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Abstract

Despite the unprecedented tumor regression and long-term survival benefit observed with anti-

Programmed Death (PD) (anti-PD-1 or anti-B7-homolog 1 (B7-H1)) therapy in patients with 

advanced cancers, a large portion of patients do not benefit from such treatment and a fraction of 

responders relapse. Current efforts to overcome resistance and improve efficacy of anti-PD therapy 

require a clear understanding of resistance, and should precede current avenues using random 

combinations with available treatment regimens. Here, we categorized three types of resistance, 

namely target-missing, primary, and acquired resistance. This categorization requires reliable, 

accurate tissue sampling and appropriate interpretation of results based on the four classifications 

of tumor immunity in the microenvironment (TIME). We believe that fundamental understanding 

of these complex tumor-immune interactions and of the cellular and molecular mechanisms 

underlying these types of true resistance is the key for targeting the right targets in combination 

with or beyond anti-PD therapy in the future.
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Anti-Programmed Death (PD) therapy in cancer

Conventional chemotherapy and targeted therapy in cancer are often limited in their efficacy 

and durability, and are associated with high toxicity. Utilizing a patient’s own immune 

system to fight against cancer is one solution with the potential to overcome these problems 

and has been considered an attractive therapeutic approach for decades. However, various 

immunotherapy approaches based on general enhancement of normal immune mechanisms 

to fight tumors have faced similar issues as conventional therapies, with limited efficacy 

(e.g. cancer vaccines) [1], high toxicity (e.g. Interleukin-2 (IL-2) and anti-Cytotoxic T-

lymphocyte-associated protein 4 (CTLA-4) therapy) [2] and, in the case of targeted 

therapies, narrow indications (e.g. IL-2 and anti-CTLA-4 therapy for melanoma and 

chimeric antigen receptor-T (CAR-T) therapy for CD19+ lymphoid leukemia/lymphoma) [2, 

3]. Recently, anti-PD therapy has rapidly taken the center stage of cancer treatment. A 

conceptual breakthrough in understanding the limitations of immune responses to cancer 

occurred when selective upregulation of B7-H1, and the resulting B7-H1/PD-1-mediated T 

cell dysfunction in the tumor microenvironment (TME), were found to play major roles in 

impairing spontaneous immune response and the efficacy of immunotherapy [4, 5], a 

mechanism termed “adaptive resistance” [6]. Based on these findings, blocking monoclonal 

antibodies (mAbs) were developed to normalize defective immune responses, rather than 

over-boosting immune responses, leading to drastic efficacy and durability without serious 

toxicity in cancer patients. This “normalization” approach has become a major focus in the 

current development of cancer immunotherapies for solid tumors. Understanding immune 

responses and immune regulatory mechanisms in the TME, therefore, represents a key future 

direction to achieve successful outcomes from immunotherapies.

B7-H1 (CD274, PD-L1) was initially discovered by searching for immunoglobulin (Ig)-like 

molecules that are highly upregulated in human cancer tissues with immune suppressive 

functions [4]. Subsequently, B7-H1 was found to interact with PD-1 [7] which was shown to 

be immune inhibitory in an experimental autoimmune disease setting [8]. A series of studies 

showed that B7-H1 in the TME, especially on cancer cells, could suppress T cell functions 

[5, 9–11] through adaptive resistance [6, 12]. Blocking the interaction between B7-H1 and 

PD-1 by either anti-B7-H1 or anti-PD-1 monoclonal antibodies (mAbs) restored T cell 

activity [10, 13]. In addition to the PD-1/B7-H1 interaction, B7-H1 could also interact with 

B7-1, and PD-1 could bind PD-L2 (B7-DC); both associations induced inhibitory fuctions 

[14–16]. However, the roles of these interactions in cancer immunity has not been fully 

elucidated. Importantly, B7-H1 or PD-1 mAbs which block the B7-H1/PD-1 interaction 

showed similar clinical activity in many types of human cancers. These data support that the 

B7-H1/PD-1 interaction is a major contributor to the suppression of tumor-specific T cells. 

These pre-clinical findings were subsequently translated to the clinic, where mAbs blocking 

the PD pathway demonstrated durable anti-tumor responses and less immune-related adverse 

effects than CTLA-4 mAb in cancer patients. The first PD-1 mAb, nivolumab, was approved 

for the treatment of advanced melanoma in 2014 by the US Food and Drug Administration 

(FDA). With subsequent approval of multiple mAbs to PD-1 and PD-L1 for more than 10 

different cancer indications today, including cancers of the lung, kidney, head and neck, 

Kim et al. Page 2

Trends Immunol. Author manuscript; available in PMC 2019 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



bladder, liver, stomach, colon and others, anti-PD therapy has become the pinnacle of the 

treatment armamentarium for advanced human cancers.

