH-like reaction. Valujskikh et al. previously published data suggesting that indirectly 

alloreactive T cells mediate a DTH-like response in cardiac allografts that contributes to allograft 

rejection184, however, the mechanism by which this occurs has never been elucidated. We 

observed in mice lacking MHC class II expression, MHC-IIKO-/- mice, previously reconstituted 

with polyclonal syngeneic CD4+ T cells, that cardiac allografts lacked detectable expression of 

iNOS by immunohistochemistry (Fig. 34), indicating that indirect CD4+  T cell interaction with 

recipient inflammatory DC is necessary for the DTH-like response. Comparatively, treatment of 

such recipients with agonistic CD40 mAb in vivo 2 d post-transplantation resulted in marked up-

regulation of iNOS expression throughout cardiac allografts (Fig. 34), suggesting that CD40-

CD154 ligation provided by indirect CD4+ helper T cells is requisite for the DTH-like response. 

In further support of this conclusion, we found that WT recipient mice pre-treated with 

tolerogenic maturation-resistant (MR-)DC therapy, which we have previously shown to delete 

indirect CD4+ effector T cells thus abrogating CD4+ T cell help, had significantly reduced iNOS 

expression throughout cardiac allografts (Fig. 34). 
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Figure 34. Inflammatory DC mediate a DTH-like response that requires indirect CD4+ T 
cell help. 
 
Representative images of cardiac allograft tissue stained by immunohistochemistry for iNOS are 
shown. Recipient mice include MHC class-IIKO-/- mice reconstituted with 107 polyclonal 
syngeneic CD4+ T cells prior to transplantation, the same mice treated with agonistic CD40 mAb 
i.p. 2 d post-transplantation, or WT recipient mice pre-treated 7 d prior to cardiac transplantation 
with 5x106 donor-derived MR-DC. n = 3 or more animals per group. 
 

4.2.6 Inflammatory DC inhibit effector T cell responses  

Recent publications have demonstrated a role for inflammatory DC in T cell priming and Th1 

skewing. However, Abdi et al. previously showed that CCR2-/- recipient mice had only slightly 

prolonged cardiac allograft survival compared to WT recipients (MST 12 d vs 8)253, and given 

that we now show that CCR2-/- recipients have significantly reduced inflammatory DC 

infiltration into cardiac allografts, resulting in significantly reduced TNF-α and iNOS 

production, both potent pro-inflammatory mediators, we hypothesized that T cell alloresponses 

in our model likely occur independently of inflammatory DC infiltration/activity.   

Surprisingly, we observed a significantly increased CD8+ T cell infiltrate in cardiac 

allografts of CCR2-/- recipient mice compared to WT recipients (p=.0136), although CD4+ T cell 

infiltrate appeared to be unaffected (Fig. 35a). Intracellular cytokine staining demonstrated that 
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the same frequency of CD8+ and CD4+ T cells were capable of producing IFN-γ in CCR2-/- 

recipients compared to WT recipients (Fig. 35b,c), therefore, the overall number of CD8+ 

effector T cells was increased in allografts in CCR2-/- recipient mice, suggesting that 

inflammatory DC inhibit the T cell alloresponse. 

 

Figure 35. T cell responses in allografts are more robust in the absence of inflammatory 
monocytes. 
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(a) The number of graft-infiltrating T cells in WT and CCR2-/- recipient mice was quantified 
from flow cytometry following staining for CD3, CD4 and CD8. (b) The percentage of graft-
infiltrating T cells from WT and CCR2-/- recipient mice producing IFN-γ was determined by 
intracellular cytokine staining following 5 h culture with brefeldin A and PMA/ionomycin. Mean 
± SEM is shown. (c) Representative plots of IFN-γ production by CD4+ and CD8+ T cells are 
shown. Black bars, WT recipient ; open bars, CCR2-/- recipient mice. n = 4 or more mice per 
group. * p < 0.05. 

 

This inhibition could be mediated solely within the allograft and/or within secondary 

lymphoid organs. Therefore we next analyzed the T cell response in spleens of WT and CCR2-/- 

recipient mice. The number of both CD4+ and CD8+ T cells was significantly increased in CCR2-

/- recipient mice compared to WT recipients, as was the frequency of IFN-γ producing effector 

CD4+ and CD8+ T cells (Fig. 36a,b,c). Further, neither IL-4 nor IL-5 was detected in heart or 

spleen in preliminary experiments (data not shown). Therefore, the absence of CD11bhiLy6Chi 

inflammatory monocytes increases type 1 T cell responses systemically. 
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Figure 36. T cell responses in secondary lymphoid organs are more robust in the absence of 
inflammatory monocytes. 
 
(a) T cells were quantified from WT and CCR2-/- recipient mouse spleen 7 d post-transplant by 
staining for CD3, CD4 and CD8 and analysis by flow cytometry. (b) The percentage of splenic T 
cells from WT and CCR2-/- recipient mice producing IFN-γ was determined by intracellular 
cytokine staining following 5 h culture with brefeldin A and PMA/ionomycin. Mean ± SEM is 
shown. (c) Representative plots of IFN-γ production by CD4+ and CD8+ T cells are shown. Black 
bars, WT recipient mice; open bars, CCR2-/- recipient mice. n = 4 or more mice per group. * p < 
0.05. 
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4.3 DISCUSSION 

Recipient APC serve a crucial role in orchestrating and mediating the alloimmune response, yet 

few studies of recipient DC in transplantation have been performed. A major limitation has been 

the inability to isolate recipient leukocytes from allografts for thorough phenotypic 

characterization and functional analysis. Here we developed a protocol to consistently isolate 

GIL from cardiac allografts with good viability for analysis. In so doing, we quickly identified 

CD11c+ DC rather than F4/80+ MΦ or CD19+ B cells, as the primary recipient APC infiltrating 

allografts. This methodology further allowed us to characterize these DC as inflammatory DC, 

that express PDCA-1 in response to the inflammatory milieu, rather than pDC, as previously 

suggested254.  

We identified two populations of inflammatory DC infiltrating cardiac allografts, one 

CD11bhiLy6Chi and one CD11bhiLy6Cint. In our hands, consistent with the literature, Ly6Chi cells 

required CCR2 expression to emigrate from bone marrow into blood. By contrast, the absence of 

CCR2 expression resulted in accumulation of these inflammatory monocytes within the bm256. 

Notably, a small number of Ly6Chi monocytes did egress from bm into blood, followed by their 

migration into the cardiac allografts, suggesting that escape through alternative chemokines 

receptors may be possible. Similar findings were observed by Randolph’s group in a skin 

inflammation model in CCR2-/- mice25. 

The literature is more controversial in regards to Ly6Cint inflammatory DC. In our model, 

although the percentage of Ly6Cint cells was significantly reduced in blood of CCR2-/- recipients, 

the total number accumulating in cardiac allografts and spleen was comparable to WT recipients. 

It is possible that CCR2 contributes to egress from the bm, but that these Ly6Cint monocytes 

proliferate in situ. Qu et al. also demonstrated that circulating Gr-1int inflammatory monocytes 
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selectively express CCR7 and CCR8, and utilize these receptors for migration into LN25. Further, 

these authors showed that Gr-1int inflammatory monocytes had increased allostimulatory 

capacity compared to Gr-1hi monocytes. Consistent with these observations, we noted higher 

surface expression of MHC class II on CD11bhiLy6Cint inflammatory DC compared to 

CD11bhiLy6Chi inflammatory DC. Further delineation of CD11bhiLy6Chi versus CD11bhiLy6Cint 

inflammatory DC in transplantation may reveal distinct roles for these two APC subsets. 

Importantly, in WT recipients, there was a clear monocytopoiesis and monocytosis 

compared to naïve WT mice, similar to the “left shift” of granulocytes. Currently in clinical 

medicine, diagnosis of acute rejection requires heart biopsy, a risky procedure. Our data suggest 

that a simple blood draw for monocytosis could be an effective and simpler approach for 

diagnosing or screening acute cardiac allograft rejection in patients.  

In our hands, although CD11bhiLy6Cint inflammatory DC produced some TNF-α and 

iNOS, the majority of Tip-DC in cardiac allografts were CD11bhiLy6Chi cells. The contributions 

of iNOS and TNF-α to allograft rejection have been previously demonstrated. Increased serum 

concentration of nitrite correlates with the kinetics of acute allograft rejection257 and 

neutralization of iNOS in rat cardiac models results in increased cardiac contractile function, 

decreased histologic rejection and prolonged survival172,173. Increased expression of TNF protein 

is detected in acutely rejecting cardiac allografts258 and blocking TNF-α in vivo with neutralizing 

Ab prolongs cardiac allograft survival259. Therefore, eliminating monocytes should theoretically 

prolong cardiac allograft survival.  

However, to our surprise, we observed that substantially decreased numbers of 

CD11bhiLy6Chi inflammatory monocytes within recipient spleen and CD11bhiLy6Chi 

inflammatory DC within cardiac allografts was associated with increased numbers of splenic and 
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graft-infiltrating effector T cells, suggesting that inflammatory monocytes/inflammatory DC 

actually inhibit T cell responses in WT mice. The increased T cell responses in the absence of 

CD11bhiLy6Chi inflammatory monocytes/inflammatory DC could reflect compensatory 

mechanisms due to the an aberrant immune response, or alternatively, inflammatory 

monocytes/DC could directly inhibit T cell responses, perhaps by decreasing T cell proliferation 

or by promoting T cell apoptosis. In tumor-bearing mice, inflammatory monocytes can expand in 

spleen into myeloid-derived suppressor cells (MDSC) that are capable of inducing Treg or T cell 

anergy, or impairing T cell responses42-48,251,252. Specifically, MDSC have been shown to inhibit 

CD8+ T cells through reactive oxygen intermediaries and through nitrite43. We are currently 

investigating the mechanisms by which inflammatory monocytes/inflammatory DC inhibit T cell 

responses in cardiac transplantation.  

 Previously, inflammatory monocytes and inflammatory DC have been shown to serve 

either pro-inflammatory roles in infection and immunization experimental models, or anti-

inflammatory suppressor roles in tumor models. We for the first time describe a dual 

functionality for these cells: as mediators of a DTH-like response contributing to allograft 

rejection, and as inhibitors of the T cell alloresponse. Further work is required to clarify the 

mechanisms by which inflammatory monocytes/inflammatory DC limit T cell responses and the 

roles and relationships of the different inflammatory APC subsets, however our study 

demonstrates the importance of the recipient inflammatory DC population in dictating allograft 

fate.  
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5.0  METHODS AND MATERIALS 

5.1 MICE AND REAGENTS 

C57BL/6 (B6), BALB/c, C3H, B6.129-H2dlAb1-Eα/J (MHC-IIKO-/-), B6.FVB-Tg (Itagx-

DTR/eGFP)57Lan/J (CD11c-eGFP), B6.129P2-β2mtm1Unc/J (MHC-IKO-/-), B6.129S4-CCR2tm1Ifc/J 

and B6.SJL-PtprcaPepcb/BoyJ (CD45.1+) mice (all Thy1.2+) were purchased from The Jackson 

Laboratory (Bar Harbor, ME). 1H3.1 TCR transgenic (tg) B6 mice (provided by C. Viret and C. 

Janeway, Yale University, New Heaven, CT) and 2C RAG1KO-/- TCRtg B6 mice (both Thy1.1+), 

were bred at the University of Pittsburgh Animal Facility. For total body irradiation, wildtype 

BALB/c mice were irradiated with 1000 rad to eliminate hematopoietic cells, 3 d prior to organ 

harvest for transplantation. Studies were approved by the Institutional Animal Care and Use 

Committee.  

