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Cancer immunotherapy has dramatically changed the approach to cancer treatment. The aim of targeting the
immune system to recognize and destroy cancer cells has afforded many patients the prospect of achieving deep,
long-term remission and potential cures. However, many challenges remain for achieving the goal of effective
immunotherapy for all cancer patients. Checkpoint inhibitors have been able to achieve long-term responses in
a minority of patients, yet improving response rates with combination therapies increases the possibility of toxicity.
Chimeric antigen receptor T cells have demonstrated high response rates in hematological cancers, although most
patients experience relapse. In addition, some cancers are notoriously immunologically “cold” and typically are
not effective targets for immunotherapy. Overcoming these obstacles will require new strategies to improve upon
the efficacy of current agents, identify biomarkers to select appropriate therapies, and discover new modalities to
expand the accessibility of immunotherapy to additional tumor types and patient populations.

Keywords: cancer vaccine; CAR T; checkpoint inhibitors; immune evasion; immuno-oncology; immunogenomics;
immunotherapy; neoantigen; T cell therapy; tumor microenvironment

doi: 10.1111/nyas.14526
30 Ann. N.Y. Acad. Sci. 1489 (2021) 30-47 © 2020 New York Academy of Sciences.


http://crossmark.crossref.org/dialog/?doi=10.1111%2Fnyas.14526&domain=pdf&date_stamp=2020-11-13

Cable et al.

Introduction

Immunotherapy has changed the way cancer is
treated for many patients. Unlike most other pil-
lars of cancer treatment, which directly target the
tumor, the goal of immunotherapy is to activate the
patient’s immune system to attack cancer cells as it
would a foreign invader.!

While agents that affect the immune system have
been used in cancer for decades,” immunotherapy
really came into its own in 2011, with the approval
of the first immune checkpoint inhibitor (ICI)
ipilimumab, a monoclonal antibody that binds
to cytotoxic T lymphocyte-associated protein 4
(CTLA-4) on T cells. CTLA-4 acts as a brake on T
cell activity. Briefly, when T cells encounter an anti-
gen presenting cell (APC), two signals are required
to stimulate T cell proliferation: engagement of the
T cell receptor with the major histocompatibility
(MHC) complex found on APCs and binding of
CD28 on the T cell to B7 on the APC. Simultaneous
activation of these signals induces T cell prolif-
eration but also turns on CTLA-4 expression. As
CTLA-4 accumulates in the T cell, it outcompetes
CD28 for B7 and turns off T cell proliferation. By
targeting CTLA-4, ipilimumab turns off one of the
inhibitory pathways that block effective antitumor
responses.’

The other class of ICIs targets programmed
cell death protein 1 (PD-1) and its ligand pro-
grammed death ligand 1 (PD-L1), which make up
a separate inhibitory pathway. Also expressed on
T cells, PD-1 downregulates T cell activation upon
binding to PD-L1 on APCs. Additionally, some
tumor cells express PD-L1 as a strategy to evade
immune surveillance. Blocking PD-1 or PD-L1 can,
therefore, enhance the T cell response.” The first
anti-PD-1 therapies came into the clinic in 2014,
with the U.S. Food and Drug Administration (FDA)
approval of pembrolizumab and nivolumab. Since
then several other anti-PD-1/L1 therapies have been
approved.

ICIs are now approved for a variety of solid
tumors as well as a few hematological malignancies.
Given that anti-CTLA-4 and anti-PD-1/L1 agents
exert their antitumor effect via distinct mechanisms,
they have also been used in combination. The intro-
duction of ICIs has significantly reduced cancer-
related mortality. A recent study showed that overall
mortality rate for metastatic melanoma decreased
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by 18% from 2013 to 2016, undoubtedly due in part
to the approval of ICIs.* However, while these agents
have the potential to achieve durable responses, and
perhaps even cures, many patients do not respond
to treatment. In a long-term analysis of ipilimumab
in metastatic melanoma, approximately 20% of
patients achieved 3-year survival.” While response
rates can be improved with combination therapy,
additional toxicity remains a concern.® In addition,
despite the ever-increasing list of approved indica-
tions for ICIs, many patients have cancers that either
do not express immune checkpoint proteins, or fail
to respond to ICIs. A retrospective, cross-sectional
analysis of U.S. patients with cancer estimated that
approximately 37% were candidates for ICI therapy
in 2019.7 It is clear that identifying factors and
biomarkers involved in ICI response, developing
strategies to increase response rates, and addressing
tumor types that have thus far been intractable to
ICIs are needed to increase the number of patients
who can benefit from ICI therapy.

The other major class of immunotherapy that
has found its way to the clinic is chimeric antigen
receptor (CAR) T cells. In this therapy, T cells are
removed from a patient and genetically engineered
to express a CAR derived from a tumor-specific
antigen; the CAR-expressing T cells, and their cyto-
toxic functions, are thereby specifiably “directed”
toward tumor cells. The first CAR T cell therapy,
tisagenlecleucel, was approved by the FDA in 2017
(KYMRIAH®) for the treatment of large B cell lym-
phomas (LBCLs) and acute lymphoblastic leukemia
(ALL), with the approval of axicabtagene ciloleucel
(YESCARTA®) for LBCL later that year. Both
therapies employ a CD19-targeting CAR. CD19 is
a marker of B cell lineage expressed on over 95% of
B cell malignancies. While responses to approved
CAR T therapies have been impressive—90%
in B-ALL and 60% in non-Hodgkin lymphoma
(NHL)—many patients develop resistance (e.g.,
from loss of antigen expression on the tumor cells).
Toxicities, including cytokine release syndrome
and neurotoxicity, can be severe and sometimes
fatal® In addition, developing CAR T thera-
pies for nonhematologic malignancies has been
challenging.'

To address the challenges and limitations of
current immunotherapies, strategies to improve
upon the efficacy of current agents need to be
developed, including identifying key biomarkers
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that can predict which patients are most likely to
respond to treatment, and addressing mechanisms
of resistance. New modalities such as therapeutic
cancer vaccines and oncolytic viruses must also be
characterized and approved. Finally, greater future
success and advances rely on a better understand-
ing of the immune system and the bidirectional
relationship between the immune system and the
tumor microenvironment(s).

On May 11 and 12, 2020, experts in cancer
immunotherapy across academia and industry
met virtually in a symposium by the New York
Academy of Sciences to discuss recent advances
in understanding responses to immunotherapy
and new strategies to optimize immunotherapy
treatment. Key themes included tumor evolu-
tion, neoantigens, novel therapeutic targets, and
resistance mechanisms to current therapies.

