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REVIEW

High-content molecular profiling of T-cell therapy in oncology

Ruslan Novosiadly' and Michael Kalos'

Recent clinical data have revealed the remarkable potential for T-cell-modulating agents to induce potent and durable responses in
a subset of cancer patients. In this review, we discuss molecular approaches, platforms, and strategies that enable a broader interro-
gation of the activity of agents that modulate the activity of tumor-specific T cells, to more comprehensively understand how and
why the agents succeed and fail, as well as examples of data sets generated in clinical trials that have provided important insights
into the biological activity of T-cell therapies and that support further rational development of this exciting treatment modality.
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Immunotherapy strategies that modulate the T-cell response to
cancer have emerged as attractive therapeutic modalities for the
treatment of various human malignancies. Promising approaches
have included: (i) augmenting and manipulating the ability of T cells
to recognize tumors by the adoptive transfer of ex-vivo expanded
T cells, either nonmodified or following genetic engineering to
express chimeric antigen receptor (CAR) or T-cell receptor (TCR)"%
(ii) the use of bispecific T-cell redirecting molecules such as bispe-
cific T-cell engagers (BiTEs) and immune-mobilizing monoclonal
TCRs against cancer (immTACs)*% and (iii) unleashing and enhanc-
ing existing endogenous antitumor T-cell responses through
the targeting of immune checkpoint inhibitor and costimulatory
agonist receptors agonists.>® Collectively, these approaches have
demonstrated the potential of T-cell-based immunotherapy to sig-
nificantly enhance clinical outcomes for cancer patients. Over the
past few years, the remarkable clinical efficacy reported for T-cell-
modulating strategies has led to multiple designations for break-
through therapy, and accelerated approval timelines for a number
of these agents across multiple tumor indications. Nevertheless, for
each of these approaches, numerous outstanding issues still remain
to be understood and addressed in order to capture their full poten-
tial to effectively treat disease.

Intuitively, the presence of therapy-relevant and effector-com-
petent T cells at the tumor would seem to be a fundamental pre-
requisite for treatment efficacy of T-cell-based immunotherapies.
Indeed, for both T-cell redirecting and T-cell-modulating strategies,
the presence of relevant T cells has been positively associated with
treatment efficacy.”~° Beyond the essential issue of T-cell presence,
the major challenges that have been identified as relevant for maxi-
mal efficacy of T-cell therapies include the need of long-term func-
tional persistence of tumor-specific T cells, and understanding and
mitigating the multitude of immunostimulatory and immunosup-
pressive mechanisms to modulate T-cell activity in the tumor micro-
environment.® In addition, the ability to interrogate the quality and
breadth of immune modulation in response to treatment within

and among patients offers the possibility to follow and address both
treatment efficacy and potential toxicities in an effective manner.

The implementation of broad and systematic biomarker strate-
gies is now recognized to be a key component to the successful
development ofimmunotherapy agents.' Molecular platforms, due
to their inherent sensitivity, high-content and/or high-throughput
potential, low-sample requirements, and relative ease for quality-
enablement are ideally suited to support the broad and systematic
interrogation of immunotherapy protocols to understand why, how,
and when treatments succeed and fail.'> The development of new
molecular platforms combined with technological advancements
in existing platforms and assays have enabled the ability to com-
prehensively analyze a broad range of predictive, mechanistic, phar-
macodynamic, and safety biomarkers during early clinical trials to
enable successful development of T-cell-based therapies (Figure 1).
In this review, we will focus on an overview and description of multi-
plex molecular and biochemical platforms that support the empiric
development of T-cell-redirecting and -modulating strategies to
effectively target cancer.

T-CELL REDIRECTION

T-cell recognition of tumor cells is an essential prerequisite for the
success of T-cell immunotherapy strategies. To date, the majority
of targeted tumor antigens have been differentiation or tissue-
restricted self-antigens normally expressed during development
and aberrantly expressed in tumor cells. It is now broadly recog-
nized that T cells which recognize self-antigen-derived peptides
typically express TCRs with low affinity for cognate major histocom-
patibility complex/peptide complexes as a consequence of cen-
tral tolerance, resulting in a lack of the robust T-cell activation and
poor antitumor activity, and a need for TCR affinity-enhancement
for effective antitumor activity.? More recently, the identification
and clinical application of T cells specific for neoantigens, antigens
which are derived from various nonsynonymous somatic muta-
tions that occur spontaneously in cancer cells,” has linked earlier
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Figure 1

and more recent associations between extent of T-cell infiltration,
mutational burden, and response to immunotherapy,’*'* and has
provided cause for considerable but guarded optimism that T cells
with native receptors can mediate potent antitumor activity. Robust
functionality of tumor-specific T-cell clones can additionally be
blocked as a result of checkpoint-mediated immunosuppression,
T-cell exhaustion, or by the immunosuppressive tumor microenvi-
ronement. Chronic exposure of engineered T cells to the antigen
results in T-cell exhaustion and inability to proliferate, while recent
reports demonstrate that immune checkpoints are expressed on
CART cells after infusion.’®”

