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ABSTRACT

Recent results demonstrated that adoptive T cell immunotherapy of cancer is a
potent treatment for patients with advanced melanoma. 52 percent of patients who failed
standard treatments achieved objective clinical responses after receipt of adoptively
transferred tumor-specific T cells. The marked improvement compared to previous
adoptive transfer trials was due to nonmyeloablative lymphopenic conditioning prior to
the adoptive transfer. Further studies are necessary to understand the nature of T cell
populations which mediate the most effective anti-tumor response in a lymphopenic host.
Moreover, novel strategies which enhance the anti-tumor function of the adoptively
transferred T cells are also needed. This body of work presents data which address ways
to enhance the anti-tumor efficacy of adoptively transferred T cells. We found that the
most potent long-term anti-tumor response exerted specifically by the adoptively
transferred T cells in a lymphopenic conditioned host required both tumor-specific CD4"
and CD8" T cells. To elucidate strategies which enhance the T cell’s anti-tumor function,
we next determined whether a molecular mechanism of enhanced anti-viral potential
could in-turn enhance T cell-mediated anti-tumor response. Based on enhanced anti-viral
potential previously observed in mice deficient in ubiquitin-specific protease 43 (Ubp43),
we found that adoptively transferred tumor-specific Ubp43™ T cells are significantly
more therapeutic then wild type T cells. Taken together these data inform future adoptive
T cell transfer clinical trials the necessity of ensuring that tumor-specific CD4" T cells are
contained within the population of transferred tumor-specific CD8" cells. Further, these
data elucidate a strategy to enhance their anti-tumor effect based on the elimination of

Ubp43 expression.



CHAPTER ONE: INTRODUCTION

T cell adoptive immunotherapy can be an effective treatment alternative for
patients with advanced metastatic melanoma. For example, 50 to 70 percent objective
clinical response rates have been reported in patients who were refractory to standard
cancer treatment (1). However, even with its success, adoptive immunotherapy is a
labor-intensive, patient-specific treatment which restricts its use to only a few institutions
world-wide. Better appreciation of strategies that increase the frequency and the anti-
tumor function of tumor-specific T cells will facilitate the practicality and more prevalent
use of adoptive immunotherapy. This body of work presents strategies that augment the
efficacy of adoptive T cell immunotherapy of cancer.

One strategy used to enhance the anti-tumor response is lymphopenic
conditioning prior to the adoptive transfer of T cells. The achievement of a 50 to 70
percent response rate is largely attributed to lymphopenic conditioning prior to adoptive
transfer. It has been observed that adoptive T cell transfer into a lymphopenic
environment enhances the anti-tumor response in part due to the following: the removal
of suppressive regulatory T cells (2-4), increased reactivity to self-antigens (5), reduced
intraclonal competition for the same peptide-MHC complex (6), and easier access to
cytokines like IL-7 and IL-15 (7). A better understanding of the nature of an effective
anti-tumor response when adoptively transferring T cells into a lymphopenic environment
may elucidate ways to enhance the anti-tumor response. One area requiring further
exploration is the contribution of tumor-specific CD4" T cells to an effective anti-tumor

response in a lymphopenic host. Although we know that tumor-specific CD8" T cells are



required for tumor regression, the nature and necessity of tumor-specific CD4" T cells in
a lymphopenic host has not been addressed. Chapter two describes experiments that
explored the nature of CD4" T cell help in a mouse model that mimics both lymphopenic
conditioning and, similar to many cancer patients, the inability to generate de novo T
cells. We demonstrate the significance of including tumor-specific CD4" T cells in the
population of adoptively transferred T cells used to treat tumor-bearing mice most
effectively.

After we established that tumor-specific CD4" T cells were important constituents
of the adoptively transferred population which mediated the most anti-tumor effects, we
examined other ways to enhance their therapeutic potential. Our strategy was to take a
lesson from previously described mechanisms which enhanced anti-viral immunity, and
determine if they also enhanced anti-tumor immunity. In chapter three, we present
experiments that demonstrated that the deficiency of Ubiquitin-specific protease 43
(Ubp43), previously shown to enhance anti-viral immunity, also augmented the efficacy
of adoptively transferred T cells. This strategy has the potential to be adapted by clinical
trials designed to use patient’s T cells as a treatment for advanced cancer. This initial
chapter discusses the background of the cancer-immune system relationship, preclinical
and clinical adoptive T cell immunotherapy, and the enhanced anti-viral effects observed

in Ubp43™ mice.

Cancer Immunosurveillance
Paul Ehrlich was the first to propose that the incidence of cancer would be higher

if we did not have an immune system (8). This 1909 insight spearheaded the hypothesis



of “cancer immunological surveillance,” later coined by Burnet and Thomas to describe
the capability of the immune system to detect and destroy nascent malignant cells (9, 10).
Well accepted now, the hypothesis of cancer immunosurveillance was not without its
growing pains. When initially put to the test thirty-five years ago using the only
congenitally immunodeficient mice available at the time, the CBA/H strain of nude mice,
investigators found that these mice did not develop more spontaneous or carcinogen-
induced tumors, nor was the tumor latency different compared to wild type mice (11).
Considered a terminal blow, the cancer immunosurveillance hypothesis did not reemerge
for two decades when studies on interferon-gamma (IFN-y) and tumor formation incited
renewed interest. IFN-y is exclusively expressed by cells of the immune system,
particularly T and natural killer (NK) cells (12). So, when it was demonstrated that IFN-
v could protect the host against the formation of primary tumors, induced or spontaneous,
and inhibited the growth of transplanted tumors (13-16), the revival of the
immunosurveillance hypothesis had begun. The cancer immunosurveillance hypothesis
was further supported by the observation that mice lacking perforin, a critical component
for T and NK cell cytotoxicity (17), were more susceptible to induced and spontaneous
tumor formation than their wild type counterparts (15, 16, 18-20).

Finally, the definitive demonstration of the existence of cancer
immunosurveillance came from studies in which mice lacking recombinase activating
gene (RAG)-2 were shown to develop sarcomas more rapidly and with greater frequency
than genetically matched wild type controls (21). The results with immunodeficient mice
were in direct contrast with the earlier experiments in nude mice that derailed the cancer

immunosurveillance hypothesis for two decades. The difference can be explained by



caveats to the experiments with nude mice that were not appreciated at the time. Namely,
that while the RAG-2"" mouse was truly deficient in T, B, and NKT cells, the nude mouse
was an imperfect model of immunodeficiency because they actually contained a small
number of af T cells and normal numbers of NK cells, which could manifest innate
immunity and some degree of adaptive immunity (22-24). Because the nude mice used

in early studies were not completely devoid of immune cells they may have had some
capacity to exert immunosurveillance on their tumors.

Evidence of immunosurveillance in humans is much more circumstantial. An
increased incidence of cancer in immunosuppressed transplant recipients (25-30) has
been reported suggesting that de novo or occult tumors can form when the pressure of a
functional immune system is removed. Tumors examined in these studies had no
apparent viral origins so the counterargument of augmented viral susceptibility
facilitating nascent tumor formation could not be made. Immunosuppressed patients
infected with the human immunodeficiency virus (HIV) also have a higher incidence of
non-AlDS-defining cancers with a variety of histological origins (31). A second line of
evidence is that the adaptive immune system can spontaneously form a response to
tumor-associated antigens. Following the identification of tumor-associated antigens,
such as NY-ESO-1, tumor-specific T cells, which can appear in the patient’s circulation
(32, 33) spontaneously without vaccination or other similar immune system manipulation
were detected. A third line of evidence in support of immunosurveillance in humans is
the better prognosis for patients whose tumors contain tumor-infiltrating lymphocytes
(TIL). This phenomenon has been observed in ovarian, colorectal (34), and melanoma

patients (35, 36). Finally, the correlation of graft-versus-host disease severity with



leukemia remission after allogeneic hematopoietic stem cell transplantation highlights the
immune system’s capability to control tumor growth (37-45). Importantly, this graft
versus leukemia effect appeared to be mediated by donor T cells derived from the stem
cell products (46-49). The potency of the allogeneic immune response mediated by the
transplanted stem cells causes graft versus host disease yet is better capable to eliminate
the leukemia.

Taken together, a large amount of circumstantial data has accumulated indicating
that cancer patients indeed develop an immune response to their tumors. Compounded
with the direct evidence observed in mouse models these findings strongly support a role
for the immune system in sculpting the progression of neoplastic disease. Although the
immune response may not always be able to prevent cancer development, it may
nevertheless function to restrict tumor growth. Clarifying the relationship between the
immune system and cancer may facilitate the development of strategies to exploit this

relationship to cause tumor regression.

Adoptive Immunotherapy

Adoptive cellular therapy of cancer has long been recognized as a promising
strategy to treat metastatic disease. It was initially described by Southam and colleagues
who demonstrated that growth of human tumor autografts in patients bearing advanced
cancers was inhibited by the transfer of autologous lymphocytes in about half of the
patients (50). This early finding suggested that inherent in cancer patient’s lymphocytes

was the ability to inhibit the implantation and growth of tumor cells. There was,



therefore, a real possibility that these anti-cancer properties could be harnessed and
directed against human tumors.
Lymphokine-activated killer (LAK) cells

The foundation of current cancer adoptive immunotherapy procedures was
pioneered by the Surgery Branch at the National Cancer Institute over two decades ago.
The development of recombinant human interleukin-2 (rIL-2) (51) and the observation
that it facilitated the development of LAK cells in culture led to attempts to treat patients
with advanced metastatic melanoma. Murine studies demonstrated that LAK cells,
generated from IL-2-treated splenocytes, were lytic to a variety of tumors in vitro and
reduced the number of experimental pulmonary metastases in adoptive transfer studies
(52). Based on these results, the investigators wanted to determine if this effect could be
translated into patients. They found that administration of LAK cells with high-dose IL-2
did not show added benefit in comparison to rIL-2 alone in patients with advanced
melanoma and renal cell cancer (53). Despite the ineffectiveness of LAK cells, these
trials laid the foundation for the design and execution of large-scale human adoptive
transfer clinical trials (54).

Tumor-infiltrating lymphocytes (TIL)

The next generation of adoptive transfer studies emerged from the observation
that tumor-specific lymphocytes could be obtained from TIL cultures treated with riL-2.
First made from immunogenic mouse tumors (55) and subsequently from resected human
tumors of a variety of histologies (56-58), these observations informed many future
clinical trials using tumor-specific T cells. The success of adoptively transferred

autologous TIL populations co-administered with high-dose rIL-2 was initially



highlighted by 60 percent objective clinical response in a trial treating 15 patients with
metastatic melanoma (59). The study expanded to include a final cohort of 86 patients of
which 34 percent exhibited objective clinical responses (60). These data demonstrated
that tumor-specific T cells from TIL cultures were more effective then rlL-2 alone or
with LAK cells and provided the foundation for adoptive T cell immunotherapy as a
treatment for patients with advanced melanoma.
Tumor vaccine-draining lymph node (TVDLN) cells

Efforts continued in order to optimize the potential of adoptive T cell
immunotherapy. Based on evidence from murine studies demonstrating that therapeutic
T cells can be generated from TVDLN following in vitro sensitization (1VS) with the
tumor cells and culture in IL-2 (61-63), a clinical trial was initiated using a similar
protocol. In this case, patients were vaccinated adjacent to lymph nodes (LN) with
irradiated autologous tumor, TVDLN were resected, subjected to IS, expanded in IL-2,
and adoptively transferred back to the patients along with IL-2 administration. One
patient exhibited a partial response, one a mixed response, and one patient had stable
disease (64). More importantly, patients who received a vaccination and IL-2 did not
respond, suggesting that anti-tumor immunity could be passively transferred by the in
vitro treated TVDLN cells. However, serious limitations to this strategy were the
requirement for surgery to obtain tumor cells and lymph nodes and the large number of
autologous tumor cells that were required for the 1VS step.

To overcome this hurdle, anti-CD3 stimulation was used in lieu of tumor cells for
IVS after mouse models demonstrated that similar results, including tumor regression,

could be obtained (65-68). Anti-CD3 activated TVDLN were used for clinical trials



treating patients with renal cell cancer (RCC) (69, 70) and head and neck cancer (71)
with a 27 percent overall response rate observed in the RCC trials. The success of these
trials laid the foundation for subsequent studies using autologous tumor vaccination and
therapeutic TVDLN for treatment of advanced cancer.

The identification of melanoma-rejection antigens, gp100 and MART-1, brought
a new tool to select and track tumor-specific CD8" T cells (72-74). Armed with this new
information, phase I clinical trials were initiated to treat advanced melanoma patients.
Peripheral blood lymphocytes (PBL) or TIL were cloned by selecting CD8" T cells
reactive to gp100 or MART-1 and then adoptively transferred along with rIL-2. In two
trials the transferred cells rapidly declined to undetectable levels and no patient exhibited
an objective clinical response (75, 76). The inability of CD8" T cells to persist in vivo
raised the possibility that the transferred cells were competing with endogenous
lymphocytes for homeostatic cytokines like IL-7 and IL-15. Subsequent trials attempted
to deplete the endogenous lymphocyte repertoire with non-myeloablative chemotherapy
prior to adoptive transfer of highly cultured, gp100 or MART-1 —reactive CD8" T cell
clones (77-79) with one trial reporting one objective clinical response and one complete
response.

The results of these trials were disappointing compared to those done a decade
earlier which transferred bulk TIL populations resulted in a 34 percent objective clinical
response rate (60). Because highly cultured tumor-specific CD8" T cell clones were
observed to lack potency and persistence in vivo, the subsequent trials adoptively
transferred minimally cultured but highly tumor-reactive oligoclonal or TIL cloid

populations, which generally comprised both CD4" and CD8" T cells. After non-



myeloablative lymphopenic conditioning, the adoptive transfer of tumor-reactive TIL
cloids and the co-administration of high-dose rIL-2 resulted in a 51 percent objective
clinical response rate (80). Impressively, these results were obtained treating melanoma
patients who all had progressive disease after receiving multiple therapies including
surgery and high-dose IL-2. Compounded with the recent update report describing a 72
percent objective clinical response rate in patients receiving high intensity preparative
lymphodepleting chemotherapy plus 12 Gy total body irradiation (1), demonstrated the
potency and potential of adoptive T cell immunotherapy strategies for the treatment of

cancer.

Mouse Model for Adoptive T cell Immunotherapy

Syngeneic mouse models have been invaluable for the identification and
optimization of many tumor therapies. It is no surprise that insights into mechanisms of
adoptive immunotherapy were first obtained in mouse models and later adapted for
clinical studies. Early work on adoptive T cell immunotherapy in murine models focused
on the transfer of TVDLN cells after IVS with autologous tumor and expansion in low-
dose IL-2 (61-63). 1VS treated TVDLN cells were demonstrated to have tumor cytolytic
activity in vitro and were highly therapeutic when transferred to tumor-bearing mice.
These data demonstrated the following important facets of adoptive T cell
immunotherapy: 1) highly therapeutic T cells could be generated from tumor-bearing
mice, 2) the IVS protocol was critical for the generation of therapeutic cells, 3) in vivo

depletion of Lyt-2" CD8" cytotoxic T cells ablated the therapeutic efficacy, and 4) the co-



administration of IL-2 enhanced the therapeutic efficacy of the adoptively transferred
cells.

