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Abstract

Harnessing an antitumor immune response has been a fundamental strategy in cancer 

immunotherapy. For over a century, efforts have primarily focused on amplifying immune 

activation mechanisms that are employed by humans to eliminate invaders such as viruses and 

bacteria. This “immune enhancement” strategy often results in rare objective responses and 

frequent immune-related adverse events (irAEs). However, in the last decade, cancer 

immunotherapies targeting the B7-H1/PD-1 pathway (anti-PD therapy), have achieved higher 

objective response rates in patients with much fewer irAEs. This more beneficial tumor response-

to-toxicity profile stems from distinct mechanisms of action that restore tumor-induced immune 

deficiency selectively in the tumor microenvironment, here termed “immune normalization,” 

which has led to its FDA approval in more than 10 cancer indications and facilitated its 

combination with different therapies. In this article, we wish to highlight the principles of immune 

normalization and learn from it, with the ultimate goal to guide better designs for future cancer 

immunotherapies.

Introduction

Successful generation of a T cell-mediated immunity to eliminate antigen includes but it is 

not limited to the following steps: (1) tumor-antigen uptake and processing by antigen-

presenting cells (APCs), (2) migration of APCs to lymphoid organs, (3) tumor-antigen 

presentation fine-tuned by co-stimulation and co-inhibitory signals that regulate the 

activation of tumor-specific naive T cells to become effector T cells in lymphoid organs, (4) 

the regression of tumor-specific effector T cells from lymphoid organs into peripheral blood 

and trafficking to tumor tissues, (5) tumor-antigen recognition and tumor lysis, and (6) death 

of effector T cells and the generation of tumor-specific memory T cells. Based on the 

understanding of these cellular and molecular mechanisms, various types of 

immunotherapies were developed to “push” immune activation through the modulation of 

general regulatory and/or activatory mechanisms governing these steps to improve antitumor 
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immune responses in quantity and/or quality. This general approach aims to activate and 

increase the immune response, and we have termed this as “enhancement immunotherapies.”

However, cancer does not simply grow to race with the development of immune responses, 

but rather actively employs various tactics to delay, alter, or even stop antitumor immunity. 

These tactics, collectively termed “immune evasion mechanisms,” often defeat intrinsically 

developed antitumor immunity, leading to a failure in the control of tumor growth. These 

mechanisms develop continuously during the progression of cancer and become more 

diverse and complex in late-stage cancers. New approaches to improve the immune response 

against cancer consist of blocking these immune evasion mechanisms. One of the first and 

most characterized immune evasion mechanisms is the programmed cell death (PD) 

pathway. This pathway inhibits an effector T cell antitumor immune response when it is 

upregulated in the tumor microenvironment, and therapies blocking this pathway have 

proven effective at improving an antitumor immune response against multiple tumor types. 

This approach is conceptually different from the previous enhancement approach. While 

enhancement approaches are designed based on the knowledge of the general activation 

process, anti-PD therapy exploits new knowledge based on immune evasion mechanisms. 

Furthermore, while in the enhancement approach, we assume that the general mechanisms 

of immune system activation are always the same, anti-PD therapy first requires a careful 

study of the tumor microenvironment (TME) to identify that the PD pathway is upregulated, 

making this therapy more “personalized.” We believe that this approach represents the first 

of an emerging group of strategies in the future of cancer immunology research and will 

expand as we understand better mechanisms of immune escape. Because this new approach 

aims to restore a lost antitumor immunity, we have termed it “normalization cancer 

immunotherapy.”

The Beginning: Enhancement Cancer Immunotherapy

Starting from its inception, mainstream cancer immunotherapy has involved enhancing the 

processes believed to be necessary for a successful and powerful immune response. These 

enhancement strategies have generally been grouped in two: the first approach is to use 

effector cells/molecules of the immune system to directly attack tumor cells, which is called 

“passive” immunotherapy. This category includes antibody-targeted therapy and its 

derivatives (e.g., antibody-drug conjugates), as well as adoptive immune cell therapies and, 

more recently, genetically engineered T cells (chimeric antigen receptor [CAR]-T, T cell 

receptor [TCR]-T, etc.). Passive immunotherapy employs the power of modern technology 

and brings the immune system to much higher, sometimes extraordinary levels. The most 

well-known examples are anti-Her2/neu monoclonal antibody (mAb) for breast cancer, anti-

EGFR mAb for colorectal or head and neck cancer, and anti-CD20 mAb for B lymphoma, 

among others. The second approach is to enhance immune system activation through the 

modulation of endogenous regulatory and/or activatory immune mechanisms, which is also 

called “active” immunotherapy. In accordance with the immune response step that these 

strategies enhance, we can (1) enhance antigen uptake, processing, and presentation to T 

cells by APCs, such as antigen/adjuvant vaccines and dendritic cell vaccines—this could 

also extend to cytokines or agents that promote APC activity such as type I interferons 

(IFNs), Toll-like receptor (TLR) agonists, and stimulator of interferon genes (STINGs) 
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agonists; (2) enhance the activation and expansion of naive T cells: examples are dendritic 

cell vaccines and anti-cytotoxic T lymphocyte antigen-4 (CTLA-4) mAb; and (3) intensify 

the effector phase of the immune response: examples are adoptive cell therapy using ex vivo 

stimulated and expanded tumor infiltrate T cells to infuse back into cancer patients. In this 

article, we will focus our discussion and analysis mainly on active immunotherapies, as well 

as CAR-T cell therapy. For antibody-targeted therapy, we will refer to several excellent 

review articles (Scott et al., 2012; Weiner, 2015; Weiner et al., 2010), and it will not be 

discussed in depth here.

