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Abstract
Allogeneic hematopoietic cell transplantation (allo-HCT) is a potentially curative treatment
for a variety of hematologic and immunologic diseases. However, graft-versus-host
disease (GVHD) remains the major complication that causes significant morbidity and
mortality despite the currently practiced immunosuppressive therapies. New approaches
for controlling GVHD while preserving the beneficial graft-versus-leukemia/lymphoma
(GVL) effect are necessary if we hope to achieve the curative potential of allo-HCT, which
requires a better understanding of the underlying mechanisms.
GVHD is known to be caused by donor-derived T cells that recognize allogeneic
antigens expressed on host cells and subsequently damage host normal tissue. In
addition to TCR signaling stimulated by MHC-antigen complex, co-stimulatory pathways
are involved in T cell activation and function. The co-stimulatory molecule CD27 is a
TNF receptor family member constitutively expressed on T cells, B cells and NK cells
and its ligand, CD70, is known to be expressed on activated antigen-presenting cells
(APC) as well as T cells. Interaction of CD27 and CD70 in inflammatory conditions has
been shown to cause immune dysregulation and immunopathology. However, the role
of this pathway in an allogeneic transplantation setting is previously unknown.
The CD27-CD70 pathway is known to provide a costimulatory signal with CD70
expressed on antigen-presenting cells while CD27 functioning on T cells. Although CD70
is also expressed on activated T cells, it remains unclear how T cell-derived CD70 affects
T cell function. Therefore, we have assessed the role of T cell intrinsic CD70 using
adoptive transfer models including autoimmune inflammatory bowel disease (IBD) and
allogeneic graft-versus-host disease (GVHD). Compared with WT T cells, CD70-/- T cells
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surprisingly caused more severe IBD and GVHD and produced higher levels of
inflammatory cytokines.

Mechanistic analyses reveal that IFN- induces CD70

expression in T cells, and CD70 limits T cell expansion via a regulatory T cell-independent
mechanism that involves caspase-dependent T cell apoptosis and upregulation of
inhibitory immune checkpoint molecules. Overall, our findings demonstrate for the first
time that T cell-derived CD70 plays a novel immune checkpoint role in inhibiting
inflammatory T cell responses. This study suggests that T cell-derived CD70 performs a
critical negative feedback function to downregulate inflammatory T cell responses.
Following lethal irradiation, emergency hematopoiesis of stem cells occurs in the
bone marrow niches. Triggering of host-derived CD27 on hematopoietic stem cells then
skews differentiation towards an anti-inflammatory cell phenotype. Hostderived CD27 inhibits GVHD as CD27-/- hosts show significantly increased GVHD. This
is evidenced by reduced survival, more severe weight loss, and increased clinical
GVHD score. In addition, CD27-/- hosts have higher levels of proinflammatory cytokines
TNF-α, IFN-γ, IL-2, and IL-17. Moreover, accumulation of donor CD4+ and CD8+ effector
T cells is increased in CD27-/- versus wild-type hosts. Mechanistic analyses suggest
that CD27 expressed by host hematopoietic cells is involved in the control of
alloreactive T cell apoptosis and expansion. Overall, our findings demonstrate that
host CD27 serves as a unique negative regulator of allogeneic T cell response by
contributing to donor T cell apoptosis and inhibiting expansion of donor effector T cells.

xi

Chapter 1:
Overview of Graft versus Host Disease
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Overview GVHD
Allogeneic hematopoietic cell transplantation (allo-HCT) is a potentially curative
treatment for a variety of hematologic and immunologic diseases. However, graft versus
host disease (GVHD), the major toxicity of allo-HCT, remains the main complication that
causes significant morbidity and mortality [1]. Around 30-50% of patients undergoing
allo-HCT will present with acute GVHD which therefore limits the wider applications of
this therapy [2]. Though allo-HCT is the only curative option for many hematological
malignancies, the risk of death from acute GVHD, up to 20%, still limits the success of
this treatment [3-5]. GVHD is still a major obstacle following allo-HCT over 60 years
after the first transplant [6].

Central tenets of GVHD
GVHD is an immune triggered process brought on by immune dysregulation and
dysfunction of both the recipient and donor cells [7]. In 1966 Dr. Rupert E. Billingham
postulated the three requirements for development of GVHD: 1. The donor graft must
contain immunologically competent cells, mainly mature T cells, 2. The recipient must
be incapable of rejecting the transplanted donor cells (immunocompromised), 3. The
recipient must have tissue antigens expressed that are not found in the donor (genetic
disparity) [8]. GVHD is simply summarized as donor immunocompetent cells
recognizing and attacking host tissue in immunocompromised allogeneic recipients [8,
9]. Only when all three requirements are met can GVHD occur.
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GVHD can generally be broken into two types: acute and chronic, which have distinct
clinical presentations. Classically the differentiation between acute and chronic GVHD
was dependent on whether symptoms presented prior to 100 days (acute) or after 100
days (chronic) [5]. Recently more emphasis has been placed on the features of the
disease as opposed to the arbitrary timeline [10]. Acute GVHD is defined as systemic
inflammation and tissue destruction of the gut, liver, lungs, bone marrow, thymus, and
skin [5]. This presents as derangement (disturbance of normal bodily functioning) of
skin, liver, gastrointestinal tract, eyes, and oral mucosa [11, 12]. Skin rashes, diarrhea,
and recurrent infections are also common symptoms of GVHD [7]. Chronic GVHD
presents with more autoimmune and fibrotic-like features. This includes causing
pathology in mucosal tissue, glands, subcutaneous tissue, joints, skin, liver, and gut [5].
While chronic GVHD still presents a major challenge in the clinic, the etiology and
progression differ from that of acute GVHD [13]. The remainder of this thesis will focus
solely on acute GVHD.

Etiology of GVHD
GVHD progression is divided into three major phases. The first phase is defined by an
exaggerated inflammatory response leading to the activation of antigen presenting cells
(APCs). This is generally caused by the conditioning regimen prior to transplant. The
recipient’s immune system is commonly suppressed with chemotherapy and/or radiation
before donor cell infusion. This conditioning leads to a significant release of proinflammatory cytokines termed the ‘cytokine storm’ [14]. The released cytokines,
including IL-1 and TNF-a, then initiate the activation of recipient APCs [15-22].
3

Pathogen associated molecular patterns (PAMPs), a prototypical example being
bacterial lipopolysaccharides (LPSs), are also released from host tissue immediately
following the conditioning regimen .These PAMPs and DAMPs can further activate both
host and donor APCs leading to increased activation of donor T cells [14]. Activated
APCs present the alloantigens which are then recognized by the incoming donor T cells.
The second phase of GVHD is the efferent phase. This phase is defined by donor T
cells trafficking and expanding. The proliferation, differentiation, and cytokine secretion
profile can then amplify the allogeneic immune response. The final phase is the effector
phase. The effector phase is categorized by a complex cascade of multiple cellular and
inflammatory effectors beginning with cytotoxic donor cells. These donor cells cause
target organ damage and continually propagate this pathway of cytokine release, donor
T cell activation, and host tissue damage [7].
Donor T cells are recognized as the major cause of GVHD [23]. The resulting
disease is due to impaired three-way crosstalk between immune cells, tissue
homeostasis, and pathogens/toxins. This leads to alterations in host-protective immune
responses and susceptibility of particular tissues to damage from donor T cells [24]. The
activation of donor T cells is influenced by the strength of the T cells receptor (TcR),
anatomical location, co-stimulatory/co-inhibitory signaling, and differentiation stage of T
cells [25]. In addition to TcR signaling and co-signaling pathways, cytokines and
chemokines are required for the full activation of donor T cells and allow for their
migration towards target tissues [5].
Multiple host cell types are also involved in initiating GVHD. This includes innate
lymphoid cells, APCs, immune regulatory cells, and intestinal cell populations [25]. Host
4

APCs not only mediate GVHD through T cell activation, but also through release of a
wide variety of tissue damaging factors including TNFa and reactive oxygen species
(ROS) [25, 26].

Radiation in GVHD
Pre-transplant conditioning, including radiation and chemotherapy, significantly alters
the balance of immune cell populations in the recipient. Radiation therapy has different
effects on all host cell subsets [27]. Compared to B cells and naïve T cells, memory T
cells, natural killer (NK) cells, and dendritic cells (DCs) are relatively radioresistant. This
is also true of some hematopoietic stem cell (HSC) subsets and resident macrophages,
potentially due to their radioresistant precursors [28, 29].
Studies have shown that dendritic cell populations are more radioresistant and
have prolonged survival compared to other leukocytes following radiation therapy [30,
31]. Radiation can quickly alter the function of DCs by increasing their ability to process
and present antigen [30]. Radiation as a conditioning regimen leads to the increased
expression of major histocompatibility complex II (MHCII) and multiple co-stimulatory
molecules on dendritic cells. This is especially true for CD70, which is undetectable on
resting cells [30, 32]. Following radiation therapy host DCs are able to activate donor T
cells in only 24hrs, before the DCs begin to die off from conditioning [31]. This
interaction between host DCs and donor T cells leads to the rapid proliferation of T cells
and interferon-gamma (IFNy) production.
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Radiation causes nontargeted effects in the host that can be grouped into two
main categories: 1. Radiation induced genomic instability, effects in nonirradiated
decedents of irradiated cells, and 2. Radiation induced bystander effects, effects in cells
that receive signals from irradiated cells [33, 34]. This radiation induced bystander effect
is especially important for the changes associated with recipient macrophages.
Macrophage activation following radiation is not caused by the irradiation (IR) of
macrophages themselves but associated with the engulfing of radiation induced
apoptotic cells [33]. The inflammatory response to clearance of apoptotic cells following
treatment is dependent on the macrophage phenotype. Classically activated, M1,
macrophages are highly efficient for removal of apoptotic cells whereas alternatively
activated, M2, macrophages are not as efficient [33]. Studies have shown that 24hrs
following radiation there is a marked increase in macrophage activation [34]. The
activated macrophages then perpetuate the inflammation by producing proinflammatory
and proapoptotic factors to induce DNA damage in other cells [33, 34]. Tissue resident
macrophages may be even more radioresistant than other host cell populations. Studies
in murine models have shown that up to 20% of host skin macrophages can persist for
24 weeks following allo-HCT [35]. These host macrophages are still capable of
recruiting donor allogeneic T cells to the skin and inducing skin cell damage [35, 36].
Gradually, these host macrophages are replaced by new donor-derived macrophages.
Similar to DCs and macrophages, some HSCs are more radioresistant than
others [37]. Gamma-ray radiation causes immediate damage to all intermediate subsets
of HSCs either through inducing apoptosis or long-term senescence [29]. Immediately
following radiation, progenitors in the bone marrow segregate into populations that are
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capable of long-term regeneration or not. The long-term stem cells have increased
radio-resistance compared to short-term HSCs because of their slow progression
through the cell cycle [29]. Following IR remaining HSCs resemble those of aged mice.
The IR exposure induces long-term modifications including increased P-selectin,
accrued DNA damage, and higher frequency of apoptotic events [29]. The specific bone
marrow niches that contain the long-term HSCs also contain mesenchymal stem cells
(MSCs) [37]. These MSCs are even more radioresistant than long-term HSCs.
Interaction between MSCs and HSCs, maintained by bone marrow macrophages, helps
in maintaining the HSC population following radiation therapy. Studies have shown that
depletion of bone marrow macrophages forces HSCs to mobilize into the blood [38].

Alloantigen in GVHD
As mentioned previously the major cause of GVHD is donor T cells recognizing host
tissue as foreign and attacking those sites. Antigens, either peptides or minor
histocompatibility antigens (mHAs), are mainly presented by MHCI, but can be
presented by either MHCI or MHCII to induce GVHD [39, 40]. Alloantigen is ubiquitous,
persists indefinitely, and can be presented to multiple cell types at numerous sites
during the intense inflammation after transplantation [41]. Prevention and treatment of
GVHD therefore relies on the broad suppression of T cells and inflammation but doing
so can negatively affect the beneficial outcome of the graft versus tumor (GVT) effect.
For GVHD induction it is important to consider MHC-matched and MHC-mismatched
transplants separately because of the distinct pathways of processing and presenting
antigen. In MHC-matched transplants the alloantigen are polymorphic genes that differ
7

slightly between donor and recipient [41]. Exogenous peptides can be presented by
either host or donor APC MHCI via cross-presentation [42]. Alloantigens presented by
MHCI are predominantly endogenous, but during times of cellular stress endogenous
peptides can be presented by MHCII [43, 44]. In MHC-mismatched transplants donor T
cells cross react to non-self MHCs loaded with self-peptides (molecular mimicry) [4548]. Donor T cells react in this mismatched setting with a high frequency (1-10%) [45,
49]. This leads to extensive capacity for conformational changes in the MHC-peptide
complex to be recognized by MHC-disparate T cells.
The importance of the gastrointestinal tract in severe acute GVHD has been well
established [50]. The gastrointestinal tract contains an extensive microbiome which acts
as a reservoir for danger-associated molecular patterns (DAMP) and PAMP signals [18,
20, 51]. Following conditioning these DAMP/PAMP signals are released and lead to an
increase in toll-like receptor (TLR) signaling on host APCs [52-54]. The TLR signaling
exacerbates GVHD by creating a feed forward loop of production, release, and
recognition of proinflammatory cytokines [55].

Role of T cells in GVHD
GVHD develops in response to a full MHC (I and II) disparity, is dependent on CD4 T
cells, and CD8 T cells cause additive pathology [56]. Once cognate antigen is
encountered, the activated donor T cells can undergo massive expansion which occurs
primarily in the lymph nodes, Peyer’s patches, and spleen [28, 57, 58]. The activated T
cells produce cytokines which enter the circulation and elicit chemokine responses from
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target organs that attract alloreactive T cells [59]. Donor T cells migrate to target tissue
and accumulate to detectable levels by 3-5 days post allo-HCT [28, 57]. This
accumulation is facilitated by host APCs within the GVHD target tissues that recruit
alloreactive T cells to these sites [26]. Once activated alloreactive T cells reach GVHD
target organs they can directly damage host tissue via multiple cytotoxic pathways [59,
60].
T cell activation, proliferation, and differentiation are considered the determining
factors for GVHD induction and severity. Following activation, CD4 T cells will
differentiate into either Th1, Th2, Th17, or Treg cells [26, 61]. Classically it has been
believed that acute GVHD is due to the increase in Th1 and Th17 subsets while chronic
GVHD is caused by Th2 T cells, but this paradigm has been challenged in recent years
[62-65].
T cell subsets: Th1
T cells can be divided into multiple subsets depending on distinct markers, cytokine
secretion, and stimulation. Th1 cells are distinguished by the production of IFNy, IL-2,
IL-1, IL-6, IL-12 and TNFa [20, 66, 67]. These cytokines are produced via the
transcriptional pathways of T-bet, STAT1, STAT4, and c-Rel [56]. IFNy can be both
suppressive and cytotoxic depending on the context and timing of the production [56,
64, 68, 69]. Very early production of IFNy can suppress GVHD whereas it has been
shown that later production can be cytotoxic, especially to intestinal cells [70-72]. TNFa
also plays a key role in the early initiating steps of aGVHD as well as amplifying the
disease progression once it is established [66]. TNFa has both direct and indirect
effects on GVHD due to its ability to induce apoptosis of target tissue and activate T cell
9

proliferation [73, 74]. Like IFNy, IL-2 plays suppressive and activating roles in GVHD
[56]. IL-2 was initially described as the T cell growth factor and can promote the function
of CD4 effectors cells. Treg cells have a higher affinity for IL-2 than other Th subsets
[75, 76]. Therefore, they can bind and respond to IL-2 at much lower concentrations
than effectors cells. This can result in a switch from proinflammatory to antiinflammatory environment following transplant.
T cell subsets: Th2
Th2 type T cells and the anti-inflammatory cytokines produced, mainly IL-4 and IL-13,
are known to reduce GVHD under certain conditions [64, 65]. Th2 cells use the
transcriptional pathways of STAT6, GATA3, STAT5, and STAT3 to produce IL-4 and IL13, which leads to their protective effect in GVHD [77]. In vitro studies have shown that
IL-13 can downregulate TNFa production following allo-HCT and increase the secretion
of IL-4 and TGFB [78]. The role of Th2 cytokines in GVHD may also be timing and
tissue dependent. As expected, T cell proliferation and GVHD severity was increased in
murine studies using IL-4 deficient T cells [77, 79, 80]. Surprisingly, when studies
combined Th1 and Th2 deficient T cells they were able to determine that both subsets
can contribute to GVHD progression [65].
T cell subsets: Th17
Th17 type T cells have also been shown to have a direct role in GVHD pathobiology
[81]. Th17 cells are highly proinflammatory and have been implicated in the induction of
several autoimmune diseases [82]. Th17 cells produce IL-6, IL-17, IL-21, IL-23, and
TGFB via the RORyt, STAT3, and IRF4 transcriptional pathways [83, 84]. IL-17 is one
of the major cytokines released from these cells and neutralizing studies have shown
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this to be a viable target in suppressing GVHD [85]. IL-17 is often found only in samples
taken from the gut, but not skin of GVHD patients [62]. This suggests a more directed
therapy than other cytokine neutralization studies. IL-21 is also produced by Th17 cells.
IL-21 can promote the differentiation, maturation, and expansion of NK cells, B cells, T
cells and APCs [5, 86]. IL-6 is a pivotal inflammatory cytokine in the immune system. It
plays an important role in altering the balance of the effector and regulatory arms,
especially between Treg and Th17 cells [87, 88]. IL-6 induces the differentiation of Th17
cells in combination with TGFB. It then inhibits TGFB induced Treg differentiation.
Studies have investigated the Th17/Treg ratio in skin and gut biopsies and shown
positive correlation between this ratio and disease severity [56]. The use of anti-IL-6
mAb in acute GVHD models led to the expansion of Treg cells and reduction of
pathological gut GVHD [89].
T cell subsets: T regulatory cells (Treg)
Almost 50 years ago, scientists made the discovery that a small subpopulation of T cells
could dampen the immune response [90]. These suppressive T cells play a critical role
in maintaining self-tolerance and immune homeostasis [91]. Treg cells express the
FoxP3 transcriptional repressor and produce IL-10 and TGFB [56]. Adoptive transfer of
Treg cells is a promising therapy for patients receiving transplantation or suffering from
various autoimmune diseases. Studies in murine models have clearly shown that Treg
cells play a vital role in attenuating GVHD [91].
Novel Th subsets: Th9, Th22
Th9 cells were characterized as the most consistent IL-9 producing T cells in 2010 [92].
Th9 cells generate abundant IL-9, IL-10, CCL17, and CCL22 [88, 93-95]. These cells
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have been classified as primarily proinflammatory and appear to function in a broad
spectrum of autoimmune diseases. The role of Th9 cells in GVHD pathogenesis
remains unknown. Some studies have shown that donor Th9 cells may increase GVHD
by directly exacerbating intestinal injury while others show that they recruit
immunosuppressive mast cells to sites of injury [93, 96].
Th22 cells were first described in 2009 and were shown to produce IL-22, IL-10,
and TNFa [97]. These cells are typically classified as anti-inflammatory due to their
production of IL-22 and IL-10 [98]. In GVHD, IL-22 deficiency in donor T cells
decreased severity of GVHD by limiting systemic inflammation [99]. In contrast, host IL22 deficiency led to increased crypt apoptosis, depletion of intestinal stem cells, and
loss of epithelial integrity [100]. These studies suggest differential effects of IL-22
depending on whether it is produced by host or donor cells.
T cell targeted therapies
Since donor T cells are the main effectors of GVHD severity many therapies have been
developed and tested to control T cell effector function. This includes targeting TcR
signaling, T cell homing, intracellular pathways, and co-stimulatory/co-inhibitory
signaling as well as therapies developed to increase Treg cells [5].
Therapies designed to target downstream T cell signaling pathways have been
tested in GVHD models. The most common of which are the tyrosine kinase inhibitors
currently used in clinic [5]. PKCθ, which is crucial for T cell activation and survival, has
also been a major focus of therapies directed at targeting the TcR signaling pathway.
PKCθ was shown to be required for alloreactivity of T cells [101]. Inhibitors of this
pathway were shown to decrease IL-2 and IFNy production by T cells [102, 103]. Other
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pathways targeted include the JAK/STAT pathway, which has shown some promise in
pre-clinical models [104, 105]. The inhibitors were able to decrease GVHD without
decreasing the beneficial GVT effect [106]. Some trials are currently testing using
proteasome inhibitors, which show promise due to the ability to inhibit cytokine signaling
and NFkB activation [107-109].
Other T cell focused therapies have addressed the issue of T cell homing to
GHVD target tissue sites [110]. Selectin and their ligands, which are critical for cell
tethering and rolling, are often unregulated during inflammation [5]. The ability of
allogeneic T cells to traffic to specific sites may be an essential factor of GVHD [26].
Inhibitors of these molecules have been tested and are thought to limit the homing of
alloreactive T cells [111, 112]. Unfortunately, this therapy will also cause major
complications with wound healing and infections following transplantation. Inhibitors to
chemokine ligand receptors have also been targeted in GVHD. Receptors of several
key chemokines, such as CCR9, CCR4, CCR10, and CXCR3, are highly expressed on
cells located in important GVHD target organs like the gut and skin [113-116]. By
inhibiting the chemokine receptors the homing of alloreactive T cells was decreased, but
Treg recruitment to these target organs was also inhibited [110].
Many immune regulatory pathways in T cells are downregulated during the
effector phase of GVHD. Therapies designed to target these intracellular
immunoregulatory pathways have shown to be effective in some preclinical models.
One of the key targeted pathways is the generation of indoleamine 2,3-dioxygenase
(IDO) [5]. IDO limits tryptophan leading to the arrest of T cell proliferation and eventually
T cell death. M2 macrophages and other immunoregulatory cells can produce IDO and
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push T cells towards a regulatory differentiation [117]. Studies have shown that IDO is
induced in the gut of GVHD patients, but too long after disease onset to reduce T cell
activation [118]. Therefore, therapies aimed at increasing IDO production early in the
disease course may prove beneficial.
A major focus of T cell therapies for GVHD patients has been targeting costimulatory and co-inhibitory pathways necessary to induce the T cell proliferation,
cytokine secretion, and effector function following TcR signaling [119]. A balance of costimulation and co-inhibition on T cells can increase or decrease GVHD, but costimulation alone is insufficient to trigger a productive T cell response [25]. The most
studied of these co-stimulatory pathways is the CD28:B7 pathway [5]. Starting in the
1990s, CD28 blocking agents were tested to reduce host GVHD [120, 121].
Unfortunately, early studies targeting CD28 show that there were many limitations when
blocking this pathway including decreased Treg survival [25]. Since that time ICOS,
CD40L, CD30, and OX40 have all been tested and shown to be effective in reducing
GVHD [25, 122]. Blockade of CD40:CD40L reduced GVHD and augmented nTreg
function but was limited due to the off-target toxicity of following treatment [123-125].
Studies have also investigated inhibitory molecules such as PD1, BTLA, HVEM,
Lag3, TIGIT, and VISTA [25, 126]. Agonizing these inhibitory pathways has also shown
to be effective in reducing GVHD. Studies testing co-stimulatory blockade and coinhibitory agonist have shown that these treatments often lead to dampened immune
responses and increased tumor relapse rate [25, 120, 127]. Further research into
additional co-stimulatory/co-inhibitory therapies is still needed in order to control GVHD
while retaining immune function following allo-HCT.
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Additional therapies tested in preclinical models of GVHD were aimed at
increasing Treg and tolerogenic DC populations. Natural Treg populations suppress
autoreactive lymphocytes and control innate and adaptive immune responses [128130]. Impairing this population leads to the loss of tolerance, increased autoimmunity,
and induction of cGVHD [131-135]. Transplanting a high dose of induced Treg (iTreg)
and a low-dose of T effector T cells together eliminated GVHD, but increased to risk of
graft failure, tumor relapse, risk of infection, and delayed immune reconstitution. Treg
cells can be induced in the recipient in the presence of TGFB or tolerogenic DCs. The
induced Treg cells have greater expansion efficacy than the nTreg populations making
this a promising therapy for GVHD treatment [136-138].

