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Abstract 
After allogeneic hematopoietic stem cell transplantation (HSCT), donor lymphocytes may contribute to the regression of hematological malig-
nancies and select solid tumors, a phenomenon referred to as the graft-versus-tumor effect (GVT). However, this immunologic reaction is fre-
quently limited by either poor specificity resulting in graft-versus-host disease or the frequency of tumor-specific T cells being too low to induce 
a complete and sustained anti-tumor response. Over the past 2 decades, it has become clear that the driver of GVT following allogeneic HSCT 
is T-cell-mediated recognition of antigens presented on tumor cells. With that regard, even though the excitement for using HSCT in solid tumors 
has declined, clinical trials of HSCT in solid tumors provided proof of concept and valuable insights leading to the discovery of tumor antigens 
and the development of targeted adoptive cell therapies for cancer. In this article, we review the results of clinical trials of allogeneic HSCT in 
solid tumors. We focus on lessons learned from correlative studies of these trials that hold the potential for the creation of tumor-specific im-
munotherapies with greater efficacy and safety for the treatment of malignancies.
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Graphical Abstract 

Allogeneic HSCT (Allo-HSCT) can be used to generate graft-versus-tumor effect against advanced solid tumors. The major mediators of this 
immunologic reaction are T lymphocytes and NK cells. HSCT: hematopoietic stem cell transplantation; mHA – minor histocompatibility antigen; 
KIR – killer Ig-like receptor.

Significance Statement
The results of clinical trials using HSCT to treat solid tumors are limited compared with what is reported in hematological malignancies. 
However, the mechanisms of the GVT effect in solid tumors unveiled by these trials have provided an opportunity for learning how to direct 
different components of the immune system against cancer. This concise review discusses the results of clinical trials of HSCT in solid 
tumors and insights gleaned from these studies that pave the way for the development of new targeted adoptive cell therapies for cancer.
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Introduction
Following the pioneering work of the Nobel laureate E. 
Donnall Thomas in 1950s,1 hematopoietic stem cell trans-
plantation (HSCT) emerged as a curative intervention for 
patients with different hematologic, autoimmune, metabolic, 
and neoplastic diseases. Allogeneic HSCT showed great 
success in inducing durable responses in blood cancers, es-
pecially myeloid leukemias.2,3 Initially, HSCT was used as a 
method to rescue bone marrow function following high-dose 
chemotherapy. As this therapy developed, we learned that 
anti-tumor effects were not exclusively due to cytoreductive 
abilities of drugs but also to immune effects of the graft 
itself—the so-called graft versus tumor effect (GVT).4 
Therefore, breaking immunotolerance toward the host ma-
lignancy in neoplastic diseases has now become the primary 
aim of allogeneic HSCT for cancer. This updated concept led 
to the use of lower preparatory doses of cytotoxic drugs to 
provide just enough immunosuppression to permit successful 
engraftment and expansion of donor-derived immune cells.5 
Such reduced intensity or nonmyeloablative regimens showed 
good GVT induction against malignancies while improving 
the safety profile of the procedure, especially in older and se-
verely debilitated cancer patients who could not tolerate con-
ventional high dose regimens.4

Despite trials establishing the curative potential of the 
GVT effect, even the earliest studies in blood cancers identi-
fied donor T cells as mediating damage to host tissues, most 
prominently the skin, liver, and the intestines—a phenomenon 
called graft versus host disease (GVHD).1 Resorting to using 
better HLA-matching and T-cell depletion of the transplant, 
researchers significantly reduced the incidence and severity of 
GVHD and improved transplant outcomes.6,7 However, the 
occurrence of GVHD was found to be positively correlated 
with tumor regression, indicating that GVHD and GVT are 2 
faces of the same coin.6,8 Decoding the mechanisms mediating 
GVHD and GVT has provided valuable insight into intri-
cate differences between the 2, offering researchers an op-
portunity to develop targeted therapies boosting only GVT 
while abrogating GVHD. Indeed, balancing one versus the 
other remains one of the greatest challenges of transplant-
ation immunotherapy.