Computational modeling of neoantigen
immunogenicity

Benjamin Greenbaum from Memorial Sloan
Kettering Cancer Center presented research on
computational modeling of immune-mediated
tumor interactions. During the first half of his talk,
Greenbaum presented work with Marta Luksza, at
Mount Sinai, on modeling the immunogenicity of
tumor neoantigens to predict response to therapy.
Neoantigens are derived from mutated proteins in
tumor cells. Because they are not found in normal
cells, they have the potential to elicit a strong,
tumor-specific immune response.!! Greenbaum’s
model predicts the immunogenicity of a given
neoantigen based on how dissimilar it is from self-
antigens and how similar it is to known antigens.
This is then used to assign a fitness value (with
respect to tumor survival) to each tumor subclone
that expresses the neoantigen. By incorporating the
subclone frequency and fitness, the model predicts
tumor shrinkage.'?

Greenbaum has used this approach to retro-
spectively differentiate between responders and
nonresponders to immunotherapy in two cohorts
of melanoma patients treated with anti-CTLA-4
therapy and a cohort of non-small cell lung cancer
(NSCLC) patients treated with anti-PD-1 therapy.
Patients determined to have low-fitness tumors
by the model had better survival than those with
high-fitness tumors.'> The model has also been
able to differentiate between long- and short-term
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survivors in pancreatic cancer patients.'* Green-
baum is also looking at neoantigens derived from
frameshift mutations in microsatellite instability-
high (MSI-H) tumors, which generally demonstrate
good response rates to immunotherapies across a
range of tumor types. He showed that several
frameshift mutation-induced neoantigens are
common among patients with MSI-H tumors
and thus may be suitable for off-the-shelf cancer
vaccines.'*

Finally, Greenbaum described work to under-
stand other types of innate agonists, such as repeat
RNAs. Tumor cells express repeat RNAs not typ-
ically transcribed by normal cells that can be
recognized by the innate immune system. These
RNAs might be candidate antigens, as they are
elevated in a majority of cancers.!>'® However, they
are often not detected by standard RNA sequencing
protocols and are, therefore, underappreciated and
understudied. Greenbaum’s laboratory is using
evolutionary modeling to determine which RNAs
are likely to be recognized by the immune system.
One such RNA, HSATII, significantly differs from
self RNAs, correlates with an immunosuppressive
phenotype in cancer, and can be recognized by
immune cells in vitro."”

Single-cell monitoring of T cell populations

Dana Peler from Memorial Sloan Kettering
Cancer Center described work using single-cell
approaches to investigate how immunotherapy
affects T cell populations and how that contributes
to response (or nonresponse). A key benefit of
single-cell analyses over bulk analyses is that the
former can tease out whether treatment is selec-
tively enhancing an existing cell subpopulation
or causing changes in individual cell types. One
major challenge in these analyses is appropriately
defining cell subpopulations from single-cell data.
Pe’er showed that, unlike other types of cells such as
neurons, T cells have more continuous, less clearly
defined subpopulations.'®!® Clusters can be difficult
to differentiate, and computational methods can be
extremely sensitive to the parameters used. In addi-
tion, working with patient tumors can introduce
batch effects in which cells tend to cluster by patient
rather than by intrinsic variation in gene expression.
Pe’er’s group has developed an algorithm, Biscuit,
that has proven to be robust across different patient
cohorts.!8%
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Peer demonstrated the ability of Biscuit to
monitor changes in cell populations in a longitu-
dinal cohort of patients with chronic myelogenous
leukemia treated with donor lymphocyte infusion
(DLI). Bulk analysis methods have shown that
T cell expansion and reversal of T cell exhaus-
tion are involved in DLI response. Pe®er presented
unpublished data using single-cell analyses and
Biscuit to tease out the nature of the T cells that
mediate response, resistance, or exhaustion. The
work shows how tumor and T cell populations
remodel in response to DLI therapy and demon-
strates the importance of robust computational
methods to evaluate longitudinal single-cell data
across different patients.

Strategies to overcome tumor immune
evasion

Catherine Bollard from Children’s National Hos-
pital and The George Washington University pre-
sented research on strategies to overcome tumor
immune evasion with antigen-specific T cell thera-
pies to enhance clinical responses and overall sur-
vival in some cancer populations. Unlike CAR T
therapies, which are genetically engineered to rec-
ognize tumor antigens, T cell therapies such as DLI,
tumor-infiltrating lymphocyte (TIL), virus-specific
T cells, or tumor-associated antigen (TAA)-specific
T cells are derived from the ex vivo expansion of
antigen-specific T cells.

Bollard first discussed the use of multiantigen
T cell therapies for the treatment of Epstein-
Barr virus (EBV)' lymphomas. Antigen loss is a
common tumor immune evasion strategy and a
primary reason for resistance to CAR T therapies.
Antigen-specific T cell therapies have the potential
to target multiple antigens in a single T cell prod-
uct, thus decreasing the risk of resistance due to
antigen loss. In bone marrow transplant patients
with post-transplant lymphoproliferative disor-
der (PTLD), a highly immunogenic lymphoma
that expresses multiple EBV antigens (known as
type 3 latency), administration of donor-derived
EBV-specific T cells provided durable responses
with minimal toxicity.?** In immune-competent
patients with EBVT NHL and Hodgkin lym-
phoma, in which EBV antigen expression is more
restricted (type 2 latency), administration of autol-
ogous cytotoxic T lymphocytes (CTLs) against
the EBV antigens LMP-1 and LMP-2 resulted
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in high rates of disease-free survival with no
toxicity.”***® Responders showed accumulation
of LMP-reactive T cells at disease sites, as well as
evidence of antigen spreading with expansion of
TAA (non-EBV)-specific T cells in the peripheral
blood.

Another immune evasion strategy employed
by tumor cells is secretion of immunosuppressive
cytokines such as TGF-, which inhibits APCs and
T cell expansion and function. Bollard showed that
introducing a dominant-negative TGF-$ construct
into LMP-1 and -2-specific T cells is a feasible
strategy to inhibit the antiproliferative and anticy-
tolytic effects of TGF- on antigen-specific T cells.
In eight patients with EBV™ Hodgkin lymphoma,
these TGF-B-resistant T cells rapidly expanded
with minimal toxicity and persisted for at least 5
years in some patients. Four patients experienced
a partial response or better, and the remaining
achieved stable disease for 4-13 months.*® Bollard
is now investigating this strategy in other cancers
that secrete TGF-f, including melanoma, lung
cancer, brain tumors, and prostate cancer.

