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The rationale behind cancer immunotherapy is based on the unequivocal demonstration
that the immune system plays an important role in limiting cancer initiation and
progression. Adoptive cell therapy (ACT) is a form of cancer immunotherapy that
utilizes a patient’s own immune cells to find and eliminate tumor cells, however, donor
immune cells can also be employed in some cases. Here, we focus on T lymphocyte
(T cell)-based cancer immunotherapies that have gained significant attention after initial
discoveries that graft-versus-tumor responses were mediated by T cells. Accumulating
knowledge of T cell development and function coupled with advancements in genetics
and data science has enabled the use of a patient’s own (autologous) T cells for ACT (TIL
ACTs). In TIL ACT, tumor-infiltrating lymphocytes (TILs) are collected from resected tumor
material, enhanced and expanded ex-vivo, and delivered back to the patient as
therapeutic agents. ACT with TILs has been shown to cause objective tumor
regression in several types of cancers including melanoma, cervical squamous cell
carcinoma, and cholangiocarcinoma. In this review, we provide a brief history of TIL
ACT and discuss the current state of TIL ACT clinical development in solid tumors. We
also discuss the niche of TIL ACT in the current cancer therapy landscape and potential
strategies for patient selection.

Keywords: tumor infiltrating lymphocyte (TIL), cell therapy, immunotherapy, response biomarkers, toxicity,
adoptive cell therapy (ACT), T-lymphocytes
INTRODUCTION

Cancers develop within the complex tissue microenvironment consisting of diverse cells including
innate and adaptive immune cells. There are dynamic interactions between tumor cells and cells of
the immune system. Effective anti-tumor immunity leads to tumor clearance, however, in certain
instances, tumor cells develop strategies to evade tumor immunosurveillance and multiply
uncontrolled (1–7).

Adoptive cell transfer (ACT) is a cell-based therapy that uses either the patient’s own (autologous
transfer) or a donor’s (allogeneic transfer) immune cells to improve immune function. Immune cells
can be modified and/or expanded ex vivo before they are infused back into patients as therapeutic
agents. In cancer therapy, ACT strategies have been developed to overcome hypo-responsiveness of
the immune system to the tumor and to boost anti-tumor immunity. Immune subtypes delivered by
ACT can include dendritic cell (DC)-, natural killer (NK)-, and T lymphocyte (T)- cell-based
immunotherapies, each of which is at various stages of pre-clinical and clinical development (8–18).
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Here, we will focus on T cell based ACT wherein a patient’s
tumor-infiltrating T cells (TILs) are manipulated ex vivo and re-
infused back into the patient.
HISTORY OF TIL ACT

Premise
The discovery of graft-versus-tumor responses (19–25) and
subsequent demonstration of the key role played by T cells in
this process have motivated exploration of the role of T cells in
anti-tumor immunity (26, 27) (Figure 1). Since graft-versus-
tumor responses were often accompanied by dominant graft-
versus-host disease (GVHD) in experimental models, direct
assessment of graft-versus-tumor responses were not initially
feasible in humans. The landmark achievement in the field that
demonstrated the viability of adoptive transfer was the discovery
that immune lymphocytes could treat primary fibrosarcoma in
rats (28) and autologous or allogenic leukocytes could generate
potent anti-tumor responses in human studies (24, 29).

IL-2
Rosenberg and colleagues discovered that lymphocytes grown in
the presence of IL-2 were capable of lysing fresh syngeneic or
autologous tumors while sparing normal cells (36–40). In
addition, experimental models demonstrated that either high
dose injection of IL-2 alone, adoptive transfer of ex vivo cultured
lymphocytes, or concurrent IL-2 and lymphocyte administration
could deliver potent anti-tumor activity (30–32, 41–45). In
human studies, concurrent administration of lymphocytes
raised in IL-2 and systemic IL-2 treatment resulted in complete
Frontiers in Immunology | www.frontiersin.org 2
and durable tumor regression of metastatic melanoma tumors in
a subset of patients (44).

TILs
In early studies, T lymphocytes for ACTs were obtained from a
patient’s peripheral blood by repeated lymphocytaphereses.
Rosenberg’s group was the first to utilize TILs for ACT based
upon the reasoning that TILs would be enriched for tumor-
reactive T cells. Notably, adoptive transfer of IL-2-expanded TILs
was 50 to 100 times more effective than IL-2-expanded
lymphocytes from peripheral blood in mediating regression of
established lung and liver tumors in mice (33). Human TILs
grown from resected melanomas in the presence of recombinant
IL-2 showed high potency against autologous melanomas (46).
Remarkably, TILs could be expanded with high efficiency (about
95,652-fold; Figure 2) while maintaining robust anti-tumor
cytotoxic functions (46). Using adoptive transfer of ex vivo
generated autologous TILs, an objective response rate of 34%
was observed in initial clinical trials in patients with metastatic
melanoma (34). However, the median response rate was only 4
months even though several patients showed complete
responses (34).

Lymphodepletion
Another cornerstone event in the T cell ACT history was the
discovery that lymphodepletion can provide a substantial
increase in the persistence of transferred T cells in vivo.
Specifically, a lymphodepletion preparative regimen consisting
of 60mg/kg of cyclophosphamide for 2 days and 25 mg/m2 of
fludarabine administered for 5 days prior to ACT increased both
the rate and the duration of clinical response in patients with
metastatic melanoma (Figure 2) (35). Among 93 patients
FIGURE 1 | Landmark discoveries that aided the development of T cell based ACTs.
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recruited, 20 (22%) exhibited complete tumor regression, 19 of
whom were in complete remission 3 years after treatment (35).

The cellular and molecular mechanisms whereby
lymphodepletion regimens enhanced functions of infused TILs
are still being sought out. In mouse models and in humans,
lymphodepletion prior to cell transfer showed manifold
improvement in the effectiveness of ACTs through enhanced
persistence of transferred cells (48). Studies incorporating the
lymphodepletion regimen documented enriched CD8 T cells in
the patient’s peripheral blood (48, 49). Lymphodepletion has
been shown to induce cytokines IL-7 and IL-15, both of which
are involved in homeostasis of T cells and promote the expansion
of transferred T cells in the absence of endogenous lymphocytes
(50, 51). Insights gained from mouse studies suggest that
lymphodepletion could enhance the efficacy of TILs through
elimination of immunosuppressive cells such as myeloid derived
suppressor cells (MDSCs) and FoxP3+ regulatory T cells (Tregs)
(52, 53). In human studies and clinical studies, reappearance of
FoxP3+ inhibitory T cells after lymphodepletion was inversely
Frontiers in Immunology | www.frontiersin.org 3
correlated with clinical response to ACTs (53). Lymphodepletion
regimens have also been proposed to provide microbial-derived
adjuvants, such as toll-like receptor ligands, through
mobilization of microbiota and persistence and expansion of
both TILs (54) and T cells engineered with chimeric antigen
receptor (CAR-T cells) (55). Gaining further mechanistic
insights will lead to better combinatorial approaches with
ACTs to induce robust tumor-specific immunity.
CONSIDERATIONS OF TIL COMPOSITION