This concise review discusses the results of allogeneic HSCT 
intended to induce GVT effects in solid tumors. Particular 
emphasis is placed on characterizing mechanisms mediating 
the GVT effect and the use of HSCT as a platform for tumor 
antigen discovery as a prelude to developing targeted cel-
lular therapies that utilize autologous rather than allogeneic 
immunity.

Evidence for Graft-Versus-Tumor Effect in 
Solid Tumors
Because of its curative potential against hematological malig-
nancies, researchers and clinicians applied allogeneic HSCT 
to exploit GVT effects against solid tumors refractory to con-
ventional therapies. Pioneering attempts to treat solid tumors 
with allogeneic HSCT used myeloablative chemotherapy 
where direct cytotoxic effects of the ablative regimen were 
credited for tumor regression.9 However, this approach was 
followed by high transplant-related morbidity and mortality, 
especially in the setting of debilitated patients with metastatic 
tumors.10-12 With a better understanding of the mechanisms 

mediating GVT together with the improved safety profile, 
nonmyeloablative HSCT provided investigators with a safer 
platform to explore the potential of GVT in metastatic solid 
tumors.

Graft Versus Renal Cell Carcinoma
Due to its track record of being resistant to chemotherapy 
and sensitive to immunotherapy, renal cell carcinoma (RCC) 
was one of the early tumors treated with HSCT. In 2000, our 
team at NIH reported the first series of patients with cytokine-
refractory kidney cancer treated with nonmyeloablative allo-
geneic HSCT: we observed a 53% response rate, including 
some patients who achieved durable complete responses.13 
After this first report, other groups investigated different 
nonmyeloablative HSCT approaches to treat RCC, with ob-
jective response rates varying from 0% to 57% (Table 1). 
The largest series thus far comprised of 124 patients from 
the prospective multi-center European study that reported a 
response rate (complete + partial) of 29% at a median 150 
(range 42-600) days post-transplant with transplant-related 
mortality of 16%.14

These studies established for the first time the power of the 
allogeneic immune system to induce regression of metastatic 
solid tumors. However, high transplantation-related mortality 
and toxicity limited the widespread use of allogeneic HSCT 
for metastatic RCC. An additional difficulty is that the matur-
ation of the alloimmunity may take months post-transplant,4 
delaying potential GVT effects in patients with otherwise rap-
idly progressing disease who succumb to their tumor before 
an anti-tumor response can be established. Because of this 
limitation, and the introduction of numerous highly effective 
new therapies to the market, allogeneic HSCT is rarely ever 
used now to treat RCC patients. At present, there are no ac-
tive trials using HSCT for the treatment of RCC reported on 
clinicaltrials.gov. Nevertheless, allogeneic HSCT served as an 
important platform for studying the mechanisms of the GVT 
effect and for identifying RCC-specific antigens. One such 
antigen discovered in RCC patients having tumor regression 
after transplant is currently used as a target in an ongoing cel-
lular therapy clinical trial (NCT03354390).

Table 1. Selected allogeneic HSCT clinical trials in RCC patients (in 
chronological order).

Authors No of 
patients 

TRM 
(%) 

Response rate %
(CR/PR/MR) 

Response 
onset day 
(median) 

