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Abstract: The impact of age on the clinical benefit of anti-PD1 immunotherapy in advanced melanoma
patients has been evolving recently. Due to a reduced immune function in elderly patients, young
patients with a robust immune system are theoretically expected to benefit more from the treat-
ment approach. However, in contrast to this hypothesis, recent studies in patients with metastatic
melanoma have demonstrated that immunotherapy, especially with anti-PD1 treatment, is less
effective in patients below 65 years, on average, with significantly lower responses and reduced
overall survival compared to patients above 65 years of age. Besides, data on young patients are even
more sparse. Hence, in this review, we will focus on age-dependent differences in the previously
described resistance mechanisms to the treatment and discuss the development of potential combi-
nation treatment strategies for enhancing the anti-tumor efficacy of anti-PD1 or PDL1 treatment in
young melanoma patients.

Keywords: age; melanoma; immunotherapy; tumor antigenicity; Tregs; gender; gut microbiome;
stress; radiation; vaccination

1. Introduction

Compared to other cancers, the average age at diagnosis of melanoma among women
is comparatively low at 60 years. Men develop the disease, on average, eight years
later [1]. However, many patients diagnosed are even younger, and it is one of the most
frequent types of cancer noticed in younger men and women aged less than 40 years [2–4].
Among the available systemic anti-cancer treatments for melanoma, immunotherapy with
immune checkpoint inhibitors, such as anti-programmed cell death protein-1 (anti-PD1)
or programmed cell death protein ligand-1 (PDL1), has demonstrated remarkable clinical
benefits, increasing life expectancy in advanced disease patients [5–8]. Nevertheless, the
clinical benefits are limited to a fraction of patients, and most patients do not respond to the
treatment or eventually experience disease progression. Notably, when primary melanoma
originates from the mucosal surfaces, the prognosis may be even worse [9,10].

Strikingly, the impact of age on anti-PD1 immunotherapy efficacy has been evolving
recently. Due to immunosenescence in elderly patients, young patients with a robust
immune system are expected to benefit from the treatment. In contrast to this hypothesis,
studies in patients with metastatic melanoma have revealed a different picture (Table 1).
In one of the first randomized clinical trials testing the PD-1 antibody nivolumab against
the chemotherapy dacarbazine as first-line, a benefit from the PD-1 antibody compared
to chemotherapy could be seen through all the age subgroups in a forest plot analysis;
however, hazard ratios (HR) for overall survival (OS) decreased with increasing age (HR:
0.52 < 65 years, HR: 0.44 > 65 < 75 years and HR 0.25 > 75 years) demonstrating a possible
higher benefit in older patients [11]. Similarly, in a multi-institutional retrospective study
including 538 patients with advanced melanoma, the association between age and anti-PD1
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treatment response was evaluated. The study showed that patients below the age of 62
were less likely to benefit from pembrolizumab treatment with a disease control rate of 52%
compared to 63% in older patients [12]. Besides, the investigators noted that the likelihood
of response increased with age, and observed that the odds ratios of progressing on
pembrolizumab decreased 13% for every decade of patient age [12]. In the Danish national
cohort, of 562 metastatic melanoma patients treated with pembrolizumab, 45% of patients
who experienced disease progression were under 70 years, compared to 37% of patients
above 70 years. A median OS of 18.8 months in patients under 70 years was reported
compared with 36.5 months in patients above 70 years. Interestingly, this age-dependent
difference in survival was not observed in patients treated with ipilimumab [13]. A
report using the National cancer database of around twelve thousand advanced melanoma
patients receiving immunotherapy with anti-cytotoxic T lymphocyte-associated protein 4
(anti-CTLA4) and/or anti-PD1 treatment showed an apparent decrease in OS of younger
patients under the age of 60 compared to elderly patients of above 60 years. However,
the number of patients who received anti-PD1 treatment is unclear in this study [14]. In
addition, a recent meta-analysis including melanoma patients with anti-PD1 treatments
from three prospective clinical trials further concluded that younger melanoma patients,
under the age of 65, might experience a shorter OS compared to patients above the age
of 65 [15]. Similar to previous reports, this study also found that age difference had little
to no effect on OS in patients treated with anti-CTLA4 [15]. Although each study has its
own limitation regarding the randomization or retrospective nature of the analysis, most of
these trials have used 60–65 years of age as the point of intersection, and if any trend was
noted, it was an HR indicating a better OS in the elderly patients treated with anti-PD1.

Table 1. Summary of clinical studies showing age-related differences in anti-PD1 clinical outcomes in melanoma patients.

Study/Clinical
Trial

Anti-PD1
Agent/Study Arms Age Cut-Off Response PFS (HR (95%CI)) OS (HR (95%CI))

Kugel. et al.,
2018 [12]

Anti-PD1
(Pembrolizumab) <62 vs. ≥62

<62 (50%)
vs.

≥62 (63%)
- -

Bastholt. et al.,
2019 [13]

Anti-PD1
(Pembrolizumab)

<70 vs. 70–80
vs. ≥80 -

<70 vs. 70–80 (HR:
0.73 (0.58–0.93));
<70 vs. ≥80 (HR:
1.12 (0.79–1.60))

<70 vs. 70–80 (HR: 0.65
(0.48–0.88))

vs.
<70 vs. ≥80 (HR: 1.02

(0.66–1.57))

Wu. et al., 2019
[15]

Anti-PD1;
Meta-Analysis

(3 clinical trials)
<65 vs. ≥65 - -

<65 (0.74 (95% CI 0.51–0.98))
vs.

≥65 (0.50 (95% CI 0.38–0.62))

Jain. et al., 2020
[14]

Ipilimumab and or
Anti-PD1 or
Anti-PDL1

<60 vs. ≥60 - -
<60 (HR: 0.64 (0.57–0.72))

vs.
≥60 (HR: 0.55 (0.50–0.60))

Perier-Muzet.
et al., 2018 [16]

Anti-PD1 or
Ipilimumab <65 vs. ≥65 -

<65 (PFS: 3.4 vs.
not reached)

vs.
≥65 (4.8 vs. 10.1

months)

-

Betof. et al.,
2017 [17] Anti-PD1/PDL1

<50 vs. 50–64
vs. 65–74 vs.

≥75
-

<50 vs. ≥75 (HR:
0.98 (0.55–1.77));

50–64 vs. ≥75 (HR:
0.82 (0.48–1.41));

65–74 vs. ≥75 (HR:
0.85 (0.48–1.48))

<50 vs. ≥75 (HR: 0.93
(0.47–1.83))

vs.
50–64 vs. ≥75 (HR: 0.88

(0.47–1.64))
vs.

65–74 vs. ≥75 (HR: 0.83
(0.43–1.60))
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Table 1. Cont.

Study/Clinical
Trial

Anti-PD1
Agent/Study Arms Age Cut-Off Response PFS (HR (95%CI)) OS (HR (95%CI))

Robert. et al.,
2015 [11]

(CheckMate
066)

Anti-PD1
(Nivolumab)/
Dacarbazine

<65 vs. 65–75
vs. ≥75 - -

<65 (HR: 0.52; CI: 0.32–0.85)
vs.

65–75 (HR: 0.44; CI: 0.24–0.81)
vs.

≥75 (HR: 0.25; CI: 0.10–0.61)

Weber. et al.,
2015 [18]

(CheckMate
037)

Anti-PD1
(Nivolumab)/
Chemotherapy

<65 vs. ≥65

< 65 (29.3%)
vs.

≥65: (36.8%)
vs.

≥65–<75
(41.7%)

vs.
≥75: (28.6%)

- -

Robert. et al.,
2015 [8]

(KeyNote 006)

Anti-PD1
(Pembrolizumab
every 2 weeks)/

Ipilimumab

<65 vs. ≥65 -

<65 (HR: 0.55
(0.41–0.73))

vs.
≥65 (HR: 0.61

(0.43–0.86))

<65 (HR: 0.65; CI: 0.44–0.95)
vs.

≥65 (HR:0.56; CI: 0.36–0.87)

Anti-PD1
(Pembrolizumab)
every 3 weeks/

Ipilimumab

<65 vs. ≥65 -

<65 (HR: 0.59
(0.45–0.79))

vs.
≥65 (HR: 0.57

(0.41–0.81))

<65 (HR:0.77; CI: 0.53–1.12)
vs.

≥65 (HR: 0.66; CI: 0.44–1.01)

Wolchok. et al.,
2017 [19]

(CheckMate
067)

Anti-PD1
(Nivolumab)/
Ipilimumab

<65 vs. ≥66 -

<65 (HR: 0.58; CI:
0.45–0.73) vs.

≥65 (HR: 0.49; CI:
0.37–0.67)

<65 (HR: 0.62; CI: 0.48–0.81)
vs.

≥65 (HR: 0.71; CI: 0.51–0.99)

Both anti-CTLA4 and anti-PD1 revoke anti-tumor immune cells responses, but their
timing and mechanism of action are different [20]. For a maximum clinical benefit from anti-
PD1 treatment, pre-existing immune infiltration and, especially, tumor antigen-specific T
cell reactivity in the tumor microenvironment (TME) is essential [21,22]. In brief, tumor cells
trigger the cancer-immunity cycle by releasing antigens, T cells recognize those antigens
presented by major histocompatibility complexes (MHCs) on antigen-presenting cells
(APCs), and, subsequently, experience priming and activation [21,23]. Upon activation and
proliferation, T cells travel to the tumor sites following a cytokine concentration gradient.
When confronting the same antigen on MHCs, T cells release IFN-γ to enhance tumor
killing. However, immune checkpoint proteins like PD1 and its ligand PDL1 are also
needed to avoid the excessive activation of T cells and autoimmunity. Meanwhile, tumors
take advantage of immune checkpoints to protect themselves from apoptosis induced by
the immune system [24]. The release of IFN-γ from CD8+ T cells upregulates the expression
of PDL1 on tumor cells. In parallel, TCR signaling upregulates the expression of PD1 on
the T cell surface, which binds to PDL1 to exert adverse regulatory effects and blunt the
anti-tumor function of T cells [25,26]. Anti-PD1 immunotherapy reactivates those T cells
and significantly enhances anti-tumor effects in melanoma patients. However, the clinical
data of anti-PD1/PDL1 therapy showed limited response rates, especially in younger
patients. More disturbingly, the underlying mechanisms mostly remain unclear.

Hence, in this review, we will focus on age-dependent differences in the previously
described mechanisms of resistance to PD1/PDL1 inhibitors (Figure 1) and discuss the
development of potential combination treatment strategies for enhancing the anti-tumor
efficacy of anti-PD1/PDL1 treatment in younger melanoma patients.
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Figure 1. Age-related differences in clinical and molecular factors associated with anti-PD1 treatment outcome in metastatic
melanoma patients.

2. Search Strategies and Selection Criteria

We searched Pubmed, MEDLINE, and references from relevant articles for prospective
and retrospective clinical studies of anti-PD1 immune checkpoint inhibitors reporting the
influence of age in melanoma patients. Keywords for literature search included melanoma,
age, PD-1, PDL-1, nivolumab, pembrolizumab, and atezolizumab. All randomized clinical
trials that had compared the efficacy of anti-PD1 as monotherapy in metastatic melanoma
patients were selected. We excluded randomized clinical trials that compared the efficacy
of anti-CTLA4 or anti-PD1/PDL1 in combination with anti-CTLA4. Only articles published
in English are included.