Role of APCs in GVHD
Following allo-HCT some, but not all, recipient APCs are replaced by donor APCs [28].
While donor APCs play a role in perpetuating the tissue injury, recipient APCs are
required for priming and maximal GVHD and GVT effect [28]. Host APCs are crucial for
GVHD early following transplant because large numbers of donor APCs are not
available for the early activation of T cells [26]. Donor APCs play a role later in GVHD
progression [26, 43, 139]. The void in host APCs created by the conditioning regimen is
eventually filled by differentiated APCs contained within the donor graft. The mode and
intensity of the conditioning regimen, as well as the presence or absence of T cells,
dramatically affects the kinetics of donor engraftment [31, 140-143]. Studies have
shown that the transplant of only donor hematopoietic stem cells (HSCs), without T
cells, leads to persistence of recipient APCs in much greater numbers than conventional
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grafts including T cells [28]. Radiation therapy can alter the balance of immune cells in
recipients due to the differential radio-sensitivity of different cell types [30]. Following
pre-transplant conditioning, radiosensitive APCs and precursor populations are lost
within a few days of transplant while radioresistant precursors remain [140-145]. Some
precursor populations, including long-term HSCs, are radioresistant and can persist
following allo-HCT [29]. Macrophages and skin DCs are also fairly radioresistant to full
conversion to donor chimerism. The recovery of donor DCs and macrophages following
allo-HCT is more rapid than the recovery of donor B and T cells [146]. The conditioning
regimen also increases the expression of co-stimulatory molecules on the surface of
host APCs, including CD40, CD80/86, and CD70 [30, 32].
Following transplantation there are two phases that influence the functional
status of APCs. The first is the recipient conditioning that leads to the loss of epithelial
integrity and exposure to microbial products. This includes the translocation of bacterial
products (LPS) across the damaged epithelium leading to the activation of
macrophages [20, 147]. These host macrophages then produce and release proinflammatory cytokines [17, 18, 20, 21]. This induces the activation of the innate
immune system, including NK cells, gamma delta T cells, and macrophages which all
play a key role in GVHD initiation [148, 149]. The licensing of host APCs is an essential
checkpoint that controls the initiation of GVHD. This step is sufficient to overcome the
regulatory mechanisms that normally induce peripheral tolerance. The second phase is
the resolution of the inflammation that leads to the new steady state. Following this step,
the ability to provoke immunity against the host is substantially reduced because of
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fewer host APCs. In the absence of inflammation, donor cell tolerance may be induced
by default [150, 151].
The exact host cell populations necessary for induction of GVHD is still unknown.
Both hematopoietic and non-hematopoietic cells can participate in antigen presentation
to varying degrees [152-155]. Studies have shown that hematopoietic APCs expressing
MHCI and/or MHCII and non-hematopoietic APCs expressing MHCII can initiate lethal
GVHD [41]. Professional APCs are cells that specialize in the role of processing and
presenting antigens with an effectiveness that is above the threshold to promote an
adaptive response [156]. This includes B cells, macrophages, DCs, and under some
conditions gamma delta T cells and CD34 progenitors cells [157, 158]. The conditioning
regime can also activate non-hematopoietic APCs, which are then highly efficient for
MHCII-dependent GVHD initiation [41]. Depletion of specific cell groups, like phagocytic
DCs and macrophages, from the liver and spleen leads to the reduction of donor T cell
infiltration in these target organs [41]. Studies investigating adding back host cell
populations following transplant have shown that DCs, not B cells, are most important in
the induction of CD4 and CD8 T cell dependent aGVHD [159]. Even very small numbers
of host CD11c+ DCs are enough to prime donor T cells and induce T cell activation and
differentiation following conditioning [31]. Host pDCs, B cells, macrophages, and
Langerhans cells appear to have a redundant role in GVHD initiation [26]. Thus multiple
host cell populations must be addressed in order to eliminate lethal GVHD.
Professional APCs are highly efficient at loading peptide antigens to MHC and
delivering the MHC:peptide complex to the cell surface. Host dendritic cells pick up
antigen at peripheral tissues and traffic to secondary lymphoid organs, which allows
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them to be the most effective at priming naïve donor T cells [160, 161]. APCs can use
three main pathways to sensitize alloreactive T cells. First is direct presentation in which
donor APCs present intact donor MHC molecules with host peptides. The second
method is indirect presentation in which host APCs process and present the donor MHC
as the peptide. The third method involves recipient APCs acquiring donor MHC
molecules on their surface. This is known as APC ‘cross-dressing’. Several studies
have shown that host APCs, mainly immature DCs, are able to acquire intact MHC
molecules from donor cells to present on their cell surface [160, 162]. This allows host
APCs, now expressing foreign MHC:peptide complex, to be recognized by donor T
cells. Host APCs can acquire MHCI or MHCII by capturing released exosomes that
express these molecules [163]. This can be from donor DCs, macrophages, activated T
cells, or B cells. The exosomes plus MHC alone are not able to stimulate T cell
proliferation directly [163]. Once the MHC+ exosome is engulfed by recipient APCs,
those APCs can migrate to target areas and induce rapid T cell proliferation.
GVHD target tissues are thought to be involved because of a highly dense
network of APCs in compartments of these tissues [28]. Target tissues are also
potential sites of exposure to microbes following pre-transplant conditioning. Major APC
populations occupy distinct sites and recirculatory patterns but are often recruited to
sites of inflammation following pre-transplant conditioning [164, 165]. Turnover of APC
populations in lymphoid tissue in mice takes about 2 weeks for most cell types [41].
Specific cell types, like host macrophages, may have very slow turnover rate and can
last over a year following allo-HCT [166]. The priming of APCs at these sites can imprint
the expression of tissue specific homing receptors on activated donor T cells. APCs
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primed during the first phase of GVHD then migrate to draining lymph nodes to prime
the donor T cells either directly or indirectly. Secondary resident APCs may then recruit
the activated T cells to the target organs [28].
Once recipient and/or donor APCs are primed they traffic to lymph nodes,
Peyer’s patches, and the spleen in order to interact with donor T cells. This allows the
alloreactive donor T cells to undergo a rapid burst of proliferation. About 3-4 days
following the transplant a large number of donor lymphoblasts enter the peripheral
circulation [57, 58, 167]. Studies have shown that host APCs are important, but not
required, for the retention of donor CD4 T cells in the lymph node [168]. Donor APCs
also help with the cross-presentation of foreign antigen at these sites. This crosspriming of T cells by donor APCs alone is not sufficient to induce GVHD though. For
complete GVHD induction there is a requirement of host APCs expressing MHCI [43].
The recognition of host MHC molecules with host peptides by donor TcR is the
dominant mode of allorecognition [26].
DCs
Host dendritic cells are one of the main effector cell populations leading to development
and severity of GVHD [141, 159, 169]. Typically following immune activation T cells
enter the lymph nodes and briefly interact with DCs in a process known as screening
[170]. This screening phase can last 4-8 hours [171]. Following this screening phase,
specific T cells can establish long-lasting interactions with DCs, which can last between
8-12 hours [172, 173]. T cells that can form long-lasting interactions with DCs are then
able to proliferation and differentiate [174, 175]. In the setting of GVHD no screening
process is needed for donor T cells due to the abundance of antigen [176]. Allogeneic T
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cells rapidly form long-lasting interactions with host DCs to begin proliferating and
differentiating. Studies have shown that by 24 hours following transplant, allogeneic T
cells were moving rapidly throughout the host [172]. This shows that these T cells were
able to quickly interact with and leave host DCs. The presence of IL-10 can disrupt the
T cell- DC interaction and limit the expansion of allogeneic T cells [177].
Macrophages
Though DCs are the most potent of the professional APCs, macrophages and
neutrophils still play a role in severity of GVHD [178]. Host tissue resident macrophages
can be resistant to the conditioning regimen prior to transplant [179]. This is especially
true of macrophages in lymphoid tissues such as the spleen and lymph nodes [166]. In
mouse models, macrophages were able to persist in these lymphoid organs more than
96 hours following conditioning. Other host cell types such as neutrophils, T cell and NK
cells are rapidly eliminated following conditioning. Host B cells and subsets of DCs are
also quickly eliminated following radiation, these cells are below detectable levels 48
hours following total body irradiation (TBI) [31]. The reduction of host macrophages
following allo-HCT increased donor T cell expansion and aggravated GVHD mortality.
Studies have shown that the residual host macrophages following transplant are
essential for engulfing the donor T cells to inhibit proliferation and cytokine release
[166]. Further studies were able to show that this is dependent on STAT3 signaling in
macrophages. Though STAT3 signaling in T cells can limit the stability and expansion of
Treg cells, this pathway can increase the anti-inflammatory subsets of APCs [180-183].
STAT3 drives the production and secretion of IL-10 from macrophage subsets while
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also decreasing production of proinflammatory cytokines [184, 185]. STAT3-deficiency
in macrophages enhanced donor T cell expansion and GVHD severity [178].
Host APC targeted therapies
Much like immunosuppressive agents aimed at decreasing T cell effector function,
many agents have been tested in humans to blunt the effects of APC priming of donor T
cells. Novel therapies are aimed at targeting APCs to limit or alter their function and
number. Calcineurin inhibitors, glucocorticoids, and mycophenolate mofetil modulate T
cell activation and influence DC functions [186-188]. Calcineurin inhibitors block antigen
uptake and processing [186]. Glucocorticoids inhibit DC differentiation and cytokine
production [188]. G-CSF therapy can mobilize host DCs and alter their capacity to
generate cytokine, including IL-12 [189-191]. Unfortunately, after these agents are
withdrawn the surviving T cells can be recruited to target tissues and cause damage.
The complete depletion and/or interference of APC function is not a possible therapy if
preservation of the beneficial GVT effect is necessary [28, 43].
Additional immunomodulatory cellular therapies have investigated harnessing the
potential of NK cells, MDSCs, and mesenchymal stem cells (MSCs). Donor NKs have
shown some efficacy in inhibiting GVHD by limiting T cell proliferation and decreasing
IFNy secretion. NKT cells are relatively enriched in recipients following radiation. The
activation of these NKT cells can limit GVHD in in vivo models. MDSCs can suppress T
cell function through the release of IDO, iNOS, and IL-10. These factors regulate
essential amino acid metabolism, soluble mediators, and cell-to-cell contact. MDSCs
suppress in a similar manner to M2-like macrophages. Since myeloid cells have more
plasticity than lymphoid lineage cells targeting them as a therapy is more challenging
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[192]. These cells can quickly be skewed from anti-inflammatory to proinflammatory
depending on the cytokines present following transplant. MDSCs transplanted early
following conditioning convert to a DC-like phenotype and lose their suppressor function
[5].
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Chapter 2:
Co-stimulatory and co-inhibitory pathways in cancer immunotherapy

A portion of this chapter has recently been published in Advances in Cancer Research.
Rachel E. O’Neill and Xuefang Cao. Co-stimulatory and co-inhibitory pathways in
cancer immunotherapy.
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Introduction:
Recent advancements in the field of tumor immunology have shown that
harnessing the potential of the immune system is needed to eradicate cancer. Immune
responses are modulated by a complex network of checks and balances, which include
co-stimulatory and co-inhibitory pathways involved in regulating T cell activation and
function. Activation of T cells requires at least two signals delivered by the antigen
presenting cells (APC). The first signal is antigen presented in the form of peptides
bound to a major histocompatibility complex (MHC). The peptide recognized by the T
cell receptor and this interaction provides specificity to the T cell response. The second
signal is provided by co-stimulatory ligands on APCs that interact with corresponding
receptors on the T cell surface. Without co-stimulation T cells will either die or become
anergic [193]. T cells require co-stimulatory signals for optimal proliferation,
differentiation, and survival making co-stimulation necessary to induce productive
immune responses. Antitumor immune responses depend on efficient presentation of
tumor antigens and co-stimulatory signals by host antigen presenting cells. Cancer
evades the immune system through various mechanisms including the use of regulatory
cells, anti-inflammatory cytokines, decreased stimulatory receptors, defective antigen
presentation, T cell tolerance, and apoptosis. Traditional therapies including
chemotherapy, radiation, and surgery are often accompanied with transient immune
suppression. This can increase a patient’s risk of infection along with decreased ability
of immune responses to cancer [194]. Though these pillars of cancer treatment are still
used today new strategies for tumor treatment are developing. New therapies include
using cellular targets such as T regulatory cells and myeloid derived suppressor cells,
vaccine therapy, and adoptive T cell transfer therapy.
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The latest tumor immunotherapy is molecular therapy directed against costimulatory and co-inhibitory markers in the tumor microenvironment. The expression of
these markers is highly versatile and responsive to changes in the tissue environment,
making them ideal candidates for tumor immunotherapy. Co-stimulatory and coinhibitory signals can be broken down into a few major families, two of which are
addressed in this review (Figure 2.1), the Ig family and the TNF family. Studies into
CD28 were the first to explore and identify the Ig superfamily of receptor-ligand pairs.
Interactions between receptors and ligands in the Ig family are key for T-B cell
interaction and development of some secondary lymphoid organs. This family includes
ICOS, PD1, LAG3, CTLA-4 and CD28 [195]. These receptors were first thought to only
control the expansion and survival of naïve T cells, but more recently have been shown
to have both co-stimulatory and co-inhibitory functions on naïve and activated T cells
[196]. The TNF superfamily of ligands and receptors provide key communication
between various cell types during development. This family consists of TNFR1 and 2,
HVEM, CD30, 4-1BB, OX40, GITR, CD27, and CD40. Many members of the TNFR
family share ligands and downstream signaling pathways creating a dense network of
co-stimulatory and co-inhibitory pathways [197]. Understanding the mechanism of
action of these receptors and ligands will help achieve therapeutic effectiveness in
human diseases.
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Ig-Superfamily Receptors
CD28 and CTLA-4
Expression and Signaling
CD28 is one of the best characterized co-stimulatory molecules on T cells.
Functional CD28 is critical for co-stimulation of naïve T lymphocytes and T regulatory
(Treg) cells [198, 199]. Without CD28 co-stimulation T cell receptor (TCR) signaling
often induces an anergic state or cell death [200]. CD28 plays a critical role in the
survival of both effector T cells and Treg cells, as shown by the rapid expanse of T cells
in culture after CD28 ligation [201]. The function of CD28 in activated T cells is
counteracted by CTLA-4, which competes for ligand binding at the immune synapse.
CD28 and CTLA-4 compete for binding to ligands CD80 and CD86. Since CTLA-4
displays a higher avidity for the ligands it displaces CD28 [202]. CTLA-4 dampens T cell
responses, potentially through increasing the threshold for TCR signaling, which can
protect against the development of autoimmune diseases, such as lupus and
autoimmune thyroid disease [200]. CTLA-4 reduces IL-2 production and increases
apoptosis, whereas CD28 increases IL-2 production and leads to increased cell survival
[203]. In vitro assays show that CTLA-4 blocks the activation of transcription factors
preferentially activated by CD28, including cJun and NFκB [204].
Immunotherapy
As humans age CD28 levels decrease on T cells, especially CD8+ populations,
which may decrease the potential use for treatment in aging cancer populations [205].
Previous studies suggest that this decrease may be an adaptation of the immune
system against chronic stimulation. It was noted that the change was due to a decrease
in the percentage of CD28+ cells, not in the expression of CD28 per cell [206]. Early
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attempts at manipulating CD28 in disease were unsuccessful partially because of the
low avidity of CD28 for its ligands and nonspecific polyclonal T cell activation. In
contrast, CTLA-4 was very effective at binding CD80/86. CTLA-4 blocks the
engagement of CD28 with CD80/86 and is able to inhibit the progression of cell cycle,
differentiation, and survival making it an ideal treatment candidate for long-term organ
graft survival [207-209]. Studies show that tumor cells transfected with CD80/86
become more immunogenic and are subsequently rejected, increasing interest in using
this pathway for tumor immunotherapy [210, 211]. Early CD28 super-agonist trials were
associated with serious toxicities and abandoned in phase I clinical trials [212, 213].
Since then, localized and targeted use of CD28 monoclonal antibodies (mAbs) has
been tested for improved effects compared to early super-agonists [214].
Chimeric antigen receptor modified T cells (CAR-T) have been created in the
hopes of harnessing the antibody specificity, homing, tissue penetration, and target
destruction of T cells to fight B cell lineage malignancies. The chimeric receptor features
the extracellular antigen binding domain from a tumor specific monoclonal antibody,
typically anti-CD19. The transmembrane and intracellular domains of the receptor are
derived from T cell signaling molecules, including CD3 and costimulatory signaling
domains. The second generation of CAR-T cells used the CD28 co-stimulatory
cytoplasmic domain to further enhance T cell function [215]. Studies have shown a
complete response rate of over 90% when treating pediatric or adult acute
lymphoblastic leukemia (ALL) with second-generation CAR-T cells. When treating solid
tumors, the efficacy of CAR-T therapy is reduced. This may be due to several reasons
including immunosuppressive factors present in the tumor microenvironment and T cell
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access to tumors. This immunosuppressive barrier has prompted further studies into
third-generation CAR-T cells, which combine multiple intracellular costimulatory
domains to enhance cytotoxicity and durability, and more recently T cells redirected for
universal cytokine mediated killing (TRUCKs). TRUCK cells are developed from
second-generation CARs with additional genes for cytokine production and release
[216].
CD28 and CTLA-4 are critical regulators in autoimmune disease and tolerance to
solid organ transplants. Animal models using CD28 deficient mice have shown a
reduction of disease intensity in some autoimmune diseases [217-219]. In fact, CD28- T
cells have been used in transplants to promote tolerance by tolerizing allogeneic
antigen presenting cell (APCs). The interaction of CD28- T cells with allogeneic APCs
induced the expression of inhibitory receptors and down-regulation of costimulatory
molecules on the APCs. This in turn converted effector T cells into suppressive FOXP3 +
T regulatory cells [220]. But, it is unclear to date whether CD28- T cells are the cause or
consequence of infectious and inflammatory conditions [221, 222]. Studies of mutations
in the CTLA-4 locus highlighted the importance of CTLA-4 in immune homeostasis.
Patients with CTLA-4 mutations were observed to have decreased suppressive function
in Treg cells and extensive CD4+ T cell infiltrate in several organs [223, 224]. Clinical
trials using CTLA-4Ig for reversing autoimmune disease and inducing allograft tolerance
are currently ongoing in addition to the proven use of CTLA-4Ig in arthritis and
prevention of rejection of renal transplants [225-227]. Currently, the long-term benefits
of CTLA-4Ig treatment outweigh the potential drawback of lymphoproliferative disorder
[228, 229]. The use of CTLA-4 on Treg populations in vivo has shown contradictory
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results in solid organ transplant models. Some studies show no change to circulating
Treg cells, but a significant increase in FoxP3/CD3 ratios in graft biopsies after CTLA-4
treatment [230]. Other studies show that CTLA-4 antibodies in vivo do not promote the
expansion of Treg cells and will not induce tolerance in solid organ transplants [231].
Many clinical trials looking at different disease types are still ongoing for both CD28 and
CTLA-4 (Table 2.1). Most of the completed trials used CTLA-4 blockade as a
monotherapy, but ongoing and future clinical trials are increasingly combining this
therapy with other traditional or molecular therapies. FDA has approved a monoclonal
antibody targeting CTLA-4 (ipilimumab) to treat melanoma and more recently renal cell
carcinoma. Unfortunately, treatment has been associated with severe and potentially
fatal adverse side effects in about 10-20% of patients. Dermatologic toxicity,
enterocolitis, hepatotoxicity, and neurological toxicity are the most commonly reported
immune related adverse events following treatment [232, 233].

ICOS and ICOS-L
Expression and Signaling
ICOS was named for being an inducible co-stimulatory molecule found mainly on
activated CD4+ T cells. Expression has not been found on resting T cells but is rapidly
induced on CD4+ and CD8+ T cells following TCR engagement [234-237]. The ligand for
ICOS, ICOS-L, is expressed on professional APCs including B cells, DCs, and
macrophages [238]. ICOS has a similar structure and signaling pathway to CD28,
promoting T cell proliferation and cytokine secretion. Studies using CD28 knockout mice
have shown that ICOS is a more potent activator of the PI3K/Akt pathway than CD28
and can lead to enhanced activation of downstream MAPKs cascade [235, 239-241].
29

ICOS-dependent CD4+ T cell proliferation is independent of IL-2 [235, 237, 242]. ICOS
favors Th2 and Th17 lymphocytes, but is critical for the induction, maintenance, and
homing of Tfh cells [234, 243-246]. Studies using ICOS deficient mice have shown that
ICOS deficiency on T cells does not affect primary clonal expansion of memory CD4 + T
cells, but these cells have defective reactivation in vivo [247]. Similarly, ICOS-deficient
patients have decreased circulating CD4+ memory T cells [248].
Immunotherapy
ICOS can enhance or dampen Th1 or Th2 responses dependent on the
pathogenic challenge [249]. Common variable immunodeficiency (CVID), characterized
by low serum gamma globulins, occurs in humans that have a homozygous ICOS
deficiency. Patients with ICOS gene mutations had increased susceptibility to infections,
mainly due to defects in B cell compartments [250, 251]. Studies involving ICOS have
mainly pursued its role in hypersensitivity and autoimmune diseases because of its
expression on Th2 and Tfh cells [252]. Lupus patients treated with anti-ICOSL
antibodies have diminished antibody production and decreased disease associated
symptoms. Neutralization of ICOSL on innate lymphoid cells has also been shown to
decrease release of cytokines central to airway hypersensitivity. Transplantation studies
looking at modulating ICOS have had less definitive results. Cardiac allograft survival in
rats increased after anti-ICOS treatment, but in kidney transplant models no effect was
observed. In cardiac allograft models the combination of an ICOS blockade with a CD28
or a CD40 blockade increased long-term allograft survival [249, 253, 254]. Other studies
have shown that a blockade of ICOS lessens GVHD, especially when used in
combination with traditional transplant therapies or CD28 blockade [255, 256].
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Since ICOS is only expressed on activated T cells, there is interest in using it to
identify immunocompetent T cells within tumors [241]. Studies analyzing the peripheral
blood from colon cancer patients identified ICOS expression, along with other B7 family
members, as significantly decreased compared to control expression, suggesting that
ICOS expression profile may serve as an early indicator of colon cancer [257]. ICOSL is
highly expressed on human melanomas and may directly drive activation and expansion
of Treg cells in the tumor microenvironment. Therefore blockade of ICOSL or ICOS may
have a therapeutic benefit by decreasing intratumoral Treg cells [258]. In preclinical
models of melanoma and pancreatic cancer, ICOS activation had a synergistic effect
with CTLA-4 blockade. The combination therapy was able to reject established
melanoma and prostate cancers in mice. The authors hypothesize that this occurs
because CTLA-4 blockade enables activation of tumor-reactive T cells with upregulation of ICOS. Then the engagement of ICOS, through the IVAX vaccine, a whole
cell vaccine consisting of ICOS-L expressing B16 melanoma, is able to further enhance
T cell proliferation, survival and migration into the tumor [259]. Though few trials using
anti-ICOS therapies are ongoing, preclinical tumor data have led to four new trials that
were recently proposed (Table 2.1).