It is important to understand that the enhancement strategies are not designed to correct or 

overcome an existing or known deficiency during the development of the antitumor immune 

response. For instance, interleukin-2 (IL-2) therapy was not chosen based on a defective 

expression on IL-2 and its receptors in cancer patients. It is also unknown whether or not 

CTLA-4 overexpression or altered B7–1/B7–2 expression constitutes a tumor-induced 

immune-deficient mechanism in patients treated with anti-CTLA-4 mAbs. Likewise, cancer 

vaccines or adoptive therapy are also given to patients without knowledge of any defects in 

presentation/priming in patients. This suggests that perhaps, in some patients, these 

enhancement strategies are indeed providing a needed supply to the immune activation 

process. Therefore, these patients may benefit greatly from this treatment. However, in most 

of these cases, these strategies may simply be general activators of the immune system that 

are increasing the immune response against tumors but that are also pushing the immune 

system to supraphysiological levels with a subsequent risk of increasing immune-related 

adverse events (irAEs). This may explain the low tumor response-to-toxicity profile during 

enhancement immunotherapy.

Despite these conceptual limitations, these early strategies resulted in objective tumor 

responses and subsequent FDA approvals for the treatment of a few tumors (Grupp et al., 

2013; Kantoff et al., 2010; Parkinson et al., 1990; Porter et al., 2011; Rosenberg et al., 

1987), as summarized in Figure 1. However, it became evident that successful treatment was 

the exception (only a small portion of patients showed objective responses), and often, these 

strategies failed to demonstrate a significant clinical benefit in multiple tumor types. In most 

of the cases, these therapies failed to extend their approval beyond classically immunogenic 

tumors due to an unfavorable response/toxicity ratio (i.e., IL-2 and anti-CTLA-4 mAbs). We 

focus this discussion on why we consider these therapies as “enhancement” and the reasons 

for their less favorable response-to-toxicity ratio. Because it is well beyond this Perspective 

to review all possible immunotherapies that failed during past and present years, we have 

chosen to focus our analysis here only on FDA-approved cancer immunotherapies that have 

demonstrated a significant antitumor activity in at least one tumor type.

Cancer Vaccines

Following the idea of vaccination in infectious diseases, the most popular cancer 

immunotherapy practice has been to immunize patients against tumor antigens through 

many different approaches, including cell-based, DNA-based, and protein/ peptide-based 

preparations. Unfortunately, after thousands of cancer vaccine trials have been conducted 

and tested in multiple tumor types, only one cancer vaccine has been approved with 
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moderate effect (sipuleucel in prostate cancer) (Kantoff et al., 2010). Ironically, many of 

these vaccination strategies were able to induce a peripheral tumor-specific T cell response 

while failing to show objective antitumor activity (Melero et al., 2014; Rosenberg et al., 

2004). These findings suggest that tumor-specific T cell priming may not be the major 

hurdle in these cancer patients. Furthermore, the appearance of vitiligo, a sign of 

autoimmunity, is often associated with objective tumor response after cancer vaccination in 

some melanoma patients, indicating that tumor response and autoimmunity are frequently 

associated (Overwijk and Restifo, 2000). With the advent of neoantigen tumor vaccines, this 

strategy has been reinvigorated proposing the need for new antigens without central 

tolerance and higher T cell affinity (Ott et al., 2017; Sahin et al., 2017).

Cytokines

One of the most illustrative examples of the enhancement of cancer immunotherapy is the 

use of IL-2. IL-2 is a growth factor for antigen-specific T cells and natural killer (NK) cells. 

IL-2 was first identified in 1976 (Morgan et al., 1976), and isolation of the cDNA clone was 

described in 1983 (Taniguchi et al., 1983). Subsequently, recombinant IL-2 was shown to 

have antitumor activity in a number of murine tumor models (Rosenberg et al., 1985). Based 

on animal model data, IL-2 was tested in cancer patients and received FDA approval to treat 

renal cell carcinoma (1992) and melanoma (1998) with a 5%–15% objective response rate 

(Rosenberg, 2014). While IL-2 induces an effective antitumor immune response in a few 

cases, in most patients, IL-2 induces a significant toxicity in multiple organs and tissues, 

mostly related with general capillary leak syndrome (Atkins et al., 1999). Thus, the 

antitumor effect seems to be the exception, while broad stimulation of the immune system 

seems to be the rule. With the arrival of new versions of IL-2 receptor agonists, efficacy and 

toxicity are expected to be improved, based first on the design of engineered IL-2 that 

preferentially binds CD8 and NK IL-2 receptor over Treg IL-2 receptor (Charych et al., 

2016) and second on bispecific constructs targeting tumor antigens and refocusing most of 

the effect of IL-2 into the tumor microenvironment (Klein et al., 2017).

Anti-CTLA-4 mAbs

CTLA-4 is a cell-surface receptor induced in conventional T cells after TCR engagement 

that acts as a regulator of naive and effector antigen-specific T cell activation (Leach et al., 

1996; Walunas et al., 1994). Additionally, CTLA-4 is highly expressed in Tregs and has 

proven to be critical for the development and function of induced Tregs (Takahashi et al., 

2000). Mice lacking CTLA-4 develop an early-onset general T cell activation, resulting in 

inflammatory infiltration and death around 3 weeks of age, highlighting the importance of 

CTLA-4 to control self-reactive T cell responses (Waterhouse et al., 1995). In the clinic, 

anti-CTLA-4 mAbs induce frequent autoimmune reactions that confirm the importance of 

this pathway in controlling self-reactive T cells. Whether these autoimmune reactions occur 

due to the loss of CTLA-4 function in conventional T cells, regulatory T cells, or both is 

under debate. A recent study using a humanized CTLA-4 mouse model casts doubt on the 

blockade of the B7s/CTLA-4 interaction using clinical-grade anti-CTLA-4 mAbs 

(ipilimumab) (Du et al., 2018), and numerous works during recent years suggest that the 

main effect of anti-CTLA-4 mAbs may be mediated by Treg depletion (Bulliard et al., 2013; 

Selby et al., 2013; Simpson et al., 2013, Arce Vargas et al., 2018). These results thus call for 
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a reassessment of the “immune checkpoint blockade” concept for anti-CTLA-4 therapy. On 

the other hand, while a small group of melanoma patients developed an objective tumor 

response (15%–20%), severe toxicities (grades 3–5) were more common (30%), suggesting 

that this agent more effectively activates self-reactive rather than tumor-specific T cells. 

