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The immune surveillance theory of cancer posits that the body’s immune system
detects and destroys randomly occurring malignant cells. This theory is based on
the observation of the increased frequency of malignancies in primary and secondary
immunodeficiencies, and is supported by the successful demonstration of immune
augmentation in current oncological immune therapy approaches. We review this model
in the context of Down syndrome (DS), a condition with a unique tumor profile and
various immune defects. Children and adults with DS are more prone to infections due
to anatomical reasons and a varying degree of T- and B-cell maturation defects, NK
cell dysfunction, and chemotactic or phagocytic abnormalities. However, despite an
increased incidence of lymphoblastic and myeloblastic leukemia of infants and children
with DS, individuals with DS have a globally decreased incidence of solid tumors
as compared to age-adjusted non-DS controls. Additionally, cancers that have been
considered “proof of immune therapy principles,” such as renal carcinoma, small cell
lung carcinoma, and malignant melanoma, are less frequent in adults with DS compared
to the general population. Thus, despite the combination of an increased risk of leukemia
with detectable immune biological abnormalities and a clinical immunodeficiency, people
with DS appear to be protected against many cancers. This observation does not
support the immune surveillance theory in the context of DS and indicates a potential
tumor-suppressive role for trisomy 21 in non-hematological malignancies.

Keywords: down syndrome, immune surveillance, immune defect, trisomy 21, cancer, cancer incidence, tumor
profile, cancer protection

INTRODUCTION

According to the cancer immune surveillance theory, the immune system detects and destroys
cancer cells that develop randomly in various tissues (1-3). In line with this model, medical
conditions with inherited or acquired immune deficiency should also be associated with an
excess of all types of cancers: malignant cells would escape surveillance by an impaired immune
system and therefore proliferate (4). However, recent reviews of cancer events in individuals with
primary immune deficiencies show only a mildly increased frequency of cancers and a particular
distribution of cancer types, questioning this model (5, 6).
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Here, we review the immune surveillance model in the
context of trisomy 21, or Down syndrome (DS), a condition
that is extensively studied for its immune defects (7) and unique
tumor profile (8). Data on this well-defined genetic condition
do not fit with the cancer immune surveillance theory because,
despite decreased immune efficiency, people with DS have a
reduced incidence of solid malignancies. This conflict raises
important questions and offers new avenues to understand
the poorly explored topic of natural protection against
cancer.

CANCERS AND IMMUNE FUNCTION IN DS

Unique Cancer Distribution in DS

DS, due to a supernumerary chromosome 21, is the most
frequent viable chromosome anomaly, with an occurrence of 1
in 700-1,000 live births worldwide. Currently, the life expectancy
of people with DS is >50 years (9), permitting evaluation
of the occurrence of frequent adult cancers. Although DS
was formerly suspected to increase the general cancer risk
because of an increased leukemia incidence in childhood, age-
adjusted epidemiological studies have established that individuals
with DS have a decreased global malignancy burden (10,
11). This is mainly due to reduced frequency of adult
solid tumors that account for nearly half of the tumor
burden in the general adult population (10-12), but also
due to a reduced incidence of many solid tumor types of
childhood (13).

Additionally, cancer distribution in DS differs from
that in the general population (8). For instance, breast
cancer and neural malignancies, such as neuroblastoma
(14) and medulloblastoma (15), have a decreased incidence
in DS. However, some cancers, especially early childhood
leukemia and testicular germ cell tumors in young men
(16), only in part attributable to cryptorchidism and
testicular microlithiasis, and, to a lesser extent, cancers of
the liver and stomach, also appear to be more frequent in
individuals with DS than in the general population (10-12)
(Table 1).

Impaired Immune Function in DS

DS is the most common recognizable genetic syndrome
associated with immune defects (7), which are detectable as
early as fetal development (17). Abnormal parameters of the
immune system were identified following evidence of frequent
respiratory infections responsible for recurrent hospitalizations
and frequent otitis media (7, 18, 19). Overall, the risk to die
from an infection is 12-fold higher in patients with DS as
compared to individuals without DS (20). DS-related immune
impairment is complex and varies among individuals, affecting
mainly B cells and humoral (including mucosal) immunity,
T-cell-mediated immunity, NK cells, and neutrophils (21-26)
(Table 2). Some features are reminiscent of premature immune
senescence (23) and common variable immune deficiency (23—
26), leading to immune dysregulation with relative imbalance
between pro-inflammatory and anti-inflammatory immune
responses. In line with this, people with DS are more

TABLE 1 | Cancer distribution in Down syndrome.