It has been recently shown that the composition and the
phenotypes of TILs used for ACT play an important role in
determining the therapeutic outcome. In cancer immunotherapy,
both CD8 and CD4 T cells play a role in tumor rejection,
although, the field has focused more on understanding anti-
tumor cytotoxicity mediated by CD8 T cells (56–59). For
instance, MHC class 2 (MHCII) antigen HLA-DQ O6-restricted
FIGURE 2 | General scheme for the expansion of naturally occurring TILs for use in ACTs: Protocol for the expansion of TILs for clinical use has been described in
detail (15, 47). Under anesthesia, tumors are excised from patients and cut into small pieces or digested enzymatically to obtain single cell suspensions (15, 47).
Tumor fragments are grown individually in high dose IL-2 (6000 IU/mL). Under the influence of IL-2, cytotoxic lymphocytes overgrow and kill tumors within 2-3 weeks
(15). Cytotoxicity of pure lymphocyte cultures are tested by co-culturing IL-2 primed lymphocytes and tumor cells. Individual cultures with high toxicity against target
tumors can be rapidly expanded in the presence of irradiated feeder lymphocytes, an antibody targeting the epsilon subunit within the human CD3, and IL-2. Using
this approach, Rosenberg and colleagues harvested approximately 1011 lymphocytes in approximately 5-6 weeks for infusion into patients. In later studies, a
lymphodepletion preparative regimen consisting of 60mg/kg cyclophosphamide for 2 days and 25 mg/m2

fludarabine administered for 5 days demonstrated
remarkable outcome in effectiveness of ACTs. Patients were infused with cells and IL-2 at 720,000 IU/kg to tolerance after lymphodepletion (15).
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CD4 T cells, which recognize the ERBB2IP mutation, were
i d en t ifi ed in T IL cu l t u r e s f r om a pa t i en t w i t h
cholangiocarcinoma. While bulk TILs did not show any
objective clinical response, TILs enriched to contain more than
95% ERBB2IP mutation-reactive CD4 T cells induced dramatic
regression of liver and lung metastasis (56). Similarly, adoptive
transfer of interleukin-17 (IL-17) producing T helper 17 (Th17)
cells was shown to induce durable anti-tumor immunity
suggesting that polarization of CD4 T cells plays an important
role in determining anti-tumor immunity (60). Also, long term
response in a patient adoptively transferred with TILs correlated
to expansion and persistence of CD4 T cells directed against
tumor specific mutation BRAFV600E (58). Additional evidences
highlight the key roles played by CD4 T cells beyond their role in
providing help to CD8 T cells. When CD8 T cells were depleted
from melanoma, TILs and the remaining T cells (median 89%
CD4 T cell composition assessed by flow cytometry) were assayed
for tumor reactivity; about 20% showed tumor reactivity as
assessed by IFNg production (61). Blocking MHC class 2
(MHCII) with anti-HLA-DR antibodies specifically blocked
IFNg production suggesting these responses were generated by
CD4 T cells (61). More recently, lung TILs expanded fromNSCLC
patients were found to consist of a higher number of CD4 T cells
when compared to melanoma TILs that are enriched for CD8
TILs (62). Overall, these data suggest that inclusion of CD4 and
CD8 T cells that recognize tumor antigens presented by major
histocompatibility class II (MHCII) and MHCI may be a good
therapeutic strategy to generate effective TIL ACT products,
which is a term for expanded and activated TILs ready for
infusion into a patient.
TIL SELECTION BASED ON
CELL PHENOTYPE

Only a fraction of TILs (approximately 30%) are tumor reactive.
Selecting for tumor reactive TILs can significantly reduce culture
time and minimize the number of infused cells. Expression of
PD-1 was found to be high on melanoma reactive TILs and PD-1
positive TILs showed enhanced tumor reactivity compared to
PD-1 negative TILs (63). Expression of CD137/4-1BB, a CD8 T
cell activation marker, was used to select tumor reactive TILs
from melanoma patients. Bead sorted or FACS sorted CD137
cells showed enhanced tumor reactivity compared to unselected
TILs (64). Recently, sorting and expansion of CD137 TILs has
been achieved in a large scale manner meeting GMP
requirements for infusion into patients (65). Also, CD8+PD-
1+CD103+ tissue-resident memory (TRM) T cells subpopulation
are associated with better survival outcomes in many solid
tumors owing to their enhanced capacity to home to tumors
due to the expression of integrins on their cell surface (66–68). A
subset of exhausted T cells known to express the transcription
factor TCF1 are known to possess self-renewing properties and
long term maintenance of persistent T-cell responses in different
solid tumors (69–73). Also, there are efforts to isolate tumor
reactive T cells with high expression of co-stimulatory molecules
Frontiers in Immunology | www.frontiersin.org 4
such 4-1BB or OX-40 or metabolically “fit” T cells as it is
expected to reduce loss of anti-tumor function during
expansion in IL-2 culture conditions (57, 74–76). In addition
to the inclusion of diverse T cell subsets, another factor
associated with TIL persistence is the presence of stem-like
cells. A recent study demonstrated that a minor population of
a memory-progenitor CD8 T cell with stem-like phenotype
(CD39-CD69-) is responsible for complete cancer regression
and TIL persistence. The authors linked the superior responses
to ACT containing stem-like T cells with their ability to self-
renew in vivo (73).
TAILORING TIL ACT TO TARGET
TUMOR ANTIGENS

Unselected TIL products are comprised of tumor-derived T cells
with diverse specificities. While in comparison to circulating T
cells TILs are enriched with tumor-specific T cells, they also
contain non-specific cells. As a result, not all T cells within TIL
ACT products are expected to have potent tumor reactivity.
This is especially relevant for tumors that are not highly distinct
from the patient’s normal tissue in terms of their antigen profiles.
Indeed, tumors with low levels of unique antigens are likely to
contain low levels of tumor-specific TILs and, therefore, may
give rise to TIL ACT products with suboptimal efficacy.
Identification and selective expansion of T cells with a pre-
defined specificity towards unique tumor antigens is a promising
strategy to increase the chances of successful ACT in such
individuals. There are several strategies that are currently
in clinical development to identify tumor-associated antigens
and generate personalized ACT products for superior
tumor control.

TIL ACT Targeting Tumor Neoantigens
Perhaps the most advanced strategy to personalize TIL ACT is to
identify and expand TILs with TCRs specific towards tumor
neoantigens. Tumors often exhibit unique alterations in their
DNA such as single nucleotide changes, and insertions and
deletions that accumulate in the tumors and lead to frameshift
and structural variants. Neoantigens are the protein products of
the altered genes that are processed and presented by MHC
molecules that are capable of eliciting T cell responses [See (77,
78) for reviews]. Due to the fact that cancer neoantigens
constitute “non-self”, T cells recognizing neoantigens that arise
in the thymus will escape host central tolerance mechanisms that
eliminate autoreactive T cells. Since neoantigens have restricted
expression in tumors, neoantigen-specific T cells are not likely to
generate “on target, off tumor” toxicities. Finally, generation of
neoantigen-specific T cells is a stochastic event. Not all random
mutations affect protein-coding regions and not all mutated
proteins can be recognized by T cells. The more somatic
mutations a given tumor has, the greater the likelihood of that
tumor possessing neoantigens and responding to agents that
stimulate endogenous anti-tumor immunity (79–81). With an
appropriate production pipeline, even a small number of T cells
June 2021 | Volume 12 | Article 690499
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specific to scarce tumor neoantigens can be expanded for
therapeutic application. Based on these considerations, ACT
with TILs enriched with neoantigen-specific T cells is an
attractive therapeutic option, especially for tumors with a low
mutational burden.