3. Strong Immunoediting of Tumors in Young Patients

Tumor Antigenicity: Effective anti-tumor immune responses require sufficient tumor
antigenicity. Tumor cells produce abnormal proteins that distinguish them from their
non-transformed counterparts. If the abnormal proteins on tumor cells are recognized by
immune cells, they are likely to become neoantigens that facilitate the tumor cell recognition
by T cells and the subsequent anti-tumor immune responses [27]. Tumor mutational
burden (TMB) reflects the number of nonsynonymous mutations present in tumors and
generates more neoantigens, hence, being more immunogenic [28]. In line with the theory,
melanoma patients with high TMB in tumors respond better to anti-PD1 treatment [29,30].
Furthermore, mutations in DNA damage response and repair (DDR) genes usually lead to
genomic instability, increase TMB, and enhance the anti-tumor immune response [31,32].
Several studies have revealed that DDR mutations are related to a better prognosis of
advanced cancer patients receiving anti-PD1/PDL1 treatment [33,34]. Besides, it is essential
to note that mutation quality is more important than quantity to induce potent anti-tumor
immune responses. Accordingly, anti-PD1 treatment responses are shown to be more



Life 2021, 11, 1318 5 of 17

prominent when a clonal driver neoantigen is present in the tumors [35]. Although it
is very evident that sufficient tumor antigenicity is required for a successful anti-PD1
treatment, so far, very few studies have been conducted to investigate the potential reasons
for reduced efficacy to anti-PD1 treatment in the younger patients, mainly focusing on
TMB and immunoediting mechanisms.

For instance, molecular profiling of tumors in advanced melanoma patients receiving
treatment with immune checkpoint inhibitors (ICIs) revealed that younger patients, under
65 years, have less TMB and neoantigens than patients above 65 years [36]. A recent study
evaluating the influence of age on biomarkers to ICIs revealed that TMB significantly
increased with patient age [37]. Similarly, in pan-cancer patients, TMB and the number of
DDR pathway mutations were significantly lower in the younger group (<50) than those in
patients aged above 50 years [38]. In addition, a recent study further revealed that younger
patients accumulate driver mutations in their tumors that are less readily presented by their
MHC molecules, indicating a more substantial toll by immune selection early in tumorige-
nesis [39]. Furthermore, some tumors may evolve to evade immune surveillance by losing
the MHC molecules and upregulating immune checkpoint molecules on cell surfaces to
regulate the magnitude and duration of T-cell responses [40,41]. Accordingly, a positive
expression of MHC-II on tumor cells is associated with better therapeutic response and
survival upon anti-PD1/PDL1 treatment in melanoma patients [42]. Conversely, reduced
expression of immune-related genes such as HLA-I and HLA-II, which are responsible for
presenting antigens to T cells, was observed in younger patients under 50 compared to
those above 50 years of age [38].

Regulatory T cells (Tregs) in TME: both immunogenic tumor antigens and a functional
immune system in TME are necessary to identify and kill tumor cells accurately and effi-
ciently [22,43–45]. Among the T cell subsets, cytotoxic CD8+ T cells play a central role in
anti-tumor immunity, whereas regulatory T cells (Tregs) contribute to the immunosuppres-
sive capacity and dampen the anti-tumor immune response. Consequently, increased ratios
of Tregs over CD8+ T cells within the TME is a significant factor that facilitates immune
evasion and tumor growth [46,47]. In addition, increased infiltration of CD8+ T cells TME
before anti-PD1 treatment indicates benefit from anti PD1 therapy [22,48]. In contrast, in-
creased density of intratumoral follicular Treg cells exhibit a superior suppressive capacity
and indicates reduced benefit to anti-PD1 treatment in the melanoma mice model [49].
Although PD-1 blockade is certainly a static method to revive exhausted anti-tumor CD8+
T-cells, on the other side, pre-existing Tregs present in the TME can also become more
active and apply pronounced suppression on naive T cells undergoing activation [50]. In
line with this, an increase in Treg frequencies was observed upon anti-PD1 treatment in
leukapheresis specimens of non-responders in advanced melanoma patients [51], further
indicating the resilience of Tregs in cancer is proving to be a prickle in anti-PD1 efficiency.

Aging has a profound impact on our immune system. With increasing age, low-grade
chronic inflammation (inflammaging) but reduced immune function (immunosenescence)
is observed. Accumulation of effector memory T cells contributes to increased susceptibility
to many aging-related chronic inflammatory diseases [52]. In addition, aging can also
deteriorate Treg function, with Tregs from aged mice being less efficient than Tregs from
young mice, which was proved to suppress conventional T cell function [53]. Besides,
direct evidence of age differences in Tregs in TME was evolved [12]. Placing genetically
identical tumors in aged mice significantly increased their response to anti-PD1 treatment
compared with the same tumors placed in young mice. Interestingly, further analysis
revealed that young mice had a significantly higher population of Tregs, skewing the
ratio of cytotoxic and regulatory T cells in the TME. FOXP3 staining of human melanoma
biopsies revealed similar increases in Tregs in young patients. The percentage of CD8+ T
cells in melanoma TME was significantly lower in younger patients under the age of 66
years, which correlated with increased numbers in tumor-infiltrating FOXP3 regulatory
T cells, indicating that tumors in young patients are accommodated with a more vital
immunosuppressive environment with higher frequencies of potent Tregs. Hence, such



Life 2021, 11, 1318 6 of 17

differences in Tregs localization in TME may further account for the worse outcome to
anti-PD-1 treatment in the younger patients compared to elderly patients [12].

Together, these data suggest that reduced efficacy of anti-PD1 treatment in the younger
relative to the elderly group may be attributed to insufficient tumor antigenicity via reduced
TMB, the unavailability of readily presentable tumor antigens, or even through the loss
of MHC molecules, and increased frequencies of potent Tregs. At the same time, pro-
inflammatory state and reduced Treg function in older people may provide unexpected
age-favored clinical benefits to anti-PD1 treatment. Collectively, these data suggest that
tumors developing in younger patients may be prone to stronger immunoediting than
those in elderly patients. Hence, developing new combinational treatment strategies to
counter immunoediting mechanisms of tumors such as increasing tumor antigenicity, and
depleting Tregs in TME may improve anti-PD1 efficacy in younger patients and therefore
needs to be further investigated.

4. Cancer-Associated Fibroblasts (CAFs) in TME

Among all the stromal cells that populate TME, fibroblasts are the most common
elements and are critically involved in tumor progression. They regulate tissue architecture
via extracellular matrix (ECM) and participate in the inflammatory response at the tumor
site [54]. Aging has a profound influence on fibroblasts. As we age, fibroblasts go through
a non-replicating (senescent) state and acquire senescence-associated secretory phenotype
(SSPs) [55,56]. SASP induction in stromal populations leads to the persistently increased
secretion of multiple inflammatory cytokines that maintains a low-grade adaptive immune
response in older patients [57,58]. Besides, the secretome of aged fibroblasts releases
increased amounts of secreted frizzled-related protein 2 (SFRP2) into the TME, which
previously have shown to increase PD1 expression on T cells [59,60]. Accordingly, PD1
expression was shown to increase with age and contribute to the age-dependent functional
decline in effector memory T cells [61]. The adaptive immune responses suppressed by
senescent CAFs in TME may contribute to the anti-PD1 treatment response observed in
older patients. Hence, an increased presence of senescent CAFs in TME may indicate
a better clinical outcome. However, the continuing challenge for the development of a
standardized panel of markers to identify senescent CAFs in TME hampers the approach
and further research in this field may aid in identifying biomarkers.

5. Role of Female Gender in Young Patients’ Response to Anti-PD1 Treatment

Especially at a younger age (<50 years), melanoma incidence is higher in females
than in males [2]. After years of study, it is clear that women generally mount a stronger
immune response than men. Sex hormones and sex-chromosome-related genes are the
main factors driving these differences in immunity [62,63]. In contrast to the expectations
that females with a much stronger immune system may experience more clinical benefits
to the anti-PD1 treatment, recent meta-analyses of clinical trials across cancer types treated
with ICB indicate that young and female patients demonstrate low response rates, espe-
cially in melanoma [12,64–67]. Six out of seven clinical trials of melanoma, included in
the meta-analysis, showed a clear OS advantage in male patients who received ICIs [67].
Furthermore, in this meta-analysis, among the six clinical studies that revealed an asso-
ciation between reduced overall survival and female gender, four studies predominantly
involved anti-PD1 treatment as immunotherapy. In advanced melanoma patients who
received immunotherapy majorly with anti-PD1 treatment, particularly young and female
melanoma patients showed a reduced immunotherapy response in a retrospective study
from a single center [68].

The molecular mechanisms underlying sex-based differences in non-responsiveness
to ICIs have been recently characterized in mouse models, such as estrogen-mediated
recruitment of myeloid-derived suppressive cells (MDSCs) and Tregs to the TME, that are
known to be involved in resistance to ICIs [69]. Interestingly, such differences disappeared
in ovariectomized mice when reconstituted by estradiol supplementation and modulated
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by tamoxifen [69]. In the same model, Estrogen-based modulation of the PD-1/PD-L1
pathway in FOXP3+Tregs cells was previously reported [70,71]. In addition, male tumors
are more antigenic than female tumors. In a pan-cancer analysis, male-derived tumors
displayed a higher density of somatic-coding single nucleotide variants (SNVs) than female-
derived tumors [72]. In melanoma, more missense mutations are observed in men than
women [73], and female patient tumors had less TMB when compared to male patient
tumors. Female patients whose tumors had high TMB had better overall survival following
immune checkpoint inhibition than female patients with low TMB [74]. In addition to
the TMB, other cancer-associated germline antigens also show sex differences, with males
expressing more cancer germline antigens than females [67]. The reduced antigenicity
may further contribute to the compromised anti-PD1 treatment efficacy observed in female
patients. Strikingly, a recent study revealed that young and female patients accumulate
driver mutations in their tumors that are less readily presented by their MHC molecules [39],
further suggesting that these effects are strong and complementary. Together, current
knowledge provides a rationale for the paradigm that immune selection exerts its toll
differently concerning age and gender, with a strong immunoediting effect being observed
in younger and female patients. Prospective clinical trials stratified by age and gender
in the randomization process may significantly add to a deeper knowledge of the role of
gender in the anti-tumor activity of anti-PD1. A better understanding of the molecular
mechanisms involved in the tumor immune escape would also help identify biomarkers of
resistance to ICIs, differently expressed in young women.

6. Differences in Gut Microbiome in Young verus Elderly Patients

The gut microbiome is a principal factor in determining the host immune system
response [75]. Mechanistic and reverse translational evidence in germ-free mice that lack
intestinal microbiota revealed that different groups of bacteria influence distinct immune-
modulating actions [76]. Interestingly, the diversity and composition of the gut microbiome
were shown to influence response to anti-PD1 treatment in cancer patients [76–80]. In
melanoma patients receiving PD-1 inhibitors, a lower alpha-diversity of the gut micro-
biome and relative abundance of Bacteroidetes phyla was associated with shorter survival
and resistance to treatment [76], whereas, pre-treatment stool samples from 42 patients
with metastatic melanoma receiving anti-PD1 therapy showed more commensals such as
Bifidobacterium longum, Collinsella aerofaciens, and Enterococcus faecium species in respon-
ders than in non-responders [81]. It has to be noted that a shared pathway among these
commensals is dendritic cell activation, induction of CD4+ and CD8+ T-cells, increased
pro-inflammatory Th17, and associated interleukins (e.g., IL-17, IL-12), as well a decrease
in IL-10 and Tregs [76–84].