Most of early clinical trials in melanoma and lung cancer were conducted in all-comer 

patients, partially due to the technical challenge to define reliable biomarkers to precisely 

identify patients who will respond to anti-PD therapy. These studies left an impression that 

only a fraction of cancer patients with solid tumors respond to anti-PD therapy. Despite 

outstanding response rates and the durability of the response to anti-PD therapy, some 

responders also relapse over time. Due to lack of reliable biomarkers, much of the current 

discussion regarding “resistance” to anti-PD therapy is quite confusing. In this opinion 

article, we will define true resistance and propose the approaches to overcome resistance 

based on mechanistic insight.

The adaptive resistance hypothesis

The concept of adaptive resistance mediated by the B7-H1/PD-1 pathway as a mechanism of 

cancer evasion of immunity came to fruition based on the following findings: 1) B7-H1 cell 

surface protein was upregulated on a large number of human cancer tissues, whereas 

cultured cancer cell lines were largely negative; 2) in general, normal tissues and cells did 

not express B7-H1, with the exceptions of tonsil, placenta and a small portion of 

macrophage-like cells in the liver and lung; 3) B7-H1 on cancer cell lines, as well as normal 

cells, could be rapidly upregulated by interferon gamma (IFN-γ) in vitro and withdrawal of 

IFN-γ correlated with the loss of B7-H1[5]; 4) in vitro human tumor/effector T cell co-

culture systems and in vivo mouse experiments showed that expression of B7-H1 confered 

resistance of tumors to T cell-mediated destruction; and 5) the mAb which blocked the 

interaction of B7-H1/PD-1 eliminated this resistance and enhanced tumor immunity in vitro 
and in vivo [5]. As IFN-γ is largely produced by tumor antigen-specific T cells as an 

effector molecule upon recognition of tumor antigens, we subsequently hypothesized that 

recognition of tumor antigens by T cells may lead to activation of effector T cells and 

subsequent secretion of IFN-γ, leading to upregulation of B7-H1 on tumor cells. 

Upregulated B7-H1 binds to PD-1 on T cells adjacent to tumor cells and transmits a co-

inhibitory signal to dampen T cell activity, such as induction of apoptosis and exhaustion [5, 

17–19]. This hypothesis was further supported by histopathological findings that expression 

of B7-H1 is largely associated geographically with IFN-γ and tumor infiltrating 

lymphocytes (TILs) in melanoma [6, 20] and in many other human cancers [21, 22]. Mice 

deficient in IFN-γ carrying an immunogenic tumor eliminated the upregulation of B7-H1 on 

tumors [23], further supporting that IFN-γ is a major regulator of B7-H1 expression in vivo.

While antigen-specific T cells are the major source of IFN-γ, NK and NKT cells also 

secrete IFN-γ. However, the contribution of IFN-γ from NK and NKT cells to the 

upregulation of B7-H1 in vivo remains to be explored. The contribution of each subset of T 

cells also remains poorly understood, although CD8+ T cells and CD4+Th1 cells are likely 

to be the major producers of IFN-γ. In our study, B7-H1 expression is associated with T cell 

infiltration and forms a scattered but not disseminated pattern in tumor tissues. This 

“adjacent upregulation” of B7-H1 by IFN-γ may be due to the presence of a large number of 

IFN-γ receptors on tumor and stromal cells, which would bind IFN-γ rapidly and prevent its 
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disseminated distribution. This could also explain frequent upregulation of B7-H1 on 

myeloid cells in the TME [9, 24] as well as in lymphoid organs [9] [25], because T cells 

recognize antigens on professional antigen-presenting myeloid cells and subsequently 

produce IFN-γ. Therefore, upregulation of B7-H1 on myeloid cells in the TME could be 

viewed as a result of active antigen recognition and activation of T cells. In addition to IFN-

γ, type I IFNs were also shown to upregulate B7-H1 [26]. In this regard, expression of B7-

H1 on several normal tissues as well as infected organs could be explained by the presence 

of IFNs, perhaps due to infection and/or inflammation that trigger the production of IFNs. 

This may even help explain “autoimmune”-like tissue damage during and after anti-PD 

therapy because pre-existing and subclinical infection and/or inflammation could potentially 

be amplified to a pathological level.