Several cellular and molecular engineering strategies have been
pursued to overcome immune tolerance to tumor-specific self-
antigens and redirect autologous T cells to effectively target anti-
gen-positive tumor cells. Effective T-cell redirection can be enabled
through synthetic-biology-based genetic engineering and trans-
genic expression in autologous T cells of antigen-specific o3TCR
(potentially affinity enhanced), or CAR followed by adoptive T-cell
transfer.'®? An alternate strategy for T-cell redirection involves the
development of recombinant proteins that bridge tumor cells to
nonspecifically activated T cells. Well-studied and clinically vali-
dated antibody constructs for engaging T cells are BiTEs,® which
are based on single chain antibodies against specific antigens on
tumor cells and effector molecules (e.g., CD3) on T cells. BiTEs can
transiently tether resting T cells to tumor cells, leading to con-
comitant T-cell activation and tumor cell lysis and showed prom-
ising antitumor activity in the clinic?’ ImmTACs represent another
class of engineered proteins capable of redirecting T cells to the
tumor.2? ImmTACs bi-specific molecules with picomolar affinity for
TCRs fused to an anti-CD3 specific scFv. Although this class of T-cell
redirecting agents triggers antitumor activity via nonspecific (i.e.,
anti-CD3 based) engagement of T cells, durable antitumor activity
is likely to depend on establishment of a secondary antigen-specific
T-cell response, via epitope spreading or related immunological
sequelae to the initial antitumor activity.

MOLECULAR APPROACHES TO TRACKT CELLS

As described above, both genetic and biochemical strategies for
T-cell redirection likely require long-term persistence of functional
tumor-specific T cells in the periphery and importantly also at sites
of disease.
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Scope and emerging platforms for translational research in immunooncology.

A number of techniques have been commonly used to detect
and quantify antigen-specific T cells. Among these, flow cytometry,
quantitative polymerase chain reaction (qPCR), VB spectratyping,
high-throughput sequencing, and immunohistochemistry (IHC)
have provided useful and relevant information about antitumor
T-cell immunity. Flow cytometry is capable of analyzing cell sur-
face expression at a single cell level but is analytically challenging,
labor-intensive and has suboptimal sensitivity. Because of technical
limitations of flow cytometry-based approach, detection of specific
TCR o/P pairs present on infused cells typically has a quantification
limit of 0.2-0.5% of the total CD3+ T-cell population. Given that CAR
constructs contain a unique antibody fragment, idiotype-specific
antibodies can be used to detect and quantify genetically modified
T cells,® and this approach was successfully implemented by mul-
tiple groups.?*-%

gPCR-based platforms detect a unique molecular tag to iden-
tify the cells of interest. qPCR has much higher sensitivity and
is capable of detecting genetically engineered cells at a very
low frequency (~0.01% of total T cells). At present, it is a gold
standard technique to evaluate persistence of engineered T cells
in vivo.** While gPCR is a highly sensitive and highly quantitative
method, it does not provide any information about the pheno-
type and function of the persisting T cells. gPCR has been exten-
sively used to track DNA sequences that are unique to adoptively
transferred genetically modified T cells.?*?3°T-cell products gen-
erated through mRNA electroporation require reverse transcrip-
tion of RNA into DNA prior to gPCR analysis.*" Digital PCR (dPCR)
is an alternative to qPCR that can be utilized if single cell analysis
is required.

Both flow cytometry and gPCR can be employed to indirectly
assess, with platform-associated sensitivity, the relative quantity of
infused T cells using TCR spectratyping by evaluating the variable
segment of the TCRP (V) usage.3? TCR spectratyping is predicated
on the observation that the TCRB locus has multiple V[ segments
grouped into 25 VB families, with each VB family representing
~0.2-5% of the total T-cell population.3® The ability to effectively
employ this approach depends on mono- or oligoclonal expansion
of antigen-specific T cells, without a requirement for genetic modifi-
cation, with detection of an antigen-specific T-cell repertoire based
on the deviation from T cell “evenness’, as represented by a normal
distribution of T cells from each V{3 family.
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Antigen-specific T-cell populations can be successfully monitored
by next-generation sequencing (NGS) and its modification, immu-
nosequencing (immunoSEQ), an approach that allows for accurate
quantification based on unique nucleotide sequences of genetically
rearranged TCR.2°ImmunoSEQis a multiplex PCR-based method that
amplifies the hypervariable complementarity-determining region 3
(CDR3) regions of the TCR and employs high-throughput sequenc-
ing to characterize thousands of TCR CDR3 chains simultaneously.>*
The technology can be applied to both cDNA and genomic DNA;
when genomic DNA is used, the frequency of sequenced CDR3
chains is highly representative of the relative frequency of each
T-cell containing CDR3 sequence in the biologic sample. Given the
capacity of high-throughput sequencing, this assay is extremely
sensitive and is applicable to a very low DNA yield. The assay dem-
onstrates an outstanding specificity and sensitivity (~100-fold
greater compared to other methods including flow cytometry).
ImmunoSEQ is a highly accurate and standardized method for the
assessment of TCRB diversity (e.g., evenness of T-cell clones), clonal-
ity (abundance of specific clones), and T-cell abundance in general
in normal or malignant tissues, and has been applied to understand
and correlate the extent and diversity of T-cell infiltration postim-
munotherapy with clinical outcome -7