Efforts to isolate neoantigen-specific T cells from TILs have
gained pace after recognition that neoantigen-specific T cells play
a critical role in maintaining durable responses following TIL
ACT. Huang et al., found that T cells in patients that exhibited
regression of multiple metastatic melanoma lesions consisted of
clones that recognized frameshifted products of the tumor
suppressor gene CDKN2A and a mutated HLA class I gene
product (82). Zhou et al. reported recognition of mutated growth
arrest-specific gene 7 (GAS7) and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) gene products in another patient that
showed complete regression of all metastatic lesions in lungs and
soft tissues following TIL therapy (83). This study found at least
six clonotypes that persisted in peripheral blood for months
following therapy using direct sequencing analysis of T cell
receptor beta chain (TCRb), including those recognizing GAS7
and GAPDH (83). Several other reports have emerged that
demonstrated the vital contribution of tumor neoantigen-
specific T cells clones in maintaining durable anti-tumor
responses (84–88).

Initial studies utilized autologous tumor cell cDNA libraries
for screening neoantigen-specific T cells. These approaches were
cumbersome and impeded the progress of neoantigen discovery
and application (82, 83, 89). Later, Rosenberg and colleagues
devised a conceptually new strategy outlined in Figure 3 that did
not require the laborious cDNA library screens (85). In this
approach, comparative analysis of NGS exome sequencing data
of tumor and healthy tissue was used for identification of
mutated proteins. Expression of mutated proteins was
measured by RNAseq of tumor tissue. Using a major
histocompatibility complex-binding algorithm, putative T cell
epitopes were identified, synthesized, and then evaluated for
recognition by TILs. This filtering approach significantly reduced
the number of candidate neoantigens for T cell reactivity assays
(85). Several other studies also demonstrated that cancer genome
data obtained from NGS exome sequencing of tumors from mice
and humans could be used for discovery of putative neoantigens
and as an assay of T cell reactivity against these neoantigens (77,
78, 85, 90–92). Using these approaches, neoantigens and T cell
reactivity to these neoantigens have been identified in a variety of
cancers including NSCLC, ovarian cancer, squamous cell
carcinoma of the head and neck, cholangiocarcinoma, and
colorectal cancer (56, 81, 88, 93, 94). Recently, researchers have
demonstrated that tandem minigen (TMG) libraries encoding
putative neoantigens could be utilized to screen for therapeutic
TILs and identification of neoantigen-specific T cells (87–89).

Once neoantigen-specific T cells are identified, they can be
further purified using flow cytometers (89) and expanded ex vivo
using a strategy described in Figure 2. Transfer of neoantigen-
specific CD4 T and CD8 T cells enriched from TIL cultures and
selected on the basis of high reactivity against neoantigens, has
shown complete and partial responses that were durable in
Frontiers in Immunology | www.frontiersin.org 5
patients with metastatic cholangiocarcinoma (56), colorectal
cancer (93), and breast cancer (95). However, in other studies,
neoantigen-specific T cells derived from TIL cultures from
patients with metastatic gastrointestinal cancers have shown
limited clinical responses (96).

One potential factor contributing to poor efficacy of TIL-
derived neoantigen-specific T cells is the irreversible hypo-
responsiveness of tumor-infiltrating T cells induced by the
suppressive tumor microenvironment. An alternative strategy
that has been explored to produce effective ACT therapies is to
activate naïve tumor-specific T cells ex vivo or generate
neoantigen-specific T cells de novo by means of TCR genetic
engineering. The latter approach of ACT with TCR-engineered T
cells has been described in detail elsewhere (18, 97, 98). An
example of the first approach comes from the study by Verdegaal
et al. In this study, autologous melanoma cell lines were cultured
with autologous peripheral blood cells to activate and expand
tumor-specific T cells (99). Analysis of infused batches of tumor-
specific T cells revealed the presence of polyclonal tumor-
reactive CD8 T and CD4 T cells. Out of ten patients infused
with the resulting product, one experienced a complete response,
one had a partial response, and three patients exhibited disease
stabilization (99). This suggests that autologous PBMC could be
a viable source of neoantigen-specific T cells for ACTs.
Currently, efforts are being made to develop efficient strategies
for the isolation of neoantigen-specific T cells and their rapid
expansion that could further aid ACTs with neoantigen-specific
T cells (56, 100, 101).

TIL ACT Targeting Cancer/Testis Antigens
and Proteins Overexpressed by Tumor
Another strategy explored to enhance tumor specificity of T cells
ACT products is to target them towards cancer/testis antigens.
Cancer/testis antigens are a group of proteins that are normally
expressed in immune-privileged tissues, such as testicular germ cells
and placental trophoblasts, but not in adult somatic cells. Some
malignant tumors re-express cancer/testis antigens presenting an
opportunity for developing immunotherapies targeting these
molecules [see (102–104) for dedicated reviews]. Unlike tumor
neoantigens that are unique in each patient, cancer/testis antigens
are shared, offering a more streamline production process. As
reviewed by Whitehurst et al, 70% of metastatic melanomas
express MAGEA-1-4, 70% of ovarian tumors express ACRBP,
and 46% of breast cancers express NY-ESO-1 (105). Adoptive
transfer of T cells engineered to express NY-ESO-1-specific T-cell
receptors have been tested in melanoma and synovial sarcoma with
response rates as high as 45% and 67%, respectively (106). In
addition, another study reported tumor regression in 5 out of 9
melanoma patients treated with autologous anti-MAGE-A3 TCR-
engineered T cells. However, neurologic toxicity was also
reported (107).

Distinct tumor types can display high levels of certain
normal non-mutated proteins. For example, tumors
produced by melanocytic cells, including cutaneous and uveal
melanomas, express high levels of proteins involved in the
melanin biosynthesis pathway, such as MART-1 and gp100.
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However, normal non-malignant melanocytes also highly
express these proteins. Not surprisingly, clinical development
of ACTs targeting melanoma lineage markers had limited
success. For example, ACT with peripheral T cells engineered
to express TCRs with high affinity for MART-1 and gp100
targeted not only tumor cells, but also normal melanocytes in
the eye and ear. This led to uveitis and hearing loss (108). Even
though the efficacy of ACT targeting melanocyte markers is
promising, causing cancer regression in 30% of tested subjects,
substantial on target toxicities need to be addressed for further
development of these strategies. For a more detailed review on
identification and immunotherapeutic targeting of diverse tumor
antigens, please see the review by Leko et al. (109).
Frontiers in Immunology | www.frontiersin.org 6
CURRENT STATE OF TIL ACT
CLINICAL DEVELOPMENT

To date there have been many TIL ACT studies completed and
some demonstrated encouraging results. Based on reported data, the
most prominent anti-tumor activity of TIL ACT is seen in
melanoma patients. This is well illustrated by a systematic review
and meta-analysis study performed by Dafni et al. (110). Authors
analyzed 13 clinical studies of TIL ACT combined with IL-2
administration, including 7 studies where high dose IL-2 was
used. Studies were conducted within the 2005-2016 period. High
dose IL-2 and TIL ACT produced better response rates when
compared to low dose IL-2. Based on combined data from seven
FIGURE 3 | A schematic of neoantigen discovery pipeline: Using next generation exome sequencing, exome sequences of healthy cells and tumor cell are obtained
and comparative analysis results in identification of tumor associated mutations. RNA sequencing of the tumor ascertains expressed tumor variants. Appropriate in
silico methods such as prediction of peptide binding to the patient’s MHC haplotypes, peptide cleavage products generated by proteosome etc. are applied to
predict putative neoantigens. Use of mass spectrometry analysis of MHC-associated peptides in tandem with an in silico approach could greatly aid neoantigen
prediction/discovery. Putative neoantigens are synthesized and screened for eliciting neoantigen specific T cell responses through multimer based screen or cytokine
induction by peptide stimulation.
June 2021 | Volume 12 | Article 690499
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individual studies with 332 patients in total, the average objective
response rate for TIL ACT and high IL-2 therapy was 44%.
Complete responses that were durable were reported in 49 patients.