Bollard discussed strategies to broaden the appli-
cability of multiantigen-specific T cells beyond
EBV™ tumors. Bollard’s group and the group led by
Ann Leen at Baylor College of Medicine have gen-
erated T cells that target common TAAs found in
hematological malignancies and solid tumors. The
T cells blocked tumor proliferation and survival of
lymphoma and leukemia cells in vitro and led to
clinical responses in patients with various hemato-
logic malignancies with no toxicity.>’~*° Combining
multiantigen-specific CTLs with anti-PD-1 agents
or epigenetic therapy may also broaden their appli-
cability. For example, epigenetic modifiers have
been shown to upregulate TAAs and induce an
antigen-specific CTL response.*!*?

One reason multiantigen-specific T cells have not
found broad clinical application is that historically
they have been difficult to manufacture. But new
technologies have shortened the manufacturing
time, and third-party T cells have the potential
to make these therapies truly off the shelf. Sev-
eral groups have demonstrated that third-party
EBV-directed T cells can lead to high response
rates with a good safety profile in patients with
PTLD.?2¥-%7 Bollard is currently involved in a
clinical trial using third-party LMP-specific CTLs
in combination with rituximab in children with
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EBVT PTLD, through the Children’s Oncology
Group (ANHL1522).3

Bollard is hopeful that T cell-based therapies
will find clinical applications in solid tumors, which
have not been as amenable as hematological tumors.
In a phase I study in heavily pretreated patients
with solid tumors, autologous multiantigen-specific
T cell treatment was safe, with some patients
experiencing prolonged disease stabilization.*

In the future, Bollard foresees using T cell
therapies to address residual disease after treat-
ment from more traditional therapies, including
chemotherapy, targeted therapies, ICIs, or surgery.

Inhibiting TNF-« in HER2* breast cancer

Sofia Bruni from the Instituto de Biologia y
Medicina Experimental presented research on over-
coming resistance to the human epidermal growth
factor receptor 2 (HER2) inhibitor lapatinib in
breast cancer. HER2™ breast cancer affects approx-
imately 13-20% of breast cancer patients and is
associated with a poor prognosis.***! The anti-
HER2 monoclonal antibody trastuzumab is the
recommended first-line therapy for these patients;
however, a significant portion of them develop
resistance.*?

Previous work has shown that overexpression
of tumor necrosis factor a (TNF-a) can pro-
mote trastuzumab resistance via upregulation of
the membrane glycoprotein mucin 4 (MUCA4),
which localizes near HER2 on the cell membrane.
Glycosylation moieties on MUC4 obscure the
trastuzumab binding site on HER2. Patients with
tumors that express both HER2 and MUC4 had
poorer disease-free survival than patients with
tumors that expressed only HER2. Downregulating
MUCH4 expression with the TNF-a inhibitor etan-
ercept reversed trastuzumab resistance in vitro and
in animal models.*

TNF-a is a proinflammatory cytokine that exists
in both soluble and transmembrane forms, the
latter has been shown to play a role in antitumor
immune responses. Etanercept blocks both forms
of TNF-a. Bruni presented unpublished preclinical
data on the effects of the TNF-a inhibitor INB03 in
lapatinib-resistant breast cancer cells. Lapatinib is a
dual EGFR/HER? kinase inhibitor used in patients
who develop trastuzumab resistance. INB03 blocks
only soluble TNF-a and is, therefore, not expected
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to affect TNF-a-mediated antitumor immune
responses.

The microbiome and immunotherapy
response

Matthew Griffin from The Rockefeller Univer-
sity presented work on understanding how the gut
microbiota affects response to ICIs. While various
bacterial species have been correlated with clini-
cal response to ICIs, little is known about the key
molecular factors that drive response. Studies in
patients with melanoma, NSCLC, and renal cell car-
cinoma (RCC) have correlated Enterococcus species
with response to anti-PD-1 agents.***> Enterococ-
cus is highly diverse and represents approximately
1% of the gut microbiota. One of the most com-
mon species, Enterococcus faecium, has been shown
to decrease susceptibility to enteric infections in
both Caenorhabditis elegans and mice by increasing
the secretion of antimicrobial peptides and barrier
proteins.*®*” Because expression of these proteins
is downstream of innate immune signaling path-
ways, Griffin speculated that the effects of E. faecium
on the innate immune system may also play a role
in response to checkpoint inhibition. Griffin pre-
sented unpublished preclinical research on delin-
eating the molecular mechanisms by which Entero-
coccus species affect host immunity and response to
anti-PD-L1 treatment.

Effect of checkpoint inhibitors on T cell
populations

James Allison from MD Anderson Cancer Cen-
ter presented recent work clarifying the different
effects of CTLA-4 and PD-1 inhibition on T cell
activation. Allison was instrumental in character-
izing the role of CTLA-4 in T cell activation and
his work led to the development of ipilimumab, the
first approved ICI. As described above, CTLA-4 and
PD-1 mediate two different immune checkpoint
pathways to inhibit T cell activation. CTLA-4 affects
T cells during their initial encounter with tumor
antigens. In contrast, PD-1 affects effector T cells
after they have fully expanded. Allison showed
that immune checkpoint blockade targets specific
TIL subsets in human melanoma and murine
tumor models. Anti-CTLA-4 therapy expanded a
CD4* effector T cell population as well as an
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exhausted-like CD8™ population. In contrast, anti-
PD-1 treatment primarily expanded two exhausted-
like CD8*' T cell populations, one of which was
also affected by anti-CTLA-4 treatment. The other
population was able to expand despite express-
ing the three inhibitory markers PD-1, TIM3, and
LAG3.#

Allison showed that CTLA-4 inhibition can affect
T cell differentiation, resulting in new CD4" T cell
phenotypes not normally seen. For example, anti-
CTLA-4 treatment expanded an ICOS* Ty1-like
CD4* T cell population not seen in the absence of
treatment. This population has also been observed
in clinical trials of ipilimumab and is associated
with longer survival. In CTLA-4 gene knockout
mice, multiple noncanonical T cell populations can
be found that are not observed in wild-type mice,
including the ICOS™ Tyl-like effector cells seen
with anti-CTLA-4 treatment.*

Normally, when naive T cells encounter an APC
the former can differentiate into one of several types
of cells, depending on the environment. Allison put
forth a model in which the removal of CTLA-4,
either genetically or via inhibition, strengthens
CD28 signaling in CD4" T cells and thereby broad-
ens the differentiation phenotypes available to
them. He asserted that a more nuanced view of T
cell differentiation and activation is necessary.”’