Judging from the mechanisms of action, the CTLA-4 blocking strategy may be another type 

of enhancement cancer immunotherapy, because there is no evidence that this pathway is 

induced by tumors as an immune evasion mechanism, and furthermore, we do not have 

evidence that anti-CTLA-4 mAbs preferentially activate tumor-specific T cells over self-

reactive T cells in patients. In contrast, clinical data illustrate that irAEs are more frequent 

than tumor response (ORR) as it happens with the use of unspecific T cell growth factor 

IL-2 (Table 1). This unfavorable response/toxicity ratio most likely is the reason why 

ipilimumab has been approved to treat metastatic melanoma (Hodi et al., 2010) but failed to 

show clinical benefit in other tumor types where it was tested as a single-agent therapy 

(Bilusic et al., 2017; Lynch et al., 2012).

Chimeric Antigen Receptor

CAR-T cells are genetically engineered T cells with an antigen-binding domain (typically a 

single-chain variable fragment [scFv]) and additional intracellular costimulatory domains 

from receptors, such as CD28 and/or CD137. The advantage of these engineered T cells is 

that the recognition of antigens by CAR-T is not restricted by major histocompatibility 

complex (MHC) expression. This design is one of the most paradigmatic examples of using 

engineered effector immune cells to more effectively attack tumor cells, and the infusion of 

a large number of these cells is an illustrative case of the enhancement strategy. A main 

disadvantage is that it requires extracellular surface expression of the targets on the tumor 

cells, and this limits CAR-T cells’ specificity and broadness of application. Since the 

invention of hybridoma technology, numerous mAbs have been generated against tumor 

cells with the hope to discover “magic bullets,” and it is now clear that there are very few 

tumorspecific cell-surface antigens. CAR-T cells are extremely effective at recognizing and 

destroying target cells. In this regard, this type of adoptive cell therapy is equally effective to 

clear tumor as normal cells when the target antigen is shared by tumor and non-tumor 

tissues. For instance, CAR-T cells targeting CD19 proteins are very effective at recognizing 

and destroying B cell lymphoma and leukemia cells but also destroying all the normal 

CD19+ B cells in the body of the patient. While this offtarget effect is acceptable, since B 

cell depletion in patients can be functionally replaced by administering polyclonal human 

immunoglobulin Gs (IgGs), the consequences can be more dramatic when the target is 

expressed in normal epithelial cells. In addition to this off-target toxicity, the most important 

irAE related with CAR-T cells is acute cytokine release syndrome (CRS) as a consequence 

of producing supraphysiologic levels of cytokines via CAR-T cells upon antigen recognition 

(Brudno and Kochen-derfer, 2016; Namuduri and Brentjens, 2016). All of these are 

important limitations to the extension of these therapies to solid tumors as was shown in the 

preliminary results of HER2-specific CAR-T cells (Ahmed et al., 2015; Morgan et al., 

2010).

In summary, the common experience for the use of enhancement cancer immunotherapy is 

that general activation of the immune system leads to more frequent irAEs than objective 

Sanmamed and Chen Page 5

Cell. Author manuscript; available in PMC 2019 October 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



antitumor responses (with the exception of CAR-T therapy in hematological malignancies). 

This unfavorable response-to-toxicity ratio has limited the use for most of these therapies, 

and none of these agents have had a broad spectrum of indications thus far (Figure 1).

The Normalization Cancer Immunotherapy Has Come of Age

An important clinical observation in the last decade is that systemic immune activation does 

not necessarily result in cancer regression, especially in solid tumors. In fact, ample 

evidence exists that the presence of fully activated tumor-specific T cells in peripheral blood 

does not often correlate with the regression of tumors or a better prognosis in cancer patients 

(Melero et al., 2014; Rosenberg et al., 2005). This discrepancy has been better understood 

recently with the discovery and characterization of immune escape mechanisms developed 

by tumors that lead to a local, rather than a systemic, immunosuppression (Taube et al., 

2012, Chen and Han, 2015). It has been well documented that human cancer can develop 

various mechanisms to escape specific and non-specific immune attacks (Vinay et al., 2015). 

These mechanisms prevent immune attack, inhibiting T cell activity in the TME. 

Unfortunately, the mechanisms governing immune escape in tumors discovered thus far are 

often similar, if not identical, to those governing self-tolerance (Phan et al., 2001), making it 

difficult to develop a therapeutic that generates an antitumor response but avoids irAEs. This 

limitation, however, has recently been challenged by encouraging basic and clinical findings 

using mAbs to block B7-H1 and PD-1 interactions (collectively named anti-PD therapy) 

(Chen and Han, 2015). Indeed, anti-PD therapies are the first FDA-approved 

immunotherapies to demonstrate more frequent objective tumor responses than severe 

treatment-related AEs in cancer patients, illustrating that it is possible to increase efficacy 

without increasing toxicity. We have highlighted this achievement by comparing the 

objective response rate and treatment-related AEs across clinical trials using FDA-approved 

IL-2, anti-CTLA-4, and anti-PD-1 mAbs as single agents to treat metastatic melanoma 

patients (Table 1). Also, a recent side-by-side comparison of nivolumab (anti-PD-1) and 

ipilimumab in a randomized clinical trial of advanced and localized melanoma patients 

confirmed that nivolumab has three times more activity and three times less toxicity than 

ipilimumab (Larkin et al., 2015; Robert et al., 2015a; Weber et al., 2017). Furthermore, 

clinical results have repeatedly demonstrated that this strategy can induce durable responses 

in a broad spectrum of large and disseminated late-stage human malignancies, increasing the 

frontiers of immunotherapy beyond the traditional set of previously categorized 

immunogenic tumors, such as melanoma (Callahan et al., 2016; Zou et al., 2016). Currently, 

anti-PD therapy has been approved by the FDA for the treatment of metastatic melanoma, 

lung cancer, head and neck cancer, renal cell carcinoma, urothelial carcinoma, liver cancer, 

gastric cancer, Hodgkin’s lymphoma, Merkel cell carcinoma, large B cell lymphoma, 

cervical cancer, and any MSI+ tumors (Ribas and Wolchok, 2018) (Figure 1). Moreover, 

anti-PD therapy is effective in >25 different types of solid tumors and several hematopoietic 

malignancies, which will likely lead to future FDA approval (Ribas and Wolchok, 2018). 