While TIL ACT has not yet received an FDA approval for the
treatment of solid tumors, it is in active clinical development. A
number of clinical trials have reported encouraging results. The
commercial autologous TIL product lifileucel (LN-145, LN-144
and LN-145-S1), developed by Iovance Biotherapeutics, is in phase
II clinical development for patients with unresectable or metastatic
melanoma, recurrent or metastatic head and neck squamous cell
carcinoma (HNSCC), recurrent or metastatic non-small cell lung
cancer (NSCLC), or relapsed or refractory NSCLC. The
manufacturing process disclosed by the company is relatively
simple. Surgically resected tumor cells are shipped to the central
manufacturing facility where they are fragmented and cultured in
the presence of IL-2 to allow TIL to egress from the tumor and
expand to approximately 109–1011 cells per culture. Next, the TIL
are washed, placed in the infusion bags and cryopreserved. The
data from 66 heavily pretreated melanoma patients were presented
at the 2020 American Society of Clinical Oncology (ASCO)
Annual Meeting. The study recruited patients that progressed
on multiple prior therapies including immune checkpoint
blockade and BRAF inhibition, and who also exhibited high
tumor burden, with many having liver and brain lesions.
Remarkably, an overall response rate of 36.4% was achieved
after a single infusion of lifileucel along with lymphodepletion
and an IL-2 regimen (111). To put this into perspective,
chemotherapy is the only treatment option currently available
for the patient population enrolled in this trial. Chemotherapy is
effective only in 10% of patients, and responses are typically of
short duration.

Another TIL product developed by Iovance, LN-145,
demonstrated promising preliminary efficacy results in 27
patients with advanced cervical cancer who have undergone at
least one prior line of chemotherapy. As per a report at ASCO
2019, there was a 44% objective response rate observed, which
included 1 complete response and 9 partial responses. In contrast,
the objective response rate of approved second line chemo- and
immunotherapies for these patients falls within the 4-14% range
(112). Not surprisingly, the FDA has granted Breakthrough
Therapy designation to LN-145 in recurrent, metastatic, or
persistent cervical cancer with disease progression on or after
chemotherapy. Breakthrough Therapy designation is designed to
expedite the development of emerging therapeutics in the case
where preliminary clinical evidence indicates that the drug may
offer substantial improvement over available therapies. If the
preliminary efficacy of lifileucel and LN-145 holds in larger
cohorts and the responses are durable, we may expect an FDA
approval of TIL ACT for solid tumors in the near future.

There is some clinical evidence suggesting that TIL ACT may be
effective in patients with tumors other than melanoma and cervical
cancer. Preliminary results of a phase I clinical trial that evaluated
TIL ACT for metastatic NSCLC were very encouraging (113). In
this study TILs were successfully expanded in 95% of patients. A
total of 20 patients were enrolled and 13 of them showed evidence
of progression on nivolumab therapy. Patients received
Frontiers in Immunology | www.frontiersin.org 7
cyclophosphamide/fludarabine lymphodepletion therapy followed
by ACT with TIL and IL-2. Tumor regression was noted in a
majority of patients after administration of TILs (median time-on-
trial post TIL was 1.4 years). Two patients achieved durable clinical
responses which were ongoing 1-year post-TIL administration.

In addition, case reports indicated durable remission after TIL
ACT in patients with metastatic breast cancer (95), metastatic
colorectal cancer (93), and metastatic cholangiocarcinoma (56).
There are many TIL ACT clinical studies recruiting patients as of
03/12/2021, including trials in biliary tract cancers (NCT03801083),
metastatic uveal melanoma (NCT03467516), gynecologic tumors
(NCT04766320), pretreated metastatic triple negative breast cancer
(NCT04111510), non-small-cell lung cancer (NCT04614103),
colorectal cancer (NCT03904537), ovarian cancer (NCT04072263),
cervical carcinoma (NCT04443296), relapsed or refractory
ovarian cancer, anaplastic thyroid cancer, osteosarcoma, or other
bone and soft tissue sarcomas (NCT03449108), and others.
THE NICHE FOR TIL ACT IN THE
CURRENT LANDSCAPE OF CANCER
IMMUNOTHERAPY

Currently, there are pivotal TIL ACT trials ongoing in melanoma
and cervical cancer. The results of these trials will guide the FDA
decision on the approval of this treatment for clinical use. If we
are to keep an optimistic outlook, it may be a good time to think
about how TIL ACT will fit into the current cancer treatment
toolset (Figure 4).

The field of solid tumor immunotherapy is dominated by the
immune checkpoint blockade (ICB) agents. Melanomas are among
the malignancies that are most responsive to ICB. ICB therapies
stimulate anti-tumor T lymphocytes by blocking the interactions
between inhibitory immune checkpoint ligands and their receptors,
such as CTLA-4 and PD-L1 (114). The rate of response to anti-PD-
1 therapy alone is about 40% and about 60% for anti-PD-1 and anti-
CTLA4 combined. For instance, in the phase III CheckMate 067,
the rate of objective response was 43.7% for nivolumab alone and
57.6% for nivolumab plus ipilimumab (93). In many cases the
responses are durable. The ICB therapy can induce severe toxicities
in some patients, however, the understanding and management of
these toxicities has significantly improved since these drugs have
been used to treat cancer patients for over a decade. The average
reported response rates to TIL ACT in melanoma is 43% (110),
which is comparable to anti-PD-1 but lower than that with anti-
PD1 and anti-CTLA4 combined. There are also logistical challenges
associated with TIL ACT that do not compare favorably to ICB. ICB
agents are universal and ubiquitously available. Therefore, patients
can begin treatment as soon as there is a medical need for it. In
contrast, TIL products need to be custom made for an individual
patient. This process requires a specialized GMP-compliant facility,
skilled personnel, and it takes time. Currently, the fastest TIL
production of 22 days has been achieved by Iovance. Other
groups report a minimum 6-8-week production time. This time
can be significantly longer if selection of tumor-specific or tumor-
neoantigen-specific TILs is performed. This would be an issue for
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patients with aggressive metastatic cancers that may not have much
time to spare waiting for a custom therapy. Furthermore, the costs
of TIL ACT significantly exceed that of ICB.