Increased SIR Observed/ References

frequency expected

Children

Acute myeloid 11.8(7.11-18.5) (11)

leukemia

Acute lymphoid 13.0 (8.74-18.5) (11)

leukemia

Germ cell tumors 5%/1.1% (13)

Adults

Testicular cancer 4.8 (1.8-10.4) (10)

Gastric carcinoma 1.65 (0.33-4.83) (11)
1.5 (0.3-4.5) (10)

Liver carcinoma 1.19 (0.02-6.65) (11)
2.4(0.1-13.2) (10)

DECREASED FREQUENCY

Children

Neuroblastoma 0/5.40 (p = 0.005) (14)

and PNETs

Medulloblastoma 1/7.11 (p = 0.007) (15)

Adults

Breast carcinoma 0.16 (0.03-0.47) (11)

Lung carcinoma 0.10 (0.00-0.56) (11)

Prostate 0.0 (0.0-0.03) (11)

carcinoma

Colon carcinoma 0.37 (0.04-1.34) (11)

ENT and oral 0.00 (0.00-1.15) (11)

carcinoma

Malignant 0.25 (0.03-0.89) (11)

melanoma

SIR, Standardized Incidence Ratio; PNETs, Primitive neuroectodermal tumors; ENT, Ear
Nose and Throat; Ref, references.

prone to autoimmune diseases of the thyroid (Graves disease,
Hashimoto thyroiditis), pancreas (type 1 diabetes mellitus),
gut (celiac disease), and skin (alopecia areata, vitiligo). These
autoimmune manifestations usually appear earlier in life and are
more frequently associated in comparison to persons without
DS (18).

At least four genes mapping to chromosome 21 are
involved in immune functions and have been postulated
to account for some of the biological and clinical findings
related to immunity in DS: interferon alpha receptor 1
(IFNARI); interferon gamma receptor chain 2 (IFNGR2);
ICOS ligand (ICOSLG), which encodes CD275; and integrin
beta chain 2 (ITGB2), which encodes CDI18. These four
genes should theoretically be overexpressed through a gene
dosage effect, since three copies are present in DS cells,
including leukocytes. However, only CDI18 is significantly
elevated in individuals with DS (19). Additionally, two other
genes on chromosome 21, DS critical region 1 (DSCRI)
and dual-specificity tyrosine phosphorylation-regulated kinase
1A (DYRKIA), are involved in a regulatory circuit that
includes nuclear factor of activated T-cells (NFAT) proteins,
potentially contributing to a modulation of the immune response
(18, 19).
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TABLE 2 | Sum of reported immune abnormalities and other factors that
potentially contribute to an increased risk of infections in Down syndrome.

Compartment References*
T CELLS
Normal or mildly-moderately decreased T cell numbers 21)
Reduced proportion of naive T cells (22)
Increased proportion of T cell receptor y8+ T cells (22)
Impaired T cell maturation and memory development (18)
Normal or decreased mitogen stimulation response (SEB, PHA) (22)
Impaired functional activity of T regulatory cells 21)
B CELLS AND HUMORAL IMMUNITY
Mild-moderate decrease in B cell numbers (23)
Normal transitional but reduced naive, effector, and memory B cells (23)
Activation and adherence defect (21)
Lower serum levels of IgM, higher serum levels of IgA and IgG; (21, 23)
inconsistent reduction of IgG2, reduction of IgA in saliva
Impaired molecular maturation of IgA and IgM (23)
Impaired specific antibody production against protein antigens (24)
Impaired specific antibody production against polysaccharide (24)
antigens
NK CELLS AND INNATE IMMUNITY
Reduced functionality of NK cells (25)
PHAGOCYTE NUMBER AND/OR FUNCTION
Impaired neutrophil chemotaxis and, inconsistently, of phagocytosis (26)
Non-immunological factors

Anatomical: laryngo- and/or tracheomalacia, macroglossia, ear (27)

abnormalities; obstructive sleep apnea

Gastro-esophageal reflux and aspiration 27)

*According to (18, 21, 24, 25, 25, 27) in part reviewed and summarized by Ram
and Chinen (7) and Kusters et al. (22); SEB, staphylococcal enterotoxin B; PHA,
phytohemagglutinin A.

NO INCREASED INCIDENCE OF MOST
SOLID CANCER TYPES DESPITE
INCREASED RISK OF INFECTIONS AND
BIOLOGICAL ABNORMALITIES OF THE
IMMUNE SYSTEM IN DS

Decreased efficiency of immune cells should result in an
increased cancer frequency, because escape from impaired
immune surveillance would enable cancer cells to survive
and proliferate. Individuals with DS have an increased rate of
mortality from infections as compared to the general population.
This susceptibility, together with a variety of biological
abnormalities of the immune system that are reminiscent of
common variable or combined immunodeficiency (CVID
or CID, respectively), could prompt the assumption that
immune surveillance is impaired. Additionally, mucosal
immunity may be impaired and fail to control infections
of the gut that contribute to carcinogenesis. In fact, the
observation of mildly increased mortality from gastric
and liver cancers suggests that extrinsic mechanisms of
tumorigenesis such as chronic infection or inflammation,
in combination with potentially impaired elimination

of tumor cells by the immune system, could be at play
(Figure 1).