LAG-3 (CD223)
Expression and Signaling
LAG-3 was once identified as a marker of Treg cells [260]. It was discovered to
be upregulated on activated CD4+ and CD8+ T cells as well as NK cells [261]. LAG-3
resembles the CD4 co-receptor and binds to MHCII with a higher affinity, but it may also
have additional ligands. The binding of CD4 and LAG-3 to MHC II is required for
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interaction with the APC [262, 263]. LAG-3 functions as a negative regulator of T cell
responses, especially expansion, to MHC II restricted antigen presentation [262, 264,
265]. Studies using LAG-3 deficient mice have shown that signaling of LAG-3
decreases homeostatic expansion of both CD4+ and CD8+ T cells. Dysregulation of T
cell homeostasis, due to the lack of LAG-3 expression, resulted in the expansion of
other cell types including B cells, macrophages and dendritic cells [263]. LAG-3 is coexpressed with PD1 on exhausted CD8+ T cells. Antibody studies have shown that
antagonism of LAG-3 and PD1 synergistically reactivated exhausted CD8+ T cells,
suggesting a non-overlapping role of LAG-3 and PD1 in regulating immune responses
[266, 267].
Immunotherapy
Since LAG-3 was identified on Treg cells, it was also studied in autoimmune
disease onset. Though LAG-3 deficiency alone does not result in autoimmunity, when
combined with a non-obese diabetic (NOD) mouse background it results in 100%
diabetes onset at a time when other NOD mice exhibit only 15% disease onset. Studies
have also shown that blocking LAG-3 can exacerbate type 1 diabetes [268, 269].
Animal models of allergen-specific immunotherapies show a positive correlation
between LAG-3 expression and IL-10 production from Treg cells [270]. Together these
studies suggest an immunoinhibitory role of LAG-3 on T cell function.
When studied in models of cancer and chronic viral diseases, LAG-3 is highly
expressed on dysfunctional and exhausted T cells. These T cells have defects in
proliferation and effector function [271]. Using LCMV clone 13 to model chronic
infection, LAG-3 correlated strongly with severity of infection. Virus specific CD8 + T cells
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co-expressed PD1 and LAG-3. The blockade of LAG-3 alone had little effect on T cell
activity, but when combined with PDL1 blockade T cell response was dramatically
improved [266]. In the setting of chronic malaria infection, combined blockade improved
parasite clearance mediated by CD4+ T cells. The combined blockade of PD-1 and
LAG-3 was able to clear blood stage malaria as well as prevent chronic infection. This is
believed to be due to the combination therapy increasing Tfh and plasma cells, which
clear the infection [272]. Patients with melanoma and colorectal cancer often have high
expression levels of LAG-3 on Treg cells expanded in PBMC, lymph nodes, and tumor
tissue. These LAG-3 expressing Treg cells produce high levels of IL-10 and TGF-β
[273]. Tumor specific T cells that were LAG-3+PD1+ had impaired IFNɣ and TNFα
production compared to single positive cells. LAG-3 and PD1 are often co-expressed on
tumor infiltrating lymphocytes (TILs), and the blockade has significantly improved antitumor T cell responses. Combination LAG-3 and PD1 blockade during T cell priming
augmented the proliferation and cytokine production of tumor specific CD8 + T cells [267,
274]. In addition, increased LAG-3 expression on tumor infiltrating T cells is associated
with poor prognosis of colorectal cancer as well as ovarian cancer [275]. Blockade of
LAG-3 synergizes with anti-tumor vaccination to improve CD8+ T cell activation. This
was shown to be a due to a direct role of LAG-3 on CD8+ T cells and independent of its
role on CD4+ T cells [276]. Together, these promising preclinical data with viral and
tumor models have led to increased interest in new clinical trials using LAG-3 blockade
as a monotherapy and in combination with other existing immunotherapies (Table 2.1).
However, future studies on LAG-3 still need to look into its function in modulating
effector T cells, Treg cells, and NK cells in different diseases and disease stages.
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PD1 and PDL1/PDL2
Expression and Signaling
After the immunosuppressive function of PD1 and its ligands was discovered,
immense interest and investment have been placed into studies of the receptor/ligand
pair. PD1 is expressed on T lymphocytes during thymic development. The expression of
PD1 on early thymocytes weakens the interaction of autoreactive T cells with DCs
presenting self-antigen [277, 278]. PD1 is also expressed on activated T cells, B cells,
NKT cells, monocytes and some DC subsets. The expression of PD1 is upregulated
upon antigenic stimulation of T cells, both CD4+ and CD8+, and B cells [279]. One
ligand, PDL1, is expressed on resting T cells, B cells, DCs, macrophages, parenchymal
cells, endothelial cells, and pancreatic islets. PDL1 can be expressed on hematologic
and non-hematologic tissues. Antigen presenting cells often co-express CD80/86 with
PDL1 [280]. The second ligand, PDL2, is more selectively expressed on activated DCs,
macrophages, and B cell subsets [277, 279]. PDL2 has a 3-fold higher affinity than
PDL1 for binding with PD1 [278]. Interaction of PD1 and its ligands leads to inhibition of
T cell receptor mediated proliferation and cytokine secretion, thereby acting as a major
mechanism of peripheral tolerance. The interaction can also decrease the cytotoxic
function of T cells and NKT cells [277, 279, 280]. PD1 is a member of the CD28 family
of T cell regulators. The trans-membrane domain of PD1 resembles the Ig region of the
CD28 family. Phosphorylation of PD1’s immunoreceptor tyrosine-based switch motif
(ITSM) results in the direct dephosphorylation of signaling molecules directly
downstream of the TCR. Ligation of PD1 augments PTEN inhibition of PI3K activity to
decrease T cell proliferation, survival, protein synthesis, and IL-2 release [278].
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Immunotherapy
PD1 expression and signaling have been shown to be important in many aspects
of immune dysregulation such as autoimmunity, infectious disease, and cancer. PD1
helps regulate the balance between stimulatory and inhibitory signals needed for the
maintenance of T cell homeostasis and immune responses. The complete knockdown
of PD1 in animal models results in a breakdown in peripheral tolerance in hosts [280].
The high expression of PD1 and PDL1 on Treg cells enhances the expansion of these
cells, which control the development, maintenance, and function of peripheral
responses [279]. In viral models, PD1 is rapidly upregulated following viral infection, but
downregulated as the virus is cleared. In cases of chronic infection, CD8+ T cells
express PD1 constitutively, leading to the “exhausted” T cell phenotype [277]. Studies of
HIV were among the first to show that a PD1/PDL1 blockade could regain effective
immunity [281]. In HIV studies, it was discovered that PDL1 could be upregulated on
neutrophils, and expression was induced by IFNα, TLR7/8, and LPS. The upregulation
of PDL1 on neutrophils in HIV is correlated to T cell exhaustion and expression of PD1
on T cells [282]. Animal studies using mouse hepatitis virus (MHV) in PD1 deficient
mice showed significant tissue damage, especially of the liver. Blockade of IFNɣ and
TNFα in the infected mice led to reduced mortality, suggesting that a major role of PD1
in viral infection is controlling the release of pro-inflammatory cytokines [283]. A similar
role for PD1 control of cytokine secretion was observed in models of autoimmune
disease. In diabetes models, ligation of PD1 leads to the reduction of cytokine
production through the truncation of TCR signaling. The blockade of PD1 or PDL1 led to
increased onset of diabetes [284]. The role of PD1 in other autoimmune diseases is not
as well defined. PD1 deficient mice often display lupus-like disease, but the blockade of
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PD1 in established lupus delays disease progression. In animal models of lupus, the
expression of PDL1 on Treg cells suppresses autoreactive B cells that express PD1
[279, 285].
Many of the major breakthroughs using PD1 therapy have been in studies of
cancer. Tumors often use this pathway to silence the immune system. Tumor cells can
evade T cell killing by upregulating PDL1 and PDL2 following T cell infiltration and
release of IFNɣ [277, 278]. Functional PDL1 expression on tumors can also suppress
IL-2 production by T cells to further inhibit T cell proliferation and survival within the
tumor microenvironment [286, 287]. In most tumors the expression of PDL1 is a poor
prognosis for overall survival and tumor control, and early studies using an antibody
blockade of PDL1 have had promising outcomes with higher response rates and
durable responses [288, 289]. Blockade of this pathway in late stage cancers can
significantly reduce tumor burden and promote a durable tumor regression as seen in
studies of advanced melanoma and renal cell cancer [290, 291]. The blockade of this
pathway has recently been used in many studies looking at the combination with costimulatory agonists on T cells. Though PD1 can limit proliferation of T cells, it is
dependent on strength of signal delivered via the TCR and CD28. A strong enough
TCR+CD28 signal can overcome PD1 mediated inhibition [280]. The use of PD1 and
PDL-1/-2 therapy in clinical trials has been growing rapidly over the years. These
treatments have been used in multiple cancer types, autoimmune diseases, viral
infections, and much more. The excitement over this pathway can be seen in the
dramatic increase in clinical trials that are currently recruiting or recently proposed
(Table 2.1). Recently two anti-PD1 (pembrolizumab and nivolumab) and one anti-PDL1
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(atezolizumab) antibodies have been approved by the FDA for use in various solid and
hematological cancers, which include melanoma, non-small cell lung cancer (NSCLC),
urothelial carcinoma and Hodgkin’s lymphoma [292]. Unfortunately, PD1 and PDL1 are
also expressed on cardiomyocytes which have recently led to substantial adverse
effects. Some patients treated with PD1 or PDL1 inhibitors have developed severe and
sometimes lethal myocarditis and heart failure [293, 294].
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TIM family Receptors
TIM3 (HAVCR2)
Expression and Signaling
TIM3 was initially discovered as a cell surface molecule that was selectively
expressed on IFNɣ producing Th1 and CD8+ T cells. More recently TIM3 has been
identified on DCs, NK cells, and monocytes [295]. TIM3 is upregulated on mature and
functional NK cells, serving as a marker of IFNɣ producing NK cells [296, 297]. There
are currently several ligands known to interact with TIM3 such as Gal9, HMGB1, and
CEACAM1 [298-300]. When co-expressed with PD1 on CD8+ T cells, TIM3 identifies
highly dysfunctional cells that are unable to respond to antigen stimulation [301]. These
T cells are typically referred to as exhausted T cells. A role for TIM3 in regulating the
function of Treg cells has recently been proposed. Studies have shown that TIM3 + Treg
cells have superior suppressive function compared to TIM3- Treg cells [302]. TIM3+
Treg cells have been identified at tumor sites as well as within allografts [303-307].
TIM3 has also recently been shown to indirectly suppress immune function through
MDSCs. Overexpression of TIM3 on T cells promoted the expansion of MDSCs [308].
Therefore, when considering a TIM3 blockade on human tumors, it is important to
remember that a blockade would affect multiple target cell types. This includes CD4+,
CD8+, Treg cells, NK cells, DCs, and MDSCs [309].
Immunotherapy
In autoimmunity and chronic viral infections, TIM3 is a prognostic indicator of
disease course and a negative regulator of type 1 immunity. Mouse models have shown
that TIM3 blockade can lead to spontaneous autoimmunity. This is due at least partially
to dampening the immunosuppressive function of Treg cells. Mice treated with anti38

TIM3 antibody showed hyperproliferation of Th1 cells and increased Th1 cytokine
release. These studies suggest that TIM3 might act as an inhibitory molecule that
serves to reduce cytokine driven inflammation [310, 311]. Treatment with anti-TIM3
antibody in mice also led to development of hyper-acute EAE, which was accompanied
by uncontrolled macrophage activation [295]. TIM3 in both humans and mice has a role
in regulating monocyte and macrophage function. Downregulation of TIM3 increases
macrophage production of IL-1B, IL-6, IL-10, IL-12, and TNFα, which suggest a role of
TIM3 as a regulator of pro- and anti-inflammatory immune responses [304, 312]. TIM3
can also inhibit DC activation by limiting expression of pro-inflammatory cytokines,
which leads to reduced inflammation. Studies of mouse and human tumors show that
TIM3 is highly expressed on tumor associated DCs. When tumors were treated with a
DNA vaccine, TIM3 diminished the efficacy of the vaccine by interfering with the
recruitment of nucleic acids into the DC endosomes. This decreased the
immunogenicity of tumor cells [313]. Altogether, TIM3 appears to be protective in
autoimmune disorders although its expression is poorly defined; in contrast in cancer
models TIM3 is highly expressed but contributes to the dampening of protective
immunity.
TIM3 marks dysfunctional T cells in cancer [314]. The frequency of TIM3+ T cells
correlates with cancer severity and poor prognosis in several cancer types, including
NSCLC, and follicular lymphoma (FL) [303, 304]. In models of melanoma, NSCLC, and
FL, TIM3 blockade improves T cell function [314, 315]. The effect of TIM3 blockade was
further enhanced when used in combination with a 4-1BB agonist [316]. The increased
efficacy of the combination treatment may be due to the interaction of TIM3 and Gal9 on
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tumor cells [317, 318]. The cells that are TIM3+ and PD1+ are often the most
dysfunctional in tumor studies [314]. Studies of chronic viral infections have offered
insights to how TIM3 blockade may enhance tumor clearance. Using a model of chronic
LCMV, TIM3 marks virus specific CD8+ T cells that have the worst defects in proinflammatory cytokine production. These virus specific T cells co-express PD1 and
TIM3. It was observed that a co-blockade of PD1 and TIM3 was most effective in
chronic LCMV models [301]. Blockade of TIM3 in HIV was shown to restore proliferative
potential to T cells in response to HIV peptides [319]. The restoration of T cell function
after using TIM3 blockade has been repeated in several other models of chronic viral
infections [320-323]. In HIV TIM3 can be found on T cells that lack PD1, suggesting that
TIM3 and PD1 have non-redundant and synergistic functions in inhibiting T cell
responses [319]. This finding has driven studies into using combination TIM3 and PD1
therapy to treat advanced cancers. Though only a few clinical trials have been
completed using TIM3 blockade many more have been proposed and are now recruiting
patients (Table 2.1).

TNF-Superfamily Receptors
4-1BB and 4-1BBL
Expression and Signaling
4-1BB (CD137) was first discovered on activated T lymphocytes [324]. 4-1BB
has been found on all subsets of T cells including Treg cells. It has more recently been
discovered on NK cells, B cell, neutrophils, and cells within the myeloid lineage [325,
326]. Ligation with 4-1BBL was found to induce T cell activation, survival and effector
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functions [325]. 4-1BB and 4-1BBL ligation especially favored proliferation through IL-2
production [327, 328]. 4-1BB is expressed rapidly after T cell activation and expression
remains detectable on activated T cells [329]. Like many of members of the tumor
necrosis factor receptor superfamily (TNFRSF), 4-1BB uses TRAF adapter proteins,
namely TRAF2 and TRAF5, that result in increased NFκB and MAP-kinase signaling
[330-332]
Immunotherapy
The use of a 4-1BB agonist has shown a role in maintaining immune cell
homeostasis. Studies using knockout mice to look at precursor cell turnover in primary
and secondary lymphoid organs have shown that 4-1BB also plays a role in
myelopoiesis [325]. Agonizing antibodies to 4-1BB in mouse studies have been shown
to increase graft versus host disease (GVHD), accelerate rejection of cardiac allografts,
and eradicate established tumors. In tumor models, studies suggest that this is due to 41BB preferentially stimulating CD8+ T cells, but largely not affecting CD4+ T cells [333,
334]. Agonists to 4-1BB have recently entered phase 1 trials. Phase 1 studies looking at
serum samples from patients with solid tumors and B cell non-Hodgkin’s lymphoma
showed that with agonist 4-1BB treatment tumor infiltrating CD8+ T cells and NK cells
significantly increased while effector CD4+ and CD4+FoxP3+ Treg cells decreased. An
increase in pro-inflammatory cytokines was also noted after agonist treatment. The
specific agonistic activity increased T cell and NK proliferation and activity to eradicate
remaining tumor cells [214, 335]. Targeted therapies, such as cetuximab (EGFRtargeting mAb), can lead to upregulation of 4-1BB on NK cells. NK mediated cytotoxicity
of tumor cells following cetuximab therapy was further enhanced when combined with a
4-1BB agonist. This combination therapy is dependent on NK and CD8+ T cells, as
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depletion of either cell type abrogated therapy efficacy [336]. The role of NK cells in 41BB function remains controversial: some murine tumor models show the requirement
of NK cells for the functionality of the 4-1BB agonists, while studies using different tumor
models show no reliance on NK cells [334, 337]. Combination studies involving
radiotherapy and chemotherapy have reported synergism with 4-1BB agonists. When
looking at poorly immunogenic tumors, including murine lung carcinomas, spinal
tumors, and melanomas, they often became refractory to 4-1BB treatment alone. Yet
tumor regression could be achieved even in established tumors.by ‘educating’ cytotoxic
T lymphocytes (CTLs) with a tumor antigen vaccine in combination with 4-1BB agonism.
Tumor regression of established tumors was also observed when 4-1BB therapy was
combined with an IL-12 secreting vaccine. In studies combining chemotherapy and 41BB agonism, mice also rejected a re-challenge with the original tumor, suggesting a
long-lasting tumor-specific memory [338-342]. However, treatment with the agonists
does result in adverse effects including mild liver inflammation, which is dependent on
the presence of 4-1BB, IFNɣ, and TNFα [343].
The cytoplasmic tail of 4-1BB has also recently been used in CAR-T cell therapy
development. This addition of the 4-1BB tail is critical to support the persistence and
expansion of the modified CAR-T lymphocytes. The addition of the cytoplasmic domain
of 4-1BB also reprogrammed the CAR-T cells for increased cytokine secretion of
predominantly Th1 cytokines, with low or undetectable levels of anti-inflammatory
cytokines [344]. Second generation CAR-T therapy generally combined CD28 or 4-1BB
cytoplasmic domains with a CD3 intracellular domain in order in increase intratumoral
persistence and function, but third generation CARs are now combining more T cell co-
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stimulatory domains to further enhance persistence. Recent studies including ICOS
domain along with a 4-1BB domain saw increased anti-tumor effects and increased
persistence in vivo compared to second generation CARs. This study also determined
that the placement of each domain in the CAR-T cells determines the in vivo functions,
only when ICOS was proximal to the cell surface was the third generation CAR most
effective [345].
Few clinical trials have been completed using 4-1BB and 4-1BBL therapies, but
many more have recently begun recruiting patients. The ongoing or recently completed
trials have used 4-1BB as an important component in CAR-T therapy in both
hematological tumors and solid tumors (Table 2.2). Despite initial successes with 4-1BB
expressing CAR-T cells in hematological tumor, these cells still face a barrier
overcoming the immunosuppressive microenvironment in solid tumors [346].

OX40 and OX40L
Expression and Signaling
OX40 was first discovered on activated CD4+ T cells [347, 348]. Transiently
expressed, OX40 appears 12 hours after activation and decreases by 4 days [349].
OX40 expression is important to the survival, expansion and memory formation of T
cells [349, 350]. It is also important for the reactivation of CD4+ and CD8+ memory
populations [351]. More recently expression of OX40 has been seen on NK cells, NKT
cells and neutrophils [352-354]. OX40L has been identified on activated APCs,
hematopoietic, non-hematopoietic cells, and activated endothelium cells [355-359]. The
ligand is the limiting factor in OX40 signaling [360]. Ligation of OX40 recruits TRAF2

43

and TRAF3, which activate both the canonical and non-canonical NFκB pathways. This
leads to enhanced T cell expansion, differentiation, and generation of long-lived
memory cells [361, 362].
Immunotherapy
Stimulation of OX40 can cause pro-inflammatory or pro-survival effects
dependent on disease type and expression pattern. In animal models of sepsis, antiOX40L treatment was able to decrease disease severity and improve survival. In this
context OX40L activation was macrophage dependent and T cell independent. Patients
with sepsis have elevated OX40L on neutrophils and monocytes that correlates to
disease severity [363]. Several disease models have been used to determine the role of
OX40 in disease progression including asthma, allergies, colitis, GVHD and diabetes. In
each of these models, blockade of OX40 has played an important role in reducing
disease severity [364-367].
In cancer immunotherapy, agonism of OX40 is thought to play an important role
in the reduction of Treg-mediated immunosuppression. In animal models of colon
cancer, it was observed that intratumoral injection of an OX40 agonist was able to
induce tumor rejection in a CD8+ T cell-dependent manner. The authors show that both
Treg cells and effector T cells must be triggered by OX40 for tumor rejection [368]. It
has also been shown that OX40 agonist treatment can reactivate memory T cell
population, therefore playing an important role in tumor antigen recall and anti-tumor
activity. Studies show that in both new and established tumors, OX40 was critical for
early priming of CD8+ T cells by APCs and recall response of previously primed CD8+ T
cells. OX40 plays a role in the survival and accumulation of these primed CD8 + T cells
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at the tumor site [369-371]. The agonism of OX40 promotes the proliferation and
survival of activated T cells and generates a CD8+ T cell response with increased
secretion of IFNɣ and granzyme B [372, 373]. Preclinical models using OX40 agonist
have shown effectiveness in sarcomas, CT26 colon carcinomas, breast cancer, and
melanoma. Many of these models study the use of OX40 agonists in combination with
other tumor treatments. When combined with chemotherapy agents, OX40 agonism
was able to provide potent antitumor immunity and decrease the size of established
animal tumor models. This combination therapy resulted in a significant decrease in
tumor-infiltrated Treg cells, but interestingly an increase in peripheral Treg cells. When
used in combination with radiation, OX40 agonists worked by increasing proliferation of
tumor antigen specific CD8+ T cells. The combination with radiation significantly
increased disease-free survival [374, 375]. Preclinical ovarian cancer models using
checkpoint inhibitor combinations have proven successful by engaging multiple immune
subsets to combat the tumor challenge. A murine model combining TIM3 blockade and
OX40 agonism showed that the combination treatment was able to inhibit ovarian
cancer growth significantly better than either mono-treatment. A similar study looking at
the combination with anti-PD1 saw tumor growth inhibited in the majority of host mice.
This is due to the increase in CD4+ and CD8+ effector T cells combined with a decrease
in Treg and myeloid derived suppressor cell (MDSC) populations [316, 376]. From these
preclinical models, two humanized anti-OX40 mAbs are currently on the verge of clinical
development. Ongoing clinical trials using OX40 monoclonal or combination trials have
mainly focused on use in advanced stages of cancers (Table 2.2).
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GITR and GITR-L
Expression and Signaling
GITR was first discovered as a TNF family receptor induced by glucocorticoids
[377]. GITR is unique in that it is constitutively expressed on T regulatory cells, but only
expressed on effector CD4+ and CD8+ T cells after TCR engagement [378-382].
Expression of GITR has also been reported on dendritic cells, monocytes, and NK cells
[380, 383]. The ligand for GITR, GITRL, is highly expressed on activated DCs, B cells,
macrophages, and endothelial cells at the site of inflammation [384, 385]. The ligation of
GITR recruits TRAF2 and TRAF5 to its cytoplasmic tail, activating MAP-kinase and
NFκB signaling pathways [386]. GITR is important in CD28-driven activation of CD8+ T
cells by lowering the threshold of activation. GITR is crucial for CD28-mediated NFκB
activation; activated GITR-/- T cells had impaired nuclear translocation of NFκB
compared to GITR+/+ T cells when stimulated with anti-CD3 and anti-CD28 [387].
Immunotherapy
GITR has a critical role in supporting effector T cell activity by inducing T cell
proliferation, effector function, and survival. Agonizing GITR on T cells increased
effector function by increasing cytotoxic killing of a mouse mastocytoma cell line [387,
388]. In animal models of melanoma, agonism of GITR at early timepoints in tumor
growth was able to decrease tumor burden. This is believed to be due to the decreased
suppressive function of Treg cells after ligation of GITR [389]. The mechanism of
increased effector T cells in the tumor microenvironment is due to direct targeting of
GITR on Treg cells. This may work through directly depleting intratumoral Treg cells or
via targeting GITRL on suppressive myeloid cells. Agonizing GITR was shown to
decrease the stability of intratumoral Treg cells and result in the loss of FoxP3
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expression as well as decreased infiltration into the tumor [390, 391]. Agonists to GITR
have shown synergism when combined with vaccines, TLR agonists, and other
immunostimulatory mAbs. Combined GITR agonism with a DNA vaccination was able to
offer increased protection from a lethal challenge with melanoma. This combination
treatment led to prolonged persistence of the antigen-specific CD8+ T cells and
enhanced recall response to a booster vaccine. These findings are supported by
additional tumor models, including myeloma [392, 393]. When downregulation of Treg
activity is critical for success, this pathway has recently been shown to be effective
when combined with other therapies, such as PD-1 and CTLA-4 blockade. The
combined treatments have shown a durable effect associated with CD4 + and CD8+
memory response. PD-1 combined with GITR therapy resulted in increased frequency
of IFNɣ producing cells and decreased MDSCs. The tumor microenvironment shifted
from immunosuppressive to immunostimulatory [394, 395]. Launched from these
preclinical data, a few clinical trials studying the role of GITR have been completed. A
number of new trials have been proposed to use GITR therapy on solid and
hematological cancers (Table 2.2).