Considering the aforementioned factors, one rational option
is to use TIL ACT as a second line therapy in patients who
received ICB and were not responsive or acquired resistance. The
success of this approach was demonstrated by a number of trials
in melanoma patients heavily pre-treated with immunotherapy
and other therapies where objective and often durable responses
were achieved in about 20-30% of patients (35, 110, 115–117).

Another potential opportunity for introducing TIL ACT into
the clinic is to offer it to patients who are not likely to respond to
immune checkpoint blockade. There has been tremendous
progress in the field of ICB response biomarkers in recent years,
fueled by a growing pool of clinical specimens from patients
treated with ICB, advancements in –omics technologies, and the
increase of computational power and machine learning
capabilities necessary for mining high content data. As a result,
clinicians can predict to some extent whether or not a given
patient is likely to respond to ICB therapy based on analysis of
Frontiers in Immunology | www.frontiersin.org 8
tumor and/or non-tumor markers. One important question is
whether the same mechanisms that allow tumor cells to overcome
the ICB-induced immune response driven by endogenous T cells,
will also facilitate resistance to TIL ACT. In the section below, we
review key factors of ICB response and resistance and discuss how
they may influence TIL ACT outcome.
POTENTIAL BIOMARKERS FOR
SELECTING PATIENTS FOR TIL ACT

PD-L1 Immunohistochemical Staining
The T cell inhibitory molecules PD-1 and PD-L1 have emerged as the
frontrunners among cancer immunotherapies that have been approved
for clinical use. The interaction between programmed death ligand-1
(PD-L1) and its receptor PD-1 functions in immune self-tolerance
under homeostatic conditions. However, it is also common for the
tumor microenvironment (TME) to be enriched in PD-L1 to promote
tumor tolerance by the immune system. Overexpression of PD-L1 has
been proven to inhibit the T cell-mediated anti-tumor immune
FIGURE 4 | Potential strategy for selecting patients for TIL ACT administration. Among suggested candidates are patients with virally-infected tumors and those
who acquired resistance on ICB therapy. Tumors with a high mutational burden may respond to ACT with unselected TIL, whereas tumors with poorly immunogenic
tumor may benefit from identification of specific tumor neoantigens and generation of a specialized TIL-ACT products targeting those neoantigens.
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response, allowing the tumor to evade immunity. Consequently, several
biologic therapies targeting the interaction of PD-L1 with PD-1 have
been developed. Since high levels of PD-L1 indicates an active state of
the PD-1/PD-L1 checkpoint in the tumor, expression of PD-L1 by the
tumor was one of the first and most extensively investigated candidate
biomarkers for predicting the outcome of PD-1/PD-L1 targeting
immunotherapy (118). Positive immunohistochemical (IHC) staining
against PD-L1 has been linked with increased clinical responsiveness to
anti-PD-1 and anti-PD-L1 therapy in select tumor types. Based on
these findings, PD-L1 IHC has been approved for clinical use as a
predictor of anti-PD-L1 treatment efficacy in NSCLC (119).

While a positive response biomarker for anti-PD1 therapy,
high levels of tumor PD-L1 are likely to inhibit the activity of
transferred TILs within the TME via interactions with the PD-1
receptor. One potential way to overcome this obstacle is to
combine TIL ACT with anti-PD1 therapy. There are a number
of clinical trials ongoing testing this hypothesis. In a recent study,
six patients with late-stage metastatic high-grade serous ovarian
cancer were treated with ipilimumab followed by surgery to
obtain TILs. Patients then received TILs with low-dose IL-2 and
nivolumab. One patient showed a partial response and 5 others
exhibited disease stabilization (120).

Tumor Mutational Burden
There is a connection between the abundance of tumor somatic
mutations and ICB response. Genetically altered genes can produce
mutated proteins that can be recognized by the immune system as
“non-self” when processed and presented on the cell surface by the
MHC molecules (77, 78, 121). The tumor mutational burden
(TMB) and subsequent probability of high neoantigen content
differs significantly between distinct cancer types. Tumors that are
induced by external carcinogen exposure, such as UV radiation in
melanoma and smoking in lung cancer, tend to have high
mutational burdens (122) and, therefore, are predicted to be more
immunogenic as there are more potential targets for T cells to
respond to (123). Several retrospective studies have linked a high
TMB with responsiveness to PD-1 inhibition (81, 124). A recent
prospective clinical study, Keynote-158, demonstrated that patients
with high TMB were more likely to respond to anti-PD-1 agent
Frontiers in Immunology | www.frontiersin.org 9
pembrolizumab across 10 distinct solid tumor types (125). Based on
these results, the FDA has approved the use of pembrolizumab for
patients with high TMB (defined as having ≥10 mutations/
megabase) regardless of tumor type (FDA approves
pembrolizumab for adults and children with TMB-H solid
tumors. News release. FDA. June 17, 2020. https://bit.ly/30QEt40]).

Of note, tumors with deficiencies in the mismatch repair
(MMR) pathway are likely to contain high levels of genetic
mutations, thereby increasing the probability of expressed
neoantigens (126). Clinical studies have demonstrated that
colorectal cancer patients with an impaired MMR pathway are
significantly more likely to respond to ICB as compared to
patients with MMR-proficient tumors (127, 128).

Tumors with high neoantigen content are more likely to have
high levels of tumor-reactive TILs. There is an inter-clonal
competition ongoing during the expansion of TILs. The presence
of a relatively high number of tumor-specific T cell clones in the
starting culture is likely to ensure a sufficient number of tumor-
reactive TILs in the final ACT product. Also, TILs with reactivity
against multiple epitopes would ensure that loss of any specific
antigen does not subvert the clinical anti-tumor responses. Not
surprisingly, TIL ACT has shown reproducible efficacy in patients
with melanoma tumors that commonly exhibit a high TMB
(Table 1). While there is a link between high mutation content
and response to TIL ACT in its standard form, there is a hope for
tumors with a relatively low abundance of mutations offered by an
ACT with TILs engineered to target specific tumor neoantigens.
With the tremendous advancements in our ability to identify potent
neoantigens capable of inducing strong immune responses and to
generate T cells with corresponding specificity, even rare mutational
events can be targeted with precision and efficiency.

Viral Infections
Neoantigens are not the only source of tumor immunogenicity.
The immune system has evolved to detect viral antigens, therefore
virally-infected cancers, such as those associated with human-
papillomavirus (HPV) or Epstein-Barr virus (EBV), can trigger T
cell-mediated immunity (131). Clinical studies have shown that
patients presenting with head and neck squamous cell carcinoma
TABLE 1 | Selected clinical trials of TIL ACT that reported results.

Cancer type Patient cohort Therapeutic
agents

Objective response rate
(responders/total n)

Complete response
rate(responders/total n)

Ref.

Metastatic melanoma (meta-analysis
of 7 studies)

TIL 43% (141/332) 15% (49/332)
(110)

Metastatic melanoma Bulky tumor, multiple prior therapies,
progression on ICB

Lifileucel 36.4% (24/66) 3% (2/66)
(111)

Cervical cancer TIL +
Anti-PD-L1

25% (20/80)
HPV+: 20/68
HPV-: 0/12

5% (4/80) (129)

Cervical cancer HPV+ HPV-specific
TIL

28% (5/18) 11% (2/18)
(130)

Cervical cancer Advanced cancer with at least one
prior therapy

LN-145 44% (12/27) 4% (1/27)
(112)

NSCLC Progression after nivolumab alone TIL and
nivolumab

Not specified 10% (2/20)
(113)
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who were positive for HPV showed an increased response to anti-
PD-1 and anti-PD-L1 inhibitors, pembrolizumab and
durvalumab, respectively, when compared to HPV-negative
counterparts (132, 133). Moreover, increased ICB efficacy was
noted in patients with metastatic gastric cancer who were positive
for EBV and HIV (134, 135).

