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Abstract

The advent in the last several years of effective immunotherapy for cancer has renewed interest in
the role of the immune system in controlling cancer. The idea that the immune system can help
control cancer has a long history. Solid organ transplant recipients (SOTRs) as well as human
immunodeficiency virus (HIV)-infected people are affected by cell-mediated immune dysfunction.
Epidemiologic studies of these populations reveal a pattern characterized by strongly increased
incidence for virus-related cancers (e.g., Kaposi sarcoma, non-Hodgkin lymphoma, anogenital
cancers). In addition, recent epidemiologic studies have evaluated cancer-specific mortality among
SOTRs and HIV-infected people following a cancer diagnosis. For a wider range of cancers—not
limited to those caused by viruses, and including melanoma and cancers of the colorectum, lung,
and breast—these immunosuppressed cancer patients have higher cancer-specific mortality than
other cancer patients. This latter group of cancers somewhat mirrors those for which
immunotherapy with checkpoint inhibitors is approved. These epidemiologic observations suggest
that there are two distinct immune selection processes in humans: immunosurveillance directed
against premalignant cells before cancer diagnosis (most relevant for preventing virus-related
cancers), and “immunocontainment” directed against established cancers. These processes thus
appear relevant for different groups of malignancies and may have different mechanisms.

The advent in the last several years of effective immunotherapy for cancer has renewed
interest in the role of the immune system in controlling cancer (1-3). The field of cancer
immunotherapy has long drawn support from the observation that immunosuppressed
individuals, including solid organ transplant recipients (SOTRS), have an elevated risk of
developing cancer (2). In this Personal Viewpoint article, | review the epidemiology of
cancer in SOTRs and another immunosuppressed population—individuals infected with
human immunodeficiency virus (HIV)—and discuss how recent results in this area provide
important insights into the role of immunity in affecting the development of cancer and
outcomes following a cancer diagnosis.

Immune surveillance hypothesis

The idea that a healthy immune system can prevent development of cancer was first clearly
articulated by Burnet in 1957 (4). This “immune surveillance” hypothesis has at times been
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controversial, but the ability of developing malignancies to avoid immune destruction is now
considered an “emerging” hallmark of cancer (5).

Cancers develop over years or decades, as normal cells acquire multiple genetic changes and
become progressively abnormal (5, 6). DNA mutations occur spontaneously or are caused by
carcinogens (e.g., tobacco smoke, ultraviolet radiation [UVR]) (6) or, for certain cancers,
genetic material is inserted by oncogenic viruses. These changes can lead to expression of
novel proteins, creating “neoantigens” visible to the immune system.

The immune surveillance hypothesis, which refers specifically to the development of cancer,
posits targeting of premalignant or malignant cells due to their neoantigen expression.
Components of the cell-mediated immune system, including CD4-positive T-cells and
cytotoxic CD8-positive T-cells and NK-cells, are relevant for this process (1, 7, 8). Based on
animal experiments (7-10), Dunn et al. proposed three stages of immunosurveillance in
limiting the development of cancer: elimination, equilibrium, and escape (7). Elimination
corresponds most directly to the original immunosurveillance concept, in which the immune
system recognizes and destroys abnormal premalignant cells. In equilibrium, a dynamic
balance is established between remaining premalignant cells and the immune system. In the
third stage, some cells escape immune control and proliferate to manifest as a clinically
detectable tumor.

Immunosurveillance refers to the ability of the immune system to prevent cancer or
eliminate it prior to formation of a clinical tumor. Immunity also contributes to control of
cancer after diagnosis—most obviously demonstrated by the effectiveness of
immunotherapy (reviewed below). Although mechanisms may be similar to those involved
in immunosurveillance, the process involves suppression or elimination of malignant cells
after cancer diagnosis. Thus, it is helpful to utilize a different term, “immunocontainment,”
which will be used in this article to describe the role of the immune system after cancer
diagnosis.