Finally, Allison showed the effect on T cell pop-
ulations of anti-CTLA-4/anti-PD-1 combination
therapy, which utilizes cellular mechanisms distinct
from those seen with anti-CTLA-4 and anti-PD-1
monotherapies. In particular, the CD8" popula-
tions that expand with anti-PD-1 monotherapy do
not expand with combination therapy. While this
CD8" population correlates with tumor volume
during anti-PD-1 monotherapy, this is not seen
with combination therapy. Instead, a population
of CD8*PD-1"TIM3™ terminally differentiated
cells expands under combination therapy. Also,
the novel ICOSTCDA4™ T cell population seen with
anti-CTLA-4 monotherapy expanded to greater
levels with anti-CTLA-4/anti-PD-1 combination
therapy.”!

Allison concluded that combination ICI ther-
apy, or combinations of ICIs with conventional or
targeted therapies, likely represents the future of
immuno-oncology and has the potential to not only
extend survival but also cure patients.

Frontiers in cancer immunotherapy

Driving T cells to tumor sites with cancer
vaccines

Catherine Wu from the Dana Farber Cancer
Institute presented work on therapeutic cancer vac-
cines as a means to drive T cells to tumors. While
ICIs can relieve immunosuppression, this provides
little benefit if adequate numbers of T cells are
absent in the tumor environment. Vaccines can
sensitize the immune system against tumor anti-
gens and drive tumor-specific T cells to the tumor.
The addition of vaccine adjuvants can accelerate
the immune response and expand tumor-specific
T cells. Taken together, these three modalities may
provide a strategy to elicit a strong, specificimmune
response at tumor sites and increase the number of
patients who benefit from ICI therapy.

Cancer vaccines are not new, but historically
response rates to them have been low; for example,
a 2004 study of 440 patients showed a response
rate of only 2.6%.°> Wu argued that advances in the
field, including multiantigen vaccines and identi-
fying neoantigens, have the potential for increased
efficacy.

The recent focus on neoantigens has been a
paradigm shift in the cancer vaccine field. Pre-
viously, vaccines were developed against native
antigens, which are often expressed on both tumor
and normal tissues and vary in their tumor speci-
ficity, expression levels, and immunogenicity.
Next-generation sequencing technology has made
it possible to scan all somatic mutations in tumor
cells to predict neoantigens, which are highly tumor
specific and immunogenic. Wu and others have
established that cancer vaccines based on neoanti-
gens are safe, feasible, highly immunogenic, and
show promise with ICI therapy.>*~>

Wu discussed work from her laboratory to
improve upon the current algorithms to pre-
dict neoantigens. Previous predictive algorithms
focused on peptide display and have not reflected
information on peptide processing or how pro-
cessing impacts display. Wu’s group developed an
approach using single-HLA allele cell lines and
mass spectrometry to identify neoantigens. The
method enables a high-throughout, unbiased view
of peptide binding preferences for HLA alleles and
has revealed new insights on the rules governing
antigen processing and presentation.’®>’
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Wu’s group used this peptide sequence infor-
mation with other data, such as RNA expression,
to generate an integrative neural network to pre-
dict neoantigens. She showed that her algorithm,
HLAthena, predicted 9-30% more peptides than
other algorithms.*® This is especially important to
identify quality antigens for a multiantigen vaccine
in low mutation-rate tumors.

Wu also presented long-term data on patients
with high-risk melanoma who received a neoanti-
gen vaccine after surgical resection. The original
study, published in 2017, showed that the vaccine
was safe and could induce neoantigen-specific
T cells. Of the six patients vaccinated, four were
disease free 25 months following vaccination, while
two developed progressive disease and experienced
a complete response after anti-PD-1 therapy.>
Wu presented unpublished data on the persistence
of the neoantigen-specific response at 3-4 years
following vaccination.

Wau is currently in the process of a second wave
of clinical trials that incorporates her improved
neoantigen prediction algorithm and investigates
coadministration of the vaccine with checkpoint
blockade.

Markers of anti-CTLA-4 response in
prostate cancer

Sumit Subudhi from MD Anderson Cancer Cen-
ter presented work on the use of immunotherapy
in prostate cancer. Prostate cancer is the most com-
mon cancer and the second leading cause of cancer-
related death in men. In clinical trials, response
rates to the anti-PD-1 therapies nivolumab®® and
pembrolizumab®® have been dismally low. In two
phase 3 studies, ipilimumab improved progression-
free survival compared to placebo but failed to
improve overall survival (OS). However, ipili-
mumab did provide long-term benefit in a subset of
patients.5263

Subudhi is interested in identifying predictive
biomarkers for anti-CTLA-4 therapy. In a clin-
ical trial of 30 patients with metastatic prostate
cancer, ipilimumab treatment enhanced durable
systemic antigen-specific T cell responses against
both conventional prostate cancer antigens, such as
prostate-specific membrane antigen and prostatic
acid phosphatase, as well as neoantigens. Surpris-
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ingly, tumor mutation burden, which has correlated
with response to ICIs in melanoma and NSCLC, did
not correlate with response in this group. Subudhi
identified pretreatment T cell transcriptional sig-
natures that correlated with outcomes. While these
immune biomarkers may select for patients who
benefit from ipilimumab, they need to be validated
in a larger study.**%

Subudhi also presented data on ipili-
mumab/nivolumab combination therapy in patients
with prostate cancer. Previous work has shown that
ipilimumab can cause adaptive immune resis-
tance, with upregulation of PD-L1 and VISTA
on both tumor and immune cells.*® Combining
anti-CTLA-4 and anti-PD-L1 agents may address
this immune resistance. In a mouse model, combi-
nation therapy improved survival and led to durable
responses. In the phase 2 study CHECKMATE 650,
combination therapy led to durable responses in
approximately 20% of patients, but toxicity limited
the ability of many patients to receive the full
course of treatment.®” The trial is being expanded
to include less toxic dosing schedules.®® Subudhi
stressed that additional rational immunotherapy
combinations should be investigated to provide
benefit for more patients. He described a new
study he is involved with that will investigate
ipilimumab and nivolumab in combination with
radiation therapy and a personalized neoantigen
vaccine.