Similar to ICB, TIL ACT tends to be effective against tumors
containing viral antigens. It has been reported that patients with
HPV-positive metastatic cervical cancer were significantly more
likely to respond to TIL ACT as compared to HPV-negative
patients (129). In another study, three out of nine cervical cancer
patients responded to treatment with TILs that were pre-selected
for reactivity to HPV (136). In a later study by the same group
testing the efficacy of HPV-specific TIL ACT in patients with any
HPV-associated epithelial cancers, the objective response rate
was 28% (5 out of 18 patients) in the cervical cancer cohort and
18% (2 of 11) in the noncervical cancer cohort (130).

In addition to clinically-approved predictors of ICB sensitivity
such as a high TMB, impaired MMR pathway, and PD-L1 IHC
positivity, many more emerging biomarkers are currently being
evaluated in preclinical and clinical settings. These include various
tumor expression signatures such as an interferon signature (137),
increased leukocyte infiltration (138), and the presence of inhibitory
immune subsets, such as myeloid-derived suppressor cells (MDSC)
and tumor-associated macrophages (TAM). Further, non-tumor
markers, including gut microbiome composition and abundance of
certain blood cells and proteins, have been shown to modulate anti-
tumor immunity and ICB response. It is plausible that these factors
may affect TIL ACT efficacy. For instance, a TME enriched with
interferons and products of the interferon signature genes may
enhance activity of transferred effectors, while MDSCs and TAMs
are likely to limit TIL efficacy. More research is needed to validate
potential predictive biomarkers that may help to identify candidates
for TIL ACT.
COMMON TOXICITIES OF TIL ACT

Toxicity is always a concern with any emerging therapeutic. Based
on the safety data from early phase clinical studies, TIL ACT has a
relatively good safety profile. Often times, side effects are associated
with co-treatments administered in conjunction with TILs, such as
IL-2 and the chemotherapy regimen (139). Toxicities can be
observed immediately, or they can have delayed onset. Virtually
all patients undergoing non-myeloablative lymphodepleting
chemotherapy experience cytopenia including neutropenia,
lymphopenia, as well as prolonged depression of CD4 T cells (50,
140–146). These hemotological side effects are managed following
standard good clinical practices (139, 147). Patients are treated with
granulocyte-colony stimulating factor (G-CSF) and transfusions of
blood-derived products (50, 140–146). Non-hematological toxicities
associated with a lymphodepletion regimen include diarrhea,
hyperbilirubinemia, and fludarabine-induced neurotoxicity (140,
141, 143). A minority of patients can develop opportunistic
infections such as Pneumocystis jirovecii pneumonia or Herpes
zoster re-activation that are controlled by routine prophylaxis
Frontiers in Immunology | www.frontiersin.org 10
treatment post chemotherapy (140). High-grade toxicities
associated with TIL infusion products are very rare and often
difficult to differentiate from reactions associated with residual IL-
2 in the TIL products themselves (50, 140, 146, 148). Acute cytokine
release with fever, skin reaction, and dyspnea are common allergic
reactions (140, 149). Autoimmune reactions are mostly related to
melanocyte destruction and manifest as vitiligo or uveitis in 35%
and 15% cases, respectively (140, 149). High dose of IL-2 is
associated with transient toxicities that can be managed with
standard interventions. With adoption of a lymphodepletion
regimen, IL-2 toxicities have been greatly limited since
lymphocytes in immunocompetent individuals are a major
sources of cytokines that contribute to IL-2-associated side effects
(150). Several organs such as the heart, lungs, kidneys, and central
nervous system can be affected by IL-2 toxicity. Clinicians have
gained experience globally in managing toxicities associated with IL-
2 and standardized guidelines have emerged (151–154). In
summary, there are several toxicities associated with TIL therapy,
a majority of which are low grade and manageable with standard
supportive care. Specialized care centers are required for TIL
therapy for managing associated toxicities (139).
CONCLUDING REMARKS

TIL ACT is a promising emerging immunotherapy for solid tumors
that is likely to be implemented into clinical practice in the near
future. The undeniable advantages of TIL ACT are a) robust and
reproducible clinical responses and b) the ability to benefit heavily
pre-treated patients with advanced tumors who have run out of
other therapeutic options. However, there are a number of
challenges associated with the production and delivery of these
therapies. TIL ACT is the ultimate personalized treatment since a
specific infusion product has to be manufactured for every
individual patient. This requires highly specialized good
manufacturing practice (GMP) facilities and a trained staff,
leading to high costs. Furthermore, the production process takes
time, often more than a month, which can be too long for patients
with rapidly progressing tumors. Commercialization of TIL ACT
and streamlining of the manufacturing process are gradually
addressing the logistical challenges of TIL ACT to enable wide
clinical application of this promising therapeutic modality.
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45. Rosenberg SA, Mulé JJ, Spiess PJ, Reichert CM, Schwarz SL. Regression of
Established Pulmonary Metastases and Subcutaneous Tumor Mediated by
the Systemic Administration of High-Dose Recombinant Interleukin 2. J Exp
Med (1985) 161:1169–88. doi: 10.1084/jem.161.5.1169

46. Muul LM, Spiess PJ, Director EP, Rosenberg SA. Identification of Specific
Cytolytic Immune Responses Against Autologous Tumor in Humans
Bearing Malignant Melanoma. J Immunol (1987) 138:989–95.

47. Topalian SL, Muul LM, Solomon D, Rosenberg SA. Expansion of Human
Tumor Infiltrating Lymphocytes for Use in Immunotherapy Trials. J Immunol
Methods (1987) 102:127–41. doi: 10.1016/S0022-1759(87)80018-2

48. Dudley ME, Wunderlich JR, Robbins PF, Yang JC, Hwu P, Schwartzentruber
DJ, et al. Cancer Regression and Autoimmunity in Patients After Clonal
Repopulation With Antitumor Lymphocytes. Science (2002) 298:850–4. doi:
10.1126/science.1076514

49. Rosenberg SA, Aebersold P, Cornetta K, Kasid A, Morgan RA, Moen R, et al.
Gene Transfer Into Humans–Immunotherapy of Patients With Advanced
Melanoma, Using Tumor-Infiltrating Lymphocytes Modified by Retroviral
Gene Transduction. N Engl J Med (1990) 323:570–8. doi: 10.1056/
NEJM199008303230904

50. Dudley ME, Yang JC, Sherry R, Hughes MS, Royal R, Kammula U, et al.
Adoptive Cell Therapy for Patients With Metastatic Melanoma: Evaluation
of Intensive Myeloablative Chemoradiation Preparative Regimens. J Clin
Oncol (2008) 26:5233–9. doi: 10.1200/JCO.2008.16.5449

51. Gattinoni L, Finkelstein SE, Klebanoff CA, Antony PA, Palmer DC, Spiess
PJ, et al. Removal of Homeostatic Cytokine Sinks by Lymphodepletion
Enhances the Efficacy of Adoptively Transferred Tumor-Specific CD8+ T
Cells. J Exp Med (2005) 202:907–12. doi: 10.1084/jem.20050732

52. Bronte V, Wang M, Overwijk WW, Surman DR, Pericle F, Rosenberg SA,
et al. Apoptotic Death of CD8+ T Lymphocytes After Immunization:
Induction of a Suppressive Population of Mac-1+/Gr-1+ Cells. J Immunol
(1998) 161:5313–20.