The gut microbiota composition is dynamic over a lifetime and substantially differs
between young and elderly hosts [85,86]. In general, young people predominantly have
more abundant symbionts such as Firmicutes and Bacteroidetes. In contrast, there is a shift in
older people towards more pro-inflammatory commensals such as proteobacteria [85,87].
Although the direct link between gut microbiome in young melanoma patients and re-
duced anti-PD1 efficacy, in particular, remains unclear, it can be observed that the members
of the Bacteroides fragilis, Clostridium strains that are more prevalent in younger people
control systemic inflammation by inducing FOXP3-positive Treg differentiation, produc-
tion of interleukin-10 and transforming growth factor β [88,89]. Microbiome-derived-
lipopolysaccharides (LPS) may play essential roles in immune modulation. For example,
Bacteroidetes species may contribute up to 79% antagonistic forms of the LPS (A-LPS),
which are involved in immune silencing [88,90]. Accordingly, Polysaccharide A (PSA)
derived from the Bacteroides fragilis rebalances skewed systemic T helper responses and
promoted Tregs by inducing human CD4+FOXP3+ T cells and enhanced suppressive func-
tion of circulating FOXP3+ in vitro [79]. Compared to young people, the gut microbiome in
older people contains more pro-inflammatory bacteria that increase LPS levels (P-LPS) [91],
which is best known for eliciting strong immune responses in humans [92]. The leakage
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of P-LPS and other microbial products from the gut upregulates cytokines such as inter-
ferons and interleukin-1 in circulation, and induces a pro-inflammatory state [78,93,94].
This might partially explain the age-favored clinical benefit of anti-PD1 treatment in older
people as proteobacteria-derived LPS traditionally may drive immune infiltration to the
TME, which may enhance treatment efficacy. An example of how bacteria may influence
TME comes from a recent study showing that Pseudomonas aeruginosa LPS in mice with
lung cancer enhances inflammatory cell recruitment throughout the tumor and induces
PD1/PDL1 expression which leads to efficient anti-PD1 responses [95].

However, so far, there is no direct evidence reported of age-related differences in the
gut microbiome of melanoma patients receiving anti-PD1 treatment. Nevertheless, based
on similar tumor features in young patients and patients with unfavorable gut microbiome
in non-responders to anti-PD1 treatment is noteworthy to study such differences. This may
lead to a simple and supple solution to alter the gut microbiome in younger patients for
maximum clinical benefits with anti-PD1 treatment.

7. Obesity and Response to Anti-PD1 Treatment

Aging is related to significant changes in body structure and increased abdominal
obesity [96]. Both obesity and aging are marked by low-grade inflammatory state and en-
docrine changes. Interestingly, a positive role for obesity in ICI treatment has been recently
reviewed [97]. Anti-PD1 or PDL1 led to significantly enhanced PFS and OS in overweight
melanoma patients compared to normal-weight patients [98–100]. Obesity can alter nutri-
ent availability in the TME and cause immune dysfunction by enhancing transcriptional
and metabolic reprogramming events [101]. Furthermore, circulating T-cells have increased
expression of PD-1 in diet-induced obese mice compared to control mice. Both CD4+ and
CD8+ T-cells, when stimulated ex vivo, displayed a reduced ability to proliferate and
produce cytokines compared to T-cells from normal-weight mice. Besides, increased leptin
(adipokine) levels in obese mice have mediated the PD1 expression and T cell exhausted
phenotype [102]. Meanwhile, obesity also impacts gut microbiome diversity [103] which
can play a role in response to anti-PD1 efficacy in melanoma, as described in the previous
section. Hence, suggesting that obesity-driven changes in peripheral and tumoral immune
cells may facilitate the anti-PD1 therapy efficacy. Nevertheless, it is important to note that
obesity is a common condition across ages; hence, it may not necessarily be an age-related
factor associated with better outcomes to anti-PD1 treatment.

8. More Psychological Distress in Younger Patients

Younger age is consistently associated with higher rates of physiological distress
in patients with cancer [104]. Multiple responsibilities are inherent in midlife, maybe
one of the reasons behind the stress. The cancer-specific distress may not fall into the
classic description of anxiety or depression but is still disruptive to quality of life. The
neuroendocrine factors, including stress hormones such as Glucocorticoids that increase
in the context of psychological distress, are known to impact the immune system pro-
foundly [105–107]. Corticosteroids impair activation of T lymphocytes by blocking T helper
and recruiting T regulatory cells and can also induce M2 macrophages polarization [107].
Thus, stress-induced endogenous glucocorticoids may mediate potent immunosuppres-
sive effects in young cancer patients. The molecular mechanism through which mental
stress causes cancer therapy-relevant immunosuppression was observed by comparing
social defeat in pre-conditioned and non-stressed control mice. This study revealed that
mental stress caused a state of both local (within tumor microenvironment) and systemic
immune suppression, as reflected by the inhibition of IFN responses, antigen signaling,
chemotaxis of neutrophils, and myeloid leukocyte differentiation. Moreover, the capacity
of anti-PD1 to elicit interferon-gamma production by tumor-infiltrating T cells was reduced
upon social stress [108]. These data indicate that emotional distress in younger patients
may potentially influence the anti-PD1 treatment outcome. Hence, a combination of stress
reduction programs along with anti-PD1 immunotherapy might benefit young patients.
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However, so far there are no clinical studies that could prove the efficacy of such treatment
interventions. Therefore, further studies should be designed, especially in young patients,
to investigate the benefit of improving mental well-being on the anti-PD1 outcome.

9. Potential Combinational Treatment Options along with Anti-PD1 for
Younger Patients

Expanding the benefits of cancer immunotherapy with anti-PD1 or PDL1 to younger
patients is probably one of the most urgent challenges in cancer therapy currently. Insuf-
ficient tumor-specific priming of cytotoxic CD8+ T cells before anti-PD1 treatment may
only result in a dysfunctional state of these cells in the TME. In vitro, PD-1 blockade of
unprimed or sub-optimally primed CD8+ cells with tumor antigens induced PD-1+ CD38hi

CD8+ cells involved in treatment resistance [109], highlighting the importance to enhance
the tumor antigenicity before PD1 blockade. Based on the above evidence of insufficient
tumor antigenicity and increased Tregs, we propose that in combination with immune
microenvironment-enhancing strategies such as anti-PD1 treatment, potential ways to en-
hance tumor-cell antigenicity may result in maximum clinical benefits for younger patients
(Figure 2).
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9.1. Radio Therapy

Radiotherapy (RT) is regularly used to treat cancer and is known to enhance the cross-
presentation of tumor antigens in the draining lymph node and directs T cell infiltration into
the tumors [110,111]. The ability of radiotherapy to induce potential tumor antigen-specific
immune response provides a strong rationale for combining radiation and anti-PD1 treat-
ment. Accordingly, several clinical trials in different tumor types proved that radiation may
increase the anti-cancer treatment effect of immune checkpoint inhibitors [112–117] and that
radiation can be safely combined with anti-PD1 treatment. Besides, combination treatment
with radiation and anti-PDL1 significantly reduced the infiltration of tumor-associated
MDSCs, and Treg cells in the TME, resulting in more significant tumor regression [114].
In addition, the sequence of combination treatment is also crucial for significant clinical
benefits. The radiation before anti-PD1 treatment is likely to open up tumor cell content
to immune cells, leading to immune activation and eventually exhaustion, which can be
reversed using anti-PD1 treatment. Hence, irradiating tumors before anti-PD1 treatment
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when applicable may result in better clinical responses in younger patients by enhancing
tumor antigenicity.

9.2. Vaccination and TCR-Based Therapies

Vaccination with tumor-associated antigens or neoantigens might be an option to
induce a T cell response that can then be boosted by PD-1 inhibition. One of the most
frequently overexpressed intracellular proteins in melanoma is gp100 [118]. Hence, vaccina-
tion with gp100 peptides or RNA may offer a potential strategy to combine with anti-PD1
treatment in younger patients. Short-lived gp100 vaccination primes tumor-specific CD8+
T cells, redirects T cell accumulation in tumors, and induces superior anti-tumor activity
along with memory formation [119]. Besides, insufficient priming with gp100 antigen
before anti-PD1 treatment resulted in a dysfunctional state of CD8+ T cells and treatment
resistance in a melanoma mice model. However, this state of CD8+ T cells can be reversed
by optimal priming with gp100 vaccination [109]. Similar to radiotherapy, this study
further revealed that sequencing gp100 vaccination before anti-PD-1 treatment is vital for
therapeutic success [109]. In addition, for the treatment of metastasized uveal melanoma—
a tumor which shares some homologies with cutaneous melanoma in young patients such
as being poorly immunogenic—treatment with tebentafusp, a bispecific fusion protein
comprising an engineered TCR- to recognize the gp100 peptide presented on HLA-A*02:01
with high affinity, displayed safe and promising clinical activity [120]. Once bound to
cancer cells, tebentafusp recruits a broad range of T cells regardless of their natural TCR
specificity into the tumor, thereby activating selective killing of gp100 expressing cancer
cells. In cutaneous melanoma, tebentafusp is tested in combination with PD-L1 and/or
CTLA-4 blockage (NCT02535078).

Other vaccination strategies which aim to target the immunosuppressive TME have
been proposed. For example, a new peptide vaccine called IO102-IO103, which consists
of Indoleamine 2, 3-dioxygenase (IDO) plus PDL1 peptides. First results in a phase I/II
trial revealed an overall response rate of 79%, with 45% complete responses in melanoma
patients when combined with the PD-1 antibody nivolumab [121]. In addition, upon treat-
ment, vaccine-specific T cell responses in the peripheral blood and T cell influx at the TME
were observed. Similarly, a dendritic cell vaccine targeting FOXP3 exhibited a substantial
anti-tumor effect by increasing cytotoxic T cell response and reducing the percentages of
Tregs in TME in a melanoma mouse model [122,123]. These observations strongly suggest
that anti-PD-1-mediated resistance can potentially be prevented by concomitant vaccina-
tion therapies that drive immune infiltration into the TME, which are safe and efficient.
Hence, more studies are required to develop combination treatment with vaccine-based
therapies and anti-PD1 treatment.

9.3. Treg Antibody-Based Therapies

From the current outlook, anti-PD-1 may have to evolve with novel Treg depletion
strategies or therapies that reduce Treg function for better results and minimal shortfalls.
For example, CD25 is highly expressed in FOXP3+ Treg cells but not as much on CD8+
T cells. Therefore, bispecific antibodies that recognize CD25 and PD-1 can be designed
for the depletion of PD-1+ Tregs. This minimizes their presence and conditions the tumor
for PD-1 blockade on PD-1+ effector T-cells rather than Tregs. Accordingly, a combi-
nation of anti-CD25 mAb with an anti-PDL1 mAb induced tumor regression in 90% of
animals, delaying tumor progression and significantly increasing overall survival in the
mice model [124]. Furthermore, in vitro treatment with RG6292 (anti-CD25 mAb) selec-
tively depleted Treg cells without affecting IL-2 signaling in CD8+ T cells [124]. Evidently,
compared to ipilimumab, a mAb that targets CTLA4, which is also highly expressed in
Treg cells, tumors treated with anti-CD25 (RG6292) showed a higher CD8+/Treg ratio and
activation of infiltrating CD8+ T cells. Hence, bispecific antibodies that recognize CD25
and PD-1 may effectively deplete PD-1+ Tregs and condition the tumor for PD-1 blockade
on PD-1+ effector T-cells rather than Tregs. A phase II clinical trial of RG6292 in patients
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with solid tumors is currently recruiting an entry-into-human study to evaluate the safety
and identify the dose (NCT04158583).