The next development sought to overcome the necessity of autologous tumor for
the IVS step. Based largely on the realization from clinical trials that it would not be
possible to obtain the large number of autologous tumor cells required for the VS step,
alternative strategies were explored. Anti-CD3, a polyclonal stimulator of T cells, was
demonstrated to mimic the effects of the autologous tumor (65-68). The use of anti-CD3
instead of 1VS generated similar numbers of effector cells with tumor-specific cytolytic
activity and therapeutic efficacy upon adoptive transfer into tumor-bearing hosts.
Importantly the protocols used today for generating tumor-specific effector cells for
preclinical studies were optimized in those series of papers. Specifically, TVDLN cells
were activated for two days in soluble anti-CD3 followed by a three day in vitro
expansion in low-dose IL-2. The resultant effector cells were then used for adoptive
transfer into tumor-bearing hosts with the co administration of exogenous IL-2.

In this body of work, the adoptive T cell immunotherapy of D5, a poorly
immunogenic sub-clone of the spontaneously arising B16BL6 mouse melanoma, was
examined. Because therapeutic T cells could not be generated from lymph nodes
draining a D5 tumor vaccination, mice were vaccinated with D5 tumor cells that were
transduced to express granulocyte-macrophage colony stimulating factor (GM-CSF) (D5-
G6). Vaccination with GM-CSF-producing D5-G6 tumor cells generates TVDLN from
which therapeutic tumor-specific T cells could be obtained (81, 82). D5-G6 TVDLN
cells after anti-CD3 activation and expansion in IL-2 contained effector T cells with D5-

specific activity in vitro and therapeutic activity when adoptively transferred into mice
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Figure 1: Schematic of mouse model of adoptive immunotherapy.

bearing three-day D5 pulmonary metastases (Figure 1). This mouse model of adoptive
immunotherapy presents an ideal opportunity to evaluate mechanisms responsible for
effective tumor immunotherapy. Since the tumor-vaccine induced generation of tumor-
specific T cells occurs in one animal (priming phase), the TVDLN cells are treated ex
vivo, and subsequently adoptively transferred to another syngeneic tumor-bearing animal
(effector phase), the contribution of the priming and effector phases to the global anti-
tumor immune response can be examined independently. Therefore, not only do mouse
models of adoptive immunotherapy have the potential for directing the translation of
strategies to the clinic, it also is ideally suited to examine the mechanisms of anti-tumor

immunity.
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ISG15, UBP43, and enhanced anti-viral potential

One strategy to enhance anti-tumor function might be to harness mechanisms of
the anti-viral response to enhance the immune response against neoplasms. This
reasoning led us to examine mice deficient in Ubp43 (Usp18) which are hypersensitive to
type | IFN exposure due to a hyperactive Jak/Stat signaling axis (83) and exhibit
augmented anti-viral and anti-bacterial immunity (84, 85). Ubp43 was initially cloned
when analyzing genes differentially expressed between wild type (WT) and leukemia
fusion protein AML1-ETO knock-in mice (86, 87). The primary amino acid sequence of
Ubp43 contained hallmarks of ubiquitin-specific proteases including the conserved Cys
and His domains (88). However, UBP43 showed specific activity toward the ubiquitin-
like molecule, interferon-stimulated gene 15 (ISG15). UBP43 specifically cleaved
ISG15-peptide fusions instead of ubiquitin-peptide fusions and removed ISG15 from
native conjugates (Figure 2). Exemplifying this specificity, cells derived from Ubp43™
mice exhibit higher than normal amounts of ISG15-modified proteins, but not
ubiquitinated proteins (89).
Anti-viral properties of ISG15 protein modification

ISG15 was first described as an interferon-stimulated gene product almost three
decades ago (90) and its induction paralleled the acquisition of anti-viral resistance
conferred by IFNs (91). Its recognition as an ubiquitin-like molecule came a decade later
with the discovery that ubiquitin antibodies cross-reacted to ISG15 and that the two
contained significant sequence homology (91). The 15kDa ISG15 was about twice the
size of ubiquitin and contained two domains that were each about 30 percent homologous

to ubiquitin. Their similarity led to an alternative name for ISG15, ubiquitin-cross
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reactive protein

(UCRP), and it

became the founding

15G15 -LALRGG member of the
molecular family of
E1 [Ubell ubiquitin-like
Y molecules. Solved
E2 UbC8 UBP43 later, the crystal
2 structure of 1ISG15
confirmed the
E3 | EFPHERGS similarity to ubiquitin
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ISG15 | LRLRGG —K Protein the sequence and

Target

structural similarities

Figure 2: Diagram of 1SG15 conjugation and UBP43 as its isopeptidase. to ubiquitin, 1ISG15

utilizes a three

enzyme protein conjugation pathway similar to but distinct from ubiquitin (93, 94). This
pathway involved the coordinated activity of three modification enzymes: An activating
(E1), a conjugating (E2), and a ligating (E3) enzyme (Figure 2). The E1 molecule
possesses an ATP-binding domain and an active-site cysteine residue which forms a
thioester bond with ISG15. The E1 then passes the ubiquitin to an E2 which, along with
the E3, mediates the transfer of the ISG15 molecule to a lysine residue on the target

substrate whose specificity is established by the E3. The ISG15 E1, UBELL, was the first
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enzyme reported to regulate ISG15 conjugation (95). UBELL contained high homology
to the ubiquitin E1 and, like 1SG15, its expression is induced by type | IFN treatment.
Because ubiquitin and its other family members each have only one E1, UBE1L will
likely be the only E1 for ISG15. Two groups independently identified a ubiquitin E2,
UbcH8 (Ubc8) as a major ISG15 E2 (96, 97). UbcHS8 can serve as an E2 for both 1ISG15
and ubiquitin and is induced by IFN treatment. The two known 1SG15 E3s, EFP and
HERCS, can also serve as a ligase for ubiquitin and are both inducible by IFNs (98-101).
Distinguishing itself from ubiquitin, both ISG15 expression and the enzymes required for
conjugation are induced by type I IFNs.

In addition to ISG15 induction and conjugation, many 1SG15 substrates are
induced by or regulate the cellular response to type I IFNs. Initially five ISG15-modified
proteins were identified, serpin 2a (102), phospholipase Cy1, Jakl, STAT1, and ERK1/2
(103). Later, additional substrates were determined by mass spectrometry after ISG15
affinity purification (104, 105). These studies identified 1ISG15-modified proteins
involved in many diverse cellular functions. Several identified targets are type | IFN
inducible, including PKR, MxA, and RIG-1. Unexpectedly however, many of the
identified proteins are constitutively expressed and not inducible by type I IFNs. These
ISG15 conjugates are involved with RNA splicing, chromatin remodeling, cytoskeleton
organization, stress response, translation, glycolysis, and motility. Due to their IFN-
induced modification by I1SG15, the identification of these ISG15 substrates could
theoretically expand the repertoire of proteins regulated by IFNSs.

Although there is a strong correlation in the development of ISG15-modified

proteins with the acquisition of anti-viral immunity, the specific function of ISG15
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modification still remains elusive. Sparse examples of the effect of ISG15 conjugation
are in the literature and all are associated with regulation of the anti-viral or interferon
responses. Discussed in detail below, effects of ISG15 modification have been described
for interferon regulatory factor-3 (IRF-3), protein phosphatase 2C3 (PP2Cp), and the
MRNA cap binding protein 4EHP.

IRF-3 is responsible for inducing type | IFN expression after dSRNA exposure.
After ISG15 modification, IRF-3 is resistant to ubiquitin-mediated degradation in virus
infected cells and enhances IFN-f transactivation suggesting that virus-mediated
proteolysis of IRF-3 is subverted by 1ISG15 modification (106). IRF-3 is constitutively
expressed and is activated by carboxy-terminal phosphorylation after dSRNA is detected
by either RIG-I or TLR-3 leading to nuclear translocation and transcription of IFN-

B (107). As a mechanism of immune avoidance, some viruses protect themselves from
inducing IFN-B by ubiquitinating and subsequently degradation of IRF-3 (108). The
cellular response strikes back by modifying IRF-3 with 1SG15 resulting in its
stabilization and persistence in the face of a viral infection. The ability to prevent its
degradation makes 1SG15-modified IRF-3 an important molecule responsible for the
detection of viral-derived dsRNA.

Along with IRF-3 activation, the concerted activation of NF-kB is critical for the
host response against many viruses (109). In addition to its ability to stimulate the
production of IFN-f (110, 111), NF-xB plays a critical role in promoting immune and
inflammatory cell function (112). Mechanisms which attenuate NF-kxB function thus
reduce its ability to mediate immunity and inflammatory potentiating function. The

negative regulator of NF-kB, PP2Cf, down-regulates its activation by dephosphorylating
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and suppressing the NF-«xB activators, TGF-p-activated kinase (TAK1) and IxB kinase
(IKK) (113). In turn, when modified by 1SG15, PP2Cf phosphatase activity is
suppressed leading to augmented NF-kB activation (114). Therefore, 1ISG15
modification of PP2C enhances anti-viral immunity by augmenting NF-«xB activation.
The above two examples demonstrate that modification by ISG15 mediates
diverse effects on the substrate including protein stabilization (IRF-3) and the
suppressing phosphatase activity (PP2C[). Regardless of the specific effect of ISG15
modification, it globally results in enhanced anti-viral mechanisms. Consistent with its
anti-viral role, another 1ISG15-modified protein is involved with global translation
inhibition. This anti-viral process is well characterized and occurs by PKR-dependent
phosphorylation and subsequent inhibition of the translation initiation factor, elF-2. Prior
to scanning, cap-dependent translation requires the formation of the 43S pre-initiation
scanning complex on the mRNA cap. The binding of the pre-initiation complex, in turn,
requires the binding of another translation initiator factor, elF4E. The levels and thus
binding of elF4E serves as the rate limiting step for translation initiation (115). 1SG15
conjugation decreased translation by reducing the cap binding ability of elF4E (116). In
this case, 4EHP, an inhibitor of elF4E which functions by competing for mRNA cap
binding, is modified by ISG15 enhancing cap binding affinity. Thus, ISG15 conjugation
further contributes to anti-viral immunity by augmenting the translation inhibitor 4EHP.
Therefore, ISG15 may have diverse effects on its substrate protein but all appear
to culminate to confer a state of enhanced anti-viral potential. Even early observations
that ISG15 expression was induced by IFNs and that it localized intracellularly with the

cytoskeleton led to the suggestion that 1ISG15 would play an important anti-viral role
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(117). Demonstrated directly by observing that ISG15 over-expression prevented the
release of HIV-1 virus from infected cells (118), its role as an anti-viral molecule was
later formally established by demonstrating that ISG15" mice had reduced ability to
survive an influenza, herpes, or sinbis virus challenge (119). Importantly, this
susceptibility to viral challenges could be overcome by ectopic delivery of WT ISG15,
but not by an 1ISG15 mutant unable to be conjugated. These important data highlight the
significance of, not only ISG15 expression, but also its ability to modify proteins. The
significance of ISG15 conjugation is made more poignant by the observation that the
influenza virus B has developed an immune escape mechanism that prevents ISG15
conjugation by inhibiting UBE1L (95).

Extrapolated from these observations, one could theorize that the maintenance of
ISG15 conjugation would enhance the anti-viral response. In this regard, the inability to
cleave ISG15 from modified proteins is one phenotype observed in cells derived from
Ubp43” mice. Thus, we reasoned that, in the Ubp43™ environment, the ability to cleave
ISG15 modifications is ablated resulting in augmented immunity.
Ubp43™ mice exhibit enhanced viral immunity

Several reports have described an increase in viral and bacterial resistance in
Ubp43-deficient mice, including lymphocytic choriomeningitis virus (LCMV) and
Salmonella typhimurium (84, 85). At doses which a WT animal would succumb, LCMV
injected intracranially into Ubp43™ mice resulted in reduced viral RNA replication and
increased survival of the mice. Similarly, increased survival and reduced S. typhimurium
was observed in Ubp43™ mice compared to WT littermates. Striking however, the

resistance to LCMV was found to be independent of ISG15 (120, 121). Mice deficient in
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both ISG15 and UBP43 maintained the resistance against LCMV observed in the Ubp43”
" mice revealing that the UBP43-deficiency may facilitate enhanced anti-viral activity
independent of the anti-viral effects of ISG15 conjugation.

The revelation of an 1ISG15-independent mechanism of enhanced viral resistance
in Ubp43™ mice led to the discovery that UBP43 itself could inhibit type I IFN signaling
(122, 123). The presence of UBP43 attenuated proximal type | IFN signaling by
sterically preventing the binding of JAK1 to IFNaR2. This steric inhibition prevented
JAK1 activation, the first step in the JAK-STAT signaling cascade. Therefore, the
absence of Ubp43 ablates this inhibitory mechanism of type I IFN signaling.

It’s becoming increasingly clear that the expression of UBP43 serves as a
negative regulator of the IFN response and of the acquisition of ISG15-mediated viral
resistance in general (Figure 3). Either by inhibiting the anti-viral effects of ISG15
conjugation or by directly attenuating type I IFN signaling, UBP43 has emerged as a
central player in regulating the anti-viral response. The genetic ablation of Ubp43,
therefore, removes this inhibitor and results in an environment of significantly augmented
anti-viral and anti-bacterial immunity.