Since the ultimate goal of T-cell-directed therapies is to facilitate
recruitment and activation of tumor-specific T cells in the vicinity
of tumor cells in target organs (e.g., primary and metastatic tumor
lesions, bone marrow) and biological fluids (e.g., blood, ascites),
local T-cell infiltration is a functional readout of T-cell reactivity as
a result of therapy. Indeed, IHC analysis of CD3+ and CD8+ T cells
pre- and on-treatment biopsies has demonstrated excellent clinical
utility as pharmacodynamic biomarker in a number of trials investi-
gating efficacy of genetically modified T cells and immunomodula-
tory agents.®3038

MULTIPLEX PHARMACODYNAMIC APPROACHESTO
MONITORT-CELL FUNCTION AND BIOACTIVITY
Peripheral pharmacodynamic approaches have been applied to
successfully monitor and provide mechanistic insights into T-cell
efficacy and toxicity. Multiparametric flow cytometry enables a
reasonably comprehensive phenotyping of specific immune cell
subsets as well as their activation, proliferation, and differentiation
status.3>*" Mass cytometry (cytometry by time-of-flight) is a varia-
tion of flow cytometry in which antibodies are labeled with heavy
metal ion tags rather than fluorophores. With 135 detection chan-
nels and technical potential to measure about 400-500 molecules
per cell, cytometry by time-of-flight represents a tool capable of
revolutionizing immunophenotyping by increasing the number of
antibodies that can be combined in one assay, while eliminating the
issue of optical spillover (the presence of signals from fluorescent
antibody staining in multiple detectors of a cytometer, resulting in
a loss of resolution sensitivity).! Once mass cytometry is standard-
ized across various research laboratories, it would enable expansion
of immunophenotyping capabilities by interrogating an extreme
complexity and dynamics of immune cell subsets in the body.*
T-cell therapy and subsequent activation of T cells are frequently
accompanied by a release of soluble immune factors (e.g., cytokines,
chemokines, extracellular domains of immune receptors) into the
circulation, and quantification of these markers in peripheral blood
might inform about the quality and potency of the T-cell response.
This approach may also inform about a potential mechanistic link
that might exist between T-cell activation and toxicity associated
with specific T-cell therapies. Multiplexed microbead immunoassay
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platforms are commonly used to monitor cytokine levels in the cir-
culation, and blood samples are analyzed at various time points in
light of transient alterations displayed by various immune factors
after infusion of adoptive transferred T cells or upon treatment with
immunomodulatory agents.

Broad cytokine profiling of serum collected from the peripheral
blood was essential to diagnose molecular mechanisms underly-
ing a severe adverse event, cytokine release syndrome (CRS), in
patients with B-cell malignancies who received anti-CD19 CAR-
modified T cells;* this agnostic profiling led to the observation of
marked elevations in soluble interleukin-2 receptor o (sIL2Ra), inter-
leukin-6 (IL-6), interferon (IFN-y), and interleukin-6 (IL-6) associated
with the CRS, and led to the development and use of IL-6 receptor
(IL-6R) antibody (tocilizumab) to ameliorate the CRS-related toxicity,
a strategy that has since been applied more broadly to ameliorate
CAR T cell- and BiTE (blinatumomab)-induced CRS without com-
promising treatment efficacy..624445 High levels of IFN-y or sIL2Ra
are indicative of T-cell activation and can potentially serve as phar-
macodynamic markers for T-cell therapies. Patients with adoptively
transferred CAR-modified T cells may also exhibit elevated levels
of other markers of T-cell activation and inflammation including
IL-2, IL-5, IL-8, IL-12, IL-17, IL-21, MCP-1 (CCL2), MIP-1c. (CCL3), MIP-
1B (CCL4), RANTES (CCL5), MIG (CXCL9), IP10 (CXCL10), fractalkine
(CX3CL1), G-CSF, GM-CSF, Fit-3L, IL-1Rc, and/or TNFq.24-263146-48
Furthermore, patients treated with blinatomumab exhibit compa-
rable alterations in circulating cytokine levels** demonstrating the
utility of this platform to evaluate pharmacodynamic measures of
bioactivity in the context of this treatment modality. Patients sub-
jected to preinfusion lymphodepletion prior to CAR T-cell therapy
also display elevated levels of IL-7 and IL-15, two y-chain cytokines
that exert homeostatic functions.”® IL-7 and IL-15 mediate antigen-
independent memory T-cell self-renewal that may facilitate subse-
quent engraftment of adoptively transferred CAR T cells through
stimulation of T-cell proliferation and differentiation while sup-
pressing regulatory T-cell populations.? Longitudinal quantification
of circulating cytokine levels in peripheral blood by multiplexed
microbead assays has also demonstrated clinical utility in trials with
immune checkpoint inhibitors.3°

The ability to effectively interrogate tumor biopsies to identify
pharmacodynamic and mechanistic correlates with treatment effi-
cacy has been greatly facilitated by recent technical advancements
in multiparametric/multispectral IHC analysis which have demon-
strated the potential to digitally quantify expression of multiple
proteins at a single cell level.#*' Once standardized and optimized,
such approaches may significantly improve immonophenotyping
(immunoscoring) of tumor samples and better understand, both
qualitatively and quantitatively, tumor immune contexture—loca-
tion, density, and functional orientation of infiltrating immune cells
and their correlation with clinical outcomes.*?