One of the factors that facilitated this unprecedented success is a more favorable response-

to-toxicity profile, with a 40% objective tumor response rate and a 7%–12% grades 3–5 

irAEs across multiple tumor types (Naidoo et al., 2015; Ribas and Wolchok, 2018). This 

new tumor response-to-toxicity profile and this antitumor activity across multiple tumor 
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types (beyond those classically considered “immunogenic tumors”) reflect a different 

mechanism of action, termed here immune normalization, which we will discuss in detail in 

the following section. We believe that there are other potential immune normalizers, and 

learning from the principles of anti-PD therapies, we can choose immunotherapies that can 

reproduce the success of anti-PD therapy.

Principles of Normalization Cancer Immunotherapy

The concept of immune normalization emphasizes the importance of identifying the 

particular defects or dysfunctions of the immune response during tumor progression and to 

develop strategies to specifically correct these deficiencies to restore a natural antitumor 

immune capacity. Although the end result of the normalization strategy may lead to elevated 

immune responses, these responses should fluctuate transiently in limited ranges and, in 

theory, should not cause permanent damage to normal organs/tissues. This “controlled” 

elevation of immune responses during normalization immunotherapy may be due to immune 

responses under normal feedback regulation. While there are some cases where severe irAEs 

occur in patients treated with anti-PD therapy, under a normalization immunotherapy 

approach, these patients may be predisposed to or in a “subclinical” status of inflammatory 

or autoimmune disease in which anti-PD therapy will serve as a “final nail in the coffin.”

Normalization strategies aim to unblock a blocked immune response to increase the 

antitumor responses in contrast to enhancers that aim to generally activate the immune 

system to improve the antitumor responses. To illustrate this concept, we can think of the 

process of immune response as a big pipeline with water flow. Normal immune response, in 

this case, would be proper drainage. Thus, if the pipeline gets blocked, the flow would be 

impaired, and the pipeline would not drain sufficiently. In this situation, the “enhancer” 

approach can be illustrated as an increase in the pressure on the pipeline to overcome 

deficient drainage with the associated risk of breaking the pipeline if we increase the 

pressure too much. In contrast, the normalizer approach can be illustrated by strategies that 

aim to identify and unlock the blockade to restore the normal flow without risking the 

pipeline walls (Figure 2).

Anti-PD therapy is the clearest example of this approach thus far. Immune inhibitory B7-H1 

protein is overexpressed in the TME leading to an overregulation of tumor-specific effector 

T cells, thus creating a locally deficient immune response that prevents tumor cell 

destruction. Blocking the B7-H1/PD-1 pathway results in selective repair of this defect and 

restores immune competence against tumors without leading to a general immune activation. 

Taking the B7-H1/PD-1 pathway as an example, we can illustrate three main principles that 

explain why the normalization approach is more suitable to reach antitumor immunity with 

reduced adverse events.

Targeting a Tumor-Induced Immune Escape Mechanism

Ample evidence indicates that B7-H1/PD-1 is a major counter-receptor interaction that leads 

to suppression of immune responses in both preclinical and clinical settings (Chen and Han, 

2015; Ribas and Wolchok, 2018; Zou et al., 2016). Although either B7-H1 or PD-1 could 

also interact with other proteins (B7-H1/B7–1, PD-1/PD-L2), the biological significance of 
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these interactions in humans is not yet fully understood. While T cells are a primary target 

for suppression, as shown in the majority of studies, the PD pathway could also impair the 

functions of dendritic cells (Yao et al., 2009), macrophages (Yao et al., 2009), and NK cells 

(Benson et al., 2010; Huang et al., 2015; Vari et al., 2018). The PD-1 mediated suppression 

mechanisms appear to be complex, including apoptosis, induction of suppressive cytokines, 

anergy, exhaustion, and Treg induction (Chen and Han, 2015; Zou and Chen, 2008; Zou et 

al., 2016). It is also evident that B7-H1 could also act as a receptor to transmit an anti-

apoptotic signal to various types of cells, which may be responsible for the resistance of 

tumor cells to T cell-mediated lysis (Azuma et al., 2008; Chin et al., 2018). How these 

potential mechanisms contribute to human cancer progression, as well as new mechanistic 

insights, are under intensive investigation. The B7-H1/PD-1 pathway represents the 

archetypal tumor-adaptive immune escape mechanism. Upon recognition of tumor antigens, 

tumor-specific effector T cells upregulate PD-1 and release IFN-γ that induces B7-H1 in 

tumor and myeloid cells in the TME. B7-H1 inhibits T cells through PD-1 engagement, 

inter-rupting antitumor T cell attack. This inter-ruption of the antitumor T cell response 

represents a form of local immunodeficiency that allows tumors to escape and has been 

termed “adaptive immune resistance” (Dong et al., 2002, Taube et al., 2012). This 

interruption of the antitumor immune response can be restored by terminating B7-H1/PD-1 

pathway signaling, described first in preclinical tumor models (Dong et al., 2002). 