CD27 and CD70
Expression and Signaling
CD27 is unique as a T cell co-stimulatory molecule in that it is constitutively
expressed at significant levels on the majority of T cells, including naïve T cells and
Treg cells. CD27 expression is lost on T cells following differentiation and activation but
is retained on memory cells [396-398]. CD27 is also expressed on early hematopoietic
cells, memory B cells, plasma cells and a subset of NK cells [398-400]. CD27 has
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recently been shown to drive the cytotoxic activity of some subsets of NK cells [401].
Expression of CD27 on naïve T cells helps T cells with low affinity TCRs enter the cell
cycle [402]. This pathway is important for sustained effector functions, T cell survival,
and development of memory T cells [403, 404]. CD70, the ligand for CD27, regulates
the interaction with CD27 because it is only transiently expressed on activated APCs, T
cells, NK cells [400, 405, 406]. During chronic inflammation it has been observed that
CD70 can become constitutively expressed causing dysregulation of this pathway [407].
The chronic signaling of CD27 has been shown to lead to T cell exhaustion [408]. The
ligation of CD27 recruits TRAF2 and TRAF5, which activate the NFκB and c-Jun
pathways to promote cell survival, enhance expansion, and increase effector functions
[409, 410]. As a co-stimulatory molecule, CD27 counteracts apoptosis by increasing
anti-apoptotic Bcl-xl and decreasing FasL on CD4+ and CD8+ T cells [411, 412].
Signaling through CD27 also rapidly induces the expression of Pim-1, which is known to
increase aerobic glycolysis and protein translation [413]. SIVA1 can also be recruited to
the cytoplasmic tail of CD27. This protein is known to promote caspase dependent
apoptosis [414]. Together these findings suggest that under certain circumstances
CD27 can act as either a co-stimulatory or a co-inhibitory receptor.
Immunotherapy
Therapies involving the CD27-CD70 pathway must appreciate the pathways
inhibitory and stimulatory effects under different immune contexts. During acute
challenges CD27 has thus far been regarded as important for the formation and function
of effector and memory T cells. Studies analyzing influenza and acute viral challenges
are examples of the co-stimulatory role CD27-CD70 have on primary T cell responses.
CD27+ and CD70+ cells often secrete higher levels of IFNɣ and are therefore more
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effective at inhibiting viral replication [412]. This is in contrast to studies looking at CD27
in the context of strong and persistent immune challenges, such as chronic infections or
GVHD, where CD27-CD70 have been shown to play an inhibitory role on T cell
responses [408, 415-417]. The role of CD27 in diseases is also dependent on tissue
context and duration of expression [214]. Use of antagonists or agonists will require
precise triggering in specific tissues and cell types.
The CD27-CD70 pathway has been studied in several different autoimmune
diseases. In models of lupus high levels of soluble CD27 and CD27 + plasma cells
correlate to an increased disease index. Patients also have increased CD70 +CD4+ T
cells with a memory-like phenotype. In rheumatoid arthritis patients, CD70 is found in
higher levels on naïve and memory CD4+ T cells compared with healthy patients. These
T cells also secrete higher levels of IFNɣ and IL-17. In mouse models, treatment with an
anti-CD70 antibody was able to ameliorate autoimmune disease. Animal studies using
an anti-CD70 treatment in multiple sclerosis decreased TNFα production and prevented
disease. But in similar models of multiple sclerosis CD27 or CD70 deficiency was seen
to exacerbate disease. Increased sCD27 in cerebrospinal fluid has been validated as a
biomarker of intrathecal T cell activation in neuro-immunological diseases [418].
Solid and hematological tumors have been reported to have overexpression of
CD70 at high levels [419, 420]. CD70 has been identified as a biomarker for renal cell
cancers as well as several hematological malignances [421]. Using an anti-CD70
antibody against the malignant T and B cells has been shown to regulate their
expansion. Neutralization of CD70 has also been shown to inhibit the signaling of CD27,
therefore blocking the activation of and proliferation of Treg cells [420, 422]. In some
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models of lymphoma expression of CD70 on tumor cells and APCs improves anti-tumor
immunity. Unfortunately, in other tumor models intact CD27/CD70 signaling has been
associated with decreased anti-tumor immune responses and increased intratumoral
Treg cells through the reduction of Treg apoptosis and increased production of IL-2
necessary for Treg survival [423]. Recently, the use of a CD27 agonist has shown
protection against intravenous injection of two lymphoma cell lines. The agonism of
CD27 induced proliferation and cytokine production from T cells [424]. Since this
discovery, ongoing clinical trials for use of a CD27 agonist in combination with PD1
antibodies have been approved for non-Hodgkin lymphoma and some solid tumors
[425]. Prostate cancer bearing mice treated with a combination of a DC vaccine and
CD27 agonist showed decreased tumor growth and increased T cell proliferation and
effector function when compared to controls. A CD27 agonist is also being used to treat
B-cell lymphomas and melanomas [424, 426]. Combined results from these studies
suggest that the agonism of CD27 can lead to improved anti-tumor immunity and favors
long term persistence of TILs [424, 427-429].
Recently preclinical models using CD70 CAR-T cell therapies to treat cancers
expressing CD70 have been tested, and this therapeutic strategy has been approved
for phase I/II clinical trials. In normal tissue, CD70 is expressed only on activated
lymphocytes, therefore targeting this pathway with CD70 expressing tumors may spare
toxicity to other normal tissues. Creating CARs with the extracellular binding portion of
CD27 along with intracellular co-stimulatory domains of CD28 and 4-1BB in animal
models was able to cure tumor bearing mice with limited toxicities [421]. The use of
CD70 targeting CAR-T cells has also recently been tested in preclinical models of
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gliomas. These preclinical studies show that CD70 expression is associated with poor
prognosis in patients with recurrent tumors. This led authors to identify CD70 as an
immunosuppressive mediator in part because of its production of pro-tumor chemokines
and inducing CD8+ T cell death [430].
Several clinical trials using anti-CD27 as a monotherapy in hematological tumors
and autoimmune disease treatment have recently been completed. After early
successes, new trials using CD27 and CD70 therapies are actively recruiting or recently
proposed (Table 2.2).

CD40 and CD40L
Expression and Signaling
CD40 was initially characterized on B cells. Expression of CD40 has since been
discovered on DCs, monocytes, platelets, macrophages and some non-hematopoietic
cells such as myofibroblasts, epithelial and endothelial cells [431, 432]. Depending on
cell type and context CD40 can be constitutively or inducibly expressed. CD40L
(CD154) is primarily expressed on activated CD4+ T cells. CD40L expression has also
been seen on B cells and platelets. In inflammatory settings CD40L can be expressed
on monocytic cells, NK cells, mast cells, and basophils [433, 434]. The CD40 receptor
has no enzymatic activity and therefore must directly bind TRAF family proteins for
signal transduction [435]. TRAF2, TRAF3, TRAF5 and TRAF6 have been shown to
directly interact with CD40 receptor. This interaction results in the activation of MAPK
signaling, cytokine secretion, proliferation and differentiation [432]. Ligation of CD40 on
dendritic cells promotes the induction of other co-stimulatory molecules and facilitates
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cross-presentation of antigens to the T cells [436]. Signaling of CD40 on DCs results in
the heightened expression and increased stability of the MHC-antigen complex [437]
and production of pro-inflammatory cytokines. On B cells, CD40 signaling promotes
isotype switching, formation of germinal centers, and formation of long lived plasma
cells [438]. The CD40-CD40L pathway plays a critical role in the survival of germinal
center B cell, DCs, and endothelial cells in both normal and inflammatory conditions.
Immunotherapy
CD40 plays a major role in the initiation of T cell dependent autoimmune disease.
CD40 functions during T cell selection in the thymus by promoting medullary thymic
epithelial cells (mTECs), which leads to the development of self-tolerance [439]. A
disruption of CD40 in the thymus can lead to failure of central tolerance. Signaling of the
CD40-CD40L pathway results in the production of proinflammatory cytokines including
IL-6. This signaling pathway can also skew differentiation towards Th17 cells [440]. The
aberrant expression of CD40 in tissues where it is normally undetectable is a major
contributing factor in autoimmune disease initiation [441]. In Grave’s disease, an
autoimmune disease of the thyroid, CD40 is abnormally expressed on thyroid epithelial
cells. This leads to the presentation of autoantigens to T cells [442]. Blocking with antiCD40L antibodies was able to prevent experimental thyroiditis in mouse models [443].
Antagonistic anti-CD40L antibodies have also been tested in the models of
inflammatory bowel disease (IBD). Given at the time of colitis induction, blocking CD40L
prevented disease onset, blocked lymphocytic infiltration of the gut, and decreased IFNɣ
production by gut T cells [444, 445]. Production of IFNɣ in the gut can cause
upregulation of CD40 on normal colonic fibroblasts. CD40+ cells including DCs, B cells
and macrophages are found within the intestinal mucosa of colitis patients [446, 447].
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CD40 signaling in these cell types leads to the production of IL-6, IL-12, and IL-23,
which contribute to disease initiation [440]. The CD40-CD40L pathway has been shown
to be critical for IBD induction but not required for ongoing inflammatory responses
[444]. Patients with active Lupus disease have overexpression of CD40L on CD4 + and
CD8+ T cells [448]. Disease activity can be correlated to serum levels of CD40L [449].
Mouse models of lupus have shown that blocking CD40L prior to disease onset can
prolong survival and ameliorate kidney disease [450, 451]; If treatment of these mice
was stopped disease symptoms returned. Autoimmune models have shown that
blocking CD40L prevents the relapse of ongoing disease or halts pathogenic
progression in rheumatoid arthriris, lupus, multiple sclerosis, IBD and diabetes [452].
However, the blocking antibody has been ineffective in treatment of some established
diseases. Ruplizumab was the first CD40L blockade used in clinical trials [453]. Patients
with Lupus and Crohn’s disease showed partial therapeutic responses, but trials had to
be halted due to development of thromboembolism [452]. Studies of allograft rejection
sought to exploit the CD40 pathways because it was believed that the blockade of
CD40L would limit APC maturation and decrease CD28 signaling resulting in T cell
anergy [454]. Unfortunately, anti-CD40L blocking antibodies failed as a monotherapy in
inducing allograft tolerance [455, 456]. This was due to the inability of the therapy to
block rejection mediated by CD8+ T cells. Nonetheless, the combination of CD40L
blockade and immunosuppressive drugs, such as rapamycin, promotes long term graft
acceptance [457].
CD40-CD40L is critical for the development of protective anti-tumor immunity.
Since CD40 is expressed on a wide variety of normal tissue it has also been discovered

53

on many tumor types. CD40 was first discovered on bladder carcinoma [458, 459]. More
recently it has been discovered on melanoma, prostate cancer, lung cancer, cervical,
lymphoma, leukemia, and myeloma [460-463]. Human CD40+ breast tumors have been
shown to co-express CD40L that may increase proliferation, motility and invasion of
tumor cells [458]. CD40 ligation in B cell malignancies has been shown to cause an
increase in expression of anti-apoptotic factors such as Bcl-XL [464]. This protects the
malignant cells from apoptosis. In vitro studies of non-Hodgkin’s lymphoma show that
low level constitutive signaling of CD40 leads to increased malignant cell proliferation
[465]. Whereas in vitro and in vivo studies of Burkitt’s lymphoma show that treatment
with sCD40L resulted in reduced proliferation of tumor cells [462]. Soluble CD40L alone
or in combination with chemotherapy in models of breast and ovarian cancer can
significantly inhibit the growth of the tumors and increase overall survival [466]. When
used in combination with tumor vaccines, anti-CD40L blocking treatment inhibited the
generation of protective immune responses and decreased potency of the vaccine
[467]. This led to an increased interest in studying agonistic CD40 antibodies, which act
as powerful adjuvants for inducing tumor immunity. Agonizing CD40 enhances antitumor immune responses by promoting DC maturation, survival, and proinflammatory
cytokine secretion [468, 469]. CD40 stimulation also induces the upregulation of other
co-stimulatory molecules that promote antigen presentation, priming, and cross-priming
of T cells. In mouse tumor models CD40 agonism lead to increased survival of mice to
primary tumor challenges, but decreased secondary responses [468]. However, the
antibody therapy did induce liver toxicity after prolonged treatment. In addition,
combination therapies with other co-stimulatory and co-inhibitory molecules and
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cytokines have been performed in mouse disease models with promising results that
encourage clinical trials in patients [470-473].
Phase I clinical trials in patients with non-Hodgkin’s lymphoma treated with
recombinant CD40L showed partial to complete responses three months after treatment
[474]. Also, promising results from early clinical trials in chromic lymphatic leukemia
and multiple myeloma encouraged development of CD40 mAbs to be used in
combination therapy.
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Concluding remarks
In the past 30 years, studies of co-stimulatory and co-inhibitory pathways have led to
several breakthroughs in understanding of human diseases and development of
immunotherapies. These co-stimulatory and co-inhibitory molecules equip immune cells
a mechanism to sense environmental conditions and respond appropriately. These
molecules create complex interactions due the vast number of receptor/ligand pairs and
downstream signaling pathways. As more co-signaling molecules are discovered, many
with unique and non-overlapping functions, the simplistic “signal two” model will likely be
replaced by a complex tidal model of co-signaling. Therefore, designing combination
therapies that target multiple co-signaling pathways as well as the tumor
microenvironment may offer the greatest chance of successful treatment of cancer.
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Chapter 3:
T cell-derived CD27/CD70 delivers an immune checkpoint function in
inflammatory T cell responses
A portion of the results in this chapter are published in the Journal of Immunology.
O'Neill RE, Du W, Mohammadpour H, Alqassim E, Qiu J, Chen G, McCarthy PL, Lee KP, Cao X.

T cell-derived CD70 delivers an immune checkpoint function in inflammatory T cell
responses.
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Introduction
As previously mentioned in Chapter 1, T cells play a critical role in the adaptive immune
response to inflammatory disease settings. This is especially true in GVHD. T cells need
adequate activation from an antigen presenting cell (APC) to acquire effector functions
and migrate to target organs. When a T cell recognizes cognate antigen in the context
of MHC, T cell receptor (TCR) driven signals (signal 1) set off a cascade of signaling
that sets in motion the process of T cell activation. However, signal 1 alone is not
sufficient to produce a robust T cell activation, in fact it often leads to a state of anergy
in CD4 T cells. Interestingly, CD8 T cells can become effectors in the presence of TCR
signaling alone. Though T cell subsets have differential requirements for activation, in
general, a second signal is required for robust T cell activation.
Costimulation is an essential component to T cell activation and constitutes a
multitude of receptor/ligand interactions that play unique roles in T cell response. The
most well studied families of costimulation are the immunoglobulin (Ig) superfamily and
the tumor necrosis factor receptor (TNFR) family [475]. These two families of receptors
work in concert to orchestrate T cell activation, expansion and effector function. Among
them, CD28 of the Ig superfamily is the prototypical costimulatory receptor on T cells
that provides a critical second signal alongside TCR ligation for naive T cell activation
[476]. In addition, other costimulatory receptors including CD27 of the TNFR family play
complex and dynamic roles in T cell response [477]. TNFRSF have non-redundant roles
in T cell activation. Loss of just one of the family members can dramatically impact T
cell responses. Studies have shown that loss of OX40, CD27, 4-1BB, CD40 can affect a
variety of T cells responses.
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In contrast to T cell co-stimulation, immune checkpoint molecules constitute
inhibitory pathways that negatively influence T cell responses. CTLA-4 of the Ig
superfamily is a typical checkpoint receptor constitutively expressed on regulatory T
(Treg) cells and also upregulated in conventional T cells upon activation. CTLA-4
inhibits T cell activation by binding CD80 and CD86 ligands with greater affinity thus
outcompeting CD28 for its ligands [478]. Several additional immune checkpoint
receptors have been discovered recently. PD-1 of the Ig superfamily limits the
responses of activated T cells by binding to two ligands, PD-L1 and PD-L2, and
promoting T cell apoptosis [479-481]. LAG-3 is a CD4-related checkpoint receptor that
suppresses immune responses by contributing to the suppressive activity of CD4+ Treg
cells as well as direct inhibitory effects on CD8+ T cells [482, 483]. TIM-3 is identified as
another checkpoint receptor in CD4+ and CD8+ T cells that functions by triggering T cell
apoptosis upon interaction with galectin-9 or other ligands [484].
Current clinical practices employ immunosuppressive drugs or T cell depletion
from the donor HSC graft to decrease GVHD. These broad immunosuppressive
treatments can weaken T cell mediated protection against cancer or infection. Recently
research has focused on more specific modulation of T cell activity to reduce GVHD and
retain or promote GVT effect. Since T cells are central to GVHD, previous work has
focused on controlling the activation of T cells through co-stimulation to diminish GVHD.
These therapies can target both positive and negative co-stimulatory molecules.
Typically, blocking a positive co-stimulatory molecule reduces GVHD, while blocking a
negative signal increases GVHD. However, due to the diverse expression and function
of co-stimulatory molecules, no single rule holds true. Previous studies have shown that
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GVHD can be prevented by the blockade or modulation of T cell co-stimulation. These
studies also demonstrate that positive and negative co-stimulatory signals can perform
unexpected functions in this unique setting.
CD27-CD70 is known as a costimulatory receptor-ligand pair in the TNFR family,
with the CD27 receptor constitutively expressed on naïve and memory T cells (also
observed on subsets of activated B cells, NK cells, and hematopoietic progenitor cells)
[477]. CD27 signaling makes essential contributions to CD4+ and CD8+ T cell function
via supporting antigen-specific expansion of naive T cells, promoting survival of
activated T cells, complementing CD28 in establishment of the effector T cell pool and
generation of T cell memory [485-487]. In addition, CD27 signaling has been shown to
provide survival signals for Treg cells in the thymus [488], increase the frequency of
Treg cells in the periphery [489], promote Th1 development [490], and inhibit Th17
effector cell differentiation and associated autoimmunity [491]. Contrasting results have
shown that this pathway can be both stimulatory and immunosuppressive. The blockade
of CD27 has proven a successful method of ameliorating several diseases including a
murine model of multiple sclerosis, rheumatoid arthritis, and preventing allogeneic
responses following heart transplantation. In contrast, the blockade of this pathway has
led to increases in viral control following viral infection. Due to the complex role of
CD27/CD70 co-stimulation in T cell responses we wanted to assess the role of this
interaction in inflammatory disease settings, including inflammatory bowel disease (IBD)
and GVHD. Our studies on T cell derived CD27 suggest that this pathway plays a
critical role in the survival of T cells, but this may be dependent on the abundance and
frequency of available antigen.
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Known as the sole ligand for CD27, CD70 is more tightly regulated and mainly
expressed by various types of APCs, including mature hematopoietic APCs [492],
intestinal non-hematopoietic APCs [493], a unique subset of lamina propria cells [494],
and epithelial and dendritic cells in the thymic medulla [488]. Consequently, CD70dependent function on these APCs has been implicated in the proliferation and
differentiation of antigen-specific T cells including Th17 in the gut mucosa and Treg cell
development in the thymus [488, 493, 494].
Interestingly, CD70 is also expressed on T cells after activation [492]. However,
unlike the well-studied role of T cell-expressed CD27 receptor, the role of T cellexpressed CD70-ligand remains unclear. Therefore, we have assessed the role of T cell
intrinsic CD70 using multiple adoptive transfer models including autoimmune IBD and
allogeneic GVHD. Overall, this study reveals for the first time that T cell-derived CD70
plays a novel immune checkpoint role in suppressing inflammatory T cell responses.
Our findings strongly suggest that T cell-derived CD70 performs a critical negative
feedback function to downregulate inflammatory T cell responses.
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Materials and Methods
Mice
CD70-/- mice have been backcrossed for 13 generations to the C57BL/6Ncr strain and
were provided by Dr. Jonathan Ashwell at NCI [495, 496]. CD27-/- mice were provided
by Stephen Schoenberger (La Jolla Institute for Allergy and Immunology) and originally
generated by Jannie Borst (Netherlands Cancer Institute). The CD27-/- mice were then
backcrossed in our lab with C57BL/6J mice from Jackson labs and used alongside
littermate controls. C57BL/6Ncr WT, BALB/c WT and FVB WT mice were purchased
from NCI and Charles River–Frederick. C57BL/6 RAG1 -/- mice were purchased from
The Jackson Laboratory. All mice were maintained in specific pathogen-free conditions.
All experiments were conducted in accordance with protocols approved by the animal
studies committee at Roswell Park Cancer Institute.
T cell transfer colitis
CD4+CD25- T cells were isolated from the spleens of naive C57BL/6 WT mice or CD70 -/mice using mouse PanT isolation kit II supplemented with biotinylated anti-CD25 and
anti-CD8 and LS columns (Miltenyi). With confirmed purify >95%, 1x106 sorted cells
were injected via tail veins into gender-matched RAG1-/- mice, which were weighed
initially and then weekly after adoptive transfer. Mice were sacrificed when body weight
dropped >20% from initial weight along with signs of diarrhea, hunching, and ruffled fur.
Flow cytometry
Cells were stained with antibodies to CD3 (145-2C11), CD4 (RM4-5), CD8 (53-6.7),
CD25 (PC61), Foxp3 (FJK-16s), LAG-3 (C9B7W), PD-1 (29F.1A12), TIM-3 (B8.2C12),
CTLA-4 (UC10-4B9), and fixable Live/Dead Aqua (Invitrogen) or Zombie UV™
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(Biolegend). Active caspase-8 and 3 staining was performed using CaspGLOW ™
Fluorescein Active Caspase-8 or 3 staining kit (eBioscience). All samples were run on a
LSRFortessa (BD Biosciences). All data were analyzed with FlowJo (Tree Star).
ef670 dilution
Single cell suspensions of sorted CD4+CD25- T cells or total T cells depleted of CD25+
Tregs (PanT25-) were resuspended in 5mL of 37°C PBS. Equal volume of 10μM ef670
in 37°C PBS was added to the T cell suspension and incubated for 10 min at 37°C.
After incubation, 5mL of 10% FBS containing RPMI was added and cells were washed.
Cells were then washed twice in PBS before use.
Histopathology scoring
Mice were sacrificed at days 17, 36, and 66, and large and small intestines were
formalin-fixed, sectioned, and stained with H&E. Intestine tissues were examined using
a previously established scoring system [497-499]. Blinded assessments were made for
the presence of crypt epithelial cell apoptosis, crypt regeneration, surface erosion,
ulceration, lamina propria inflammation, chronic atrophy, chronic crypt branching,
chronic endocrine cell excess, chronic Paneth cell excess, epithelioid vacuolization,
attenuation, sloughing into the lumen lymphocytic infiltrate and neutrophilic infiltrate.
Luminex assay
Serum was collected by retro-orbital eye bleeding on the indicated days following
transplant. Blood was immediately placed on ice until all samples were collected. Once
the final sample was collected, all samples were incubated at room temperature for 20
min to allow for clotting. After incubation, vials were centrifuged at 4°C for 10 min at
2000g. Serum was collected and then frozen at -80°C. Mouse Cytokine and
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Chemokine 11-plex was performed by the Flow and Image Cytometry, Luminex Divison
at Roswell Park Cancer Institute as per manufacturer’s instructions.
Allogeneic hematopoietic cell transplant (allo-HCT) and graft-versus-host disease
(GVHD)
For bone marrow (BM) only controls, T cell depletion (TCD) was performed using
CD90.2 microbeads and LS columns (Miltenyi), resulting in <5% of original T cell
composition of BM. Using LS columns for negative sorting of unlabeled cells,
CD4+CD25- and CD8+ T cell sorts resulted in >95% purity of desired cell types. On day 1 BALB/c or FVB hosts received 850 cGy from a Cesium-137 source. In the B6 to BM1
HCT, BM1 hosts received 1000cGy on Day -1. 129SvJ host mice received 1000cGy on
Day -1. Hosts were transplanted on day 0 with purified WT, CD70-/- , or CD27-/- T cells
as described above. Host mice were then weighed twice weekly and considered
moribund when body weight reached below 80% of initial weight.
BM-derived DCs and MLRs
Bone marrow derived dendritic cells (BMDCs), as stimulators, were generated from WT
BALB/cJ mice and cultured in 5% RPMI 1640 with 1% GM-CSF (GM-CSF–releasing
cell line supernatant) for 7 d. At day 6, LPS (100 ng/ml) was added to induce maturation
of DCs. PanT25-, as responders, were isolated from the spleens of C57BL/6 WT and
CD27-/- mice. A total of 2.5 × 105 responders and 0.5 × 105 BMDCs (stimulators) (5:1
ratio) was cocultured in 300 μl of 10% RPMI 1640 per well in a 96-well plate for 5 days.
Cells were harvested and washed once with 1 ml of Dulbecco’s PBS before staining for
flow cytometry.
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Results