While IHC methods are commonly used to monitor immune cell
infiltration in solid tumors, they require repeated tumor tissue biop-
sies that display striking heterogeneity and do not provide accurate
information about temporal and spatial distribution of immune
cells. Therefore, there is an urgent need to develop more effective
techniques to monitor tumor immune cell infiltration in vivo. High-
contrast immuno-positron emission tomography (immuno-PET)
using radiolabeled minibody fragments (scFv-CH3) against CD8
represents a novel, noninvasive method for evaluation of CD8+
T-cell distribution and monitoring T-cell-dependent responses to
immunotherapies in vivo.>*** This platform has been evaluated in
preclinical murine models and has the potential for translation into
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the clinical setting. However, it should be noted that while CD8-
specific immuno-PET would be useful for monitoring the efficacy of
BiTEs, immTACs and immune checkpoint blockade, tracking CART
cells would also require another marker to differentiate engineered
from endogenous, unmodified T cells.

Assessment of T-cell infiltration and distribution by IHC and
molecular imaging can be complemented by high-content and/
or high-throughput gene expression profiling to evaluate molecu-
lar and phenotypic changes in tumor tissue and peripheral blood
cells after treatments using adoptive T-cell transfer, T-cell redi-
rection, as well as administration of immunomodulatory agents.
nCounter analysis system (Nanostring), a powerful digital detection
hybridization-based technology capable of highly multiplexed (up
to 800 targets), direct profiling of individual transcripts in a single
reaction without amplification. This platform can accurately evalu-
ate changes in expression of immune-related genes in peripheral
and tumor-infiltrating T cells in patients who were treated with
adoptively transferred TCR-engineered T cells or immunomodu-
latory agents.>> nCounter analysis is capable of monitoring T-cell
expansion, activation, and/or exhaustion thus providing important
molecular insights into gene expression signatures associated with
immune response, candidate predictive biomarkers and potential
treatment options that may help enhance and/or restore T-cell
reactivity.

In addition to nCounter analysis system, other novel gene expres-
sion platforms (human whole transcriptome arrays, targeted RNA
sequencing (RNAseq), microfluidics-based qPCR, Quantigene Plex
assay) have demonstrate clinical utility as robust tools to monitor
molecular and phenotypic traits in peripheral and tumor-infiltrating
T Ce||S.37’38'50'56'57

GeneChip human transcriptome array 2.0 (HTA 2.0, Affymetrix),
a high-resolution microarray, has been successfully employed to
detect unique gene expression changes in peripheral T cells upon
treatment with PD-1 mAb, CTLA-4 mAb or PD-1/CTLA-4 mAb com-
bination;*® while cell cycle/proliferation gene expression signature
was associated with CTLA-4 mAb monotherapy and PD-1/CTLA-4
mAb combination therapy, treatment with PD-1 mAb resulted
in the upregulation of genes implicated in effector T- and NK-cell
function. Furthermore, each of these treatments were accompanied
by unique changes in T-cell gene expression, with the combina-
tion PD-1/CTLA-4 mAb combination therapy resulting in the most
extensive gene expression changes; 442, 26, and 36 differentially
expressed genes were identified in PD-1/CTLA-4 mAb combination,
CTLA-4 mAb and PD-1 mAb cohorts, respectively. Of note, IFN-y
seemed to be the only gene that displayed upregulation in all three
cohorts.

With the advent of NGS, whole-exome and whole-transcriptome
sequencing platforms are increasingly being used to understand
the role of genomic and nongenomic alterations in tumors and their
impact on anticancer therapies.®® Several lines of evidence indi-
cate that NGS platforms complemented with computational epit-
ope prediction, mass spectrometry, and/or the tandem minigene
library approaches can be used to identify CT antigens ectopically
expressed in tumors and novel tumor neoantigens recognized by
both CD8+ and CD4+ T cells.>®#% NGS has also been applied to
demonstrate the link between tumor mutational and neoantigen
burden and molecular smoking signature and clinical efficacy of
immune checkpoint inhibitors.®>%> Furthermore, there is emerg-
ing evidence that host microbiota is capable of influencing tumor
response to immune checkpoint blockade.®¢” NGS-based platforms
(miSeq, 16S rRNA sequencing) are rapidly becoming foundational
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tools capable of surveying the genomes of entire microbial commu-
nities including microorganisms not amenable to ex-vivo culture.
These methods will enable further understanding of the impact
that host microbiome makes on immune response and clinical effi-
cacy of T-cell therapies.

As mentioned earlier, immunoSEQ is a highly sensitive and very
specific method that can be used for the assessment of T-cell infil-
tration and for identification and monitoring specific T-cell clones in
peripheral blood and tumor biopsies. This method is of particular
importance in light of the recent findings suggesting that adoptive
T-cell therapies (e.g., mesothelin-specific CAR-modified T cells and
NY-ESO-1-specific TCR-engineered T cells) are capable of epitope
spreading.3*3! It is hypothesized that tumor lysis and inflamma-
tion induced by CART cells seem to result in the release of tumor
antigens that are presented by dendritic cells to T cells resulting in
the activation and expansion of endogenous T-cell clones. Epitope
spreading thus represents an additional indirect mechanism of
action of genetically engineered T cells. In addition, sequencing of
immunoglobulin heavy-chain genes (IGH) is also frequently used to
monitor minimal residual disease in patients with B-cell malignan-
cies treated with adoptive transfer of CART cells.