Characteristics of cancers arising in immunocompetent individuals

It is difficult to directly observe immunosurveillance in humans, because when it is
successful, cancer does not develop. The frequent presence within solid cancers of tumor
infiltrating lymphocytes (TILs), which target tumor neoantigens (7, 11-13), provides
evidence that many cancers evolve in the face of immunosurveillance. This evidence is
somewhat complex to interpret and suggests a dynamic process, because the presence of the
cancer implies that immunosurveillance was incompletely effective. The density of
infiltrating CD4-positive and CD8-positive T-cells is prognostic for many cancers including
melanoma, colorectal cancer, non-small cell lung cancer (NSCLC), and urothelial carcinoma
(11), indicating that these T-cells also play a role in immunocontainment after cancer
diagnosis.

One can identify indirect effects of immunosurveillance, because premalignant cells must
evolve to escape immune selection. These effects, termed immune “editing” or “sculpting,”
are reflected in molecular features of a tumor once cancer is clinically diagnosed. For
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example, cancers often manifest alterations in antigen processing pathways, including
decreased expression of HLA and related proteins (3, 14), which presumably decrease
neoantigen presentation. HLA genes are frequently mutated in cervical cancer, head and
neck cancer, NSCLC, and colorectal cancer (15, 16).

Moreover, tumor cells and TILs frequently express immune checkpoint proteins (17, 18). In
healthy individuals, checkpoint pathways modulate cell-mediated immunity to prevent tissue
damage, but tumors often exploit checkpoint signaling to evade immunological clearance.
Checkpoint proteins expressed on tumor or inflammatory cells include programmed death-
ligands 1 and 2 (PD-L1 and PD-L2), which interact with programmed cell death protein 1
(PD-1) on T-cells; and CD80 and CD86, which interact with cytotoxic T lymphocyte antigen
4 (CTLA4) (18). Some tumors exhibit infiltration of regulatory T-cells, myeloid-derived
suppressor cells, or anti-inflammatory macrophages that may also dampen
immunosurveillance or immunocontainment (11, 19).

Cancer incidence among SOTRs and HIV-infected people

As Burnet predicted in 1971 (4), “If the concept of immunological surveillance is
legitimate...conditions associated with depression of the [cell-mediated] immune system
whether genetic, induced by drugs, or of other origin should increase the likelihood of
cancer.” Since he wrote those words, solid organ transplantation emerged as an effective
treatment for end-stage organ disease but which is associated with substantial deficits in cell-
mediated immune function because of the need to utilize long-term immunosuppression to
prevent graft rejection (20, 21).

The first epidemiologic study of cancer risk in SOTRs was conducted in the early years of
transplantation (22). Numerous studies have subsequently been conducted (23-25). Results
for various cancers are summarized in Supplemental Table 1 as standardized incidence ratios
(SIRs), which are relative risks comparing cancer incidence in SOTRs to that expected in the
general population. These SIRs come from a meta-analysis of large epidemiologic studies
(23), except when unavailable, in which case results from other studies are presented.

Notably, most malignancies for which incidence is substantially elevated in SOTRs are
caused by viruses (SIRs > 5, Supplemental Table 1) (23). Incidence is especially strongly
elevated for Kaposi sarcoma (KS) (caused by KS-associated herpesvirus [KSHV]) (23) and
non-Hodgkin lymphoma (NHL), especially for subtypes caused by Epstein-Barr virus
(EBV): diffuse large B-cell lymphoma (DLBCL), Burkitt lymphoma, and central nervous
system lymphoma (26, 27). Other virus-related cancers are also increased, including
anogenital cancers (caused by human papillomavirus [HPV]); liver cancer (hepatitis B and C
viruses); Hodgkin lymphoma (EBV); and Merkel cell carcinoma (MCC, a rare skin cancer
caused in many cases by Merkel cell polyomavirus). Cell-mediated immune function plays
an important role in controlling or clearing chronic infection with these viruses (28, 29).

HIV infection, when untreated, typically results in progressive immunosuppression due to
loss of CD4-positive T-cells (20). Both HIV-infected people and SOTRs thus suffer
primarily from defective cell-mediated immune function, although both groups also manifest
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secondary immune abnormalities, including polyclonal B-cell activation, defective B-cell
function, and chronic inflammation (30-32). Since 1996, combination antiretroviral therapy
(ART) has increasingly allowed HIV suppression and immune reconstitution (33). The
importance of immunosurveillance for virus-related cancers is demonstrated by somewhat
parallel elevations in the incidence of these cancers in SOTR and HIV populations
(Supplemental Table 1, Figure 1) (23). In addition, incidence for some cancers in HIV-
infected people increases as the CD4 count declines or after onset of acquired
immunodeficiency syndrome (AIDS), and these cancers declined over calendar time with
increasing ART use (34).