Donor T cell derived CD70 suppresses inflammatory T cell response
T cell-derived CD70 inhibits inflammatory bowel disease (IBD)
Inflammatory bowel disease (IBD) is an intestinal complication resulting from an
inappropriate inflammatory response that is mediated by genetic, immune, and
environmental factors [500, 501]. IBD is characterized by an aberrant mucosal T cellmediated inflammation [502]. The T cell transfer model of colitis is the most widely used
to determine the contribution of T cells in the initiation, induction, and regulation of IBD
[503]. To study the role of T cell-derived CD70 in IBD, we purified CD4+CD25- T cells
from naïve C57BL/6 WT and CD70-/- mice and injected these cells into syngeneic
RAG1-/- mice that lack T and B cells. After adoptive transfer, mice that received CD70-/T cells had significantly more severe weight loss compared to mice that received WT T
cells (Figure 3.1A). Nearly 50% of mice receiving CD70-/- T cells lost more than 20% of
body weight and succumbed to disease while no lethality occurred for mice that
received WT T cells (Figure 3.1B). To test whether it is an inherent difference in T cells
from WT versus CD70-/- mice that causes this phenotype, we used the most commonly
used FR70 antibody to block CD70 after adoptive of WT T cells. Blocking CD70 also
exacerbated colitis in a fashion similar to CD70 deficiency in T cells (Figure 3.1C-D),
indicating that it is CD70 signaling, but not an inherent difference in T cells from WT
versus CD70-/- mice that causes the suppression of disease. To confirm the presence of
IBD, host mice were sacrificed on days 17, 36 and 66 (before, during and after disease
onset). Large and small intestines were scored by a blinded pathologist based on
disease criteria outlined in the Materials and Methods. Mice that received CD70-/- T cells
had a significantly higher disease score in large intestines compared to mice that
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received WT T cells (Figure 3.1E and 3.1G). In contrast, there was no significant
difference in disease scores for small intestines between these two groups (Figure
3.1F). Overall, these results indicate that RAG1-/- mice receiving WT CD4+CD25- T cells
had less severe IBD than mice that receiving CD70-/- T cells. Therefore, these findings
led us to a surprising conclusion that T cell intrinsic CD70 suppresses IBD.
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Figure 3.1: T cell-derived CD70 inhibits inflammatory bowel disease (IBD). (A) Naïve RAG1-/- mice in the
C57BL/6 strain background were injected with 1x106 CD4+CD25- T cells purified from C57BL/6 WT or CD70-/mice. Body weight was monitored after adoptive transfer. Representative weight data from 1 out of 3
independent experiments were shown as mean ± SD (n=4 per group), with statistical significance determined by
two-way ANNOVA. (B) Kaplan-Meier survival data were summarized by combining 3 independent experiments
(n=10-11 per group), with statistical significance determined by Log-rank test. (C-D) Naïve RAG1-/- mice were
injected with 1x106 CD4+CD25- T cells purified from C57BL/6 WT mice, and then treated from day 1 with 100ug
of either CD70 antibody (FR70) or IgG control twice weekly for the duration of the experiment. (C) Body weight
was shown as mean ± SD, with statistical significance determined by two-way ANNOVA. (D) Kaplan-Meier
survival curves were shown with statistical significance determined using Log-rank test. (E-F) RAG1-/- host mice
were sacrificed on days 17, 36 and 66. A blinded pathologist scored large (E) and small (F) intestines based on
disease criteria outline in the Materials and Methods. Summary scores combined from 3 independent
experiments were shown, with statistical significance determined by unpaired student t test. (G) Representative
histopathological images were shown for large intestine samples harvested from RAG1-/- host mice at day 36
after adoptive transfer.
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T cell-derived CD70 decreases the levels of inflammatory cytokines
The increased disease severity seen in hosts that received CD70 -/- T cells prompted us
to examine cytokine levels related to an inflammatory condition. After adoptive transfer,
serum samples were harvested via eye bleeding on days 10, 20, and 30, and then
analyzed via Luminex assays to determine blood levels of various proinflammatory
cytokines. Beginning on Day 20, similar timing to disease onset, mice that received
CD70-/- T cells had significantly increased levels of TNF-α and IFN-y (Figure 3.2A-B).
The increased inflammatory cytokine levels in mice receiving CD70-/- T cells persisted
to day 30 after adoptive transfer. Yet IL-2, IL-10 and IL-6 were not significantly
increased in mice that received CD70-/- T cells (Figure 3.2C-E). We also measured IL17A and IL-23, for which most of samples were below detection limits and therefore did
not yield conclusive results. Furthermore, we harvested spleen cells from the RAG1 -/hosts and performed ex vivo PMA/ionomycin activation to examine the frequency of
cytokine producing T cells and the cytokine expression levels in individual cells. Our
results (Figure 3.3) show that T cell-derived CD70 reduces the frequency of cytokine
producing T cells but does not directly inhibit cytokine production per cell.

68

Figure 3.2: T cell-derived CD70 decreases the levels of inflammatory cytokines. Naïve RAG1-/- mice in the
C57BL/6 strain background were injected with 1x106 CD4+CD25- T cells purified from C57BL/6 WT or
CD70-/- mice. Serum samples were harvested via retro-orbital eye bleeding at days 10, 20 and 30 after
adoptive transfer. Luminex assays were performed to measure the levels of the indicated cytokines. Each
dot on the plots represents a single mouse at the indicated time points, with statistical significance
determined by two-way ANOVA.
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Figure 3.3: T cell-derived CD70 decreases the frequency of cytokine producing cells but not cytokine amount
per cell. Naïve RAG1-/- mice in the C57BL/6 strain background were injected with 1x106 CD4+CD25- T cells
purified from C57BL/6 WT or CD70-/- mice. Day 36 after adoptive transfer, spleen cells were harvested and
performed ex vivo PMA/ionomycin activation to analyze the expression of IFNy and TNFa on TcRB+CD4+ T
cells via flow cytometry. Statistical significance was determined by unpaired student t test.
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T cell-derived CD70 suppresses T cell expansion by inducing caspase-dependent
apoptosis
To determine the mechanism by which T cell-derived CD70 inhibits IBD, we analyzed
the proliferation, survival and differentiation of T cells after adoptive transfer. RAG1 -/hosts were sacrificed at Days 5, 10, 17, 30, and 67 in order to analyze T cells at
different stages of disease. Beginning day 17, the absolute number of CD4 + T cells was
significantly higher in mice that received CD70-/- T cells compared to those that received
WT T cells, and the difference persisted until Day 67 (Figure 3.4A). To determine what
caused the difference in CD4+ T cell expansion, we analyzed T cell proliferation by
using the cell proliferation dye ef670. WT and CD70-/- CD4+CD25- T cells were stained
with ef670 and then injected into RAG1-/- mice, which were then sacrificed at Day 6 after
adoptive transfer to analyze T cell proliferation. Gating on Live CD4+ T cells, we
determined by ef670 dilution that there was no difference in CD4+ T cell proliferation
between hosts that received WT and CD70-/- T cells (Figure 3.4B-C). These results
were confirmed at later time points using BrdU and Ki-67 staining (Figure 3.5A).
We next examined the survival of T cells after adoptive transfer. At Day 6 after adoptive
transfer, host mice were sacrificed and spleens removed to analyze active caspase-8
and -3. We gated on CD4+ T cells to examine a live/dead marker versus active
caspase-8 or caspase-3 markers. We have observed significantly decreased caspase-8
activation (Figure 3.4D-E) and a trend towards decreased caspase-3 activation (Figure
3.4F-G) in CD70-/- T cells compared to WT T cells. Therefore, T cell intrinsic CD70 is
associated with higher levels of caspase activation in T cells. These results suggest that
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the increased expansion of CD70-/- T cells was not due to increased proliferation, but a
decrease in caspase-dependent T cell apoptosis.

Figure 3.4: T cell-derived CD70 suppresses T cell expansion by inducing caspase-dependent apoptosis. Naïve RAG1-/mice in the C57BL/6 strain background were injected with 1x106 CD4+CD25- T cells purified from C57BL/6 WT or CD70-/mice. (A) Host mice were sacrificed at the indicated days after adoptive transfer. Absolute numbers of CD4 + T cells were
calculated by multiplying the total numbers of spleen cells by the percentages of TCRβ +CD4+ T cells present in spleen
samples determined by flow cytometry. (B-C) WT and CD70-/- CD4+CD25- T cells were stained with the cell proliferation dye
ef670 and then injected into RAG1-/- host mice, which were then sacrificed at day 6 after adoptive transfer. TCRβ +CD4+ T
cell proliferation was measured by ef670 dilution with data shown as mean ± SD (n=5 per group), with statistical significance
determined by unpaired student t test. (D-G) Day 6 after adoptive transfer, host mice were sacrificed and spleen cells were
analyzed by flow cytometry. TCRβ+CD4+ T cells were gated to examine a live/dead marker versus active caspase-8 or
caspase-3. Cells positive for both live/dead and caspase, considered dead via apoptosis, and cells positive for only
caspase, dying via apoptosis, were added to determine the percent of cells that activated Caspase-8 and -3 pathways for
apoptosis. Shown are representative flow plot (D) and summary data (E) of caspase-8 activation. Also shown are
representative flow plot (F) and summary data (G) of caspase-3 activation. Summary data are combined from 3
independent experiments. Each dot represents a single mouse, with statistical significance determined by unpaired student t
test.
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A previous work showed that CD27 signaling in T cells can induce Fas-mediated
activation induced cell death (AICD) in T cells encountering high antigen loads [504].
Since our results show that T cell-derived CD70 induces a similar apoptosis phenotype,
we analyzed the expression of Fas and Fas Ligand (FasL) on CD4+ T cells after
adoptive transfer. However, CD70 deficiency does not seem to affect either Fas or
FasL expression in this IBD model (Figure 3.6), suggesting that Fas-independent
mechanisms may act downstream of CD70 to induce CD4+ T cell apoptosis. We
believe that CD70 may therefore be able to recruit other death receptors to the
intracellular tail in order to initiate apoptosis.
The CD27-CD70 pathway has been shown to promote Treg and Th1 development and
suppress Th17 effector differentiation [488-491]. Meanwhile Th1, Th17 and Treg cells
have all been shown to play critical roles in the pathogenesis of IBD. Therefore, we
examined whether T cell-derived CD70 affects T cell polarization thereby suppress IBD.
We used flow cytometry to examine the master transcription factors including Tbet,
GATA-3, RORt and Foxp3 that respectively define Th1, Th2, Th17 and Treg lineages
after adoptive transfer. Although we observed substantial expression of these
transcription factors, there is no significant difference observed between WT and CD70 /-

T cells (Figure 3.7), suggesting that T cell-derived CD70 does not skew CD4+ T cell

polarization in this IBD model.
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Figure 3.5: T cell derived CD70 does not affect T cell proliferation in vivo or early activation in vitro. (A) . Naïve
RAG1-/- mice in the C57BL/6 strain background were injected with 1x106 CD4+CD25- T cells purified from
C57BL/6 WT or CD70-/- mice. Day 10 and Day 17 after adoptive transfer, host mice were sacrificed and spleen
cells harvested to analyze the incorporation of BrdU and the expression of Ki67 in TcRB+CD4+ T cells by flow
cytometry. Statistical significance was determined by unpaired student t test. (B) CD4+CD25- T cells were
isolated from naïve C57BL/6 WT and CD70-/- mice and added with soluble anti-CD28 to a 48-well plate coated
with anti-CD3 the day prior. 0.5x106 T cells were added to each well in 0.5ml medium and treated with IFNy at
10ng/ml. After 48 hours T cells were harvested and analyzed by flow cytometry for CD25, CD69, 4-1BB, ICOD,
and 4-1BBL expression. Western blotting was also performed t odetect LIGHT expression. Statistical
significance was determined by unpaired student t test.
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Figure 3.6: T cell-derived CD70 does not affect the expression of Fas and Fas ligand after adoptive transfer. Naïve
RAG1-/- mice in the C57BL/6 strain background were injected with 1x106 CD4+CD25- T cells purified from C57BL/6 WT
or CD70-/- mice. Day 6 after adoptive transfer, host mice were sacrificed and spleens harvested for analysis of FasR
and FasL on TcRB+CD4+ T cells via flow cytometry. Also analyzed are the purified CD4+CD25- T cells as pre-transfer
controls. Statistical significance was determined by unpaired student t test.

Figure 3.7: T cell-derived CD70 does not affect CD4+ T cell lineage differentiation after adoptive transfer. Naïve RAG1/- mice in the C57BL/6 strain background were injected with 1x10 6 CD4+CD25- T cells purified from C57BL/6 WT or
CD70-/- mice. Day 9 after adoptive transfer, host mice were sacrificed and spleen harvested to analyze the expression
of the indicated master transcription factors Tbet, GATA-3, FoxP3, and RORyt that define Th1, Th2, Treg, and Th17
lineages respectively in TcRB+CD4+ T cells. Also analyzed are naïve CD4+ T cells pre-transfer controls. Statistical
significance was determined by unpaired student t test.
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T cell-derived CD70 is associated with higher levels of immune checkpoint signals on T
cells
We have shown that T cell-derived CD70 inhibits IBD and associated inflammatory T
responses via a mechanism that involves caspase-dependent T cell apoptosis.
Together, these phenotypic and mechanistic analyses reveal an immune inhibitory
function for T cell intrinsic CD70, which highly resonates with the roles of several known
immune checkpoint molecules such as PD-1 and TIM-3 [479-481, 484]. This notion
prompts us to examine the expression of the known checkpoint signals on T cells. Host
mice were sacrificed on Day 6 after adoptive transfer, and spleens cells were analyzed
for expression of various checkpoint markers. We observed significantly increased TIM3 expression and trends towards increased CTLA-4, PD-1, and LAG-3 expression on
WT T cells compared to CD70-/- T cells (Figure 3.8). These results confirm that T cellderived CD70 is closely associated with a suppressed or exhausted state for T cells in
this IBD model.
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Figure 3.8: T cell-derived CD70 is associated with higher levels of checkpoint signals on T cells.
Naïve RAG1-/- mice in the C57BL/6 strain background were injected with 1x10 6 CD4+CD25- T
cells purified from C57BL/6 WT or CD70-/- mice. Day 6 after adoptive transfer, host mice were
sacrificed and spleens removed to analyze the expression of CTLA-4, PD-1, TIM-3, and LAG-3
by flow cytometry. Also analyzed are the purified CD4 +CD25- T cells as pre-transplant controls.
TCRβ+CD4+ T cells were gated to examine the percentages of cells that are positive for the
indicated checkpoint signals. Statistical significance was determined by unpaired student t test.
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IFN- stimulates T cell-derived CD70 expression and function
To determine the signals involved in CD70 expression on T cells, we used CD3 and
CD28 antibodies to activate purified CD4+CD25- T cells in vitro. Following 48 hours in
vitro activation, only minimal CD70 expression was detected by flow cytometry (Figure
3.9A). We reason that the inflammatory condition in vivo in the IBD model may have
provided additional factors to enhance CD70 activation. Based on the in vivo cytokine
profiles (Figure 3.2), we have tested various cytokines including IFN-γ, TNF-α, IL-2, IL6 and IL-10 as well as LPS, which is known to induce CD70 expression on dendritic
cells, for their ability to upregulate CD70 on T cells. Indeed, IFN-γ treatment significantly
upregulates CD70 on T cells (Figure 3.9A-B) while other factors show no significant
effect. Under this condition, WT T cells show significantly higher levels of caspase-8
activation (Fig 3.9C) and TIM-3 expression (Fig 3.9D) compared to CD70-/- T cells. In
contrast, no significant difference was observed between WT and CD70 -/- T cells with
regard to the expression of T cell activation markers such as CD25, CD69, 41BB, ICOS,
41BBL and LIGHT (Figure 3.5B). These results suggest that IFN- has the ability to
stimulate T cell-derived CD70 expression and its immune checkpoint function.
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Figure 3.9: IFN-γ stimulates T cell-derived CD70 expression and function CD4+CD25- T cells
were isolated from naïve C57BL/6 WT and CD70-/- mice and added with soluble anti-CD28 to a
48-well plate coated with anti-CD3 the day prior. 0.5x106 T cells were added into each well in
0.5ml medium and treated with IFN-γ at 10ng/ml. After 48 hours T cells were harvested and
analyzed by flow cytometry for CD70 expression. Shown are representative flow plots (A) and
summary data (B) from 3 independent experiments with similar results. Statistical significance
was determined by unpaired student t test. (C) TCRβ+CD4+ T cells were gated to examine a
live/dead marker versus active caspase-8. Cells positive for both live/dead and caspase-8 were
added to show the percent of cells that activated Caspase-8 pathway for apoptosis (D)
TCRβ+CD4+ T were gated to examine expression of TIM-3. Statistical significance was
determined by unpaired student t test.
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T cell intrinsic CD70 signaling contributes to the inhibitory checkpoint function
To test whether CD70 signals intrinsically in T cells to limit their expansion and
upregulate immune checkpoint molecules, we performed in vitro activation of purified T
cells with CD3 and CD28 antibodies followed by crosslinking CD70 with the FR70 Rat
antibody and a secondary anti-Rat antibody. Under this condition, CD70 cross-linking
indeed induces higher levels of caspase-8 activation and TIM-3 upregulation (Figure
3.10A-B). To test whether T cell intrinsic CD70 signaling occurs in vivo after adoptive
transfer, we performed competition assays by mixing CD70+/+ (CD45.1) and CD70-/(CD45.2) T cells in a 1:1 ratio for adoptive transfer in our IBD mouse model. Our result
shows that CD70-/- (CD45.2) T cells exhibit significantly higher expansion than CD70+/+
(CD45.1) T cells (Figure 3.10C). However, CD70-dependent differential expansion in
vivo in the competition assays appears to be merely moderate, raising the question
whether T cell-derived CD70 also interacts with CD27 on other cells to limit T cell
expansion. Altogether, these results demonstrate that T cell intrinsic CD70 signaling at
least partially contributes to the observed immune checkpoint function.
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Figure 3.10: T cell intrinsic CD70 signaling contributes to the inhibitory checkpoint function.
CD4+CD25- T cells were isolated from naïve C57BL/6 WT and CD70-/- mice and added with
soluble anti-CD28 to a 48-well plate coated with anti-CD3 the day prior. 0.5x106 T cells were
added into each well in 0.5ml medium and treated with IFN-γ at 10ng/ml. 22 hours later the Rat
anti-CD70 antibody was added at 5ug/ml to “cross-linking” wells and then 2 hours later a
secondary anti-Rat antibody was added to all wells and incubated for another 24 hours. Cells
were harvested and analyzed by flow cytometry for active caspase-8 (A) and TIM-3 expression
(B). (C) Naïve RAG1-/- mice were injected with 0.5x106 CD4+CD25- T cells purified from
CD45.1 mice mixed with 0.5x106 CD4+CD25- T cells from CD45.2 CD70-/- mice. Day 17 after
adoptive transfer, spleens were harvested to analyze the percentages of CD45.1 versus
CD45.2 cells in the gated TCRβ+CD4+ T cells. Statistical significance was determined by
unpaired student t test.
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T cell-derived CD70 inhibits allogeneic CD4+ T cell response
Thus far our findings have revealed an unexpected immune inhibitory function for T cellderived CD70 that is highly similar to and closely associated with defined immune
checkpoint molecules. Next, we tested whether the immune inhibitory function is limited
to autoimmune T cell response in the IBD model. We next expanded this study to
examine the role of T cell-derived CD70 in allogeneic T responses. We performed
allogeneic hematopoietic cell transplantation (allo-HCT) to study graft-versus-host
disease (GVHD), an allogeneic condition that bears marked differences from
autoimmune IBD but shares common features of inflammatory T cell responses and
intestinal damages. First, we used the commonly used B6 → BALB/c model to test the
role of T cell-derived CD70 in GVHD. When we used CD4+CD25- T cells to induce
GVHD, CD70-/- T cells caused more severe lethal GVHD than WT T cells (Figure
3.11A). As the secondary GVHD model, we transplanted CD4+CD25- T cells in a B6 →
FVB model and observed that CD70-/- T cells also caused more severe lethal GVHD
than WT T cells (Figure 3.11B). To further explore the underlying mechanisms, we
examined donor T cell expansion, survival and expression of immune checkpoint
molecules. Notably, CD70-/- T cells showed significantly higher expansion than WT T
cells (Figure 3.11C), which exhibited significantly increased levels of caspase-8 and
caspase-3 activation than CD70-/- T cells (Figure 3.11D-E). Remarkably, WT T cells
also showed higher levels of expression of immune checkpoint molecules than CD70 -/T cells (Figure 3.11F). Together, these results indicate that in the allo-HCT model, T
cell-derived CD70 inhibits GVHD via a mechanism highly similar to that in the IBD
model that involves caspase-dependent T cell apoptosis and upregulation of defined
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immune checkpoint molecules. In addition, to test whether these checkpoint molecules
have any biological impact in our system, we performed TIM-3 blockade and PD-1
blockade in our GVHD model. Our data (Figure 3.12) showed that blocking TIM-3
shows a trend of making GVHD worse and blocking PD-1 indeed makes GVHD worse,
in a fashion similar to CD70 deficiency in donor T cells. These data suggest that these
immune checkpoint molecules do have a biological impact in our models, which are
consistent with a few previous publications [505-507].
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Figure 3.11: T cell-derived CD70 inhibits allogeneic CD4+ T cell response. Lethally irradiated BALB/c or FVB hosts
were transplanted with CD4+CD25- T cells purified from naïve C57BL/6 WT or CD70-/- mice. (A) Kaplan-Meier survival
curves of BALB/c hosts injected with 2x104 CD4+CD25- T cells and 3x106 TCD BM. Data were summarized by
combining 2 independent experiments (n=16 per group). (B) Kaplan-Meier survival curves of FVB hosts injected with
1x106 CD4+CD25- T cells and 3.5x106 TCD BM. Data were summarized by combining 2 independent experiments (n=8
per group). (A-B) Statistical significance was determined by Log-rank test. (C-F) Lethally irradiated BALB/c hosts were
injected with 5x105 CD4+CD25- T cells and 3x106 TCD BM and sacrificed on Day 5. (C) Absolute numbers of CD4+ T
cells were calculated by multiplying the total numbers of spleen cells by the percentages of TCRβ +CD4+ T cells present
in spleen samples determined by flow cytometry. Summary data of caspase-8 activation (D) and caspase-3 activation
(E) were combined from 3 independent experiments. (F) Summary data of CTLA-4, PD-1, TIM-3, and LAG-3 expression
on TCRβ+CD4+ T cells at Day 5 after allo-HCT. Statistical significance was determined by unpaired student t test.
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Figure 3.12: Blocking TIM‐3 and PD‐1 causes more severe GVHD. (A‐B) Lethally irradiated BALB/c hosts were
injected with 0.05x104 CD4+CD25‐ T cells and 3x106 TCD BM then treated with 100ug of either anti‐TIM3 or IgG
control on day 1‐5 then twice weekly for the duration of the experiment. (A) Kaplan‐Meier survival curves of n=10 per
group. Statistical significance was determined using Log‐rank test. (B) Clinical GVHD score was assessed for mice
based on fur texture, hunch, skin, diarrhea, and activity, with statistical significance determined by two‐way
ANNOVA. *p<0.05 (C‐D) Lethally irradiated BALB/c hosts were injected with 0.4x106 WT CD25‐ PanT cells and
3x106 TCD BM then treated with 100ug of either anti‐PD1 or IgG control twice weekly for the duration of the
experiment. (C) Kaplan‐Meier survival curves of n=10 per group. Statistical significance was determined using Log‐
rank test. (D) Clinical GVHD score was assessed for mice based on fur texture, hunch, skin, diarrhea, and activity,
with statistical significance determined by two‐way ANNOVA. *p<0.05, ***p<0.0001
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T cell-derived CD70 inhibits allogeneic CD8+ T cell response
Thus far we have used Treg-depleted CD4+CD25- T cells in this study. However, it
remains an important question of whether CD70-mediated immune inhibitory function
observed with CD4+CD25- T cells also applies to CD8+ T cells. To answer this question,
we used BM1 (H-2Kbm1) mice as hosts to perform allo-HCT to determine the contribution
of CD70 in CD8+ T cell-mediated GVHD. BM1 mice carry an H-2K region b haplotype
mutation which can stimulate MHC I-dependent activation of CD8+ T cells from C57BL/6
donors. As expected, CD70-/- CD8+ T cells caused more severe lethal GVHD than WT
CD8+ T cells (Figure 3.13A-B). Next, we examined donor CD8+ T cell expansion,
survival and expression of immune checkpoint molecules in order to explore the
underlying mechanisms. Indeed, CD70-/- CD8+ T cells showed significantly increased
expansion compared to WT CD8+ T cells (Figure 3.13C), which exhibited significantly
increased levels of caspase-8 and caspase-3 activation than CD70-/- CD8+ T cells
(Figure 3.13D-E). Finally, WT CD8+ T cells also showed increased expression of triplepositive immune checkpoint molecules (PD1+TIM3+LAG3+) than CD70-/- CD8+ T cells
(Figure 3.13F), although the pattern of expression of these checkpoint signals varied
slightly from that of CD4+ T cells. Overall, these results indicate that in this CD8+ T cellmediated model, T cell intrinsic CD70 inhibits GVHD via essentially the same
mechanism as that observed for CD4+ T cells in the IBD and GVHD models. That is, T
cell-derived CD70 inhibits both CD4+ and CD8+ T cell responses via caspase-
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dependent T cell apoptosis and upregulation of inhibitory immune checkpoint
molecules.