Mouse GM-CSF and IL-4 were from PeproTech, and PKH26 and 1α,25-(OH)2 vitamin 

D3 (VD3) from Sigma. The IEα52-68 peptide (ASFEAQGALANIAVDKA) was synthesized, 

HPLC-purified and confirmed by mass spectroscopy. Agonistic CD40 (FGK45.5; 150 μg i.p. for 

3 d or on d 2-3 post-transplant) and depleting NK1.1 (PK136) mAb were from BioXCell (West 

Lebanon, NH). Unless otherwise specified, mAb were from BD-PharMingen (San Diego, CA). 
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5.2 HEART TRANSPLANTATION 

Intra-abdominal cardiac transplantation and monitoring of graft survival were performed as 

previously described260. Palpation for heart beat was performed daily to determine organ 

survival.   

5.3 GENERATION OF MR-DC 

BM cells were removed from mouse femurs and tibias and depleted of erythrocytes by treatment 

with NH4Cl solution. Erythroid precursors, T, B and NK cells, and granulocytes were removed 

by complement depletion using a cocktail of mAb (TER-119, CD3ε, B220, NK1.1, and Gr1) 

followed by incubation (40 min, 37°C) with low toxicity rabbit complement (Cedarlane®, 

Ontario, Canada). Remaining BM cells were cultured in RPMI-1640 (Mediatech, Inc., Herndon, 

VA) in 75 cm2 flasks (15x106 cells/flask) with 10% heat-inactivated fetal calf serum (FCS, Life 

Technologies, Grand Island, NY), glutamine, non-essential amino acids, sodium pyruvate, 

HEPES, 2-ME, and penicillin/streptomycin, supplemented with 1000 U/ml mouse GM-CSF and 

500 U/ml mouse IL-4 either with addition of 10 nM VD3 beginning on d 2 of culture (MR-DC) 

or not (control-DC). Culture medium, cytokines and VD3 were renewed every other day. Before 

administration, MR-DC were purified from potential contaminating mature CD86+ DC by 

negative depletion (Dynabeads®, Invitrogen Dynal, Norway) (Fig. 37). For generation of LPS-

matured DC, control-DC (d 6) were cultured with LPS (200 ng/ml) overnight. For in vitro 

challenge, control- and MR-DC (d 6) were treated for 48 h with a DC1-maturation cocktail 
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containing IFN-γ (20 ng/ml , IL-1β  (20 ng/ml) , TNF-α (50 ng/ml ), CpG (1 μM), and poly I:C (1 

μM); or with LPS (50 ng/ml); or agonistic CD40 mAb (10 μg/ml, HM40-3). 

 

Figure 37. Model for generating MR-DC. 

5.4 ISOLATION OF TCR TRANSGENIC T CELLS 

T cells were purified from spleens and LN of WT, 1H3.1 or 2C mice with either CD4 or CD8 

Dynabeads® negative isolation kits. After purification, T cells were stained with 7.5 μM 

Vybrant CFDA SE Cell Tracer (Molecular Probes Inc., Invitrogen, Eugene, OR).  Three x 106 

CFSE-labeled CD4+ 1H3.1 or CD8+ 2C T cells were administered i.v. to B6 mice. Ten x 106 

polyclonal CD4+ T cells were i.v injected per MHC-IIKO-/- mice 7 d prior to transplantation, or 

were used unstained in culture. 
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5.5 MICROSCOPIC ANALYSIS AND IMMUNOSTAINING 

Paraffin-embedded sections of allografts were processed for H&E or for iNOS staining by 

immunohistochemistry (BD Biosciences cat no. 610333 at 1:100). OCT embedded frozen tissue 

was sectioned by cryostat (8 μm), fixed in 95% ethanol, and treated with 5% normal goat serum 

(NGS), then avidin/biotin blocking kit (Vector, Burlingame, CA).  

The composition of the GIL following treatment with MR-DC was analyzed by 

incubating sections with alexa-488-CD4 mAb and biotin-FoxP3 mAb or biotin-CD8α mAb plus 

Cy3-straptividin.  

For trafficking studies of BALB/c MR-DC (CD45.2+) in B6 mice (CD45.1+), spleen 

sections were labeled with CD11c mAb plus Cy2-anti-hamster IgG, biotin-CD45.2 mAb plus 

Cy3-streptavidin and alexa-647-CD3 mAb (from BD Pharmingen, Invitrogen, eBiosciences or 

Jackson ImmunoResearch Laboratories, West Grove, PA).  

Cystospins of splenic DC-enriched suspensions [generated by digesting spleens in 400 

U/ml collagenase (30’, 37oC), diluting splenocytes in ice-cold Ca++ free 0.01 M EDTA-PBS, and 

centrifuging splenocytes (1800 rpm, 20’, 4oC) over 16% Histodenz gradient] from recipient 

CD45.1+ B6 mice treated with donor-derived MR-DC were incubated with biotin-CD45.2 mAb 

plus Cy3-streptavidin, CD11c mAb plus Cy5 anti-hamster IgG and with FITC-TUNEL 

(ROCHE, Indianapolis, IN).  

To detect allospecific TCRtg CD4+ T cells in peripheral tissues of host B6 mice after 

treatment with donor-derived MR-DC, heart, liver and kidney sections were labeled with alexa-

647-CD4 mAb and biotin-Thy1.1 mAb plus Cy2-streptavidin.  

To visualize donor passenger APC in naïve hearts and allografts, sections were stained 

with biotinylated-H2Dd mAb and CD11c mAb then with Cy3-streptavidin and Cy2-anti-hamster 
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IgG. Detection of MHC class I and II were performed by staining with biotinylated-H2Dd mAb 

or with biotinylated-IAd and von Willebrand factor mAb, then with Cy3-streptavidin and Cy2-

anti-rabbit IgG.  

To characterize cardiac allograft infiltration of APC, allograft sections were stained with 

CD11c mAb and biotinylated-H2Dd mAb then with Cy2-anti-hamster IgG and Cy3-streptavidin, 

or alternatively with CD115 mAb, CD11c mAb and with iNOS polyclonal Ab then with alexa-

488-anti-rat IgG, Cy5-anti-hamster IgG and Cy3-anti-rabbit IgG. To visualize PDCA-1 

expression, sections were stained with PDCA-1 mAb and biotinylated-CD45.2 mAb, then with 

alexa-488-anti-rat IgG and Cy3-streptavidin.  

Nuclei were counterstained with DAPI (Molecular Probes Inc.). Slides were examined 

with a Zeiss Axiovert 135 microscope equipped with a CCD camera.  

For confocal microscopic analysis, splenic DC-enriched suspensions from host CD11c-

eGFP B6 mice injected with PKH26-labeled BALB/c MR-DC, were attached to poly-L-lysine-

treated slides, fixed with 4% paraformaldehyde and imaged with an Olympus 1X81 microscope 

(Olympus America, Inc., Melville, NY).  

5.6 LEUKOCYTE ISOLATION FROM TISSUE 

5.6.1 From cardiac allografts 

Cardiac allografts were digested with 400 U/ml type IV collagenase for 1 h at 37oC, with 

vortexing every 15 min. Tissue was then disaggregated through 40 μm cell strainers and treated 
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with red blood cell lysis buffer. Single cell suspensions were passed over a lympholyte M density 

gradient for 20 min at 4oC at 2000 rpm. Leukocytes at the interface were isolated and counted. 

5.6.2 From bone marrow and spleen 

Bone marrow cells were flushed from tibia and femur then passed through 40 μm cell strainer 

and treated with red blood cell lysis buffer. Spleens were flushed with culture media then treated 

with 400 U/ml type IV collagenase for 30 min at 37oC. Spleens were then disaggregated into 

single cell suspensions, passed through a 40 μm cell strainer and treated with red blood cell lysis 

buffer. 

5.6.3 From blood 

Blood was drawn undiluted from mouse heart and passed through Ficoll gradient for 20 min at 

room temperature at 2000 rpm. Cells at the were collected for analysis. 

5.7 FLOW CYTOMETRY 

5.7.1 Surface staining 

Single cell suspensions were blocked with 10% NGS and incubated (30’, 4°C) with mAb, and if 

necessary, washed and stained with secondary Ab or in the case of a biotinylated primary Ab, 

with fluorescently labeled streptavidin (see Table 3). Appropriate fluorochrome-conjugated 
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isotype-matched mAb were used as negative controls. After staining, cells were fixed in 4% 

paraformaldehyde, read on a LSRII flow cytometer (BD Biosciences) and analyzed using 

FACSDiva software (BD Biosciences).  

5.7.2 Additional stains 

Annexin-V staining was performed according to manufacturer’s instructions (BD Biosciences).   

For Treg staining, cells were first surface labeled and then permeabilized using 

cytofix/cytoperm solution (eBiosciences) and stained with FoxP3 mAb (eBiosciences).  

For intracellular cytokine staining of T cells, GIL and splenocytes were cultured for 5 h 

at 250,000 cells per well, in 96-well round bottom plates with brefeldin A at 1.5 μl/ml, PMA 20 

ng/ml and 100μM ionomycin. For TNF-α staining, GIL were cultured at 250,000 cells per well, 

in 96-well round bottom plates for 4 h with brefeldin A at 1.5 μl/ml and agonistic CD40 mAb at 

10 μg/ml. After culture, cells were surface stained, permeabilized using cytofix/cytoperm 

solution (eBiosciences) and stained with IFN-γ, IL-4, IL-5 or TNF-α mAb. 
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Table 3. Antibodies used for flow cytometry. 

Ag Fluorochrome Clone Manufacturer 
CD3 alexa-648 17A2 eBiosciences 
CD4 PE-Cy5 

Pacific blue 
GK1.5 
RM4-5 

eBiosciences 

CD8α PE-Cy5 
APC-Cy7 
FITC 

53-6.7 eBiosciences 
BD 
BD 

CD11b alexa-647 M1/70 eBiosciences 
CD11c PE-Cy5 

Pacific Blue 
N418 eBiosciences 

CD19 FITC MB19-1 eBiosciences 
CD40 PE 1C10 eBiosciences 
CD45.1 biotinylated A20 eBiosciences 
CD45RA PE 14.8 BD 
CD62L PE MEL-14 eBiosciences 
CD69 PE H1.2F3 BD 
CD80 PE 16.10A1 eBiosciences 
CD86 PE PO3-1 eBiosciences 
CD127 PE A7R34 eBiosciences 
F4/80 FITC BM8 eBiosciences 
Gr1 APC-Cy7 RB6-8C5 BD 
Ly6C FITC AL-21 BD 
Ly6G PE IA8 BD 
PDCA-1 PE eBio129c eBiosciences 
Thy1.1 APC HIS51 eBiosciences 
IFN-γ PE XMG1.2 eBiosciences 
IL-4 PE 11B11 BD 
IL-5 PE JES1-39D10 BD 
TNF-α PE MP6-XT22 eBiosciences 
H2Dd PE 34-2-12 BD 
IAb PE 

biotinylated 
AF6-120.1 BD 

IAd PE AMS-32.1 BD 
FoxP3 PE NRRF-30 eBiosciences 
alexa-647-
streptavidin 

  Invitrogen 

alexa-700-
streptavin 

  Invitrogen 
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5.8 MLC AND ELISPOT ASSAY 

The allostimulatory ability of (γ-irradiated) BALB/c control- and MR-DC, untreated or following 

in vitro challenge with the DC1-maturation cocktail, was tested in 3 d-MLC using B6 splenic 

CD4+ T cells. Cell proliferation was evaluated by assessment of [3H]thymidine incorporation.  