53. Yao X, Ahmadzadeh M, Lu YC, Liewehr DJ, Dudley ME, Liu F, et al. Levels of
Peripheral CD4(+)FoxP3(+) Regulatory T Cells Are Negatively Associated With
Clinical Response to Adoptive Immunotherapy of Human Cancer. Blood (2012)
119:5688–96. doi: 10.1182/blood-2011-10-386482

54. Paulos CM, Wrzesinski C, Kaiser A, Hinrichs CS, Chieppa M, Cassard L,
et al. Microbial Translocation Augments the Function of Adoptively
Transferred Self/Tumor-Specific CD8+ T Cells Via TLR4 Signaling. J Clin
Invest (2007) 117:2197–204. doi: 10.1172/JCI32205

55. Turtle CJ, Hanafi LA, Berger C, Gooley TA, Cherian S, Hudecek M, et al.
Cd19 CAR-T Cells of Defined CD4+:CD8+ Composition in Adult B Cell
ALL Patients. J Clin Invest (2016) 126:2123–38. doi: 10.1172/JCI85309

56. Tran E, Turcotte S, Gros A, Robbins PF, Lu YC, Dudley ME, et al. Cancer
Immunotherapy Based onMutation-Specific CD4+ T Cells in a Patient With
Epithelial Cancer. Science (2014) 344:641–5. doi: 10.1126/science.1251102

57. Yossef R, Tran E, Deniger DC, Gros A, Pasetto A, Parkhurst MR, et al.
Enhanced Detection of Neoantigen-Reactive T Cells Targeting Unique and
Shared Oncogenes for Personalized Cancer Immunotherapy. JCI Insight
(2018) 3. doi: 10.1172/jci.insight.122467

58. Veatch JR, Lee SM, Fitzgibbon M, Chow IT, Jesernig B, Schmitt T, et al.
Tumor-Infiltrating BRAFV600E-Specific CD4+ T Cells Correlated With
Complete Clinical Response in Melanoma. J Clin Invest (2018) 128:1563–8.
doi: 10.1172/JCI98689

59. Linnemann C, van Buuren MM, Bies L, Verdegaal EM, Schotte R, Calis JJ,
et al. High-Throughput Epitope Discovery Reveals Frequent Recognition of
Frontiers in Immunology | www.frontiersin.org 12
Neo-Antigens by CD4+ T Cells in Human Melanoma. Nat Med (2015)
21:81–5. doi: 10.1038/nm.3773

60. Muranski P, Borman ZA, Kerkar SP, Klebanoff CA, Ji Y, Sanchez-Perez L,
et al. Th17 Cells Are Long Lived and Retain a Stem Cell-Like Molecular
Signature. Immunity (2011) 35:972–85. doi: 10.1016/j.immuni.2011.09.019

61. Friedman KM, Prieto PA, Devillier LE, Gross CA, Yang JC, Wunderlich JR,
et al. Tumor-Specific CD4+ Melanoma Tumor-Infiltrating Lymphocytes.
J Immunother (2012) 35:400–8. doi: 10.1097/CJI.0b013e31825898c5

62. Ben-Avi R, Farhi R, Ben-Nun A, Gorodner M, Greenberg E, Markel G, et al.
Establishment of Adoptive Cell Therapy With Tumor Infiltrating
Lymphocytes for Non-Small Cell Lung Cancer Patients. Cancer Immunol
Immunother (2018) 67:1221–30. doi: 10.1007/s00262-018-2174-4

63. Inozume T, Hanada K, Wang QJ, Ahmadzadeh M, Wunderlich JR,
Rosenberg SA, et al. Selection of CD8+PD-1+ Lymphocytes in Fresh
Human Melanomas Enriches for Tumor-Reactive T Cells. J Immunother
(2010) 33:956–64. doi: 10.1097/CJI.0b013e3181fad2b0

64. Ye Q, Song DG, Poussin M, Yamamoto T, Best A, Li C, et al. CD137 Accurately
Identifies and Enriches for Naturally Occurring Tumor-Reactive T Cells in
Tumor. Clin Cancer Res (2014) 20:44–55. doi: 10.1158/1078-0432.CCR-13-0945

65. Seliktar-Ofir S, Merhavi-Shoham E, Itzhaki O, Yunger S, Markel G,
Schachter J, et al. Selection of Shared and Neoantigen-Reactive T Cells for
Adoptive Cell Therapy Based on CD137 Separation. Front Immunol (2017)
8:1211. doi: 10.3389/fimmu.2017.01211

66. Webb JR, Milne K, Watson P, Deleeuw RJ, Nelson BH. Tumor-Infiltrating
Lymphocytes Expressing the Tissue Resident Memory Marker CD103 Are
Associated With Increased Survival in High-Grade Serous Ovarian Cancer.
Clin Cancer Res (2014) 20:434–44. doi: 10.1158/1078-0432.CCR-13-1877

67. Malik BT, Byrne KT, Vella JL, Zhang P, Shabaneh TB, Steinberg SM, et al.
Resident Memory T Cells in the Skin Mediate Durable Immunity to
Melanoma. Sci Immunol (2017) 2. doi: 10.1126/sciimmunol.aam6346

68. Duhen T, Duhen R, Montler R, Moses J, Moudgil T, de Miranda NF, et al.
Co-Expression of CD39 and CD103 Identifies Tumor-Reactive CD8 T Cells
in Human Solid Tumors. Nat Commun (2018) 9:2724. doi: 10.1038/s41467-
018-05072-0

69. Hinrichs CS, Borman ZA, Gattinoni L, Yu Z, Burns WR, Huang J, et al.
Human Effector CD8+ T Cells Derived From Naive Rather Than Memory
Subsets Possess Superior Traits for Adoptive Immunotherapy. Blood (2011)
117:808–14. doi: 10.1182/blood-2010-05-286286

70. Miller BC, Sen DR, Al Abosy R, Bi K, Virkud YV, LaFleur MW, et al. Subsets
of Exhausted CD8(+) T Cells Differentially Mediate Tumor Control and
Respond to Checkpoint Blockade. Nat Immunol (2019) 20:326–36. doi:
10.1038/s41590-019-0312-6

71. Siddiqui I, Schaeuble K, Chennupati V, Fuertes Marraco SA, Calderon-
Copete S, Ferreira DP, et al. Intratumoral Tcf1(+)PD-1(+)CD8(+) T Cells
With Stem-like Properties Promote Tumor Control in Response to
Vaccination and Checkpoint Blockade Immunotherapy. Immunity (2019)
50:195–211.e110. doi: 10.1016/j.immuni.2018.12.021