Figure 3.13: T cell-derived CD70 inhibits allogeneic CD8+ T cell response. Lethally irradiated BM1
(A-B) or FVB(C-F) hosts were transplanted with CD8+ T cells purified from naïve C57BL/6 WT or
CD70-/- mice. (A) Body weight was monitored after BM1 hosts injected with 2x106 CD8+ T cells and
3.5x106 TCD BM. Representative data from 1 of 2 experiments is shown as mean ± SD (n=5 per
group), with statistical significance determined by two-way ANNOVA. (B) Kaplan-Meier survival data
of BM1 hosts are combined from 2 independent experiments (n=8-9 per group). Statistical
significance was determined by Log-rank test. (C-F) FVB hosts injected with 1x106 CD8+ T cells and
3x106 TCD BM and sacrificed on Day 9 or 12. (C) Absolute numbers of CD8+ T cells were calculated
by multiplying the total numbers of spleen cells by the percentages of TCRβ +CD8+ T cells present in
spleen samples determined by flow cytometry on day 12. Summary data of caspase-8 activation (D)
and caspase-3 activation (E) are combined from 3 independent experiments. (F) Summary data of
CTLA-4, PD-1, TIM-3, LAG-3 expression on TCRβ+CD8+ T cells at Day 9 after allo-HCT. Statistical
significance was determined by unpaired student t test.
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Donor T cell derived CD27 suppresses inflammatory T cell response
T cell derived CD27 inhibits inflammatory bowel disease
Using our T cell mediated model of IBD, we set out to determine the role of donor CD27
expression on T cells in an inflammatory disease model. Wild-type RAG-/- mice were
transplanted with either wild-type or CD27-/- CD4+CD25- T cells and observed for signs
of IBD induction. Interestingly, we observed that mice receiving CD27-/- T cells
succumbed more rapidly to IBD onset than mice receiving wild-type T cells (Figure 3.14
A-B). This is evidenced by significantly more severe weight loss from hosts receiving
CD27-/- T cells. Around 55% of these hosts lost more than 20% of their body weight
whereas only 10% of hosts receiving wild-type T cells fell below 20% of the initial
weight. Further studies are needed to determine the exact mechanism involved in the
CD27-dependent initiation and persistence of IBD.

Figure 3.14: T cell-derived CD27 inhibits inflammatory bowel disease (IBD). (A) Naïve RAG1-/mice in the C57BL/6 strain background were injected with 1x106 CD4+CD25- T cells purified
from C57BL/6 WT or CD27-/- mice. Body weight was monitored after adoptive transfer.
Representative weight data from 1 out of 3 independent experiments were shown as mean ±
SD (n=4 per group), with statistical significance determined by two-way ANNOVA. (B) KaplanMeier survival data based on 20% weight loss were summarized by combining 3 independent
experiments (n=10-11 per group), with statistical significance determined by Log-rank test.
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Donor T cell derived CD27 play opposing roles in MHC-matched vs MHC-mismatched
transplants
Previous work from our lab by Dr. Nicholas Leigh confirmed that CD27-/- mice have
significantly decreased Treg cells compared to wild-type mice. This is similar to previous
studies looking at number and function of Treg cells in CD27-/- mice. Therefore, all
CD27-/- donor experiments were performed with Treg depleted total T cells in order to
eliminate any Treg related differences. Interestingly, we were able to show that donor
derived CD27 has differential roles depending on the mismatch status of the transplant.
In MHC-matched minor antigen mismatch transplants the expression of CD27 on T cells
leads to significantly worse GVHD as determined by overall survival (Figure 3.15A). In
MHC-mismatched transplant the expression of CD27 on donor T cells protects hosts
from GVHD (Figure 3.15B). This difference may be due the increased abundance of
allo-antigen in the MHC-mismatched model. Previous studies using acute and chronic
viral models have shown that the CD27/CD70 pathway can have opposing effects
dependent on antigen persistence. These studies show that in the presence of an acute
viral challenge the CD27/CD70 pathway is important for the early activation of viral T
cells. Whereas in chronic viral models CD27/CD70 may inhibit CD8 T cell responses.
This same mechanism for antigen-dependent CD27 signaling may apply to the
differential responses seen in MHC-matched versus MHC-mismatched transplants.
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Figure 3.15: Donor T cell-derived CD27 plays opposing role in MHC-matched vs MHC-mismatched transplants. (A) Naïve 129SvJ
hosts were given lethal irradiation on Day-1 then transplanted with 1x106 PanT25- T cells from C57BL/6J wild-type or CD27-/- mice
in addition to 3x106 BM. Kaplan-Meier survival data based on 20% weight loss were summarized by combining 3 independent
experiments (n=8-9 per group), with statistical significance determined by Log-rank test. (B) Naïve BALB/cJ hosts were given lethal
dose of irradiation on Day -1 then transplanted with 0.4x106 PanT25- T cells from cells from C57BL/6J wild-type or CD27-/- mice in
addition to 3x106 BM. Kaplan-Meier survival data based on 20% weight loss were summarized by combining 3 independent
experiments (n=15 per group), with statistical significance determined by Log-rank test.

90

Donor T cell derived CD27 increases AICD following MHC-mismatched interactions
To determine whether CD27 is playing a role in the proliferation or survival of T cells
following MHC-mismatched transplant we utilized in vitro mixed lymphocyte reaction
(MLR) with Balb/c bone marrow derived dendritic cells and wild-type or CD27-/- Treg
depleted PanT cells (PanT25-) cells. First, we addressed whether CD27 expression was
affecting the proliferation of donor T cells. T cells were stained with ef670 proliferation
dye and cultured with allo-BMDCs for 5 days (Figure 3.16A-B). Though we did observe
a slight decrease in the proliferation of CD27-/- CD8 T cells compared to wild-type CD8
T cells, we do not believe this accounts for the dramatic survival difference seen in vivo.
Previous studies have shown that CD27 can promote T cell survival but may also drive
T cell AICD in the presence of abundant antigen. We therefore next addressed whether
CD27 expression on donor T cells leads to decreased T cell survival. CD27
costimulation has been shown to upregulate Fas-mediated AICD, which lead us to look
downstream of Fas signaling at caspase-8 as an active apoptotic effector molecule. Coculture of wild-type T cells with MHC-mismatched BMDCs leads to significantly
increased active caspase-8 expression in T cells compared to CD27-/- T cells (Figure
3.16C-D). This is true for both CD4+ and CD8+ T cell populations. This significant
activation of caspase-8 in T cells expressing CD27 may be one of the major
mechanisms for the observed difference in survival of hosts receiving wild-type T cells.
This is likely due to SIVA-1 activation on the receptor tail of CD27 following strong and
persistent TcR signaling. Wild-type T cells also have increased expression of
exhaustion markers, Lag3 and PD1, on their cell surface compared to knockout T cells
(Figure 3.16E-F). These data suggest that CD27 expression on T cells may lead to the
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overactivation, exhaustion, and death of alloreactive T cells following MHC-mismatched
transplant.