Subudhi ended by describing approaches to
address the immunosuppressive microenviron-
ment in bone metastases. In patients with prostate
cancer, bone metastases are associated with poor
survival and poor response to immunotherapy.®’
Studies in both mouse models and humans have
shown that bone metastases have low numbers of T
cells, despite numerous T cells in the normal bone
marrow. In addition, while ipilimumab enhances a
Tu1 response (important for antitumor immunity)
in the primary tumor, it does not do so in bone
metastases—bone metastases have elevated levels of
TGEF-B1. Targeting CTLA-4 and TGF-$1 in a mouse
model of prostate cancer within the bone induced a
Tx1 response and improved outcomes.”® Subudhi
is planning a clinical trial of ipilimumab with a
TGF-B1 inhibitor to see if this combination can
improve clinical responses in patients. The trial will
recruit in 2021.
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Immunotherapy in pediatric cancers

Elaine Mardis from Nationwide Childrens Hos-
pital (NCH) presented work on immunogenomics
in pediatric central nervous system (CNS) can-
cers. Pediatric brain cancers are the leading cause
of death by disease in children, and there have
been few advances in the standard of care. While
genomics has opened the door to new, more tar-
geted therapies in adult cancers, its contribution to
pediatric cancers has not been as profound. Pedi-
atric cancers typically have a low mutational bur-
den, and genomic analyses typically yield few if
any druggable targets.”! In addition, immunology
in pediatric cancers is not well understood. Due to
the low mutational load of most pediatric cancers
and concerns about toxicity, ICIs are not generally
applicable.

Mardis’s group is working to understand the
tumor immune microenvironment in pediatric
brain cancer using data from a large-scale can-
cer sequencing protocol at NCH that focuses on
pediatric patients with rare relapsed or treatment-
refractory cancer. Since the protocol began in 2018,
134 patients have been sequenced, with several
CNS histologies represented. Mardis presented
unpublished results from a longitudinal follow
up in patients with recurrent CNS cancers that
describe how mutational burden, immune cell infil-
trate, and neoantigen load differ between primary
and recurrent tumors.

Mardis’s laboratory has developed a suite of tools
that is available to researchers to identify and prior-
itize neoantigens. One of the modules, pVACfuse,
focuses on identifying neoantigens derived from
the junctions of fusion proteins and has predicted
several such neoantigens from the NCH cancer
protocol.”73

Mardis stressed the need for novel approaches
to immunotherapy in pediatric patients, given
the differences in the immune system. She is
planning preclinical studies to evaluate changes
in the tumor microenvironment for several
immunotherapy approaches specific for pedi-
atric solid tumors, including engineered NK cells,
oncolytic virus-based therapies, and therapies that
target myeloid cell-based immunosuppression.
Immunogenomics, including scRNAseq and mass
cytometry, will provide a comprehensive view of
the immune landscape.

Frontiers in cancer immunotherapy

Improving CAR T therapy with armored
CARs

While many patients experience a response with
CAR T therapies, a significant portion relapse due
to antigen escape and a lack of T cell persistence.
In addition, endogenous immune effectors, such
as PD-L1, TGF-$, regulatory T cells, and myeloid-
derived suppressor cells, can limit the cytotoxicity
of functioning CAR T cells.”

Renier Brentjens from Memorial Sloan Ketter-
ing Cancer Center presented work on a platform
called “armored” CAR T cells, in which T cells
are modified to express a CAR as well as other
molecules to address some of the limitations of cur-
rent CAR T therapies. For example, to overcome
an immunosuppressive tumor microenvironment,
CAR T cells can be modified to secrete proinflam-
matory cytokines or to constitutively express cos-
timulatory ligands.”

Brentjens presented an example of an armored
CAR T cell that expresses the proinflamma-
tory cytokine IL-36y. These armored CAR T cells
induced long-term remission in mice at lower doses
than does nonarmored CAR T cell therapy. This
effect was seen in the absence of lymphodepleting
chemotherapy, which is used before administration
of CAR T cell therapy and is associated with toxicity.
The armored CAR T cells remained functional over
time and were able to rescue mice from a rechal-
lenge of tumor cells. IL-36y also promoted CAR
T cell proliferation and engraftment; the armored
CAR T cells localized to the spleen and bone
marrow at higher levels than nonarmored CAR
T cells. Unlike nonarmored cells, armored CAR
T cells activated other endogenous immune cells,
such as dendritic cells, macrophages, and T cells,
and promoted antitumor activity in endogenous
T cells that recognized tumor antigens other than
CD19.7°

Brentjens shared a second vignette of modifying
T cells to secrete proinflammatory cytokines to
improve response to cellular therapies. Previous
work has shown that an armored CAR T cell that
secretes IL-18 has similar effects as the IL-36y
armored CAR T, including inducing long-term
survival and improving the endogenous antitumor
response.”” More recent work used secretion of
IL-18 to improve the efficacy of TCR-modified
T cells. However, potency can be an issue with
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TCR-modified T cells due to lack of costimula-
tion. To overcome this, Brentjens showed that
IL-18-secreting TCR-modified T cells delayed
tumor growth and enhanced survival in a syngeneic
mouse melanoma model. The cells also decreased
immunosuppressive immune populations and
increased immunostimulatory populations. Similar
work with IL-12-secreting TCR-modified T cells
yielded less pronounced results. In a xenograft
melanoma tumor model, IL-18 secretion enhanced
the persistence and antitumor efficacy of NY-ESO-
1-reactive TCR-modified human T cells, as well as
overall survival of tumor-bearing mice.”®

Elucidating immune-related adverse events

ICI therapy is associated with several autoimmune
effects that affect the skin, gastrointestinal system,
liver, and endocrine organs. In general, immune-
related adverse events (irAEs) are more common
with anti-CTLA-4 therapy than with anti-PD-1/L1
therapy and are more common and can occur
earlier with combination therapy than with either
monotherapy. However, irAEs are seen across
different ICI agents and mechanisms of action as
well as tumor types. Some, such as pneumonitis,
hepatitis, and colitis, are fairly common and usually
manageable if recognized and treated early. Other,
rare events, such as myocarditis, encephalitis, and
neurotoxicity, can be serious and sometimes fatal.
Overall, mortality from irAEs is relatively rare. In
a retrospective review of over 3500 patients treated
with IClSs, the fatality rate due to irAEs was 0.6%.”°

Jeffrey Sosman from Northwestern University
presented several case studies of severe irAEs and
work on understanding the immune responses in
the affected organs. Understanding the underlying
mechanisms for how irAEs develop is important for
several reasons. ICI therapies are becoming more
prevalent and moving to first-line and adjuvant set-
tings where more tolerable therapies are often pre-
ferred; toxicities have been a barrier to combination
therapies; and irAEs have been associated with ben-
efit. In a study of 270 patients with melanoma, RCC,
or NSCLC receiving nivolumab, OS in patients who
experienced an irAE was 31.6 months, compared
with 8.2 months in those who did not.*’ A simi-
lar trend was seen with recurrence-free survival in
melanoma patients treated with pembrolizumab.?!