PLATFORMS TO ASSESS TARGET EXPRESSION AND IDENTIFY
MECHANISMS OF ACQUIRED RESISTANCE

While TCR and CAR T-cell therapies demonstrate remarkable overall
response rates in cancer patients, tumor relapses represent a chal-
lenge. Clinical experience with CD19 CAR T-cell therapies suggests
two modes of tumor recurrence: antigen-positive and antigen-neg-
ative.* One mechanism for acquired resistance in patients whose
tumor cells retain membranous target expression is inadequate
engraftment and persistence of CAR-modified T cells or impaired
reactivity of adoptively transferred T cells potentially caused
exhaustion.

Single target therapy is capable of selecting for and/or inducing
tumor escape subclones that lack target tumor antigen.>® Molecular
mechanisms that underlie this phenomenon remain largely
unknown although emerging data suggest that tumor escape in
these cases may be driven by preexisting tumor cell clones that
display certain genetic alterations and alternative splicing of T-cell
target. More recently, one mechanism through which resistance
to CART19 therapy is mediated in ALL has been shown to be the
selection of rare CD19 splice variants which retain functional CD19
antigen but lack the epitope recognized by the CAR construct.®®
These observations highlight the importance for monitoring anti-
gen expression in target tissues during treatment using high sen-
sitivity molecular strategies that can identify at the molecular level
treatment-relevant molecular alterations. NGS-based platforms
(e.g., exome and RNA sequencing) have been instrumental to the
dissection of molecular mechanisms of acquired resistance to tar-
geted agents, and this approach should be actively applied to
identify mechanisms of tumor recurrence in patients with antigen-
negative disease that persists upon treatment with TCR- and CAR-
engineered T cells.

In conclusion, broad immune and molecular profiling efforts that
employed robust laboratory techniques have enabled identification
of biomarkers that paved the way to further clinical development of
T-cell therapies. Careful evaluation of their clinical and therapeutic
relevance will be required to ensure that promising biomarkers are
appropriately employed to maximize the benefit to risk ratio in can-
cer patients treated with T-cell-based therapies. Since it is unlikely
that clinical efficacy in these cases will be associated with a single

Official journal of the American Society of Gene & Cell Therapy



High-content molecular profiling of T-cell therapy in oncology @

R Novosiadly and M Kalos
5
biomarker, a major challenge for the field will be to establish high- 25. Brentjens, RJ, Davila, ML, Riviere, |, Park, J, Wang, X, Cowell, LG et al. (2013). CD19-targeted
throughput, high-content infrastructure to support comprehensive T cells rapidly induce molecular remissions in adults with chemotherapy-refractory
lati ' | d ble ri linical lificati inth acute lymphoblastic leukemia. Sci Trans/ Med 5: 177ra38.

correlative ana ys.es an en_a erigorous ¢ |n.|c.a qua_ I‘ cation in the 26. Lee, DW, Kochenderfer, JN, Stetler-Stevenson, M, Cui, YK, Delbrook, C, Feldman, SA et
context of therapies for which they define clinical utility. al. (2015).T cells expressing CD19 chimeric antigen receptors for acute lymphoblastic

leukaemia in children and young adults: a phase 1 dose-escalation trial. Lancet 385:
CONFLICT OF INTEREST 517-528.

27. Pule, MA, Savoldo, B, Myers, GD, Rossig, C, Russell, HV, Dotti, G et al. (2008). Virus-specific
T cells engineered to coexpress tumor-specific receptors: persistence and antitumor
activity in individuals with neuroblastoma. Nat Med 14: 1264-1270.

Porter, DL, Levine, BL, Kalos, M, Bagg, A and June, CH (2011). Chimeric antigen receptor-
modified T cells in chronic lymphoid leukemia. N EnglJ Med 365: 725-733.

29. Maude, SL, Frey, N, Shaw, PA, Aplenc, R, Barrett, DM, Bunin, NJ et al. (2014). Chimeric

R.N.—employee, with stock interests, Eli Lilly and Company. M.K.—employee, with
stock interests, Eli Lilly and Company; named on issued patents related to CAR tech-
nology and licensed to Novartis Corporation; former member, science advisory board

Adaptive Biotechnologies, stock option grant. 2

o

REFERENCES antigen receptor T cells for sustained remissions in leukemia. N Engl J Med 371:

1.Rosenberg, SA and Restifo, NP (2015). Adoptive cell transfer as personalized 1507-1517.
immunotherapy for human cancer. Science 348: 62-68. 30. Rapoport, AP, Stadtmauer, EA, Binder-Scholl, GK, Goloubeva, O, Vogl, DT, Lacey, SF et al.

2. Kalos, M and June, CH (2013). Adoptive T cell transfer for cancerimmunotherapy in the (2015). NY-ESO-1-specific TCR-engineered T cells mediate sustained antigen-specific
era of synthetic biology. Immunity 39: 49-60. antitumor effects in myeloma. Nat Med 21:914-921.