The third chapter explores whether the enhanced anti-viral potential facilitated by
the deficiency of Ubp43 can be harnessed to mediate enhanced anti-tumor efficacy. The
enhanced anti-tumor function could be due to either the hypersensitivity to type I IFNs or
the inability to cleave ISG15. Importantly, these mechanisms are not mutually exclusive
such that both may enhance anti-tumor function. These results are presented after first
confirming a role for tumor-specific CD4" T cells to help CD8" T cells treat tumor-

bearing lymphopenic mice in chapter two.
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CHAPTER TWO: Tumor-specific CD4" and CD8" T cells are both required for the

most therapeutic benefit in tumor-bearing reconstituted lymphopenic mice

Abstract

The specific contribution of CD4" T cells to effective adoptive T cell therapy is
not fully understood. Therefore their role in adoptive immunotherapy remains an
important focus of research. Previous work has demonstrated that the adoptive transfer
of tumor-specific T cells into a lymphopenic host results in superior tumor regression
compared to the transfer of the same T cells into normal mice. A clear understanding of
the constituents of the population which mediates the most effective therapeutic benefit is
necessary to improve their potential. Data obtained from a clinical trial suggest that the
direct anti-tumor effect of CD8" T cells in a lymphopenic host may depend on the
presence of tumor-specific CD4" T cells. To explore this possibility, we determined
whether CD4" T cells were necessary for the enhanced anti-tumor response and, if so, the
nature of CD4" T cells required to support the anti-tumor effects of adoptive
immunotherapy in tumor-bearing reconstituted RAG1”" lymphopenic mice. Importantly,
this model allowed us to examine the effect of the adoptively transferred T cells
independent of any contribution from endogenous T cells. We confirmed that CD4" T
cells were necessary to achieve the most effective tumor response. We also found that
tumor-bearing survival was significantly enhanced after adoptive transfer if the CD4" T
cells were specific to the cognate tumor rather than CD4" T cells specific to a noncognate

tumor or an unrelated antigen. It is known that polyclonal T cells undergo maturation
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changes when homeostatically proliferating in a lymphopenic environment which can
potentially alter their anti-tumor function. Considering these changes, we identified that,
regardless of their ability to proliferate homeostatically, cognate CD4" T cell help
produced a superior tumor-specific CD8" T cell anti-tumor response. This indicated that
CD4" T cell homeostatic-driven proliferation did not alleviate the requirement of tumor-
specificity in order to provide effective help to the tumor-specific CD8" T cells. The
nature of the help provided by cognate CD4" T cells was to maintain the tumor-specific
response longer and thereby delay the progression of metastatic disease. This effect was
specific to the maintenance phase as the presence of cognate CD4" T cells did not
enhance the initial anti-tumor response. These results document the importance of
tumor-specific CD4" T cell help in the achievement of an effective anti-tumor immune
response and provide insights that will improve the effectiveness of adoptive

immunotherapy strategies.
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Introduction

The conditioning of the immune system with non-myeloablative lymphodepleting
regimens prior to adoptive T cell immunotherapy has emerged as a potent and promising
treatment for metastatic melanoma. This was highlighted by a successful clinical trial in
which a 51 percent objective clinical response rate was observed in melanoma patients
receiving adoptively transferred tumor-specific T cells and systemic IL-2 after non-
myeloablative lymphodepletion (80). These results were a marked improvement
compared to the authors’ previous study in which non-myeloablative lymphodepletion
prior to adoptive transfer produced no objective clinical responses (79). Although tumor-
specific T cells isolated from melanoma lesions were employed in both studies, only
CD8" T cell clones, which were selected by their reactivity to MART-1 or gp100
melanoma-derived peptides, were transferred in the first trial. In the second trial tumor-
reactive tumor-infiltrating lymphocyte (TIL) cloids, which generally contained both
CD8" and CD4" T cells, were administered. These CD8" T cells were shown to expand,
persist and maintain function possibly leading to the high rate of tumor regression.

Insight into the factors necessary for successful adoptive T cell transfer may be
discovered by comparing these two trials. One notable difference between these studies
was the inclusion of CD4" T cells in the successful clinical trial. In this trial, patients
were treated with oligoclonal (a.k.a. cloid) populations that, as a group, were tumor-
reactive; however, although they seemed to be necessary, the role and specificity of the
CD4" T cells were not determined (80). CD4" T cell help has been studied extensively in
viral models and has been shown to orchestrate and enhance the immune response in both

the priming (124, 125) and the subsequent effector and maintenance (126, 127) phases.
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While not as well characterized in tumor models, CD4" T cells were required in the
adoptively transferred population in order to maximize the efficacy in MHC 11" tumor-
bearing mice (82, 128). While MHC [1”" mice contain normal amounts of other immune
cells, they are devoid of classical CD4" T cells suggesting that CD4" T cells played a
critical role in this model. This environment was notably different then the lymphopenic
environment induced prior to adoptive T cell transfer in the successful clinical trial.
Indeed, proliferation in a lymphopenic environment imparts an activated phenotype to
both CD8" (5, 129, 130) and CD4" (131, 132) T cells. Thus, proliferation in a
lymphopenic environment could affect the CD8" T cell requirement for CD4" T cells or
the nature of the CD4" T cell help provided, e.g. perhaps the help could be provided in a
non-tumor-specific manner.

Wang et al demonstrated that tumor-bearing mice treated with both tumor-
specific CD4" and CD8" T cells after the induction of lymphopenia by sublethal total
body irradiation had a synergistic effect compared to the CD8" T cells alone (128).
However, it is possible that the long-term anti-tumor response received contribution from
the nascent endogenous T cells that emerge after the total body irradiation. Our previous
data demonstrated that CD4"-depleted effector T cells were capable of mediating long-
term anti-tumor immunity in tumor-bearing WT mice yet were incapable of effectively
treating tumor-bearing MHCI1”™ mice (82). This suggested that repopulation of tumor-
specific CD4" T cells from the endogenous T cell pool may contribute to long-term anti-
tumor efficacy. Considering the possibility that the lymphopenic environment may
alleviate the requirement of endogenous CD4" T cells, we determined the contribution of

tumor-specific CD4" T cells made to an effective anti-tumor immune response in
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lymphopenic mice treated by adoptive transfer of T cells in the absence of endogenous T
cells. Specifically, RAG1” mice which the therapeutic effect is solely dependent on the
adoptively transferred T cells were treated. Precluding any contribution by endogenous T
cells to the therapeutic effect, this model mimics what occurs in patients who no longer
have thymus activity. We found that tumor-specific CD8" T cells transferred into
lymphopenic tumor-bearing mice were more effective long-term if the accompanying
CD4" T cells were cognate, in respect to the tumor-specific CD8" T cells, and capable of
homeostatic-driven proliferation. Further, the presence of effector CD4" T cells specific
for the cognate tumor enhanced the anti-tumor effects by maintaining anti-tumor CD8" T
cell responses significantly longer than the noncognate CD4" T cells. However, despite
the enhanced tumor immune response and improved survival, using this stringent RAG1
" model, all mice eventually succumbed to their disease. This was in striking contrast to
adoptive immunotherapy in lymphopenic wild type mice capable of maintaining
lymphopoeisis and reconstitution with de novo T cells. Therefore, these data describe a
significant role for cognate CD4" T cell help in the enhanced anti-tumor response
observed in tumor-bearing hosts treated by adoptive T cell transfer after lymphopenic
preconditioning. These important principles should inform the design of clinical trials

using adoptive tumor immunotherapy to treat patients with cancer.
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Materials and Methods
Mice

Syngeneic wild type C57BL/6 mice (H-2b) were obtained from the National
Cancer Institute (Bethesda, MD), Charles River Laboratories, Inc (Wilmington, MA), and
The Jackson Laboratory (Bar Harbor, ME). RAG1 (H-2b) knock-out mice were obtained
from The Jackson Laboratory (Bar Harbor, ME) and bred in our facility. OTII/RAG”
mice were obtained from Taconic (Hudson, NY) and bred in our facility. Mice were
maintained in SPF conditions and recognized principles of laboratory animal care were
followed (Guide for the Care and Use of Laboratory Mice, National Research Council,
1996). All animal protocols were approved by the Earle A. Chiles Research Institute

Animal Care and Use Committee.

Tumor cell lines

B16BL6-D5 (D5) is a poorly immunogenic subclone of the B16 melanoma cell
line B16BL6 (H-2"). D5-G6 is a clone generated by retroviral transduction of D5 with
MFG-mGM-CSF. D5-G6 secretes GM-CSF at 100ng/mL/10° cells/24 hour. MCA-304
and MCA-310 are 3-methylcholanthrene-induced fibrosarcomas (H-2°). In some
instances, tumor lines were treated with 2ng/mL IFN-y for 24 hours in order to increase
MHC class I and class Il expression. D5 and MCA-304 were transfected with pMTI-
GFP-CIITA to express the class Il transactivator (D5-CIITA and MCA-304-CIITA); cell
lines were enriched to >94% by fluorescent cell sorting. All cells were grown in mouse
complete media (CM: RPMI-1640 supplemented with 10 percent FBS, 0.1 mM

nonessential amino acids, 1mM sodium pyruvate, 2mM L-glutamine, 50ug/mL
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gentamicin sulfate (Biowhittaker Inc, Walkersville, MD), and 50 uM [-mercaptoethanol

(Sigma-Aldrich, Milwaukee, WI).

Generation of tumor-specific effector T cells

Lymphopenia was induced in wild type mice by sublethal total-body irradiation
(500 cGy) or RAG1” mice were used and reconstituted with 20 x 10° wild type or
OTI/RAG™ splenocytes, respectively. Mice were vaccinated with 250ug OVAs3.330
(AnaSpec, San Jose, CA) in CFA, 1 x 10° D5-G6, or 1 x 10° MCA-304 in all four flanks
where indicated. Eight days later, vaccine-draining inguinal and axillary lymph nodes
were resected and cells were plated at 4 x 10° in 2ml CM in a 24-well plate with Sug/mL
anti-CD3 (2C11) and 2.5ug/mL anti-CD28 (37.51). Two days later, non-adherent cells
were harvested, washed, and placed at 0.1 x 10%/mL CM supplemented with 60 1U/mL
rhlL-2 (Chiron Co, Emeryville, CA) in Lifecell tissue culture flasks (Nexell therapeutics
Inc, Irvine, CA). Three days later, effector T cells were harvested and subjected to in

vitro depletion, tumor restimulation in vitro, and/or adoptive transfer as described below.

T cell depletion and adoptive immunotherapy

Where indicated, mice were depleted of CD4" or CD8" T cells 24 and 48 hours
prior to lymph node harvest by intraperitoneal injections with 400ug of anti-CD4
(GK1.1) or anti-CD8 (Lyt2.2), respectively. Further enrichment was performed in vitro
after 1L-2 expansion when effector T cells were depleted of either CD4" or CD8" cells
using L3T4 or Ly2 MACS beads (Miltenyi Biotec, Auburn, CA), respectively. Purity

was verified by flow cytometry. Experimental pulmonary metastases were established by
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i.v. injection of 0.2 x 10° D5 or 0.75 x 10° MCA-304 tumor cells. To assess short-term in
Vvivo anti-tumor activity three days after injection of tumor cells, mice were treated with
20 x 10° effector T cells and/or 90 x 10° IU rhiL-2 intraperitoneally daily for four days
starting the day of adoptive transfer. Mice were sacrificed by CO, narcosis ten days later;
lungs were resected, and fixed in Fekete’s solution. Macroscopic metastases were
enumerated. Lungs with metastases too numerous to count were designated as having
250 metastases. For mice with MCA-304 metastases, the lungs were counter-stained by
insufflation with India Ink solution prior to resection. To determine effects on survival,
40 x 10° effector T cells comprising 36 x 10° CD8" T cells and 4 x 10° CD4" T cells were
adoptively transferred three days after metastases were established, IL-2 was

administered as above and mice were sacrificed when moribund.

Tumor restimulation and ELISA

Effector T cells were restimulated in vitro at a 10:1 effector T cell to tumor cell
ratio in a 24-well plate with the indicated tumors or 5ug plate-bound anti-CD3. 24 hours
later, supernatants were harvested and IFN-y concentration was determined by ELISA

following the manufacturer’s protocol (Pharmingen, San Jose, CA).

Statistics and nonlinear regression

Student’s t-test was used for analysis of ELISA data. A two-tailed p value <0.05
was considered significant. Statistical differences in the number of lung metastases were
determined by Mann-Whitney Test. A two-tailed nonparametric p value <0.05 was

considered significant. A chi-square test was used for analysis of survival data. A one-
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phase exponential nonlinear regression was used for decay analysis. Statistical analysis

was performed by GraphPad Prism (Graphpad Software, La Jolla, CA).
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Results
CD4" T cells are required for CD8" T cells to prolong survival of lymphopenic tumor-
bearing hosts

We and others have demonstrated that development of long-term anti-tumor
immunity following adoptive immunotherapy in lymphoreplete hosts required CD4™ T
cells (82, 128, 133, 134). Recent studies have reported that tumor-specific T cells elicited
superior anti-tumor effects when transferred into lymphopenic mice (135). The specific
requirement for adoptively transferred effector CD4" T cells, independent of host T cells,
has not been evaluated in lymphopenic mice. Since homeostasis-driven proliferation in a
lymphopenic host can induce a memory-like state in CD8" T cells that increases their
sensitivity to stimulation by self-peptide-MHC complexes (5, 129, 130), it is possible that
this environment may alleviate the requirement for CD4" T cells to maintain tumor-
specific CD8" memory T cells and induce tumor regression. To explore this possibility,
tumor vaccine-draining lymph node (TVDLN) lymphocytes from mice vaccinated with
D5-G6, a poorly immunogenic B16BL6-D5 (D5) melanoma cell line genetically
modified to secrete GM-CSF, were stimulated with soluble anti-CD3 and expanded in
low-dose (60 1U/mL) IL-2. The resultant tumor-specific effector T cells were used for
adoptive transfer before and after they were depleted of CD4" T cells. The presence of
D5-specific T cells was verified by documenting IFN-y production after in vitro
restimulation with D5, but not with the unrelated, but syngeneic MCA-310 sarcoma
(Figure 4a). Importantly, the depletion of CD4" T cells did not significantly affect the

quantity of IFN-y secreted.
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Figure 4: Depletion of CD4" T cells retain tumor-specific IFN-y
release in vitro but reduces long-term therapeutic efficacy in vitro.
Effector T cells were generated as described in the materials and
methods and left untreated or depleted of CD4" T cells using magnetic
beads. A) 4 x 10° untreated (open bars) or CD4*-depleted (solid bars)
effector T cells were restimulated in vitro with 2 x 10° D5, D5-CIITA
(D5 engineered to express the MHC class |1 transactivator) MCA-310,
MCA-310-CIITA, or plate-bound anti-CD3. Twenty-four hours later
supernatants were harvested and analyzed for IFN-y by ELISA (n=3).
B) RAG1” mice were injected with 1 x 10° D5 tumor cells i.v. three
days prior to the adoptive transfer of 40 x 10° untreated (square) or 36 x
10° CD4*-depleted (inverted triangle) effector T cells i.v. (effector T
cells contained 10 percent CD4" T cells and the number of CD8" T cells
transferred were matched). Experimental and control mice (circle) were
given 90,000 IU IL-2 daily for four days following adoptive transfer.
Mice were followed until moribund and then sacrificed (n=10).
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To determine if
the CD4™ T cell-
depleted population
was sufficient to
mediate effective anti-
tumor therapy without
endogenous T cells,
RAG1-deficient mice
bearing three-day
established D5
pulmonary metastases
were treated with either
the non-depleted or
CD4" T cell-depleted
population. The
number of effector
CD8" T cells
transferred was
normalized so that all
mice received an
equivalent number of
CD8" T cells. All mice

received 90,000 IU IL-
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Figure 5: Large numbers of adoptively transferred effector T cells
do not cure RAG1” mice, but efficacy still requires CD4" T cells.
Effector T cells were generated as described in material and
methods and left untreated or depleted of CD4" T cells using
magnetic beads. RAG1” mice were injected with 1 x 10° D5 tumor
cells i.v. three days prior to the adoptive transfer of 70 x 10°
untreated (square) or 63 x 10° CD4"-depleted (inverted triangle)
effector T cells i.v (effector T cells contained 10 percent CD4™ T
cells and the number of CD8" T cells transferred were matched).
Experimental and control mice (circle) were given 90,000 U IL-2
once per day for four days following adoptive transfer. Mice were
followed until moribund and then sacrificed (n=5).