SOTRs also have markedly elevated incidence of the two most common non-melanoma skin
cancers, basal cell carcinoma (BCC) and squamous cell carcinoma (SCC), with SIRs of 6—
10 and 65-200, respectively (35-37). Cutaneous SCC is the most common cancer in SOTRs,
and some SOTRs develop multiple SCCs associated with poor treatment outcomes (36, 38,
39). A viral etiology for cutaneous SCC has been considered, with some HPV types assessed
as candidates, but evidence remains inconclusive (40, 41). UVR is the major etiologic factor
for skin cancers. Photosensitizing or other DNA-damaging effects of immunosuppressive
medications may be the major factors contributing to development of skin cancers in
SOTRs, because there are several lines of evidence suggesting direct carcinogenic
mechanisms (42-45) and skin cancer incidence is much less elevated in people with AIDS
(i.e., relative risk of 4.2 for individuals with CD4 counts < 200 cells/mm? compared to HIV-
uninfected people) (46). Melanoma is much less common, and incidence is only modestly
increased in SOTRs and HIV-infected individuals (SIRs 1.2-2, Supplemental Table 1) (23).

Incidence of certain other major cancers is moderately elevated among SOTRs or HIV-
infected people (Supplemental Table 1). Incidence is somewhat increased for lung cancer
(SIRs 2-3), and while smoking plays a crucial role, other factors likely contribute (47, 48).
Kidney, bladder, and colorectal cancers are increased only in SOTRs (SIRs 2-7), which
probably reflects effects of end-stage renal disease, medical comorbidities, or carcinogenic
effects of immunosuppressive medications, rather than immunosuppression per se (given the
absence of increase in HIV-infected people). Breast and prostate cancer are not increased
among SOTRs or HIV-infected people; indeed, for unclear reasons, recent studies
demonstrate lower risk in these populations than in the general population (24, 49).

Associations with other immune-related conditions, although generally much weaker,
parallel those seen for HIV and transplantation and likewise support a role for
immunosurveillance for some cancers. For example, patients with autoimmune conditions,
who are often treated with immunomodulating medications, have elevated risk for DLBCL
(50). Patients with NHL or chronic lymphocytic leukemia have elevated incidence of
cutaneous SCC and MCC (51-53).

Cancer outcome among SOTRs and HIV-infected people

Defective immunosurveillance in immunosuppressed SOTRs and HIV-infected people leads
to an elevated incidence of cancer. Similarly, if immunocontainment is important for
controlling cancers once they develop, then one would expect cancers to be more aggressive
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in SOTRs than other patients. Broadly speaking, however, there is no strong clinical
evidence that this is the case, with the notable exception of cutaneous SCCs, which are
frequently described as unusually invasive (35, 38, 39). Nonetheless, cancer aggressiveness
is difficult to define, and subtle differences may readily be missed.

One way to assess the role of immunocontainment in SOTRS or other immunosuppressed
individuals with cancer is to evaluate survival following the cancer diagnosis. All-cause
mortality in SOTRs with cancer is generally high, partly due to underlying medical
conditions and transplant-associated complications. Therefore, it is most informative to
analyze the subset of deaths due to the cancer itself (i.e., cancer-specific mortality).

Two recent population-based epidemiologic studies that evaluated cancer-specific mortality
are summarized in Supplemental Table 2 (54, 55). D’Arcy et al. described outcomes among
11,146 US SOTRs with cancer (54). SOTRs had higher cancer-specific mortality than
patients without a transplant for multiple cancer types, including melanoma and cancers of
the oral cavity/pharynx, colorectum, stomach, pancreas, lung, breast, bladder, and kidney.
Regarding HIV infection, Coghill et al. demonstrated that cancer-specific mortality was
higher among HIV-infected cancer patients in the US than comparable HIV-uninfected
cancer patients, for cancers of the colorectum, pancreas, larynx, lung, and breast, and
melanoma (Supplemental Table 2) (55). One challenge is that it can be difficult to assign a
cause of death to patients with multiple medical problems, which may lead to errors in
assessing cancer-specific mortality. Nonetheless, as shown graphically in Figure 2, solid
organ transplantation and HIV infection are associated with somewhat parallel increases in
cancer-specific mortality across different cancers (54, 55).