3. Huehls, AM, Coupet, TA and Sentman, CL (2015). Bispecific T-cell engagers for cancer 31.Beatty, GL, Haas, AR, Maus, MV, Torigian, DA, Soulen, MC, Plesa, G et al. (2014).
immunotherapy. Immunol Cell Biol 93: 290-296. Mesothelin-specific chimeric antigen receptor mRNA-engineered T cells induce anti-

4, Oates, J, Hassan, NJ and Jakobsen, BK (2015). InmTACs for targeted cancer therapy: Why, tumor activity in solid malignancies. Cancer Immunol Res 2:112-120.
what, how, and which. Mol Immunol 67(2 Pt A): 67-74. 32. Ascierto, PA, Kalos, M, Schaer, DA, Callahan, MK and Wolchok, JD (2013). Biomarkers for

5. Topalian, SL, Drake, CG and Pardoll, DM (2015). Immune checkpoint blockade: a common immunostimulatory monoclonal antibodies in combination strategies for melanoma
denominator approach to cancer therapy. Cancer Cell 27: 450-461. and other tumor types. Clin Cancer Res 19: 1009-1020.

6. Sanmamed, MF, Pastor, F, Rodriguez, A, Perez-Gracia, JL, Rodriguez-Ruiz, ME, Jure- 33. Rowen, L, Koop, BF and Hood, L (1996). The complete 685-kilobase DNA sequence of the
Kunkel, M et al. (2015). Agonists of Co-stimulation in Cancer Inmunotherapy Directed human betaT cell receptor locus. Science 272:1755-1762.

Against CD137, 0X40, GITR, CD27,CD28, and ICOS. Semin Oncol 42: 640-655. 34. Kirsch, 1, Vignali, M and Robins, H (2015). T-cell receptor profiling in cancer. Mol Oncol 9:

7.Shen, X, Zhou, J, Hathcock, KS, Robbins, P, Powell, DJ Jr, Rosenberg, SA et al. (2007). 2063-2070.

Persistence of tumor infiltrating lymphocytes in adoptive immunotherapy correlates 35. Cooper, ZA, Frederick, DT, Juneja, VR, Sullivan, RJ, Lawrence, DP, Piris, A et al. (2013).
with telomere length. JImmunother 30: 123-129. BRAF inhibition is associated with increased clonality in tumor-infiltrating lymphocytes.

8. Tumeh, PC, Harview, CL, Yearley, JH, Shintaku, IP, Taylor, EJ, Robert, L et al. (2014). Oncoimmunology 2:€26615.

PD-1 blockade induces responses by inhibiting adaptive immune resistance. Nature 36. Robert, L, Tsoi, J, Wang, X, Emerson, R, Homet, B, Chodon, T et al. (2014). CTLA4 blockade
515:568-571. broadens the peripheral T-cell receptor repertoire. Clin Cancer Res 20: 2424-2432.

9. Porter, DL, Hwang, WT, Frey, NV, Lacey, SF, Shaw, PA, Loren, AW et al. (2015). Chimeric 37.Bajor, DL, Xu, X, Torigian, DA, Mick, R, Garcia, LR, Richman, LP et al. (2014). Inmune
antigen receptor T cells persist and induce sustained remissions in relapsed refractory activation and a 9-year ongoing complete remission following CD40 antibody therapy
chronic lymphocytic leukemia. Sci Trans/ Med 7: 303ra139. and metastasectomy in a patient with metastatic melanoma. Cancer Inmunol Res 2:

10. Ruella, M and Kalos, M (2014). Adoptive immunotherapy for cancer. Immunol Rev 257: 1051-1058.

14-38. 38. Herbst, RS, Soria, JC, Kowanetz, M, Fine, GD, Hamid, O, Gordon, MS et al. (2014). Predictive

11. Kalos, M (2010). An integrative paradigm to impart quality to correlative science. J Trans! correlates of response to the anti-PD-L1 antibody MPDL3280A in cancer patients. Nature
Med 8: 26. 515:563-567.

12. Kalos, M (2011). Biomarkers in T cell therapy clinical trials. J Trans/ Med 9: 138. 39. Perfetto, SP, Chattopadhyay, PK and Roederer, M (2004). Seventeen-colour flow

13.Zhang, L, Conejo-Garcia, JR, Katsaros, D, Gimotty, PA, Massobrio, M, Regnani, G et al. cytometry: unravelling the immune system. Nat Rev Immunol 4: 648-655.

(2003). Intratumoral T cells, recurrence, and survival in epithelial ovarian cancer. N EnglJ 40. Petrausch, U, Haley, D, Miller, W, Floyd, K, Urba, WJ and Walker, E (2006). Polychromatic
Med 348:203-213. flow cytometry: a rapid method for the reduction and analysis of complex

14. Tougeron, D, Fauquembergue, E, Rouquette, A, Le Pessot, F, Sesboli¢, R, Laurent, M et multiparameter data. Cytometry A 69:1162-1173.
al. (2009). Tumor-infiltrating lymphocytes in colorectal cancers with microsatellite 41. Maecker, HT, McCoy, JP and Nussenblatt, R (2012). Standardizing immunophenotyping
instability are correlated with the number and spectrum of frameshift mutations. Mod for the Human Immunology Project. Nat RevImmunol 12: 191-200.