72. Martinez-Usatorre A, Carmona SJ, Godfroid C, Yacoub Maroun C, Labiano
S, Romero P. Enhanced Phenotype Definition for Precision Isolation of
Precursor Exhausted Tumor-Infiltrating Cd8 T Cells. Front Immunol (2020)
11:340. doi: 10.3389/fimmu.2020.00340

73. Krishna S, Lowery FJ, Copeland AR, Bahadiroglu E, Mukherjee R, Jia L, et al.
Stem-Like CD8 T Cells Mediate Response of Adoptive Cell Immunotherapy
Against Human Cancer. Science (2020) 370:1328–34. doi: 10.1126/
science.abb9847

74. Bobisse S, Genolet R, Roberti A, Tanyi JL, Racle J, Stevenson BJ, et al.
Sensitive and Frequent Identification of High Avidity Neo-Epitope Specific
CD8 (+) T Cells in Immunotherapy-Naive Ovarian Cancer. Nat Commun
(2018) 9:1092. doi: 10.1038/s41467-018-03301-0

75. Sukumar M, Liu J, Mehta GU, Patel SJ, Roychoudhuri R, Crompton JG, et al.
Mitochondrial Membrane Potential Identifies Cells With Enhanced
Stemness for Cellular Therapy. Cell Metab (2016) 23:63–76. doi: 10.1016/
j.cmet.2015.11.002

76. Lu YC, Zheng Z, Robbins PF, Tran E, Prickett TD, Gartner JJ, et al. An
Efficient Single-Cell RNA-Seq Approach to Identify Neoantigen-Specific T
Cell Receptors. Mol Ther (2018) 26:379–89. doi: 10.1016/j.ymthe.
2017.10.018
June 2021 | Volume 12 | Article 690499

https://doi.org/10.1084/jem.159.2.495
https://doi.org/10.1056/NEJM198512053132327
https://doi.org/10.1084/jem.161.5.1169
https://doi.org/10.1016/S0022-1759(87)80018-2
https://doi.org/10.1126/science.1076514
https://doi.org/10.1056/NEJM199008303230904
https://doi.org/10.1056/NEJM199008303230904
https://doi.org/10.1200/JCO.2008.16.5449
https://doi.org/10.1084/jem.20050732
https://doi.org/10.1182/blood-2011-10-386482
https://doi.org/10.1172/JCI32205
https://doi.org/10.1172/JCI85309
https://doi.org/10.1126/science.1251102
https://doi.org/10.1172/jci.insight.122467
https://doi.org/10.1172/JCI98689
https://doi.org/10.1038/nm.3773
https://doi.org/10.1016/j.immuni.2011.09.019
https://doi.org/10.1097/CJI.0b013e31825898c5
https://doi.org/10.1007/s00262-018-2174-4
https://doi.org/10.1097/CJI.0b013e3181fad2b0
https://doi.org/10.1158/1078-0432.CCR-13-0945
https://doi.org/10.3389/fimmu.2017.01211
https://doi.org/10.1158/1078-0432.CCR-13-1877
https://doi.org/10.1126/sciimmunol.aam6346
https://doi.org/10.1038/s41467-018-05072-0
https://doi.org/10.1038/s41467-018-05072-0
https://doi.org/10.1182/blood-2010-05-286286
https://doi.org/10.1038/s41590-019-0312-6
https://doi.org/10.1016/j.immuni.2018.12.021
https://doi.org/10.3389/fimmu.2020.00340
https://doi.org/10.1126/science.abb9847
https://doi.org/10.1126/science.abb9847
https://doi.org/10.1038/s41467-018-03301-0
https://doi.org/10.1016/j.cmet.2015.11.002
https://doi.org/10.1016/j.cmet.2015.11.002
https://doi.org/10.1016/j.ymthe.2017.10.018
https://doi.org/10.1016/j.ymthe.2017.10.018
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Kumar et al. TILs as Cancer Therapeutics
77. Schumacher TN, Scheper W, Kvistborg P. Cancer Neoantigens. Annu Rev
Immunol (2019) 37:173–200. doi: 10.1146/annurev-immunol-042617-
053402

78. Schumacher TN, Schreiber RD. Neoantigens in Cancer Immunotherapy.
Science (2015) 348:69–74. doi: 10.1126/science.aaa4971

79. Snyder A, Makarov V, Merghoub T, Yuan J, Zaretsky JM, Desrichard A,
et al. Genetic Basis for Clinical Response to CTLA-4 Blockade in Melanoma.
N Engl J Med (2014) 371:2189–99. doi: 10.1056/NEJMoa1406498

80. Lennerz V, Fatho M, Gentilini C, Frye RA, Lifke A, Ferel D, et al. The
Response of Autologous T Cells to a Human Melanoma Is Dominated by
Mutated Neoantigens. Proc Natl Acad Sci USA (2005) 102:16013–8. doi:
10.1073/pnas.0500090102

81. Rizvi NA, Hellmann MD, Snyder A, Kvistborg P, Makarov V, Havel JJ, et al.
Cancer Immunology. Mutational Landscape Determines Sensitivity to PD-1
Blockade in Non-Small Cell Lung Cancer. Science (2015) 348:124–8. doi:
10.1126/science.aaa1348

82. Huang J, El-Gamil M, Dudley ME, Li YF, Rosenberg SA, Robbins PF. T Cells
Associated With Tumor Regression Recognize Frameshifted Products of the
CDKN2A Tumor Suppressor Gene Locus and a Mutated HLA Class I Gene
Product. J Immunol (2004) 172:6057–64. doi: 10.4049/jimmunol.172.10.6057

83. Zhou J, Dudley ME, Rosenberg SA, Robbins PF. Persistence of Multiple
Tumor-Specific T-Cell Clones Is Associated With Complete Tumor
Regression in a Melanoma Patient Receiving Adoptive Cell Transfer
Therapy. J Immunother (2005) 28:53–62. doi: 10.1097/00002371-
200501000-00007

84. Lu YC, Yao X, Li YF, El-Gamil M, Dudley ME, Yang JC, et al. Mutated
PPP1R3B Is Recognized by T Cells Used to Treat a Melanoma Patient Who
Experienced a Durable Complete Tumor Regression. J Immunol (2013)
190:6034–42. doi: 10.4049/jimmunol.1202830

85. Robbins PF, Lu YC, El-Gamil M, Li YF, Gross C, Gartner J, et al. Mining
Exomic Sequencing Data to Identify Mutated Antigens Recognized by
Adoptively Transferred Tumor-Reactive T Cells. Nat Med (2013)
19:747–52. doi: 10.1038/nm.3161

86. Lu YC, Yao X, Crystal JS, Li YF, El-Gamil M, Gross C, et al. Efficient
Identification of Mutated Cancer Antigens Recognized by T Cells Associated
With Durable Tumor Regressions. Clin Cancer Res (2014) 20:3401–10. doi:
10.1158/1078-0432.CCR-14-0433

87. Prickett TD, Crystal JS, Cohen CJ, Pasetto A, Parkhurst MR, Gartner JJ, et al.
Durable Complete Response From Metastatic Melanoma After Transfer of
Autologous T Cells Recognizing 10 Mutated Tumor Antigens. Cancer
Immunol Res (2016) 4:669–78. doi: 10.1158/2326-6066.CIR-15-0215
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