Several additional observations highlight the importance of immunocontainment for certain
cancers. First, among cervical cancer patients in Botswana and Brazil, HI\-infected and
HIV-uninfected women had similar initial responses to treatment (56, 57), but HIV-infected
women relapsed more often and had higher cancer-specific mortality, which would be
predicted if immunocontainment is important for controlling small cancer foci remaining
after initial treatment. Additionally, for immunosuppressed patients with KS, reduction of
immunosuppression (e.g., through decrease in medication intensity for SOTRS) can result in
resolution of tumors and long-term remission (58). Second, immunosuppressive therapy
administered at transplantation can cause individuals with a prior cancer diagnosis to
relapse, even after apparently curative treatment and several years of remission before
transplantation (59). Finally, there are cases of cancer transmission to SOTRs from
apparently healthy organ donors with a distant prior history of melanoma (60), implying that
the donors had harbored asymptomatic foci of melanoma cells held in equilibrium by
immunocontainment. With administration of immunosuppressive medications to the SOTR,
the melanoma cells escaped and became clinically apparent as disseminated cancer. With
these considerations in mind, clinicians usually try to reduce immunosuppression in SOTRs
with cancer while balancing the need to control the cancer with preventing organ rejection.
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Cancer immunotherapy

Although elevated incidence of cancer in immunosuppressed individuals is often cited as the
motivation for development of cancer immunotherapy, the cancers that most clearly indicate
a role for immunosurveillance—i.e., virus-related cancers—have not featured prominently in
cancer immunotherapy trials. Instead, melanoma has been the most frequent target, first for
interleukin-2 (61), then adoptive cell therapy (62), and most recently for checkpoint
inhibitors (17).

The 2018 Nobel Prize in Physiology or Medicine was awarded to James Allison and Tasuku
Honjo for development of checkpoint inhibitor therapies for cancer. Checkpoint inhibitors
are therapeutic monoclonal antibodies that inactivate checkpoint proteins expressed in
tumors, thereby unleashing anti-tumor T-cell responses. Checkpoint inhibitors have
demonstrated efficacy for a range of cancers, including melanoma, NSCLC, renal cell
carcinoma, urothelial carcinoma, cutaneous SCC, and MCC (Supplemental Table 3).
Variable response rates are seen, but treatment can result in complete responses and
prolonged remission for some patients.

A key predictor of response to checkpoint blockade is tumor mutational burden (TMB),
defined as the number of nonsynonymous mutations in the tumor genome (18), which tracks
with the number of neoantigens (63, 64). Cancer types that manifest high TMB on average
(e.g., melanoma and NSCLC) are especially responsive to checkpoint blockade (64-66).
Indeed, anti-PD-1 checkpoint blockade is highly efficacious against advanced-stage
cutaneous SCC (67), which has among the highest average TMB of any cancer (68).
Moreover, patients whose tumors show the highest TMB tend to have the best responses (63,
69-71). Another promising biomarker is PD-L1 expression on tumor cells, which is
predictive for a range of cancers (e.g., melanoma, NSCLC, bladder cancer) (18).

A subset of colorectal, endometrial, and other cancers arise due to mutations caused by
defective DNA mismatch repair (MMR). MMR-deficient cancers manifest genomic
evidence of frequent DNA copying errors and extremely high TMB (72, 73).
Pembrolizumab, an anti-PD-1 checkpoint inhibitor, is highly effective against MMR-
deficient cancers (74).

Checkpoint inhibitors are also used to treat several virus-related cancers, including MCC,
Hodgkin lymphoma, and head and neck cancer. These cancers can arise without the
implicated virus. Remarkably, response to checkpoint inhibitor therapy for these cancers
appears similar regardless of whether the tumors are virus-positive or virus-negative and
instead is mainly predicted by high TMB (75-77). For virus-negative cases of these cancers,
immunity is presumably directed against neoantigens generated by environmental exposures
(66, 78, 79).