Additionally, chronic viral infection models (e.g., hepatitis B virus [HBV] or lymphocytic 

choriomeningitis virus [LCMV]) demonstrated that chronic expression of B7-H1 is 

associated with T cell dysfunction, which can be restored when the B7-H1/PD-1 pathway is 

blocked (Barber et al., 2006). These findings have also been explored in human chronic viral 

infections (Gardiner et al., 2013; Gay et al., 2017). Although ample evidence indicates that 

chronic viral infection also utilizes the B7-H1/PD-1 pathway to suppress anti-viral 

immunity, the lessons learned from these studies are not always applicable to understanding 

the B7-H1/ PD-1-mediated tumor escape mechanisms. In contrast to frequent systemic 

immune suppression in peripheral organs and lymphoid organs during viral infection, tumor 

escape mechanisms occur frequently at tumor sites, while immune responses in peripheral 

organs, as well as lymphoid organs, are relatively normal. This may explain, in part, the 

dichotomy of progressive tumor growth accompanied with elevated tumor immunity in 

blood, indicating that the priming of T cell immune responses are not impaired, as described 

above. This led to the second important principle of the normalization cancer 

immunotherapy: selectively modulating immunity in the tumor microenvironment.

Selectively Modulating Immunity in the Tumor Microenvironment

A major difference of the B7-H1/PD-1 pathway with other immune inhibitory pathways is 

that B7-H1/PD-1 is minimally active in non-lymphoid tissues under normal physiological 

conditions. In this regard, B7-H1 protein is not expressed in steady-state normal human 

tissues (with the exception of placenta, tonsil, and a small portion of macrophage-like cells 

in lung and liver), although the mRNA of B7-H1 is broadly present in various normal 

tissues/cells (Chen and Flies, 2013; Dong et al., 2002; Petroff et al., 2002). In contrast, this 

membrane receptor can be broadly induced by type I and type II IFNs (Lee et al., 2006; 

Sanmamed and Chen, 2014) and displayed on the cell membrane of hematopoietic and non-

hematopoietic cells within inflammatory tissues, including tumoral and virally infected 
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tissues (Chen and Han, 2015). Because PD-1 is broadly present on effector memory T cells 

in peripheral blood and in tumor and non-tumor lymphoid organs (Gros et al., 2014), the 

TME-specific effect of anti-PD therapy is determined by selective expression of B7-H1 in 

the TME.

This minimal expression of B7-H1 in non-inflamed tissues ensures a TME-selective effect of 

anti-PD therapy by preventing damage to normal tissues and allows for a more focused and 

precise immune response with less systemic immune activation (Sanmamed and Chen, 

2014). Such minimal systemic toxicity was demonstrated in early phase I clinical trials with 

anti-PD therapy when a maximum tolerated dose was not reached during dose escalation of 

anti-PD-1 or anti-B7-H1 mAbs (Brahmer et al., 2010, 2012; Topalian et al., 2012). A dose-

dependent increase in toxicity was similarly absent, as the 10-mg/kg dose did not show a 

significant increase in the frequency of severe adverse events when compared with the 1-

mg/kg dose (Brahmer et al., 2010, 2012; Topalian et al., 2012).

The tumor-site specificity of the pathway is, therefore, mainly determined by the localized 

induction of B7-H1 by IFN-γ. In this manner, B7-H1 expression is often a sign of a local 

ongoing but impaired antitumor immune response. Histological analyses corroborate this 

concept, as most human tumors show a pattern of B7-H1 expression that is focal or clustered 

rather than diffused and is often co-localized with T cell infiltration (Taube et al., 2012). It is 

still not well understood why a soluble cytokine like IFN-γ does not diffuse to a large area 

of tissues to have a more profound effect. One possible explanation could be the broad 

distribution of IFN-γ receptor on various types of cells in the TME (Bach et al., 1997), 

which may prevent IFN-γ from traveling further. Additional evidence supporting tumor 

selectivity of the immune response during anti-PD therapy is the selective expansion and 

functional improvement of T cells, mainly at the tumor site, and a lack of correlation 

between tumor regression and immune cell activation markers detected in the peripheral 

blood (Das et al., 2015; Herbst et al., 2014). This is in sharp contrast with enhancement 

immunotherapies that are often effective in activating a systemic immune response but show 

weak immune activation at the tumor site.

Resetting Immunity in the Tumor Microenvironment

A most-intriguing but less-understood observation in basic and clinical research in anti-PD 

therapy is its capacity to reset or reprogram antitumor immunity in the TME. The B7-H1/

PD-1 pathway seems like a “master switch” that determines the fate of the entire TME in 

some cancer patients, since manipulation of a single pathway (the blockade of the B7-H1/

PD-1 interaction) and, in some cases, even with a single dose of anti-PD therapy, can change 

from an initially highly suppressive TME to a highly active inflammatory site. During phase 

1 clinical trials with anti-PD therapy, some patients showed objective tumor shrinkage with a 

single dose of anti-PD therapy (Gainor et al., 2016). Because immune dysfunction or 

deficiency in the TME are often multifaceted at the cellular and molecular levels (Zou, 2005; 

Zou and Chen, 2008; Zou et al., 2016), these observations are encouraging and implicate 

that, at least in some patients, normalizing a single master pathway is sufficient to trigger the 

resetting process, and it is not necessary to correct all defects in the TME.
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From the currently available data, we speculate that the majority of, if not all, patients with 

late-stage cancer do not have systemic immune defects, and their immune systems still work 

to continuously provide newly generated effector T cells into the TME. This constitutes an 

important immunological basis for normalization immunotherapy. The TME in late-stage 

cancer patients could be considered a hostile work environment where various tactics of 

immune evasion mechanisms have already developed during tumor progression. The 

mechanisms of action for anti-PD therapy are likely multifaceted, including restoring 

functions of those already dysfunctional T cells, as well as preventing newly arrived effector 

T cells from becoming dysfunctional in the TME. These reinvigorated T cells, upon PD-

pathway blockade, and newly arriving immune cells protected against PD-pathway 

inhibition may contribute to the resetting of immune responses in the TME while behaving 

as effector cells against tumor cells. An important but less-understood consequence of this 

normalization process is the generation of memory T cells, which are believed to give the 

durable antitumor effect of anti-PD therapy. Currently, we do not know the origin of tumor-

antigen-specific memory T cells, how and why they become memory T cells, and how to 

modulate them. Understanding these issues will determine how and when we can use these 

therapies with precision.