Figure 3.16: Donor derived CD27 increase activation induced cell death. BMDCs were cultured from naïve
BALB/cJ mice as described in Materials and Methods. On Day 7, BMDCs were harvested, counted, and
co-cultured at a 1:5 ratio with PanT25- T cells isolated from C57BL/6J wild-type or CD27-/- donors. PanT25and BMDCs were co-cultured for 4 days before PanT25- cells were harvested and analyzed via flow
cytometry. (A-B) PanT25- donor T cells were first stained with 2uM of ef670 proliferation dye before coculture with C57BL/6J BMDCs. Proliferation was measured by dilution of ef670 on (A) TcRB+CD4+ or (B)
TcRB+CD8+ cells. (C-D) PanT25- donor T cells were harvested and analyzed for active Caspase-8
expression on (C) TcRB+CD4+ or (D) TcRB+CD8+ cells. (E-F) PanT25- cells were analyzed for expression
of exhaustion markers Lag3 and PD1. Expression of (E) Lag3+TcRB+CD8+ and (F) PD1+TcRB+CD8+
cells are shown. Each point represents an independent experiment/mouse (n=4-5). Statistical significance
was determined by unpaired student t test.
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Discussion
The CD27-CD70 receptor/ligand pair is typically known as a costimulatory pathway.
Although the CD27-CD70 interaction has been previously studied in autoimmune
disorders, viral infection, and tumor models, earlier studies examined CD70 expression
and function on APCs or host tissue cells. In this context, our study reveals a novel
immune inhibitory function for T cell-derived CD70. Our results suggest that T cellderived CD70 behaves in a similar fashion to the defined immune checkpoint molecules
such as PD-1 and TIM-3. For the first time to our knowledge, our findings demonstrate
that T cell intrinsic CD70 suppresses inflammatory T cell responses and does so by
promoting T cell exhaustion and apoptosis. Remarkably, it is the typical proinflammatory
IFN- that activates CD70 expression in T cells. Altogether, these findings strongly
suggest that T cell-derived CD70 performs a critical negative feedback function to
downregulate inflammatory T cell responses.
Our findings bestow an immune inhibitory function to T cell-derived CD70, which
appears to be contradictory to a previous report wherein an anti-CD70 antibody was
shown to suppress IBD [502]. While we speculate that it is likely their anti-CD70
antibody (clone 3B9) may inadvertently agonize CD70 signaling in vivo rather than
blocking CD27-CD70 interaction, our experiments with the CD70-knockout T cells
provide a cleaner system to define the contribution of T cell-derived CD70. In addition,
we used the most commonly used FR70 antibody and showed that blocking CD70
indeed exacerbated colitis in a fashion similar to CD70-knockout T cells. Meanwhile, we
have confirmed this immune inhibitory function in both IBD and allogeneic GVHD
models. Furthermore a previous publication from our lab shows that host-derived CD70
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suppresses GVHD by limiting donor T cell expansion and effector function [508].
Together our studies have demonstrated that T cell intrinsic CD70 signaling as well as
CD27-CD70 interaction in both donor T cells and the host immune cells may contribute
to the suppression of inflammatory T cell responses. Although initially unexpected, this
inhibitory function fits with several recent studies that also started to reveal inhibitory
roles for the CD27-CD70 pathway. For example, CD27 signaling has been shown to
promote Treg development and Treg-mediated inhibition of tumor immunity [488, 489],
and inhibit Th17 effector cell differentiation and associated autoimmunity [491].
Furthermore, even earlier work suggested that when CD27-expressing T cells become
activated in the presence of higher load of viral antigens, CD27 signaling could overturn
from being costimulatory to being inhibitory via activation of Fas-driven T cell apoptosis
[504]. This mechanism helps to maintain T cell homeostasis during a viral infection.
Another study demonstrated that CD70-CD27 ligation between neural stem cells and
CD4+ T cells induces FasL expression on CD4+ T cells and subsequently Fas-FasL
mediated T cell apoptosis [509]. Nevertheless, our analyses found that CD70 deficiency
in T cells does not affect either Fas or FasL expression after adoptive transfer,
suggesting that Fas-independent mechanisms account for CD70-induced T cell
apoptosis. This also raises a critical question on how T cell-derived CD70 signals into T
cells to activate caspase-dependent apoptosis, which requires further investigation of
potential signal transduction pathways.
When CD4+ T cells become activated they differentiate into Th1, Th2, Th17 and
Treg cells. While terminal differentiation into these lineages play a critical role in both
IBD and GVHD, it is also associated with upregulation of immune checkpoint molecules
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including TIM-3, which engages with its ligand galectin-9 to induce T cell apoptosis
[510]. Results from our study suggest that when CD4+ and CD8+ T cells become
activated in the T cell transfer models of IBD and GVHD, CD70-/- T cells are less able
than WT controls to upregulate immune checkpoint molecules including CTLA-4, TIM-3,
PD-1, and LAG-3. These CD70-/- T cells also undergo less caspase-dependent
apoptosis. Conversely, the decreased survival and increased exhaustion of WT T cells
contribute to ameliorate diseases in both IBD and GVHD. Importantly, our findings
corroborate well with a recent study of lymphoma patients, which suggests that CD70
upregulation induces exhaustion of effector memory T cells in B-cell non-Hodgkin's
lymphoma [511]. Specifically, CD70+ effector memory T cells from these patients have
an exhausted phenotype and express higher levels of PD-1 and TIM-3 compared with
CD70– T cells. Signaling transduction, proliferation, and cytokine production are
profoundly decreased in the CD70+ T cells, and they are more susceptible to apoptosis.
Clinically, increased numbers of intratumoral CD70+ T cells correlate with an inferior
patient outcome [511]. Overall, this study of lymphoma patients is consistent with our
murine models in defining an inhibitory immune checkpoint role for T cell-derived CD70
and provides clinical relevance to our findings.
Our donor T cell derived CD27 findings also show an immune regulatory role of
this pathway in inflammatory disease settings. Preliminary studies using MHC-matched
and MHC-mismatched transplants potentially confirm previous work suggesting that the
role of CD27 on T cells is dependent on antigen abundance and/or TcR-MHC strength.
In the context of MHC-mismatched transplants, we see that CD27 has an inhibitory role.
In these transplants allo-antigen is abundant and promotes strong allogeneic T cell
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reactions. In this context CD27 promotes apoptosis of alloreactive T cells, thus limiting
target organ damage via alloreactive T cells. We believe this is due to the recruitment of
SIVA-1 to the cytoplasmic tail of CD27. This can then initiate the activation of the
caspase-8 pathway leading to T cell death. This is in contrast to our MHC-matched
minor antigen mismatched transplants in which alloantigen is not as readily available.
Minor antigens are small peptides that are found on the cell surface in association with
MHC I or MHC II. A single amino acid difference between host and donor in these minor
antigens are detectable by T cells that then become immunoreactive. Though of >100
minor antigens have been identified and sequenced to date, these antigens are still less
abundant than the alloantigen in MHC-mismatched transplants [512]. Specifically, a
study of over 230 minor antigens in common mouse strains identified only 81
differences between the 129SvJ and C57BL/6J mice used for our MHC-matched minor
antigen mismatched studies [513]. Therefore, in this model we determined that CD27 is
playing a co-stimulatory role. The presence of CD27 on donor T cells leads to increased
GVHD and decreased overall survival. Further studies are needed to determine the
mechanism by which CD27 is able to increase T cell function or survival.
In summary, our work demonstrates for the first time that T cell-derived CD70
directly inhibits inflammatory T cell responses via a regulatory T cell-independent
mechanism that involves caspase-dependent T cell apoptosis and upregulation of
inhibitory immune checkpoint molecules. Our findings indicate that CD70 expressed on
T cells has the ability to ameliorate inflammatory diseases. We have also found that the
role of CD27 signaling may be dependent on the abundance of antigen available to T
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cells. Therefore, activating T cell-derived CD27/CD70 may be beneficial in the treatment
of inflammatory diseases such as IBD and GVHD.
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Chapter 4:
Host derived CD27 signaling suppresses murine GVHD by skewing
remaining host progenitor cells towards an anti-inflammatory
phenotype
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Introduction
CD27/CD70 hematopoiesis
Immune stress causes major changes to normal hematopoiesis that occurs in bone
marrow niches [514, 515]. In cases of stress, emergency hematopoiesis arises and
hematopoietic stem cells (HSCs) take the lead in reestablishing the balance of the
hematopoietic system [516]. Hematopoietic stem cell behavior is tightly regulated yet
highly flexible in order to maintain immune cell homeostasis throughout the body [517,
518]. Different cytokines and tonic inflammatory signals released in times of stress are
sensed by the HSCs and dictate the differentiation of these progenitors [515, 519].
HSCs are functionally defined by their capability for asymmetrical differentiation,
differentiating into myeloid and lymphoid progenitors, as well as symmetrical
differentiation, self-renewing differentiation [519]. Hematopoietic progenitor cell
development into monocytes contains multiple committed progenitor steps along the
way [520]. The ability of monocytes to differentiate into either macrophages or dendritic
cells is essential to the complete elimination of pathogens [521-523]. Following tissue
injury many changes are initiated in the microenvironment that include the release of
inflammatory mediators and cellular infiltrates [524]. This change to the tissue
microenvironment dictates the differentiation of monocyte precursors [521].
The stress of transplant conditioning often forces HSCs to activate a proapoptotic
gene program, but many progenitor cell populations are inherently resistant to apoptosis
following hematopoietic stress [525, 526]. Even progenitor populations that have
upregulated several death receptors on their cell surface can be resistant to apoptosis
[527, 528]. Studies have shown that the default mechanism of HSCs exposed to
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extreme stress environments is to undergo differentiation whereas mature immune cells
undergo apoptosis [518, 526, 528, 529].
The tumor necrosis receptor superfamily (TNFRSF) is known to be involved in
the survival, differentiation, proliferation, and function of hematopoietic cells [197].
Typically, immune cell subsets upregulate TNFRSF members following activation. This
makes the cells more susceptible to elimination via apoptosis due to activation induced
cell death (AICD) [530, 531]. Early studies were able to show that hematopoietic stem
cell populations were able to respond to TNFR signaling. Studies showed that following
transplantation majority of grafted progenitors upregulated members of the TNFRSF
during stress hematopoiesis [516, 532, 533]. Much like mature immune cells,
progenitors responded to the stress by upregulating NFkB signaling [534, 535].
Studies investigating the role of TNFRSF on hematopoietic cell populations have
shown both a suppressive and supportive impact on progenitor populations [516, 536,
537]. Some studies suggest that Fas and TNF receptors negatively regulate HSC
survival. Activation of these pathways leads to the deterioration of progenitor viability
and clonogenic activity in culture [528, 536, 538]. In contrast, other studies have shown
that the hematopoietic system responds differently depending on maturation status
[516]. These studies suggest that early stem and progenitor populations undergo
significant growth following TNF signaling whereas the more mature progeny undergo
apoptosis.
The role of CD27 and CD70 on T cell proliferation, B cell IgG production, and
plasma cell differentiation has previously been studied in multiple models, but the role of
CD27 on HSCs is widely unknown [539-541]. CD27 expression has been identified on
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HSCs and progenitor cells in mouse bone marrow as well as fetal liver stem cells [525,
542, 543]. CD27 is constitutively expressed on these cell populations [544, 545].
Expression of CD27 marks murine embryonic hematopoietic stem cells and type II prehematopoietic stem cells [543]. Over 90% of lineage-Sca1+ckit+ (LSK) progenitors
express CD27 on their cell surface [542]. The importance of signaling through the
CD27-CD70 pathway in progenitor cell populations is still under investigation. CD27-/mice have normal development of the hematopoietic system, but early viral studies
have shown that knockout mice have an impaired T cell response following antigenic
challenge [546, 547]. This suggests that CD27-CD70 signaling plays a greater role in
emergency hematopoiesis rather than normal hematopoiesis.
As mentioned in Chapter 1, host APCs and HSCs play crucial roles in the
initiation of acute GVHD. Due to the complex role of CD27/CD70 on multiple cell types
we wanted to assess the role of this interaction on host cells in GVHD. Knowing that
CD27 is highly expressed on HSCs, we sought to determine the importance of CD27
co-stimulation on HSCs following allo-HCT. CD27 expression is lost with differentiation
of HSCs to more mature progeny and eventually monocytes, macrophages, and DCs
[542]. Therefore, we believe that the rapid changes to host HSC populations in times of
emergency hematopoiesis are CD27-dependent and dictate the final host cell
populations that interact with the donor graft. Overall, our host studies suggest that
CD27 signaling on HSCs skews cells towards an anti-inflammatory phenotype. These
cells then interact with the donor T cells to induce cell-death and decrease inflammation
following allo-HCT.
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Materials and Methods
Mice
CD70-/- mice have been backcrossed for 13 generations to the C57BL/6Ncr strain and
were provided by Dr. Jonathan Ashwell at NCI [495, 496]. CD27-/- mice were provided
by Stephen Schoenberger (La Jolla Institute for Allergy and Immunology) and originally
generated by Jannie Borst (Netherlands Cancer Institute). The CD27-/- mice were then
backcrossed in our lab with C57BL/6J mice from Jackson labs and used alongside
littermate controls. C57BL/6Ncr WT, BALB/c WT and FVB WT mice were purchased
from NCI and Charles River–Frederick. C57BL/6 RAG1 -/- mice were purchased from
The Jackson Laboratory. All mice were maintained in specific pathogen-free conditions.
All experiments were conducted in accordance with protocols approved by the animal
studies committee at Roswell Park Cancer Institute.
Flow cytometry
Cells were stained with antibodies to CD3 (145-2C11), CD4 (RM4-5), CD8 (53-6.7),
CD25 (PC61), Foxp3 (FJK-16s), LAG-3 (C9B7W), PD-1 (29F.1A12), TIM-3 (B8.2C12), ,
and fixable Live/Dead Aqua (Invitrogen) or Zombie UV™ (Biolegend). Active caspase-8
and 3 staining was performed using CaspGLOW ™ Fluorescein Active Caspase-8 or 3
staining kit (eBioscience). All samples were run on a LSRFortessa (BD Biosciences).
All data were analyzed with FlowJo (Tree Star).
ef670 dilution
Single cell suspensions of sorted PanT were resuspended in 5mL of 37°C PBS. Equal
volume of 2μM ef670 in 37°C PBS was added to the T cell suspension and incubated
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for 10 min at 37°C. After incubation, 5mL of 10% FBS containing RPMI was added and
cells were washed. Cells were then washed twice in PBS before use.
Luminex assay
Serum was collected by retro-orbital eye bleeding on the indicated days following
transplant. Blood was immediately placed on ice until all samples were collected. Once
the final sample was collected, all samples were incubated at room temperature for 20
min to allow for clotting. After incubation, vials were centrifuged at 4°C for 10 min at
2000g. Serum was collected and then frozen at -80°C. Mouse Cytokine and
Chemokine 11-plex was performed by the Flow and Image Cytometry, Luminex Divison
at Roswell Park Cancer Institute as per manufacturer’s instructions.
Allogeneic hematopoietic cell transplant (allo-HCT) and graft-versus-host disease
(GVHD)
On day -1 C57BL/6J WT or CD27-/- hosts received 1000cGy. Hosts were transplanted
on day 0 with purified WT BALB/cJ or 129SvJ PanT cells as described above. Host
mice were then weighed twice weekly and considered moribund when body weight
reached below 80% of initial weight.
BM-derived DCs and MLRs
Bone marrow derived dendritic cells (BMDCs), as stimulators, were generated from
C57BL/6J WT or CD27-/- mice and cultured in 5% RPMI 1640 with 20ng/ml GM-CSF for
7 d. At day 6, LPS (100 ng/ml) was added to induce maturation of DCs. PanT, as
responders, were isolated from the spleens of naïve BALB/cJ mice. A total of 2.5 × 105
responders and 0.5 × 105 BMDCs (stimulators) (5:1 ratio) was cocultured in 300 μl of
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10% RPMI 1640 per well in a 96-well plate for 5 days. Cells were harvested and
washed once with 1 ml of Dulbecco’s PBS before staining for flow cytometry.
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Results:
CD27 signaling on progenitor cells increases survival/proliferation and differentiation
into myeloid cells
Prompted by published and preliminary results showing that CD27 is highly expressed
on Lineage-Sca1+ckit+ (LSK) progenitor cells, we set out to determine the role of the
CD27/CD70 signaling pathway in these cells. To determine if the CD27/CD70 pathway
changed the survival and/or proliferation of progenitor populations we first setup colony
forming assays using lineage-depleted bone marrow cells from wild-type C57BL/6J
mice. As shown in Figure 4.1, the triggering of the CD27 signaling pathway, via the
RM27-3E5 agonistic antibody, significantly increased the size and total number of
colony forming units (CFUs) compared to IgG control treated cultures. Cells were then
harvested from the culture on day 7 and analyzed via flow cytometry for differentiation
markers. Cultures were stained for progenitor cell populations as well as monocyte and
macrophages populations (CD11b+Mac3+). Interestingly, we observed that agonistic
stimulation of CD27 signaling on LSK progenitor populations lead to increased cell
number (Figure 4.1c) and a skewing of cells towards a myeloid lineage compared to
control cultures (Figure 4.1d).
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Figure 4.1: CD27 signaling on LSK progenitor cells skews cells towards myeloid differentiated
cells. (A) Representative flow plot of CD27 expression on LSK progenitor cells and lineage- bone marrow cells. (B-D) 4x103
Lineage-depleted bone marrow cells were cultured for 7 days on methylcellulose containing media with SCF, IL-6, and IL-3. (B)
Representative photo of colony formation at Day 7 of culture. (C) Absolute number of cells on Day 7. (D) Cells were harvested
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separate experiments. n=3 Statistical significance was determined by unpaired student t test.
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CD27 signaling skews total bone marrow cells away from DCs and towards
macrophages
Since CD27 was found to skew bone marrow hematopoietic cells towards a myeloid
phenotype, we next tested the effect of CD27 signaling on total bone marrow
populations. Using bone marrow derived dendritic cell (BMDCs) culture conditions we
added a CD27 agonist on day 0 and day 3 of culture. We observed significant changes
to overall cell morphology and phenotype compared to control treated BMDCs.
Surprisingly, even with only around 5% of total bone marrow cells expressing CD27, we
determined that following CD27 signaling majority of bone marrow cells were skewed
away from dendritic cells and towards macrophages (Figure 4.2a, 4.2e). Following LPS
activation, immature dendritic cells will further mature into activated dendritic cells that
have increased CD11c+, CD80/86, and MHCII expression [548]. They also commonly
secrete increased levels of IFNy and TNFa following maturation [549]. These mature
dendritic cells are then primed and ready to present antigen to incoming T cells. From
the BMDC cultures we determined that the few dendritic cells produced in cultures
treated with the CD27 agonist expressed lower activation and maturation markers than
control treated BMDCs (Figure 4.2b, 4.2c). The dendritic cells in agonist treated
cultures also secreted less proinflammatory cytokines than control treated BMDCs
(Figure 4.2d). Macrophages can differentiate into several distinct phenotypes
depending on the microenvironment in which they are found [550]. The two major
classifications of macrophages are the proinflammatory M1-type macrophages and the
anti-inflammatory M2-type macrophages [551]. Initial phenotyping of the macrophages
produced following CD27 signaling in bone marrow cultures suggested that these cells
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are suppressive, M2-like, macrophages. This is based on increased CD206 expression
as well as decreased proinflammatory cytokine secretion (Figure 4.2f).
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Figure 4.2: Agonizing CD27 in vitro skews bone marrow cells away from immunogenic DCs to M2like macrophages. 1x106 bone marrow cells were cultured from C57BL/6J WT or CD27-/-mice as described in Materials and
Methods section. Cells were harvested on Day 7 and analyzed via flow cytometry. (A) BMDCs were analyzed for Dendritic cells
markers (CD11b+CD11c+). (B) Dendritic cells activation status was assessed by MFI of CD86+ and (C) MHCII. (D) BMDCs were
treated with BFA for 4hrs prior to collection. Cells were then stained intracellularly to determine IFNy expression from Dendritic cells.
(E) BMDCs were stained to determine macrophage differentiation (CD11b+F4/80+CD68+). (F) Macrophage populations were
analyzed for expression of M2-like markers (CD206). Pooled results of 4 separate experiments. n=4-5 Statistical significance was
determined by unpaired student t test.
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CD27-skewed BMDCs stimulate less proliferation of alloreactive T cells
To determine the functional changes of CD27-skewed bone marrow cells, we next used
the BMDCs generated from CD27 agonist treated or control treated bone marrow as
stimulators in a mixed lymphocyte reaction (MLR). BMDCs were mixed with MHCmismatched total splenic T cells (PanT) to mimic the alloreactive T cell response of
GVHD. When agonist treated BMDCs were cocultured with allogeneic T cells we
observed significantly less proliferation of T cells compared to T cells cultured with wildtype BMDCs (Figure 4.3a-c). The number of both CD4 and CD8+ T cells were
decreased as was overall T cell survival in cultures with agonized BMDCs. Further
studies are needed to determine if the changes in survival are due to activation induced
cell death or the absence of a strong immunogenic signal 1. Since we also observed the
same decrease in proliferation of dead cells, we do not believe that the CD27-agonized
BMDCs promote rapid, early proliferation then death of allogeneic T cells. These data
further support that CD27 signaling in bone marrow progenitors skews the population
from immunogenic DCs and towards suppressive macrophages.
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Figure 4.3: CD27 skewed BMDCs stimulate less T cell proliferation compared to control BMDCs.
BMDCs were generated as previously described. BALB/c PanT cells were isolated and cultured at a 5:1 ratio with C57BL/6J BMDCs.
On Day 5 cells were harvested, counted, and analyzed via flow cytometry. (A) Absolute count of T cells at Day 5 of MLR. (B-C) PanT
cells were stained with 2uM of ef670 proliferation dye on Day 0 before co-culturing with BMDCs. (B) Proliferation of Live TcRB+CD4+
cells (C) Proliferation of Live TcRB+CD8+ cells. Pooled results of 3 separate experiments. Statistical significance was determined by
unpaired students t test.
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Triggering CD27 in naïve mice significantly alters the hematopoietic system
The dramatic changes seen following CD27-signaling in hematopoietic stem cells and
total bone marrow cells prompted us to examine lymphoid organs in naïve mice. First,
we confirmed that our CD27-/- mice and wild-type mice have no differences in
hematopoietic cell populations prior to any immune challenge (Figure 4.4a-e). Next,
naïve C57Bl/6J mice were treated once per week for two weeks with either the CD27
agonist or an IgG control then sacrificed on Day 14. After only two weeks of treatment
we observed significant changes to the bone marrow cell populations. CD27 triggering
in naïve mice was able to dramatically increase LSK progenitor populations as well as
bone marrow macrophages, T cells, and B cells. The increase in these populations was
at the expense of the bone marrow dendritic cells and neutrophils, which were
significantly decreased compared to wild-type controls (Figure 4.5a-b). Because CD27
is expressed mainly on LSKs in the BM, we believe the changes in cell populations are
due to the skewed differentiation of the LSK population and not proliferation of mature
APCs. Surprisingly, majority of these population changes were not observed in the
spleen, thymus, or lymph nodes of the mice (Figure 4.5c-e). Further studies are needed
to determine if this is due to changes in cellular migration after CD27 agonism or only
because not enough time was given to observe complete migration from the bone
marrow.
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Figure 4.4: CD27-deficient mice have normal hematopoietic development. Naïve C57BL/6J wild-type or CD27-/- mice
were sacrificed between 8-9wks of age. (A) Bone marrow was harvested and stained for Neutrophils (CD11b+Gr1+CD115-), Monocytes (Gr1intCD115+), Macrophages (CD68+F4/80+), DCs (CD11b+CD11c+), B cells (B220+TcRB-), T cells (TcRB+), CD4+(TcRB+CD4+),
CD8+(TcRB+CD8+), and Tregs (TcRB+CD4+FoxP3+). (B) Bone marrow was stained for hematopoietic progenitor cell populations including
LSK (Lin-ckit+Sca1+), CMP (Lin-ckit+Sca1-CD16/32-), and CLP (Lin-ckit-Sca1+IL-7ra+). (C) Spleen cells were stained for Neutrophils,
Monocytes, Macrophages, pDCs (CD11b-CD11c+B220+), cDCs (CD11b+CD11c+), B cells, T cells, CD4+ and CD8+ T cells, and Treg cells. (D)
Thymic cells were harvested and stained for B cells, T cells, and Treg cells. (E) Peripheral lymph nodes and mesenteric lymph nodes were
pooled and analyzed for B cells, T cells, and Treg cells. N=4 mice per group. Statistical significance was determined by unpaired students t test.
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Figure 4.5: Triggering CD27 in naive mice causes significant changes to hematopoietic development.
Naïve C57BL/6J wild-type mice were treated with a CD27 agonist or IgG control once per week for two weeks. Mice were then sacrificed
and lymphoid organs harvested and analyzed via flow cytometry. (A) Bone marrow was harvested and stained for Neutrophils
(CD11b+Gr1+CD115-), Monocytes (Gr1-intCD115+), Macrophages (CD68+F4/80+), DCs (CD11b+CD11c+), B cells (B220+TcRB-), T
cells (TcRB+), CD4+(TcRB+CD4+), CD8+(TcRB+CD8+), and Tregs (TcRB+CD4+FoxP3+). (B) Bone marrow was stained for
hematopoietic progenitor cell populations including LSK (Lin-ckit+Sca1+), CMP (Lin-ckit+Sca1-CD16/32-), and CLP (Lin-ckit-Sca1+IL7ra+). (C) Spleen cells were stained for Neutrophils, Monocytes, Macrophages, pDCs (CD11b-CD11c+B220+), cDCs (CD11b+CD11c+),
B cells, T cells, CD4+ and CD8+ T cells, and Treg cells. (D) Thymic cells were harvested and stained for B cells, T cells, and Treg cells.
113 mice per
(E) Peripheral lymph nodes and mesenteric lymph nodes were pooled and analyzed for B cells, T cells, and Treg cells. N=7-8
group. Statistical significance was determined by unpaired students t test.

Following lethal irradiation host lymphoid tissues, including bone marrow, rapidly
upregulate CD70 expression
Previous studies have shown that CD70 can be rapidly upregulated on human APCs
following irradiation [30]. To determine if this rapid and robust upregulation of CD70
occurs on murine APCs, we compared lymphoid tissues from wild-type and CD70deficient mice. Host mice were given a lethal dose of radiation then sacrificed between
12-24hrs following conditioning. Unfortunately, we were unable to confidently detect
CD70 expression on wild-type host lymphocytes following IR conditioning. Previous
work has shown that CD70 rapidly is downregulated from the cell surface following
interaction with CD27 [552]. This is believed to occur in order to limit overactivation of
cells by the co-stimulatory signaling. Thus, we repeated the conditioning using a CD27 -/host and were able to observe CD70 expression on bone marrow cells at 24hrs
following irradiation (Figure 4.6a). At these early timepoints following irradiation, but
prior to transplant, we also observed changes in host cell populations between wild-type
and CD27-deficient hosts. As early as 12hrs following irradiation, we detected a
decrease in bone marrow dendritic cells in wild-type hosts compared to CD27-/- hosts
(Figure 4.6b). A similar trend is later detected in the spleen of wild-type hosts at 24hrs
following irradiation. We believe this is due to the skewing of HSCs by CD27 signaling
during emergency hematopoiesis. To determine immune cell skewing following
transplant, CD27-deficient and wild-type mice were sacrificed 3 days following
transplant and host populations analyzed. Even at very early timepoints post allotransplant we found that host dendritic cell populations were significantly increased in
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the spleen and mesenteric LN (mLN) of CD27-/- hosts compared to wild-type hosts
(Figure 4.6c-d).

Figure 4.6: Lethal irradiation upregulates CD70 expression on bone marrow cells and initiates
changes to hematopoietic cell populations. (A) Naïve C57BL/6J wild-type, CD70-/-, and CD27-/- were given a
lethal dose of irradiation (1100Rad) before being sacrificed 24hrs later. Bone marrow cells were harvested and analyzed via the
Amnis FlowSight. Cell were stained for CD27, Live/Dead, and CD70 markers. (B-D) Wild-type and CD27-/- were pre-treated with
a CD27 agonist or IgG control as explained in Materials and Methods. (B) Wild-type and CD27-/- mice were given lethal
irradiation then sacrificed 24 hours later. Mesenteric LN (mLN) cells were harvested and dendritic cells (CD11b+CD11c+) were
analyzed. (C-D) Host mice were given a lethal dose of irradiation on Day -1 then transplanted with 3x106 PanT and 5x106 BM
from wild-type BALB/cJ donors on Day 0. Host mice were sacrificed on Day 3 following transplant. Host DCs
(H2kB+CD11b+CD11c+) were analyzed from (C) spleen and (D) mLN via flow cytometry. N=2-4 mice per group. Statistical
significance was determined by unpaired students t test.
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Host derived CD27 protects mice from lethal GVHD following allo-HCT
Due to the importance of host APCs in GVHD, we next hypothesized that host CD27
may be responsible for skewing the differentiation of remaining host HSCs following
irradiation and therefore suppressing GVHD. To test this hypothesis, we used an MHCmismatched model, H2d→H2b, with or without PanT cells. Following allo-HCT we
observed that mice lacking host-derived CD27 rapidly succumb to lethal GVHD whereas
wild-type hosts had significantly better overall survival (Figure 4.7a). To eliminate
natural CD27-CD70 signaling in hosts following irradiation we then used CD70-deficient
hosts to test the role of CD27 skewed bone marrow prior to transplant. CD70-deficient
hosts treated with a CD27 agonist, to stimulate CD27 signaling in naïve mice, prior to
transplant. Mice pre-treated with the CD27 agonist had decreased clinical GVHD score
and increased overall survival compared to control treated hosts (Figure 4.7b-d). We
next used the more severe C57BL/6J to BALB/cJ transplant model in order to further
test our rescue phenotype. BALB/cJ hosts were pretreated with IgG or CD27-agonist,
as previously described, prior to transplant with C57BL/6J PanT and bone marrow.
Similar to our previous models, we can see that pretreatment of host mice with a CD27
agonist can significantly reduce GVHD following allo-HCT (Figure 4.8a-c). As a final
model of allogeneic GVHD, we used an MHC-matched minor antigen mismatched
model. Using donor 129SvJ T cells into our CD27-/- or wild-type hosts we again
observed that host derived CD27 was able to protect mice from lethal GVHD. Survival
was further enhanced when hosts were pre-treated with a CD27 agonist prior to
transplant (Figure 4.9a-e). These data suggest that CD27 signaling in host cells can
protect hosts against lethal GVHD.
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Figure 4.7: Host derived CD27 protects mice from lethal GVHD following MHCmismatched allo-HCT. (A) Naïve C57BL/6J wild-type or CD27-/- hosts were given lethal irradiation on
Day-1 then transplanted with 3x106 PanT and 4x106 BM from BALB/cJ donors. Kaplan-Meier survival curve
based on 20% weight loss is shown (n=8 mice per group). (B-D) Naïve C57BL/6 CD70-/- hosts were
pretreated with CD27 agonist or IgG control as described previously. On Day -1 hosts were lethally irradiated
then transplanted with 3x106 PanT and 4x106 BM from BALB/cJ donors. (B) Weight loss, (C) Clinical GVHD
score, and (D) Kaplan-Meier survival curve based on 20% weight loss are shown (n=4 mice per group). (A,D)
Statistical significance was determined by Log-rank test. (C) Statistical significance was determined by twoway ANOVA.
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Figure 4.8: Pretreatment agonism of host derived CD27 protects mice from lethal GVHD
following MHC-mismatched allo-HCT. (A-C) Naïve BALB/cJ hosts were pretreated with CD27 agonist or
IgG control as described previously. On Day -1 hosts were lethally irradiated then transplanted with 0.2x106 PanT and
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significance was determined by Log-rank test.
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Figure 4.9: Host derived CD27 protects mice from lethal GVHD following MHC-matched minor antigen
mismatched allo-HCT. (A) Naïve C57BL/6J wild-type or CD27-/- hosts were given lethal irradiation on Day-1 then transplanted with
3x106 PanT and 4x106 BM from 129SvJ donors. Kaplan-Meier survival curve based on 20% weight loss is shown. Data were summarized from
combining two independent experiments (n=18 mice per group). (B-E) Naïve C57BL/6 wild-type hosts were pretreated with CD27 agonist or
IgG control as described previously. On Day -1 hosts were lethally irradiated then transplanted with 5x10 6 PanT and 4x106 BM from 129SvJ
donors. (B) Weight loss, (C) Clinical GVHD score, (D) Kaplan-Meier survival curve, and (E) Kaplan-Meier survival curve based on 20% weight
loss are shown. Data are pooled from two independent experiments (n=12-13 mice per group). (A,D-E) Statistical significance was determined
by Log-rank test. (C) Statistical significance was determined by two-way ANOVA.
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Proinflammatory cytokines are increased in CD27-deficient hosts following allo-HCT
After allo-HCT, proinflammatory cytokines play an essential role in mediating tissue
damage and providing signals to enable allogeneic T cells to induce GVHD. Because of
the differences in GVHD between WT and CD27-deficient hosts, we speculated that
proinflammatory cytokines would be increased in CD27-deficient hosts compared with
WT controls. We evaluated several key cytokines involved in GVHD effector phase
including TNF-α, IL-2, IFN-γ, and IL-6 levels at day 5 and day 7 post HCT. CD27deficient mice that received allogeneic donor PanT cells had significantly higher levels
of TNF-α, IL-2, and IFN-γ compared with WT controls (Figure 4.10a-d). These data
suggest that hosts with intact CD27 -CD70 signaling limit the inflammatory environment
via control of cytokine release.

Figure 4.10: Proinflammatory cytokines are significantly increased in the serum of
CD27-/- hosts compared to wild-type hosts. C57BL/6J wild-type or CD27-/- hosts were given
lethal irradiation on Day -1 then transplanted day 0 with 3x106 PanT and 4x106 BM from BALB/cJ donors.
Serum was collected via retro orbital eye bleed on day 5 or 7 post allo-BMT. Levels of (A) IFN-y, (B) TNFa,
(C) IL-2, and (D) IL-6 were analyzed using MILLIPLEX MAP mouse cytokine/Chemokine magnetic bead
panel. n=8-10 mice per group. Statistical significance was determined by unpaired students t test.
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Donor T cell expansion is increased in CD27-deficient hosts following allo-HCT
As previously described, donor T cells are mediators of GVHD. Our data suggest that
host CD27 may play a crucial role in creating an anti-inflammatory environment which
decreases donor T cell expansion, function, or both after allo-HCT. We found that the
total number of splenocytes, as well as the percentage and number of donor CD4 + and
CD8+ T cells, was significantly increased in CD27-deficient hosts compared with WT
hosts on day 5 and 7 following transplant (Figure 4.11a-b). Mice pre-treated with a
CD27 agonist have further reduced CD8+ T cell expansion compared to control treated
mice (Figure 4.11a-b). These data indicate that the absence of CD27 provides an
environment that is conducive to marked donor T cell expansion after allo-HCT.