Pathol 22:1186-1195. 42. Newell, EW, Sigal, N, Bendall, SC, Nolan, GP and Davis, MM (2012). Cytometry by time-

15. Le, DT, Uram, JN, Wang, H, Bartlett, BR, Kemberling, H, Eyring, AD et al. (2015). PD-1 of-flight shows combinatorial cytokine expression and virus-specific cell niches withina
Blockade in Tumors with Mismatch-Repair Deficiency. N Engl J Med 372: 2509-2520. continuum of CD8+ T cell phenotypes. Immunity 36: 142-152.

16. Moon, EK, Wang, LC, Dolfi, DV, Wilson, CB, Ranganathan, R, Sun, J et al. (2014). 43. Maude, SL, Teachey, DT, Porter, DL and Grupp, SA (2015). CD19-targeted chimeric antigen
Multifactorial T-cell hypofunction that is reversible can limit the efficacy of chimeric receptor T-cell therapy for acute lymphoblastic leukemia. Blood 125: 4017-4023.
antigen receptor-transduced human T cells in solid tumors. Clin Cancer Res 20: 44. Grupp, SA, Kalos, M, Barrett, D, Aplenc, R, Porter, DL, Rheingold, SR et al. (2013). Chimeric
4262-4273. antigen receptor-modified T cells for acute lymphoid leukemia. N Engl J Med 368:

17.Long, AH, Haso, WM, Shern, JF, Wanhainen, KM, Murgai, M, Ingaramo, M et al. (2015). 1509-1518.
4-1BB costimulation ameliorates T cell exhaustion induced by tonic signaling of chimeric 45. Teachey, DT, Rheingold, SR, Maude, SL, Zugmaier, G, Barrett, DM, Seif, AE et al. (2013).
antigen receptors. Nat Med 21: 581-590. Cytokine release syndrome after blinatumomab treatment related to abnormal

18. Restifo, NP, Dudley, ME and Rosenberg, SA (2012). Adoptive immunotherapy for cancer: macrophage activation and ameliorated with cytokine-directed therapy. Blood 121:
harnessing the T cell response. Nat RevImmunol 12: 269-281. 5154-5157.

19. Kershaw, MH, Westwood, JA and Darcy, PK (2013). Gene-engineered T cells for cancer 46. Maus, MV, Haas, AR, Beatty, GL, Albelda, SM, Levine, BL, Liu, X et al. (2013). T cells
therapy. Nat Rev Cancer 13: 525-541. expressing chimeric antigen receptors can cause anaphylaxis in humans. Cancer

20. Batlevi, CL, Matsuki, E, Brentjens, RJ and Younes, A (2016). Novel immunotherapies in Immunol Res 1:26-31.
lymphoid malignancies. Nat Rev Clin Oncol 13: 25-40. 47. Davila, ML, Riviere, |, Wang, X, Bartido, S, Park, J, Curran, K et al. (2014). Efficacy and toxicity

21. Topp, MS, Gékbuget, N, Stein, AS, Zugmaier, G, O'Brien, S, Bargou, RC et al. (2015). Safety management of 19-28z CART cell therapy in B cell acute lymphoblastic leukemia. Sci
and activity of blinatumomab for adult patients with relapsed or refractory B-precursor Trans| Med 6:224ra25.
acute lymphoblastic leukaemia: a multicentre, single-arm, phase 2 study. Lancet Oncol 48.Till, BG, Jensen, MC, Wang, J, Qian, X, Gopal, AK, Maloney, DG et al. (2012). CD20-specific
16:57-66. adoptive immunotherapy for lymphoma using a chimeric antigen receptor with both

22. Liddy, N, Bossi, G, Adams, KJ, Lissina, A, Mahon, TM, Hassan, NJ et al. (2012). Monoclonal CD28 and 4-1BB domains: pilot clinical trial results. Blood 119:3940-3950.
TCR-redirected tumor cell killing. Nat Med 18: 980-987. 49.Klinger, M, Brandl, C, Zugmaier, G, Hijazi, Y, Bargou, RC, Topp, MS et al. (2012).

23. Jena, B, Maiti, S, Huls, H, Singh, H, Lee, DA, Champlin, RE et al. (2013). Chimeric antigen Immunopharmacologic response of patients with B-lineage acute lymphoblastic
receptor (CAR)-specific monoclonal antibody to detect CD19-specific T cells in clinical leukemia to continuous infusion of T cell-engaging CD19/CD3-bispecific BITE antibody
trials. PLoS One 8:€57838. blinatumomab. Blood 119:6226-6233.

24.Kalos, M, Levine, BL, Porter, DL, Katz, S, Grupp, SA, Bagg, A et al. (2011). T cells with 50. Das, R, Verma, R, Sznol, M, Boddupalli, CS, Gettinger, SN, Kluger, H et al. (2015).
chimeric antigen receptors have potent antitumor effects and can establish memory in Combination therapy with anti-CTLA-4 and anti-PD-1 leads to distinct immunologic
patients with advanced leukemia. Sci Trans/ Med 3: 95ra73. changes in vivo. JImmunol 194: 950-959.