The Normalization of Cancer Immunotherapy: The End of the Beginning

Beyond B7-H1,there are arrays of molecular pathways that cause immune defects in the 

antitumor immune response that can be targeted to restore the competence of this response. 

A new classification system of human cancer, termed tumor immunity in the 

microenvironment (TIME) was proposed based on the level of tumor-infiltrating leukocytes 

(TILs) and B7-H1 expression levels in the TME as a road map to search for potential 

immune defects that need to be normalized (Sznol and Chen, 2013; Taube et al., 2012; 

Zhang and Chen, 2016) (Figure 3). Molecular entities and mechanisms of these immune 

defects, once identified and characterized, could be potential targets for normalization 

immunotherapies and should provide an alternative for those patients that do not respond to 

anti-PD therapy. Among the potential different antitumor immunity defects, we can broadly 

classify cancer patients into three categories: (1) defects in the entry and/or proliferation of 

immune cells in which there is a lack of significant TILs in the TME, as indicated in TIME 

types I and IV, (2) overregulation of activated TILs, largely due to the effect of the B7-H1/

PD-1 pathway and potentially other T cell regulatory pathways, indicated as type II, and (3) 

dysfunctional TILs in the TME due to suppression by molecular pathways (non-B7-H1/

PD-1), indicated as type III. It is critical to identify which antitumor immune defect is 

predominant in each patient, since using the same strategy for all patients will be inefficient, 

costly, and wasteful. For instance, targeting local immune inhibitory pathways like the B7-

H1/PD-1 pathway in a patient with a cancer that lacks immune infiltration may be pointless 

as a single therapy.

Since we are just starting to understand the complexity of the TME in the regulation of 

immune responses, it is obvious that this TIME classification for human cancer is 

preliminary, and this may also raise more questions than answers. For example, in type II 

and type III TIME, we do not know which kinds of TIL components and other regulatory 

cells will determine the outcomes and responses to immunotherapy. In addition to IFNs, are 

Sanmamed and Chen Page 10

Cell. Author manuscript; available in PMC 2019 October 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



there any other cytokines and molecular pathways that could regulate the expression of B7-

H1? In types I and IV, what makes the TME stop the entry of TILs, and what are the 

mechanisms that prevent the proliferation of TILs? It is unlikely that these human cancer 

types do not have sufficient antigens, because our previous data have shown that among 

melanomas, which have the highest mutation burden of nearly all human cancers, up to 45% 

fall into this category (Taube et al., 2012). Extensive studies of the identification and 

characterization of molecular pathways and detailed molecular profiling of the TME may 

help address these questions and provide targets for future normalization cancer 

immunotherapy.

Challenges in Developing New Normalization Cancer Immunotherapies

With the success of anti-PD therapy, immune normalization as an approach for cancer 

immunotherapy has already shown great promise. However, there are still quite a few 

hurdles that hinder the development of new normalization over enhancement 

immunotherapies. Some of these limitations are conceptual, while others may be more 

technical.

Identification of the Dominant Antitumor Immune Defect

The development of normalization immunotherapy relies on identifying specific defects in 

the antitumor immune response. However, tumor-induced immune defects are highly 

heterogeneous (Schalper et al., 2017). This heterogeneity of immune defects not only occurs 

among different patients, but also extends to different areas in a single tumor lesion. These 

observations speak to the importance of identifying which of the immune defects is the 

dominant or master switch ultimately facilitating tumor escape. However, the definition of 

master switch may be patient specific and should be functionally demonstrated based on the 

capacity to reset the tumor microenvironment when this is modulated. Selecting the right 

master switch in each patient is the real challenge. Currently, the only way to demonstrate 

among all immune defects identified in a TME which factor is dominant is empirically. We 

then need better in vivo models to characterize the dominance of the different immune 

pathways in a patient TME and the effect of their modulation. Humanized mouse models or 

explant 3D culture models may provide support in this way (Jenkins et al., 2018; Sanmamed 

et al., 2016; Zitvogel et al., 2016).

Technological Difficulties to Study Immune Defects in the TME

Similar to the B7-H1/PD-1 pathway, many other immunosuppressive mechanisms that favor 

tumor progression occur in the local TME. One major challenge to characterize these 

mechanisms will be the capacity to evaluate immune responses at the TME level, requiring 

sequential tumor tissue collection and analyses. This is distinct from enhancement 

immunotherapies, whose systemic effects can be more readily monitored largely via blood 

analysis. Tumor tissue analysis represents a tremendous technical challenge, as sequential 

biopsies in cancer patients are not always possible, and most samples obtained are tiny and 

have large areas of necrosis.
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The study of these immune defects requires the use of technology that can perform single-

cell analyses with high phenotypical resolutions. New platforms such as single-cell 

sequencing, mass cytometry, and in vivo imaging techniques (e.g., PET imaging) may help 

uncover the complexity of the TME (Burel et al., 2016). With rapid progress in the 

identification and characterization of various immune defects in the TME, a future challenge 

will be how to identify among the multiple immune inhibitory pathways one or few that are 

dominant in a specific patient to decide on the best therapeutic approach.