In our opinion, adaptive resistance can be defined by two minimal criteria: 1) a mechanism 

which is induced by tumor growth and is developed continuously during tumor progression 

to resist immune destruction; and 2) a mechanism that is confined to the TME. By this 

definition, adaptive resistance will be not only theoretically significant but also 

therapeutically useful as overcoming such mechanisms mainly in the TME will elicit 

focused and therefore powerful immune responses in the TME while also limiting 

autoimmune toxicity.

Mechanisms of adaptive resistance in human cancer

Two essential components of B7-H1/PD-1 pathway-mediated adaptive resistance are: 1) the 

presence of B7-H1 in the TME; and 2) PD-1+ TILs. Based on this assumption, we 

categorized the TME into 4 distinct types using surgical specimens of advanced melanoma 

[6, 12] and lung cancer [21, 22] (Figure 1). This typing method based on tumor immunity in 

the microenvironment (TIME) was discussed previously [27] and will be briefly summarized 

here. Tumors with both B7-H1 and TILs (type II) signify the presence of B7-H1/PD-1-

mediated adaptive resistance, whereas tumors without either B7-H1 or TILs (type I) indicate 

no participation of immunity in the TME. Of interest, many tumors are infiltrated with T 

cells while B7-H1 is not present (type III) and suppression of T cell activity is likely 

mediated by adaptive resistance mechanisms other than the B7-H1/PD-1 pathway. Finally, 

there are a significant fraction of patients, especially in non-small cell lung cancer (NSCLC), 

with B7-H1 expression while TILs are absent (type IV) [21, 22]. The type IV tumors are 

often associated with several intrinsic genetic alternations such as PTEN loss [28] and 

epidermal growth factor receptor (EGFR) mutations [29].

With this molecular categorization, TIME type II patients are predicted to respond to anti-

PD therapy while those with other types would not due to lack of one or both key 

components of the B7-H1/PD-1 pathway. For example, TIME type III patients do not have 

the expression of B7-H1, although PD-1 may be present on TILs. On the other hand, TIME 

type IV patients do have B7-H1 while PD-1 is absent due to the absence of TILs. In TIME 

type I patients, both ligand and receptor are absent. It is important to note that this 

assessment is based on a single time point; we do not know how much these factors change 

over time and/or by other therapeutic modelities because many drugs for chemotherapy and 

targeted therapy are shown to affect immune cell infiltration and activity. These findings 
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emphasize the importance to assess both B7-H1 expression and TILs rather than only using 

B7-H1 expression for clinical selection of patients who have a high likelihood to respond to 

anti-PD therapy.

Can we identify patients of TIME type II before anti-PD therapy? B7-H1 expression in the 

majority of human cancer tissues is heterogeneous: the pattern of expression is typically 

clustered rather than diffuse within a given tumor [5, 6]. Thus, evaluation of a small amount 

of tumor tissue via biopsy might miss the B7-H1-positive area. This may be the reason why 

clinical responses to anti-PD therapy are observed in cases of “B7-H1 negative” tumors. 

This limitation may be overcome by in vivo imaging with B7-H1 binding agents [30]. In 

addition, excisional biopsy or surgical tissue resection, to acquire larger tissues if possible, 

could give a better yield to accurately assess the expression of B7-H1.

As mentioned above, adaptive resistance may include the B7-H1/PD-1 pathway-mediated 

resistance mechanisms as well as other yet-to-be-discovered mechanisms. While at present, 

we cannot delineate all mechanisms underlying adaptive resistance, a description based on 

our current understanding of the B7-H1/PD-1 pathway-mediated adaptive resistance may 

help us better understand the resistance experienced by cancer patients clinically. These 

types of resistance include: 1) ”target-missing” resistance; 2) primary resistance, and 3) 

acquired resistance.

“Target-missing” resistance

Target-missing resistance is defined as the status of patients who do not have one or both 

targets which are necessary for anti-PD therapy in the TME. Cancer patients with TIME 

type I, III and IV patients would fall into this category and treatment would unlikely benefit 

these patients. This type of resistance should not be considered as a true drug resistance due 

to lack of drug targets. Target-missing resistance may account for 60–80% of solid tumors 

based on data from melanoma and lung cancer [6, 12, 21, 22] and thus represents a major 

challenge for future cancer immunotherapy. As the B7-H1/PD-1 pathway is essential for the 

protection of host cells from inflammation-related tissue damage, the absence of B7-H1 in 

many cancer tissues itself is an interesting scientific issue and will need to be explored at a 

basic science level. Therefore, it is important to understand intrinsic mechanisms which 

cause target-missing resistance.