Childs et al13 19 12% 53% (3/7) 129

Bregni et al78 7 14% 57% (0/4) 117

Pedrazzoli et al79 7 29% 0% (0/0) N/A

Rini et al80 12 33% 33% (0/4) 180

Hentschke et al19 10 30% 30% (0/3) NR

Ueno et al81 15 33% 47% (1/2/4) NR

Artz et al82 18 28% 22% (0/4) 182

Barkholt et al14 124 16% 29% (4/24) 150

Takahashi et al32 * 74 11% 39% (7/22) 133

* A follow-up study of Childs et al.13

TRM, transplant-related mortality; CR, complete response; PR, partial 
response; MR, marginal response; NR, not reported.
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Graft Versus Solid Tumors Other Than Renal Cell 
Carcinoma
Analogous to RCC, several other solid tumor types appear to 
be susceptible to GVT. However, reported tumor responses do 
not seem to be as robust and are not as thoroughly studied as 
reports for RCC. One of the first studies of nonmyeloablative 
allogeneic HSCT in breast cancer patients was conducted at 
National Cancer Institute.15 In order to isolate the effects of 
GVT from chemotherapy, the researchers in this study used 
T-cell-depleted allografts followed by T-cell administration 
at a later timepoint. Objective tumor regression attributed to 
allogeneic T-cell infusion was reported in 6 (37%) patients. 
Even though immunosuppression due to GVHD abrogated 
these effects, this study established the principle that breast 
cancer was also susceptible to GVT. Other studies in patients 
with breast cancer reported similar results.16,17

More modest responses were reported in patients with colo-
rectal carcinoma (CRC). In one of the larger series of patients 
with metastatic CRC treated with nonmyeloablative HSCT, 
the authors reported overall disease control in 18/39 patients 
(46%) with 1 complete response (2%), 7 partial responses 
(18%), and 10 stable disease responses (26%).18 Additionally, 
Hentschke et al reported 1 complete response and 1 mixed 
response out of 6 patients with CRC treated with HSCT.19

In patients with refractory ovarian cancer, a multi-center 
retrospective study of 30 patients receiving allogeneic HSCT 
reported 8 (26%) responding patients, with 3 being late-
responders consistent with GVT effect, while others may 
have responded early on to the conditioning regimen.20 The 
results of HSCT in patients with pancreatic cancer,21 soft-
tissue sarcomas,22 and melanoma23 were also reported, how-
ever, with less encouraging outcomes.

Overall, the studies mentioned above provide proof of 
principle that allogeneic HSCT can be used to generate GVT 
against advanced solid tumors. Modest results could in part 
be attributed to small sample sizes and enrollment of patients 
in terminal stages of their disease refractory to other ther-
apies. Further studies with designs addressing these issues 
could better define the potential of GVT in solid tumors 
and could be used to characterize the mechanisms leading to 
tumor regression.

Immunobiology of Effector Cells Mediating 
GVT in Solid Tumors Following HSCT
While the full molecular underpinnings behind GVT effects 
are still not completely understood, it is known that the major 
cell types mediating GVT effects following HSCT in patients 
with malignancies are T lymphocytes and natural killer (NK) 
cells.

The Role of Cytotoxic T Cells
Several observations expose the role of donor T cells in 
mediating regression of malignancies including solid tumors. 
First, depleting allografts of T cells before transplantation ab-
rogates the GVT effect.24 Second, anti-tumor responses are 
usually delayed after non-myeloablative conditioning and are 
observable after mixed chimerism disappears and full donor 
T-cell engraftment occurs.25,26 Next, the enhanced GVT in the 
setting of HLA mismatch suggests that the allogeneic anti-
tumor effect is directed against antigens presented in the con-
text of HLA molecules on the surface of neoplastic cells. This 

observation is further supported by the correlation between 
acute GVHD and tumor responses.13,14 Finally, Harlin et al 
demonstrated the expansion of interferon alpha producing 
CD8+ T cells was associated with clinical tumor responses in 
RCC patients after HSCT.27 Even though their specificity for 
tumor-associated versus other antigens was not determined, 
this study provided evidence that donor T lymphocytes play a 
role in the induction of GVT effects.

Solid tumor killing mediated by CD8+ T cells relies on 
the paracrine delivery of effector molecules which damage 
tumors and induce tumor apoptosis. The cytotoxic payload 
of T cells includes degranulation of perforin and granzyme, 
induces Fas-mediated killing, and augments T-cell function 
through an array of activating cytokines.28 Initiation of these 
effector pathways is contingent upon the interaction of T-cell 
receptors (TCR) with their cognate antigens presented in the 
context of MHC Class I molecules on the surface of tumor 
cells.