Figure 4.11: Donor T cell expansion is decreased following triggering of host derived CD27 .
(A-B) C57BL/6 wild-type or CD27-/- mice were pretreated with CD27 agonist or IgG control as previously described. On day
-1 hosts were given lethal dose of irradiation then transplanted on Day 0 with 5x10 6 PanT and 4x106 BM from BALB/cJ
donors. Hosts were then sacrificed on Day 5 or 7 post allo-BMT and spleen cells harvested for analysis. Absolute number of
(C) CD4+ and (D) CD8+ cells were calculated (n=4-5 mice per group). Statistical significance was determined by unpaired
students t test.
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Host CD27 contributes to the caspase-dependent cell death of donor T cells.
Combining our in vitro and in vivo results suggests that CD27 signaling in bone marrow
progenitors creates an anti-inflammatory environment that is able to suppress T cell
proliferation. In order to limit systemic inflammation immune cells have developed
several pathways to induce cell death without creating more inflammation. One such
pathway is via apoptosis. Studies investigating tumor associated macrophages have
shown that these cells can initiate the caspase-cascade of apoptosis in activated T cells
[553]. To test if this was a factor in limiting donor T cell expansion in our GVHD model,
we transplanted allogeneic T cells into wild-type or CD27-deficient hosts. Host mice
were then sacrificed on day 5 or 7 following transplant in order to analyze donor T cell
populations. We found that following transplant, donor T cells within the wild-type hosts
had significantly more caspase-8 activation than donor T cells in CD27-deficient hosts
(Figure 4.12a). In hosts that were pre-treated with CD27 agonist prior to transplant we
saw a moderate increase in active caspase-8+ donor T cells compared to T cells in
controls mice on day 7 following allo-HCT (Figure 4.12b). In CD27 pretreated hosts, we
also observed significantly higher exhaustion markers, such as TIM3 and PD-1, on
donor T cells compared to T cells in control treated hosts (Figure 4.12c). These data
suggest that triggering host CD27 creates an anti-inflammatory environment which
leads to the exhaustion and apoptosis of donor T cells.
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Figure 4.12: Donor T cell expansion is limited in part due to increased Caspase-8 activation in
CD27-expressing hosts. C57BL/6 wild-type or CD27-/-mice were pretreated with CD27 agonist or IgG control as previously
described. On day -1 hosts were given lethal dose of irradiation then transplanted on Day 0 with 5x10 6 PanT and 4x106 BM from
BALB/cJ donors. Hosts were then sacrificed on Day 5 post allo-BMT and spleen cells harvested for analysis. (A) Active Caspase-8
was calculated in H2kD+TcRB+CD4+ or H2kD+TcRB+CD8+ T cells. (B) Spleen cells were harvested on Day 5 and analyzed for
exhaustion (PD1+Tim3+) on H2kD+TcRB+CD4+ or H2kD+TcRB+CD8+ T cells. (n=4-5 mice per group). Statistical significance was
determined by unpaired students t test.
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CD27-deficient hosts can be partially rescued from lethal GVHD by syngeneic CD27skewed BMDCs
Our in vitro results suggested that a major outcome of CD27 signaling in LSK
progenitors and total bone marrow populations is the skewing towards a suppressive
macrophage population. Therefore, we sought to determine if we could rescue CD27deficient hosts by transplanting those cells back into hosts at time of transplant.
Syngeneic total bone marrow was cultured as previously described with or without the
addition of a CD27 agonist. BMDCs were then harvested and injected into lethally
irradiated CD27-deficient hosts along with allogeneic donor PanT and BM cells.
Interestingly, following transplant knockout mice that received syngeneic CD27-skewed
BMDCs had slightly decreased clinical GVHD symptoms and prolonged survival
compared to hosts receiving control treated BMDCs (Figure 4.13a-c). Unfortunately,
the addition of only CD27-skewed BMDCs was not sufficient to completely rescue
CD27-deficient hosts from lethal GVHD. Further studies are needed to determine the
role of other host cell populations following CD27 agonism.
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Figure 4.13: CD27-/- hosts can be partially rescued from lethal GVHD via the addition of CD27skewed bone marrow cells. Bone marrow cells from naïve C57BL/6J mice were collected and cultured as previously
described. CD27 agonist or IgG control antibodies were added to the culture at day 0 and day 3. On Day 7, BMDCs were
harvested and prepared for injection. (A-C) Naïve C57BL/6J CD27-/- hosts were given lethal irradiation on Day-1 then
transplanted with 1x106 PanT and 4x106 BM from BALB/cJ donors in addition to 4.5x106 C57BL/6J BMDCs. (A) Weight loss,
(B) Clinical GVHD score, and (C) Kaplan-Meier survival curve based on 20% weight loss are shown (n=14-15 mice per group).
(B) Statistical significance was determined by two-way ANOVA (C) Statistical significance was determined by Log-rank test.
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Discussion:
Our study provides evidence that in the absence of host-derived CD27 expansion of
donor effector T cells is increased leading to simultaneous increases in GVHD. The
increase in GVHD in the absence of intact host CD27-CD70 co-stimulation was also
shown in previously published data from our lab. Our results contrast with studies that
have shown decreased GVHD when hosts are deficient for other members of the
TNFRSF such as OX40L, 4-1BBL, and CD30L [554-556]. Therefore, this work suggests
that host CD27 plays a unique role in suppressing GVHD.
Our study took advantage of an available CD27 agonist in order to determine the
specific role of CD27 signaling in multiple cell types. Since hematopoietic stem cells are
fairly radioresistant and constitutively express CD27, we first analyzed the role of CD27
signaling on this cell type [29, 542]. Though host HSCs are depleted following allo-HCT
they first undergo rapid differentiation, proliferation, and mobilization after conditioning
[557]. Studies have shown that CD70 is also rapidly upregulated following gamma
radiation [30]. This allows for the interaction of CD27 and CD70 in the bone marrow
niche. Preliminary results from our lab suggest that this signaling of CD27 leads to
phosphorylation of TRAF2 and eventually NFkB activation, which can lead to myeloid
skewing of hematopoietic stem cells. CD27 signaling on HSCs in this time of
inflammatory stress increases the survival of the progenitor cells. Our data, along with
previous studies, have shown that CD27 signaling on HSCs increases the myeloid and
lymphoid differentiation. We suggest that these differentiated cells then migrate to
secondary lymphoid organs for the presentation of host antigen prior to their elimination.
Our in vitro bone marrow cultures show that following CD27 signaling, we can skew
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CD27 expressing bone marrow cells towards an M2-like macrophage instead of an
inflammatory dendritic cell. This phenotype is consistent with in vivo use of the agonist
in naïve mice. This suggests that the CD27 signaling on HSCs, following conditioning,
skews those cells towards an anti-inflammatory cell phenotype. When these cells then
traffic to secondary lymphoid organs they likely suppress the proinflammatory
environment created by the conditioning regimen. This accounts for the huge
differences seen early in proinflammatory cytokines between wild-type and CD27-/mice. These data are consistent with previous reports on the role of a similar TNFRSF
member, 4-1BB/4-1BBL, on HSCs [533]. These authors proposed signaling via the 41BB/4-1BBL pathway was able to induce the proliferation of HSCs and induce
macrophage differentiation. The triggering of 4-1BB on bone marrow progenitor cells led
to increased release of anti-inflammatory cytokines.
Mature macrophages and dendritic cells do not express CD27, therefore we
suggest that the CD27-dependent decrease in donor T cell proliferation is due to the
skewing of bone marrow HSCs to M2-like macrophages following IR conditioning.
Previous studies have shown that M2 macrophages are able to limit T cell expansion
through multiple mechanisms including anti-inflammatory cytokine release and
increased cytotoxic activity [558, 559]. This can explain the decreased expansion of
allogeneic T cells in wild-type hosts because of the interaction of allogeneic T cells and
M2-like macrophages at the sites of GVHD initiation.
Knowing that CD27 agonism can drive HSCs to differentiate into multiple cell
types we cannot rule out the contribution of each host cell population to the reduced
GVHD in wild-type hosts. Previous work from our lab and others has shown that mature
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T and B cells are rapidly depleted following conditioning prior to transplant. Though it is
unlikely that these cells interact with the donor graft, it is possible that they alter the
inflammatory environment of the host mice.
It has been well characterized that CD27-/- and CD70-/- mice have decreased
number and function of Treg cells [489, 560, 561]. Surprisingly, there has not been
much work characterizing the contributions of host-derived Tregs in acute GVHD
severity. Studies on chronic GVHD have shown that host radioresistant Treg cells have
the ability to suppress GVHD, but the addition of host-derived Treg cells cannot
decrease acute GVHD [562, 563]. Importantly, previous studies have shown that host
CD25 depletion prior to transplant accelerates GVHD [133]. These studies implicate an
important role for host-derived Treg cells in GVHD. This is important because work in
CD27-/- and CD70-/- mice has shown that Treg cells in the knockout mice have
decreased survival and suppressive capacity compared to wild-type Treg cells [489,
561]. Both knockout mice have Treg cell intrinsic defects in addition to decreased Treg
number. These data suggest that host-derived Treg cells in knockout mice may have
decreased ability to suppress GVHD, which may contribute to the observed increase in
GVHD in our knockout hosts compared to wild-type controls. Future studies employing
Treg specific depletion are needed to test this hypothesis.
Expression of CD27 on memory B cells and plasma cells has also previously
been shown. We were able to determine that agonizing CD27 in naïve wild-type mice
can significantly increase both splenic and bone marrow B cell subsets. The role of host
B cells has not been well characterized in acute GVHD [564]. Some studies suggest
that the depletion of host B cells in mice leads to a decreased incidence of GVHD [565].
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But others have shown that B-cell deficient hosts can in fact suffer more severe GVHD
than wild-type mice [566]. This is due to an IL-10 dependent suppression of allogeneic T
cells. Clinical studies using rituximab treatment on patients in combination to
conditioning or prior to transplant have shown that the treatment does not interfere with
engraftment and can lead to decreased rates of GVHD [567-569]. Preliminary results
from our lab have shown that host B cells are rapidly depleted within 24-48hrs of
conditioning from the spleen and bone marrow of host mice.
Though neutrophils are rapidly depleted from many lymphoid organs following
conditioning, they are present in increased frequency in the small and large intestines
[570]. Neutrophils peak in absolute number in the intestines, mainly in the crypts,
around 3 days following total body irradiation [571]. They are then able to traffic to the
mesenteric lymph nodes (mLN) and present antigen to alloreactive donor T cells.
Studies have shown that neutrophils can express MHCII and effectively present antigen
to T cells even though they are not classically thought of as APCs [572]. The
presentation of alloantigen by recipient neutrophils is able to increase the expansion of
donor T cells. Our studies show a significant decrease in neutrophils frequency and
number following agonism of CD27 in naïve mice. Preliminary results from our lab also
show increased neutrophils frequency in the bone marrow of CD27-deficient mice 24hrs
after IR. Since host neutrophils can play an important role in presenting host antigen,
especially from the intestines, this decreased cell population may contribute to the
decreased GVHD in wild-type mice.
One of the most striking differences we observed was the increased level of IFNγ in CD27-/- hosts compared to WT controls. IFN-γ is typically thought of as a pro129

inflammatory cytokine produced by activated antigen specific T cells [573]. Therefore,
we would expect that an increase in the number of activated, IFN-γ expressing
alloreactive T cells would result in increased GVHD. It is possible that IFN-γ could be
responsible for death due to increased gut GVHD in CD27-/- hosts. However, IFN-γ can
be suppressive in GVHD. This is due to a negative feedback loop in which lung
epithelial cells respond to IFN-γ and limit donor T cell trafficking and expansion in the
lung [70]. Future work is needed to evaluate organ specific damage to accurately
determine the role of CD27 controlled IFN-γ.
IFN-y can also have significant effects on the remaining host cells following
transplant. During inflammatory settings the development and mobilization of
monocytes can be accelerated from the bone marrow in response to IFN-y [574, 575].
These monocytes then enter the circulation and differentiate into mature macrophages
or dendritic cells at the site of inflammation. This mobilization of APCs due to high IFN-y
levels in our CD27-/- hosts may be one of the major mechanisms leading to donor T
cells expansion. Though we do not believe that engraftment is playing a major role in
our phenotype, HSCs are also sensitive to increased IFN-y levels. Studies have shown
that IFN-y has supportive and suppressive effects on HSC populations. During chronic
infections, IFN-y and IFN-a have been shown to promote the activation and proliferation
of long-term HSCs [576]. In contrast, more recent studies have shown that IFN-y,
released by stromal cells, impairs the proliferation and reconstitution of HSCs [577]. The
authors suggest that the prolonged exposure of HSCs to IFN-y leads to the occurrence
of bone marrow failure in chronic inflammatory disease. This would suggest that donor
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HSCs would be less likely to engraft in our CD27-/- hosts, potentially leading to bone
marrow failure.
While the separate mechanisms of CD27/CD70 mediated suppression of GVHD
are still not fully elucidated, these data provide promising rationale to target this
relationship in a variety of ways. For example, one could target donor T cells with an
anti-CD27 agonist to suppress their function. At the same time, agonizing host CD27
prior to transplant may also lead to donor T cell suppression. This study focuses on the
role of CD27/CD70 co-stimulation in GVHD, but clinically an important point to consider
is possible effects on graft-versus-tumor activity. Both CD27 and/or CD70 have been
shown to be expressed on a variety of leukemias/lymphomas including Burkitts’s
lymphoma, chronic lymphocytic leukemia, follicle center lymphomas, large B cell
lymphomas, mantle cell lymphomas, and precursor B acute lymphoblastic leukemia
[422, 578-581]. Very recently the use of a CD27 agonist has been tested in models of
lymphoma and melanoma [582, 583]. Use of an anti-CD27 agonist in combination with
anti-CD20 was able to eliminate the tumor in the lymphoma model. Though the antibody
therapy was partially dependent on T cells and NK cells, the authors observed that
CD27 agonism promoted significant intra-tumoral myeloid infiltration. This therapy was
effective in combination because of the direct tumor targeting of the CD27 agonist.
Agonizing CD27 in models of established melanoma was able to control the outgrowth
of both lung metastasis and subcutaneous tumors. Like in the lymphoma models,
control of the tumor growth was dependent on CD8 T cells in the tumors. Agonizing
CD27 was able to increase CD8+ T cells and IFN-y secretion. Future studies are
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necessary to determine the importance of CD27/CD70 co-stimulation in GVL effect
when tumors are either positive or negative for CD27 or CD70.
This study is the first to describe a role for host-derived CD27 co-stimulation in
GVHD. Our findings are surprising, as the elimination of other TNF-family
receptors/ligands on hosts cells resulted in decreased GVHD. We highlight an important
role for CD27/CD70 co-stimulation, which has the ability to limit donor T cell effector
function as well as drive donor T cell apoptosis resulting in reduced expansion. The
major takeaway from this study is that CD27/CD70 co-stimulation plays an
immunosuppressive role following allo-HCT, whereas the absence of this interaction
leads to increased GVHD.
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Chapter 5:
Future Directions and outlying questions
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CD27/CD70 co-stimulation in GVHD Summary
As described in Chapter 2, we have shown that donor derived CD70 and CD27 are able
to suppress GVHD and IBD. Classically, it is believed that CD27 expression on T cells
lowers the activation threshold required for effector response. In our model of MHCmismatched transplant we believe that the expression of CD27 in the presence of
abundant antigen leads to the hyper-activation of T cells that are then forced to undergo
activation induced cell death. The recruitment of SIVA1 to the receptor tail of CD27 may
be the main mechanism for inducing apoptosis. SIVA1 can then induce apoptosis in
several ways [584]. The first is through the inhibition of anti-apoptotic proteins BCL-2
and BCL-xL, which leads to increased Cytochrome C release and formation of the
apoptosome. A second method of apoptosis induction is through direct cleavage of
procaspase-8 into caspase-8. This initiates the caspase cascade, which ends in
apoptosis. In our model this limits the effector T cell pool in mice that received CD27expressing T cells. Therefore, fewer alloreactive T cells are able to induce GVHD in
these mice. Further studies are needed in our CD27 donor T cell model to determine
the role of T cell-T cell or T cell-APC interactions. Our wild-type T cells are able to
interact with other T cells expressing the CD70 ligand or mature APCs that have
upregulated CD70 on their cell surface. Combining these donor studies with previous
host CD70 studies from Dr. Nicholas Leigh, we know that the interaction of host-derived
CD70 with donor T cell-derived CD27 is sufficient to induce donor cell apoptosis. Yet,
we still are unsure of the role that direct T cell to T cell interactions play.
We have also shown a novel immunosuppressive role of CD70 on donor T cells.
Knowing that CD27 is not expressed on mature APCs, we can conclude that the
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interaction of receptor/ligand in our donor CD70 T cells story may be due to differences
in T cell-T cell interactions. Though the signaling pathway in these cells is still unknown,
we believe that CD70 is able to reverse-signal in T cells. This is supported by our use of
direct cross-linking of the CD70 ligand on T cells. Following the cross-linking of CD70,
we saw increased Caspase-8 activation and Tim-3 expression. These data suggest that
CD70 may also have a death domain or SIVA-like protein on the intracellular tail.
Further studies are needed to determine the exact signaling pathway of CD70.
From our studies on host CD27, we can conclude that the skewing of
hematopoietic stem cells following irradiation leads to a more anti-inflammatory
environment in wild-type hosts. The absence of CD27 on all HSC populations creates
an environment where cells are skewed predominantly towards immunogenic DCs.
These DCs then interact with donor T cells and cause robust activation and subsequent
release of proinflammatory cytokines. The knockout host mice then succumb very
rapidly to lethal GVHD.
Combining our host CD27 story with the donor CD27/70 story reinforces the
importance of T cell-T cell interactions for this pathway. For our donor studies, all host
mice are CD27-wildtype. Therefore, we know the remaining host cells are skewed
towards a less inflammatory population. This alone may contribute to the apoptosis of
highly activated T cells or skewing from a Th1 phenotype towards a Th2 phenotype.
But, in our studies using either CD27-deficient or CD70-defienent donor T cell models,
we observe robust T cell proliferation and activation without increased effector cell
apoptosis. These data suggest that the interaction between donor CD27 and donor
CD70 on T cells can further induce T cell apoptosis, which is not induced when donor T
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cells lack either receptor or ligand. Future work is needed to determine the mechanism
behind the knockout T cell evasion of apoptosis. We have also shown that agonizing
CD27 signaling in host mice can have dramatic effects on many hematopoietic cell
populations. This study has opened the possibility to future work in each immune cell
population. CD27 may have either a direct or indirect role in suppressing or expanding
these mature cell populations. Future work should focus on determining the role CD27
plays on these populations and their role in disease models.
CD27 and CD70 are members of a larger co-stimulatory family that can have
both redundant and non-redundant roles in inflammatory settings. It would be
particularly interesting to see how the combined deletion or agonism of several TNFR
family members might influence GVHD. In order for co-stimulatory blockades to be truly
effective in clinic it is important to understand the mechanisms behind these receptors.
Specifically, if only one or two receptors are blocked can the other co-stimulatory family
members compensate for this loss?
This study details the importance of CD27/CD70 in hematopoietic stem cell
repopulation following immune challenge, but many questions remain about the
mechanism behind this phenotype. Importantly, it will be crucial to determine the role of
CD27 on each progenitor cell population. Majority of the CD27 expressing cells are
LSK+ cells, but lower expression of CD27 is detected on common myeloid progenitors
(CMP) and common lymphoid progenitors (CLP). Studies isolating each CD27+ and
CD27- subset for repopulating assays will be critical for understanding at which stage of
progenitor differentiation CD27 plays a central role. CD27-deficient mice develop normal
hematopoietic compartments until an immune challenge, which suggests that CD27
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plays an important role in emergency hematopoiesis not maintenance hematopoiesis.
Emergency hematopoiesis consists of rapid proliferation and differentiation of
hematopoietic stem/progenitor cells in order to quickly respond to an immune challenge.
This usually results in the increased myelopoiesis to increase innate responding host
cells. During this emergency hematopoiesis, CD27 plays an important role in the
increased proliferation and survival of progenitor cells. Our results show that triggering
CD27 dramatically increases the progenitor pool as well as increasing both myeloid and
lymphoid differentiation. Further studies into the signaling pathway of CD27 on host
HSCs are needed in order to determine how this pathway affects skewing of each
progenitor cell population.
Overall, our study highlights the important role of donor and host cell CD27/CD70
pathway in limiting donor T cell expansion in inflammatory disease states such as IBD
and GVHD (Figure 5.1).

Figure 5.1: Model for CD27/CD70 pathway in inflammatory disease models.
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In hindsight
While I describe a significant body of work in this thesis, there are many changes that
might dramatically improve the significance, cohesiveness, and impact of this work.
While some are simple changes to improve the current work, others are changes that
come only with growth of both the project and myself as a scientist.
The first issue is regarding the significance of this work to the clinic. Though
allogeneic transplants are used as treatments for non-tumor bearing hosts, this is a very
rare subset of the total transplants. To improve this story dramatically, more time should
have been spent on determining the role of this signaling pathway in both GVHD
progression and GVT effect. Our preliminary studies suggested a very interesting role
for CD27 signaling after exposure to tissue or tumor antigen. This study was
unfortunately never followed up on during my project. We were able to show that CD27
expression can limit GVHD while still increasing GVT effect. If this observed phenotype
is true, CD27 may be one of the more interesting candidates for clinical co-stimulatory
agonism. Another aspect of this story that would increase the relevance to clinical
models is increased use of agonist and blocking antibodies. While genetic knock-out
and knock-in models can dramatically improve mechanistic studies, they can also
hinder clinical relevance. Unfortunately, we did not receive the CD27 agonist until late in
my PhD timeline, but I think that I should have dedicated more effort to using this
antibody earlier. Humans are very rarely CD27 or CD70 deficient, which makes them
very different from our genetic knockout mice. While creating genetic knockout donor T
cells is feasible, creating a CD27 or CD70 deficient host patient can only be achieved
through use of antibodies. Had I dedicated more time to antibody depleted hosts,
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instead of genetic knockout models, this story may be able to move into human models
more rapidly.
Along with this issue of making our story more clinically relevant is the use of our
mouse models for GVHD. BALB/c and C57BL/6 transplants are widely used in studies
of GVHD, but each has significant drawbacks that limit translation into clinical models.
C57BL/6→BALB/c transplants have extremely severe reactions that make them very
difficult to interpret. BALB/c→C57BL/6 transplants have a high risk of graft rejection,
which can again make them challenging to interpret. Using more translation models
accepted by the transplant community would add lots of significance to this interesting
story.
Another important issue that I realized late in my PhD timeline was the
importance of creating new strains of mice. Unfortunately, all of our knockout mice are
currently on C57BL/6 backgrounds. Without cross-breeding those mice onto BALB/c
backgrounds we are unable to complete any studies looking directly at the role of
CD27/CD70 donor and host interactions. Though we are currently breeding back those
mice, the long time required for creating new strains of mice makes it unlikely for me to
use them for further studies. Had I started breeding very early in my studies, we may be
able to use those mice already.
I believe another place I could have added more data to the story was at
endpoint analysis. Though we frequently harvested spleen and lymph nodes of host
mice, we often left the most important target organs behind. I wish that I had dedicated
more time to creating and perfecting protocols to isolate donor cells from key GVHD
organs like the peyer’s patches and gut lamina propia. Similar to this issue, I also
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should have collected more timepoints throughout disease progression. Often mice
were sacrificed very early in GVHD induction or at very late stages. I rarely looked at the
changes to donor cells throughout the course of disease progression. These data are
crucial for understanding the role of CD27/CD70 throughout the progression of GVHD.
In terms of my own development, I wish I had been more outgoing at early
stages of my scientific career. Until recently, I often skipped out on approaching
speakers or industry leaders at conferences. These scientists have so much to offer in
both career and personal growth that could have helped me dramatically. I also should
have reached out to other scientists, both within and outside of our program. This
project has taken some very interesting twists and turns that have introduced me to new
aspects of immunology. Had I reached out earlier, I may have been able to save time
understanding these cell populations or phenotypic changes. Confidence in my work
and self throughout the program would have helped me generate better data more
efficiently, which in the end is what matters most.
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