10. Conclusions and Future Perspectives

In conclusion, cancer immunotherapy with anti-PD1 or PDL1 is certainly a dormant
method to reverse the exhaustion and to enhance the antitumor immune responses of
pre-existing tumor-specific T cells. Evolving data suggests that younger patients are more
likely to develop rapid disease progression than elderly patients with metastatic melanoma.
Both tumor intrinsic (ex: reduced tumor antigenicity, Treg infiltration) and extrinsic features
(ex: female gender hormones, psychological stress, gut microbiome) may be responsible
for such reduced efficacy for anti-PD1 treatment in younger patients. Hence, age-related
differences in immune response should not be neglected in anti-PD1 immunotherapy
design and analysis, and should be kept in mind for therapeutical stratification of patients.
Potential combinational treatments should be further investigated to improve the anti-
PD1 efficacy in these patients. Anti-PD1 treatment in combination with tumor antigen
enhancing strategies such as radiation, vaccination, and Tregs depletion strategies may be
more suitable for younger patients.

Furthermore, stress reduction programs with established social support networks and
psychological therapy can also be utilized as a complementary approach. A combination
of these strategies along with immunotherapies could significantly benefit patients under
emotional stress and decrease the harmful consequences of neuroendocrine disruption. In
addition, a comprehensive understanding of the gut microbiome in young patients may
facilitate a simple and supple solution to overcome resistance to anti-PD1 treatment in these
patients. Probiotics, non-absorbable oligosaccharides, or a fecal transplant from healthy
donors are potential interventional strategies in young patients with gut microbiome
dysbiosis. However, we are far from that, and further research is warranted for any
conclusions and therapeutical interventions.

Finally, this review is based on both prospective and retrospective clinical studies that
show an association with age and anti-PD1 treatment outcomes in melanoma patients. It
must be noted that each study has its own limitations, especially the randomized nature
of the prospective studies and the selection bias associated with retrospective studies (ex:
younger patients may have worse prognostic characteristics: LDH, Braf mutation, tumor
stage, origin of primary melanoma) that may have a certain influence on the findings.
Therefore, a large-scale meta-analysis including all potential confounders with different
age cut-offs at an individual level should be performed further to validate the impact of
age on anti-PD-1 treatment. In addition, it is important to note that the influence of age on
anti-PD1 treatment outcome may be tumor-specific. A recent meta-analysis revealed that
age might have little to no effect on the outcome of NSCLC patients treated with anti-PD1
antibodies [125]. Moreover, the data of age and anti-PD1 response in other tumor types is
even more sparse. Hence, the conclusion of this study still cannot be expanded to other
tumor types and further studies are required to study the influence of age on anti-PD1
treatment efficacy in other cancer types.

Author Contributions: Conceptualization, D.M. and J.C.H.; writing-original draft preparation, D.M.
and S.S.; review and editing, D.M., S.S. and J.C.H. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The graphical content was created using Biorender. We would like to thank all
external reviewers for their thoughtful suggestions and detailed comments that helped us to refine
the review manuscript.



Life 2021, 11, 1318 12 of 17

Conflicts of Interest: J.C.H.—honoraria for talks from BMS, MSD, Roche, Novartis; advisory board
member for MSD, Pierre Fabre; scientific grant support from BMS; travel grants from BMS, Pierre
Fabre. D.M. and S.S. declare no potential conflicts of interest.

References
1. Robert Koch-Institut Krebs in Deutschland. Zentrum für Krebsregisterdaten; Gesellschaft der Epidemiologischen Krebsregister in

Deutschland e.V.: Berlin, Germany, 2017; ICD-10 C43.
2. Urban, K.; Mehrmal, S.; Uppal, P.; Giesey, R.L.; Delost, G.R. The global burden of skin cancer: A longitudinal analysis from the

Global Burden of Disease Study, 1990–2017. JAAD Int. 2021, 2, 98–108. [CrossRef]
3. Mitsis, D.K.L. Trends in Demographics, Incidence, and Survival in Children, Adolescents and Young Adults (AYA) with Melanoma: A

Surveillance, Epidemiology and End Results (SEER) Population-Based Analysis; ASCO Annual Meeting; American Society of Clinical
Oncology: Alexandria, VA, USA, 2015.

4. Watson, M.; Geller, A.C.; Tucker, M.A.; Guy, G.P., Jr.; Weinstock, M.A. Melanoma burden and recent trends among non-Hispanic
whites aged 15–49 years, United States. Prev. Med. 2016, 91, 294–298. [CrossRef]

5. Larkin, J.; Minor, D.; D’Angelo, S.; Neyns, B.; Smylie, M.; Miller, W.H., Jr.; Gutzmer, R.; Linette, G.; Chmielowski, B.; Lao,
C.D.; et al. Overall Survival in Patients with Advanced Melanoma Who Received Nivolumab Versus Investigator’s Choice
Chemotherapy in CheckMate 037: A Randomized, Controlled, Open-Label Phase III Trial. J. Clin. Oncol. 2018, 36, 383–390.
[CrossRef] [PubMed]

6. Ribas, A.; Puzanov, I.; Dummer, R.; Schadendorf, D.; Hamid, O.; Robert, C.; Hodi, F.S.; Schachter, J.; Pavlick, A.C.; Lewis,
K.D.; et al. Pembrolizumab versus investigator-choice chemotherapy for ipilimumab-refractory melanoma (KEYNOTE-002): A
randomised, controlled, phase 2 trial. Lancet Oncol. 2015, 16, 908–918. [CrossRef]

7. Larkin, J.; Sileni, V.C.; Gonzalez, R.; Grob, J.-J.; Cowey, C.L.; Lao, C.D.; Schadendorf, D.; Dummer, R.; Smylie, M.; Rutkowski,
P.; et al. Combined Nivolumab and Ipilimumab or Monotherapy in Untreated Melanoma. N. Engl. J. Med. 2015, 373, 23–34.
[CrossRef] [PubMed]

8. Robert, C.; Schachter, J.; Long, G.V.; Arance, A.; Grob, J.-J.; Mortier, L.; Daud, A.; Carlino, M.S.; McNeil, C.; Lotem, M.; et al.
Pembrolizumab versus Ipilimumab in Advanced Melanoma. N. Engl. J. Med. 2015, 372, 2521–2532. [CrossRef] [PubMed]

9. Yentz, S.; Lao, C.D. Immunotherapy for mucosal melanoma. Ann. Transl. Med. 2019, 7 (Suppl. 3), S118. [CrossRef] [PubMed]
10. Lombardo, N.; Della Corte, M.; Pelaia, C.; Piazzetta, G.; Lobello, N.; Del Duca, E.; Bennardo, L.; Nisticò, S.P. Primary Mucosal

Melanoma Presenting with a Unilateral Nasal Obstruction of the Left Inferior Turbinate. Medicina 2021, 57, 359. [CrossRef]
11. Robert, C.; Long, G.V.; Brady, B.; Dutriaux, C.; Maio, M.; Mortier, L.; Hassel, J.C.; Rutkowski, P.; McNeil, C.; Kalinka-Warzocha, E.;

et al. Nivolumab in previously untreated melanoma without BRAF mutation. N. Engl. J. Med. 2015, 372, 320–330. [CrossRef]
12. Kugel, C.H., 3rd; Douglass, S.M.; Webster, M.R.; Kaur, A.; Liu, Q.; Yin, X.; Weiss, S.A.; Darvishian, F.; Al-Rohil, R.N.; Ndoye, A.;

et al. Age Correlates with Response to Anti-PD1, Reflecting Age-Related Differences in Intratumoral Effector and Regulatory
T-Cell Populations. Clin. Cancer Res. 2018, 24, 5347–5356. [PubMed]

13. Bastholt, L.; Schmidt, H.; Bjerregaard, J.K.; Herrstedt, J.; Svane, I.M. Age favoured overall survival in a large population-based
Danish patient cohort treated with anti-PD1 immune checkpoint inhibitor for metastatic melanoma. Eur. J. Cancer 2019, 119,
122–131. [CrossRef] [PubMed]

14. Jain, V.; Hwang, W.; Venigalla, S.; Nead, K.T.; Lukens, J.N.; Mitchell, T.C.; Shabason, J.E. Association of Age with Efficacy of
Immunotherapy in Metastatic Melanoma. Oncologist 2020, 25, e381. [CrossRef] [PubMed]

15. Wu, Q.; Wang, Q.; Tang, X.; Xu, R.; Zhang, L.; Chen, X.; Xue, Q.; Wang, Z.; Shi, R.; Wang, F.; et al. Correlation between patients’
age and cancer immunotherapy efficacy. OncoImmunology 2019, 8, e1568810.

16. Perier-Muzet, M.; Gatt, E.; Péron, J.; Falandry, C.; Amini-Adlé, M.; Thomas, L.; Dalle, S.; Boespflug, A. Association of Immunother-
apy with Overall Survival in Elderly Patients with Melanoma. JAMA Dermatol. 2018, 154, 82–87. [CrossRef] [PubMed]

17. Betof, A.S.; Nipp, R.D.; Giobbie-Hurder, A.; Johnpulle, R.A.N.; Rubin, K.; Rubinstein, S.M.; Flaherty, K.T.; Lawrence, D.P.; Johnson,
D.B.; Sullivan, R.J. Impact of Age on Outcomes with Immunotherapy for Patients with Melanoma. Oncologist 2017, 22, 963–971.
[CrossRef]

18. Weber, J.S.; D’Angelo, S.P.; Minor, D.; Hodi, F.S.; Gutzmer, R.; Neyns, B.; Hoeller, C.; Khushalani, N.I.; Miller, W.H.; Lao, C.D.; et al.
Nivolumab versus chemotherapy in patients with advanced melanoma who progressed after anti-CTLA-4 treatment (CheckMate
037): A randomised, controlled, open-label, phase 3 trial. Lancet Oncol. 2015, 16, 375–384. [CrossRef]

19. Wolchok, J.D.; Chiarion-Sileni, V.; Gonzalez, R.; Rutkowski, P.; Grob, J.-J.; Cowey, C.L.; Lao, C.D.; Wagstaff, J.; Schadendorf, D.;
Ferrucci, P.F.; et al. Overall Survival with Combined Nivolumab and Ipilimumab in Advanced Melanoma. N. Engl. J. Med. 2017,
377, 1345–1356. [CrossRef]

20. Buchbinder, E.I.; Desai, A. CTLA-4 and PD-1 Pathways: Similarities, Differences, and Implications of Their Inhibition. Am. J. Clin.
Oncol. 2016, 39, 98–106. [CrossRef]

21. Chen, D.S.; Mellman, I. Oncology Meets Immunology: The Cancer-Immunity Cycle. Immunity 2013, 39, 1–10. [CrossRef]
22. Tumeh, P.C.; Harview, C.L.; Yearley, J.H.; Shintaku, I.P.; Taylor, E.J.M.; Robert, L.; Chmielowski, B.; Spasic, M.; Henry, G.; Ciobanu,

V.; et al. PD-1 blockade induces responses by inhibiting adaptive immune resistance. Nature 2014, 515, 568–571. [CrossRef]
23. Maimela, N.R.; Liu, S.; Zhang, Y. Fates of CD8+ T cells in Tumor Microenvironment. Comput. Struct. Biotechnol. J. 2019, 17, 1–13.