Donor T cells recognize host-restricted self-antigens clas-
sified as either minor histocompatibility antigens (mHA) or 
tumor-specific antigens (Fig. 1). The evidence for the exist-
ence of mHA came from observations that GVHD occurred 
in patients receiving a transplant from an HLA-identical sib-
ling.29,30 These mHA are derived from genetic polymorphisms 
outside of the HLA locus. Because it is estimated that each 
person has thousands of nonsynonymous polymorphisms 
genome-wide which may potentially be sources of mHA, it is 
clear that identical HLA-matched donor-recipient pairs will 
still be mismatched for a large number of mHA.31 The ex-
pression distribution of mHA on normal tissues and tumor 
cells is important because it determines the target tissues of 
mHA-reactive T cells and the extent and clinical presentation 
of GVHD, which goes hand in hand with GVT.

Alternatively, the observation that tumor regression can 
occur in patients who never developed GVHD provides evi-
dence that GVHD and GVT are not inherently linked in all 
patients and that donor-derived T cells might in some cases 
target antigens that are specific to a tumor.32,33

Unfortunately, only a few mHA or tumor-specific antigens 
have been identified after HSCT in solid tumors thus far, most 
of which are in RCC. Dorrschuck et al applied mass spectrom-
etry to identify the target antigen of RCC-reactive T cells from 
cocultures of mixed lymphocytes with tumor cells from their 
study.34 The target antigen of the reactive T cells was an HLA-
A*03:01-restricted canonical peptide encoded by the Eps-15 
homology domain-containing 2 (EHD2) gene. Unfortunately, 
due to its ubiquitous expression in normal tissues, EHD2 and 
antigens derived from it are not suitable candidates for any 
type of tumor targeted cellular immunotherapy. This study 
provided a valuable lesson that even though T-cell clones may 
be reactive against RCC in vitro, their target antigen may be 
widely expressed, prohibiting its clinical use as a cell therapy 
target.

Tykodi et al isolated CD8+ T-cell clones from 2 patients 
transplanted for RCC that recognized the same mHA on RCC 
cells. The gene encoding this mHA was identified as C19orf48 
and linked to chromosome 19q. The peptide antigen derived 
from this gene is HLA-A2:01-restricted, although its exact se-
quence requires further validation.35 Another RCC-associated 
mHA targeted by donor T cells was identified by Broen et al.36 
This novel antigen was named ZAPHIR and is a result of a 
polymorphism in the splice donor site of the ZNF419 gene 
and is found to be HLA-B7-restricted. Both of these mHA 
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appear to have a limited expression in normal tissues, making 
them potential candidates for targeted cellular therapy 
development.

From our group’s work,32 the observation that transplanted 
donor T cells could shrink tumors and induce long-term 
disease-free survival in a subset of patients who did not de-
velop signs of GVHD has guided translational research aimed 
at dissecting the exact mechanisms mediating this specific re-
gression of metastatic RCC. In this regard, we isolated a T-cell 
clone with specific reactivity against clear cell RCC from a 
patient who showed complete tumor regression without evi-
dence of GVHD following allogeneic HSCT. This T-cell clone 
was found to target an HLA-A11-restricted peptide derived 
from a human endogenous retrovirus type E, named CT-RCC 
HERV-E. Remarkably, this HERV-E was found to be expressed 
only in clear cell RCC and not in other tumors or normal tis-
sues. We then further identified VHL mutation as the primary 
driver of CT-RCC HERV-E expression, accounting for almost 
universal CT-RCC HERV-E expression in ccRCC, making it 
an ideal target for cellular therapy.37 Using CT-RCC HERV-E-
reactive T-cell clone, we sequenced its TCR and showed that 
T cells transduced with this TCR acquire potent and selective 
cytotoxicity against ccRCC in vitro (manuscript in prepar-
ation). Our team has since initiated a clinical trial at the NIH 
Clinical Center testing infusions of autologous T cells trans-
duced with a HERV-E TCR (NCT03354390) in patients with 
metastatic ccRCC.38 To our best knowledge, this is the only 
solid tumor-specific antigen identified following HSCT that 
has led to the development of a subsequent clinical trial of 
targeted tumor immunotherapy. The major limitation of this 
approach is the HLA-A11 restriction, as HLA-A11 is one of 
the less common HLA types in most population groups.39 