The Principles to Combine Other Therapeutics with Anti-PD Therapy

Anti-PD therapy as a representative of an immune normalization approach has an inherent 

and significant advantage in the context of its broad therapeutic effect and minimal toxicity, 

which facilitates its use in combinatorial treatment. While combination therapy represents a 

popular, current strategy for the treatment of cancer, this strategy is largely driven by a mix 

of demands in clinical cancer care, corporate finance, and market competition with limited 

or modest scientific rationales. Currently, >1,500 clinical trials are ongoing that combine 

anti-PD therapy with nearly all available cancer therapeutics, including chemotherapy, 

radiotherapy, oncolytic virus, targeted therapy, and other immunotherapies (Tang et al., 

2018). However, many of these clinical trials are not designed based on the basic principles 

of anti-PD therapy, and some of them may even impair the effects of anti-PD therapies. The 

future direction of combination cancer immunotherapies should mainly be guided by 

science. For example, a minimal requirement for a successful combination with anti-PD 

therapy should be chosen based on the biology of the pathway. It is important to keep in 

mind that our main driving force here is immune cells—specifically effector T cells and 

memory T cells, for which survival and activation of effector T cells in the TME and the 

generation of memory T cells for long-term effect need to be respected and potentiated. We 

will not cover all ongoing combinatorial approaches here, because it is beyond the scope of 

our Perspective, but we will mention some examples for consideration.

Combination with Radiotherapy and Chemotherapy

Radiotherapy may potentially destroy valuable tumor-specific T cells present in the tumor 

tissue, whereas it would be safer to perform local radiotherapy in those tumors without 

tumor-infiltrated T cells at the moment of starting radiotherapy (TIME classification types I 

and IV). Similarly, some chemotherapy drugs may also damage the function of effector T 

cells in the TME, which may lead to a less-than-additive effect of the combination therapy. 

In this case, a sequential treatment, rather than combination therapy, may be a better 

approach, since immunotherapy treatments may promote tumor-specific T cell proliferation 

while we are providing cytotoxic agents that target critical processes for cell division. 

Furthermore, currently, it is unknown whether or not radiotherapy or chemotherapy can 

affect the generation of memory T cells, which is the holy grail of adaptive immunity and 

may directly determine the durability of immunotherapy. This issue should also be addressed 

in the future. In the context of this concern, overall survival may be a better indicator than 

tumor response rate to appraise the impact of tumor-specific memory formation. It is 

encouraging that anti-PD therapy plus chemotherapy showed an improved overall survival 

over chemotherapy alone during a short period of time (1–2 years) (Gandhi et al., 2018). It is 
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more important to compare this combination therapy with anti-PD therapy alone, as well as 

the evaluation of the generation of memory T cells, a major force for durable immune 

responses.

Combination with Local Therapies

Direct injection of various biological and chemical agents into tumors as an approach for 

cancer therapy has a longstanding history with William B. Coley’s efforts in the late 19th 

century (Aznar et al., 2017; Marabelle et al., 2017). These agents include but are not limited 

to TLRs, RIG-I-like receptor (RLR) agonists, STING pathway modulators (Corrales et al., 

2016; Li et al., 2017), and oncolytic viruses (Lawler et al., 2017). Local therapies are 

believed to (1) trigger innate immunity so as to initiate adaptive immunity, (2) induce death 

of tumor cells, which could make more tumor antigens available to the immune system, and 

(3) generate a more inflammatory environment, which may support a better T cell response. 

These therapies can induce the regression of injected and distal tumors in experimental 

models. Very promising results have been reported in clinical trials with local injection of 

oncolytic viruses in melanoma lesions (Tang et al., 2018) and brain tumors (Desjardins et al., 

2018; Lang et al., 2018). The roles of local therapies in long-term survival and the regression 

of distal metastases remain to be studied in the clinic. Furthermore, some fundamental 

questions on the immunological effect of these approaches in the patients’ TMEs remain to 

be fully characterized. In normal tissue, these local therapies could generate potential innate 

immunity, which helps initiate antigen-specific responses. However, in the TME, various 

tumor escaping mechanisms may impair antigen-specific responses, explaining infrequent 

objective response rates observed in the clinic using these therapies alone. In the context of 

these observations, it seems reasonable to combine local therapies with anti-PD therapy to 

neutralize the immunosuppressive mechanisms developed in the TME as long as the B7-H1/

PD-1 pathway is one of the major immunosuppressive mechanisms. It is also possible that 

this combination may deviate the T cell response against viral antigens instead of tumor 

antigens due to possible immunological dominancy by anti-PD therapy (Martínez-Usatorre 

et al., 2018; Chen et al., 2018). Local treatment, on the other hand, has shown to be an 

effective approach to increase T cell infiltration into tumors. Recently, some promising 

results were published that illustrated the synergistic effect of local virotherapy as a way to 

increase tumor T cell infiltration and synergize with anti-PD therapy (Ribas et al., 2017).

Combination with Targeted Therapies

The combination between anti-PD therapy and targeted therapies (antibody or small 

molecules) has been explored extensively in animal models and currently in the clinic 

(Hughes et al., 2016; Vanneman and Dranoff, 2012). While these therapies are not capable 

of achieving durable, complete responses as single agents, in most cases, they are useful at 

inhibiting tumor growth and changing or even resetting the TME. It is possible that rapid 

lysis of tumor cells by targeted therapies generates an acute inflammation environment that 

may boost tumor immunity. It could not be excluded that in this context, B7-H1 may be 

upregulated. If this is the case, the combination of target therapies and anti-PD therapy 

seems reasonable, since at least an additive effect is expected. Target therapies, however, 

should be chosen carefully to avoid intrinsic metabolic and activation pathways that are 
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required for TILs’s proliferation and survival. Also, pathways required for tumor-specific T 

cell memory formation should be considered.

Combination with Adoptive Cell Therapies

One of the reasons that adoptive cell therapy fails in some patients could be the suppression 

of transferred activated T cells when they enter the TME. Before adoptive transfer, T cells 

are activated in vitro, leading to PD-1 expression. Activated effector T cells upon tumor-

antigen recognition in the TME can rapidly release IFN-γ; therefore, B7-H1 upregulation is 

expected, although this needs to be validated in the clinic. Therefore, as long as in vitro 
activated T cells can arrive in the TME, TILs and anti-PD therapy may represent an 

attractive direction for future cancer immunotherapy.