[CrossRef]

http://doi.org/10.1016/j.jdin.2020.10.013
http://doi.org/10.1016/j.ypmed.2016.08.032
http://doi.org/10.1200/JCO.2016.71.8023
http://www.ncbi.nlm.nih.gov/pubmed/28671856
http://doi.org/10.1016/S1470-2045(15)00083-2
http://doi.org/10.1056/NEJMoa1504030
http://www.ncbi.nlm.nih.gov/pubmed/26027431
http://doi.org/10.1056/NEJMoa1503093
http://www.ncbi.nlm.nih.gov/pubmed/25891173
http://doi.org/10.21037/atm.2019.05.62
http://www.ncbi.nlm.nih.gov/pubmed/31576325
http://doi.org/10.3390/medicina57040359
http://doi.org/10.1056/NEJMoa1412082
http://www.ncbi.nlm.nih.gov/pubmed/29898988
http://doi.org/10.1016/j.ejca.2019.06.022
http://www.ncbi.nlm.nih.gov/pubmed/31442816
http://doi.org/10.1634/theoncologist.2019-0377
http://www.ncbi.nlm.nih.gov/pubmed/32043765
http://doi.org/10.1001/jamadermatol.2017.4584
http://www.ncbi.nlm.nih.gov/pubmed/29214290
http://doi.org/10.1634/theoncologist.2016-0450
http://doi.org/10.1016/S1470-2045(15)70076-8
http://doi.org/10.1056/NEJMoa1709684
http://doi.org/10.1097/COC.0000000000000239
http://doi.org/10.1016/j.immuni.2013.07.012
http://doi.org/10.1038/nature13954
http://doi.org/10.1016/j.csbj.2018.11.004


Life 2021, 11, 1318 13 of 17

24. Pardoll, D. Cancer and the Immune System: Basic Concepts and Targets for Intervention. Semin. Oncol. 2015, 42, 523–538.
[CrossRef]

25. Ribas, A. Adaptive Immune Resistance: How Cancer Protects from Immune Attack. Cancer Discov. 2015, 5, 915–919. [CrossRef]
26. Garcia-Diaz, A.; Shin, D.S.; Moreno, B.H.; Saco, J.; Escuin-Ordinas, H.; Rodriguez, G.A.; Zaretsky, J.M.; Sun, L.; Hugo, W.;

Wang, X.; et al. Interferon Receptor Signaling Pathways Regulating PD-L1 and PD-L2 Expression. Cell Rep. 2017, 19, 1189–1201.
[CrossRef]

27. Chen, D.S.; Mellman, I. Elements of cancer immunity and the cancer–immune set point. Nature 2017, 541, 321–330. [CrossRef]
28. Chalmers, Z.R.; Connelly, C.F.; Fabrizio, D.; Gay, L.; Ali, S.M.; Ennis, R.; Schrock, A.; Campbell, B.; Shlien, A.; Chmielecki, J.;

et al. Analysis of 100,000 human cancer genomes reveals the landscape of tumor mutational burden. Genome Med. 2017, 9, 34.
[CrossRef] [PubMed]

29. Johnson, D.B.; Frampton, G.; Rioth, M.J.; Yusko, E.; Xu, Y.; Guo, X.; Ennis, R.C.; Fabrizio, D.; Chalmers, Z.R.; Greenbowe, J.; et al.
Targeted Next Generation Sequencing Identifies Markers of Response to PD-1 Blockade. Cancer Immunol. Res. 2016, 4, 959–967.
[CrossRef] [PubMed]

30. Forschner, A.; Battke, F.; Hadaschik, D.; Schulze, M.; Weißgraeber, S.; Han, C.-T.; Kopp, M.; Frick, M.; Klumpp, B.; Tietze,
N.; et al. Tumor mutation burden and circulating tumor DNA in combined CTLA-4 and PD-1 antibody therapy in metastatic
melanoma—Results of a prospective biomarker study. J. Immunother. Cancer 2019, 7, 180. [CrossRef] [PubMed]

31. Mouw, K.W.; Goldberg, M.S.; Konstantinopoulos, P.A.; D’Andrea, A.D. DNA Damage and Repair Biomarkers of Immunotherapy
Response. Cancer Discov. 2017, 7, 675–693. [CrossRef] [PubMed]

32. Pearl, L.H.; Schierz, A.C.; Ward, S.E.; Al-Lazikani, B.; Pearl, F.M. Therapeutic opportunities within the DNA damage response.
Nat. Rev. Cancer 2015, 15, 166–180. [CrossRef]

33. Teo, M.Y.; Seier, K.; Ostrovnaya, I.; Regazzi, A.M.; Kania, B.E.; Moran, M.M.; Cipolla, C.K.; Bluth, M.J.; Chaim, J.; Al-Ahmadie,
H.; et al. Alterations in DNA Damage Response and Repair Genes as Potential Marker of Clinical Benefit From PD-1/PD-L1
Blockade in Advanced Urothelial Cancers. J. Clin. Oncol. 2018, 36, 1685–1694. [CrossRef]

34. Ricciuti, B.; Recondo, G.; Spurr, L.; Li, Y.Y.; Lamberti, G.; Venkatraman, D.; Umeton, R.; Cherniack, A.D.; Nishino, M.; Sholl, L.M.;
et al. Impact of DNA Damage Response and Repair (DDR) Gene Mutations on Efficacy of PD-(L)1 Immune Checkpoint Inhibition
in Non–Small Cell Lung Cancer. Clin. Cancer Res. 2020, 26, 4135–4142. [CrossRef] [PubMed]

35. McGranahan, N.; Furness, A.J.S.; Rosenthal, R.; Ramskov, S.; Lyngaa, R.B.; Saini, S.K.; Jamal-Hanjani, M.; Wilson, G.A.; Birkbak,
N.J.; Hiley, C.T.; et al. Clonal neoantigens elicit T cell immunoreactivity and sensitivity to immune checkpoint blockade. Science
2016, 351, 1463–1469. [CrossRef] [PubMed]

36. Zhang, Q.-J.; Luan, J.-C.; Song, L.-B.; Cong, R.; Ji, C.-J.; Zhou, X.; Xia, J.-D.; Song, N.-H. Age-Related Differences in Molecular
Profiles for Immune Checkpoint Blockade Therapy. Front. Immunol. 2021, 12, 657575. [CrossRef]

37. Erbe, R.; Wang, Z.; Wu, S.; Xiu, J.; Zaidi, N.; La, J.; Tuck, D.; Fillmore, N.; Giraldo, N.A.; Topper, M.; et al. Evaluating the impact of
age on immune checkpoint therapy biomarkers. Cell Rep. 2021, 36, 109599. [CrossRef] [PubMed]

38. Guan, R.; Lyu, Q.; Lin, A.; Liang, J.; Ding, W.; Cao, M.; Luo, P.; Zhang, J. Influence of Different Age Cutoff Points on the Prediction
of Prognosis of Cancer Patients Receiving ICIs and Potential Mechanistic Exploration. Front. Oncol. 2021, 11, 2298. [CrossRef]

39. Castro, A.; Pyke, R.M.; Zhang, X.; Thompson, W.K.; Day, C.-P.; Alexandrov, L.B.; Zanetti, M.; Carter, H. Strength of immune
selection in tumors varies with sex and age. Nat. Commun. 2020, 11, 4128. [CrossRef]

40. Burnet, F.M. The Concept of Immunological Surveillance. Prog. Exp. Tumor Res. 1970, 13, 1–27. [CrossRef]
41. Schreiber, R.D.; Old, L.J.; Smyth, M.J. Cancer Immunoediting: Integrating Immunity’s Roles in Cancer Suppression and Promotion.

Science 2011, 331, 1565–1570. [CrossRef]
42. Johnson, D.B.; Estrada, M.V.; Salgado, R.; Sanchez, V.; Doxie, D.B.; Opalenik, S.R.; Vilgelm, A.E.; Feld, E.; Johnson, A.S.;

Greenplate, A.R.; et al. Melanoma-specific MHC-II expression represents a tumour-autonomous phenotype and predicts response
to anti-PD-1/PD-L1 therapy. Nat. Commun. 2016, 7, 10582. [CrossRef]

43. Cristescu, R.; Mogg, R.; Ayers, M.; Albright, A.; Murphy, E.; Yearley, J.; Sher, X.; Liu, X.Q.; Lu, H.; Nebozhyn, M.; et al. Pan-tumor
genomic biomarkers for PD-1 checkpoint blockade–based immunotherapy. Science 2018, 362, 6411. [CrossRef]

44. Camisaschi, C.; Vallacchi, V.; Castelli, C.; Rivoltini, L.; Rodolfo, M. Immune cells in the melanoma microenvironment hold
information for prediction of the risk of recurrence and response to treatment. Expert Rev. Mol. Diagn. 2014, 14, 643–646.
[CrossRef] [PubMed]

45. Hegde, P.S.; Chen, D.S. Top 10 Challenges in Cancer Immunotherapy. Immunity 2020, 52, 17–35. [CrossRef] [PubMed]
46. Shang, B.; Liu, Y.; Jiang, S.-J.; Liu, Y. Prognostic value of tumor-infiltrating FoxP3+ regulatory T cells in cancers: A systematic

review and meta-analysis. Sci. Rep. 2015, 5, 15179. [CrossRef] [PubMed]
47. Quezada, S.; Peggs, K.S.; Curran, M.; Allison, J.P. CTLA4 blockade and GM-CSF combination immunotherapy alters the

intratumor balance of effector and regulatory T cells. J. Clin. Investig. 2006, 116, 1935–1945. [CrossRef] [PubMed]
48. Chen, P.-L.; Roh, W.; Reuben, A.; Cooper, Z.A.; Spencer, C.N.; Prieto, P.A.; Miller, J.P.; Bassett, R.L.; Gopalakrishnan, V.; Wani, K.;

et al. Analysis of Immune Signatures in Longitudinal Tumor Samples Yields Insight into Biomarkers of Response and Mechanisms
of Resistance to Immune Checkpoint Blockade. Cancer Discov. 2016, 6, 827–837. [CrossRef]

49. Eschweiler, S.; Clarke, J.; Ramírez-Suástegui, C.; Panwar, B.; Madrigal, A.; Chee, S.J.; Karydis, I.; Woo, E.; Alzetani, A.; Elsheikh, S.;
et al. Intratumoral follicular regulatory T cells curtail anti-PD-1 treatment efficacy. Nat. Immunol. 2021, 22, 1052–1063. [CrossRef]

http://doi.org/10.1053/j.seminoncol.2015.05.003
http://doi.org/10.1158/2159-8290.CD-15-0563
http://doi.org/10.1016/j.celrep.2017.04.031
http://doi.org/10.1038/nature21349
http://doi.org/10.1186/s13073-017-0424-2
http://www.ncbi.nlm.nih.gov/pubmed/28420421
http://doi.org/10.1158/2326-6066.CIR-16-0143
http://www.ncbi.nlm.nih.gov/pubmed/27671167
http://doi.org/10.1186/s40425-019-0659-0
http://www.ncbi.nlm.nih.gov/pubmed/31300034
http://doi.org/10.1158/2159-8290.CD-17-0226
http://www.ncbi.nlm.nih.gov/pubmed/28630051
http://doi.org/10.1038/nrc3891
http://doi.org/10.1200/JCO.2017.75.7740
http://doi.org/10.1158/1078-0432.CCR-19-3529
http://www.ncbi.nlm.nih.gov/pubmed/32332016
http://doi.org/10.1126/science.aaf1490
http://www.ncbi.nlm.nih.gov/pubmed/26940869
http://doi.org/10.3389/fimmu.2021.657575
http://doi.org/10.1016/j.celrep.2021.109599
http://www.ncbi.nlm.nih.gov/pubmed/34433020
http://doi.org/10.3389/fonc.2021.670927
http://doi.org/10.1038/s41467-020-17981-0
http://doi.org/10.1159/000386035
http://doi.org/10.1126/science.1203486
http://doi.org/10.1038/ncomms10582
http://doi.org/10.1126/science.aar3593
http://doi.org/10.1586/14737159.2014.928206
http://www.ncbi.nlm.nih.gov/pubmed/24914691
http://doi.org/10.1016/j.immuni.2019.12.011
http://www.ncbi.nlm.nih.gov/pubmed/31940268
http://doi.org/10.1038/srep15179
http://www.ncbi.nlm.nih.gov/pubmed/26462617
http://doi.org/10.1172/JCI27745
http://www.ncbi.nlm.nih.gov/pubmed/16778987
http://doi.org/10.1158/2159-8290.CD-15-1545
http://doi.org/10.1038/s41590-021-00958-6