Our group subsequently identified 3 HLA-A2 restricted pep-
tides predicted to be products of CT-RCC HERV-E enve-
lope which were used to generate peptide-reactive CD8+ T 
cells that recognized clear cell RCC cells expressing CT-RCC 
HERV-E in an HLA-A2-restricted fashion.40 The character-
ization of these antigens and their potential use as targets for 
T-cell-based therapy is still under investigation. The discovery 
of the entire repertoire of CT-RCC HERV-E-derived peptides 
presented by the most common HLA Class I types is an active 
research topic in our group.41

Similar to studies in RCC, target antigens-mediating GVT 
after allogeneic HSCT in CRC were also reported42; however, 
their precise validation and further clinical development have 
not yet been pursued.

While tumor cells directly present antigens that can be rec-
ognized by the allogeneic immune system, they often lack 
factors such as co-stimulatory molecules which are necessary 
to prime an effective and potent anti-tumor T-cell response. 
Antigen-presenting cells (APCs) such as dendritic cells (DCs) 
are critical for priming and amplifying a GVT effect medi-
ated by CD8+ T cells.43 Through cross-presentation of tumor 
antigens, provision of costimulatory signals, and activating 
cytokines, host DCs are now known to play an important 
role in orchestrating allogeneic cytotoxic T-cell responses.43 
A variety of different strategies have been explored to modu-
late the effects of DCs to augment GVT, mainly by enhancing 
the cross-presentation process and/or by blocking inhibitory 
receptors.44-46

The Role of NK Cells
The role of NK cells in mediating GVT after HSCT to treat 
solid tumors is not as well studied as in hematological 

Figure 1. Donor T cells mediating GVHD and/or GVT effect. Tumor-reactive donor T cells recognize antigens presented on tumor cells in the context 
of HLA. These antigens are derived either from mHA or tumor-specific antigens. While mHA can be substrates of a GVT effect mediated by mHA-
restricted T cells, these T cells also recognize the same mHA on normal tissues, causing GVHD. Tumor regression without objective GVHD may be 
achieved by T cells recognizing antigens that are specific to a tumor (tumor-restricted T cells). mHA, minor histocompatibility antigen.
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malignancies. Therefore, the insight into mechanisms be-
hind NK cell contribution to GVT is primarily derived from 
studies in blood cancers.

Several observations expose the role of NK cells in 
mediating GVT following HSCT. First, the GVT effect was 
observed even in transplants using T-cell-depleted grafts.47,48 
These grafts contained NK cells which are the first popula-
tion of lymphocytes to be reconstituted following allogeneic 
HSCT.49 Second, in haploidentical HSCT, engrafted donor-
derived stem cells regenerate the donor’s repertoire of NK 
cells.50 These alloreactive NK cells were found to enhance the 
GVT effect following HSCT in addition to T cells.51,52

One of the major mechanisms tumors use to evade the im-
mune system is the downregulation of HLA Class I molecules. 
By doing so, tumor cells become essentially invisible to T cells, 
which require peptide antigens to be presented to them in the 
context of HLA. In this context, the body’s next line of tumor 
defense is NK cells. Indeed, susceptibility to NK-cell-mediated 
attack increases with decreasing surface expression of HLA 
class I molecules on target cells, showing that the presence of 
HLA molecules protects cells against NK-cell-mediated lysis. 
Additionally, human NK cells can discriminate between dif-
ferent allelic forms of HLA molecules via clonally distributed 
receptors named killer cell Ig-like receptors (KIRs).53 The lig-
ands for KIRs are HLA-A, -B, or -C molecules, and different 
KIR isoforms recognize different HLA types. Indeed, it was 
reported that a mismatch between KIRs expressed by donor 
NK cells and HLA Class I ligands expressed on tumor cells 
of a recipient is the major mechanism of NK-cell-mediated 
GVT effect.50

Since KIRs and HLA loci are housed on different chromo-
somes and segregate independently, it is not uncommon to in-
herit an inhibitory KIR gene but not its corresponding ligand, 

or vice versa. Therefore, it is likely that even in HLA-matched 
transplants, there will be a KIR mismatch.54 KIR-HLA mis-
matches under the right circumstances can lead to NK cell ac-
tivation, which may improve transplant success by enhancing 
the ability of NK cells to mediate a GVT effect in hemato-
logical malignancies (Fig. 2). Such KIR mismatched NK cells 
can even exist in the context of autologous transplants.

As previously mentioned, data on NK cells contributing to 
GVT effects following HSCT in solid tumors are limited. In 
vitro studies have shown compelling evidence that KIR incom-
patible NK cells mount more potent cytotoxicity against RCC 
and melanoma than KIR-matched or autologous NK cells.55 
Similarly, alloreactive NK cells following allogeneic HSCT in 
a murine model of RCC decreased GVHD and mediated the 
GVT effects resulting in prolonged animal survival.56

Only a few clinical studies address the relevance of the 
KIR mismatch on the GVT effect following HSCT in solid 
tumors. A retrospective analysis of an RCC patient cohort not 
expressing HLA-Bw4 (ligand for KIR3DL1) showed an im-
proved response when they received a transplant from a donor 
who expressed KIR3DL1.57 Leung et al report that autolo-
gous KIR-mismatched NK cells lead to a lower risk of disease 
relapse in different solid tumors such as neuroblastoma and 
Ewing sarcoma.58 Similar results were reported in a cohort of 
patients with high-risk neuroblastoma undergoing autologous 
HSCT where patients not expressing HLA-C1 (the ligand for 
KIR2DL2/KIR2DL3) had the most favorable outcomes.59 In 
a small series of pediatric patients with metastatic solid tu-
mors treated with HSCT, Perez-Martinez et al described one 
complete remission and one partial response out of 3 treated 
cases.60 Both responding patients demonstrated KIR mis-
match, while a complete KIR match was found to occur in 
the non-responding patient. These studies suggest a role for 

Figure 2. KIR-HLA mismatch mediating GVT effect by donor NK cells. When donor NK KIRs and recipient HLAs are matched, NK cells are inhibited from 
further action despite activation signals (top). In the case of KIR-HLA mismatch, KIRs do not successfully engage with the HLA ligand; activation signals 
prevail and lead to NK cell activation. Activated NK cells then release cytotoxic contents that eliminate tumor cells bearing these KIR-ligand mismatched 
HLA molecules (bottom). KIR, killer Ig-like receptor; KIR-L, killer Ig-like receptor ligand.
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KIR-HLA mismatching in inducing and maintaining GVT 
after HSCT in solid tumors.61 Currently, there is only one ac-
tive clinical trial reported on clinicaltrials.gov, which utilizes 
haploidentical HSCT to evaluate the contribution of NK cells 
in mediating GVT effects in Ewing sarcoma, Neuroblastoma, 
and Rhabdomyosarcoma (NCT02100891).

Further studies are needed to fully define the role of NK 
cells in mediating GVT effects following HSCT in solid tu-
mors. However, proof of principle from the above-described 
studies paves the road for exploring adoptive transfer NK cell 
therapies analogous to those described for T cells.

Toward Adoptive Cellular Therapies
Clinical trials from the first decade of the 2000s established 
the susceptibility of various solid tumors to GVT. Due to 
modest results in most solid cancers, toxicities, and treatment-
related mortality, allogeneic HSCT has largely fallen out of 
favor as an immunotherapeutic approach to treating solid tu-
mors. However, proof of concept has been established from 
these studies with important correlative work identifying sev-
eral novel tumor antigens targeted by engrafting donor T cells 
that may be excellent targets for future autologous adoptive 
cellular transfer (ACT) therapies.

ACT strategies involve the collection of the patients’ or 
donors’ T cells, modifying and/or expanding them in a la-
boratory to achieve desired properties and cell numbers, and 
reinfusing them back to the patient. The 3 most commonly 
delivered cell types are tumor-infiltrating lymphocytes (TIL), 
TCR-engineered T cells, and chimeric antigen receptor (CAR) 
T cells. Despite successes with treating hematological malig-
nancies, ACT for solid tumors has encountered several unique 
obstacles. One of the most important roadblocks is the anti-
genic heterogeneity of solid tumors and the inability to use 
a “one-antigen-fits-all” strategy. Additionally, many identified 
solid tumor antigens are also expressed in normal tissues, 
which could lead to on-target off-tumor toxicity.62 Therefore, 
as was illustrated by early studies of the delicate balance be-
tween GVT and GVHD, careful selection of target antigens 
is the crucial determinant to predict the success of ACT, and 
currently represents the major bottleneck in the development 
of ACT for solid tumors.

Researchers today have different strategies available in 
their toolbox to help identify tumor-specific antigens. An 
example of an innovative, rapidly developing, and highly 
promising method for high-throughput antigen discovery 
is the immunopeptidomics-based platform.63 This mass 
spectrometry-based method is currently the only direct 
method for identifying intact tumor antigens as they are pre-
sented on cellular surfaces. However, antigen presentation 
is necessary but not sufficient to determine immunogenicity. 
Therefore, further refinement of analytical instruments and 
sophisticated analysis algorithms are needed to assist in the 
development of quick and high-throughput strategies that 
identify tumor-restricted antigens which could serve as the 
target for future, more efficacious cellular-based therapies for 
solid tumors.

Specificity for tumor antigens is a basic requirement of a 
cellular product intended for ACT. However, adoptively trans-
ferred cells must also overcome a number of post-infusion 
challenges to successfully eradicate solid tumors. Unlike blood 
cancers, solid tumors maintain a microenvironment that 
supports tumor survival and growth while simultaneously 

inhibiting immune attack.64 In this immunologically hostile 
environment, upregulation of inhibitory receptors on tu-
mors and APCs effectively hinder anti-tumor surveillance.65 
Reverting tolerogenic mechanisms by blocking interactions of 
inhibitory receptors on T cells with their ligands has proven 
to be a remarkably effective therapy in the clinic for a variety 
of different malignancies. Therefore, combining therapeutic 
inhibition of PD-1, PD-L1, CTLA-4, or other emerging inhibi-
tory molecules could potentially bolster the efficacy of adop-
tively transferred tumor-reactive T cells.66

Another emerging factor found to significantly affect the 
success of ACT is the gut microbiome. The gut microbiome 
repertoire educates immune cells and shapes immune sur-
veillance.67 Metabolites secreted by different bacterial species 
have the potential to modify T-cell differentiation and func-
tion, including adoptively transferred cells.68 Additionally, the 
gut microbiota has been found to impact the efficacy of im-
mune checkpoint inhibitors (ICI) in different solid tumors.69-72 
Manipulating intestinal flora to modulate the response to 
ACT or ICI therapy is an active area of clinical research. For 
example, fecal microbiota transfer performed in conjunc-
tion with therapeutic PD-1 blockade led to improved clinical 
outcomes in a subset of PD-1-refractory melanoma patients, 
overcoming tumor resistance to ICIs.70

To address the above-mentioned challenges and to modu-
late processes that were found to affect ACT success, the 
ACT armamentarium has now expanded beyond first-
generation TILs, to TCR-engineered T cells, CARs, and/or 
NK cells. Bispecific killer cell engagers (BiKEs),73 CAR-T cells 
co-expressing necessary cytokines (TRUCKs),74 TCRs engin-
eered into γδ T cells to avoid TCR chain mispairing with en-
dogenous αβ TCRs,75 introduction of homing receptors to 
ensure adequate cell trafficking to tumor sites,76 and gene-
edited NK cells that boost the efficacy of targeted therapies77 
are some of the current strategies being explored to overcome 
post-infusion obstacles in an effort to augment the potency of 
ACT in eradicating refractory malignancies.
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