For analysis of the anti-donor response via the direct pathway by ELISPOT assay, purified 

splenic or graft-infiltrating T cells (enrichment columns, R&D Systems, Minneapolis, 

Minnesota) from B6 WT or MHC-IIKO-/- mice transplanted 7 d before with BALB/c cardiac 

grafts from total body irradiated or unmodified donor mice were incubated with CD3-depleted, 

γ-irradiated, splenic B6, BALB/c or C3H APC (3x104 splenic T cells or 5,000 graft-infiltrating T 

cells + 2.5x105 APC / well) in 96-well ELISPOT plates coated with IFN-γ mAb. For analysis of 

the indirect pathway, purified recipient splenic or graft-infiltrating T cells were incubated with 

CD3-depleted, γ-irradiated, splenic B6 APC (3x105 splenic T cells or 25,000 graft-infiltrating T 

cells + 2.5x105 APC / well) and sonicate (50μl / well) prepared from BALB/c, B6 or C3H 

splenocytes (from 2x107 cells / ml). ELISPOT plates were developed 36 h later following 

manufacturer’s instructions (BD Biosciences).  

5.9 QUANTIFICATION OF DONOR DC BY PCR ANALYSIS 

DNA was extracted with the DNeasy Tissue Kit (QIAGEN Inc., Valencia, CA) from spleen of 

B6 mice injected with BALB/c MR-DC 24 h after treatment with (or not) NK1.1 mAb (200μg, 

i.p.). PCR was performed using primers for IgG2aa (BALB/c and B6 mice encode for the IgG2aa 

and IgG2ab alleles, respectively)219: F 5’ ACAAAGTCCCTGGTTTGGTGC; R 5’ 
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GGCATTTGCATGGAGGACAG; 111 Kb product. For PCR, 750ng DNA was added to Illustra 

PuReTaq Ready-To-Go PCR beads (GE Healthcare, Buckinghamshire, UK) and run at 94oC 3 

min; (94oC 30 s, 67.7 oC 30 s, 72oC 50s) x 38 cycles, and 72oC for 10 min. PCR products were 

run on 2% agarose gels and photographed using the Kodak 1D Imaging System. 

5.10 ASSAY FOR ANTIGEN PRESENTATION 

Splenic DC-enriched suspensions were labeled with FITC-H2-Kb, APC-CD11c, APC-Cy7-

CD8α and PE-CD45RA mAb and sorted on a FACSAria flow cytometer (BD Biosciences). 

Each subset of FACS-sorted APC was γ-irradiated and used as stimulators of CFSE-labeled 

1H3.1 CD4+ T cells (50,000 APC : 400,000 T cells / well) in 96 well round-bottom plates. After 

5 d, T cells were FACS-assayed for CFSE-dilution. FACS-sorted splenic B6 CD11chiCD8- DC 

pulsed with BALB/c IEα52-68 peptide were used as positive controls. 

5.11 ELISA 

Detection of IL-4, IL-10, IL-12p70, and IFN-γ were performed by ELISA according to 

manufacturers’ instructions (eBiosciences, BioLegend and BD Biosciences). 
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5.12 NITRITE DETECTION 

GIL were cultured at 200,000 cells per well in 96-well round bottom culture plates in complete 

RPMI media. After 72 h, culture supernatant was collected and analyzed for quantification of 

nitrite using the Griess Reagent System per manufacturer’s instructions (Promega Corporation, 

Madison, WI).  

5.13 STATISTICAL ANALYSIS 

GraphPad Prism was used for statistical analyses. Results are expressed as mean ± SD, if one 

representative experiment is shown, or as mean ± SEM if data is averaged from more than one 

experiment. Comparison between two groups was performed by Student’s t-test. Graft survivals 

were compared by Kaplan-Meier analysis and the log-rank test. A “p” value < 0.05 was 

considered significant. 
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6.0  SUMMARY 

6.1 CELLULAR THERAPIES IN TRANSPLANTATION 

From the initial findings that quiescent DC internalize, process and present apoptotic cell-derived 

Ag to T cells with regulatory effects on the immune response, cellular therapies have been a 

promising candidate for treatment of transplant rejection and autoimmune disorders. Our data 

indicates that DC therapies, like alternative cellular therapies, function as a source of alloAg for 

presentation by recipient DC via the indirect pathway. We therefore conclude that safer and more 

practical cellular therapies should be employed in the clinical setting.  

6.1.1 Caveats to cellular therapy research 

Most research on cellular therapies in transplantation has been conducted using young inbred 

mice maintained in clean or nearly pathogen-free conditions, which therefore may contain low 

numbers of memory T cells compared to outbred animals. Comparatively, transplant rejection in 

humans is mediated by both naïve and memory T cells and as such, the ability of cellular 

therapies to tolerize not only recipient DC but also other non-professional recipient APC capable 

of activating anti-donor memory T cells will likely be critical for successful therapy. Therefore, 

studies in murine models with memory T cells, or better yet, studies in larger animal models, 

must be performed. 
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6.1.2 Caveats to clinical implementation of cellular therapies 

There are quite varied opinions on the utility of cellular therapies for the clinic261. First and 

foremost, safety is a major point of concern. What if a preparation of cellular therapuetic 

contained contaminating effector cells? or if a batch of tolerizing agent was ineffective? If 

administration of a cellular therapy had a deleterious effect, could the adoptively transferred cell 

be eliminated from the patient?  

In reality, it is likely that cellular therapeutics would never be instituted in the clinic as a 

single therapy, but rather in combination with additional pharmacologic immunosuppression. 

This may help alleviate some of the risks associated with cellular products, however there are 

then issues of practicality. Realistically, cellular therapies would have a high cost due to 

necessary skilled personnel and facility requirements. Reproducibility between research centers 

may be challenging. It is also unknown how many cells each patient should receive and how 

often? Can sufficient numbers of cells actually be obtained for clinical use?  

Despite these concerns, based on the tremendous need for donor-specific immuno-

suppression/tolerance in transplantation, further investigation into this fascinating area of 

research is warranted.   

6.2 PRIMING THE ANTI-DONOR T CELL RESPONSE 

From our data, we have developed a model for anti-donor T cell priming following cardiac 

allograft transplantation (Fig. 38). Donor passenger APC emigrate from the cardiac allograft 

through the vasculature to recipient spleen, where they present directly or transfer to recipient 
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APC intact donor MHC:peptide complex for presentation to direct pathway T cells. Donor 

passenger APC also transfer alloAg that is re-processed by recipient APC into allopeptides for 

presentation to T cells via the indirect pathway. In return, indirect pathway CD4+ helper T cells 

provide CD40 stimulation of recipient APC which is required for direct pathway T cell priming 

and allograft rejection. 

 

Figure 38. Proposed model for mechanism of direct pathway T cell priming. 
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6.2.1 Caveats to our proposed model 

This work has been performed in naïve mouse models that lack memory T cells. Notably, 

memory T cells require less co-stimulation than do naïve T cells, and further memory T cells 

could circulate through the graft. As such, memory T cells may be stimulated by MHC class I or  

II expressed on the surface of allograft parenchymal or endothelial cells, therefore abrogating the 

necessity for donor passenger APC.  

6.2.2 Future directions 

Our data supports that either recipient APC are B cells that can interact with donor passenger 

APC through MHC – B cell receptor interaction or alternatively, that recipient APC acquire 

intact alloMHC:peptide complex and present this complex “semi-directly” to direct pathway T 

cells (Fig. 38). Further investigation into these mechanisms is required. 

 

6.3 INFLAMMATORY DC IN TRANSPLANTATION 

We demonstrate the novel finding that inflammatory monocytes/inflammatory DC serve two 

opposing roles in transplantation, one as an effector cell causing allograft tissue damage, and the 

other as an inhibitor of the T cell response. This epitomizes the diversity and complexity inherent 

in the monocyte population, and beckons further investigation. Evidence from tumor-bearing 

mice provides some direction as to possible inhibitory mechanisms employed by inflammatory 
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monocytes/inflammatory DC, and this represents an avid area of research in our lab. Further, 

relationship and functional comparisons between inflammatory DC subsets may reveal additional 

important roles for these enigmatic cells.  

6.4 FINAL STATEMENT  

This work provides mechanistic insight into the functionality and efficacy of therapeutic 

tolerogenic DC vs alternative cellular therapies, into the pathways by which anti-donor T cells 

are primed into effector cells that mediate allograft rejection, and into the involvement in 

transplant rejection of a recently described unique population of recipient DC. Overall, the data 

presented here formulates a strong framework for further mechanistic studies to elucidate the 

pathways by which the anti-donor response is stimulated, knowledge of which will lead to 

optimal design and implementation of therapeutics in transplantation 
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APPENDIX A 

ACTIVATED INFLAMMATORY INFILTRATE IN HSV-1-INFECTED CORNEAS 
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Abstract 

Purpose. To investigate herpes stromal keratitis (HSK) immunopathology by studying HSV-1-

infected corneas that fail to develop HSK. 

Methods. Plaque assay quantified HSV-1 in the tear film of infected mice. FACS analysis 

enumerated corneal leukocytic infiltrate, and characterized infiltrate phenotypically after staining 

for activation and regulatory T cell (Treg) markers and for markers of antigen presenting cell 

(APC) maturation. Treg cells were depleted in vivo using anti-CD25 mAb.  Luminex analysis 

quantified the amount of cytokines and chemokines expressed in corneal tissue homogenate.   
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Results. Infected corneas without HSK exhibited a pronounced leukocytic infiltrate containing a 

significantly higher proportion and nearly identical absolute number of activated CD4+ T cells at 

15 days post-infection (dpi) when compared to those with HSK. Moreover, the frequency and 

absolute number of regulatory CD4+ T cells (Tregs) was lower in non-diseased corneas, and Treg 

depletion did not influence HSK incidence. The frequency of mature, immunogenic DC and the 

ratio of mature DC to CD4+ T cells were nearly identical in corneas with and without HSK. We 

observed a reduced population of neutrophils, and reduced expression of neutrophil 

chemoattractants MIP-1β and KC and the neutrophil attracting cytokine IL-6 in corneas without 

HSK.   

Conclusions. Our findings demonstrate that HSV-1 infected corneas can retain clarity in the 

presence of a substantial secondary leukocytic infiltrate, that activated CD4+ T cells while 

necessary are not sufficient for HSK development, that susceptibility to HSK is not determined 

by Tregs, and that clinical disease correlates with accumulation of a critical mass of neutrophils 

through chemoattraction.  
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Introduction 

Herpes simplex virus type 1 (HSV-1)-induced stromal keratitis (HSK) is a blinding 

immunopathologic disease of the cornea characterized by recurrent bouts of destructive 

inflammation and progressive scarring in the corneal stroma262. In mice, HSV-1 infection 

induces a transient neutrophilic primary infiltrate that dissipates 3 – 4 days post infection (dpi). 