Life 2021, 11, 1318 14 of 17

50. Tan, C.L.; Kuchroo, J.R.; Sage, P.T.; Liang, D.; Francisco, L.M.; Buck, J.; Thaker, Y.R.; Zhang, Q.; McArdel, S.L.; Juneja, V.R.; et al.
PD-1 restraint of regulatory T cell suppressive activity is critical for immune tolerance. J. Exp. Med. 2021, 218. [CrossRef]

51. Weber, J.S.; Kudchadkar, R.R.; Yu, B.; Gallenstein, D.; Horak, C.E.; Inzunza, H.D.; Zhao, X.; Martinez, A.J.; Wang, W.; Gibney, G.;
et al. Safety, Efficacy, and Biomarkers of Nivolumab With Vaccine in Ipilimumab-Refractory or -Naive Melanoma. J. Clin. Oncol.
2013, 31, 4311–4318. [CrossRef]

52. Furman, D.; Campisi, J.; Verdin, E.; Carrera-Bastos, P.; Targ, S.; Franceschi, C.; Ferrucci, L.; Gilroy, D.W.; Fasano, A.; Miller, G.W.;
et al. Chronic inflammation in the etiology of disease across the life span. Nat. Med. 2019, 25, 1822–1832. [CrossRef]

53. Guo, Z.; Wang, G.; Wu, B.; Chou, W.-C.; Cheng, L.; Zhou, C.; Lou, J.; Wu, D.; Su, L.; Zheng, J.; et al. DCAF1 regulates Treg
senescence via the ROS axis during immunological aging. J. Clin. Investig. 2020, 130, 5893–5908. [CrossRef]

54. Sahai, E.; Astsaturov, I.; Cukierman, E.; DeNardo, D.G.; Egeblad, M.; Evans, R.M.; Fearon, D.; Greten, F.R.; Hingorani, S.R.;
Hunter, T.; et al. A framework for advancing our understanding of cancer-associated fibroblasts. Nat. Rev. Cancer 2020, 20,
174–186. [CrossRef] [PubMed]

55. Campisi, J. Aging, cellular senescence, and cancer. Annu. Rev. Physiol. 2013, 75, 685–705. [CrossRef] [PubMed]
56. van Deursen, J.M. The role of senescent cells in ageing. Nature 2014, 509, 439–446. [CrossRef] [PubMed]
57. Mahmoudi, S.; Mancini, E.; Xu, L.; Moore, A.; Jahanbani, F.; Hebestreit, K.; Srinivasan, R.; Li, X.; Devarajan, K.; Prélot, L.;

et al. Heterogeneity in old fibroblasts is linked to variability in reprogramming and wound healing. Nature 2019, 574, 553–558.
[CrossRef]

58. Pereira, B.I.; Devine, O.; Vukmanovic-Stejic, M.; Chambers, E.S.; Subramanian, P.; Patel, N.; Virasami, A.; Sebire, N.; Kinsler,
V.; Valdovinos, A.; et al. Senescent cells evade immune clearance via HLA-E-mediated NK and CD8(+) T cell inhibition. Nat.
Commun. 2019, 10, 2387. [CrossRef]

59. Kaur, A.; Webster, M.R.; Marchbank, K.; Behera, R.; Ndoye, A.; Kugel, C.H.; Dang, V.M.; Appleton, J.; O’Connell, M.P.; Cheng,
P.; et al. sFRP2 in the aged microenvironment drives melanoma metastasis and therapy resistance. Nature 2016, 532, 250–254.
[CrossRef]

60. Nasarre, P.; Garcia, D.; Siegel, J.; Bonilla, I.; Mukherjee, R.; Hilliard, E.; Chakraborty, P.; Nasarre, C.; Yustein, J.; Lang, M.;
et al. Overcoming PD-1 Inhibitor Resistance with a Monoclonal Antibody to Secreted Frizzled-Related Protein 2 in Metastatic
Osteosarcoma. Cancers 2021, 13, 2696. [CrossRef] [PubMed]

61. Shimada, Y.; Hayashi, M.; Nagasaka, Y.; Ohno-Iwashita, Y.; Inomata, M. Age-associated up-regulation of a negative co-stimulatory
receptor PD-1 in mouse CD4+ T cells. Exp. Gerontol. 2009, 44, 517–522. [CrossRef]

62. Schurz, H.; Salie, M.; Tromp, G.; Hoal, E.G.; Kinnear, C.J.; Möller, M. The X chromosome and sex-specific effects in infectious
disease susceptibility. Hum. Genom. 2019, 13, 1–12. [CrossRef]

63. Klein, S.L.; Flanagan, K.L. Sex differences in immune responses. Nat. Rev. Immunol. 2016, 16, 626–638. [CrossRef]
64. Nosrati, A.; Tsai, K.K.; Goldinger, S.M.; Tumeh, P.; Grimes, B.; Loo, K.; Algazi, A.P.; Nguyen-Kim, T.D.L.; Levesque, M.; Dummer,

R.; et al. Evaluation of clinicopathological factors in PD-1 response: Derivation and validation of a prediction scale for response
to PD-1 monotherapy. Br. J. Cancer 2017, 116, 1141–1147. [CrossRef]

65. Wu, Y.; Ju, Q.; Jia, K.; Yu, J.; Shi, H.; Wu, H.; Jiang, M. Correlation between sex and efficacy of immune checkpoint inhibitors
(PD-1 and CTLA-4 inhibitors). Int. J. Cancer 2018, 143, 45–51. [CrossRef]

66. Botticelli, A.; Onesti, C.E.; Zizzari, I.; Cerbelli, B.; Sciattella, P.; Occhipinti, M.; Roberto, M.; di Pietro, F.; Bonifacino, A.; Ghidini,
M.; et al. The sexist behaviour of immune checkpoint inhibitors in cancer therapy? Oncotarget 2017, 8, 99336–99346. [CrossRef]

67. Ye, Y.; Jing, Y.; Li, L.; Mills, G.B.; Diao, L.; Liu, H.; Han, L. Sex-associated molecular differences for cancer immunotherapy. Nat.
Commun. 2020, 11, 1779. [CrossRef]

68. Kudura, K.; Dimitriou, F.; Basler, L.; Förster, R.; Mihic-Probst, D.; Kutzker, T.; Dummer, R.; Mangana, J.; Burger, I.; Kreissl, M.
Prediction of Early Response to Immune Checkpoint Inhibition Using FDG-PET/CT in Melanoma Patients. Cancers 2021, 13,
3830. [CrossRef] [PubMed]

69. Milette, S.; Hashimoto, M.; Perrino, S.; Qi, S.; Chen, M.; Ham, B.; Wang, N.; Istomine, R.; Lowy, A.M.; Piccirillo, C.A.; et al.
Sexual dimorphism and the role of estrogen in the immune microenvironment of liver metastases. Nat. Commun. 2019, 10, 5745.
[CrossRef] [PubMed]

70. Wang, C.; Dehghani, B.; Li, Y.; Kaler, L.J.; Proctor, T.M.; Vandenbark, A.A.; Offner, H. Membrane Estrogen Receptor Regulates
Experimental Autoimmune Encephalomyelitis through Up-regulation of Programmed Death 1. J. Immunol. 2009, 182, 3294–3303.
[CrossRef] [PubMed]

71. Polanczyk, M.J.; Hopke, C.; Vandenbark, A.A.; Offner, H. Treg suppressive activity involves estrogen-dependent expression of
programmed death-1 (PD-1). Int. Immunol. 2007, 19, 337–343. [CrossRef]

72. Li, C.H.; Haider, S.; Shiah, Y.-J.; Thai, K.; Boutros, P.C. Sex Differences in Cancer Driver Genes and Biomarkers. Cancer Res. 2018,
78, 5527–5537. [CrossRef]

73. Gupta, S.; Artomov, M.; Goggins, W.B.; Daly, M.J.; Tsao, H. Gender Disparity and Mutation Burden in Metastatic Melanoma. J.
Natl. Cancer Inst. 2015, 107. [CrossRef]

74. Sinha, N.S.; Sinha, S.; Cheng, K.; Madan, S.; Erez, A.; Ryan, B.M. Using a Recently Approved Tumor Mutational Burden Biomarker
to Stratify Patients for Immunotherapy May Introduce a Sex Bias. JCO Precis. Oncol. 2021, preprint. [CrossRef]

75. Honda, K.; Littman, D.R. The Microbiome in Infectious Disease and Inflammation. Annu. Rev. Immunol. 2012, 30, 759–795.
[CrossRef] [PubMed]

http://doi.org/10.1084/jem.20182232
http://doi.org/10.1200/JCO.2013.51.4802
http://doi.org/10.1038/s41591-019-0675-0
http://doi.org/10.1172/JCI136466
http://doi.org/10.1038/s41568-019-0238-1
http://www.ncbi.nlm.nih.gov/pubmed/31980749
http://doi.org/10.1146/annurev-physiol-030212-183653
http://www.ncbi.nlm.nih.gov/pubmed/23140366
http://doi.org/10.1038/nature13193
http://www.ncbi.nlm.nih.gov/pubmed/24848057
http://doi.org/10.1038/s41586-019-1658-5
http://doi.org/10.1038/s41467-019-10335-5
http://doi.org/10.1038/nature17392
http://doi.org/10.3390/cancers13112696
http://www.ncbi.nlm.nih.gov/pubmed/34070758
http://doi.org/10.1016/j.exger.2009.05.003
http://doi.org/10.1186/s40246-018-0185-z
http://doi.org/10.1038/nri.2016.90
http://doi.org/10.1038/bjc.2017.70
http://doi.org/10.1002/ijc.31301
http://doi.org/10.18632/oncotarget.22242
http://doi.org/10.1038/s41467-020-15679-x
http://doi.org/10.3390/cancers13153830
http://www.ncbi.nlm.nih.gov/pubmed/34359730
http://doi.org/10.1038/s41467-019-13571-x
http://www.ncbi.nlm.nih.gov/pubmed/31848339
http://doi.org/10.4049/jimmunol.0803205
http://www.ncbi.nlm.nih.gov/pubmed/19234228
http://doi.org/10.1093/intimm/dxl151
http://doi.org/10.1158/0008-5472.CAN-18-0362
http://doi.org/10.1093/jnci/djv221
http://doi.org/10.1200/PO.21.00168
http://doi.org/10.1146/annurev-immunol-020711-074937
http://www.ncbi.nlm.nih.gov/pubmed/22224764