2 daily for four days
following adoptive transfer
and were then followed for
survival. The survival of
mice that received both
CD4" and CD8" T cells
was significantly
(p<0.0001) prolonged
compared to the survival of
mice that received only
tumor-specific CD8" T
cells (Figure 4b). It was
evident that despite an

improvement in survival

mice treated with non-depleted T cells were not cured. Irrespective of the tumor burden

at the time of adoptive transfer or the number of tumor-specific T cells transferred, RAG-

deficient mice could not be cured of their disease. Even the transfer of seventy million

effector T cells, a dose that cures WT mice (82), merely prolonged the survival of tumor-

bearing RAG1" mice (Figure 5). We posited that the inability to eradicate tumor was a

phenomenon restricted to D5-bearing RAG1™ mice and possibly due to the lack of

endogenous T cells. With this caveat, we concluded that the long-term anti-tumor effect

of adoptive immunotherapy using tumor-specific CD8" T cells to treat tumor-bearing

lymphopenic mice requires CD4" T cells.
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Noncognate CD4" T cells that are incapable of homeostatic proliferation do not
prolong survival of tumor-bearing hosts

Next we explored the ability of noncognate CD4™ T cells to enhance CD8" T cell-
mediated anti-tumor function in RAG1™ lymphopenic mice. The specificity of CD4" T
cells that help CD8" T cells prolong survival in tumor-bearing RAG1” lymphopenic mice
has not been examined. We hypothesized that the presence of activated CD4" T cells in
the lymphopenic environment would be sufficient to help homeostatically proliferating
CD8" T cells, regardless of their specificity or their ability to proliferate in the
lymphopenic environment. To determine if activated noncognate, i.e. non D5-specific,
CD4" T cells incapable of homeostasis-driven proliferation could provide sufficient help,
we used OTII transgenic CD4™ T cells that were unable to proliferate when transferred to
a lymphopenic host (136). These were derived from OTI/RAG™ transgenic mice which
have only I-AP-restricted CD4" T cells that recognize the chicken ovalbumin epitope,
323-339. D5-G6-specific effector T cells and those depleted of CD4" T cells were
generated as described earlier. The same number of effector OTII/RAG™ CD4" T cells
were added back to the CD4"-depleted population as were removed by depletion.
Effector OTII CD4" T cells were generated by subcutaneous vaccination of RAG1™” mice
reconstituted with OTII/RAG™ splenocytes with OV As,3.330 in CFA. Vaccine-draining
lymph nodes were harvested, activated and expanded as described above. Antigen
specificity and tumor-reactivity of T cells was verified by measuring IFN-y production
following restimulation with tumor cells (Figure 6a). Tumors transduced to express the
MHC class Il transactivator (CIITA) were used as a more sensitive indicator because of

their increased expression of MHC class I and 1l molecules. The addition of
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Figure 6: CD4" T cells that are not tumor specific did not reduce IFN-ysecretion in vitro yet
significantly reduced ability to support D5-specific CD8+ T cells in vivo. D5-specific effector T
cells generated as described previously were left untreated (CD8ps/CD4ps) or depleted of their
CD4" T cells. Equal number of transgenic OTII CD4" effector T cells, generated as described in
materials and methods, were combined with the depleted D5-specific effector T cells such that the
OTII CD4" effector T cells, like the D5-specific CD4" effector T cells, comprised 10 percent of the
effector T cell population (CD8ps/CD4ov,a). A) 4 x 10° CD8ps/CD4ps (open bars) or
CD8ps/CD4ova (solid bars) were restimulated in vitro with 2 x 10°> D5, D5-CIITA, MCA-310,
MCA-310-CIITA, or plate-bound anti-CD3. Twenty-four hours later supernatants were harvested
and analyzed for IFN-y by ELISA (n=2). B) RAG™ mice were given 1 x 10° D5 i.v. three days
prior to the adoptive transfer of 40 x 10° of either CD8ps/CD4ps (squares) or CD8ps/CD4oya
(inverted triangles). Experimental and control (circles) mice were given 90,000 IU IL-2 once per
day for four days following adoptive transfer. Mice were followed until moribund and then
sacrificed (n=10).
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OTII effector T cells did not significantly alter the D5-specific IFN-y secretion by D5-
specific CD8" T cells indicating that they maintained their D5 tumor reactivity regardless
of whether the accompanying CD4" T cells were primed against D5-G6 or OV Aszz3.330.
To determine if the OTII CD4" T cells could provide noncognate help in a lymphopenic
RAG1™ host, they were transferred together with CD8" effector T cells into RAG1-
deficient mice bearing three-day D5 pulmonary metastases. In these experiments, the
OTII CD4" T cells were unable to prolong survival significantly when compared to CD4"

T cells specific to the cognate tumor (Figure 6b).

Noncognate CD4" T cells capable of homeostatic proliferation do not prolong survival
of tumor-bearing hosts

The inability of transgenic OTII effector T cells to enhance survival suggested
that either the lack of homeostatic proliferation or the absence of cognate help was
responsible. To distinguish between these two alternatives, we tested whether
noncognate CD4" T cells that were capable of homeostasis-driven proliferation provided
sufficient help to prolong survival of treated lymphopenic mice. Polyclonal CD4" T cells
capable of homeostasis-driven proliferation, but specific for the unrelated but syngeneic
sarcoma, MCA-304, were used to provide noncognate CD4" T cell help. Critical to the
interpretation of these experiments was the verification that T cells generated by
vaccination with D5-G6 or MCA-304 were tumor-specific and did not cross-react with
the other tumor. This was confirmed by restimulation of T cells with untreated tumor
cells, including after pre-treatment with IFN-y to increase MHC class | and class 11

expression (Figure 7a). Effector T cells induced following immunization with D5-G6

34



B16BL6-D5

Untreated
== Ing/mL IFN-y

MCA-304

MCA-310

B)

I) D5-G6 Effector T cells

i) MCA-304 Effector T cells

oo R p=001
X 7 p=004 2 10007 T
H2-K D300 2
T < T
]
. B 2000 3
[ g g o0
| 8 o
ﬁ Emou- Ill B |l‘
b z
I-A L L |I|
| vf‘llTr—:;l'T'll -.,||=.=IITI||'TI'TI|
o o 5
§ oy sd s FoyFa L
¥ 0§y 9 ¥ €40 € v & F
\\‘°° I & TELESS
& ¥ ¥ & ¥ ¥
N pe0l i § ¢ & ¢ € ¢
0 § i
1] L]
2507 nm. e B 950
3 0 2
g . o > p<o1
S ., gar) e —
]
£ 4504 E
E 150- 35 150 (1] (TYY)
: g ot LYY
£ 1004 S0 0,
o et
5 T & )
.
B YY) s Sape
E 1} T 1 T - v T T T
G @ 2 N & \
5 o & W 2 o g @"
v ¥ z °©
9 $ ¥

Figure 7: TVDLN generated by D5-G6 or MCA-304 vaccination do not exhibit cross reactivity to their
noncognate tumor. A) The indicated tumor cells were left untreated (green line) or treated (red line) for 24
hours with 2 ng/mL IFN-y. Each histogram compares the expression levels of H2-K" or I-A° with an
isotype control (filled line). B) 4 x 10° D5-G6-generated (i) or MCA-304-generated (ii) effector T cells
were restimulated in vitro with 2 x 10° D5, D5 IFN-y (pretreated for 24 hours with IFN-y), MCA-304,
MCA-304 IFN-y, MCA-310, MCA-310 IFN-y, or plate-bound anti-CD3. Twenty-four hours later
supernatants were harvested and analyzed for IFN-y by ELISA (n=2). C) WT mice were given 2 x 10° D5
(i) or 7.5 x 10° MCA-304 (ii) i.v. three days prior to the adoptive transfer of 20 x 10° of either D5-G6-
specific or MCA-304-specific effector T cells. Experimental and control mice were given 90,000 1U IL-2
daily for four days following adoptive transfer. Mice were sacrificed by CO, narcosis ten days later; lungs
were resected, fixed in Fekete’s solution, and macroscopic metastases enumerated. Results summarize two
independent experiments.

reacted strongly against their cognate tumor but not to the noncognate MCA-304 or
MCA-310 tumors (Figure 7b). MCA-304-generated effector T cells reacted against
MCA-304, but not against D5 or MCA-310. These in vitro results were consistent with
in vivo experiments which demonstrated that effector T cells generated after D5-G6

vaccination reduced the number of D5 metastases significantly (p<0.0001) compared to
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Figure 8: Separated and combined CD8" and CD4" T cells generated after tumor vaccination have
specific tumor reactivity. Individual CD8* and CD4" effector T cells populations were obtained as
described in materials and methods. A) 4 x 10° D5-G6-generated CD4" and CD8" T cells (i) and MCA-
304-generated CD8" and CD4" T cells (ii) were restimulated in vitro with 2 x 10° D5, D5 IFN-y, MCA-
304, MCA-304 IFN-y, MCA-310, MCA-310 IFN-y, or plate-bound anti-CD3. Twenty-four hours later
supernatants were harvested and analyzed for IFN-y by ELISA (n=3). B) CD8ps/CD4ps (0pen bars),
CD8D5/CD4MCA304 (IineS barS), CD8MCA304/CD4D5 (Closed barS), or CDSMCAgodCD‘l MCA304 (boxed barS) T
cells were restimulated, supernatants harvested and analyzed as done in A (n=3).

effector T cells generated by MCA-304 vaccination (Figure 7c). Similarly, effector T

cells specific to MCA-304 reduced the number of MCA-304 metastases significantly

(p<0.0001), whereas effector T cells generated by D5-G6 vaccination were ineffective

against MCA-304 metastases (Figure 7c). Thus, effector T cells generated against either

D5-G6 or MCA-304 recognized their cognate tumor specifically and did not cross-react
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with the other tumor cell line. To determine if noncognate help, i.e. CD4" T cells that
recognized a different tumor, would prolong survival in RAG1™ lymphopenic mice when
added to tumor-specific CD8" T cells, four groups of effector T cells were generated: D5-
G6-specific CD8" effector T cells (CD8ps), D5-G6-specific CD4" effector T cells
(CD4ps), MCA-304-specific CD8" effector T cells (CD8mcaz04), and MCA-304-specific
CD4" effector T cells (CD4wmcasos). The MCA-304-specific and D5-G6-specific T cells
were generated as described previously, and each group was depleted of either the CD4"
or CD8" effector T cells, both in vivo and in vitro, after IL-2-mediated expansion. Each
individual group of CD4" or CD8" effector T cells contained greater then 90 percent of
the desired T cell population (data not shown), and specifically recognized their cognate
tumor targets (Figure 8a). To confirm that the CD4" effector T cells were tumor specific
we showed that more IFN-y was secreted in response to IFN-y pretreated tumors that
express more MHC class Il (Figure 8a). The absence of cross-reactivity verified the
tumor specificity of each population. To confirm that the populations used for treatment
did not alter the tumor reactivity, each CD8" effector T cell group were matched with
each CD4" effector T cell group at a 9:1 ratio and their response to tumor cells was
verified by restimulation with the appropriate tumor cell lines (Figure 8b). Regardless of
the specificity of the accompanying CD4" T cells, the CD8" effector T cells released
equivalent levels of IFN-y in this twenty-four hour assay. This demonstrated that there
were no suppressive effects after mixing the populations and suggested that the anti-
tumor response would be largely unaffected by the specificity of the CD4" T cells. To
assess directly the in vivo anti tumor properties, each group containing different

combinations of CD8" and CD4" T cells were adoptively transferred into D5 tumor-
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Figure 9: Noncognate CD4" T cells capable of homeostatic proliferation do not prolong survival of
lymphopenic tumor-bearing hosts. RAG1" mice were given 2 x 10° D5 (A) or 7.5 x 10° MCA-304
tumor cells (B) i.v. three days prior to the adoptive transfer of 40 x 10° (9:1 CD8*:CD4") of either
CD8ps/CD4ps (closed squares), CD8ps/CD4ycasos (closed diamonds), CD8yicazos/ CD4ps (0pen
triangles), or CD8caz04/CD4 mcazos (Open circles). Experimental and control (inverted triangles) mice
were given 60,000 U IL-2 once per day for four days following adoptive transfer. Mice were followed
until moribund and then sacrificed (n=10, open circles in B had one animal sacrificed due to an
infection unrelated to the tumor burden and was excluded from analysis).

bearing RAG1-deficient mice (Figure 9a). Despite the fact that all of the CD4" T cells
were capable of expanding in the lymphopenic host, only cognate CD4ps T cells were
able to help CD8" T cells prolong the survival of D5 tumor-bearing mice significantly
(Figure 9a). This suggests that even when both the CD4" and CD8" T cells are
undergoing homeostasis-driven proliferation, the requirement for cognate CD4" T cell
help was maintained. To verify that these results were not unique to the anti-D5

response, or secondary to the general inability of CD4pmcaso0s T cells to provide help, we
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showed that CD4ycaso04, but not CD4ps, could provide sufficient help to CD8wcasos to
augment survival of MCA-304 tumor-bearing mice (Figure 9b). Importantly, in one
experiment, the D5-specific T cells that were unable to treat MCA-304 lung metastases
were able to treat D5 lung metastases and vice-versa. These experiments show for the
first time that the requirement for cognate CD4" T cells in the population of adoptively
transferred T cells used to effectively treat tumor-bearing lymphopenic mice is

independent of the CD4" T cell’s ability to undergo homeostasis-driven proliferation.