This primary PMN infiltrate contributes to control of replicating virus, and coincides with the 

presence of an epithelial lesion263. This primary neutrophilic infiltrate appears to occur in 

response to cytokines and chemokines produced by corneal parenchymal cells and/or cells of the 

innate immune system, and is independent of T lymphocytes263-266. A more chronic secondary 

leukocytic infiltrate is initiated after viral clearance from the cornea in normal mice, but does not 

occur in T cell-deficient mice267-269. The secondary infiltrate consists of neutrophils, CD4+ T 

cells, few CD8+ T cells, and antigen presenting cells (APC) consisting of CD11c+ dendritic cells 

(DC) and F4/80+ macrophages264,267,270,271. In most murine models of HSK, the secondary 

leukocytic infiltration of the cornea is orchestrated by CD4+ T cells.  

Activation of naïve CD4+ T cells in different microenvironments can result in 

differentiation along pathways leading to cells with distinct cytokine profiles. The involvement 

in HSK of CD4+ T cells expressing the Th1 cytokines IL-2 and IFN-γ has been established in 

mouse models272,273. Extravasation of neutrophils into the infected cornea is facilitated by IFN-γ, 

apparently through up-regulation of platelet endothelial cell adhesion molecule 1 on local 

vascular endothelium274, and is regulated indirectly by IL-2274,275, presumably through induction 

of chemotactic factors. CD4+ Th17 T cells have also been implicated in HSK, as IL-17 induces 

corneal fibroblasts to produce the neutrophil chemoattractant IL-8276, and IL-6 regulates 

angiogenesis through induction of vascular endothelial growth factor (VEGF) and neutrophilic 
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infiltration through induction of chemokines276-280. In contrast, HSK severity appears to be 

ameliorated by CD4+ T cells expressing the Th2 cytokine IL-4281, and by regulatory CD4+ T 

cells (Tregs) at least in part through production of IL-10282, which separately has been shown to 

mitigate HSK265,283.  

Several chemokines have also been implicated in the secondary leukocytic infiltrate 

associated with HSK, including MIG (CXCL9), IP-10 (CXCL10), macrophage inflammatory 

protein (MIP)-1α (CCL3), MIP-1β (CCL4), MIP-2 (CXCL2), macrophage chemotactic protein 

(MCP)-1 (CCL2), MIP-3α (CCL20), and keratinocyte chemoattractant (KC)265,271,284-287. Many 

of these chemokines are produced by corneal parenchymal cells and by infiltrating inflammatory 

cells, and the relative contribution of these cellular sources to the chemokine milieu within the 

infected cornea likely changes as inflammation progresses. The combined effect of cytokine and 

chemokine production is an inflammatory infiltrate that upon achieving a critical mass initiates 

neovascularization and destruction of the corneal architecture. However, in most humans who 

shed virus at the corneal surface and in some mice receiving a low dose HSV-1 corneal infection, 

HSK fails to develop, suggesting that this cycle of leukocytic infiltration and activation is 

interrupted at some unknown point prior to the initiation of clinical disease.   

Our previous study demonstrated that susceptibility to HSK was not associated with the 

magnitude of the HSV-specific CD4+ T cell response generated in the draining lymph nodes, or 

with the level of the delayed type hypersensitivity (DTH) response following HSV-1 corneal 

infection288. However, HSK development was associated with a massive DC infiltration into the 

infected cornea between 7-14 dpi, which was abrogated by CD4+ T cell depletion. These findings 

suggest that susceptibility to HSK is determined by the capacity of HSV-specific CD4+ T cells to 

infiltrate the cornea and induce DC and neutrophil infiltration. We hypothesized that corneas that 
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fail to develop HSK following HSV-1 infection would lack a critical mass of activated CD4+ T 

cells. However, this study demonstrates that HSV-1 infected corneas without HSK contained as 

many activated CD4+ T cells as those with HSK at the time of near maximal HSK severity. 

Corneas without HSK exhibited significantly fewer neutrophils and DC, and lower levels of 

known neutrophil and DC chemoattractants, suggesting that interference in the inflammatory 

process in these corneas occurs following CD4+ T cell activation. 
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Materials and Methods 

Animals  

Female BALB/c wild type mice 6 to 8 weeks of age were purchased from The Jackson 

Laboratory (Bar Harbor, ME). All experimental animal procedures were reviewed and approved 

by the University of Pittsburgh Institutional Animal Care and Use Committee and adhered to the 

ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. 

 

Corneal HSV-1 infection 

Corneal scarification was accomplished with a 30 gauge needle on mice that were under deep 

anesthesia induced by intraperitoneal (i.p.) injection of 2.0 mg ketamine hydrochloride and 0.04 

mg xylazine (Phoenix Scientific; St. Joseph, MO) in 0.2 ml of HBSS (Biowhittaker; 

Walkersville, MD). HSV-1 strain RE was grown in Vero cells, and intact virions were isolated 

on Optiprep gradients according to the manufacturer’s instructions (Accurate Chemical & 

Scientific). Virus was applied directly to the eye at 1 x 103 PFU in 3 μl RPMI (Biowhittaker). 

 

HSK scoring system 

Mice were scored for herpes stromal keratitis (HSK) by slit lamp examination on alternate days 

between 7 and 15 days post-infection (dpi). A standard scale ranging from 1 – 4 based on corneal 

opacity was used: 1+ mild corneal haze, 2+ moderate opacity, 3+ complete opacity, 4+ corneal 

perforation.  

 

Quantification of infectious virus  
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Corneal surfaces were swabbed with sterile plastic applicators with cotton tips (Fisherbrand) at 2, 

4, 6, 8, and 10 dpi, and swabs were placed in 0.5 ml sterile RPMI. Viral load was quantified 

using a standard plaque assay performed in duplicate. Samples were added in serial dilution to 

confluent Vero cells, incubated 1 hour at 37oC 5% CO2, then overlaid with 0.5% methylcellulose. 

Cultures were incubated 72 hours at 37oC 5% CO2, then were fixed with 20% formaldehyde, and 

stained with cresyl violet for 30 min each, prior to rinsing with tap water.  

 

Flow cytometric analysis 

Corneas were excised at 15 dpi and incubated in PBS-EDTA at 37oC for 10 minutes, stromas 

were separated from overlying epithelium and digested in 84 U/cornea collagenase type 1 

(Sigma-Aldrich Co., St. Louis, MO) for 2 hours at 37oC, then triturated forming a single cell 

suspension. Suspensions were filtered through a 40-μm cell strainer cap (BD Labware; Bedford, 

MA) and washed. Suspensions were incubated with anti-mouse CD16/CD32 (Fcγ III/II receptor; 

clone 2.4G2; BD PharMingen, San Diego, CA), then stained with various leukocyte surface 

markers for 30 minutes on ice. The following antibodies were used: PerCP-conjugated anti-

CD45 (30-F11), PE-conjugated anti-CD4 (RM4-5), anti-IA/IE (2G9), APC-Cy7-conjugated anti-

CD8α (53-6.7), FITC-conjugated anti-CD69 (H1.2F3), anti-CD25 (7D4), anti-CD11c (HL3), 

APC-conjugated anti-F4/80, biotin-conjugated anti-CD80, pacific blue-conjugated anti-

CD8α, Streptavidin-PE (all BD PharMingen); APC-conjugated anti-Gr-1 (RB6-8C5) (CALTAG; 

Carlsbad, CA) and pacific blue-conjugated anti-CD40 using Zenon Pacific Blue Labeling Kit 

(Invitrogen). All isotype antibodies were obtained from BD PharMingen. Intracellular staining 

for regulatory T cells was performed according to standard protocol using Foxp3 staining kit 

(eBiosciences). Briefly, following surface staining, cells were permeabilized using 
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Cytofix/Cytoperm solution for 2 hours, then stained with APC-conjugated anti-Foxp3 (FJK16s) 

(eBiosciences) for 30 min. After staining, cells were fixed with 1% paraformaldehyde (PFA; 

Electron Microscopy Services) and analyzed on a flow cytometer (FACSAria with FACSDIVA 

data analysis software; BD Biosciences). 

 

Regulatory T cell depletion 

Mice received by i.p. injection 100 μg anti-CD25 mAb (PC61) in 500 μl PBS 3 days prior to 

infection. Control mice received 100 μg HLA-DR5 in 500 μl PBS, 500 μl PBS alone, or no 

injection.  

 

Multiplex bead array 

Corneas with HSK were assayed individually, while two corneas without HSK were pooled per 

sample for assay. In both cases the results are reported as the amount of protein per cornea. 

Corneas obtained at 15 dpi were quartered in sterile 1X PBS then placed in 300 μl PBS + 

complete protease inhibitor (Complex Mini Protease Inhibitor, Roche Applied Science). Samples 

were sonicated (Fisher Model 100 Sonic Dismembrator, Fisher Scientific) 4 times for 15 seconds 

each and the sonicator tip rinsed with 75 μl PBS + protease inhibitor, yielding a final volume of 

600 μl/sample. Samples were microcentrifuged twice to remove cellular debris. Bio-Plex assay 

from BioRad (Hercules, CA) was performed according to manufacturer’s instructions or samples 

were sent for luminex analysis by Millipore (St. Louis, MO). The following cytokines and 

chemokines were assayed: IL-6, IL-10, KC, MCP-1 (CCL2), and MIP-1β (CCL4).  

 

Statistical analyses 
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GraphPad Prism software was used for all statistical analyses. Where indicated, p-values were 

calculated using the Student’s t test when comparing two groups. p-values less than 0.05 were 

considered significant. Results are presented as mean ± SEM. 
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Results 

Corneal viral burden and clearance do not impact HSK development 

An infectious dose (1 x 103 PFU) of HSV-1 RE produced a 50-60% HSK incidence through 15 

dpi. We hypothesized that rapid clearance of replicating HSV-1 from infected corneas might be 

an important factor in determining HSK susceptibility. To test this, we quantified tear film viral 

titers using viral plaque assay and retrospectively compared viral clearance from eyes that did or 

did not develop HSK (Fig. 1). No significant differences were observed in either viral burden or 

viral clearance kinetics between diseased and non-diseased corneas.   

 

Inflammatory infiltrate in non-diseased corneas 

In all corneas that developed HSK, corneal opacity and neovascularization were apparent by 15 

dpi (data not shown). At 15 dpi, corneas that developed HSK (HSK score 2.0 ± 0.1) or not (HSK 

score 0) were excised, and the inflammatory infiltrate was compared by staining cells from 

dispersed corneas for various leukocyte markers followed by flow cytometric analysis (Fig. 2A). 

Surprisingly, corneas without HSK exhibited a substantial leukocytic infiltrate, although the 

magnitude of the infiltrate was reduced relative to corneas with HSK (Fig. 2B). The majority of 

infiltrating cells in corneas with or without HSK were PMN, which were identified by their large 

size and high granularity, combined with high expression of Gr-1.  

Within non-diseased corneas the total number of CD4+ T cells was reduced 

approximately 3-fold while the frequency of activated (CD69+) CD4+ T cells was increased by a 

similar margin (Fig. 3A), resulting in virtually identical numbers of activated CD4+ T cells in 

corneas with and without HSK (with HSK = 343 ± 7.6; without HSK = 340 ± 6.0) (Fig. 3B). The 

frequency of activated CD8α+ T cells was also dramatically higher in corneas without HSK (Fig. 
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3A), resulting in a significantly higher absolute number of activated CD8α+ T cells in corneas 

without HSK (with HSK = 72 ± 2.4; without HSK = 216 ± 4.5) (Fig. 3B). Thus, corneas with 

HSK exhibited a lower overall ratio of CD8α+:CD4+ T cells (with HSK 0.16:1, without HSK 

0.64:1) and lower ratio of activated CD8α+:activated CD4+ T cells (with HSK 0.22:1, without 

HSK 0.64:1) (Table 1).   