Combination with Other Immunotherapies

Currently, there are multiple immunotherapies under development that could be combined 

with anti-PD therapy. These potential combinations have been reviewed elsewhere (Melero 

et al., 2015; Smyth et al., 2016). To select the immunotherapy strategies most likely to 

succeed by combining with anti-PD therapies, some aspects need to be considered. First, as 

was explained in the principles section above, a favorable response-to-toxicity ratio of anti-

PD therapy is attributed to the selective expression of B7-H1 in the TME, with minimal 

expression in normal tissues in the steady state. However, therapies that promote 

inflammation in normal tissues may trigger an anti-PD therapy effect out of the TME, losing 

this favorable response-to-toxicity ratio. An example is the combination with anti-CTLA-4 

mAb. CTLA-4 mAbs, as we reviewed before, as a single therapy show more frequent irAEs 

than objective tumor responses. These irAEs in non-tumoral tissues can be amplified by 

anti-PD therapy (Larkin et al., 2015), which could explain why anti-CTLA-4 plus anti-PD 

therapy shows a synergistic toxic effect but an additive antitumor effect. Immunotherapies 

with a more selective treatment in the TME but a different mechanism of action (e.g., 

targeting myeloid cells or other immune escape mechanisms) may be better immunotherapy 

partners to be combined with anti-PD therapy. It is important to have a better understanding 

of how T cell memory formation is developed and collaborated to not only achieve strong 

effector T cell responses, but also to build strong T cell memory that ensures a long-lasting 

immune response.

An ideal scenario for combination therapy is synergism, which is commonly formulated as 

“1 + 1 > 2.” Without such a synergistic effect with two or more drugs, sequential use of 

these drugs may achieve the same goals. With an understanding of the mechanisms and 

limitations of anti-PD therapy, it is ideal that the TIME classification type I, type III, and 

type IV tumors be treated differently, with a goal to convert them to type II tumors. In this 

case, these treatments are likely to synergize with anti-PD therapy, since anti-PD therapies 

are most likely to be effective in the presence of TILs and B7-H1 expression. Therefore, a 

future effort would be to carefully analyze the defects of the antitumor immune response for 

each patient with a set of biomarkers and design a rationale for an effective combinatorial 

treatment that will achieve a potential synergistic efficacy. For instance, types I and IV will 

require strategies that increase the trafficking of T cells into the TME, while type III will 

require strategies to break TIL tolerance or reversal of TIL dysfunction (Figure 3).
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Concluding Remarks

Cancer immunotherapy is undergoing an important transition from traditional immune 

enhancement approaches that activate systemic immune responses based on general 

knowledge of immune-activation processes to a more effective and less toxic treatment of 

immune normalization that targets the tumor microenvironment based on tumor-induced 

immune escape mechanisms. Anti-PD therapy has set an example that it is possible to 

increase the antitumor effect while minimizing irAEs. These results set a new standard in the 

field of cancer immunotherapy, and we believe that future cancer immunotherapy should 

aim not only to boost antitumor immunity, but also to understand the specific defects in 

tumor immunity and then normalize them to selectively modify a specific type of antitumor 

response in the right location rather than exacerbate a systemic immune response with the 

risk of increased irAEs. Our analyses reveal multiple principles that are fundamental and 

essential for the success of anti-PD therapy. Therefore, a simplistic description of the B7-

H1/PD-1 pathway as another “immune checkpoint” may deviate our efforts to target those 

pathways that have low therapeutic value. The principles we have learned from the 

immunology of the B7-H1/PD-1 pathway and the development of anti-PD therapy will lead 

us to design more effective normalization cancer immunotherapies, allowing for optimal 

combinatorial therapies and to extend the frontiers of more successful cancer treatment.
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Figure 1. FDA-Approved Cancer Immunotherapies and Their Indications under the Categories 
of the Immune Enhancement versus Immune Normalization
All FDA-approved cancer immunotherapies are illustrated. These cancer immunotherapies 

are divided into two categories. The immune enhancement category (IFNs, IL-2, anti-

CTLA-4, cancer vaccine, and CAR-T cells) is listed in the left panel with the first approval 

of type I IFN for the treatment of hairy cell leukemia in 1984. The immune normalization 

category (anti-PD-1/PD-L1 mAbs) is listed in the right panel with the first approval of anti-

PD-1 mAb nivolumab in 2014. Approved disease indications are listed in the middle panel.
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Figure 2. Illustration of the Immune-Normalization versus Immune-Enhancement Approaches
Using proper flow and drainage of a pipeline as a comparison for the antitumor immune 

response. The flow of the pipeline can be insufficient when a blockade impairs flow, as the 

antitumor immune response can be insufficient when there is an immune impairment. The 

immune enhancement approach is illustrated as an increase in flow or pressure to return to 

proper function/flow with the risk of breaking the pipe (adverse effects). In contrast, the 

immune normalization approach would be to identify and try to unblock this specific 

blockage and restore the flow.
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Figure 3. Tumor Immunity in the Microenvironment Classification
Four different TME groups with potential implications for mechanism and therapy have 

been identified according to B7-H1 (PD-L1) expression and the presence of TILs in tumor 

biopsies: I, B7-H1-negative tumors without TILs, considered immunological ignorant 

because immune cells do not accumulate at the tumor site, II, B7-H1-positive tumors with 

TILs, considered a paradigm of adaptive resistance of tumors mediated by the B7-H1/PD-1 

pathway, III, B7-H1-negative tumors with TILs, considered a situation of tolerance because 

TILs are present, but they do not induce B7-H1 expression in the tumor microenvironment 

through IFN-γ production, and IV, B7-H1-positive tumors without TILs, considered as a 

scenario of intrinsic induction of B7-H1 expression in tumor cells through oncogenic 

pathways that may be susceptible to be targeted. Groups I, III, and IV can be converted into 

group II through different strategies, synergizing with the action of anti-PD therapies that are 

more effective in the presence of TILs and B7-H1 expression.
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