Cognate CD4" T cell help prolongs survival of tumor-specific effector T cells

It is well established that one function of CD4" T cell help is to maintain CD8" T
cell memory (126, 127). We hypothesized that cognate CD4" T cell help prolonged
survival of mice by maintaining a functional tumor-specific CD8" T cell population. An
alternative explanation would be that cognate CD4" T cell help contributed directly to a
more complete eradication of the tumor immediately after adoptive transfer, even though
the lack of difference of tumor-reactivity in vitro (Figure 8b) would suggest otherwise.
To examine these possibilities, D5 tumor-bearing mice treated with adoptively
transferred tumor-specific CD8" effector T cells and cognate or noncognate CD4" T cells
were examined over time. Mice were sacrificed during the course of the experiment and
splenocytes were harvested 27, 36, 44, and 50 days after adoptive transfer and the tumor
reactivity of CD8" lymphocytes was monitored by examining IFN-y release after tumor
restimulation. At early time points, e.g. day 27, splenocytes from recipients of cognate or
noncognate CD4" T cells demonstrated a similar response to D5-CIITA, D5 engineered

to express higher levels of MHC class | and Il (Figure 10a). However, splenocytes from
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recipients of noncognate CD4" T cells lost their D5-CIITA reactivity significantly faster
(p<0.0001) than the recipients of cognate CD4" T cells (Figure 10a, 10b). The loss of
anti-tumor activity became apparent at day 36 and was complete by day 44, whereas the
tumor-specific reactivity of recipients of cognate CD4" and CD8" T cells persisted at
least until day 50. These data are consistent with the observed anti-tumor effects
observed in vivo. At day 27, the tumor burdens were visually similar (Figure 10d) and
the number of D5 lung metastases was not significantly different (Figure 10c) between
recipients of cognate or noncognate CD4" T cells. Consistent with the decay in IFN-y
secretion, the tumor burden increased in recipients of noncognate CD4" T cell help as
time progressed, e.g. by day 43 these mice had significantly more tumor metastases
(Figure 10c and 10d) than mice receiving cognate CD4" T cell help. Regardless, the few
large metastases observed at day 50 in mice receiving cognate tumor-specific CD4" and
CD8" T cells would eventually progress to a terminal tumor burden had the mice not
been sacrificed early for analysis. Taken together, these data suggest that the mechanism
by which cognate help prolongs survival is by the maintenance of tumor-specific CD8" T
cell activity in a lymphopenic host treated with the adoptive transfer of tumor-specific

effector T cells.
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Figure 10: Cognate help maintains tumor-specific function of effector T cells longer than noncognate
help. A) 4 x 10° splenocytes collected 27 (i), 36 (ii), 44 (iii), and 50 (iv) days post adoptive transfer from
mice treated with either CD8ps/CD4ps (open bars) or CD8ps/CD4ycas04 (Closed bars) were restimulated in
vitro with 2x10° D5, D5-CIITA, MCA-304, MCA-304-CIITA, or plate-bound anti-CD3. Twenty-four
hours later supernatants were harvested and assayed for IFN-y by ELISA (* indicates that p<0.05) (n=3).
B) Net D5-specific IFN-y secretion (D5-CHTA minus MCA-304-CIHITA IFN-y secretion) was plotted as
a function of time and results for CD8ps/CD4ps (squares) and CD8ps/CD4ycazas (triangles) were analyzed
using nonlinear regression analysis (solid lines) (* indicates that the curves were significantly different
(p<0.0001)). C) Lungs from CD8ps/CD4p5 (squares) and CD8ps/CD4wcaszos (triangles) were resected,
fixed in Fekete’s solution, and macroscopic metastases were enumerated. Examples are shown in (D).
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Discussion

Recent clinical data suggest that CD4" T cells are required to achieve tumor
regression following adoptive transfer of tumor-specific CD8" T cells. We have explored
the necessity and nature of the CD4" T cells that help produce an effective CD8" T cell
anti-tumor immune response in tumor-bearing reconstituted lymphopenic hosts. Since
homeostasis-driven proliferation in a lymphopenic host induces phenotypic changes in
both CD8" (5, 129, 130) and CD4" (131, 132) T cells, we hypothesized that these changes
could alter the requirement for CD4™ T cell help or change the nature of the CD4" T cells
that were required for anti-tumor function. To examine these possibilities, we employed
a mouse model in which the effector and maintenance phases of effector T cells in a
tumor-bearing lymphopenic host could be specifically examined.

We found that, despite the maturational changes that occur in CD8" T cells during
proliferation in a lymphopenic environment, tumor-specific CD4" T cells were still
required to maximize survival in this RAG1” model. Not only were CD4" T cells
necessary, but they also needed to be cognate, i.e. specific for the same tumor that the
CD8" T cells recognized. The ability to “help” was independent of the CD4" T cell’s
ability to proliferate homeostatically suggesting that, even with the acquired phenotypic
changes, CD4" T cells could not provide help in a non-specific manner. Cognate CD4"™ T
cells did not enhance the initial anti-tumor immune response, but their presence led to the
longer maintenance of the CD8" T cell anti-tumor response compared to noncognate
CD4" T cells.

These studies are particularly important when considering adoptive T cell transfer

into lymphodepleted patients as a treatment for metastatic disease. The paucity of well
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characterized tumor-specific CD4" T cell epitopes has led investigators to include tumor-
unrelated CD4" T cell epitopes in an attempt to boost the CD8" T cell response in a non-
cognate manner (137-140). In this study, attempts to boost the anti-tumor response by
providing non-cognate CD4" T cells were ineffective in maintaining a tumor-specific
CD8" T cell response. Therefore, our studies suggest that clinical trials using adoptive T
cell transfer into a lymphopenic conditioned patient to include cognate tumor-specific
CD4" T cells.

While the requirement for cognate CD4" T cell help during the effector phase in a
tumor-bearing lymphopenic conditioned host has not been examined, we have shown that
CD4" T cells were absolutely necessary in the effector phase of the anti-tumor immune
response after adoptive transfer of T cells in a CD8" T cell replete environment (82).
Further, others have demonstrated that CD4" T cells were required to maintain the anti-
viral CD8" T cell response in a lymphocytic choriomeningitis virus model (126). Our
current study contributes to this body of literature by highlighting the requirement for
cognate CD4" T cells and by demonstrating that their effect is to prolong the persistence
of tumor-specific CD8" T cells.

Although it is very clear that cognate help in combination with tumor-specific
CD8" T cells prolonged the survival of tumor-bearing mice significantly, it is
disappointing that eventually, regardless of the treatment, the tumor-specific activity was
eventually lost and all mice succumbed to their disease. This differs from our previous
results in which CD4" T cell help provided in a CD8" T cell replete host resulted in long-
term survival of all mice (>150 days). In this case, tumor-bearing MHC I1-deficient mice

devoid of endogenous CD4" T cells were treated with effector T cells. These mice
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succumbed to their disease, while wild type mice survived long-term and were immune to
subsequent tumor challenge. In our current study, tumor-bearing RAG1-deficient mice,
which were devoid of both endogenous CD4™ T cells and CD8" T cells, were treated.

The inability to generate de novo endogenous T cells in the RAG1” mice could be the
key difference between our earlier and current experiments. Models of chronic viral
infection have suggested that repopulation of the effector T cell pool from naive CD8" T
cells is critical for the maintenance of a heterogeneous and prolonged anti-viral response
(141-147). CD8" T cells generated later in the infection have increased replicative
capacity and are critical for maintaining the anti-viral response. One could make the
comparison of chronic infection and cancer in terms of the prolonged exposure to
antigen. Because RAG1™ mice lack endogenous T cells, it is possible that endogenous T
cell deficiency was responsible for the discrepancy between our former and current
reports. Nevertheless, it is apparent that, regardless of the composition of T cells used for
treatment, all tumor-specific responses deteriorate over time in RAG1™ mice.

Importantly though, the inevitable deterioration was delayed when cognate CD4" T cell
help was provided in the RAG1” mice exemplifying the significant contribution of
tumor-specific CD4" T cells to the long-term anti-tumor immune response.

We hypothesize that one mechanism of cognate help is to facilitate the
recruitment of additional tumor-specific T cells from the naive T cell pool which, in turn,
maintains cancer in a state of equilibrium. Indeed, the viral models indicate that CD4" T
cell help is important for this late CD8" T cell priming (142). In situations where the
naive pool cannot be reconstituted by de novo thymic output, the ability of cognate help

to maintain the anti-tumor response is limited by exhaustion of the adoptively transferred
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CD8" T cells. Reduced or eliminated thymic function occurs in people of advanced age
or after dramatic treatments such as bone-marrow ablation and reconstitution.

An additional explanation for the eventual demise of the anti-tumor response is
that the CD4" T cells undergo exhaustion or fail to survive. In our model, it is difficult to
distinguish a tumor-specific CD4" T cell response from the overwhelming CD8" T cell
response when examining the tumor-specific reactivity by IFN-y release even when using
tumors transduced with CIITA or pretreated with IFN-y that result in increased levels of
MHC | and MHC Il expression. This limitation prevents the appreciation of how long
the activated noncognate CD4" effector T cells can provide help after adoptive transfer
into a host with limited amounts of their antigen. Whether exposure of CD4" T cells to
antigen maintains their function (148) or if repeated stimulation can limit their numbers
and protective function (149, 150) remains to be established. Further, CD4" T cells may
be supported by homeostatic cytokines like IL-7, which are thought to be in particular
abundance in lymphopenic hosts like RAG-deficient mice (151). Thus, although the
persistence of tumor-specific “helpful” CD4" T cells is unclear in our model, it is
apparent that inclusion of cognate CD4" T cells during adoptive transfer resulted in
prolonged survival of tumor-bearing hosts compared to noncognate CD4" T cells.

Taken together these data offer potential insights into the role of CD4" T cells in
the anti-tumor immune response of adoptively transferred effector T cells in melanoma
patients treated with non-myeloablative conditioning. Consistent with the results of the
recent clinical trial (79), which did not specifically select CD8" T cell clones for adoptive
transfer, our data provide a possible explanation for the beneficial effects of the activated

CD4" T cells transferred with the tumor-specific CD8" T cells. It further highlights the
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therapeutic significance of cognate tumor-specific CD4" T cells among the population of
adoptively transferred T cells used to treat patients with cancer following

lymphodepletion.
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CHAPTER THREE: Ubp43 ablation enhances the frequency of tumor-specific T

cells and therapeutic potential upon adoptive transfer into tumor-bearing mice

Abstract

Ubp43™ mice exhibit hypersensitivity to type | IFNs (IFN) and elevated levels of
ISG15-modified proteins. Both contribute to the enhanced anti-viral potential observed
in Ubp43™ mice. By reducing 1SG15 levels by RNAI technology, we demonstrated that
the sensitivity to type | IFNs after dSRNA exposure was independent of ISG15, an
observation confirmed later by other reports. We next demonstrated that the generation
of effector T cells in an pr43"' environment confers enhanced anti-tumor effect after
adoptive transfer into tumor-bearing mice. Because we used a mouse model which can
distinguish the contribution of T cell priming to the tumor from the subsequent effector
function, we were able to decipher that the enhanced tumor therapeutic potential
mediated by the Ubp43™ environment was attributed to both augmented tumor-specific
priming and enhanced anti-tumor effector function. While augmented tumor-specific
priming was dependent on functional type I IFN signaling, the Ubp43™ effector T cells
mediated enhanced therapeutic efficacy independent of type I IFN sensitivity. Taken
together, these data suggest a novel approach to enhance anti-tumor efficacy when

employing adoptive T cell immunotherapy for the treatment of metastatic melanoma.
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Introduction

Recent clinical trials have demonstrated the plausibility and potential of using T
cell-based adoptive immunotherapy in patients with advanced disease (152). However,
the labor-intensive nature of this procedure has limited its wide-spread use (80). To
facilitate its more frequent use, two general approaches have been taken to increase its
success rate: increasing the number tumor-specific T cells and enhancing their anti-tumor
potential after adoptive transfer into tumor-bearing hosts. Reasoning that molecular
mechanisms of enhanced anti-viral immunity might enhance the immune response
against neoplasms, we examined tumor-specific T cells generated in mice deficient in
Ubp43 (Usp18), which exhibit augmented anti-viral and anti-bacterial immunity (84, 85),
after vaccination with D5-G6. We wanted to determine if Ubp43 deficiency would also
facilitate an enhanced anti-tumor immune response.

ISG15 protein modification is not understood, but has been associated with anti-
viral mechanisms. UBP43 is an isopeptidase which cleaves 1ISG15 from modified
proteins (89) and, therefore, is a negative regulator of 1ISG15-mediated anti-viral
responses. Independent of its isopeptidase activity, UBP43 also attenuates type | IFN
signaling proximal to the IFN receptor (123) (Figure 3). By sterically inhibiting JAK1
binding to IFNaR1, UBP43 prevents JAK1 activation, a necessary step in the cellular
response to type | IFNs. UBP43 deficiency therefore ablates several mechanisms which
negatively regulate the anti-viral response. One mechanism is dependent on ISG15 and
the other dependent on type I IFN signaling.

Enhanced type | IFN signaling capacity could also contribute to an augmented

anti-tumor immune response. Type | IFNs have been shown to enhance both innate and
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adaptive immunity by increasing cross-priming, clonal expansion, maintenance, and
memory formation in T cells (153-157). Ubp43™ mice could potentially augment these
critical aspects of the anti-tumor immune response.

Some have suggested that Ubp43 deficiency enhances toll-like receptor (TLR)
signal transduction (85). TLR signaling has long been appreciated to aid in the innate
immune response including inflammation induction, dendritic cell maturation, and
therapeutic type | cytokine polarization (158-161). Indeed TLR manipulation of the
innate immune response has obvious ramifications on molding and enhancing the
adaptive response, however it is becoming apparent that TLR signaling has direct effects
on T cells themselves. TLR stimulation of T cells can serve as a potent form of
costimulation (161), that can lower the signal strength necessary for a T cell response
against self antigens (162).

We hypothesized that the mechanisms by which the deficiency of Ubp43
enhances viral and bacterial resistance may also be harnessed to enhance the anti-tumor
immune response. Because Ubp43™ enhances viral resistance in both an 1SG15-
dependent and IFN-dependent manner, before examining if the Ubp43” environment
could foster an augmented anti-tumor immune response, we first determined whether
these mechanisms were independent of each other. We found that, in terms of the
cellular response to viruses, ISG15 regulates the response to the viral dsSRNA-mimic,
poly(1:C). Importantly, we found no evidence that ISG15 was involved in the direct
response to type | IFNs. These results were later corroborated by several other reports
(122, 123). Suggesting that 1ISG15-dependent and IFN-dependent mechanisms of

enhanced viral resistance were independent of each other, we next used a model of
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adoptive T cell immunotherapy to determine if the Ubp43 deficiency could foster an
enhanced anti-tumor immune response. We found that TVDLN cells generated in an
Ubp43” mouse contained a higher frequency of tumor-specific T cells, a process
dependent on functional IFN signaling. Moreover, these tumor-specific T cells were
polarized to a therapeutic type | cytokine milieu. This translated to enhanced therapeutic
efficacy when Ubp43™ T cells were adoptively transferred into tumor-bearing mice.
Importantly, we demonstrate that the UBP43 deficiency in T cells was intrinsically
capable to mediate enhanced anti-tumor efficacy.