 

Tregs in infected corneas 

CD4+ T cells can be either pro-inflammatory effector T cells (Teff) or anti-inflammatory Tregs; 

and the two types of CD4+ T cells can be distinguished phenotypically, with Tregs expressing 

Foxp3 usually in conjunction with CD25. We hypothesized that the large number of activated 

CD4+ T cells in corneas without HSK would be comprised predominantly of Tregs, while those 

in corneas with HSK would be comprised mainly of Teff. To test this, cells from corneas with 

and without HSK were stained for Foxp3. Surprisingly, corneas with HSK contained a higher 

number of Tregs (Fig. 4) and a higher Treg:Teff ratio (1:2.75) compared to corneas without HSK 

(1:5.00). We also observed that extracts of corneas with HSK contained a greater amount of IL-

10 than did corneas without HSK (Fig. 5), although values within both diseased and non-

diseased corneas were low. 

To further explore a role for Tregs in HSK susceptibility, mice were depleted of Tregs by 

systemic treatment with anti-CD25 mAb 3 days before HSV-1 corneal infection, thus depleting 

Tregs rather than Teff. Additionally, in our hands nearly all CD4+, CD25+ cells in infected 

corneas co-expressed Foxp3 (Fig. 6A), further insuring specific depletion of Tregs and not Teff.  

Antibody treatment reduced the frequency of CD4+CD25+ cells by 95% and of CD4+Foxp3+ 

(both CD25+ and -) Tregs in infected corneas by approximately 80% beyond 15 dpi (Fig. 6A ), 
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but did not alter the incidence of HSK, further supporting the notion that susceptibility to HSK is 

not determined by Tregs. The frequency of CD4+ and CD8α+ T cells in corneas with HSK was 

significantly increased by anti-CD25 treatment (Fig. 6B). However, infiltration of neutrophils 

was not significantly altered by Treg depletion (Fig. 6B), and HSK severity was similar in 

depleted and non-depleted mice (not shown).   

 

Antigen presenting cells in infected corneas 

The number of APC was reduced in corneas without HSK; with F4/80+ macrophages reduced 

8.90-fold and CD11c+ DC reduced 5.38-fold (Fig. 2). Likewise, the amount of MCP-1 (CCL2), 

an APC chemoattractant, was also reduced in corneas without HSK compared to corneas with 

HSK (Fig. 7). Moreover, the ratio of total APC (DC + macrophages) to CD4+ T cells was 

significantly higher in corneas with HSK than in those without HSK (Table 1); consistent with 

the notion that a high overall APC:CD4+ ratio might predispose corneas to HSK development.   

Susceptibility to HSK could be influenced by qualitative differences in APC, as 

macrophages and DC can be either immunogenic or tolerogenic depending on their maturation 

phenotype8,50. We compared the maturation phenotype of APC in corneas with and without 

HSK.  A higher frequency of MHC class II positive macrophages and DC were observed in 

corneas without HSK (Fig. 8); whereas the frequency of macrophages and DC that expressed the 

co-stimulatory molecules CD80 and CD40 were comparable in corneas with and without HSK. 

Moreover, the level of expression of MHC class II, CD80, and CD40 was uniformly higher on 

DC and macrophages in corneas without HSK. Therefore, the majority of APC in corneas that 

failed to develop HSK exhibited a mature immunogenic phenotype. Furthermore, the ratio of 

MHC class II positive DC to CD4+ T cells in corneas without HSK (0.25:1) was nearly identical 
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to that in corneas with HSK (0.27:1) (Table 1), consistent with the similar number of activated 

CD4+ T cells in corneas with and without HSK.   

 

Neutrophils in infected cornea 

Neutrophils are considered to be the proximal mediators of corneal damage in HSK.  

Accordingly, the greatest reduction in the inflammatory infiltrate in corneas without HSK was 

observed in the Gr-1bright neutrophil population (9.77-fold reduction) (Fig. 2). This dramatic 

reduction in neutrophil infiltration was accompanied by reduced levels of the neutrophil 

chemoattractants KC and MIP-1β (CCL4) and the neutrophil attracting cytokine IL - 6 in corneas 

that failed to develop HSK (Fig. 9).   
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Discussion 

HSK is a potentially blinding immunopathologic response to HSV-1 corneal infection. The key 

to developing effective prophylaxis is to define differences in the immune response that results in 

protection in some mice and immunopathology in others. Scientists have been dissuaded from 

such studies because the immune response in lymphoid organs declines prior to HSK onset so 

that at the peak of the immune response one cannot predict which mice will or will not develop 

HSK. Moreover, the HSV-specific T cell response in the draining lymph nodes and the HSV-

specific DTH response in the skin following HSV-1 corneal infection are uniform among 

infected mice, despite models providing 50% HSK incidence288. These studies suggest that HSK 

susceptibility is not determined at the inductive phase of the CD4+ T cell response in the 

lymphoid organs, but rather at the effector phase of the response within the infected cornea.   

Our current studies demonstrate for the first time that corneas that fail to develop HSK do 

nonetheless develop an inflammatory infiltrate that is significant and quantifiable using current 

sensitive techniques. These findings establish the feasibility of studying differences in the 

inflammatory milieu in corneas that do or do not develop HSK. A key finding of this study is 

that the number of activated CD4+ T cells as assessed by expression of the CD69 recent 

activation marker is identical in corneas with and without HSK at the time of nearly maximal 

HSK severity, indicating that the mere presence of activated CD4+ T cells is not causal for 

disease and that accumulation of activated CD4+ T cells is independent of accumulation of 

immunogenic APC. Previous studies demonstrated a high Treg frequency in corneas with HSK, 

and demonstrated that these cells attenuated the severity of HSK at least in part through the 

production of IL-10282, leading us to consider that the activated CD4+ T cells in corneas that 

failed to develop HSK might contain a higher frequency of Foxp3+ Tregs. However, our studies 
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demonstrate that both the absolute number of Tregs and the ratio of Tregs:Teff is actually higher 

in corneas with HSK. Moreover, an 80% reduction of the Treg population in the cornea did not 

influence HSK incidence. Although the remaining 20% of Tregs could theoretically be capable 

of preventing HSK onset, an 80% reduction in Tregs did have an effect, as depleted corneas that 

developed HSK had an increased number of CD4+ T cells, suggesting a role for Tregs in 

controlling CD4+ T cell expansion or corneal infiltration. Thus, Tregs might regulate the severity 

of HSK in agreement with previous findings282, but they do not appear to be a determining factor 

for susceptibility to HSK in our model.  

We observed higher levels of IL-10 in corneas with HSK than in those without HSK.  

While many cells produce IL-10, our finding would be consistent with the known capacity of 

Th1 cells (that mediate HSK) to produce IL-10 in an apparent attempt to dampen inflammatory 

tissue damage (reviewed in ref 289). While the low levels of IL-10 observed in corneas with HSK 

were apparently below the threshold required to prevent inflammatory damage to the cornea, the 

even lower level in corneas without HSK demonstrates that IL-10 is not a critical factor in 

determining susceptibility to HSK. 

An interesting characteristic of HSK is the preponderance of CD4+ over CD8α+ T cells in 

the corneal infiltrate290,291. Consistent with the possibility that a high CD4+:CD8α+ T cell ratio 

favors HSK development, we observed that corneas that failed to develop HSK exhibited  

significantly higher numbers of activated CD8α+ T cells and a significantly lower CD4+:CD8α+ 

T cell ratio. Although the small numbers of CD8α+ T cells within HSV-1 infected corneas calls 

to question any significant role in determining disease onset, our data are consistent with the 

notion that a high ratio of CD8α+:CD4+ T cells might limit HSK susceptibility.  
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We next entertained the possibility that differences in corneal APC determined HSK 

susceptibility. Indeed, the absolute number of macrophages and DC and the ratio of DC to CD4+ 

T cells were significantly higher in corneas with HSK. However, since our previous study 

demonstrated that DC maturation within the infected cornea was important for HSK 

development288, we characterized the corneal APC for maturation marker expression.  

Surprisingly, the frequency of mature macrophages and DC as indicated by expression of CD80 

and CD40 was similar in corneas with and without HSK, and the level of expression of these 

molecules as indicated by the mean fluorescence intensity was actually higher on APC from 

corneas without HSK. Moreover, the frequency of macrophages and DC that expressed MHC 

class II, and the level of MHC class II expression per cell were significantly higher in corneas 

without HSK, while the ratio of MHC class II positive DC to CD4+ T cells was nearly identical 

in corneas with and without HSK. We conclude from these observations that neither a lack of 

APC availability nor the APC stimulatory capacity is a likely explanation for failure of HSK 

development.   

HSK corneal damage results from a second wave of infiltrating neutrophils that occurs 

after replicating virus is eliminated from the cornea264,271. Neutrophils release matrix 

metalloproteinases (MMP) that break down the extracellular matrix of the corneal stroma and 

enhance neovascularization through production of MMP and VEGF292-296. The most obvious 

difference in the inflammatory infiltrate in corneas with and without HSK was the dramatically 

(~10-fold) reduced neutrophil population in corneas without HSK. This reduced neutrophil 

infiltration was associated with a significant reduction in expression of the neutrophil 

chemoattractants MIP-1β and KC and the neutrophil attracting cytokine IL-6. Neutrophils 

produce chemoattractants when exposed to IL-6, and neutrophils are necessary for HSV-1 
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clearance from cornea. Further, IL-6 deficient mice eliminate HSV-1 from the cornea with 

normal kinetics and fail to develop HSK280. The combined results of these studies suggest that 

IL-6 is required for the second wave of neutrophil infiltration into the cornea that is associated 

with immunopathology, but is not required for the first wave of neutrophils into the cornea that 

provides protection from replicating virus.   

Importantly, our work highlights the study of HSV-1 infected non-diseased corneas as a 

novel approach to elucidating HSK pathogenesis. Our findings support IL-6 as an important 

factor determining HSK susceptibility through induction of neutrophil chemoattraction into the 

cornea and also point to a possible local inhibitory effect of CD8α+ T cells within infected 

corneas on HSK progression.                                                                      
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Table 1. Ratios of T cell subsets and APC within HSV-infected corneas with and without HSK.  

 With HSK Without HSK 

CD8α+:CD4+ 0.16:1 0.64:1 

CD69+CD8α+:CD69+CD4+ 0.22:1 0.65:1 

APC*:CD4+ 2.13:1 0.87:1 

MHC class II+CD11c+:CD4+ 0.27:1 0.25:1 

*APC equals the average number of CD11c+ plus F4/80+ cells. 
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Fig. 1. Viral burden and clearance in corneal tear films were equivalent between HSV-infected 

corneas with and without HSK. Viral load and clearance from corneal tear films were assessed 

by standard plaque assay of eye swabs taken 2, 4, 6, 8 and 10 dpi. Data represents two 

independent experiments with at least 14 corneal samples per group. 
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Fig. 2. Inflammatory cells infiltrate HSV-infected corneas without HSK but at reduced frequency 

compared to corneas with HSK. HSV-infected corneas with and without HSK at 15 dpi were 

disaggregated into single cell suspensions and stained with anti-CD45, CD4, CD8α, CD11c, 

F4/80, and Gr-1 mAb. Cells were analyzed by flow cytometry. (A) Distinct live cell populations 
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were identified based on FSC v. SSC, from which Gr-1bright (PMNs), CD11c+ dendritic cells, 

F4/80+ macrophages, and CD4+ and CD8α+ T cells could be gated. Isotype controls were used to 

aid gating (data not shown). (B) The total number of infiltrating cells per cornea is shown. Data 

represent the average of at least 8 corneas per group from two or more independent experiments. 