Life 2021, 11, 1318 15 of 17

76. Gopalakrishnan, V.; Spencer, C.N.; Nezi, L.; Reuben, A.; Andrews, M.C.; Karpinets, T.V.; Prieto, P.A.; Vicente, D.; Hoffman, K.;
Wei, S.C.; et al. Gut microbiome modulates response to anti–PD-1 immunotherapy in melanoma patients. Science 2018, 359,
97–103. [CrossRef] [PubMed]

77. Tanoue, T.; Morita, S.; Plichta, D.R.; Skelly, A.N.; Suda, W.; Sugiura, Y.; Narushima, S.; Vlamakis, H.; Motoo, I.; Sugita, K.; et al. A
defined commensal consortium elicits CD8 T cells and anti-cancer immunity. Nature 2019, 565, 600–605. [CrossRef]

78. Routy, B.; Le Chatelier, E.; DeRosa, L.; Duong, C.P.M.; Alou, M.T.; Daillère, R.; Fluckiger, A.; Messaoudene, M.; Rauber, C.; Roberti,
M.P.; et al. Gut microbiome influences efficacy of PD-1–based immunotherapy against epithelial tumors. Science 2018, 359, 91–97.
[CrossRef]

79. Telesford, K.M.; Yan, W.; Ochoa-Reparaz, J.; Pant, A.; Kircher, C.; Christy, M.A.; Begum-Haque, S.; Kasper, D.L.; Kasper, L.H. A
commensal symbiotic factor derived from Bacteroides fragilis promotes human CD39(+)Foxp3(+) T cells and Treg function. Gut
Microbes 2015, 6, 234–242. [CrossRef]

80. Routy, B.; Gopalakrishnan, V.; Daillère, R.; Zitvogel, L.; Wargo, J.A.; Kroemer, G. The gut microbiota influences anticancer
immunosurveillance and general health. Nat. Rev. Clin. Oncol. 2018, 15, 382–396. [CrossRef] [PubMed]

81. Matson, V.; Fessler, J.; Bao, R.; Chongsuwat, T.; Zha, Y.; Alegre, M.-L.; Luke, J.J.; Gajewski, T.F. The commensal microbiome is
associated with anti–PD-1 efficacy in metastatic melanoma patients. Science 2018, 359, 104–108. [CrossRef]

82. Sivan, A.; Corrales, L.; Hubert, N.; Williams, J.B.; Aquino-Michaels, K.; Earley, Z.M.; Benyamin, F.W.; Lei, Y.M.; Jabri, B.; Alegre,
M.-L.; et al. Commensal Bifidobacterium promotes antitumor immunity and facilitates anti-PD-L1 efficacy. Science 2015, 350,
1084–1089. [CrossRef]

83. Chaput, N.; Lepage, P.; Coutzac, C.; Soularue, E.; Le Roux, K.; Monot, C.; Boselli, L.; Routier, E.; Cassard, L.; Collins, M.; et al.
Baseline gut microbiota predicts clinical response and colitis in metastatic melanoma patients treated with ipilimumab. Ann.
Oncol. 2017, 28, 1368–1379. [CrossRef] [PubMed]

84. Frankel, A.E.; Coughlin, L.A.; Kim, J.; Froehlich, T.W.; Xie, Y.; Frenkel, E.P.; Koh, A. Metagenomic Shotgun Sequencing and
Unbiased Metabolomic Profiling Identify Specific Human Gut Microbiota and Metabolites Associated with Immune Checkpoint
Therapy Efficacy in Melanoma Patients. Neoplasia 2017, 19, 848–855. [CrossRef] [PubMed]

85. Biagi, E.; Nylund, L.; Candela, M.; Ostan, R.; Bucci, L.; Pini, E.; Nikkïla, J.; Monti, D.; Satokari, R.; Franceschi, C.; et al. Through
ageing, and beyond: Gut microbiota and inflammatory status in seniors and centenarians. PLoS ONE 2010, 5, e10667. [CrossRef]

86. Jeffery, I.; Lynch, D.B.; O’Toole, P.W. Composition and temporal stability of the gut microbiota in older persons. ISME J. 2015, 10,
170–182. [CrossRef]

87. Claesson, M.J.; Jeffery, I.B.; Conde, S.; Power, S.E.; O’Connor, E.M.; Cusack, S.; Harris, H.M.B.; Coakley, M.; Lakshminarayanan,
B.; O’Sullivan, O.; et al. Gut microbiota composition correlates with diet and health in the elderly. Nature 2012, 488, 178–184.
[CrossRef]

88. D’Hennezel, E.; Abubucker, S.; Murphy, L.O.; Cullen, T.W. Total Lipopolysaccharide from the Human Gut Microbiome Silences
Toll-Like Receptor Signaling. mSystems 2017, 2, e00046-17. [CrossRef]

89. Atarashi, K.; Tanoue, T.; Oshima, K.; Suda, W.; Nagano, Y.; Nishikawa, H.; Fukuda, S.; Saito, T.; Narushima, S.; Hase, K.; et al. Treg
induction by a rationally selected mixture of Clostridia strains from the human microbiota. Nature 2013, 500, 232–236. [CrossRef]
[PubMed]

90. Round, J.L.; Mazmanian, S.K. Inducible Foxp3+ regulatory T-cell development by a commensal bacterium of the intestinal
microbiota. Proc. Natl. Acad. Sci. USA 2010, 107, 12204–12209. [CrossRef]

91. Lin, T.-L.; Shu, C.-C.; Chen, Y.-M.; Lu, J.-J.; Wu, T.-S.; Lai, W.-F.; Tzeng, C.-M.; Lai, H.-C.; Lu, C.-C. Like Cures Like: Pharmacologi-
cal Activity of Anti-Inflammatory Lipopolysaccharides from Gut Microbiome. Front. Pharmacol. 2020, 11, 554. [CrossRef]

92. Alexander, C.; Rietschel, E.T. Bacterial lipopolysaccharides and innate immunity. J. Endotoxin Res. 2001, 7, 167–202. [CrossRef]
93. Hearps, A.C.; Martin, G.E.; Angelovich, T.; Cheng, W.-J.; Maisa, A.; Landay, A.L.; Jaworowski, A.; Crowe, S.M. Aging is associated

with chronic innate immune activation and dysregulation of monocyte phenotype and function. Aging Cell 2012, 11, 867–875.
[CrossRef]

94. Bouchlaka, M.; Sckisel, G.D.; Chen, M.; Mirsoian, A.; Zamora, A.; Maverakis, E.; Wilkins, D.E.; Alderson, K.L.; Hsiao, H.-H.;
Weiss, J.M.; et al. Aging predisposes to acute inflammatory induced pathology after tumor immunotherapy. J. Exp. Med. 2013,
210, 2223–2237. [CrossRef] [PubMed]

95. Liu, C.-H.; Chen, Z.; Chen, K.; Liao, F.-T.; Chung, C.-E.; Liu, X.; Lin, Y.-C.; Keohavong, P.; Leikauf, G.D.; Di, Y.P. Lipopolysaccharide-
mediated chronic inflammation promotes tobacco carcinogen-induced lung cancer and determines the efficacy of immunotherapy.
Cancer Res. 2021, 81, 144–157. [CrossRef]

96. Luo, H.; Ren, X.; Li, J.; Wu, K.; Wang, Y.; Chen, Q.; Li, N. Association between obesity status and successful aging among older
people in China: Evidence from CHARLS. BMC Public Health 2020, 20, 767. [CrossRef]

97. Smith, L.K.; Arabi, S.; Lelliott, E.J.; McArthur, G.A.; Sheppard, K.E. Obesity and the Impact on Cutaneous Melanoma: Friend or
Foe? Cancers 2020, 12, 1583. [CrossRef]

98. McQuade, J.L.; Daniel, C.R.; Hess, K.R.; Mak, C.; Wang, D.Y.; Rai, R.R.; Park, J.J.; Haydu, L.E.; Spencer, C.; Wongchenko,
M.; et al. Association of body-mass index and outcomes in patients with metastatic melanoma treated with targeted therapy,
immunotherapy, or chemotherapy: A retrospective, multicohort analysis. Lancet Oncol. 2018, 19, 310–322. [CrossRef]

http://doi.org/10.1126/science.aan4236
http://www.ncbi.nlm.nih.gov/pubmed/29097493
http://doi.org/10.1038/s41586-019-0878-z
http://doi.org/10.1126/science.aan3706
http://doi.org/10.1080/19490976.2015.1056973
http://doi.org/10.1038/s41571-018-0006-2
http://www.ncbi.nlm.nih.gov/pubmed/29636538
http://doi.org/10.1126/science.aao3290
http://doi.org/10.1126/science.aac4255
http://doi.org/10.1093/annonc/mdx108
http://www.ncbi.nlm.nih.gov/pubmed/28368458
http://doi.org/10.1016/j.neo.2017.08.004
http://www.ncbi.nlm.nih.gov/pubmed/28923537
http://doi.org/10.1371/annotation/df45912f-d15c-44ab-8312-e7ec0607604d
http://doi.org/10.1038/ismej.2015.88
http://doi.org/10.1038/nature11319
http://doi.org/10.1128/mSystems.00046-17
http://doi.org/10.1038/nature12331
http://www.ncbi.nlm.nih.gov/pubmed/23842501
http://doi.org/10.1073/pnas.0909122107
http://doi.org/10.3389/fphar.2020.00554
http://doi.org/10.1179/096805101101532675
http://doi.org/10.1111/j.1474-9726.2012.00851.x
http://doi.org/10.1084/jem.20131219
http://www.ncbi.nlm.nih.gov/pubmed/24081947
http://doi.org/10.1158/0008-5472.CAN-20-1994
http://doi.org/10.1186/s12889-020-08899-9
http://doi.org/10.3390/cancers12061583
http://doi.org/10.1016/S1470-2045(18)30078-0


Life 2021, 11, 1318 16 of 17

99. Naik, G.S.; Waikar, S.S.; Johnson, A.E.W.; Buchbinder, E.I.; Haq, R.; Hodi, F.S.; Schoenfeld, J.D.; Ott, P.A. Complex inter-relationship
of body mass index, gender and serum creatinine on survival: Exploring the obesity paradox in melanoma patients treated with
checkpoint inhibition. J. Immunother. Cancer 2019, 7, 89. [CrossRef]

100. Cortellini, A.; Bersanelli, M.; Buti, S.; Cannita, K.; Santini, D.; Perrone, F.; Giusti, R.; Tiseo, M.; Michiara, M.; di Marino, P.; et al. A
multicenter study of body mass index in cancer patients treated with anti-PD-1/PD-L1 immune checkpoint inhibitors: When
overweight becomes favorable. J. Immunother. Cancer 2019, 7, 57. [CrossRef]

101. Ringel, A.E.; Drijvers, J.M.; Baker, G.J.; Catozzi, A.; García-Cañaveras, J.C.; Gassaway, B.M.; Miller, B.C.; Juneja, V.R.; Nguyen,
T.H.; Joshi, S.; et al. Obesity Shapes Metabolism in the Tumor Microenvironment to Suppress Anti-Tumor Immunity. Cell 2020,
183, 1848–1866.e26. [CrossRef] [PubMed]