Cable et al.

Possible explanations for irAEs include (1) T
cell recognition of antigens expressed on normal
tissues; (2) increased inflammatory cytokines in
normal tissue; (3) increased preexisting autoanti-
bodies; and (4) binding of anti-CTLA-4 (during
immunotherapy) to CTLA-4 on normal tissue.®?

Sosman presented two cases of patients who
experienced severe colitis that was not responsive
to steroids but did improve after fecal micro-
biota transplant (FMT). He showed how FMT
affected the patients’ T cell populations and micro-
biome makeup. In a separate case of a patient who
experienced fatal myocarditis after ipilimumab
and nivolumab combination therapy, an autopsy
revealed abnormalities in the myocardium tissue,
including infiltration of CD3" and CD8' T cells
as well as increased expression of PD-L1. In addi-
tion, clonal T cell populations in the cardiac tissue
were identical to those present in the tumor.?’
Also, in a patient receiving pembrolizumab who
experienced fatal encephalitis, an autopsy revealed
robust T cell infiltration and PD-L1 expression in
the brain; in addition, EBV-specific TCRs, present
at low levels in pre-immunotherapy tumor and
brain samples, were prevalent postmortem. Sosman
believes that these may have contributed to neural
inflammation.®

Sosman hopes that understanding the immune
characteristics that predispose patients to irAEs and
how the immune response manifests in affected
organs may lead to more efficacious and safer
therapies.

Activating T cells with Inmuno-STATs

Saso Cemerski from Cue Biopharma presented
an overview of the company’s Immuno-STAT™
(Selective Targeting and Alteration of T cells) plat-
form as well as highlights from their lead investi-
gational agent, CUE-101. Immuno-STATs are bio-
logic molecules designed to activate T cells sim-
ilarly to endogenous activation—by engaging the
TCR with an antigen-loaded MHC and providing
a costimulatory signal. Immuno-STATs have four
components, each of which can be exchanged based
on the patient population and disease: (1) antigen,
which is determined based on the disease of inter-
est; (2) MHC, which a given HLA allele is chosen
based on the prevalence in a given patient pop-
ulation or relevance for the antigen and disease;
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(3) costimulatory domain, consisting of cytokines
or cell-surface receptors based on the desired sig-
nal; and (4) Fc backbone, which can be modified to
adjust biologic and effector function.

CUE-101, the lead drug candidate from
the IL-2-based CUE-100 series, is under
investigation for the treatment of human papil-
lomavirus (HPV)-driven head and neck squamous
cell carcinoma (HNSCC). This costimulatory
therapeutic is composed of four attenuated IL-2
molecules engineered to reduce binding to IL-2R
alpha and beta. This enables it to stimulate antigen-
specific T cells when engaged by the MHC while
limiting unwanted expansion of either regulatory
T cells or irrelevant nontumor-specific T cells. The
MHC-antigen complex consists of HLA-A*02:01
and HPV-16 E7,;, peptide. Preclinical studies
showed that CUE-101 selectively binds to HPV-
specific CD8* T cells and induces effector function
in a dose-dependent manner. In animal studies,
CUE-101 monotherapy, and combination therapy
with an anti-PD-1 agent, induced selective expan-
sion of HPV-E7-specific CD8" T cells, inhibited
tumor growth, and improved survival > CUE-101
is being tested as a monotherapy in a phase 1 trial
in HLA-A02 patients with HPV-16" recurrent or
metastatic HNSCC.

A second compound, CUE-102, is being devel-
oped for WT1-associated malignancies. WT1 is
overexpressed in many solid tumors and hema-
tologic malignancies. CUE-102 uses the same
attenuated IL-2 costimulatory module as CUE-101
and presents a peptide from WT1 in complex with
HLA-A*02:01. In vitro studies with primary human
PBMCs demonstrated that CUE-102 induced the
expansion of WTl1-specific CD8" T cells from
both naive and primed repertoires that were able
to recognize and kill WT1-presenting targets. The
expanded T cells have an oligoclonal repertoire,
suggesting that their functionality does not solely
depend on the persistence of a unique T cell clone.

Cue Biopharma is expanding the Immuno-STAT
platform to develop agents for other HLA alleles
and other TAAs, such as mutant KRAS.

The role of Keap1 in immune surveillance

Anastasia-Maria Zavitsanou presented research
on how Keapl mutations impact immune surveil-
lance in NSCLC. Keapl is one of the most com-
monly mutated genes in patients with NSCLC, with

Frontiers in cancer immunotherapy

loss-of-function mutations in approximately 20% of
patients.®” Keap1 plays a role in the cell’s oxidative
stress response by negatively regulating Nrf2, a key
transcription factor for various antioxidant genes.
Under basal conditions, Keapl homodimers bind to
Nrf2 and target it for proteasomal degradation, pre-
venting Nrf2 nuclear translocation. Previous work
has shown that loss of Keapl results in elevated
antioxidant response and increased tumor burden
and metastasis.®*=*" Several lines of evidence sug-
gest that Keapl mutations may affect tumors via an
immune-mediated mechanism. For example, Keap1
mutations are associated with a poor response to
checkpoint blockade in patients with NSCLC, and
patients with Keapl mutations had decreased T cell
tumor infiltration.”%2

Zavitsanou is interested in understanding how
Keapl mutations affect the immune landscape and
response to immunotherapy. She presented unpub-
lished research on how Keapl mutations affect
immune cell populations in a KRAS/p53 mutant
mouse model of NSCLC. She also described ongo-
ing work to modify the mouse model to improve
response to anti-PD-1 therapy and to study the
effect of Keapl on response to immunotherapy.

Targeting the immune environment via
STAT3

STAT3 signaling is constitutively activated in
many cancers. In addition to roles in angiogenesis,
cell survival, and proliferation, it is also a master
regulator of immune suppression in the tumor
microenvironment. Induction of STAT3 signaling
can prevent productive antigen presentation and
maturation of dendritic cells, the cytolytic activity
of natural killer cells and CD8" T cells, as well
as induce suppressive immune activity. While
STATS3 has been a target of interest for therapies for
some time, it has been difficult to find a selective
small-molecule STAT?3 inhibitor.