In TIME type I and IV patients, poor immune infiltration may indicate the presence of 

molecular mechanisms that prevent inflammation from occurring. While these intrinsic 

inflammation-preventing mechanisms are yet to be discovered, several studies suggest that 

decreased production of chemokines may partially account for this observation in several 

animal tumor models [31] and possibly in melanoma, ovarian cancer, and colon cancer 

tissues [31–33]. Practically, target-missing resistance in TIME could potentially be 

overcome by various approaches to initiate inflammation and to promote infiltration of TILs. 

These approaches include the use of anti-CTLA-4 mAb, local radiation, oncolytic viruses, 

cancer vaccines, DNA damaging agents, epigenetic modifiers, and adoptive cell therapy; 

indeed, some of these methods have shown promise in animal models and are being tested in 

clinical trials together with anti-PD therapy [18]. It remains to be seen, however, if these 
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extrinsic inflammation-producing approaches can overcome intrinsic inflammation-

preventing mechanisms.

In TIME type III patients, while immune infiltration is successful, it appears that specific 

mechanisms which are not involved in the PD-pathway prevent effector T cells from 

functioning normally. Though specific mechanisms underlying type III resistance are yet to 

be discovered, abnormal functions of effector T cells may not only be limited to the 

execution of their effector functions but may also include hindrance in proliferation and 

maturation of effector T cells. While it is obvious that anti-PD therapy is predicted to be 

ineffective in this type of patient, in our opinion, type III patients could be vigorously tested 

therapeutically for the agents that rescue T cell activity including those targeting LAG-3, 

TIM-3, GITR, PD-1H/VISTA if these pathways/molecules are selectively present in the 

TME. In addition, type III patients may also be excellent candidates for T-cell costimulatory 

agents which may overcome T cell dysfunction. The manipulation of these pathways 

includes, but is not limited to, 4-1BB, OX40, CD27, CD28, and CD40, as long as these 

molecular pathways are found in the type III TIME patient.

Primary resistance

Primary resistance is the status of patients whose tumors express both B7-H1 and TILs in 

the TME (TIME type II) but do not respond to anti-PD therapy upon initial treatment. 

Although B7-H1 positivity in tumor tissues has been shown to correlate with higher 

response rates to anti-PD therapy in melanoma, lung cancer and bladder cancer than B7-H1 

negative patients [34–40], these studies did not test for the presence of TILs, especially 

CD8+ T cells. Therefore, the populations studied also included TIME type IV patients and 

do not accurately predict real primary resistance [34, 36, 37, 39]. Nevertheless, previous 

studies using the TIME categorization method showed that there are some TIME type IV 

patients in more than 250 advanced melanomas analyzed [6, 20] and other types of cancer. 

This allows for a more accurate estimate of primary resistance in melanoma. Another issue 

confounding the assessment of the true percentage of patients who encounter primary 

resistance is related to non-standardized immunohistochemical criteria used to assess 

biomarker expression across studies. For example, in an earlier study, 80% of patients with 

advanced melanoma had PD-L1 expression [clone: 22C3 (Dako Agilent Pathology 

Solutions), definition of PD-L1 positive is PD-L1 expression >1% in tumor cells], yet the 

response rate to anti-PD-1 therapy (pembrolizumab) was ~31% [34]. In a study testing 

nivolumab, ~25% of patients were PD-L1 positive [clone: 28-8 (Dako), definition of PD-L1 

positive is PD-L1 expression >5% in tumor cells], but overall response was 57% in PD-L1+ 

patients [41]. Based on these data, an estimated 45–50% of patients have primary resistance 

to anti-PD therapy. However, this number could also be affected by various factors such as 

the initial sampling for PD-L1 expression assessment, efficacy of drugs used for study, and 

accuracy of immunohistochemistry methods.

We have just started to explore the mechanisms of primary resistance to anti-PD therapy. 

Currently we do not know how much PD-L1 expression in the TME is required for anti-PD 

therapy to work. As the level of PD-L1 expression in TIME type II patients may impact the 

strength of T cell-mediated inflammation, a quantitative method will need to be developed, 
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preferentially by in vivo imaging, to accurately predict the relationship between PD-L1 

expression and the efficacy of anti-PD therapy. In addition to the expression of PD-L1 on 

cancer cells, it is also important to assess the expression of essential molecules for antigen 

processing and presentation such as MHC class I/II, TAP-1/2 and others. The deficiency of 

these molecules has been shown to affect T cell-mediated recognition in the effector phase 

of the immune response, and therefore, may be critical for primary resistance to anti-PD 

therapy.

While the presence of TILs is essential to define primary resistance, it is still unclear what 

the key cellular and molecular components are that dictate the primary resistance. The 

presence of CD8+ and type 1 helper T cells (Th1) in the TME is more consistently 

associated with better prognosis [42–45] and is likely to be an essential cellular component 

to prevent primary resistance. However, the roles of other TIL components including subsets 

of CD4+ T cells, natural killer (NK) cells, natural killer T (NKT) cells, B cells, regulatory T 

cells (Treg) and γδ T cells are less clear in the TME. In addition, the presence of Treg and 

myeloid derived suppressor cells (MDSC) may also contribute to primary resistance. A 

comprehensive cellular and molecular analysis of TIME type II patient tumors should help 

us identify the patients at highest risk for primary resistance.

Acquired resistance

Acquried resistence to anti-PD therapy is defined as the recurrence of tumors following clear 

signs of clinical responses (partial or complete response). In advanced melanoma, 25–35% 

of initial responders to pembrolizumab relapsed within 2–3 years of follow-up [46]. In 

NSCLC, 34–37% of initial responders to nivolumab relapsed in a 2-year follow-up [47]. Can 

we say these patients have acquired resistance to anti-PD therapy? It is possible to re-induce 

a response in patients with acquired resistance; it was shown that 30–50% of relapsed 

patients who stopped the drugs after a positive clinical response responded to anti-PD 

therapy upon re-initiation [48]. While we expect more data to confirm relapse rates in long-

term follow-up studies, an evaluation of B7-H1 expression and TILs needs to be conducted. 

If TIME remains type II in these relapsed patients, this may explain the re-induction effect. 

The underlying mechanism of this re-induction effect is unclear but it is possible that these 

patients may undergo transient down-regulation of B7-H1 and/or loss of T cell infiltration in 

the TME after initial anti-PD therapy. Many recurrent lesions are new and not always the 

primary lesions at the starting point of treatment [48, 49], possibly indicating that T cell 

immunity may ignore small tumors due to lack of sufficient antigenic stimulation [50]. If 

patients who do not respond to reinduction of anti-PD therapy despite the fact that they are 

type II TIME, it may be a true acquired resistance to anti-PD therapy.

Acquired resistance to anti-PD therapy drugs is largely a clinical definition: underlying 

mechanisms have not fully been elucidated to define real acquired resistance. Our 

understanding of the cause and effect, as well as the necessary cellular and molecular 

components of acquired resistance, is rudimentary. There is no obvious biomarker to predict 

or determine the development of acquired resistance and it is unknown if this resistance is 

caused by the complete loss of B7-H1 and/or the absence of TILs. Nevertheless, several 

studies indicate that down-regulation of tumor antigen presentation, possibly via genetic 
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deletions, genetic mutation, or epigenetic changes affecting the antigens themselves or 

antigen-presentation machinery, may contribute to acquired resistance [46, 51]. Alterations 

of other immune modulatory molecules and intracellular pathways including JAK1 and 

JAK2, STAT1, and TIM-3 were also found to correlate with relapse [46, 52] [53, 54]. These 

studies provide initial evidence that acquired resistance may involve substantial alteration 

and evolution of cancer cells and immune cells in the TME.

Concluding Remarks

The discovery of the B7-H1/PD-1 pathway and elucidation of its role in adaptive resistance 

and its application to cancer medicine have revived cancer immunology and immunotherapy 

and set a new benchmark for future advances to further improve the treatment of cancer. 

Normalization of defective immune responses in the TME, while preserving homeostasis of 

the immune response systemically thus represents a major conceptual progress. The 

catagories and classifications of highly heterogeneic TMEs in this article is an initial attempt 

to understand the mechanisms of adaptive resistance and to highlight the major effort 

required to continue to evolve this area of research in the future.
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Highlights

• Recently, anti-PD therapy has taken center stage for the treatment of cancer, 

especially for solid tumors

• While anti-PD therapy is highly effective in some patients (response), others 

do not respond (resistance).

• A proper understanding of the tumor micro-environment, both in terms of PD-

L1/B7-H1 expression and of immune infiltration, is critical to separate true 

primary resistance from “target-missing” resistance

• Additionally, acquired resistance may occur in some relapsing patients, 

although its causes and markers remain ill-defined

• Clear definitions and mechanistic understanding of these distinct resistances 

will be critical to improve the efficacy of cancer immunotherapy
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Outstanding Questions Box

• What have we learned from the success of anti-PD therapy?

• Why are some patients affected while others are not?

• How to identify the patients in which therapy will be effective and 

ineffective?

• How to best test new approaches to improve cancer therapy?
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Figure 1. 
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