** p < .01; *** p < .001. 
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Fig. 3. T cells in HSV-infected corneas without HSK are activated. Single cell suspensions of 

HSV-infected corneas with and without HSK at 15 dpi were stained with anti-CD45, CD4, 

CD8α, and CD69 mAb. Flow cytometry was used to analyze the percent (A) and number (B) of 

the total CD4+ and CD8α+ T cell populations that were CD69+. Data are representative of two 

independent experiments with at least 7 mice per group. ** p < .01; *** p < .001.  
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Fig. 4. Few CD4+ T cells in HSV-infected non-diseased corneas are Foxp3+ Tregs. Single cell 

suspensions of HSV-infected corneas with and without HSK at 15 dpi were stained with anti-

CD45, CD4, and Foxp3 mAb. Flow cytometry was used to determine the total number of CD4+ 

T cells per cornea, and to analyze the percent of the total CD4+ T cell population that was 

Foxp3+. Data are presented as the absolute number of CD4+Foxp3+ T cells per cornea and are 

representative of two independent experiments with at least 7 mice per group. *** p < .001.  
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Fig. 5.  Resistance to HSK is not associated with elevated levels of the inhibitory cytokine IL-10. 

HSV-infected corneas with and without HSK at 15 dpi were dissected and sonicated in PBS + 

protease inhibitor yielding a final volume of 1 diseased cornea or 2 non-diseased corneas per 600 

μl. Multiplex bead array for IL-10 expression was performed on this tissue extract. Data are 

representative of 2 independent experiments with n values of 6 corneas with HSK and 6 samples 

(2 corneas pooled per sample) of corneas without HSK. ** p < .01.   
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Fig. 6. Depletion of CD4+CD25+ Tregs in HSV-infected corneas affects T cell numbers in 

corneas but not HSK development. Mice were administered 100 μg anti-CD25 mAb (clone 

PC61) or anti-HLA-DR5 (control mAb) in 500 μl PBS by i.p. injection 3 days prior to infection. 

(A) FACS dot plots comparing depleted corneal Treg infiltrate to a non-depleted control cornea. 

(B) At 15 dpi, single cell suspensions of corneas that had developed HSK from both CD25 

depleted and control mice were stained with anti-CD45, CD4, CD8α, Gr-1, and F4/80 mAb and 
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analyzed by flow cytometry to enumerate the total number of cells per cornea. Data are 

representative of two independent experiments with n of 14 depleted mice and 15 control mice. * 

p < .05; *** p < .001.  
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Fig. 7. HSV-infected non-diseased corneas have reduced expression of the APC and lymphocyte 

chemoattractant MCP-1. HSV-infected corneas with and without HSK at 15 dpi were dissected 

and sonicated in preparation for multiplex bead array analysis for expression of the chemokine 

MCP-1 (CCL2) in corneal tissue extract. Data are representative of 2 independent experiments 

with n values of 6 corneas with HSK and 6 samples (2 pooled corneas per sample) of corneas 

without HSK.  
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Fig. 8. CD11c+ dendritic cells and F4/80+ macrophages infiltrating HSV-infected non-diseased 

corneas are mature rather than tolerogenic. APC infiltrate was assessed at 15 dpi in HSV-

infected corneas with and without HSK by flow cytometry after staining with anti-CD45, 

CD11c, F4/80, CD8α, MHC class II (IA/IE), CD80, and CD40 mAb, for (A and C) the 

frequency of APC per cornea expressing MHC class II and co-stimulatory molecules and (B and 

D) the amount of surface expression of MHC class II, CD80 and CD40, presented as the ratio of 

mean fluorescent intensity of corneas without HSK to corneas with HSK. (A and B, CD11c+ 

cells; C and D, F4/80+ cells). Data represent the average of values from two independent 

experiments with n of at least 7 corneas per group. * p < .05. 
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Fig. 9. HSV-infected corneas without HSK have significantly reduced neutrophil 

chemoattractant expression. HSV-infected corneas with and without HSK at 15 dpi were 

dissected and sonicated for multiplex bead array analysis of corneal tissue extract. Results for 

corneas without HSK were halved to estimate the amount of protein per individual cornea. 

Representative data from one of two independent experiments is presented with n values of 6 

corneas with and 6 samples (2 pooled corneas per sample) of corneas without HSK. * p < .05; ** 

p < .01.  
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APPENDIX B 

A NOVEL P40-INDEPENDENT FUNCTION OF IL-12P35 IS REQUIRED FOR 

PROGRESSION AND MAINTENANCE OF HERPES STROMAL KERATITIS. 

 

Gregory M. Frank*, Sherrie J. Divito*, Dawn Maker, Min Xu, and Robert L. Hendricks 

* These authors contributed equally to this work. 

 

Abstract 

Purpose: Interleukin (IL)-12p40 can couple with IL-12p35 or p19 chains to form the molecules 

IL-12p70 and IL-23, respectively that promote TH1 cytokine responses. IL-12p35 can bind to 

EBI3 to form an anti-inflammatory molecule IL-p35, but a proinflammatory function of IL-

12p35 independent of IL-12p40 has not been described.  Here we demonstrate such a function in 

a mouse model of herpes stromal keratitis (HSK), a CD4+ TH1 cell dependent corneal 

inflammation.   

Methods: Corneas of wild type (WT), IL-12p40-/-, IL-12p35-/-, and IL-12p35-/-p40-/- (double 

knockout) mice were infected with the RE strain of HSV-1, and HSK was monitored based on 

corneal opacity, neovascularization, leukocytic infiltrate, and cytokine/chemokine levels.   
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Results: All mouse strains developed moderate HSK by 11 days post infection (dpi).  However, 

from 11-21 dpi HSK progressed in WT and IL-12p40-/- mice, but regressed in IL-12p35-/-, and 

IL-12p35-/-p40-/- mice.  HSK regression was characterized by reductions in neutrophils and CD4+ 

T cells and attenuation of blood vessels, which was associated with reduced levels of the 

chemokines KC (CXCL3), Mip-2 (CXCL2), and MCP-1 (CCL2) and the angiogenic factor 

vascular endothelial growth factor (VEGF).   

Conclusion: HSK development does not require IL-12p40 and is thus independent of IL-12p70 

and IL-23. However, late HSK progression does require a previously unrecognized IL-12p40-

independent, proinflammatory function of IL-12p35. 
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Introduction 

The IL-12 cytokine family, consisting of the heterodimers IL-12, IL-23, IL-27, and IL-

35, has received increased attention due to its diverse and complex functions in immunity. IL-12 

consists of a p40 and a p35 subunit297 and stimulates the differentiation and activation of naïve 

CD4+ T cells toward a TH1 phenotype, promoting IFN-γ production298. The role of IL-12 in 

disease has been confounded by the discovery of IL-23, which consists of the same p40 subunit 

coupled to a unique p19 subunit299. IL-23 promotes both proliferation of effector/memory TH1 

cells and also the maintenance of TH17 cells whose signature cytokine is IL-17300. Interestingly, 

homodimerization of p40 yields a unique molecule capable of anti-inflammatory function 

through blockade of the IL-12Rβ1301,302 but also of pro-inflammatory function as a 

chemoattractant for DC and macrophages303,304. Complicating matters further, p35 can also 

interact with a second binding partner, Esptein-Barr virus-induced gene-3 (EBI3), forming the 

inhibitory cytokine IL-35305,306. IL-35 promotes the proliferation of and IL-10 production by 

CD4+CD25+ FoxP3+ natural Tregs, inhibits proliferation of CD4+ CD25- effector cells, and 

inhibits differentiation of TH17 cells. Thus, IL-35 is considered to be an anti-inflammatory 

cytokine. The final member of the family, IL-27 consists of EBI3 and p28 (IL-30) and enhances 

TH1 polarization of naïve CD4+ T cells307. 

Herpes stromal keratitis (HSK) is a potentially blinding HSV-1 induced 

immunopathologic disease of the cornea. Previous work with athymic, SCID, and T cell depleted 

mice demonstrated that CD4+ T cells are essential for HSK initiation and progression267,268,270,308. 

CD4+ T cells infiltrating diseased corneas produce the TH1 cytokine IFN-γ that regulates 

HSK273,274. As is often the case, this predominantly TH1 response is associated with concurrent 

production of the anti-inflammatory molecule IL-10309,310. The latter counteracts the 
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proinflammatory effects of TH1 cytokines, and its over-expression in the cornea can ameliorate 

HSK311. The TH2 cytokine IL-4 is either not detected in corneas with HSK or is detected during 

the late recovery stage290,309. The TH17 cytokine IL-17 has been implicated in HSK in mice and 

humans, and was shown to induce corneal fibroblast production of chemokines that are important 

regulators of HSK276,312.   

The role of the primary TH1 driving cytokine IL-12 in HSK has been investigated 

previously with conflicting results. IL-12p40 mRNA and protein increases in response to HSV-1 

corneal infection313 and the protein is released by inflammatory cells rather than by infected 

epithelial cells314. However, during the period of HSK development (7-22 dpi) IL-12p40 mRNA 

levels decrease in the cornea, and to our knowledge IL-12p70 protein levels have not been 

measured. Transgenic expression of IL-12p35/p40 fusion protein under the glial fibrillary acidic 

protein promoter (GFAP, expressed by nervous tissue) following ocular infection with the highly 

neurovirulent HSV-1 strain McKrae resulted in reduced viral titers in eyes and trigeminal ganglia 

and increased survival in mice315. However, another study in which the corneas of IL-12p35-/- 

and IL-12p40-/- mice were infected with HSV-1 McKrae found no difference in corneal viral 

load but reduced HSK severity among IL-12p35-/- mice and no HSK among IL-12p40-/- mice, 

that had survived lethal infection at 28 dpi316. The use of the highly neurovirulent McKrae strain 

of HSV-1, coupled with the study of HSK at a single time point only in animals that had 

survived lethal infection limits the translation of these results to human infection.   

IL-23 has also recently been studied in the context of HSK. Mice deficient in p19 

developed more severe lesions with higher incidence than their WT counterparts317. This study 

concluded that the lack of IL-23 resulted in a drastically increased IL-12 driven TH1 CD4+ T cell 

response, though no direct evidence implicating IL-12 in the enhanced HSK was provided.  
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Armed with recent advances in the study of the IL-12 cytokine family, we set out to 

elucidate the role of these cytokines in HSK using mice that are deficient in IL-12p35, IL-12p40, 

or double knockouts deficient in both p35 and p40 subunits. Mice received corneal infections 

with the RE strain of HSV-1 that does not kill Balb/c mice, but the infectious dose employed in 

these studies induced epithelial corneal lesions and latent infections in the trigeminal ganglion of 

100% of mice, and HSK in at least 80% of mice. Our results show that neither IL-12 nor IL-23 is 

necessary for HSK development, but HSK progression and maintenance requires an IL-12p40-

independent function of IL-12p35 that to our knowledge has not been previously recognized.   
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Materials and Methods 

Animals  

Female wild-type (WT), IL-12p35-/-, and IL-12p40-/- BALB/c mice 6 to 8 weeks of age were 

purchased from The Jackson Laboratory (Bar Harbor, ME). The IL-12p35-/- and IL-12p40-/-mice 

were bred through 4 generations to produce IL-12p35-/-p40-/-double knockout mice. IL-12p35 

and IL-12p40 genes were individually genotyped to confirm knockout status using the following 

primers: IL-12p35 (forward 5'-CTGAATGAACTGCAGGACGA-3', reverse. 5'- 

ATACTTTCTCGGCAGGAGCA-3', expected size 172 base pairs) and IL-12p40 (forward 5'- 

CTTGGGTGGAGAGGCTATTC-3', reverse 5'-AGGTGAGATGACAGGAGATC-3', expected 

size 280 base pairs). All experimental animal procedures were reviewed and approved by the 

University of Pittsburgh Institutional Animal Care and Use Committee and adhered to the 

ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. 