Our results outlined in detail below demonstrate that the environment created by
the deficiency of Ubp43 does indeed foster a potent anti-tumor immune response by both
generating a higher frequency of tumor-specific T cells and by augmenting their anti-
tumor potential when adoptively transferred into a tumor-bearing host. These data
suggest that disrupting UBP43 expression or by employing small molecules designed to

inhibit its activity in patient’s T cells may enhance their anti-tumor efficacy.
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Materials and Methods

Mice

Syngeneic wild type C57BL/6 mice (H-2°) were obtained from the National Cancer
Institute (Bethesda, MD), Charles River Laboratories, Inc (Wilmington, MA), and The
Jackson Laboratory (Bar Harbor, ME). RAG1 (H-2b) knock-out and FoxP3-GFP mice
were obtained from The Jackson Laboratory (Bar Harbor, ME) and bred in our facility.
Ubp43, IFNaR1, and Ubp43/IFNaR1 knock-out mice were kindly provided by Dr DE
Zhang (The Scripps Research Institute, La Jolla, CA). RAG1”/pMel mice were kindly
provided by DR HM Hu (Earle A Chiles Research Institute, Portland, OR). Mice were
maintained in SPF conditions and recognized principles of laboratory animal care were
followed (Guide for the Care and Use of Laboratory Mice, National Research Council,
1996). All animal protocols were approved by the Earle A. Chiles Research Institute

Animal Care and Use Committee.

Cell lines

2fTGH is a human fibroblast cell line and is the parental cell line of U3A which
was developed by inducing spontaneous IFN-a resistance. Both cell lines were kindly
provided by Dr G Stark (Cleveland Clinic, Cleveland, OH). These cell lines were grown
in DMEM supplemented with 10 percent FBS and 2mM L-glutamine (Biowhittaker Inc,
Walkersville, MD). Polyinosinic-polycytidic acid (Poly(l:C)) (Sigma, St Louis, MO) was
added to cultures at 50ug/mL where indicated. B16BL6-D5 (D5) is a poorly
immunogenic subclone of the B16 melanoma cell line B16BL6 (H-2b). D5-G6 is a clone

generated by retroviral transduction of D5 with MFG-mGM-CSF. D5-G6 secretes GM-
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CSF at 100ng/mL/10° cells/24 hour. MCA-304 and MCA-310 are 3-methylcholanthrene-
induced fibrosarcomas (H-2). D5, MCA-310 and MCA-304 were transfected with
pMTI-GFP-CIITA to express the class Il transactivator (D5-CIITA, MCA-310-CIITA
and MCA-304-CIITA); cell lines were enriched to >94% by fluorescent cell sorting.
Mouse tumor cells were grown in mouse complete media (CM: RPMI-1640
supplemented with 10 percent FBS, 0.1 mM nonessential amino acids, 1mM sodium
pyruvate, 2mM L-glutamine, and 50ug/mL gentamicin sulfate, 50 uM [-mercaptoethanol

(Sigma-Aldrich, Milwaukee, WI).

ISG15 siRNA

ISG15 siRNA targeting hISG15gs5.105 and a nontargeting (scrambled) control was
created using Silencer siRNA Construction Kit (Ambion, Austin, TX), according to
manufacture’s instructions. The siRNA was delivered by lipofection using Metafectene

(Biontex Laboratories, Martinsried/Planegg, Germany).

Luciferase and Apoptotic Assays

Luciferase studies were performed after cloning the hISG15 promoter from the
U3A cell line, sequence -100 to -50, into pGL3-basic (Promega, Madison, WI).
Luciferase levels were assayed according to manufacturer’s instructions. Propidium
lodide (Invitrogen, Carlsbad, CA) treatment followed by flow cytometry was used to

determine cellular DNA content according to established protocols.

STAT1 nuclear translocation
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A construct expressing a functional STAT1-GFP fusion protein was kindly
provided by Dr H Hauser (GBF-National Research Institute for Biotechnology,
Braunschweig, Germany). Nuclear STAT1 was determined by fluorescent microscopy

according to established protocols (163).

Generation of tumor-specific effector T cells

Mice were vaccinated with 1 x 10° D5-G6 in all four flanks where indicated.
Eight days later, tumor vaccine-draining inguinal and axillary lymph nodes were resected
and cells were plated at 4x10% in 2ml CM in a 24-well plate with 5ug/mL anti-CD3
(2C11) and 2.5ug/mL anti-CD28 (37.51). Two days later, non-adherent cells were
harvested, washed, and placed at 0.1x10%/mL CM supplemented with 60 1U/mL rhiL-2
(Chiron Co, Emeryville, CA) in Lifecell tissue culture flasks (Nexell therapeutics Inc,
Irvine, CA). Three days later, effector T cells were harvested and subjected to tumor
restimulation in vitro, flow cytometric analysis and/or adoptive transfer as described
below. The frequency of Trp2 tetramer” (Beckman Coulter, Fullerton, CA) cells were
determined by flow cytometry. In some cases, pan-T cells were isolated from
splenocytes using bead enrichment (Miltenyi Biotec, Auburn, CA) and used for
reconstitution followed by D5-G6 vaccination. Alternatively, splenocytes from RAG1”
/pMel* TCR transgenic mice were used for reconstitution followed by D5-G6 vaccination
and interrogation of the frequency of pMel™ T cells in the blood using flow cytometric
analysis after interrogation with an antibody specific for the pMel TCR, V13

(ebioscience, San Diego, CA).
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Adoptive immunotherapy

Experimental pulmonary metastases were established by i.v. injection of 0.25 x
10° D5 tumor cells. To assess in vivo anti-tumor activity three days after injection of
tumor cells, mice were treated with effector T cells and/or 90 x 10° IU rhiL-2
intraperitoneally daily for four days starting the day of adoptive transfer. Mice were
sacrificed by CO, narcosis ten days later; lungs were resected, and fixed in Fekete’s
solution. Macroscopic metastases were enumerated. Lungs with metastases too

numerous to count were designated as having 250 metastases.

Tumor restimulation, intracellular IFN-y staining, and ELISA

Effector T cells were restimulated in vitro at a 10:1 effector T cell to tumor cell
ratio in a 24-well plate with the indicated tumors or 5ug plate-bound anti-CD3. 24 hours
later, supernatants were harvested and IFN-y concentration was determined by ELISA
following the manufacturer’s protocol (Pharmingen, San Jose, CA). Alternatively, the
frequency of IFN-y" cells were determined by flow cytometry after intracellular IFN-y
staining (ebioscience, San Diego, CA) after 5ug/mL brefeldin A treatment according to

manufacturer’s protocol.

Treg induction and suppression assays

CD4" T cells were purified from splenocytes and induced with plate-bound anti-
CD3 (2C11) and 600 U/mL IL-2 with and without 5ng/mL TGF-f (ebioscience, San
Diego, CA) for two days. The frequency of cells expressing FoxP3 was determined by

flow cytometry after intracellular stain for FoxP3 (ebioscience, San Diego, CA). In some
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cases, the CD4" T cells were harvested from transgenic FoxP3-GFP mice, purified to
>95% by cell sorting, and mixed with CFSE-stained responder populations. Cellular

division was determined by flow cytometry two days later

Statistics

Student’s t-test was used for analysis of ELISA and flow cytometry data. A two-
tailed p value <0.05 was considered significant. Statistical differences in the number of
lung metastases were determined by Mann-Whitney Test. A two-tailed nonparametric p
value <0.05 was considered significant. Statistical analysis was performed by GraphPad

Prism (Graphpad Software, La Jolla, CA).
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Results

IFN insensitivity human fibroblast cells are responsive to dsSRNA treatment

Phase | Phase |l

Virus dsRNA -mediated response Interferon-mediated response

{:Z ﬁ {Z Interferon a/p

Ce o >

dsRNA-stimulated genes

Interferon-stimulated genes

Apoptosis Viral Resistance

Figure 11: Illustration of the two type I IFN-dependent phases of the cellular response to dsRNA.

To better appreciate the enhanced anti-viral response observed in Ubp43” mice,
we first examined the role of ISG15 in the dsSRNA-induced interferon response.
Specifically we wanted to determine if ISG15 could regulate the immediate response to a
viral insult, the response to type I IFNs, or both responses. UBP43 negatively regulates
proximal type I IFN intracellular signaling, so it was important to determine if ISG15 was
also involved in this pathway. The anti-viral response can be divided in two phases: 1)
The initial response to dsSRNA and 2) the subsequent response to the IFN induced by the
dsRNA (Figure 11). The first phase initiates the production of type I IFN which is

secreted to inform neighboring cells of the invading virus and is also responsible for the
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induction of apoptosis to curb the spread of the virus (164). The second phase of the viral
response is dependent on the pleiotropic effects of the IFN produced in the initial phase
resulting in cell cycle arrest, apoptosis, and viral resistance (165). In order to dissect in
which of these phases 1SG15 was involved; we first wanted to establish a model system
that could interrogate the two phases independent of each other. Normally when cells are
treated with dsRNA, distinguishing the response to the dsRNA from that of the
subsequently secreted IFN was difficult due to their redundant effects. Therefore, to
dissect the response to dsRNA, a cell line that was unresponsive to IFNs was used. The
U3A cell line was established from a human fibroblast cell line, 2fTGH, by inducing
mutations leading to IFNa insensitivity (166). The IFN insensitive U3A cell line
contained an incapacitating mutation in STATL, a transcription factor critical for
interferon signaling. Because we were not sure of the molecular mechanism of ISG15
action, initially we wanted to use a global readout of dsSRNA sensitivity: The ability of
dsRNA treatment to reduce cell numbers when treated in culture. This assay could not
distinguish whether the treatment increases apoptosis or slowed the growth rates, but,
regardless, poly(l:C) affected the accumulation of cell numbers over time in both cell
lines (Figure 12a). To determine how IFN sensitivity modulates the effects of poly(l:C),
the cell numbers were plotted as a ratio with and without poly(l:C) (Figure 12b).
Indicating a more dramatic effect of poly(l:C), the WT 2fTGH cells with functional IFN

signaling had fewer cell numbers after treatment then the IFN-insensitive U3A cell line.
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Figure 12: IFN insensitive human fibroblast cells are responsive to dsSRNA treatment.
2fTGH and U3A cell lines with poly(l:C) or vehicle and viable cells were assayed by trypan
blue exclusion 24, 48, and 72 hours later. Data was presented as cell numbers (n=3) (A) or
as a ratio if poly(l:C) treated to untreated (B).

siRNA-mediated knock-down of 1ISG15 reduces the sensitivity to dsSRNA in a STAT1-
independent manner
Because the response of these cell lines to poly(1:C) could be distinguished, the

assay could be used to determine if ISG15 regulates the response to poly(l:C) in an IFN-
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Figure 13: siRNA-mediated knock-down of 1ISG15 reduces the sensitivity to dSRNA in a STAT1-
independent manner. 2fTGH and U3A cell lines were transfected with a hISG15-siRNA or scrambled
control siRNA (NS) and knock-down of ISG15 was assayed by Western blot analysis using anti-
hISG15 antibody (kindly provided by Dr E Borden) (A). After 24 hours, the cells were treated with
poly(l:C) for 48 hours and the viable cells were assayed by trypan blue exclusion (B) (n=3).

dependent manner. If ISG15 knock-down manipulated the poly(1:C) response in the WT
2fTGH cell line only, it would indicate that ISG15 played a role in modulating the
response to IFNs. On the other hand, if the effects were observed in both cell lines, it
would indicate that ISG15 modulates the response to poly(l:C) independent of IFN. To
this end, 2fTGH and U3A cells were transfected by lipofection with either a hISG15-
specific sSIRNA or a nonsense (NS) siRNA control (Figure 13a). Twenty-four hours after

transfection, the cells were treated with poly(l:C) and the number of live cells were
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assayed 48-hours later (Figure 13b). As seen before, without 1ISG15 knock-down,
poly(l:C) treatment reduced the cell numbers in both cell lines. Interestingly, ISG15
knock-down significantly dampened the effects of poly(l:C) in both cell lines. This effect
occurred regardless of their responsiveness to IFN indicating that ISG15 modulates the

direct response to dsRNA.

siRNA-mediated knock-down of 1ISG15 reduces the ability of poly(l:C) to induce
IFN-transactivation and apoptosis

A direct consequence of dsSRNA exposure is the transactivation of the IFN-
promoter and induction of apoptosis. If ISG15 knock-down dampens the response to
poly(1:C), it should also attenuate the ability of poly(l:C) to transactivate the IFN-
promoter and induce apoptosis. To test this hypothesis, the human IFN- promoter was
sub-cloned into a luciferase reporter construct and used for transfection of the U3A cell
line. Indeed poly(l:C)-induced IFN-f transactivation was attenuated when ISG15 was
knocked-down using siRNA (Figure 14a). Further, the number of apoptotic cells, as
determined by propidium iodide staining, were decreased in both 2fTGH and U3A cell
lines after poly(l:C) treatment and transfection with 1SG15-specific SiRNA (Figure 14b).
Therefore consistent with the notion that ISG15 knock-down directly attenuates the
response to poly(l:C), ISG15 knock-down attenuated both IFN-f transactivation and the

apoptotic index.
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Figure 14: siRNA-mediated knock-down of 1SG15 reduces the ability of poly(1:C) to
induce IFN-Atransactivation and apoptosis. 2fTGH and U3A cell lines were transfected
with a hISG15-siRNA or scrambled control sSiRNA (NS). Poly(l:C)-induced IFN-3
transactivation was assayed by determining IFN-B promoter-driven luciferase expression
after co-transfection (A). Poly(l:C)-induced apoptosis was determined by assaying for sub-
G1 DNA content after propidium iodide staining and flow cytometric analysis (B). Data are
representative of two independent experiments.
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ISG15 knock-down does not affect IFN—£ - induced STAT1 nuclear translocation
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Figure 15: 1SG15 knock-down does not affect IFN—8—
induced STAT1 nuclear translocation. U3A cell line was co-
transfected with a hISG15-siRNA or scrambled control sSiRNA
(NS) and STAT1-GFP. Performed in a double-blind manner,
nuclear STAT1 was determined by GFP localization after
treatment with 1000U/mL IFN-B (n=3).

These data strongly
suggested that ISG15 sensitizes
the cellular response to dsRNA
as its knock-down attenuated
the poly(I:C)-induced
responses independent of IFN
signaling. However, early
observations in the Ubp43”
mouse suggested that STAT1
is ISG15 modified facilitating
increased DNA binding and
augmented type I IFN
sensitivity (83). Considering
these seemingly contradictory
data, we wanted to determine
the effect of 1ISG15 knock-

down on STAT1 activity in

response to IFN induction. To determine if ISG15 knock-down effected IFN sensitivity,

a construct expressing STAT1-GFP fusion protein was co-transfected along with 1ISG15

SiRNA, induced with IFN-f for one hour and percent cells with nuclear STAT1 was

enumerated based on GFP localization. We found that 1ISG15 knock-down had no effect

on IFN-induced nuclear STAT1 localization (Figure 15). Since performing these
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Figure 16: Characterization of the immune system in the Ubp43”
mouse. WT and Ubp43™ splenocytes were interrogated for total cell
numbers per spleen (A) (n=3) and by cell type-specific antibodies
followed by flow cytometric analysis (B) (n=3).