Official journal of the American Society of Gene & Cell Therapy Molecular Therapy — Oncolytics (2016) 16009



pg)

High-content molecular profiling of T-cell therapy in oncology
R Novosiadly and M Kalos

6

51. Feng, Z, Puri, S, Moudgil, T, Wood, W, Hoyt, CC, Wang, C et al. (2015). Multispectral imaging
of formalin-fixed tissue predicts ability to generate tumor-infiltrating lymphocytes from
melanoma.JImmunother Cancer 3: 47.

. Fridman, WH, Pages, F, Sautés-Fridman, C and Galon, J (2012). Theimmune contexture in
human tumours: impact on clinical outcome. Nat Rev Cancer 12: 298-306.

. Tavaré, R, McCracken, MN, Zettlitz, KA, Knowles, SM, Salazar, FB, Olafsen, T et al. (2014).
Engineered antibody fragments forimmuno-PET imaging of endogenous CD8+ T cells
invivo. Proc Natl Acad Sci USA 111:1108-1113.

54, Tavaré, R, Escuin-Ordinas, H, Mok, S, McCracken, MN, Zettlitz, KA, Salazar, FB et al. (2016).
An effective immuno-PET imaging method to monitor CD8-dependent responses to
immunotherapy. Cancer Res 76: 73-82.

. Abate-Daga, D, Hanada, K, Davis, JL, Yang, JC, Rosenberg, SA and Morgan, RA (2013).
Expression profiling of TCR-engineered T cells demonstrates overexpression of multiple
inhibitory receptors in persisting lymphocytes. Blood 122: 1399-1410.

56. Taube, JM, Young, GD, McMiller, TL, Chen, S, Salas, JT, Pritchard, TS et al. (2015). Differential
expression of immune-regulatory genes associated with PD-L1 display in melanoma:
implications for PD-1 pathway blockade. Clin Cancer Res 21:3969-3976.

57.Ji,RR, Chasalow, SD, Wang, L, Hamid, O, Schmidt, H, Cogswell, J et al. (2012). Animmune-
active tumor microenvironment favors clinical response to ipilimumab. Cancer Immunol
Immunother 61:1019-1031.

58. Rooney, MS, Shukla, SA, Wu, CJ, Getz, G and Hacohen, N (2015). Molecular and genetic
properties of tumors associated with local immune cytolytic activity. Cell 160: 48-61.

59. Klebanoff, CA, Rosenberg, SA and Restifo, NP (2016). Prospects for gene-engineered
T cellimmunotherapy for solid cancers. Nat Med 22: 26-36.

60. Tran, E, Turcotte, S, Gros, A, Robbins, PF, Lu, YC, Dudley, ME et al. (2014). Cancer
immunotherapy based on mutation-specific CD4+ T cells in a patient with epithelial
cancer. Science 344: 641-645.

61. Yadav, M, Jhunjhunwala, S, Phung, QT, Lupardus, P, Tanguay, J, Bumbaca, S et al. (2014).
Predicting immunogenic tumour mutations by combining mass spectrometry and
exome sequencing. Nature 515:572-576.

5

N

5

w

5

(o]

Molecular Therapy — Oncolytics (2016) 16009

62. Kreiter, S, Vormehr, M, van de Roemer, N, Diken, M, Léwer, M, Diekmann, J et al. (2015).
Mutant MHC class Il epitopes drive therapeutic immune responses to cancer. Nature
520:692-696.

63. Snyder, A, Makarov, V, Merghoub, T, Yuan, J, Zaretsky, JM, Desrichard, A et al. (2014).
Genetic basis for clinical response to CTLA-4 blockade in melanoma. N EnglJ Med 371:
2189-2199.

64. Van Allen, EM, Miao, D, Schilling, B, Shukla, SA, Blank, C, Zimmer, L et al. (2015). Genomic
correlates of response to CTLA-4 blockade in metastatic melanoma. Science 350:
207-211.

65. Rizvi, NA, Hellmann, MD, Snyder, A, Kvistborg, P, Makarov, V, Havel, JJ etal. (2015). Cancer
immunology. Mutational landscape determines sensitivity to PD-1 blockade in non-
small cell lung cancer. Science 348:124-128.

66. Sivan, A, Corrales, L, Hubert, N, Williams, JB, Aquino-Michaels, K, Earley, ZM et al. (2015).
Commensal Bifidobacterium promotes antitumor immunity and facilitates anti-PD-L1
efficacy. Science 350: 1084-1089.

67. Vétizou, M, Pitt, JM, Daillére, R, Lepage, P, Waldschmitt, N, Flament, C et al. (2015).
Anticancer immunotherapy by CTLA-4 blockade relies on the gut microbiota. Science
350:1079-1084.

68. Sotillo, E, Barrett, DM, Black, KL, Bagashev, A, Oldridge, D, Wu, G et al. (2015). Convergence
of Acquired Mutations and Alternative Splicing of CD19 Enables Resistance to CART-19
Immunotherapy. Cancer Discov 5: 1282-1295.

This work is licensed under a Creative Commons Attribution 4.0
International License. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in
the credit line; if the material is not included under the Creative Commons license, users will
need to obtain permission from the license holder to reproduce the material. To view a copy
of this license, visit http://creativecommons.org/licenses/by/4.0/

Official journal of the American Society of Gene & Cell Therapy