However, individuals with DS have an, age-corrected,
decreased frequency of those solid tumor types that comprise
half of the total cancer burden of the general population
(11), arguing against a role of (globally impaired) immune
surveillance. Further, people with DS also have a reduced
cancer frequency compared to people with other conditions of
intellectual disability, who develop cancers at rates similar to
the general population (28, 29). This suggests that the excess of
genetic material on the supernumerary chromosome 21 provides
protection against certain types of malignancy.

Additionally, other observations fail to support the role
of immune surveillance in DS. First, three malignancies that
have been considered proof of immune therapy principles—
kidney carcinoma, small cell lung carcinoma, and malignant
melanoma (5)—are not more frequent in people with DS.
On the contrary, kidney cancer, lung cancers including small
cell carcinoma, and malignant melanoma have a decreased
incidence in DS (11). Second, medulloblastoma, a neural cell
embryonal brain malignancy, is rare in children with DS (15).
An immune mechanism would hardly explain why, in the same
epidemiological study, the frequency of glial malignancies of the
brain was not found to be reduced in children with DS (15).
Third, nearly 1 out of 20 infants with DS develops a transient
myeloproliferative disorder that spontaneously disappears in
most affected individuals during the first months of life
(30). These spontaneous regressions of premalignant abnormal
proliferation occur at a time when the immune system is weak
and immature, and it is even more impaired in children with DS.

Even in typically malignancy-prone primary immune
deficiencies, an increased risk of leukemia is attributable to an
intrinsic mechanism of oncogenesis, in parallel, rather than as
a consequence of the immune defect (5). Thus, the increased
frequency of leukemia observed in people with DS is unlikely to
be due to a lack of immune surveillance. The genetic etiology
of myeloid (typically megakaryoblastic) or lymphoblastic (often
Philadelphia-like, high-risk) leukemias is complex and beyond
the topic of this review. The slightly increased risk of gastric
and liver cancers in DS in part reminds of that of patients
with predominantly antibody deficiencies such as CVID (31),
who also show reduced mucosal immunity, which in turn
could facilitate chronic infection, inflammation, and thereby,
stochastically, increase the risk of malignant transformation
(Figure 1). The inconsistently detected defects in T-cellular
immunity appear to play a minor role clinically, as the pattern
of infections observed in people with DS does not reflect the
typical distribution of opportunistic pathogens seen in CID.
In general, a large part, although not all, of the increased
frequency of infection-related hospitalizations may be due to
non-immunological risk factors such as anatomical reasons
and their consequences (7). Moreover, for instance, despite the
increase frequency of celiac disease in children with DS, we are
not aware of a single case of duodenal lymphoma (32).

In summary, the observed clinical and biological
abnormalities of the immune system in DS on the one hand,
and the reported cancer frequency and unique distribution of
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Cancer Predisposition

TMD, AML (often FAB-M6)
ALL (often Ph-like)
Testicular cancer
Carcinoma of liver and
stomach*

Down Syndrome

Cancer “Protection”®

Breast
Lung
Kidney

Brain

Prostate

Malignant melanoma
Oral & ENT cancers
“All solid cancers”

Increased Risk of
Infections®

Increased Toxicity

e.g., Methotrexate
Other chemotherapy
Environmental agents

Autoimmunity
thyroiditis
celiac disease

(Auto-)inflammation

186G, IgA T

Signs of Combined
Immunodeficiency

Tcells Lor ¢

Naive T cells ¢
TCRy &+ T cells 1
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ENT & respiratory tract naive & effector B {,
Common pathogens B memory |
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IgM & 1gG2 L or
1gG & IgA 1, saliva IgA
maturation of IgA, 18G 1
vaccination responses L or
NK function L or
kPhagocyte function Lor | )

Anatomical
factors

Macroglossia

Craniofacial dysplasia

Ear abnormalities
Pharyngomalacia
Laryngomalacia
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OSAS, gastro-esophageal reflux
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FIGURE 1 | Visual contextualization of cancer risks and the immune system in Down syndrome. *different risk ratios (increased vs. decreased) were detected in
different studies. $ Caveats: most but not all studies took into account age-matched control cohorts, but not social and environmental factors (smoking, UV, diet,
institutionalization, sexual activity...), endocrine differences, aging, or senescence. TMD, transient myeloproliferative disorder; AML, acute myeloid leukemia; FAB-M6,
French American British classification M6 (megakaryocytic); ALL, acute lymphoblastic leukemia; Ph-like, Philadelphia chromosome-like signature, often associated
with mutations in IKZF1,; ENT, ear nose throat; TCR, T cell receptor; Ig, immunoglobulin; NK, natural killer cell; OSAS, obstructive sleep apnea syndrome.

malignant disease types on the other hand, suggest that immune
surveillance plays little role, if any, in this context (Figure 1).