Characterization of the immune system in the Ubp43™ mouse

It is clear that the environment of the Ubp43™ mouse facilitates a potent anti-viral
response in both an ISG15 and IFN -dependent manner. Before addressing whether this
environment is conducive to an augmented anti-tumor response, we first wanted to

characterize the cellular components of the immune system as compared to WT mice.
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Splenocytes from WT and Ubp43™ mice were harvested and examined for immune
system constituents by using cell type-specific antibodies (Figure 16b). Ubp43™ spleens
contained significantly fewer T cells considering they had 50 percent fewer total
splenocytes (Figure 16a) and contained a slightly smaller frequency of both CD8" and
CD4" cells. WT and Ubp43™ mice contained equivalent frequencies of NK cells and

CD11c" cells while Ubp43” mice contained more B220* and CD11b" cells.

Ubp43™ mice generate a higher frequency of tumor-specific T cells than WT mice after
tumor vaccination

To determine whether T cells derived from Ubp43™ mice resulted in enhanced
anti-tumor efficacy in an adoptive transfer model, we initially examined the ability of
Ubp43™ mice to generate tumor-specific T cells. To explore this possibility, TVDLN
lymphocytes from WT or Ubp43™ C57BL/6 mice were stimulated with soluble anti-CD3
and expanded in low-dose (60 IU/mL) IL-2. The frequency of D5-specific T cells was
determined as the frequency of IFN-y* T cells after restimulation with either D5 or the
syngeneic sarcoma, MCA-310 (Figure 17a). Effector T cells generated in WT mice
contained a small but significant frequency of D5-reactive T cells while those generated
in Ubp43™" mice contained a significantly (p=0.01) higher frequency. Consistent with the
presence of more tumor-specific T cells, Ubp43™ effector T cells produced significantly

(p=0.01) more D5-specific GM-CSF compared to their WT counterparts (Figure 17b).
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Figure 17: After tumor vaccination Ubp43” mice generate a higher
frequency of tumor-specific T cells then WT mice. Effector T cells were
generated as described in the materials and methods. 4 x 10° WT (open bars)
or Ubp43™ (solid bars) effector T cells were restimulated in vitro with 2 x 10°
D5, MCA-310, or plate-bound anti-CD3. Frequency of IFN-y CD8" effector T
cells were assayed by intracellular IFN-y staining after 5 hours of brefeldin A
treatment and presented with the non stimulated background subtracted (A)
(n=4). Supernatents were examined after 24 hours of tumor restimulation for
GM-CSF secretion by ELISA (B) (n=3).
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Tumor-specific Ubp43™-generated effector T cells are polarized to a therapeutic type |
cytokine milieu

The secretion of type | cytokines instead of type Il cytokines by tumor-specific T
cells is associated with a therapeutic anti-tumor immune response (167-170). Type |
cytokines were represented by IFN-y while type 11 cytokines were represented by IL-5
and IL-10. We found that Ubp43™" effector T cells secrete significantly (p<0.01) more
tumor-specific IFN-y compared to WT T cells (Figure 18a). Importantly, the large
amount of IFN-y secreted by Ubp43™ T cells can not be solely ascribed to the higher
frequency of tumor-specific T cells observed in the deficient T cells (Ubp43™ T cells
contain <4 times more IFN-y* T cells yet secrete >10 times more IFN-y then WT T cells).
The higher mean fluorescence intensity (66.81 vs. 54.49) observed in D5-reactive Ubp43”
"is consistent with the observation that Ubp43™ effector cells secrete more of the type |
cytokine, IFN-y, on a per-cell-basis. To determine whether the increase cytokine
secretion also occurred for the type Il cytokines IL-5 and IL-10 secretion was
interrogated (Figure 18b). WT and Ubp43™" effector cells produced equivalent amounts
of the type Il cytokines such that, when the higher frequency of tumor-specific T cells is
taken into consideration, the Ubp43™ T cells secreted less of the type 11 cytokines on a
per-cell-basis. Thus Ubp43™ effector T cells are polarized to a therapeutic type |

cytokine milieu.

Ubp43”-generated effector cells do not respond to UBP43 peptides
The dramatic difference in both tumor-specific frequency and secretion of IFN-y

between WT and Ubp43™ led to the question of whether Ubp43™ effector cells were
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Figure 18: Tumor-specific Ubp43™-generated effector T cells polarize
to a therapeutic type I cytokine milieu. D5-specific effector T cells
generated as described previously. 4 x 10° WT (open bars) or Ubp43™
(solid bars) effector T cells were restimulated in vitro with 2 x 10° D5,
D5-CIITA (D5 engineered to express the MHC class Il transactivator)
MCA-310, MCA-310-CIITA, or plate-bound anti-CD3. Twenty-four
hours later supernatants were harvested and analyzed for IFN-y (A)
(n=9), IL-5 (top panel), or IL-10 (bottom panel) (B) (n=3) by ELISA.
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Figure 19: Ubp43”-generated effector cells do not respond to UBP43

peptides. D5-specific effector T cells generated as described previously. 4 x

10° WT (open bars) or Ubp43™ (solid bars) effector T cells were
restimulated in vitro with 2 x 10° BMDCs derived from WT or Ubp43™
mice. Frequency of IFN-y CD8" effector T cells were assayed by
intracellular IFN-y staining after 5 hours of brefeldin A treatment (A).
Twenty-four hours later supernatants were harvested and analyzed for IFN-
v (top panel), IL-5 (bottom panel) (B) by ELISA. Data are representative of

two independent experiments.
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restimulated with either WT or Ubp43™ bone-marrow-derived dendritic cells (BMDCs)
followed by IFN-y intracellular staining (Figure 19a). Because UBP43 was highly
expressed in monocytes (86), WT BMDCs should present UBP43 peptides:MHC
complexes while the Ubp43”- BMDCs do not. While the Ubp43™ effector T cells contain
a higher frequency of IFN-y* T cells compared to WT effector T cells, as observed
previously, the difference between their response to the WT or Ubp43” BMDCs were the
same (A0.3%). This demonstrated that the Ubp43™ effector T cells are not being
stimulated by UBP43 peptides. These results were confirmed by examining IFN-y and

IL-5 secretion (Figure 19Db).

Ubp43 "-generated effector T cells mediate significantly enhanced therapeutic
potential upon adoptive transfer into tumor-bearing mice

To determine if Ubp43” effector T cells could mediate enhanced anti-tumor
potential, WT and Ubp43™ effector T cells were adoptive transferred into WT mice
bearing 3-day D5 pulmonary metastases (Figure 20). At the highest dose given, fifty
million effector T cells, both WT and Ubp43™ effector T cells could reduce the number
of pulmonary metastases to almost zero. This was not surprising because when a high
number of effector T cells are transferred, they will eliminate macroscopic metastases in
this model. However, at smaller doses, Ubp43” effector T cells were significantly (p <
0.05) more effective at reducing the number of pulmonary D5 metastases than WT
effector T cells. This indicates that effector T cells derived from Ubp43” mice are

significantly more therapeutic then those derived from WT mice.
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Figure 20: Ubp43 "-generated effector T cells mediate significantly enhanced
therapeutic efficacy upon adoptive transfer into tumor-bearing mice. WT mice
were given 2.5 x 10° D5 i.v. three days prior to the adoptive transfer of 50 x 10°,
20 x 10° or 5 x 10° of either WT or Ubp43™ effector T cells. Experimental and
control mice were given 90,000 U IL-2 daily for four days following adoptive
transfer. Mice were sacrificed by CO, narcosis ten days later; lungs were
resected, fixed in Fekete’s solution, and macroscopic metastases enumerated.
Results summarize five independent experiments.
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Enhanced therapeutic potential of Ubp43™ effector T cells is independent of functional
type I IFN signaling
One mechanism of enhanced anti-viral immunity observed in Ubp43” mice was

enhanced sensitivity to type | IFNs. To determine if the enhanced anti-tumor function is
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Figure 21: Enhanced therapeutic efficacy of Ubp43” effector T cells is independent of functional
type | IFN signaling. Effector T cells were generated as described in the materials and methods. 4 x
10° WT (open bars), Ubp43” (black bars), IFNaR1™ (light blue bars) or IFNaR1"/ Ubp43™ (dark blue
bars) effector T cells were restimulated in vitro with 2 x 10° D5, MCA-310, or plate-bound anti-CD3
and supernatants were examined by IFN-y ELISA (A) (n=3) or cells assayed by intracellular IFN-y
staining after 5 hours of brefeldin A treatment (B) (n=3). WT mice were given 2.5 x 10° D5 i.v. three
days prior to the adoptive transfer of 5 x 10° of either WT, Ubp43™, IFNaR1" or IFNaR1"/ Ubp43™
effector T cells. Experimental and control mice were given 90,000 IU IL-2 daily for four days
following adoptive transfer. Mice were sacrificed by CO, narcosis ten days later; lungs were resected,
fixed in Fekete’s solution, and macroscopic metastases enumerated (C).
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dependent on type I IFN signaling, effector T cells were generated in IFNaR1” and
Ubp43™/IFNaR1™ mice in addition to WT and Ubp43” mice. The augmented frequency
of tumor-specific T cells observed in Ubp43” effector T cells was ablated when type |
IFN signaling was also deficient (Figure 21a). Striking however, this was not consistent
with the augmented amount of IFN-y released (Figure 21b) and therapeutic potential
(Figure 21c). Ubp43™ and Ubp43”/IFNaR1" secreted the same amount of IFN-y and
mediated similar therapeutic potential after adoptive transfer into tumor-bearing mice.
The discrepancy between these data prompted further investigation into the dependence
of Ubp43™-mediated augmentation of tumor-specific priming on functional IFN
signaling. Therefore, we interrogated the frequency of effector T cells which recognize a
dominant D5 rejection antigen, TRP-21g1.188 (171), after D5-G6 vaccination of WT,
Ubp43”, IFNaR1" and Ubp43™/IFNaR1™” mice (Figure 22a). Ubp43”-generated
effector T cells contained significantly more Trp2* CD8" T cells, an increase not
observed in the Ubp43™/IFNaR1” population. Similar results were obtained when pmel-
1 TCR transgenic CD8" T cells were used for reconstitution. Pmel” CD8" T cells
specifically recognize another D5 rejection antigen, gp100,5.33 (172). After vaccination
with D5-G6, the frequency of pmel-1" CD8" T cells increased dramatically in the Ubp43”
" mice compared to WT, IFNaR1” or Ubp43”/IFNaR1™” mice (Figure 22b). Taken
together, these results clearly demonstrate that, while the augmented frequency of tumor-
specific T cells generated in Ubp43™ mice depends on type I IFN signaling, their

therapeutic potential upon adoptive transfer is independent of functional IFN signaling.
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Figure 22: pr43"-mediated augmented tumor-specific T cell priming depends on type | IFN
signaling. WT, Ubp43™, IFNaR1™ or IFNaR1"/ Ubp43™ effector T cells were assayed for the
frequency of T cells recognizing TRP-21g;.1g¢ by tetramer analysis (A) (n=3). Pmel® CD8" T
cells were used for reconstitution of sublethally irradiated (500 cGy) WT, Ubp43”, IFNaR1” or
IFNaR1"/ Ubp43™ mice, vaccinated with D5-G6, and percent Pmel* CD8" T cells in the blood
was determined three and eight days later (B).
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Ubp43™ T cells are intrinsically more therapeutic

The observation that the tumor-specific T cells generated in Ubp43™"/IFNaR1™
mice could maintain augmented therapeutic potential without containing a higher
frequency of tumor-specific T cells fostered experiments to determine whether the
enhanced therapeutic potential was intrinsic to the Ubp43™ T cells. To this end, pan T
cells were purified from WT or Ubp43™ splenocytes and used for reconstitution of
RAG1™ mice prior to D5-G6 vaccination. RAG1™ mice contain no lymphocytes but are
normal for other immune cells (173) such that priming occurred in essentially a “wild
type” environment. The resultant effector T cells were interrogated for their frequency of
Trp2" CD8" T cells as a marker for identifying tumor-specific T cells (Figure 23a).
Regardless of their T cell composition, an equivalent frequency of tumor-specific cells
was obtained from these mice yet secreted significantly (p=0.001) more tumor-specific
IFN-y (Figure 23b) and exhibited significantly (p=0.002) augmented therapeutic efficacy
upon adoptive transfer into WT tumor-bearing mice (Figure 23b). Therefore, the
generation of a higher frequency of tumor-specific T cells depends on Ubp43 deficiency
in non-T cell compartment yet, even with equivalent numbers of tumor-specific T cells
transferred, Ubp43” T cells were sufficient to significantly enhance anti-tumor function
(Figure 24). These experiments demonstrated that Ubp43 deficiency in T cells is

sufficient to impart enhanced anti-tumor potential to tumor-specific T cells.
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Figure 23: Ubp43™ T cells are intrinsically more therapeutic. Purified WT or Ubp43™ splenic T
cells were used for reconstitution of RAG1” mice and D5-specific effector T cells generated as
described previously. The frequency of T cells recognizing TRP-23g;.1g8 by tetramer analysis (A) (n=3).
4 x 10° WT (open bars) or Ubp43™ (black bars) effector T cells primed in RAG1™ host were
restimulated in vitro with 2 x 10° D5, MCA-304, or plate-bound anti-CD3 and supernatants were
examined by IFN-y ELISA (B) and adoptively transferred to WT mice bearing 2.5 x 10° experimental
pulmonary D5 metastases. WT mice were given 2.5 x 10° D5 i.v. three days prior to the adoptive
transfer of 5 x 10° of either WT, Ubp43™, IFNaR1" or IFNaR1™"/ Ubp43™ effector T cells.
Experimental and control mice were given 90,000 IU IL-2 daily for four days following adoptive
transfer. Mice were sacrificed by CO, narcosis ten days later; lungs were resected, fixed in Fekete’s
solution, and macroscopic metastases enumerated (C).
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Figure 24: Illustration demonstrating intrinsic nature of Ubp43” T cells enhanced anti-
tumor potential. After vaccination, WT or Ubp43” pan T cells used for reconstitution of a
RAG1™ host generate a similar frequency of tumor-specific T cells yet mediate enhanced
therapeutic potential after adoptive transfer to a tumor-bearing animal.