 

Corneal HSV-1 infection 

Mouse corneas were scarified using a 30 gauge needle under deep anesthesia induced by 

intraperitoneal (i.p.) injection of 2.0 mg ketamine hydrochloride and 0.04 mg xylazine (Phoenix 

Scientific, St. Joseph, MO) in 0.2 ml of HBSS (Mediatech, Inc.; Herndon, VA). Intact virions 

from HSV-1 strain RE grown in Vero cells were isolated on Optiprep gradients according to the 

manufacturer’s instructions (Accurate Chemical & Scientific; Westbury, NY) and titrated as 

plaque forming units (pfu) on Vero cell monolayers using a standard viral plaque assay as 

previously described318. HSV-1 RE was applied to the scarified corneas in 3 μl RPMI (Lonza, 

Walkersville, MD) at a dose predetermined to induce 80% HSK incidence. With different viral 

preparations this dose ranged from 1x103 to 1x104 PFU (determined by a standard viral plaque 
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assay). We advocate using the lowest infectious dose that induces a consistently high level of 

corneal disease because HSK becomes less CD4+ T cell-dependent at higher doses319.  

 

HSK scoring system 

Mice were monitored for HSK on alternate days between 7 and 21 days post-infection (dpi) by 

slit lamp examination. A standard scale ranging from 1 – 4 based on corneal opacity was used: 1+ 

mild corneal haze, 2+ moderate opacity, 3+ complete opacity, 4+ corneal perforation. Disease 

incidence was defined as HSK score greater or equal to 2 by 15 dpi. The extent of 

neovascularization and peri-ocular skin disease were also recorded.   

 

Flow cytometric analysis 

Harvested corneas were incubated in PBS-EDTA at 37oC for 10 minutes then separated from 

overlying epithelium and digested in collagenase type 1 (Sigma-Aldrich Co., St. Louis, MO, 

84U/cornea) for 2 hours at 37oC. Cells were dispersed by trituration and suspensions were 

filtered through 40-μm cell strainer cap (BD Labware; Bedford, MA). Suspensions were 

incubated with anti-mouse CD16/CD32 (Fcγ III/II receptor; clone 2.4G2; BD PharMingen, San 

Diego, CA), then stained with various leukocyte surface markers for 30 minutes on ice. The 

following markers were used: PerCP-conjugated anti-CD45 (30-F11), Pe-conjugated anti-CD4 

(RM4-5), APC-Cy7-conjugated anti-CD8α (53-6.7), FITC-conjugated anti-CD69 (H1.2F3), and 

anti-CD25 (7D4) (all BD PharMingen), and APC-conjugated anti-Gr-1 (RB6-8C5) (Caltag; 

Carlsbad, CA). All isotype antibodies were obtained from BD PharMingen. Intracellular staining 

for Foxp3 (FJK16s) was performed following permeabilization with Cytofix/Cytoperm solution 

(eBiosciences, San Diego, CA) for 2 hours. After staining, cells were fixed with 1% 
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paraformaldehyde (PFA; Electron Microscopy Services, Chicago, IL) and analyzed on a flow 

cytometer (FACSAria with FACSDIVA data analysis software; BD Biosciences). 

 

Regulatory T cell depletion 

Mice received a single i.p. injection 100 μg anti-CD25 mAb (clone PC61) or control mAb 

(HLA-DR5) in 500 μl 1X PBS, or received PBS alone 3 days prior to infection.  

 

Cytokine/chemokine analysis by multiplex bead array 

Individual corneas were excised at 13 or 17 dpi, quartered in sterile PBS, and pieces were 

transferred to tubes containing 300 μl PBS + complete protease inhibitor (Complex Mini 

Protease Inhibitor, Roche Applied Science, Indianapolis, IN) and sonicated (Fisher Model 100 

Sonic Dismembrator, Fisher Scientific, Pittsburgh, PA) 4 times for 15 seconds each. The 

sonicator tip was rinsed with 75 μl PBS + protease inhibitor, yielding a final volume of 600 

μl/sample. To remove cellular debris, samples were microcentrifuged twice. Bio-Plex assay 

(BioRad, Hercules, CA) was performed according to manufacturer’s instructions or samples 

were sent for luminex analysis by Millipore (St. Louis, MO). The following cytokines and 

chemokines were assayed: IL-6, KC, MCP-1, MIP-2, and RANTES.   

   

Statistical analyses 

GraphPad Prism software was used for all statistical analyses. Where indicated, p-values were 

calculated using the Student’s t test when comparing two groups. p-values less than 0.05 were 

considered significant. Results are presented as mean ± SEM. 

 

 153 



Results 

Herpes Stromal Keratitis 

The corneas of IL-12p35-/-, IL-12p40-/-, IL-12p35-/-p40-/- (double knockout), and WT mice were 

infected with HSV-1. All four strains of mice developed moderate to severe HSK marked by 

increasing corneal opacity and peripheral neovascularization by 15 dpi (Fig. 1). HSK severity 

progressed steadily through 21 dpi in both WT and IL-12p40-/- mice with complete opacity, 

expanded neovascularization encroaching from the periphery into the central cornea, and corneal 

edema. In contrast, HSK severity began to regress by 15 dpi and 11 dpi in IL-12p35-/- mice and 

IL-12p35-/-p40-/- mice, respectively. Disease regression in both groups of IL-12p35 deficient 

mice was marked by rapidly decreased peripheral opacity with thinning of peripheral vasculature 

and a more gradual decrease in central opacity.  

 

Corneal Inflammatory Infiltrate 

Early in HSK development (13 dpi) the infected corneas of WT, IL-12p35-/-, IL-12p40-/-, and IL-

12p35-/-p40-/- mice showed comparable infiltrates of CD4+ T cells and Gr1bright neutrophils (Fig. 

2A), which comprised the majority of the bone marrow-derived CD45+ cells in the cornea (data 

not shown). At 17 dpi, IL-12p35-/-p40-/- mice exhibited a significant reduction in neutrophilic 

infiltrate and a reduction in the mean number of CD4+ T cells in the cornea that did not achieve 

statistical significance (Fig. 2B). The composition of the corneal infiltrate in the p35-/- and p40-/- 

mice at 17 dpi was not significantly different than that of WT mice. At the peak of HSK severity 

(21 dpi), both IL-12p35-/- and IL-12p35-/-p40-/-  mice showed significantly reduced numbers of 

CD4+ T cells and neutrophils within their corneal infiltrates relative to WT mice (Fig. 2C). In 

both IL-12p35-/- and IL-12p35-/-p40-/- mice reduction in clinical HSK severity preceded changes 
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in the composition of the inflammatory infiltrate in the cornea by approximately 2 days. The p40-

/- mice had a significantly higher CD4+ T cell and neutrophilic corneal infiltrate than WT mice at 

21 dpi, though this did not translate into a higher clinical HSK score (Fig. 1).   

We hypothesized that the HSK regression would be associated with an increased 

frequency of CD4+ CD25+ FoxP3+ Tregs in the corneas of p35 deficient mice. In fact, the CD4+ 

T cell population in the corneas of IL-12p35-/- mice did show an increased frequency of CD25+ 

FoxP3+ cells during HSK regression at17 dpi (Fig. 3). However, an increased frequency of Tregs 

was not observed in the IL-12p35-/-p40-/- mice despite more rapid HSK regression (Fig. 3).   

 

nTregs do not account for HSK regression in IL-12p35-/- mice 

To determine if the increased frequency of CD4+ CD25+ FoxP3+ cells in infected corneas of 

12p35-/- mice was responsible for HSK regression, we determined if in vivo depletion of CD25+ 

cells prior to HSV-1 corneal infection would alter the course of HSK in these mice. A single 

treatment with 100 µg of anti-CD25 mAb or control mAb 3 days before HSV-1 corneal 

infection, effectively depleted CD25+ Foxp3+ cells from corneas through 21 dpi (Fig. 4A).  

However, Treg depletion did not significantly impact the course of HSK in IL-12p35-/- mice, 

with both depleted and non-depleted mice exhibiting HSK regression (Fig. 4B). As established in 

previous studies282,320, Treg depletion did significantly increase the leukocytic infiltrate in 

infected corneas of WT mice (Fig. 4C), but did not significantly influence the size of the 

infiltrate in corneas of IL-12p35-/- mice (Fig. 4D). Thus, while CD25+ Tregs do modulate HSK 

severity in WT mice, they do not account for HSK regression in mice lacking IL-12p35. 

However, it is noteworthy that there remained in the corneas of the anti-CD25 mAb-treated IL-

12p35-/- mice a substantial population of CD4+ FoxP3+ cells that did not express CD25 (Fig. 4A). 
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These cells did not stain with anti-rat Ig, suggesting that CD25 was not simply masked by the rat 

anti-mouse CD25 mAb used for depletion. A contribution of these FoxP3+ cells to HSK 

regression cannot be ruled out. 

 

IL-12p35 influences the cytokine and chemokine profile in infected corneas 

To determine if HSK progression and regression was associated with different chemokine and 

cytokine profiles, corneas of WT, IL-12p40-/-, IL-12p35-/-, and IL-12p35-/-p40-/- mice were 

excised at 17 dpi, and cytokine and chemokine proteins were quantified using a multiplex bead 

array assay (Fig. 5). During HSK regression (17 dpi) the corneas of both IL-12p35-/- and IL-

12p35-/-p40-/- mice exhibited significantly reduced expression of the neutrophil chemoattractants 

KC/CXCL3 (Fig. 5A) and MIP-2/CXCL2 (Fig. 5B), relative to those of WT mice. This 

correlated with a reduction in the neutrophilic infiltrate in IL-12p35-/-p40-/- mice and slightly 

preceded their reduction in IL-12p35-/- mice (Fig. 2B). In conjunction with a reduced CD4+ T 

cell infiltrate, the corneas of IL-12p35-/- and IL-12p35-/-p40-/- mice also exhibited significantly 

reduced levels of the chemotactic factor MCP-1/CCL2 (Fig. 5C), a chemokine that one study 

suggested regulates CD4+ T cell infiltration into infected corneas321. The attenuation of blood 

vessels in infected corneas of IL-12p35-/- and IL-12p35-/-p40-/- mice was also associated with 

significantly reduced levels of the angiogenic factor VEGF (Fig. 5D). Infected corneas of IL-

12p40-/- mice compared to infected WT corneas exhibited elevated levels of MIP-2/CXCL2 and 

VEGF, but similar levels of KC/CXCL3 and MCP-1/CCL2. The increased levels of MIP-

2/CXCL2 and VEGF preceded the increased leukocytic infiltrate at 21 dpi (Fig. 2C), but were 

not associated with increased clinical HSK scores (Fig. 1). Of interest was the lack of detectable 

levels of IL-6 within the corneas of the IL-12p35-/- corneas while levels of this cytokine were 
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similar in WT, IL-12p40-/-, and IL-12p35-/-p40-/- mice (Fig. 5E). As mice lacking IL-12 p35 still 

underwent a regression of disease (Fig. 1), it appears IL-6 while important for HSK 

development, is not alone sufficient to promote HSK progression. 
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Discussion 

The established regulatory role of TH1 cytokines in HSK immunopathology strongly implicates 

the involvement of the IL-12 cytokine family. Indeed, a previous study using the same BALB/c 

WT, IL-12p40-/-, and IL-12p35-/- mice employed in our study supported a role for IL-12 in HSK 

by showing reduced HSK in IL-12p35-/- mice and no HSK in IL-12p40-/- mice316. The authors 

concluded that IL-12 was required for HSK. Those findings stand in stark contrast to the findings 

in this report. In our hands IL-IL-12p40-/- mice developed HSK with similar kinetics and severity 

to that seen in WT control mice.  Indeed, infected corneas of IL-12p40-/- mice exhibited a more 

robust inflammatory infiltrate at the peak of HSK (21 dpi) compared to their WT counterparts.  