Theresa Proia from AstraZeneca presented
data on the effects of danvatirsen (AZD9150) on
immune cells. Danvatirsen is an investigational
antisense oligonucleotide (ASO) that targets and
knocks-down STAT3 expression predominantly in
immune and stromal cells of the tumor microenvi-
ronment. Early clinical trials have shown evidence
of beneficial activity of danvatirsen in patients
with lymphoma and lung cancer.’® In addition,
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durable responses were observed in a phase 1 trial
in patients with diffuse large B cell lymphoma.”
Danvatirsen is currently being investigated in phase
2 trials in combination with anti-PD-L1 antibody
durvalumab in patients with HNSCC.”>%

In preclinical models, STAT3 ASO treat-
ment remodeled the immunosuppressive tumor
microenvironment by decreasing suppressive
macrophages and increasing proinflammatory
macrophages, resulting in increased infiltration
and function of cytotoxic CD8" T cells. STAT3
ASO also enhanced the antitumor activity of
anti-PD-L1 treatment, suggesting that the STAT3-
related changes may sensitize tumors to checkpoint
blockade.””

Reprogramming tumor macrophages

Mikala Egeblad from Cold Spring Harbor Lab-
oratory presented research on reprogramming
tumor macrophages and immune dysregulation
in COVID-19. Previous work in Egeblad’s labo-
ratory showed that the release of lipopolysaccha-
ride (LPS) by bacteria can activate neutrophils to
form prometastatic neutrophil extracellular traps
(NETs).”® Somewhat paradoxically, however, bacte-
rial preparations containing LPS (known as Cooley’s
toxin) were used in the early 20th century to treat
cancer. Other components of Cooley’s toxin include
proteases that degrade neutrophil chemotaxins.”
Egeblad hypothesized that Cooley’s toxin may acti-
vate the immune system via LPS while limiting the
prometastatic activity of NETs via NET inhibitors.

LPS has been known to stimulate the immune
system, such as macrophages, toward a proinflam-
matory phenotype.'® However, as an immunother-
apy for cancer, LPS has several disadvantages.
Namely, there are no good delivery strategies and it
is toxic when injected into people. Egeblad showed
that MPLA, an LPS derivative, can repolarize
tumor-associated macrophages to become tumori-
cidal in both mice and samples from breast cancer
patients. In mouse models of metastatic breast
cancer and ovarian cancer, intratumoral injections
of MPLA and IFN-y increased marcophage recruit-
ment and iNOS expression, and resulted in reduced
tumor growth and metastatic spread.'!

Egeblad also presented more recent data on a
possible role for targeting NETs and immune dys-
function in COVID-19. Several lines of evidence
link NETs to COVID-19 manifestations: excess
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NETs have been linked to multiorgan damage,
including cardiovascular, lung, and microvascular
damage;'%* many patients who die from COVID-19
have multiorgan failure;'”® and NETs have been
observed in lung autopsy specimens and blood
samples of COVID-19 patients, and they correlate
with mortality.!04105

To investigate the role of neutrophils and NETs
in the pathogenesis of COVID-19, Egeblad orga-
nized a group of researchers, the NETwork, that
published an opinion piece proposing several direct
and indirect mechanisms to target NET formation
in COVID-19, including enzymes involved in NET
degradation, such as DNase.'> The drug dornase
alfa, a highly purified form of recombinant DNase I,
has been shown to digest NETs and increase survival
in mice with malaria-associated acute respiratory
distress syndrome.'% A recent case series published
by the NETwork group suggests that dornase alfa is
well tolerated in critically ill patients with COVID-
19;'%7 two clinical trials are underway to formally
test the drug in a randomized setting.!%®1%° Another
strategy to target NETs is via IL-1f, a proinflamma-
tory cytokine that induces NET formation''*!!! and
is elevated in COVID-19 patients.!'2"1!* Anecdo-
tal evidence shows encouraging results in COVID-
19 patients who received the IL-1R antagonist
anakinra, which is approved for the treatment of
rheumatoid arthritis.!"> Several clinical trials are
underway to validate these results.!'¢-!"?

Visualizing immune cell populations with
CODEX2

Garry Nolan  from Stanford University presented
work on multichannel imaging to visualize cell pop-
ulations and infer intercellular relationships.
Nolan’s group has developed a multiplexed imag-
ing approach, “codetection by indexing” (CODEX),
that visualizes antibody binding to tissue samples
using unique DNA barcodes and fluorescent tags.
Up to three antibodies can be visualized at once.
Using an iterative antibody binding and denatura-
tion process, dozens of antibodies can be visualized
overall in a single sample.'?® Over 100 antibodies
have been validated for use by CODEX, including
many immune, epithelial, and intracellular markers.
In a recent meta-analysis of 10 different solid
tumor types in over 8000 patients, multiplex immu-
nohistochemistry/immunofluorescence assays
were found to be better at predicting response to
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anti-PD-1/L1 therapies in pretreatment sam-
ples than PD-L1 immunohistochemistry, tumor
mutation burden, or gene expression profiling
alone.'?! Nolan presented unpublished research on
using CODEX to analyze and compare the tumor
microenvironment in colorectal cancer tumors
with different pathologies and in responder and
nonresponder patients with cutaneous T cell lym-
phoma treated with pembrolizumab. The results
may identify new prognostic histopathologic mark-
ers for disease outcomes and treatment response in
some patients.

Nolan also described imaging work showing that
ACE2, the receptor used by SARS-CoV-2 to enter
cells, concentrates to the cilia on the respiratory
epithelia.!?