Cervical cancers, which are universally HPV-positive, also typically manifest high TMB
(66), largely induced by APOBEC (i.e., apolipoprotein B mRNA editing enzyme, catalytic
polypeptide-like) (16), a family of innate antiviral proteins. These mutations in host genes
generate non-viral neoantigens that may serve as important targets for immunosurveillance
or immunocontainment of cervical cancer (80).
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An immunosurveillance-immunocontainment model for cancer

The above review of epidemiologic evidence on cancer in immunosuppressed populations
supports that cell-mediated immunity plays a role both in immunosurveillance and
immunocontainment. Several important points can be highlighted.

1 The cancers for which the incidence is greatly elevated in immunosuppressed
SOTRs and HIV-infected individuals are mainly those caused by viruses and
differ from those targeted in cancer immunotherapy trials. Figure 1 highlights
this disjunction by presenting separate symbols for cancers caused by viruses and
those where checkpoint inhibitor therapy is approved.

2. Cancers with high TMB (e.g., melanoma, NSCLC, bladder cancer) commonly
arise in the general population among individuals without obvious
immunocompromise. Conversely, immunosuppressed individuals have only
modestly elevated incidence for tumors that show high TMB (with the exception
of cutaneous SCC in SOTRs).

3. SOTRs and HIV-infected people have elevated cancer-specific mortality for a
broad range of cancers. Notably, most of these cancers are not thought to be
caused by viruses. Figure 2 illustrates some correspondence, albeit incomplete,
between cancers for which cancer-specific mortality is increased in
immunosuppressed individuals and those for which checkpoint inhibitor therapy
is approved.

Based on these considerations, Figure 3 presents a theoretical model for immune control of
cancer with two phases separated in time by the diagnosis of cancer. Under this model,
immunosurveillance (before cancer diagnosis) and immunocontainment (at/after diagnosis)
are each divided into three stages of elimination, equilibrium, and escape.

The first phase ends with escape of malignant cells and diagnosis of cancer. At the time of
diagnosis, a patient’s immune system typically cannot eliminate the cancer without
treatment. Instead, standard cancer treatment (e.g., surgery, radiotherapy, chemotherapy) or
immunotherapy is required to eliminate the bulk of the tumor, leading in many instances to
remission or stabilization of disease. Even with standard treatment in the absence of
immunotherapy, the immune system plays a role in containing cancer cells and maintaining
equilibrium. The cancer may ultimately escape immunocontainment, leading to relapse and
death.

Immunosurveillance and immunocontainment appear relevant to a varying degree for
different groups of malignancies. Three examples elaborate distinct scenarios regarding the
role of immunity.

Scenario 1: Very strong immune selection against viral neoantigens

For KS and EBV-positive DLBCL, incidence is extremely elevated among
immunosuppressed individuals. Onset is rapid after transplantation among SOTRs (81, 82),
indicating that development of cancer crucially depends on expression of viral proteins, and
that premalignant cells were previously maintained in equilibrium by strong
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immunosurveillance prior to transplantation. Tumors then arise when premalignant cells
escape immunosurveillance due to the onset of immunosuppression. Immunocontainment is
also relevant, as demonstrated by the effectiveness of immune reconstitution in causing KS
to regress in SOTRs and HIV-infected patients, likely mediated by generation of strong
immune selection against persistently expressed viral proteins.

Scenario 2: Immune selection directed against non-viral neoantigens

Cancers in this category include many for which immunotherapy has proven beneficial,
including melanoma, kidney cancer, bladder cancer, NSCLC, and colorectal cancer. These
cancers are notable for relatively high TMB, and several mechanisms generate neoantigens
(e.g., exposure to tobacco or UVR, defective MMR). The frequent occurrence of these
cancers in the general population among apparently immunocompetent individuals, and
absence of markedly increased incidence in immunosuppressed populations, makes the role
of immunosurveillance in preventing these cancers somewhat uncertain. However, the
relevance of immunocontainment is supported by epidemiologic results related to cancer-
specific mortality and the effectiveness of immunotherapy.