102. Wang, Z.; Aguilar, E.G.; Luna, J.I.; Dunai, C.; Khuat, L.T.; Le, C.; Mirsoian, A.; Minnar, C.M.; Stoffel, K.M.; Sturgill, I.R.; et al.
Paradoxical effects of obesity on T cell function during tumor progression and PD-1 checkpoint blockade. Nat. Med. 2019, 25,
141–151. [CrossRef]

103. Patterson, E.; Ryan, P.M.; Cryan, J.F.; Dinan, T.G.; Ross, R.P.; Fitzgerald, G.F.; Stanton, C. Gut microbiota, obesity and diabetes.
Postgrad. Med. J. 2016, 92, 286–300. [CrossRef] [PubMed]

104. Mor, V.; Allen, S.; Malin, M. The psychosocial impact of cancer on older versus younger patients and their families. Cancer 1994,
74 (Suppl. 7), 2118–2127. [CrossRef]

105. Gonzalo, J.A.; Gonzalez-Garcia, A.; Martínez, C.; Kroemer, G. Glucocorticoid-mediated control of the activation and clonal
deletion of peripheral T cells in vivo. J. Exp. Med. 1993, 177, 1239–1246. [CrossRef]

106. Michaud, K.; Matheson, K.; Kelly, O.; Anisman, H. Impact of stressors in a natural context on release of cortisol in healthy adult
humans: A meta-analysis. Stress 2008, 11, 177–197. [CrossRef] [PubMed]

107. Cain, D.W.; Cidlowski, J. Immune regulation by glucocorticoids. Nat. Rev. Immunol. 2017, 17, 233–247. [CrossRef] [PubMed]
108. Yang, H.; Xia, L.; Chen, J.; Zhang, S.; Martin, V.; Li, Q.; Lin, S.; Chen, J.; Calmette, J.; Lu, M.; et al. Stress–glucocorticoid–TSC22D3

axis compromises therapy-induced antitumor immunity. Nat. Med. 2019, 25, 1428–1441. [CrossRef]
109. Verma, V.; Shrimali, R.K.; Ahmad, S.; Dai, W.; Wang, H.; Lu, S.; Nandre, R.; Gaur, P.; Lopez, J.; Sade-Feldman, M.; et al. PD-1

blockade in subprimed CD8 cells induces dysfunctional PD-1+CD38hi cells and anti-PD-1 resistance. Nat. Immunol. 2019, 20,
1231–1243. [CrossRef]

110. Sauter, B.; Albert, M.L.; Francisco, L.; Larsson, M.; Somersan, S.; Bhardwaj, N. Consequences of cell death: Exposure to necrotic
tumor cells, but not primary tissue cells or apoptotic cells, induces the maturation of immunostimulatory dendritic cells. J. Exp.
Med. 2000, 191, 423–434. [CrossRef]

111. Lee, Y.; Auh, S.L.; Wang, Y.; Burnette, B.; Meng, Y.; Beckett, M.; Sharma, R.; Chin, R.; Tu, T.; Weichselbaum, R.R.; et al. Therapeutic
effects of ablative radiation on local tumor require CD8+ T cells: Changing strategies for cancer treatment. Blood 2009, 114,
589–595. [CrossRef]

112. Hiniker, S.M.; Reddy, S.A.; Maecker, H.T.; Subrahmanyam, P.B.; Rosenberg-Hasson, Y.; Swetter, S.M.; Saha, S.; Shura, L.; Knox, S.J.
A Prospective Clinical Trial Combining Radiation Therapy with Systemic Immunotherapy in Metastatic Melanoma. Int. J. Radiat.
Oncol. Biol. Phys. 2016, 96, 578–588. [CrossRef]

113. Sharabi, A.B.; Nirschl, C.J.; Kochel, C.M.; Nirschl, T.R.; Francisca, B.J.; Velarde, E.; Deweese, T.L.; Drake, C.G. Stereotactic
Radiation Therapy Augments Antigen-Specific PD-1–Mediated Antitumor Immune Responses via Cross-Presentation of Tumor
Antigen. Cancer Immunol. Res. 2015, 3, 345–355. [CrossRef]

114. Deng, L.; Liang, H.; Burnette, B.; Beckett, M.; Darga, T.; Weichselbaum, R.R.; Fu, Y.-X. Irradiation and anti–PD-L1 treatment
synergistically promote antitumor immunity in mice. J. Clin. Investig. 2014, 124, 687–695. [CrossRef]

115. Zeng, J.; See, A.P.; Phallen, J.; Jackson, C.M.; Belcaid, Z.; Ruzevick, J.; Durham, N.; Meyer, C.; Harris, T.J.; Albesiano, E.; et al.
Anti-PD-1 Blockade and Stereotactic Radiation Produce Long-Term Survival in Mice with Intracranial Gliomas. Int. J. Radiat.
Oncol. Biol. Phys. 2013, 86, 343–349. [CrossRef]

116. Shaverdian, N.; Lisberg, A.E.; Bornazyan, K.; Veruttipong, D.; Goldman, J.W.; Formenti, S.C.; Garon, E.B.; Lee, P. Previous
radiotherapy and the clinical activity and toxicity of pembrolizumab in the treatment of non-small-cell lung cancer: A secondary
analysis of the KEYNOTE-001 phase 1 trial. Lancet Oncol. 2017, 18, 895–903. [CrossRef]

117. Luke, J.J.; Lemons, J.M.; Karrison, T.G.; Pitroda, S.P.; Melotek, J.M.; Zha, Y.; Al-Hallaq, H.A.; Arina, A.; Khodarev, N.N.; Janisch,
L.; et al. Safety and Clinical Activity of Pembrolizumab and Multisite Stereotactic Body Radiotherapy in Patients with Advanced
Solid Tumors. J. Clin. Oncol. 2018, 36, 1611–1618. [CrossRef] [PubMed]

118. Strobel, S.; Machiraju, D.; Hülsmeyer, I.; Becker, J.; Paschen, A.; Jäger, D.; Wels, W.; Bachmann, M.; Hassel, J. Expression of
Potential Targets for Cell-Based Therapies on Melanoma Cells. Life 2021, 11, 269. [CrossRef]

119. Hailemichael, Y.; Dai, Z.; Jaffarzad, N.; Ye, Y.; Medina, M.A.; Huang, X.-F.; Dorta-Estremera, S.M.; Greeley, N.R.; Nitti, G.; Peng,
W.; et al. Persistent antigen at vaccination sites induces tumor-specific CD8+ T cell sequestration, dysfunction and deletion. Nat.
Med. 2013, 19, 465–472. [CrossRef] [PubMed]

120. Nathan, P.H.; Hassel, J.C.; Rutkowski, P.; Baurain, J.-F.; Butler, M.O.; Schlaak, M. Overall Survival Benefit with Tebentafusp in
Metastatic Uveal Melanoma. N. Engl. J. Med. 2021, 385, 1196–1206. [CrossRef] [PubMed]

121. Svane, I.-M.; Kjeldsen, J.; Lorentzen, C.; Martinenaite, E.; Andersen, M. LBA48 Clinical efficacy and immunity of combination
therapy with nivolumab and IDO/PD-L1 peptide vaccine in patients with metastatic melanoma: A phase I/II trial. Ann. Oncol.
2020, 31 (Suppl. 4), S1142–S1215. [CrossRef]

http://doi.org/10.1186/s40425-019-0512-5
http://doi.org/10.1186/s40425-019-0527-y
http://doi.org/10.1016/j.cell.2020.11.009
http://www.ncbi.nlm.nih.gov/pubmed/33301708
http://doi.org/10.1038/s41591-018-0221-5
http://doi.org/10.1136/postgradmedj-2015-133285
http://www.ncbi.nlm.nih.gov/pubmed/26912499
http://doi.org/10.1002/1097-0142(19941001)74:7+&lt;2118::AID-CNCR2820741720&gt;3.0.CO;2-N
http://doi.org/10.1084/jem.177.5.1239
http://doi.org/10.1080/10253890701727874
http://www.ncbi.nlm.nih.gov/pubmed/18465466
http://doi.org/10.1038/nri.2017.1
http://www.ncbi.nlm.nih.gov/pubmed/28192415
http://doi.org/10.1038/s41591-019-0566-4
http://doi.org/10.1038/s41590-019-0441-y
http://doi.org/10.1084/jem.191.3.423
http://doi.org/10.1182/blood-2009-02-206870
http://doi.org/10.1016/j.ijrobp.2016.07.005
http://doi.org/10.1158/2326-6066.CIR-14-0196
http://doi.org/10.1172/JCI67313
http://doi.org/10.1016/j.ijrobp.2012.12.025
http://doi.org/10.1016/S1470-2045(17)30380-7
http://doi.org/10.1200/JCO.2017.76.2229
http://www.ncbi.nlm.nih.gov/pubmed/29437535
http://doi.org/10.3390/life11040269
http://doi.org/10.1038/nm.3105
http://www.ncbi.nlm.nih.gov/pubmed/23455713
http://doi.org/10.1056/NEJMoa2103485
http://www.ncbi.nlm.nih.gov/pubmed/34551229
http://doi.org/10.1016/j.annonc.2020.08.2278


Life 2021, 11, 1318 17 of 17

122. Nair, S.; Boczkowski, D.; Fassnacht, M.; Pisetsky, D.; Gilboa, E. Vaccination against the Forkhead Family Transcription Factor
Foxp3 Enhances Tumor Immunity. Cancer Res. 2007, 67, 371–380. [CrossRef]

123. Niri, N.M.; Naseroleslami, M.; Hadjati, J. Anti-regulatory T cell vaccines in immunotherapy: Focusing on FoxP3 as target. Hum.
Vaccines Immunother. 2019, 15, 620–624. [CrossRef] [PubMed]

124. Solomon, I.; Amann, M.; Goubier, A.; Vargas, F.A.; Zervas, D.; Qing, C.; Henry, J.Y.; Ghorani, E.; Akarca, A.U.; Marafioti, T.; et al.
CD25-Treg-depleting antibodies preserving IL-2 signaling on effector T cells enhance effector activation and antitumor immunity.
Nat. Rev. Cancer 2020, 1, 1153–1166. [CrossRef] [PubMed]

125. Yan, X.; Tian, X.; Wu, Z.; Han, W. Impact of Age on the Efficacy of Immune Checkpoint Inhibitor-Based Combination Therapy for
Non-Small-Cell Lung Cancer: A Systematic Review and Meta-Analysis. Front. Oncol. 2020, 10, 1671. [CrossRef] [PubMed]

http://doi.org/10.1158/0008-5472.CAN-06-2903
http://doi.org/10.1080/21645515.2018.1545625
http://www.ncbi.nlm.nih.gov/pubmed/30633616
http://doi.org/10.1038/s43018-020-00133-0
http://www.ncbi.nlm.nih.gov/pubmed/33644766
http://doi.org/10.3389/fonc.2020.01671
http://www.ncbi.nlm.nih.gov/pubmed/33072551

	Introduction 
	Search Strategies and Selection Criteria 
	Strong Immunoediting of Tumors in Young Patients 
	Cancer-Associated Fibroblasts (CAFs) in TME 
	Role of Female Gender in Young Patients’ Response to Anti-PD1 Treatment 
	Differences in Gut Microbiome in Young verus Elderly Patients 
	Obesity and Response to Anti-PD1 Treatment 
	More Psychological Distress in Younger Patients 
	Potential Combinational Treatment Options along with Anti-PD1 for Younger Patients 
	Radio Therapy 
	Vaccination and TCR-Based Therapies 
	Treg Antibody-Based Therapies 

	Conclusions and Future Perspectives 
	References