Epigenetic regulation of immune cells

Cancer epigenetics has primarily focused on mod-
ifications in cancer cells. Epigenetic modulation of
tumor cells can enhance tumor immunogenicity by
affecting chemotaxis and antigen presentation, and
can affect response to ICI therapy.'?*

Sangeeta Goswami from MD Anderson Cancer
Center presented research on targeting epigenetic
regulation in immune cells to impact antitumor
immunity. She focused on histone modification of
H3K27, which has been shown to play a critical role
in the expression of various immune-related genes.
H3K27 is methylated by EZH2, which represses
gene expression, and demethylated by KDM6B,
which promotes gene expression.'?*

A retrospective analysis of T cells from sev-
eral tumor types showed that EZH2 expression
increases T cells following ipilimumab therapy,
potentially representing an adaptive immune resis-
tance mechanism. In preclinical mouse models of
bladder cancer and melanoma, pharmacological
inhibition of EZH2 increased the effectiveness of
anti-CTLA-4 therapy with respect to tumor growth
and survival. EZH2 inhibition altered the pheno-
type of immunosuppressive T regulatory cells to an
effector-like phenotype and enhanced the cytotox-
icity of CD8" T cells."** Goswami is testing EZH2
inhibition in a clinical trial of ipilimumab in combi-
nation with the EZH2 inhibitor DS3201 in patients
with bladder, ovarian, or prostate cancer or RCC.!?*

Goswami also showed how epigenetic regula-
tion can be used to affect immune cells in non-T
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cell rich tumors, such as gliobastoma multiforme
(GBM). In GBM, the tumor microenvironment is
characterized by a lack of T cells and the presence of
immunosuppressive macrophages that persist after
ICI therapy. Previous work has shown that EZH2
inhibition diminished macrophage activation.!?
Therefore, Goswami tried the alternate approach
of activating macrophages by inhibiting demethy-
lase KDM6B. She presented unpublished data of
KDMS6B inhibition in a mouse model of GBM.

Dendritic cell populations in tumor
immunity

Stefani Spranger from the Massachusetts Insti-
tute of Technology presented research on how den-
dritic cells (DCs) can be an important component of
the tumor immune response. Spranger is interested
in pathways involved in creating a T cell inflamed,
versus a non-T cell inflamed, tumor microenviron-
ment. Both environments can coexist in the same
patient, suggesting that tumor cell-intrinsic path-
ways are at least partially responsible for blunting
T cell infiltration in some tumors and for allowing
infiltration into others.

Using data from the The Cancer Genome Atlas
dataset, Spranger’s laboratory identified a 13-gene
signature that correlates with either the presence or
absence of a CD8" T cell infiltrate in melanoma.
She showed that a single signaling pathway was
associated with lack of T cell infiltration, the WNT/
fB-catenin pathway. Describing a genetic melanoma
mouse model with stabilized B-catenin, Spranger
showed that tumors with active B-catenin lack a T
cell infiltrate and are resistant to checkpoint block-
ade therapy. A closer look at the immune infiltrate
in these non-T cell inflamed tumors revealed that
they had reduced numbers of a specific dendritic
cell population known as conventional type 1 den-
dritic cells (cDCls). These cells have been reported
to be important for the activation of CD8" T cells
due to their role in cross presentation in the lymph
node. Spranger showed that cDCls are not only
essential for effector T cell priming but also critical
for effector T cell recruitment into the tumor.'#”!28

Spranger is now working to elucidate roles
for other dendritic cell populations in the tumor
microenvironment She presented unpublished
work on a new dendritic cell subset that can drive
antitumor immunity independent of cDCls.
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Addressing CAR T cell resistance
mechanisms

While CAR T cell therapies are a major break-
through in cancer treatment, they have several
limitations. As mentioned above, tumor factors,
such as heterogeneity in the form of antigen loss
or antigen downregulation, can lead to resistance.
Also, T cell factors in the form of impaired traf-
ficking or function can affect T cell cytotoxicity.
Finally, CAR T cell therapy has yet to demonstrate
convincing activity in solid tumors.'?

Crystal Mackall from Stanford University
stressed the need to optimize CAR T cell plat-
forms to overcome resistance and address their
limitations.

To address tumor heterogeneity, Mackall’s
group has developed a CD22-CAR therapy that
induces high response rates in CDI19-positive
and CD19-negative B-ALL, even in patients who
had already failed CD19-CAR therapy. However,
similar to CD19-CAR therapy, most patients even-
tually developed resistance due to loss of CD22
expression.”’*1*!  Mackall has also developed a
bispecific CD19/CD22-CAR in the hopes of reduc-
ing antigen escape and circumventing the need to
sequence therapies. In two clinical trials in patients
with relapsed/refractory B cell malignancies, the
bispecific CAR was well tolerated and exhibited
comparable response rates to the approved CD19-
CAR T cell therapies. Unfortunately, patients still
experienced relapse due to CD19 loss.!%!3

Mackall showed that relapse due to antigen loss
is not an all or nothing event. In the CD22-CAR
trial, a few of the patients who relapsed were CD22
negative, but most showed downregulation of
CD22. These results suggest that modest changes
in antigen density can affect the ability of CAR
T cells to control the tumor.!®® This is likely to
be a factor for many B cell antigens, as inter- and
intrapatient heterogeneity in antigen expression
of B cell lineage antigens, including CD19, CD20,
CD22, and CD79b, is common.'**

Mackall showed that CARs can be engineered
to have different antigen thresholds. For example,
CARs with a CD28 costimulatory domain are
more active at lower antigen density, compared
with 4-1BB CARs. Changes to the transmembrane
domain can also affect antigen density threshold
and immune synapse formation.!** Mackall pre-
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dicted that it is possible to rationally engineer CARs
to recognize antigen levels within a given thera-
peutic window. She added that this will be likely
applicable to solid tumors because tumor antigens
are also expressed on normal tissue but at lower
levels. Surfaceome profiling is revealing highly
differentiated, expressed cell surface molecules on
some solid tumors. Mackall believes that CARs can
be engineered to specifically recognize antigens
expressed at levels found on tumor cells, while
largely ignoring low-level expression of the same
antigens on normal tissues.

Mackall\presented work on CAR T cell therapy
in solid tumors. She discussed atypical teratoid
rhabdoid tumors, a pediatric brain cancer that
overexpresses B7H3, which is highly expressed in
fetal brain but is silenced at birth and, importantly,
a “clean” antigen targetable by CAR T cells. One
major problem, however, is getting the T cells to
the brain. Mackall showed that in mice, intracranial
administration of CAR T cells is more potent than
systemic administration and results in less systemic
inflammation. In addition, the T cells appeared to
exhibit equivalent persistence and long-term pro-
tection regardless of the route of administration.'*

Finally, Mackall presented data on overcoming
T cell exhaustion in CAR T cells. She showed that
c-JUN overexpression improves antitumor activity,
enhances functionality, and diminishes exhaustion
of CAR T cells. She hopes that c-JUN overex-
pression can be an anti-exhaustion strategy for
improving the activity of CAR T cells against solid
tumors and enhancing their capacity to control
antigen-low disease.!*
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