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Abstract: Immune checkpoint inhibitors are monoclonal antibodies that are used to treat over one
in three cancer patients. While they have changed the natural history of disease, prolonging life
and preserving quality of life, they are highly active in less than 40% of patients, even in the most
responsive malignancies such as melanoma, and cause significant autoimmune side effects. Licenced
biomarkers include tumour Programmed Death Ligand 1 expression by immunohistochemistry,
microsatellite instability, and tumour mutational burden, none of which are particularly sensitive
or specific. Emerging tumour and immune tissue biomarkers such as novel immunohistochemistry
scores, tumour, stromal and immune cell gene expression profiling, and liquid biomarkers such as
systemic inflammatory markers, kynurenine/tryptophan ratio, circulating immune cells, cytokines
and DNA are discussed in this review. We also examine the influence of the faecal microbiome on
treatment outcome and its use as a biomarker of response and toxicity.

Keywords: cancer; immunotherapy; biomarker; microenvironment; microbiome; flow cytometry;
cytokine

1. Introduction

Immune checkpoint inhibitors (ICI) have revolutionised the treatment of cancer. These
drugs are monoclonal antibodies that inhibit negative feedback signals in tumour specific T
cells. However, most patients do not benefit from these expensive drugs, and a substantial
minority experience immune-related autoimmune side effects (irAE) as the unleashed
immune system targets other organs. Patients who experience irAE are more likely to have
a clinical benefit, but the relationship is not absolute [1]. There are three approved tissue
biomarkers in clinical practice, but they lack predictive value of benefit, have low negative
predictive value, and do not predict toxicity [2,3]. This review will discuss existing and
future biomarkers of response, resistance and toxicity.

There are two classes of licenced ICI. Ipilimumab and Tremelimumab both target
the Cytotoxic T-Lymphocyte Associated 4 (CTLA-4) immune checkpoint molecule on T
cells activated after encountering professional antigen-presenting cells (APCs) bearing
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tumour antigens in lymph nodes, leading to clonal expansion of T cells [4]. The second
type of ICI targets either Programmed Death Receptor-1 (PD-1) on mature cytotoxic CD8+

T cells or its ligands PD-L1 and PD-L2 expressed by cancer cells, stromal cells, and immune
cells in the tumour microenvironment. These drugs include the PD-1 antagonists Cemi-
plimab, Dostarlimab, Pembrolizumab, and Nivolumab, as well as the PD-L1 antagonists
Atezolizumab, Avelumab, and Durvalumab. PD-L1 and PD-L2 on binding to PD-1 on
CD8+ T cells can trigger apoptosis or T cell exhaustion. Inhibition of PD-1 signalling by ICI
allows the tumour-specific T cell to become fully activated and attack the tumour cell. This
is a simplified reduction of a complicated process. CTLA-4 is also expressed by activated
and regulatory T cells, PD-L1 is found on APCs and PD-1 can be found on CD4+ T helper
cells and B lymphocytes [5].

Each tumour microenvironment (TME) is uniquely heterogeneous both in terms of the
composition and spatial distribution of diverse cell populations-which include tumour, stro-
mal and immune cells-and the tumour extracellular matrix (Figure 1). Tumour stromal cells
include fibroblasts and mesenchymal stromal cells and provide nutrition to cancer cells [6].
Stromal cells may inhibit tumour specific T cells from infiltrating the tumour or parts of the
tumour creating a ‘cold’ or immune-excluded tumour, less likely to benefit from ICI. Im-
munosuppressive cells such as tumour-associated macrophages (TAMs), myeloid-derived
suppressor cells (MDSCs), CD4 positive regulatory T cells (Tregs), and stromal cells through
the combinatorial action of cell surface and secreted molecules such as immunoregula-
tory cytokines, chemokines, and prostaglandins can block T-cell infiltration and activation
and can directly inhibit cytotoxic T-cells from attacking cancer cells. Each cell in the tu-
mour microenvironment including tumour cells can be considered immunomodulatory
typically expressing and secreting a wide variety of pro- or anti-inflammatory signalling
molecules. Cytokines and chemokines are small, secreted proteins that immune cells use
to communicate with each other through specific and cell type selective ligand-receptor
interactions creating a complex and dynamic cell-cell interaction network. Cytokines can
have activating and inhibitory effects on immune cells and non-immune cells in the TME
and can through their collective effects determine the overall chemokine contexture of
the TME affecting the recruitment and migration of either immunosuppressive immune
cell populations or anti-tumour effector T-cell populations [7,8]. Chemokines which are
a subset of cytokines which direct chemotaxis or the migration of (immune) cells in and
out of tissues are emerging as key determinants of the overall immune contexture of the
TME and the likelihood of a positive response to ICI [9,10]. Circulating cytokines and
chemokines can be measured in serum or plasma and may be predictive of response to
ICI [11,12]. The same signalling molecule may have a multitude of functions depending
on context, i.e., pro-inflammatory cytokines such as tumour necrosis factor-alpha (TNF-α)
may lead to tumour growth initially and can also contribute to irAEs as indicated by recent
studies on the role of TNF and the potentially protective effect of anti-TNFs as an approach
to ameliorate irAEs and potentiate the efficacy of ICI [13–16].

The complexity of the interactions between cancer cells, stromal cells, immune cells,
extracellular matrix, and microbial cells of the tumour microbiome and the spatial and
temporal variation of gene and protein expression within different parts of the sam-
pled tumour—which may change with treatment-make the development of a single pre-
treatment tissue biomarker challenging and perhaps unrealistic. Pragmatically, it is easier
to obtain repeated blood samples and blood may provide an averaged snapshot of the inter-
play between all cellular and molecular components of the TME at multiple sites [17,18]. It
is possible that the most active site of metastatic disease will contribute most to detectable
components in blood such as circulating tumour DNA (ctDNA) [19].
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Figure 1. Tumour microenvironment and novel potential biomarkers: sPDL1 = soluble PDL1; 
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= indoleamine 2,3-dioxygenase; Treg = regulatory T cell; Tex = exhausted T cell; MDSC = myeloid 

derived suppressor cell; Th1 = T helper cell Th1 subtype; Th9 = T helper cell Th9 subtype; IFNy = 

interferon gamma; IL-9 = interleukin 9; ICI = immune checkpoint inhibitor. 
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Figure 1. Tumour microenvironment and novel potential biomarkers: sPDL1 = soluble PDL1;
ctDNA = circulating tumour DNA; TGF-B = transforming growth factor beta; Trp = tryptophan;
IDO = indoleamine 2,3-dioxygenase; Treg = regulatory T cell; Tex = exhausted T cell; MDSC = myeloid
derived suppressor cell; Th1 = T helper cell Th1 subtype; Th9 = T helper cell Th9 subtype;
IFNy = interferon gamma; IL-9 = interleukin 9; ICI = immune checkpoint inhibitor.

2. Approved Predictive Biomarkers of Response
2.1. Immunohistochemistry for PD-L1

There are several approved immunohistochemistry (IHC) antibodies that detect the
percentage of tumour cells expressing PD-L1. These have some predictive value of re-
sponse especially in non-small cell lung cancer (NSCLC). Limitations include interobserver
variation which can be improved by training and limiting PD-L1 reporting to pathologists
who are experts in cancers of the organ in question, i.e., thoracic pathologists to score lung
tissue and genitourinary pathologists to score bladder [20,21]. It is still essential for the
pathologist to decide what the tissue of origin and the cell type of the cancer is. In lung
cancer, the choice of cytotoxic chemotherapy to partner immunotherapy relies on accurate
histological diagnosis [22].

The tumour proportion score (TPS) is the number of tumour cells with positive mem-
branous staining for PD-L1 divided by the total number of viable tumour cells multiplied
by 100%. The TPS cut-off value of ≥50% was derived using training and validation sets in
a large single-arm trial of patients with metastatic NSCLC treated with Pembrolizumab
monotherapy [23]. The area under the ROC curve was 0.743, sensitivity 70.4%, and speci-
ficity 79%. Its use is rendered more complicated by different drug companies and trials
using different proprietary companion diagnostic monoclonal antibodies to PD-L1 which
are not interchangeable [24]. In general, first-line Pembrolizumab monotherapy is consid-
ered in NSCLC with a PD-L1 TPS score of 50% or more (at least 50% of tumour cells express
PD-L1), whereas a score of 1–49% leads to combination ICI and cytotoxic chemotherapy in
non-driver mutation NSCLC [25,26] (Figure 2).

Patients with adverse prognostic features and a high TPS may be considered for first-
line cytotoxic and ICI combination, especially if fit for conventional chemotherapy [27,28].
The net effect is that most patients with Stage IV NSCLC will receive first-line Pem-
brolizumab whether alone or in combination. PD-L1 TPS is useful when deciding on
first-line monotherapy vs. combination therapy with cytotoxics in NSCLC but of limited
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value in second-line post exposure to chemotherapy. In general, the European Medicines
Agency requires higher proof of benefit than the FDA [29] (Table 1). .
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Figure 2. Example of H&E and PD-L1 IHC in NSCLC: (a) 20× non-small cell lung cancer stained with
haematoxylin and eosin. (b) Same specimen stained for PD-L1. Tumour Proportion Score = 100%.
Provided by R.F., S.J.H.

Table 1. Tumour proportion score (TPS) using Dako 22C3 immunohistochemistry as a biomarker
of Pembrolizumab efficacy in first-line metastatic EGFR and ALK wild type NSCLC compared to
cytotoxic chemotherapy alone. Trials were selected to show the evolution of pembrolizumab from
salvage to first line therapy and the limitations of TPS.

TRIAL ARM
PD-L1 TPS (Number of

Patients Receiving
Pembrolizumab)

Overall Response Rate
(95% CI) (%)

Median PFS in Months
(95% CI)

PFS HR Compared to
Chemo Alone (95% CI,

p-Value)

Median OS in Months
(95% CI)

OS HR Compared to
Chemo Alone (95% CI,

p-Value)
Approval

KEYNOTE-024 Single Agent
Pembrolizumab (Pre-treated

AC and SCC [25,30–32]

≥50%
(154) 44.8 10.3 0.5 (0.37–0.68, <0.001) 26.3 (95% CI 18.3–40.4) 0.62 (0.48–0.81, 0.002) Ireland,

EMA [33], FDA

KEYNOTE-042 Single Agent
Pembrolizumab (First Line AC

and SCC) [26]
All Patients (636) 16.7 0.81 (0.71–0.93, 0.0036) FDA

KEYNOTE 042 [26] ≥50%
(298) 39 (34–45) 7.1 (5.9–9) 0.81 (0.67–0.99, 0.017) 20 (15–24.9) 0.69 (0.56–0.85, 0.003) Ireland, EMA,

FDA

KEYNOTE 042 [26] ≥20%
(412) 33 (29–38) 6.2 (5.1–7.8) 0.94 (0.8–1.11,) 17.7 (15.3–22.1) 0.77 (0.64–0.92, 0.002) FDA

KEYNOTE 042 [26] ≥1%
(636) 27 (24 -31) 5.4 (4.3–6.2) 1.07 (0.94–1.21) 16.7 (13.9–19.7) 0.81 (0.71–0.93, 0.0018) FDA

KEYNOTE 042 [26] 1–49%
(338) 13.4 (10.7–18.2) 0.92 (0.77–1.11,) FDA

Pembrolizumab and
Chemotherapy (First Line AC)

KEYNOTE 189 [34,35]

All Patients
(410) 48 (43.1–53) 9 (8.1–9.9) 0.48 (0.4–0.58) 22 (19.5–25.2) 0.56 (0.45–0.70) Ireland, EMA,

FDA

KEYNOTE 189 [34,35] ≥50%
(132) 62.1 (53.3–70.4) 11.1 (9.1–14.4) 0.36 (0.26 -0.51) NR (20.4–NR) 0.59 (0.39–0.86)

KEYNOTE 189 [34,35] 1–49%
(128) 49.2 (40.3–58.2) 9.2 (7.8–13.1) 0.51 (0.36–0.73) 21.8 (17.7–25.9) 0.62 (0.42–0.92)

KEYNOTE 189 [34,35] <1%
(127) 32.3 (24.3–41.2) 6.2 (4.9–8.1) 0.64 (0.47–0.89) 17.2 (13.8–22.8) 0.52 (0.36–0.74)

Pembrolizumab and
Chemotherapy (First Line
SCC) KEYNOTE-407 [36]

All Patients
(278) 57.9% (51.9–63.8) 6.4 (6.2–8.3) 0.56 (0.45–0.70; <0.001) 15.9 (13.2–NE) 0.64; (0.49–0.85; <0.001) Ireland, EMA,

FDA

≥50%
(73) 60.3 (48.1–71.5) 8.0 (6.1–10.3) 0.37 (0.24–0.58) NR (11.3–NE) 0.64 (0.37–1.10)

1–49%
(103) 49.5 (39.5–59.5) 7.2 (6.0–11.4) 0.56 (0.39–0.8) 14.0 (12.8–NE) 0.57 (0.36–0.90)

≥1%
(183) 0.49 (0.38–0.65)

<1%
(95) 63.2 (52.6–72.8) 6.3 (6.1–6.5) 0.68 (0.47–0.98) 15.9 (13.1–NE) 0.61 (0.38–0.98)

Table 1 Legend; immunohistochemistry (IHC) progression-free survival (PFS), hazard ratio (HR), overall survival
(OS), confidence interval (CI), tumour proportion score (TPS), p-value only listed if significant, not reached (NR),
not estimable (NE). Most recent publication used where applicable. Note that the populations in KEYNOTE 042
overlap and that most of the benefit is in the group with TPS ≥ 50%. European Medicines Agency, Food and Drug
Administration (USA). Ireland—funded by National Cancer Control Program in this indication. Not estimable
(NE). Adenocarcinoma (AC), squamous cell carcinoma (SCC).

The combined positivity score (CPS, also known as composite proportion score) incor-
porates PD-L1 expression on tumour infiltrating immune cells as well as cancer cells and
has been shown to be of value in predicting response in cancers of the stomach and oesoph-
agus [37]. CPS = # PD-L1 staining cells (tumour cells, lymphocytes, macrophages)/total
# of viable tumour cells × 100. CPS is useful when considering whether to use second
line immunotherapy or chemotherapy in pre-treated upper GI malignancies (Table 2) but
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of limited clinical value in deciding which first line patients should receive combination
therapies. Pembrolizumab in combination with chemotherapy is licenced in triple negative
breast cancer with a CPS score of 10 or higher [38].

Table 2. Trials showing the use of the combined positivity score (CPS) in HER2 negative upper
gastrointestinal malignancies.

TRIAL ARM
PD-L1 CPS (No. of Patients

Receiving Pembrolizumab or
Nivolumab)

Overall
Response Rate
(95% CI) (%)

Median PFS in
Months (95% CI)

PFS HR Compared to
Chemo Alone (95% CI,

p-Value)

Median OS in
Months (95% CI)

OS HR Compared to
Chemo Alone (95% CI,

p-Value)
Approval

KEYNOTE-061 (pre-treated gastric and GOJ
cancer Taxol vs. Pembro) [39] All patients (296) 11 1.6 1.34 (1.12–1.60) 6.7 (5.4–8.9) 0.94 (0.79–1.12)

KEYNOTE-061 CPS ≥ 1 (196) 16 1.5 1.27 1.03–1.57) 9.1 0.82, 0.66–1.03;
one-sided p = 0.0421

FDA (gastric
cancer 3rd line)

KEYNOTE-061 CPS ≤ 1 (99) 2

KEYNOTE-061 (post-hoc analysis) CPS ≥ 10 (53) 24.5
FDA (gastric
cancer of GOJ

cancer 2nd line)
KEYNOTE-062 (Pembro alone vs. Pembro +

Chemo vs. Chemo alone first line gastric
AC) [40]

Pembro Alone (256) 14.8 10.6 (7.7–13.8) 0.91 (99.2% CI
0.69–1.18)

Pembro Alone
CPS > 1 2 (1.5–2.8) 1.66 (1.37–2.01) 0.91 (0.74–1.1)

Pembro Alone
CPS ≥ 10 23 2.9 (1.6–5.4) 1.10 (0.79–1.51) 17.4 (9.1–23.1) 0.69 (0.49–0.97)

Pembro + Chemo (250) 37.2 12.5 (10.8–13.9) 0.85 (0.7–1.03)
Pembro + Chemo CPS ≥ 1
Pembro + Chemo CPS ≥ 10 6.9 (5.7–7.3) 0.84 (0.7–1.02) 12.3 (9.5–14.8) 0.85 (0.62–1.17, 0.16)

KEYNOTE-180 (Pre-treated Oesophageal
AC and SCC) [41] 9.9 (5.2–16.7)

CPS < 10 (63) 6 (2–16) 2.0 (1.9–2.1) 5.4 (3.9–6.3)
CPS ≥ 10 (58) 14 (6–25) 2.0 (1.9–2.2) 6.3 (4.4–9.3)

SCC CPS ≥ 10 (35) 20 FDA
KEYNOTE-181 (pre-treated AC and SCC

Pembro vs. chemo) [37] All Patients (314) 13.1 (9.5–17.3) 2.1 (2.1–2.2) 1.11 (0.94–1.31) 7.1 0.89 (0.75–1.05, 0.0560)

CPS ≥ 10 21.5 (14.1–30.5) 2.6 (2.1–4.1) 0.73 (0.54 to 0.97) 9.3 (6.6–12.5) 0.69 (0.52–0.93, 0.0074) FDA
SCC 16.7 (11.8–22.6) 2.2 (2.1–3.2) 0.92 (0.75–1.13) 8.2 0.78 (0.63–0.96, 0.0095)

SCC CPS < 10 11.9 2.1 (2.1–2.4) 7.3 (5.7–9.2)
AC CPS < 10 3.3 2.1 (1.9–2.1) 5.1 (4.1–7.1)

ATTRACTION-2 (pretreated
gastric or GOJ AC, Nivo vs. Placebo) [42] N/A (493 received Nivo) 11.9 1.61 (1.54–2.30) 0.60 (0.49–0.75,

< 0.0001) 5.26 (4.60–6.37) 0.62 (0.51–0.76,
p < 0.0001) FDA

ATTRACTION-3 (pre-treated oesophageal
SCC, Nivo vs. placebo) [43] N/A (210 received Nivo) 10.9 (9.2–13.3) 0.77 (0.62–0.96, 0.019) FDA, EMA

KEYNOTE -590
(Advanced first line oesophageal or GOJ
cancer, chemo and Pembro, 73.5% SCC,

25.5% AC) [44]

All patients (373) 45.0 (39.9–50.2) 6.3 (6.2–6.9) 0.65 (0.55–0.76;
p < 0.0001). 12.4 (10.5, 14.0) 0.73 (0.62–0.86, <0.0001) FDA

SCC CPS ≥ 10 (143) 7.3 (6.2–8.2) 0.53 (0.40–0.69) 13.9 (11.1–17.7) 0.57 (0.43–0.75, <0.0001) FDA,
All SCC (274) 7.5 12.6 (10.2–14.3) 0.72 (0.60–0.88, 0.0006) FDA

All CPS ≥ 10 (186) 7.5 (6.2–8.2) 13.5 (11.1–15.6) 0·62 (0.49–0.78,
p < 0.0001) FDA,

AC CPS ≥ 10 (43) 8.0 (6.0–8.3) 0.49 (0.30–0.81) 12.1 (9.6–18.7) 0.83 (0.52–1.34) FDA, EMA
AC CPS < 10 (54) 6.3 (5.6–8.3) 0.76 (0.49–1.19) 12.7 (8.1–16.1) 0.66 (0.42–1.04)

CheckMate 649 (Nivo + chemo vs. chemo
alone in first line gastric, GOJ, oesophageal

AC) [45]
All patients (603) 58 (54–62) 7.7 (7.1–8.5) 0.77 (0.68–0.87) 13.8 (12.6–14.6) 0.8 (0.68–0.94, <0.0002) FDA

CPS ≥ 5 (473) 60 (55–65) 7.7 (7.0–9.1) 0·68 (98% CI 0·56–0·81,
<0·0001) 14.4 (13.1–16.2) 0.71 (98.4% CI 0·59–0·86,

<0.0001) FDA, EMA

CPS ≥ 1 (641) 60 7.5 (7.0–8.4) 0.74 (0.65–0.85) 14.1 (11.6–15) 0.77 (99.3% CI
0.064–0.92, <0.0001) FDA

CPS < 5 55 7.5 0.93 (0.76–1.12) 12.4 0.94 (0.78–1.13) FDA
CPS < 1 (140) 51 8.7 0.93 (0.69–1.26) 13.8 0.79 (0.7–0.89) FDA

PD-L1 score can vary depending on whether the primary tumour or metastasis is
sampled and whether the edge of the tumour or centre is used. Core biopsies taken from
lung cancer resection specimens show significant intra-tumoural heterogeneity both of
tumour and immune cells [46,47]. PD-L1 staining may also vary over time and with
treatment [48–51]. PD-L1 staining is relatively cheap (100–200 euro per specimen) and
readily available in most cancer centres. The future of PD-L1 IHC as a biomarker lies in its
incorporation into multi-parametric models. Artificial Intelligence may be used to interpret
digitized images of tumour tissue including PD-L1 staining which may yield more accurate
TPS and CPS [52].

2.2. Tumour Mutational Burden

Tumour mutational burden (TMB) is a measure of how many point mutations per
one million bases or Megabase (Mb) of DNA are found in the tumour genome. It is
expressed as the total number of somatic or acquired mutations per coding area of a tumour
genome in mutations per Megabase (Mut/Mb). The more mutations the more neo-antigens
are potentially coded for and presented to the immune system by the tumour cell via
Major Histocompatibility Complex I (MHC I, also known as Human Leukocyte Antigen
I (HLA I)). TMB can be calculated using whole exome sequencing (WES) or by looking
at the mutational frequency in a smaller panel of affected genes using next generation
sequencing (NGS). TMB correlates with response, is independent of PD-L1 expression, and
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has been approved by the USFDA as a tissue agnostic biomarker for the PD-L1 inhibitor
pembrolizumab (TMB > 10 mt/Mb). Tumours with high TMB (>20 mt/Mb) have an
approximately 45% response rate to immunotherapy [53]. TMB based on analysis of
tumour tissue is not routinely available outside of clinical trials although is offered as part
of a NGS package by several companies. When three commercially available platforms
were used to evaluate 96 samples there was good concordance, especially in PD-L1 low
samples, although cut-offs had to be altered to increase sensitivity when compared with
the gold standard assay [54]. It has been shown to predict a population of NSCLC patients
who respond to dual immunotherapy rather than conventional first line chemotherapy [55].
Tissue TMB suffers from the same issues of spatial and temporal heterogeneity as PD-L1
IHC [56,57]. It is hoped that blood TMB of cell-free tumour DNA (ctDNA) may provide a
better biomarker [22,58]. Blood TMB has been shown to differentiate between responders
and non-responders to first line Atezolizumab in NSCLC [59,60].

A complete review of the subject demonstrates that nonsynonymous mutations which
lead to frameshifts and accumulation of multiple abnormal amino acid sequences when tran-
scribed and translated are much more immunogenic than synonymous point mutations [61].
Standard TMB does not differentiate between these different types of mutations [62]. Clonal
TMB, i.e., nonsynonymous mutations found in at least 95% of cancer cells is a better pre-
dictor of ICI response than sub-clonal TMB. Clonal TMB can be combined with other
genetic biomarkers of favourable response such as low genetic heterogeneity, dinucleotide
variants, loss of TNF signalling gene (TRAF2) [63,64]. The relatively high cost of TMB,
complicated laboratory and computational analysis required, and its lack of predictive
value have limited its widespread clinical adaptation outside the USA. A recent review of
the subject highlights the variable success of high TMB in predicting response with huge
variation between different tumour types [65]. High TMB is of value in lung cancer, where
a subset of patients with absent PD-L1 expression will respond to ICI, and endometrial
cancer (47% response rate), but of no discriminatory value in anal cancer. In glioma, high
TMB may predict resistance to ICI. Some cancers respond well to ICI despite having low
TMB such as Merkel cell carcinoma and renal cell carcinoma.

2.3. Microsatellite Instability

Microsatellites are short sequences of base pair repeats which may become elongated
or duplicated during DNA replication in the absence of the DNA mismatch repair (MMR)
complex which repairs these errors. Tumours with loss of MMR genes, whether inherited
as in hereditary non-polyposis colon cancer (HNPCC or Lynch Syndrome), or sporadically
acquired, exhibit genetic microsatellite instability (MSI). These MSI-high tumours are
vulnerable to treatment with ICI with high response rates and durable clinical benefit [66].
Fifteen percent of sporadic colon, endometrial and gastric cancers are MSI-H. IHC to detect
loss of any of the 4 MMR proteins is quick, cheap, and readily available. (Figure 3). It is
reliable in colon, gastric and endometrial cancer but may be less reliable in less common
MSI-H cancers such as urothelial. PCR is used to compare microsatellites in tumour
and normal tissue from the same patient and is reliable across tumour types [67,68]. It
may detect an extra 5–11% of MSI malignancies without loss of MMR protein expression.
NGS can also be used to detect MSI and other predictive mutations but is expensive [69].
However, this is changing rapidly and NGS for MSI may become standardised and readily
available [70]. As expected, there is substantial overlap between high TMB and MSI-H
tumours [71]. There is also interest in using ctDNA to detect MSI-H cancers [72].
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Figure 3. Examples of IHC as an Immunotherapy Biomarker in Colorectal Cancer: (a) Colorectal
cancer H&E 10× magnification; (b) CRC intact expression of MSH2 20×; (c) MSH6 expression 20×;
(d) loss of MLH1 20×; (e) loss of PMS2 20×. Micrographs provided by R.F. S.J.H.

3. Novel Biomarkers of Response, Resistance, and Toxicity
3.1. Immunohistochemistry

The presence of different populations of immune cells and their spatial location can
be determined using IHC. Tumours which “exclude” CD8+ T cells, keeping them at the
edge of tumoral tissue are more likely to be resistant than those where the T cells freely
infiltrate the tumour. The Immunoscore uses digital pathology to quantify CD3 and CD8+

T cells in the tumour and in the invasive margin of cancers. It is prognostic and predicts
benefit to adjuvant cytotoxic chemotherapy. While it is best described in colorectal cancer
(CRC) it has been used to predict outcomes in other malignancies [73–75]. It is unknown
whether Immunoscore can predict benefit of ICI therapy. The Phase II POCHI trial uses
Immunoscore to select patients with metastatic CRC microsatellite stable tumours and a
high immune infiltrate for treatment with chemotherapy and ICI [76].

PD-L2 is another ligand of PD-1 expressed by tumour cells to escape immune attack
and is under investigation as a biomarker of prognosis post-surgery [77,78]. PD-L2 is also
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expressed by a variety of stromal and APCs. IHC has been used to examine tumour PD-L2
staining and may predict responses to Pembrolizumab [79]. It has been suggested that ICI
targeting PD1 may be more efficacious than those targeting PD-L1 in part because they
interrupt PD-L2 binding [80]. A recent review article fully discusses the role of PD-L2 as a
predictive biomarker and as a novel therapeutic target [81].

There are multiple other inhibitory and stimulatory molecules in the tumour cell
immune synapse which are under investigation [82]. Lymphocyte-associated gene 3 (LAG3),
a CD4 homologue, is another T cell surface checkpoint molecule implicated in T cell
exhaustion and a therapeutic target under investigation, usually combined with anti-PDL1
treatments [83,84]. LAG3 binds to MHCII on APC and downregulates T cell function, but
it has several other ligands including galectin-3, liver sinusoidal cell lectin (expressed by
melanoma cells) and Fibrinogen-like Protein I [85,86]. It is unknown whether IHC for LAG3
on tumour infiltrating lymphocytes is an effective biomarker for ICI response, but it may
reflect immune surveillance and better prognosis in early-stage disease [87]. Patients with
PD-/LAG3 expressing melanoma whose disease had become refractory to anti PD-1/PD-L1
treatment responded better to combination of Nivolumab with Relatimab, a LAG3 targeting
monoclonal antibody. This combination has been shown to be highly efficacious in first
line metastatic melanoma with PFS more than doubling from 4.6 to 10.1 months, albeit at
the cost of increased irAE from 9.7% to 18.9% [88]. Patients whose tumours were LAG3
low (<1%) by IHC did not benefit from addition of Relatimab [89].

Tumour cells resistant to PD-1 blockade produce IFNβ and ATRA (all-trans retinoic
acid), increasing CD38 expression on the tumour cell surface. This in turn leads to pro-
duction of adenosine which inhibits CD8+ T cells in the TME [90]. While monoclonal
antibodies targeting CD38 are used in multiple myeloma they have not proved successful
in solid tumours when combined with ICI in early phase trials. However, agents targeting
the adenosinergic pathway may hold promise, especially in tumours with high CD38
expression detected by IHC.

As therapies targeting other immune checkpoints such as T cell immunoglobulin
and mucin 3 (TIM3) and T cell immunoreceptor with immunoglobulin and ITIM domain
(TIGIT) enter clinical practice IHC of tumour and immune tissue for these and other targets
may play a role [82,91]. It is likely that these will be combined with a backbone of anti
PD-1/PD-L1 ICI [92,93].

3.2. Systemic Markers of Inflammation

It is hypothesized that patients with a low burden of disease, whose immune system
is already attempting to attack the tumour will have the best outcomes. There are several
routine blood tests that can be used to estimate tumour burden (e.g., lactate dehydrogenase)
and beneficial immune activation (e.g., elevated lymphocyte count) [94]. There are also
markers of systemic inflammation which portend worse outcomes including elevated
neutrophil and platelet counts and C-reactive protein (CRP), which reflects interleukin-6
(IL6) levels [95–97]. These can be combined to create systemic inflammatory scores and
possibly to guide treatment decisions. One example is the systemic immune-inflammation
index (SII) which is calculated as (neutrophils × platelets/lymphocytes). Elevated SII is
associated with poor outcomes in patients with pancreatic cancer treated with ICI and other
therapies [98]. Studies have shown that male obese melanoma patients did better than
non-obese patients with ICI [99]. Obesity (BMI over 30) drives tumorigenesis and PD-L1
expression but makes these tumours vulnerable to ICI without an increase in irAE [100].

3.3. Cytokines, Chemokines, and Other Soluble Immune Markers

Different cytokine and chemokine cell-cell interaction networks in the TME, tumour
draining lymph nodes and tertiary lymphoid structures will dictate the overall spatial
composition of the immune cell component of the TME, its contribution to the overall
tumour Immunoscore and the classification of the tumour as ‘hot’, ‘cold’ or ‘immune
excluded’. This in turn may predict different therapeutic outcomes depending on the type of



Diagnostics 2022, 12, 124 9 of 21

tumour and therapy used. Many studies are contradictory and large data sets will be needed
to elucidate how best to use baseline tumour and systemic cytokine levels, gene expression
signatures, or on treatment changes as indicated by this renal cancer study [101]. Tumour
necrosis factor-alpha (TNF-α) and Interferon-gamma (IFN-γ) released by CD4+ Th1 T cells
and CD8+ cytotoxic T cells trigger senescence and cell death in tumour cells and efficacy of
ICI is dependent on tumour cell responsiveness to IFN-γ as evidenced by the emergence of
adaptive resistance to ICI in some patients mediated through accumulated mutations in
genes coding for JAK-STAT signalling and antigen processing and presentation [102–105].
Transforming growth factor beta (TGF-β) is an immunomodulator thought to restrain
the immune system. It would be logical to assume that high baseline circulating TGF-β
would be linked with poor responses, but it may be a signal that the immune system is
actively trying to attack the tumour, which is protected by TGF-β as inflammatory and
immunoregulatory responses are closely coordinated and can be tipped towards success
by ICI. IL-17 is known to be associated with autoimmune colitis [106]. Pre-treatment
levels of cytokines in melanoma patients treated with neoadjuvant ipilimumab (CTLA4
inhibitor) have different risks of toxicity (IL-17 high) and resistance (TGF-beta1 low and
IL-10 high). In metastatic melanoma responders to nivolumab had elevated baseline
TGF-β [107,108]. Other studies have found high baseline TGF-β predicts poor outcomes
in hepatocellular carcinoma treated with Pembrolizumab [109]. Circulating cytokines
and chemokines (CXCL2 and CXCL5) have been shown to predict response and immune
toxicity in patients treated with anti-PD-L1 therapy [110,111]. CXCR2 and IL2ra increased
from baseline in a patient treated with nivolumab who developed radiation pneumonitis
and levels of these cytokines declined on initiation of corticosteroids [112]. While changes
in cytokine levels can be observed in patients treated with Atezolizumab they do not appear
to segregate responders from non-responders [113]. Splice variants of PD-L1 are shed from
cell surfaces and can be measured in blood samples [114]. High soluble PD-L1 (sPD-L1) is
associated with worse outcomes in lung but not gastric cancer [115,116]. A meta-analysis
of multiple non immunotherapy trials in multiple tumour types found sPD-L1-high to
be associated with worse overall survival (OS) [117]. Soluble PD-L1 has been reported to
have diametrically opposed in vitro functions by different researchers [118]. Other immune
checkpoint transmembrane receptors can be cleaved by metalloproteinases and shed into
the circulation such as CTLA-4, LAG-3, and TIM-3. In the setting of ICI therapy low
baseline sPD-L1 is associated with better outcomes and high or increased levels at two
months with treatment failure [119,120]. Early clinical data suggest that high levels of
circulating cleaved LAG3 (sLAG3) may predict immunotherapy response [121].

3.4. Immune Metabolism

Activated T cells are highly metabolically active and consume tryptophan to generate
kynurenine which is an immunosuppressant [122]. Increases in the kynurenine/tryptophan
(K/T) ratio at 4–6 weeks but not the baseline K/T ratio have been shown to predict
resistance to ICI in renal cell carcinoma (RCC) and melanoma [123]. Melanoma patients
treated with Nivolumab whose K/T ratio increased >50% had a median OS of 15.7 months
compared to >38 months in those with falling K/T ratio. Rises in K/T ratio correlated
with increased PD-L1 expression in RCC patients and worse OS receiving Nivolumab but
not Everolimus suggesting a potential immunotherapy resistance mechanism. Li et al.
suggest that while a high baseline K/T ratio is a prognostic marker of reduced survival
reflecting disease bulk that dynamic changes in K/T ratio reflect a predictive biomarker
of ICI response. The enzyme indoleamine-2,3 dioxygenase (IDO1) is the first step of
tryptophan catabolism. It was hoped that drugs such as Epacadostat which inhibit IDO1
would be synergistic with ICI but so far this approach has failed in clinical trials [124,125].
Possibly these drugs should be reserved for patients with rising K/T ratio post ICI exposure.
Metformin may have synergistic effects when combined with ICI [126]. Whether or not
manipulating immune and tumour metabolism is a useful therapeutic target changes in
the K/T ratio may still be a useful biomarker.
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3.5. Flow Cytometry of Circulating Immune Cells

Immune cells constantly move in and out of the tumour microenvironment and
circulate in peripheral blood and lymph nodes. It is challenging to perform flow cytometry
of tissue specimens which require rapid processing of fresh or frozen samples and the
perennial sampling issues of all tissue biomarkers apply. Peripheral blood may hold greater
utility, especially when comparing baseline to early treatment samples. Flow cytometry
has been used to identify different populations of immune cells both in the TME and in
peripheral blood [127,128]. In general, MDSC protect the tumour from immune attack, as
do Tregs. CD4+ T regs also express surface CD25 and the transcription factor FOXP3. Other
T helper cells (Th1 subtype (secretes IFN-γ and IL-2)), and IL-9 and IL-10 producing T cells
(Th9 cells) have anticancer properties [129]. A rise in Th9 circulating cells is associated with
melanoma response to nivolumab [108]. The complexity of analysing peripheral blood
mononuclear cells (PMBCs) can be seen in the case of CD14+ monocytes. Pre-treatment
levels of HLA-DR expression on the monocyte surface appear to have a predictive effect
with low levels indicating an immunosuppressive phenotype and worse outcomes whereas
HLA-DRhi cells correlate with improved outcomes [130,131]. Huang et al. described how
early changes in circulating T cell populations were a powerful predictor of response in
melanoma patients, especially combined with imaging estimates of tumour burden [132].
In lung cancer, circulating lymphocytes with high-level PD-1, PD-L1, and PD-L2 expression
are associated with poorer prognosis when treated with cytotoxics and tyrosine kinase
inhibitors [133]. CD8+ T cells attempt to bind to and destroy tumour cells but are inhibited
by PD-1/PDL-1 signalling. These frustrated CD8+ T cells become dormant or exhausted
T cells, expressing PD-1, TIM, ICOS and LAG3. Prior work has mostly investigated the
pre-treatment ratio of effector (CD8+) to inhibitory cells (Tregs and MDSCs) as a predictor
of outcome. Some studies have shown that early increases in circulating effector T cells
(Ki67+, PD-1+, CD8+) post ICI are predictive of lung cancer response [134]. Other work has
examined reactivation of exhausted T cells measured by Ki67 expression. Autoimmune
toxicity of combined (anti-CTLA4 and PD-1) ICI is associated with early activation (Ki67)
of CD8+ effector and memory cells [135]. CD27 and CD28 are expressed by activated T
cells and expression normally decreases as cells mature. Low pre-treatment levels of these
surface markers at baseline are associated with decreased risk of irAE [135].

3.6. Next Generation Sequencing

ct DNA can be used to quantitate tumour burden and its early fall at 3–6 weeks is an
on-treatment predictor of lung cancer ICI response [136]. Patients whose ctDNA remains
detectable at 12 weeks have a worse prognosis [137]. In patients who are responding
to treatment, rises in ctDNA may precede clinical progression and potentially identify
resistance mechanisms. The maximum somatic allele frequency (MSAF), or proportion of
total circulating DNA derived from cancer, combined with bTMB retrospectively predicted
response to atezolizumab versus docetaxel in two large trials of atezolizumab in NSCLC.
In particular, a group with worse outcomes when treated with immunotherapy (bTMB low
and MSAF-high) could be defined [138]. Copy number loss is associated with ICI resistance
probably caused by decreased expression of genes involved in antigen expression and
tumour cell IFN-γ signalling [135,139]. Tissue NGS can identify tumour genes predictive
of response and resistance (mutations in STK11 and KEAP1 in RAS-mutated NSCLC,
loss of MHC Class I expression, impaired IFN receptor signalling) [140,141]. One small
study found that p53 mutated NSCLC was more responsive to ICI [142]. Gene expression
profiling (GEP) of tumour tissue, looking for differing levels of mRNA, holds great promise.
Early changes in tissue gene expression have been shown to predict response in mouse
models [143]. It may be possible to use GEP of TME across different solid tumour types [144].
GEP of tumour cells has been shown to predict benefit of ICI in small cell lung cancer
(SCLC) [145].

All components of the TME (cancer, immune and stromal cells) can be sampled. EGFR
mutated NSCLC is resistant to ICI however a recent study indicated that patients whose
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tissue GEP indicated an inflamed TME may derive some benefit [146]. In the CheckMate
275 study of Nivolumab in urothelial cancer high expression of genes associated with
epithelial to mesenchymal (EMT) transformation predicted an adverse outcome whereas
high expression of genes associated with Type I Interferon immune response predicted
favourable outcomes [147,148]. The promise of mRNA is not confined to tissue and GEP
of circulating tumour and immune RNA can also be used. Acquired resistance to ICI
can be mediated by mutations in cancer cells that are selected under immune pressure.
These mutations include loss of interferon receptor downstream signalling by loss of
function mutations in JAK1 and JAK2. Beta 2 microglobulin (B2M) is essential for MCH
I function and presentation of antigen to T cells by tumour cells [149]. Loss of B2M
is associated with immunotherapy resistance. PTEN loss predicts ICI resistance [150].
Cyclin D1 (CCND1) amplification down-regulates PD-L1 expression and is associated
with reduced ICI response [63]. T cell receptor diversity or repertoire (the variation in the
binding region of different T cell clones) can be measured using NGS in tumour tissue and
in blood [151]. Increased diversification of the T cell repertoire at 2 weeks is associated with
irAE in patients treated with anti-CTLA-4 [152]. Clonal expansion of T cells measured by
sequencing TCR beta chains also precedes Ipilimumab toxicity [153]. Drugs which enhance
thymic function and TCR diversity may play a role in improving response rates to ICI [154].

3.7. Microbiome as Biomarker and Therapeutic Target

We live in harmony with trillions of bacteria in our gut, which influence our immune
system in a dynamic fashion (Figure 4). Circulating CD8+ T cells are primed by CD68+

APC in the gut lymph nodes, which in turn are influenced by interactions with gut bacteria
and bacterial metabolites. Gut microbiota release metabolites with immunomodulatory
activities such as vitamin B and short-chain fatty acids (SCFAs). Several studies have shown
that patients who have not received antibiotics one to three months prior to treatment and
who have a healthy diverse faecal microbiome have a better response to ICI in melanoma
and lung cancer [155–157].

Antibiotics prior to ICI therapy appear to reduce the incidence of ICI-mediated colitis
but may make colitis more severe if initiated post ICI [158]. Immune-mediated colitis
resulting from ICI treatment has successfully been treated with faecal microbiota transplant
(FMT) in humans [159]. Tumour samples from cervical cancer patients with a more diverse
microbiome are more heavily infiltrated by T lymphocytes [160]. In mouse models, faecal
human microbiota transplant (HMT) from human responders to germ-free mice caused
tumour shrinkage compared to HMT from non-responders [161]. In mouse models of
cancer, intestinal Bifidobacterium pseudolongum produced inosine, which could leak into the
circulation and activate cytotoxic T cells via adenosine receptors when ICI caused decreased
gut barrier function [162]. Certain bacterial genera such as Akkermansia, Faecalibacterium,
Ruminococcaceae, and Bacteroides are associated with ICI response, whereas Bacteroidales
thetaoitaomicron and Escherichia coli are associated with resistance [163,164]. Patients treated
with dual ICI with a higher abundance of Bacteroides intestinalis had more severe irAE.
In those patients with colitis, and in mouse models, IL-1β was upregulated in colonic
biopsies [135]. Different groups have reported varying positive and negative associations
with individual species but there appear to be clear differences in the faecal microbiota
of responders and non-responders [165]. It is unlikely that a single microbiome score
will be prognostic or predictive, but it may well be incorporated into multiparametric
models. FMT clinical trials in humans were placed on hold after adverse events but have
recently been shown provide benefit to some non-responders [166,167]. Probiotics and
faecal viral transfer may play a role in therapeutic modulation of the microbiome, but
this is under investigation and should not be attempted outside clinical trials [168–170].
Geographic location, genetics, ethnicity, diet, age and medication and environment all
influence the microbiome and will have to be taken into account if the faecal microbiome
is to be used as a biomarker or manipulated therapeutically [171,172]. The microbiome is
usually characterised using 16S ribosomal RNA sequencing, but more information can be



Diagnostics 2022, 12, 124 12 of 21

obtained using NGS sequencing, which is becoming standard in microbiome research [173].
The enormous amount of data generated by metagenomics looking at which bacterial
metabolic pathways are activated, can be analysed using machine learning tools such as
random forest analysis [174].
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Figure 4. Assessing faecal microbiome diversity and composition as a biomarker of response and
toxicity. Depiction of the interaction between the gut microbiome, immune cells and the tumour
microenvironment. Cytokines released from activated immune cells promote tumour killing. Tar-
geted PCR and next generation sequencing of microbiome samples can be used to assess micro-
biome diversity, which may predict response to immune checkpoint inhibition. Mϕ = macrophage;
IFNγ = interferon gamma; PCR = polymerase chain reaction; NGS = next generation sequencing.

4. Conclusions

Previous attempts to escalate ICI from mono to dual-therapy based on imaging changes
were unsuccessful. Multi-parametric models which combine some or all of the above may
enable us to choose which patients are treated with anti-PD-1 or PD-L1 monotherapy



Diagnostics 2022, 12, 124 13 of 21

(low total ctDNA, high bTMB, favourable immune profile) or combined anti-CTLA4 and
anti-PD-1 or PD-L1 (high ctDNA, low bTMB, unfavourable immune profile). Immune-PET
may also play a role [175]. Patients who are at increased risk of toxicity may be treated with
prophylactic targeted immune suppressants such as anti-TNF monoclonal antibodies which
have been shown to paradoxically enhance ICI response. ICI have deepened our knowledge
of the immune system in health and disease [14,15]. It is possible that combinations of
antiPD-1/PD-L1 agents with antibodies to novel checkpoints, such as LAG3, will become
a standard of care where affordable. As novel agents targeting other checkpoints such as
TIGIT and LAG3 make their way out of trials into practice our patients deserve accurate
biomarkers to guide their use [88,91,176]. Both small sample biomarker discovery trials
and translational studies associated with large commercial and academic clinical trials have
given us a glimpse of how we may in the future be able to select treatments according to
the patient’s individual immune system, including early modification of treatment based
on rise or fall of cytokines, circulating immune cell populations and ctDNA. To make this a
reality, scientists and clinicians should standardize how they measure and report clinical
data wherever possible [18,177].

Author Contributions: Conceptualization, B.H.B. and R.F.; methodology, B.H.B.; writing—original
draft preparation, B.H.B.; writing—review and editing, K.N., S.A., G.C., A.S.A., R.F., S.F.; visualization
K.R.; supervision, S.F.; project administration, R.F. and S.F. All authors have read and agreed to the
published version of the manuscript.

Funding: APC Microbiome Ireland affiliated authors are supported by research funding from Science
Foundation Ireland—namely a career development award (CDA) to K.N. (SFI-13/CDA/2171), a
research centre grant (SFI-12/RC/2273) and a research centre spoke award (SFI-14/SP/2710) to APC
Microbiome Ireland.

Institutional Review Board Statement: This is a review article, and no ethics permission was sought.
Anonymised images of human tissue were provided by R.F. in compliance with St. James’s Hospital
guidelines and accepted pathological practice.

Informed Consent Statement: No human consent was required for this review article of previously
published work.

Data Availability Statement: Not applicable.

Acknowledgments: My terrier Marco and my family for walks and support, my nursing, scientific
and medical colleagues for encouragement and my patients who teach me how to continue in the
face of adversity.

Conflicts of Interest: The authors declare no conflict of interest. B.H.B. has received research funding
from Roche Ireland, and has acted as a paid consultant to Roche, BMS, MSD and Astra Zeneca. K.N.
is in receipt of research funding from AbbVie Inc. in the context of a research centre spoke award
(SFI-14/SP/2710) to APC Microbiome Ireland. The funders had no role in the design of the study in
the writing of the review manuscript.

References
1. Shankar, B.; Zhang, J.; Naqash, A.R.; Forde, P.M.; Feliciano, J.L.; Marrone, K.A.; Ettinger, D.S.; Hann, C.L.; Brahmer, J.R.;

Ricciuti, B.; et al. Multisystem Immune-Related Adverse Events Associated With Immune Checkpoint Inhibitors for Treatment of
Non–Small Cell Lung Cancer. JAMA Oncol. 2020, 6, 1952–1956. [CrossRef]

2. Ganesan, S.; Mehnert, J. Biomarkers for Response to Immune Checkpoint Blockade. Annu. Rev. Cancer Biol. 2020, 4, 331–351.
[CrossRef]

3. Meng, X.; Huang, Z.; Teng, F.; Xing, L.; Yu, J. Predictive biomarkers in PD-1/PD-L1 checkpoint blockade immunotherapy. Cancer
Treat. Rev. 2015, 41, 868–876. [CrossRef]

4. Buchbinder, E.I.; Desai, A. CTLA-4 and PD-1 Pathways. Am. J. Clin. Oncol. 2016, 39, 98–106. [CrossRef]
5. Bagchi, S.; Yuan, R.; Engleman, E.G. Immune Checkpoint Inhibitors for the Treatment of Cancer: Clinical Impact and Mechanisms

of Response and Resistance. Annu. Rev. Pathol. 2021, 16, 223–249. [CrossRef]
6. Valkenburg, K.C.; de Groot, A.E.; Pienta, K.J. Targeting the tumour stroma to improve cancer therapy. Nat. Rev. Clin. Oncol. 2018,

15, 366–381. [CrossRef]

http://doi.org/10.1001/jamaoncol.2020.5012
http://doi.org/10.1146/annurev-cancerbio-030419-033604
http://doi.org/10.1016/j.ctrv.2015.11.001
http://doi.org/10.1097/COC.0000000000000239
http://doi.org/10.1146/annurev-pathol-042020-042741
http://doi.org/10.1038/s41571-018-0007-1


Diagnostics 2022, 12, 124 14 of 21

7. Peng, W.; Liu, C.; Xu, C.; Lou, Y.; Chen, J.; Yang, Y.; Yagita, H.; Overwijk, W.W.; Lizée, G.; Radvanyi, L.; et al. PD-1 Blockade
Enhances T-cell Migration to Tumors by Elevating IFN-γ Inducible Chemokines. Cancer Res. 2012, 72, 5209–5218. [CrossRef]

8. Bridge, J.A.; Lee, J.C.; Daud, A.; Wells, J.W.; Bluestone, J.A. Cytokines, Chemokines, and Other Biomarkers of Response for
Checkpoint Inhibitor Therapy in Skin Cancer. Front. Med. 2018, 5, 351. [CrossRef]

9. Rivas-Fuentes, S.; Salgado-Aguayo, A.; Pertuz Belloso, S.; Gorocica Rosete, P.; Alvarado-Vásquez, N.; Aquino-Jarquin, G. Role of
Chemokines in Non-Small Cell Lung Cancer: Angiogenesis and Inflammation. J. Cancer 2015, 6, 938–952. [CrossRef]

10. Ji, S.; Chen, H.; Yang, K.; Zhang, G.; Mao, B.; Hu, Y.; Zhang, H.; Xu, J. Peripheral cytokine levels as predictive biomarkers of
benefit from immune checkpoint inhibitors in cancer therapy. Biomed. Pharmacother. Biomed. Pharmacother. 2020, 129, 110457.
[CrossRef]

11. Wang, Y.; Chen, H.; Zhang, T.; Yang, X.; Zhong, J.; Wang, Y.; Chi, Y.; Wu, M.; An, T.; Li, J.; et al. Plasma cytokines interleukin-18
and C-X-C motif chemokine ligand 10 are indicative of the anti-programmed cell death protein-1 treatment response in lung
cancer patients. Ann. Transl. Med. 2021, 9, 33. [CrossRef]

12. Boutsikou, E.; Domvri, K.; Hardavella, G.; Tsiouda, D.; Zarogoulidis, K.; Kontakiotis, T. Tumour necrosis factor, interferon-gamma
and interleukins as predictive markers of antiprogrammed cell-death protein-1 treatment in advanced non-small cell lung cancer:
A pragmatic approach in clinical practice. Ther. Adv. Med. Oncol. 2018, 10, 1758835918768238.

13. Montfort, A.; Dufau, C.; Colacios, C.; Andrieu-Abadie, N.; Levade, T.; Filleron, T.; Delord, J.-P.; Ayyoub, M.; Meyer, N.; Ségui, B.
Anti-TNF, a magic bullet in cancer immunotherapy? J. Immunother. Cancer 2019, 7, 303. [CrossRef]

14. Alvarez, M.; Otano, I.; Minute, L.; Ochoa, M.C.; Perez-Ruiz, E.; Melero, I.; Berraondo, P. Impact of prophylactic TNF blockade in
the dual PD-1 and CTLA-4 immunotherapy efficacy and toxicity. Cell Stress 2019, 3, 236–239. [CrossRef] [PubMed]

15. Perez-Ruiz, E.; Minute, L.; Otano, I.; Alvarez, M.; Ochoa, M.C.; Belsue, V.; de Andrea, C.; Rodriguez-Ruiz, M.E.; Perez-Gracia, J.L.;
Marquez-Rodas, I.; et al. Prophylactic TNF blockade uncouples efficacy and toxicity in dual CTLA-4 and PD-1 immunotherapy.
Nature 2019, 569, 428–432.

16. Bertrand, F.; Montfort, A.; Marcheteau, E.; Imbert, C.; Gilhodes, J.; Filleron, T.; Rochaix, P.; Andrieu-Abadie, N.; Levade, T.; Meyer,
N.; et al. TNFα blockade overcomes resistance to anti-PD-1 in experimental melanoma. Nat. Commun. 2017, 8, 2256. [CrossRef]
[PubMed]

17. Nejman, D.; Livyatan, I.; Fuks, G.; Gavert, N.; Zwang, Y.; Geller, L.T.; Rotter-Maskowitz, A.; Weiser, R.; Mallel, G.; Gigi, E.; et al.
The human tumor microbiome is composed of tumor type-specific intracellular bacteria. Science 2020, 368, 973–980. [PubMed]

18. Mildner, F.; Sopper, S.; Amann, A.; Pircher, A.; Pall, G.; Köck, S.; Naismith, E.; Wolf, D.; Gamerith, G. Systematic review: Soluble
immunological biomarkers in advanced non-small-cell lung cancer (NSCLC). Crit. Rev. Oncol. Hematol. 2020, 153, 102948.
[CrossRef]

19. Cresswell, G.D.; Nichol, D.; Spiteri, I.; Tari, H.; Zapata, L.; Heide, T.; Maley, C.C.; Magnani, L.; Schiavon, G.; Ashworth, A.; et al. Mapping
the breast cancer metastatic cascade onto ctDNA using genetic and epigenetic clonal tracking. Nat. Commun. 2020, 11, 1446.

20. Troncone, G.; Gridelli, C. The reproducibility of PD-L1 scoring in lung cancer: Can the pathologists do better? Transl. Lung Cancer
Res. 2017, 6, S74–S77.

21. Wang, C.; Hahn, E.; Slodkowska, E.; Eskander, A.; Enepekides, D.; Higgins, K.; Vesprini, D.; Liu, S.K.; Downes, M.R.; Xu, B.
Reproducibility of PD-L1 immunohistochemistry interpretation across various types of genitourinary and head/neck carcinomas,
antibody clones, and tissue types. Hum. Pathol. 2018, 82, 131–139. [CrossRef]

22. Scagliotti, G.V.; Parikh, P.; von Pawel, J.; Biesma, B.; Vansteenkiste, J.; Manegold, C.; Serwatowski, P.; Gatzemeier, U.; Digumarti,
R.; Zukin, M.; et al. Phase III study comparing cisplatin plus gemcitabine with cisplatin plus pemetrexed in chemotherapy-naive
patients with advanced-stage non-small-cell lung cancer. J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol. 2008, 26, 3543–3551. [CrossRef]

23. Garon, E.B.; Rizvi, N.A.; Hui, R.; Leighl, N.; Balmanoukian, A.S.; Eder, J.P.; Patnaik, A.; Aggarwal, C.; Gubens, M.; Horn, L.; et al.
Pembrolizumab for the Treatment of Non–Small-Cell Lung Cancer. N. Engl. J. Med. 2015, 372, 2018–2028. [CrossRef]

24. Torlakovic, E.; Lim, H.J.; Adam, J.; Barnes, P.; Bigras, G.; Chan, A.W.H.; Cheung, C.C.; Chung, J.-H.; Couture, C.; Fiset, P.O.; et al.
“Interchangeability” of PD-L1 immunohistochemistry assays: A meta-analysis of diagnostic accuracy. Mod. Pathol. 2020, 33, 4–17.
[CrossRef]
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Chung, H.C.; et al. Pembrolizumab versus paclitaxel for previously treated, advanced gastric or gastro-oesophageal junction
cancer (KEYNOTE-061): A randomised, open-label, controlled, phase 3 trial. Lancet 2018, 392, 123–133. [CrossRef]

40. Shitara, K.; Van Cutsem, E.; Bang, Y.-J.; Fuchs, C.; Wyrwicz, L.; Lee, K.-W.; Kudaba, I.; Garrido, M.; Chung, H.C.; Lee, J.; et al.
Efficacy and Safety of Pembrolizumab or Pembrolizumab Plus Chemotherapy vs. Chemotherapy Alone for Patients With
First-line, Advanced Gastric Cancer: The KEYNOTE-062 Phase 3 Randomized Clinical Trial. JAMA Oncol. 2020, 6, 1571–1580.
[CrossRef]

41. Shah, M.A.; Kojima, T.; Hochhauser, D.; Enzinger, P.; Raimbourg, J.; Hollebecque, A.; Lordick, F.; Kim, S.-B.; Tajika, M.; Kim, H.T.;
et al. Efficacy and Safety of Pembrolizumab for Heavily Pretreated Patients With Advanced, Metastatic Adenocarcinoma or
Squamous Cell Carcinoma of the Esophagus: The Phase 2 KEYNOTE-180 Study. JAMA Oncol. 2019, 5, 546–550. [CrossRef]

42. Chen, L.-T.; