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Abstract: Immune checkpoint blockade therapy (ICBT) has revolutionized the treatment
and management of numerous cancers, yet a substantial proportion of patients who initially respond
to ICBT subsequently develop resistance. Comprehensive genomic analysis of samples from recent
clinical trials and pre-clinical investigation in mouse models of cancer provide insight into how tumors
evade ICBT after an initial response to treatment. Here, we summarize our current knowledge on
the development of acquired ICBT resistance, by examining the mechanisms related to tumor-intrinsic
properties, T-cell function, and tumor-immune cell interactions. We discuss current and future
management of ICBT resistance, and consider crucial questions remaining in this field of acquired
resistance to immune checkpoint blockade therapies.
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1. Introduction

Therapeutic strategies which utilize patients’ immune systems to fight cancer have been
investigated for over 100 years, beginning with Dr. Wilhelm Busch who infected patients with
erysipelas (bacterial skin infection) and observed tumor regression [1,2]. However, early iterations of
cancer immunotherapies, such as tumor vaccines and cytokine-based treatments, showed only moderate
efficacy in a few cancer types [3]. These attempts were unsuccessful because they lacked specificity to
antitumor immune regulations. Nonspecific enhancement of immune mechanisms inevitably leads
to highly toxic side effects, which limits the efficacy and narrows the indications of these therapies.
As our understanding of antitumor immunity has expanded in recent years, immune checkpoint
blockade therapies (ICBT) targeting key regulators of antitumor immunity have been successfully
tested. ICBT, such as anti-programmed cell death protein 1 (anti-PD-1)/anti-programmed death-ligand
1 (anti-PD-L1) and anti-cytotoxic T-lymphocyte-associated protein 4 (anti-CTLA-4) now represent
a new class of cancer therapeutics.

Tumors are rich sources of neoantigens and thus, are potently immunogenic. Immune checkpoints,
which provide costimulatory and coinhibitory signals to either boost or restrict T-cell immune responses,
are the major players in the manipulation of the antitumor immune response. First-generation ICBT
primarily targets the CD28/CTLA-4 and the PD-1/PD-L1 signaling pathways, to revitalize functionally
suppressed T cells in tumor conditions (detailed mechanisms were summarized in the previous
reviews) [4,5]. The widespread use of ICBT began in 2011 with the FDA approval of Ipilimumab,
an anti-CTLA-4 treatment for advanced melanoma patients. Since then, ICBT has been successfully
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tested as a first- or second-line treatment for lung, kidney, head and neck, bladder, liver, stomach,
colon, and other cancers [6].

However, like all other cancer treatments, the efficacy of ICBT is limited by both intrinsic
and acquired resistance. Intrinsic resistance is defined as either tumor progression or no response upon
initial administration of ICBT [7]. In contrast, acquired resistance develops in patients who initially
showed encouraging signs of tumor regression. Acquired resistance also impairs the duration of
clinical benefit. Although the exact incidence of acquired ICBT resistance is not yet well documented,
it is clear that acquired resistance develops in a subset of melanoma and non-small-cell lung cancer
patients who initially exhibited an objective response upon anti-PD-1 treatment [8,9]. The mechanisms
of intrinsic resistance to ICBT are well addressed in previous review articles [7,10]. Here, we specifically
discuss the most comprehensively described mechanisms of acquired resistance and identify the major
challenges in understanding and overcoming acquired resistance to ICBT.

2. Mechanisms of Acquired ICBT Resistance

Increasing evidence suggests that the efficacy of ICBT is regulated by both tumor intrinsic factors
and tumor extrinsic factors [11,12]. Mechanisms of acquired resistance to ICBT have been discovered
through tumor tissue sequencing performed pre-and post-treatment, and currently, most evidence
points to mutations in tumor cells that affect the IFNγ signaling pathways, antigen expression,
and antigen presentation complexes. Investigations of tumor-infiltrating T cells have also revealed
the upregulation of alternative immune checkpoint genes after anti-PD-1 treatment. Meanwhile,
recent studies pointed out that coupling between tumor cells and T cells promoted the development of
acquired resistance to ICBT (discussed below). Here, we discuss the validated mechanisms that are
associated with acquired resistance to ICBT (Figure 1).

2.1. Loss of Tumor Cell Visibility to Immune Cells

Tumor cell recognition by the tumor-infiltrating T cells is an essential step in T-cell mediated
tumor elimination [13]. For tumor-infiltrating T cells to recognize tumor cells, the tumor antigens
must be properly processed and presented on major histocompatibility complex (MHC) molecules.
Analyses of tumor tissues that developed acquired resistance to ICBT have shown that these tumor
cells have defects in antigen presentation. These defects can be categorized into two groups: (i) Loss of
immunogenic neoantigens and (ii) dysfunction of antigen processing and presentation.

Neoantigens are antigens encoded by mutated tumor-specific genes. One consensus regarding
immunotherapy is that high mutational load is positively correlated with neoantigen levels and ICBT
response in human tumors [14,15]. In a recent study, Mandal et al. artificially increased tumor clonal
mutation loads in mouse cell lines by knocking out the mismatch repair genes and observed impressive
antitumor immunity and response to ICBT. These data recapitulate the major findings in human studies
and directly validate the theory that clonal mutational load (neoantigen sources) is a major driving
force of antitumor immunity and immunotherapeutic efficacy [16]. However, the landscape of tumor
neoantigens evolves during interactions between tumors and T cells. T-cell populations exert selective
pressure on tumor cells that can sculpt the antigenicity of tumors, resulting in the emergence of tumor
cells with minimal neoantigen expression [17,18]. Therefore, the strong therapeutic T-cell response
induced by ICBT can cause sensitive tumors to lose neoantigens and eventually become invisible to
the immune system.
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Figure 1. Overview of major mechanisms causing acquired resistance to immune checkpoint blockade
therapy. Response to immune checkpoint blockade therapy (ICBT) is tightly controlled. The current
literature has revealed several potential mechanisms contributing to acquired ICBT resistance. Panel (A),
upper left: selective elimination of tumor cells with immunogenic neoantigens; upper right: loss of
neoantigens due to chromosomal region deletion; lower left: loss of neoantigens due to transcriptional
silencing; lower right: dysfunction of antigen processing and presentation. Panel (B): alternative
immune checkpoints expression induced by ICBT. Panel (C): the coupling of tumor cell pathways
stimulated by ICBT, such as adenosine production and PTEN loss, with the function of T cells.
Panel (D): the transformation of tumor histological types and tumor cell epithelial–mesenchymal
transition (EMT) after ICBT treatment. Abbreviations: MHC: major histocompatibility complex;
PD-1: programmed cell death protein 1; PD-L1: programmed death-ligand 1; CTLA-4: cytotoxic
T-lymphocyte-associated protein 4; TIM-3: T-cell immunoglobulin and mucin-domain containing-3;
LAG-3: lymphocyte-activation gene 3; TIGIT: T-cell immunoreceptor with Ig and ITIM domains; MDSC:
myeloid-derived suppressive cell; Treg: regulatory T-cell; A2AR: adenosine A2A receptor; A2BR:
adenosine 2b receptor.
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A study of the evolving landscape of tumor neoantigens during ICBT confirmed that loss of
neoantigens is a potential mechanism of acquired ICBT resistance. Genomic analyses were performed
on patient-matched tumor tissues (i.e., before vs. after ICBT) from non-small-cell lung cancers.
Tumors with acquired ICBT resistance showed genomic changes resulting in the loss of 7 to 18
validated, mutation-associated neoantigens [19]. Furthermore, the lost neoantigens demonstrated
higher predicted MHC binding affinity and T-cell stimulating efficacy than neoantigens that were
either retained or gained in resistant tumors [19]. In a study of advanced melanoma, anti-PD-1
treatment lowered the predicted mutational and neoantigen burden in treatment-sensitive tumors [20].
Similar observations were made in both mouse models treated with anti-PD-1 and in human tumors
treated with adoptive T-cell transfer [16,18]. Mechanistically, the elimination of tumor subclones or
deletion of chromosomal regions containing truncal alterations were identified as two potential causes
of neoantigen loss [19]. A recent study used an artificial neoantigen, ovalbumin (OVA), to study
the mechanisms of antigen expression silencing [21]. Mouse tumors having developed acquired
resistance to adoptive cell therapy showed loss of OVA expression. Transcriptional silencing was
identified as the major underlying mechanism of OVA antigen loss [21]. Administration of DNA
methyltransferase inhibitors restored antigen expression [21], which suggests that combining these
agents with immunotherapies improves long-term efficacy. This mechanism was primarily identified
in a mouse model of adoptive cell therapy; however, it may also hold true for ICBT, considering that
resistant mechanisms could be shared among different immunotherapies. Taken together, these data
demonstrate that ICBT drives tumor mutation and neoantigen burden loss, which potentially lead to
acquired drug resistance.

The immunogenicity and quantity of neoantigens present in tumor cells are the fundamental
elements for cancer immunity. However, the antigen presentation process determines the direct
interaction between tumor cells and tumor-specific T cells. In tumor cells, the IFN-γ signaling
pathway is known to directly upregulate antigen-presenting machinery by upregulating proteasome
subunits, transporters associated with antigen processing, and MHC-I molecules [22]. Tumor cells
with an active IFN-γ signaling pathway can respond to IFN-γ secreted by immune cells in the tumor
microenvironment, and, thus, become more visible to CD8+ T cells [23,24]. However, dysfunction in
the IFN-γ signaling pathway has been identified in tumors that are resistant to ICBT [8]. Whole-exome
sequencing of tumors with acquired resistance to anti-PD-1 treatment revealed loss-of-function
mutations and wild-type deletion in Janus kinases 1 and 2 (JAK1/JAK2), which are activated upon
IFN-γ binding to IFN receptors [8]. Loss of functional JAK1/JAK2 kinases impedes phosphorylation
of STATs, transcription factors that control the expression of genes such as MHC class I and antigen
peptide transporter 1 [22].

Another mutation involved in MHC-I expression was identified in tumors with acquired ICBT
resistance. As a key component of the MHC-I complex, beta-2-microglobulin (β2M) expression
is required for stabilizing the alpha-subunits of the MHC-I protein. In patients that developed
acquired anti-PD-1 resistance, a truncating mutation discovered in the β2M gene leads to loss of
surface expression of the MHC-I complex [8,25,26]. These data demonstrate that dysfunctional tumor
antigen-presenting machinery after primary ICBT response reduces tumor cell visibility to immune
cells, leading to acquired ICBT resistance.

2.2. Loss of Tumor Cells Sensitivity to Immune Effectors

Tumor sensitivity to immune effector cells is the ultimate determinant of immunotherapeutic
success. IFN-γ is a cytokine with multiple functions in antitumor immunity. In addition to its effects
on antigen presentation, IFN-γ also displays direct anticancer activity. Mechanistically, the IFN-γ
signaling pathways upregulate both p21 and p27 molecules to arrest the cell cycle, and induce apoptotic
cell death [27,28]. Mutations and loss of heterozygosity (LOH) in the IFN-γ signaling pathways in
tumor cells quench an important immune-cell-mediated tumor cell death mechanism, thus potentially
accelerating acquired resistance to ICBT.
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It is also important to note the complexity of IFN-γ signaling in tumor immunity. This pathway
affects expression of more than 200 genes, many of which are involved in cancer cell immune evasion,
including PD-L1, PD-L2, and non-classical MHC class Ib antigens, indoleamine 2,3-dioxygenase (IDO),
and many others [29,30]. Thus, inactivation of the IFN-γ signaling pathway after ICBT likely has
more complicated effects on the antitumor immune network than simply reducing tumor antigen
presentation and inhibiting tumor cell death. In summary, published studies indicate a correlation
between IFN-γ signaling and acquired ICBT resistance; however, further studies are required to confirm
that the loss of IFN-γ signaling causes such a resistance.

2.3. Compensation of Alternative Immune Checkpoints on T Cells

Many studies have demonstrated that alternative immune checkpoint genes, besides PD-1/PD-L1
and CTLA-4, are not only sufficient to induce T-cell dysfunction but are also highly expressed on T cells
that acquire resistance to ICBT. Two fully immunocompetent, genetically engineered lung cancer mouse
models were used to model acquired resistance to anti-PD-1 [31]. Notably, tumors with acquired anti-PD-1
resistance upregulated T-cell immunoglobulin and mucin domain 3 (TIM-3) on both CD4+ and CD8+

T cells. However, other immune-suppressive checkpoint genes—including lymphocyte-activation gene 3
(LAG-3) and CTLA-4—and immunosuppressive components—such as T-reg, tumor-associated alveolar
macrophages, and tumor-associated neutrophils—were unchanged. Further analysis indicated that
TIM-3 upregulation is specifically induced by anti-PD-1 treatment and high TIM-3 expression is found in
anti-PD-1 antibody bonded T cells. Additionally, the upregulation of TIM-3 was observed in two patients
with resistance after anti-PD-1 treatment. In tumor models, the administration of TIM-3 blockades
provided additional clinical benefit in PD-1-resistant tumors [31]. Similarly, compensatory expression of
T-cell immunoreceptors with Ig and ITIM domains (TIGIT) on tumor antigen-specific CD8+ T cells was
induced by anti-PD-1 treatment in melanoma patients [32]. Interestingly, a study in classical Hodgkin
lymphoma revealed that PD-1 is overexpressed in the tumor microenvironment after anti-PD-1 acquired
resistance [33].

Collectively, these studies showed that ICBT potentially induces compensation of both alternative
and targeted immune checkpoint genes, leading to acquired resistance. Notably, TIM-3 upregulation
was observed specifically in tumors relapsing after anti-PD-1 treatment but not with anti-CTLA-4
treatment [31]. These observations suggest that the compensation may not be a universal mechanism
of acquired resistance and different immune checkpoint genes can be specifically stimulated by
different ICBT. However, the detailed molecular signaling pathways leading to compensatory immune
checkpoint upregulation in acquired ICBT resistance are not yet well understood. Understanding these
aspects will clarify whether specific ICBT induces particular alternative immune checkpoint expression
patterns and provide a rationale for designing combination treatments. Other alternative immune
checkpoints, such as LAG-3 and IDO, were associated with intrinsic ICBT resistance [34–37]. However,
their roles in acquired ICBT resistance were unconfirmed.

2.4. Tumor Cell-Mediated T-Cell Suppression

The interactions between activated T cells and tumor cells have been highlighted in
the development of acquired resistance to ICBT. Chen and colleagues identified the mechanism
by which CD38 expression was upregulated on tumors treated by PD-1/PD-L1 blockades [38].
Blocking PD-1/PD-L1 increased all-trans retinoic acid (ATRA) and type I IFN in the treatment-sensitive
TME, which leads to activation of the retinoic acid receptor alpha (RAR-α) and subsequently CD38
expression on tumor cells. CD38 on tumor cells then converts tumor microenvironmental NAD+ to
immunosuppressive adenosine via the CD38/CD203a/CD73 pathway. Consequently, the adenosine
produced by tumor cells activates A2A and A2B adenosine receptors on CD8+ T cells to suppress their
antitumor functions [38]. Chen and colleagues tested whether blocking either CD38 or the adenosine
receptor could improve the therapeutic outcome of anti-PD-L1 in mouse models of cancer. Co-inhibition
of either CD38 or the A2A/A2B adenosine receptors with PD-L1 showed superior antitumor efficacy
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over monotherapy alone [38]. These findings defined a feedback loop between tumor-infiltrating
T cells and tumor cells in the context of primary response and subsequent resistance to ICBT. However,
the current studies did not investigate other catalytic pathways that also generate adenosine. How these
different adenosine-generating pathways are regulated in tumors displaying acquired anti-PD-1/PD-L1
resistance also requires further investigation.

Beyond the adenosine pathway, CD80 expression on tumor stem cells responsive to transforming
growth factor-β (TGF-β) was identified as the primary cause of relapse after adoptive T-cell transfer [39].
In a skin cancer model for squamous cell carcinoma that responds to adoptive T-cell transfer,
TGF-β-responding tumor stem cells selectively expressed CD80, a surface ligand previously identified
on immune cells. CD80 expression on tumor stem cells directly decreases T-cell activity upon engaging
with CTLA-4 [39]. On the other hand, high levels of CD80 can trap PD-L1, thus alleviating its
suppressive effects on PD-1 expressing T cells [40]. This suggests that one molecule may have opposing
impacts on T-cell function in the complex co-stimulation network. Based on the current evidence,
we can postulate that, with PD-L1 blockade, CD80 may exert immunosuppressive effects on T cells
by binding to CTLA-4, thereby leading to acquired anti-PD-L1 resistance. However, whether such
a putative mechanism exists in the ICBT resistant scenario needs further validation.

Accumulating evidence shows that oncogenic pathways can influence the cross-talk between cancer
cells and the surrounding tumor microenvironment [41]. Loss of the PTEN tumor suppressor gene is
commonly observed in numerous types of cancers and is considered as a mechanism causing intrinsic
resistance to ICBT. The tumor microenvironment of PTEN-deficient tumors shows an increased
percentage of regulatory T cells and a concurrent decrease in cytotoxic T-cell frequency [42–44].
In a patient with metastatic melanoma who initially showed a durable partial response to combined
anti-CTLA-4 + anti-PD-1 therapy but subsequently developed resistance, acquired PTEN loss was
detected in the drug-resistant tumors [45]. T-cell exclusion was observed in the acquired resistant
tumor [45]. These data confirmed that acquired resistance to ICBT can arise upon the selection/induction
of oncogenic pathway mutations in tumor cells that mediate immunosuppression. Other oncogenic
pathways that have contributed to intrinsic resistance [41] might also contribute to acquired resistance,
and evaluation for those mutations should be considered at the time of relapse in patients developing
acquired resistance.

2.5. Tumor Pathologic Transformation and Epithelial–Mesenchymal Transition

Transformation of tumor pathological subtypes is a phenomenon documented during cancer
treatment. It was known that lung adenocarcinoma can be transformed into neuroendocrine carcinoma
under epidermal growth factor receptor (EGFR)-tyrosine kinase inhibitor (TKI) treatment, leading to
resistance in EGFR-mutated non-small-cell lung cancers [46,47]. Similarly, non-small-cell lung cancer
that developed acquired ICBT resistance demonstrated transformation to small cell lung cancer [48,49].
These non-small-cell lung cancers showed neuroendocrine features before ICBT [48], suggesting that
immunoediting induced by ICBT selectively eliminated the treatment-sensitive tumor cells and can be
a reason for the histological transformation. However, due to the limited sample size [48,49], we cannot
yet conclude the prevalence of this mechanism.

In addition to tumor histological transformation, the epithelial–mesenchymal transition (EMT)
in individual cancer cells may be another cause of acquired ICBT resistance. EMT is a process by
which epithelial tumor cells gain the morphology and properties of mesenchymal stem cells. During
the EMT, epithelial cells lose their cell polarity and cell–cell adhesion and acquire migratory and invasive
capabilities [50]. In melanoma models, tumors undergoing EMT lack E-cadherin expression and thus
are resistant to anti-PD-1 and anti-CTLA-4 therapies [51]. Mechanistic studies showed that E-cadherin
is the primary ligand of CD103, which is expressed on resident memory T cells, dendritic cells,
and other immune cells [51–54]. Loss of E-cadherin expression will inevitably impair the CD103+

immune-cell-mediated immune response. Based on these data, we speculate that the EMT process can
shift treatment responsive tumors to become resistant, resulting in acquired ICBT resistance.
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3. Detection of Acquired ICBT Resistance

Although acquired ICBT resistance is well known to clinicians, its detection and prediction are
still challenging. Currently, the Response Evaluation Criteria in Solid Tumors (RECIST 1.1) is routinely
used to evaluate response to cytotoxic cancer therapies by radiographic imaging. However, the atypical
response patterns seen in some cases undergoing immunotherapy limit the accuracy of RECIST 1.1 in
evaluating cancer immunotherapy response. Since RECIST 1.1 generally classifies significant tumor
growth and/or newly detectable tumor lesions as a progressive disease, it fails to recognize the potential
pseudoprogression during immunotherapy and long-term effectiveness of immunotherapy. For this
reason, an immune-related response criteria termed iRECIST was developed in 2017 to assess the growth
patterns unique to patients treated with immunotherapy [55]. The basic definition of measurable or
non-measurable tumor lesions and assessing tumor responses remains the same in iRECIST as in RECIST
1.1. The major change in iRECIST is the introduction of ‘unconfirmed progressive disease’ to describe
an initial increase in tumor size or the emergence of new lesions. An additional follow-up is needed
to confirm or withdraw an ‘unconfirmed progressive disease’ designation. These new criteria will
diminish erroneous terminations of immunotherapies and unjustified patient exclusion from clinical
studies due to tumor pseudoprogression. However, neither of these radiographic assessment-based
criteria can provide early diagnosis of acquired resistance nor provide any mechanistic insights. Novel
detection methods that identify potential acquired resistance before radiographic tumor progression
would significantly impact patient care.

Recent improvements in the understanding of acquired resistance mechanisms make novel
resistance detection before radiographic tumor progression increasingly achievable. To this end,
histologic analysis and immune profiling analyses by next-generation sequencing and high-throughput
flow cytometry/mass cytometry of tumors were developed to serve as a robust predictor of acquired
resistance to ICBT [56,57]. By performing serial biopsies after ICBT treatment, these novel methods
make it possible to monitor tumor immunoediting post-ICBT treatment. The changes in PD-L1
expression, cell populations, immune gene expressions, and the tumor microenvironment may predict
acquired resistance and case-specific mechanisms.

Less invasive methods are also being studied to monitor tumor responses to ICBT, including testing
for circulating tumor DNA (ctDNA) and T-cell receptor (TCR) sequencing on circulating T cells. In cancer
patients, ctDNA amounts have been correlated with tumor burden after ICBT [58–61]. Furthermore,
tumor-specific mutations can be detected from the ctDNA of cancer patients [62]. These features of
ctDNA form a theoretical foundation upon which to apply ctDNA testing to monitor ICBT efficacy.
The changes in ctDNA precede radiographic evidence of responses to ICBT [58]. TCR sequencing can
provide a more direct evaluation of the tumor-specific T-cell populations. The TCR repertoire and its
features are associated with survival in immunotherapy-treated cancers [63,64].

Molecular imaging by nuclear medicine equipment provides another non-invasive method to
measure immune protein expression on tumor tissues. Recent pre-clinical and early-stage clinical
studies showed the feasibility of using isotope-labeled PD-1- and PD-L1-targeted imaging agents
for quantitative, real-time assessment of PD-1/PD-L1 expression in the tumor environment [65,66].
However, whole-tumor molecular imaging cannot discriminate the tumor and immune cells in
the tumor tissue. Since immune checkpoints have distinct functions on different cell types, results of
whole-tumor molecular imaging may not provide an accurate evaluation of anti-tumor immune
mechanisms. Despite such caveats, molecular imaging still shows huge potential for measuring
immune-protein-related biomarkers in patients who are not suitable for biopsies [66]. Several clinical
trials (e.g., ClinicalTrials.gov identifiers: NCT04222426 and NCT04006522) are ongoing to determine
the value of immune-protein-specific molecular imaging in predicting ICBT response.

These novel cellular and molecular tests may eventually lead to earlier diagnoses of acquired
ICBT resistance than the standard RECIST 1.1/iRECIST; however, they are not currently performed
in routine clinical practice (Table 1). The reproducibility of these novel measurements has yet to be
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studied systematically, and further randomized clinical trials are necessary to validate their predictive
value on acquired ICBT resistance in multiple cohorts.

Table 1. Strategies under development for evaluation of immune checkpoint blockade therapy.

Approaches Mechanisms of Approach Relevance to Anti-Tumor
Immune Mechanisms Reference

Radiographic imaging Direct measurement of tumor burden No [55]

Molecular imaging Measurement of immune protein
expression on whole tumor tissues Yes [65,66]

Serum tumor biomarkers
Estimation of tumor burden by

quantifying serum tumor antigens
or genetic material

Marker-dependent [67,68]

Circulating tumor cells
Estimation of tumor burden by

quantifying and featuring circulating
tumor cells

Marker-dependent [69]

PD-L1 expression
Assessment of the proportion of

PD-L1-positive tumor cells, immune cells,
or both on tumor tissue sections

Yes [70,71]

Tumor-infiltrating lymphocyte Assessment of T cells at invasive tumor
margin or tumor parenchyma Yes [72,73]

T-cell receptor sequencing Assessment of T-cell clonality by
sequencing of T-cell receptor β chain Yes [74]

Mutational and neoantigen burden
Exome sequencing to assess

non-synonymous somatic mutations
with antigenic prediction

Yes [15]

DNA mismatch repair genes status Assessment of mismatch repair genes
status in tumor parenchyma Yes [75]

Immune gene signatures
Assessment of immune gene expression

signature from
the tumor microenvironment

Yes [76]

4. Principles for Overcoming Acquired ICBT Resistance

The development of acquired ICBT resistance in patients is usually limited to one or few sites of
disease [8,9,77]. One recent observational study found that, among all metastatic tumor sites, the lymph
nodes are the most common site of acquired resistance in patients with advanced non-small-cell lung
cancer [77]. Therapeutic regimens administered for progressive disease secondary to acquired ICBT
resistance largely depend on tumor burden, location, and physician experience. Therapies include
both systemic (first/second-line chemotherapy and targeted therapy) and local treatments as well as
re-challenging with the original ICBT agent [77]. In this study, these second-line therapies were able
to delay tumor progression [77]; however, further clinical trials are needed to establish standardized
treatment regimens for patients with acquired ICBT resistance.

With improved understanding of the underlying mechanisms leading to acquired ICBT resistance,
efforts are being made to derive individualized strategies to combat this resistance. One major focus is to
target the compensatory mechanisms, such as TIM-3 and the adenosine metabolic/signaling pathways,
that cause T-cell exhaustion upon anti-PD-1/PD-L1 or anti-CTLA-4 treatments. Data from pre-clinical
models has demonstrated the efficacy of such combination therapies [31,38]. However, phase II/III
clinical trial data which support the combination of alternative immune checkpoint inhibitors to
overcome the acquired anti-PD-1/PD-L1/CTLA-4 resistance have yet to be reported. Additionally,
the possible activation of specific oncogenic pathways in tumors that have acquired ICBT resistance [45]
raises the prospect for administering inhibitors of these pathways to restore T-cell infiltration and cancer
cell depletion. Transcriptional regulatory drugs, such as azacytidine and decitabine, might be effective
in tumors with transcriptional silencing of tumor antigen expression [21]. Despite the many theoretic
possibilities, the mechanisms that drive acquired ICBT resistance in individual patients are usually
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unknown, making it difficult to develop a precise and individualized combination therapy in current
clinical practice.

5. Conclusions and Future Directions

The past decade has witnessed the revolutionary success of ICBT in selected cancer types.
However, intrinsic resistance to ICBT was observed in the majority of cancer patients, significantly
limiting the number of beneficiaries. Other patients showed an initial response but eventually acquired
resistance to ICBT, which ultimately diminished their long-term survival. Clinical investigations of
cancer relapse following ICBT have begun to identify the key mechanisms of acquired resistance
from the studies of tumor cells, immune cells, and their interactions. Key challenges remain in fully
understanding and efficiently treating acquired resistance.

One poorly understood fundamental question is how acquired ICBT resistance is initiated in
individual patients. One possibility is that ICBT selectively kills only intrinsically sensitive tumor
cells leaving resistant cell populations to rebound, resulting in clinical relapse. The main driver for
this type of acquired resistance is the small proportion of tumor cells that are resistant to ICBT from
the onset of treatment. This hypothesis is supported by two recent publications showing that the highly
heterogeneous nature of both tumor cell populations and tumor microenvironmental components
creates different compartments within the tumor tissue, each with diverse sensitivities to T-cell
killing [78,79]. Resistance due to this mechanism may be avoided by designing combination therapies
which eliminate multiple tumor cell subclones from the start of treatment. Another potential pathway
causing resistance to ICBT is acquired by tumor cells during the treatment. The accumulation of
mutations in tumor cells, tumor-immune cell interactions, and reshaping of the tumor microenvironment
during ICBT may transform sensitive tumors into resistant tumors. Differentiating between these two
initiation pathways may allow for the development and implementation of specific strategies to avoid
acquired ICBT resistance.

Another critical question is whether intermittent ICBT could sustain long term responses
and help avoid acquired resistance. The induction of compensatory immunosuppressive mechanisms
after anti-PD-1/PD-L1 and anti-CTLA-4 suggests that sustained ICBT may induce feedback
inhibition [26,31,38]. It seems that these compensatory immunosuppressive factors are mainly
controlled by epigenetic mechanisms, which are highly reversible. However, it is still unknown
if these compensatory immunosuppressive mechanisms will subside after discontinuation of ICBT.
Clinical data from non-small-cell lung cancer patients demonstrated that some relapsed tumors could
respond to the original ICBT [77], indicating that tumor cells with acquired resistance can regain
sensitivity after a certain period of time off treatment. If this hypothesis is true, intermittent ICBT may
be a better option than sustained therapy, providing both reduced toxicity and improved long-term
tumor control.

Extensive studies have revealed key mechanisms causing tumor intrinsic resistance to ICBT.
However, whether these same mechanisms can be activated during ICBT and lead to acquired resistance
is largely unknown. For example, dysbiosis to the gut microbiome can impair immune functions
and thus affect ICBT response [80–82]. The impacts of the microbiome on intrinsic ICBT resistance
have been widely accepted, but whether the patients’ microbiome can shift from an ‘ICBT sensitive
pattern’ to an ‘ICBT resistant pattern’ during treatment is unclear. Recent studies also demonstrated
that exosome-derived PD-L1 avoids PD-1 axis inhibition, thus giving rise to intrinsic resistance [83,84].
It is important to know if the exosome packaged PD-L1 is upregulated in the development of
acquired resistance to ICBT. Considering the universalism of tumor–immune cell interactions, the same
mechanism can likely induce both intrinsic and acquired resistance. Validating the key mechanisms
of intrinsic ICBT resistance in acquired resistance will significantly accelerate our understanding of
acquired ICBT resistance.

Finally, the objective difficulties of investigating acquired ICBT resistance must be properly addressed.
One major issue is tissue acquisition of tumors with acquired resistance. To study intrinsic resistance,
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primary tumor tissues that are resected during surgical treatment are valuable sources for mechanistic
studies. Most animal tumor models are also suitable for studying intrinsic resistance. However, these
sources do not necessarily exist for acquired resistance studies, which require paired tumor tissues
from pre- and post-treatment. Biopsies of recurrent tumor tissues are sufficient for diagnosis but not
for comprehensive investigation utilizing multiple techniques such as high-throughput sequencing,
immunostaining, and flow cytometry. This restriction has significantly limited the depth and scope of
current acquired ICBT resistance studies [33,45]. Addressing these challenges through more coordinated
and robust tissue collection efforts or the development of novel mouse models that represent acquired ICBT
resistance will provide additional opportunities to understand and ultimately defeat relapsed cancers.
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