Scenario 3: Immune selection directed against both viral and non-viral neoantigens.

Examples include HPV-related cancers and MCC, where genetic alterations are related to
somatic mutations in host genes as well as, for a variable fraction of cases, the presence of
viral genetic material. Incidence is not as elevated in immunosuppressed individuals as for
KS and EBV-positive NHLs. Cervical and anal cancers develop over a prolonged period
during which HPV-infected cells advance from dysplasia to cancer, and there is a lag
between onset of immunosuppression and cancer diagnosis. For instance, for anogenital
cancers and MCC, incidence increases with prolonged time following solid organ
transplantation (83, 84). Among HIV-infected people, anal cancer incidence increases with
declining CD4 count, but this association is strongest with a 6—7-year lag (85).

These observations suggest that these tumors arise over an extended period during which
immunosurveillance is directed against both viral and non-viral neoantigens. Elevated
cancer-specific mortality for cervical cancer in HIV-infected women points to the
importance of immunocontainment, and some relevant T-cells may be directed at non-viral
neoantigens (80).

Future research

The forgoing considerations suggest some questions for future research. The strongly
increased incidence of virus-related cancers in SOTRs and HIV-infected people implies that
immunosurveillance plays a major role for these cancers. The question then arises: how do
premalignant cells expressing viral neoantigens avoid immunosurveillance in
immunocompetent individuals? This question could be addressed by comparing cancers
from immunosuppressed and immunocompromised patients, for example, with respect to
HLA expression and checkpoint proteins. Such comparisons could help identify new
mechanisms used by cancers to avoid immunosurveillance, such as expression of additional
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checkpoint proteins including lymphocyte-activation gene 3 (LAG3) and T-cell
immunoglobulin and mucin-domain containing 3 (TIM-3) (17).

For other cancers that prominently express neoantigens, incidence in immunosuppressed
SOTR and HIV populations is not elevated as much as one might naively predict. Why is the
incidence of oropharyngeal and nasopharyngeal cancers, both caused by viruses, not more
elevated? Likewise, why is the incidence of some virus-unrelated cancers with high TMB
not greatly increased? Possible explanations for the lack of strongly increased incidence of
these cancers in immunosuppressed populations include expression of neoantigens only late
in carcinogenesis (so that immunity only affects immunocontainment) or universal
expression of immune evasion mechanisms (so that immunosuppression associated with
transplantation or HIV has little added effect).

SCC incidence is markedly elevated in SOTRs, but incidence is elevated to a much smaller
extent among immunosuppressed HIV-infected people as well as lymphoma patients.
Therefore, additional research is required to understand the relevance of immunosurveillance
and the mechanisms whereby an intact immune system may help prevent cutaneous SCC.
For instance, there may be unique aspects of immunosuppression in SOTRs that make them
exceptionally susceptible to this cancer. Alternatively, directly carcinogenic effects of
immunosuppressive medications or other aspects of transplantation may contribute to
cutaneous SCCs. Other cancers for which immunosurveillance appears to be very important
(scenario 1) are caused by oncogenic viruses. Does a virus cause contribute to cutaneous
SCC in SOTRs?

Is the high cancer-specific mortality in immunosuppressed cancer patients explained by
impaired immunocontainment? This question could be addressed in a “dose-response”
assessment of cancer-specific mortality in relation to immunosuppression, captured by
intensity of immunosuppressive medications (in SOTRS) or CD4 count (in HIV-infected

people).

One can hypothesize that cancers for which cancer-specific mortality is elevated in
immunosuppressed populations are those for which immunotherapy would be most
effective. Melanoma and breast cancer stand out in Figure 2. Melanoma is an established
target of immunotherapy, but what about breast cancer? Breast cancers exhibit a wide range
of TMB (66), with many mutations bearing an APOBEC signature (86, 87). Additionally,
TILs in breast cancer are strongly predictive of treatment outcomes (11). Atezolizumab was
recently approved for treatment of triple-negative breast cancer (i.e., tumors lacking
expression of estrogen receptor, progesterone receptor, and human epidermal growth factor
2). Can effective immunotherapy be developed for other forms of breast cancer (88)?