These findings demonstrate that in our HSK model neither IL-12 nor IL-23 has a requisite role in 

HSK development since both molecules incorporate an IL-12p40 chain. We further establish that 

the IL-12p35 chain has a requisite role in the progression of HSK beyond 11 dpi that is 

independent of the IL-12p40 chain as indicated by the transient nature of HSK in corneas of IL-

12p35-/- mice and IL-12p35/p40 double knockout mice. The genotype of all the mice used in 

these experiments was confirmed by PCR, and the pattern of HSK was observed in multiple 

experiments.   

We surmise that a likely explanation for the differences in findings of the two studies lies 

in the virus used to infect the mice. Ghiasi and colleagues used the McKrae strain of HSV-1 at an 

infectious dose of 2 x 105 PFU to infect corneas. The McKrae strain is highly neurovirulent and 

at the dose employed only 20% of WT and IL-12p40-/- mice and 50% of IL-12p35-/- mice 

survived to the time of HSK evaluation. Thus, in that study HSK was evaluated only in those few 

mice that survived the infection, and the general health of those surviving mice was not 

described. Our study employed a much less neurovirulent RE strain of HSV-1 at a much lower 
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infectious dose that induced HSK in 80-100% of WT mice while permitting 100% survival with 

no clinically apparent disease other than HSK. We previously established that HSK is highly 

dependent on the function of CD4+ T cells at the RE HSV-1 infectious dose used in these 

studies319, and our model better reflects human disease where infections are rarely fatal and HSK 

usually occurs in otherwise healthy individuals. One interesting parallel between the two studies 

is the fact that the IL-12p35 chain appears to function independent of IL-12p40; in our study 

prolonging HSK and in the previous study enhancing the lethality of HSV-1 infection. These 

findings are consistent with an important role for IL-12p35 in regulating the immunopathology 

in the cornea and in the CNS independent of IL-12p40. 

The IL-12p40 chain can form an IL-12p40 homodimer, which has been shown to inhibit 

T cell responses by binding to the IL-12Rβ1 chain and inhibiting binding of IL-12 and IL-

23301,302. We considered the possibility that IL-12p35-/- mice might have a propensity to produce 

more IL-12p40 homodimer, which might account for the transient nature of HSK in these mice. 

This possibility was addressed by monitoring HSK in mice that lack both the p35 and p40 

subunits. We observed a transient pattern of HSK in the double knockout mice that was similar 

to that seen in IL-12p35-/- mice. These findings demonstrated that HSK regression was due to the 

lack of the IL-12p35 subunit rather than to an altered function of the IL-12p40 subunit. The 

increased level of infiltrate within the IL-12p40-/- corneas is in agreement with the recent study in 

IL-23 deficient mice, where more severe HSK lesions develop over WT mice28. However, the 

observation that mice deficient in both IL-12p35 and p40 regress in HSK earlier than IL-12p35-/- 

mice suggests more complex relationships exist for p40 in the development of HSK. 

We were intrigued by the dramatic increase in the frequency of FoxP3+ Tregs in the 

infected corneas of IL-12p35-/- mice during HSK regression. The reduced overall CD4+ T cell 
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population in the infected corneas of IL-12p35-/- mice during HSK regression, combined with the 

elevated frequency of Tregs among the CD4+ T cells would suggest a very high Treg:effector T 

cell ratio in the infected corneas of these mice. The cytokine TGF-β regulates the differentiation 

of CD4+ T cells into Tregs and into TH17 cells, with co-stimulation by IL-6 favoring the 

latter322,323. We noted dramatically reduced levels of IL-6 in the corneas of IL-12p35-/- mice 

during HSK regression when compared with those of WT mice with progressive HSK. The 

known presence of TGF-β in the cornea324,325 and  the low levels of IL-6 in the corneas of IL-

12p35-/- mice might provide a cytokine milieu that favors the differentiation and/or expansion of 

Tregs.   

However, depletion of CD25+ cells failed to influence HSK regression in IL-12p35-/- 

mice. The possible explanation that our anti-CD25 treatment effected HSK regression by 

inadvertently depleting CD4+ effector T cells along with Tregs appears highly unlikely. In our 

hands the majority of CD4+ CD25+ cells in infected corneas co-express FoxP3 (not shown) 

suggesting that predominantly Tregs would be depleted by anti-CD25 treatment. Moreover, 

similar anti-CD25 mAb treatment increased CD4+ T cell numbers and augmented the overall 

leukocytic infiltrate in HSV-1 infected corneas of WT mice, suggesting that the CD4+ T cells 

that mediate HSK do not express CD25. To further corroborate this evidence, IL-12p35-/-p40-/- 

did not exhibit any increase in Treg frequency in their corneas, despite HSK regression. Thus, 

although the frequency of CD4+ CD25+ FoxP3+ Tregs is dramatically increased in infected 

corneas of IL-12p35-/- mice during HSK regression, these cells are either inactive or their 

effector molecules inhibit an IL-12p35-dependent activation pathway. However as noted above, 

depletion of CD25+ cells leaves a substantial population of CD4+ FoxP3+ CD25- cells in the 

cornea that might contribute to HSK regression.   
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Our findings demonstrate that IL-12p35 and p40 regulate the production of several 

chemokines and cytokines in corneas with HSK. Levels of the macrophage chemoattractant 

MCP-1/CCL2 were significantly and equivalently reduced in infected corneas of IL-12p35-/- and 

IL-12p35-/-p40-/- mice at 17 dpi. This observation is consistent with a role for IL-12 in regulating 

production of this chemokine. A recent study does suggest a role of MCP-1 in regulating the 

infiltration of CD4 T cells into the HSK inflamed cornea321, although such studies are 

complicated by the fact that MCP1-/- mice exhibit enhanced IL-12 production and increased 

HSK326,327. Together these findings suggest a regulatory circuit in which IL-12 induces MCP-

1/CCL2 production, while MCP-1/CCL2 provides feedback inhibition of IL-12 production.   

We also observed that IL-12p35 regulates neutrophil infiltration and production of the 

neutrophil chemoattractants KC/CXCL3 and MIP-2/CXCL2 as these chemokines were 

significantly reduced in infected corneas of IL-12p35-/- and IL-12p35/40-/- mice relative to WT 

mice. This function of IL-12p35 is independent of IL-12p40 since neutrophilic infiltration and 

levels of these chemokines were somewhat elevated in infected corneas of IL-12p40-/- mice.  

These findings are consistent with previous studies identifying KC/CXCL3, and to a greater 

extent MIP-2/CXCL2 as important factors for neutrophil recruitment and HSK 

development265,266,328. 

Several studies have established a critical role for neovascularization in HSK 

progression277-280,294. Here we demonstrate that IL-12p35 independent of IL-12p40 regulates 

VEGF production in corneas with HSK. In fact, IL-12p40 appears to inhibit the induction of 

VEGF production by IL-12p35 as corneas of IL-12p40-/- mice exhibit dramatically increased 

VEGF production whereas the IL-12p35/p40 double knockouts show reduced VEGF levels 

comparable to those seen in IL-12p35 single knockouts.   
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The current understanding of IL-12p35 synthesis indicates that this subunit is not released 

by cells unbound329. The recent description of IL-35, a IL-12p35 EBI3 heterodimeric sets the 

precedence for more p35 binding partners306,329. The exact contribution of IL-12p35 subunit to 

the maintenance of HSK remains unclear, but reflects an exciting development in the study of the 

IL-12 cytokine family in the pathogenesis of HSK immunopathology. 
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Figure 1. Mice lacking IL-12 develop HSK.  IL-12p35-/-, IL-12p40-/-, IL-12p35-/-p40-/- (double 

knockout), and WT mice infected with HSV-1 RE were scored for HSK by slit-lamp 

examination from 7 – 21 dpi.  Data shown reflect n values of at least 5 mice per group and are 

representative of 2 or more independent experiments.  
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Figure 2.  Mice lacking IL-12p35 have a reduced corneal leukocytic infiltrate. At 13, 17, and 

21 dpi, corneas were dispersed into single cell suspensions and stained with anti-CD45, CD4, 

and Gr-1 mAb. Cell suspensions were analyzed by flow cytometry. Data are represented as mean 

± SEM number of CD4+ T cells (Left axis), and GR-1bright neutrophils (Right axis).  Data reflect 

the average of 2 independent experiments with n values of at least 4 corneas per group. * p < .05; 

** p < .01. 
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Figure 3.  IL-12p35-/- corneas contain an increased Treg population during disease 

regression.  Corneas were dispersed into single cell suspensions at 13 and 17 dpi and were 

stained with anti-CD4, CD25, and FoxP3 mAb. Corneal suspensions were analyzed by flow 

cytometry.  Data are represented as mean % ± SEM CD25+FoxP3+ cells in the CD4+ T cell 

population.  Groups consisted of 5 or more individual corneas and results reflect the average of 2 

independent experiments. * p < .05, *** p < .001. 
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Figure 4. Regulatory T cells do not cause disease attenuation in IL-12p35-/- mice. IL-12p35-/- 

and WT mice were ~80% depleted of Treg cells by treatment with anti-CD25 mAb (PC61) 3 

days prior to infection with HSV-1 RE (A, comparing depletion in WT mice). WT and IL-12p35-

/- mice were followed for HSK (data not shown and B, respectively), and at 21 dpi, dispersed 

corneas were stained with anti-CD4, CD8, CD45, and GR-1 and analyzed by flow cytometry 

(WT, C and IL-12p35-/- D). Data are represented as mean ± SEM number of cells per cornea.   

Results represent the average of 2 independent experiments with an n value of at least 6 mice per 

group. * p < .05. 
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Figure 5. Absence of IL-12 alters expression of cytokines and chemoattractants in corneas. 

WT, IL-12p35-/-, IL-12p40-/-, and IL-12p35-/-p40-/-  corneas were harvested at 17 dpi.  Corneas 

were homogenized by sonic dismembranation in PBS + protease inhibitor, and analyzed by 

multiplex bead array for cytokine and chemokine expression. Data are represented as mean ± 

SEM pg/ml of analyte. Groups consisted of 5 or more corneas and results were averaged between 

two independent experiments. * p < .05, ** p < .01.  
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