OTHER GENETIC CONDITIONS WITHOUT
EFFECTIVE CANCER IMMUNE
SURVEILLANCE

Interestingly, trisomy 18, or Edwards syndrome (ES), is also
associated with a unique tumor profile. Children with ES have
an increased incidence of hepatoblastoma and nephroblastoma
compared to children with a normal constitutional karyotype
(33). However, extensive review of the literature indicates that
hematopoietic malignancies and brain tumors, the two most
frequent malignancies in children, are unusually rare in children
with ES. Further, similar to DS, the immune system in fetuses
with ES shows immunological defects, with a decrease of some
B lymphocyte and T lymphocyte subpopulations (34, 35).

In DS and ES, the impaired immune system cannot explain
the lower cancer burden and cancer incidence variations
because, following the immune surveillance theory, one
might expect a globally increased cancer burden. Similar to
conditions with primary immune deficiency—such as common
variable immune deficiency, X-linked agammaglobulinemia,
selective IgA deficiency, X-linked hyper-IgM syndrome,
Wiskott Aldrich syndrome, and severe congenital neutropenia
(5, 6)—there is no uniform increase in all malignancies, but

rather overrepresentation of a narrow spectrum of cancers,
including, e.g., lymphomas, digestive tract tumors, and virus-
induced tumors. Additionally, primary immunodeficiency
diseases have a decreased incidence of some cancers, such as
breast, lung, and colon carcinomas (36). A unique general
mechanism therefore is unlikely to explain the tumor profiles of
these various primary immunodeficiency disorders.

This evidence raises two important questions that largely
extend beyond people with DS. First, what is the basic role of the
immune system in cancer in non-therapeutic conditions? Given
the increasing success of various immunotherapies in modern
oncological treatment (37), it is surprising that the frequency and
spectrum of malignancies in individuals with primary immune
deficiencies does not reflect the corresponding mechanisms of
impaired immune surveillance (6). Second, which mechanism(s)
protect(s) people with DS so efficiently against the most frequent
human solid tumors, particularly carcinomas? Does the presence
of a third chromosome 21 offer tumor-suppressive factors?

WHAT IS THE RELATIONSHIP BETWEEN
CANCER AND THE IMMUNE SYSTEM IN
DS?

Considering cancer immune surveillance, primary immune
deficiencies do not exhibit an important excess of all types of
cancers, but rather a slight global increase due to a high frequency
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of lymphomas and digestive tract or virus-related cancers
(36, 38). Lymphomas mostly occur in conditions with cells
(lymphocyte precursors) more vulnerable toward transformation
due to impaired cell maturation, function, or signaling. Digestive
tract or virus-related cancers may be a consequence of
microorganism infections and chronic inflammation, potentially
facilitated by immunodeficiency and a lack of immune
surveillance (extrinsic mechanisms). Although epigenetic and
environmental factors such as a different exposure to tobacco of
individuals with DS as compared to the general population may
play a role, and, similarly, a different diet, intestinal microbiome,
or other factors cannot be ruled out, these conditions, for which
cancer incidence is based on strong epidemiological data and
where the immune function is well documented, challenge the
idea of a global immune-mediated protection against cancer.
However, additional studies are needed to examine the model of
immune surveillance in other conditions and particularly in the
general population. These results do not contradict the current
therapeutic successes of immune treatment in several cancers
(37, 39).

WHAT PROTECTS INDIVIDUALS WITH DS
FROM CANCERS?

The broader population of people with intellectual disabilities
develops a similar frequency of cancers as the general population
(10-12), suggesting that the protection of individuals with DS
against cancer must be linked to specific excess of genetic material
on the supernumerary chromosome 21 (comprising nearly
300 genes). However, not only aberrantly expressed genes of
chromosome 21 that include oncogenes and tumor suppressors,
but rather complex interactions between them with genes
mapping to other chromosomes lead to modified phenotypes
and functions in various tissues and biological processes. Despite
increased cancer risk factors—such as being overweight, low
physical activity, nulliparity (for breast cancers in women) (28),
and accelerated aging—sensitivity of tissues to genotoxic stress,
increased DNA damage, and deficient DNA repair (40), many
organs and tissues of people with DS are protected against
malignant transformation, particularly breast and neural cells
(but not glial cells). Thus, the “physiological” state of tissues
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