Ubp43™ T cells have deregulated FoxP3 induction and insensitivity to Treg-mediated
suppression

We next attempted to examine the nature of the Ubp43”-mediated enhanced anti-
tumor function. Regulatory T cells (Treg), characterized by their expression of the
FoxP3 transcription factor, are responsible for suppressing the anti-tumor immune

response (174). Therefore, we examined whether an altered Treg response could explain

76



A 50 p=0.01
) . + [ Iwikd Type CD4' Teels
Q 4 Bl U3 CD4' Teeks
+ﬂ
o 304
.3
o]
R
-E' 204
g p<001
& 10-
o
0= T
No TGF-B 5ng/mL TGF-f
B) ¢
G 100- p=0.05
0 B p<0.01 Responilers
2 p<0.01 Ewu::s?gcns"
S 75 Responders
3]
£ i
Fw
+
(+2]
D T
O 25+
-
c
[+/]
o N
a v | L] L]
= 0 10°  0.1x10° 001x10° Treg
C) o 108 10¢ 108 10°  Responders
§ 80- +
2l = [CIwTCD8' Responders
'13 - Il uxd3' CD8' Responders
e —
L 50.
% 01
%o 30+
a
0 20+
£
€ 104
e
o v 1 | ] 1
o 0 10° 0.1x10° Treg

10° 108 108 Responders
Figure 25: Ubp43™ T cells have deregulated FoxP3 induction and
insensitivity Treg-mediated suppression. Purified WT or Ubp43” splenic
CD4" T cells were cultured in vitro with plate-bound anti-CD3 (2C11),
600 U/mL IL-2, and with/without 5ng/mL. Percent FoxP3* CD4" cells
were determined by cytometric analysis (A) (n=3). Purified splenic CD4"
T cells from the FoxP3-GFP transgenic animal were induced for FoxP3
expression as above and flow sorted to >95% purities. These were co-
cultured at the indicated amounts with CFSE labeled WT or Ubp43™
splenocytes (B) (n=2) or purified CD8" T cells (C) (n=2). CD8* T cell
division was determined by cytometric analysis.

77

the enhanced anti-
tumor effect of
Ubp43 deficient cells.
Because Ubp43™
effector T cells are
polarized to a type |
cytokine profile
which antagonizes the
TGF-B-mediated
induction of FoxP3"
Tregs (175), we
examined the ability
of TGF-B to induce
FoxP3 expression in
WT and Ubp43™
CD4" T cells (Figure
25a). We found that
while the basal levels
of FoxP3 expression
were significantly
(p<0.01) higher in
Ubp43” CD4* T

cells, the ability of



TGF-B to induce FoxP3" cells was significantly (p<0.01) hampered compared to WT
CD4" T cells. We also examined whether Ubp43” CD8" T cells were resistant to Treg
mediated suppression (Figure 25b,c). Interestingly, Ubp43™ CD8" T cells were
significantly (p<0.01) more resistant to Treg-mediate suppression (Figure 25b).

However, this only occurred when in the presence of Ubp43™ splenic antigen presenting
cells (APC) (Figure 25¢) suggesting that that the Ubp43™ APC were critical for the
resistance against Treg-mediated suppression. Although additional studies are necessary
for better dissection, it is clear that the Ubp43™ environment impacts the ability of TGF-B

to induce FoxP3 expression and the sensitivity to Treg-mediated suppression.
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Discussion

Based on observations of enhanced anti-viral and bacterial responses in Ubp43™
mice, we designed experiments that confirmed that this state is also conducive to
enhanced anti-tumor efficacy. The presence of UBP43 attenuates anti-viral potential in
two ways: By reversing the conjugation of ISG15, a condition associated with viral
resistance, and by directly inhibiting the cellular response to type | IFNs. The absence of
Ubp43 therefore ablated this negative regulatory response to viral challenges leading to
enhanced anti-viral potential. Because the enhanced anti-tumor potential could be due to
a multitude of factors (i.e. any number of ISG15-modified proteins and/or the pleiotropic
effects of type I IFNs), we used a mouse model which does not necessitate a clear
understanding of intracellular molecular mechanisms to determine if the deficiency of
Ubp43 facilitates enhanced anti-tumor potential.

After determining these two mechanisms are independent of each other (1ISG15
did not directly regulate the response to type I IFNs), an observation also made by others
(122, 123), we examined the effect of Ubp43-deficiency on the anti-tumor response. We
found that after tumor vaccination, Ubp43” TVDLN contained significantly more tumor-
specific T cells then TVDLN from WT mice. Moreover, the tumor-specific T cells were
polarized to a therapeutic type | cytokine profile. Importantly, after adoptive transfer into
tumor-bearing mice, Ubp43” effector T cells were significantly more therapeutic then
WT effector T cells.

We further demonstrated that Ubp43” effector T cells are sufficient to mediate
enhanced anti-tumor efficacy. Purified WT or Ubp43” T cells used for reconstitution of

RAG1" hosts generated a similar frequency of tumor-specific T cells after vaccination.

79



These same Ubp43™ T cells contained enhanced therapeutic potential compared to WT T
cells. We also demonstrated that while the enhanced anti-tumor efficacy was
independent of a functional type I IFN signaling, the augmented generation of tumor-
specific T cells in Ubp43” mice was dependent on type | IFN signaling. Because type |
IFNs were shown to increase cross-priming of tumor-specific CD8" T cells (154, 155),
the enhanced IFN signaling in Ubp43” mice may be responsible for this observation.
Further studies are necessary to formally demonstrate whether augmented IFN sensitivity
in pr43"‘ antigen-presenting cells results in increased tumor-specific priming.

Similarly, it is still to be determined whether the enhanced anti-tumor efficacy of
Ubp43™ T cells was dependent on the deregulated 1SG15 conjugation. The deficiency of
UBP43 enhanced the viral response in either an IFN or ISG15 —dependent manner. We
identified that the enhanced anti-tumor efficacy was not dependent on the augmented
type | IFN signaling suggesting that it may be dependent on ISG15. This can be tested by
using mice doubly deficient in Ubp43 and ISG15. One would hypothesize that the
absence of ISG15 would have a minimal effect on the increased frequency of tumor-
specific T cells observed after vaccinating Ubp43™ mice but would ablate the sufficiency
of Ubp43” T cells to mediate enhanced anti-tumor potential.

Deregulated 1SG15 conjugation may also explain the observation that Ubp43™
CD8" T cells were resistant to Treg-mediated suppression, but only in the presence of
Ubp43™ antigen-presenting cells. Others have reported that TLR agonist-induced
inflammatory cytokine and chemokine gene expression is augmented in Ubp43™ bone-
marrow macrophages (85). IL-6 is one of the genes with increased expression. IL-6 can

polarize naive CD4" T cells away from TGF-B-induced Treg differentiation and toward
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inflammatory Th17 CD4" T cells (176, 177). Indeed, Ubp43™ T cells did demonstrate
evidence of aberrant Treg induction. Ubp43™ CD4" T cells contained a higher basal
frequency of FoxP3" cells, a marker for identifying Tregs, yet were resistant to FoxP3
induction by TGF-B. Whether this is due to altered cytokine secretion from Ubp43™
immune cells still remains to be determined.

Similarly, the altered cytokine gene expression in Ubp43” immune cells could
confer the observed resistance to suppression by purified Tregs. However, it is also
possible that the deregulated ISG15 conjugation could play a more direct role. 1SG15
conjugation has been demonstrated to modulate TRAF6-mediated signaling (178), an
important player in TGF-f sensitivity (179), so that the deregulated 1SG15 conjugation
observed in Ubp43-deficient cells may be responsible for this observation. Although the
Treg compartment is clearly affected by the absence of Ubp43, further experimentation is
necessary to better understand the effect of ISG15 conjugation and UBP43 on Treg
development and function.

It was not clear how the Ubp43™ effector T cells mediate enhanced anti-tumor
function. Preliminary data suggests that they are hypersensitive to stimulation through
the T cell receptor (KF, preliminary observations), but studies using Ubp43” TCR
transgenic T cells would be necessary to formally demonstrate this. Further, it was not
determined whether the Ubp43™ effector T cells were the terminal cell population
mediating the enhanced anti-tumor function. That is, due to the large amounts of tumor-
specific IFN-y secreted, it was possible that these cells exert their enhanced function by
recruiting natural killer cells to the tumor which, in turn, serve as the terminal effector

population for tumor regression.
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A better understanding of the mechanism which mediates the enhanced anti-tumor
function observed in tumor-specific Ubp43™ effector T cells will facilitate the translation
of this treatment strategy to the clinic. In particular, if the enhanced therapeutic potential
is dependent on 1SG15 and, by extension ISG15 conjugation, one could find small
molecules that specifically inhibit UBP43 isopeptidase activity and determine if it
enhances the anti-tumor efficacy of adoptively transferred T cells. Taken together, these
data demonstrate a novel strategy to enhance the anti-tumor potential of adoptively

transferred T cells.
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CONCLUDING REMARKS

Recent clinical trials have demonstrated the potential of using adoptive T cell
transfer for the treatment of progressive metastatic disease. At the heart of successful
adoptive T cell immunotherapy is the need for a better understanding of the relationship
between the patient’s immune system and the progressing disease. By the time cancer
has presented itself in the clinic there likely has been a significant amount of interaction
between the immune system and the neoplastic disease. The interaction has culminated
to a point which the immune system is no longer able to properly restrict its growth.
Multiple reasons have been proposed for this malfunction including tumor antigen-loss
variants, reduced expression of MHC molecules, and the induction of immune tolerance.
Regardless, with the selective pressure of the immune system abated, the disease can then
progress. Adoptive T cell immunotherapy attempts to “reprogram” the patient’s immune
system so that it can properly recognize and eliminate the disease. Because there is an
opportunity to manipulate the tumor-specific T cells ex vivo, in order to reinvigorate their
anti-tumor function, adoptive transfer has a strategic advantage due to accessibility to the
T cells.

Mouse models of adoptive immunotherapy attempt to recapitulate the tumor-
immune system relationship in order develop strategies which can be employed in the
clinic. Due to the ability to independently interrogate the priming phase from the effector
phase of the anti-tumor immune response, adoptive transfer models are especially

informative. Even though the efficiency of priming (i.e. the frequency of tumor-specific
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T cells) has direct ramifications in the effector phase, the fact that these two phases occur
in separate mice allows for their independent interrogation.

The demonstration of a 72 percent objective clinical response rate in patients with
advanced melanoma highlights the recent success of adoptive T cell immunotherapy.
Presented in this thesis are mouse studies addressing how to further enhance the efficacy
of adoptive T cell immunotherapy. However, because the treatment is patient-specific,
research directed to improve upon these results is limited by the cost. Nevertheless,
finding strategies to improve its efficacy may encourage more prevalent research and use.
Preclinical mouse models provide a more cost effective tool to examine strategies to be
potentially examined using the more costly clinical trials. The work presented in this
body of work used a mouse model of adoptive transfer to elucidate strategies to
potentially enhance adoptive immunotherapy.

Based on observations made in prior successful clinical trials, we found that
tumor-specific CD4" T cell help was required for an effective anti-tumor response when
tumor-bearing lymphopenic hosts were treated with adoptively transferred T cells. In this
model, the recipient RAG1” mice were incapable of generating de novo T cells such that
the anti-tumor effect was completely mediated by the adoptively transferred population.
The presence of tumor-specific CD4" T cells prolonged both the maintenance of tumor-
specific CD8" T cells and the accumulation of systemic tumor burden in the mice. These
data highlighted the necessity of ensuring that tumor-specific CD4" T cells are included
within the population of the adoptively transferred T cells used for treatment of advanced
metastatic disease. Although the mechanism for this effect was not identified, the

contribution of CD4" T cells to the anti-tumor response was appreciated. Further, the
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specific contribution and requirement of tumor-specific CD4" T cells have not been
examined in a tumor-bearing lymphopenic host that lacks endogenous T cells.
Suspecting a significant contribution from activated CD4" T cells, we examined the
necessity and nature of CD4" T cell help in this setting. Researchers have long suspected
a significant contribution from CD4" T cells but the nature of the CD4" T cell help
remained elusive. Nevertheless, prior clinical trials have induced activation of CD4™ T
cells in a tumor nonspecific manner. Activation of CD4" T cells by vaccination with the
pan-DR-epitope (PADRE) (180) was one such strategy. While PADRE vaccinations
have enhanced the CD8" T cell anti-tumor response in some reports (181, 182), the data
presented here suggests that, when capitalizing on lymphopenic conditioning to treat
tumor-bearing hosts, the most effective response will be mediated by tumor-specific
CD4" T cells. Even activated CD4" T cells specific to a different tumor did not provide
effective CD4" T cell help compared to the cognate tumor-specific CD4" T cells. This
suggested that the tumor-specific CD4" T cells facilitated an enhanced response in a
tumor-specific manner, such as dendritic cell licensing, cytokine support, or tumor
trafficking.

A recent case report described a melanoma patient that was treated with NY-ESO-
specific CD4" T cells without prior conditioning regimens and who experienced a long
term complete remission (183). The authors found evidence of nascent CD8" T cells
specific to tumor antigens unrelated to NY-ESO that did not exist prior to adoptive
transfer of the CD4" T cells. Because the patient was treated with only CD4" T cells,
these data supported the hypothesis that tumor-specific CD4" T cells are capable of

initiating occult anti-tumor responses from the endogenous CD8" T cell pool. In our
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RAG1” model, long-term anti-tumor immunity could not be permanently established in
the absence of endogenous T cells suggesting that the ability to generate de novo tumor-
specific T cells is critical for a long-term anti-tumor response. These data further
suggested that lymphopenic conditioning of the tumor-bearing host does not significantly
alter the requirement of tumor-specific CD4" T cells for the most effective treatment.

After establishing that the most anti-tumor effect occurs when both tumor-specific
CD4" and CD8" T cells are adoptively transferred, we explored other strategies which,
like lymphopenic conditioning, enhanced the efficacy of adoptively transferred T cells.
The final chapter demonstrated that T cells deficient in Ubp43™ were sufficient to
mediate enhanced therapeutic efficacy compared to WT T cells. We determined that this
was independent of the augmented type | IFN signaling previously observed in Ubp43™
mice. We did, however, demonstrate that the enhanced priming of tumor-specific T cells
in D5-G6 vaccinated Ubp43™ mice was dependent on functional type I IFN signaling.
Importantly, we found that the enhanced anti-tumor effect was intrinsic to the Ubp43™ T
cells creating the possibility that reducing Ubp43 expression in patient’s T cells prior to
adoptive transfer will enhance their anti-tumor function.

Whether the inhibition of UBP43 expression in WT T cells will mimic the
enhanced anti-tumor function in genetically ablated T cells still remains to be determined.
If s0, to enhance the efficacy of currently established adoptive transfer protocols, knock-
down of Ubp43 with delivery of short-hairpins expressing Ubp43-specific SIRNA may be
utilized. One potential caveat with this strategy is the technical challenge to decrease
Ubp43 expression in a significant number of the tumor-specific T cells, which only

constitute a fraction of the T cells used for treatment (2 — 5 percent MART 1,35 reactive
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CD8" T cells (80)). To circumvent this potential pit-fall, recent research has focused on
the ectopic delivery of T cell receptors which recognize tumor-associated antigens (184,
185). To ensure tumor-specific T cells have reduced Ubp43 expression, T cells could be
co-transduced with constructs expressing these T cells receptors and Ubp43-specific
short-hairpins. The possibility that Ubp43 knock-down strategies can be used in
conjunction with other ways to enhance the anti-tumor immune response adds to the
potential clinical ramifications of these observations.

Taken together, these data presented in this body of work demonstrates several
strategies to enhance the efficacy of adoptive T cell immunotherapy of cancer. Both
strategies have ramifications on the design of clinical trial protocols using adoptive

immunotherapy to treat advanced metastatic melanoma.
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