Finally, there is substantial interest in using checkpoint inhibitors to treat SOTRs and HIV-
infected people with cancer (89-91). One issue is that key characteristics of these tumors
that predict response to checkpoint blockade (e.g., PD-L1 expression, TMB) have not been
systematically assessed in these immunosuppressed populations. Indeed, it is possible that
the loss of T-cell immunity due to other mechanisms (i.e., immunosuppressant medications,
AIDS) reduces immune selective pressure, thus obviating the need for tumors to express
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checkpoint proteins, in which case checkpoint inhibitor treatment might be ineffective (18).
Case reports of checkpoint blockade for treatment of advanced skin cancers in SOTRs have
described modest efficacy but there appears to be substantial risk of graft rejection as a
complication of treatment (89, 90). At least one phase 1 trial is planned to assess this
approach further (https://clinicaltrials.gov ).

Conclusion

Epidemiologic studies of immunosuppressed SOTRs and HIV-infected individuals shed light
on the immunosurveillance and immunocontainment of cancer. These processes appear
important for distinct subsets of cancers and may have different mechanisms. Recent
findings related to cancer-specific mortality in immunosuppressed populations may be most
relevant for understanding and advancing cancer immunotherapy. This framework suggests
new avenues of collaborative research among basic scientists, epidemiologists, and
clinicians to advance cancer prevention and treatment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.

Standardized incidence ratios (SIRs) for cancer in HIV-infected people and solid organ
transplant recipients. SIRs are from sources indicated in the Supplemental Table 1 footnotes.
Results for virus-related cancers are shown in red and for virus-unrelated cancers in yellow.
Results for cancers for which checkpoint inhibitor therapy has been approved by the US
Food and Drug Administration (see Supplemental Table 3) are shown as triangles and for
other cancers as circles. The dashed line indicates shows equality in SIRs for the HIV and
transplant population. Results are depicted on a logarithmic scale. Abbreviations: BCC basal
cell carcinoma, BL Burkitt lymphoma, DLBCL diffuse large B-cell lymphoma, HL Hodgkin
lymphoma, KS Kaposi sarcoma, MCC Merkel cell carcinoma, SCC squamous cell
carcinoma.
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Figure2.

Hazard ratios for cancer-specific mortality associated with the presence of HIV infection or
solid organ transplant. Hazard ratios are from sources indicated in Supplemental Table 2.
Results for virus-related cancers are shown in red and for virus-unrelated cancers in yellow.
Results for cancers for which checkpoint inhibitor therapy has been approved by the US
Food and Drug Administration (see Supplemental Table 3) are shown as triangles and for
other cancers as circles. The dashed line indicates shows equality in hazard ratios associated
with HIV and transplantation. Abbreviation: DLBCL diffuse large B-cell lymphoma.
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Model for immunosurveillance and immunocontainment of cancer. The blue boxes depict
two phases, before vs. at/after diagnosis of cancer, each divided into stages of elimination,
equilibrium, and escape, reflecting the engagement of the immune system with premalignant
or malignant cells. The red boxes depict examples of important processes that allow immune
evasion: expression of immune checkpoint proteins (proposed to affect only the last part of
phase 1 but having a much greater effect in phase 2) and immunosuppression associated
with solid organ transplantation and HIV infection (affecting phases 1 and 2). Three
example scenarios are depicted in the gold boxes and associated text: 1) cancers with virus-
related neoantigens under very strong immune selection; 2) cancers with non-viral
neoantigens; 3) cancers with both viral and non-viral neoantigens.

Am J Transplant. Author manuscript; available in PMC 2020 December 01.



	Abstract
	Immune surveillance hypothesis
	Characteristics of cancers arising in immunocompetent individuals
	Cancer incidence among SOTRs and HIV-infected people
	Cancer outcome among SOTRs and HIV-infected people
	Cancer immunotherapy
	An immunosurveillance-immunocontainment model for cancer
	Scenario 1: Very strong immune selection against viral neoantigens
	Scenario 2: Immune selection directed against non-viral neoantigens
	Scenario 3: Immune selection directed against both viral and non-viral neoantigens.

	Future research
	Conclusion
	References
	Figure 1.
	Figure 2.
	Figure 3.

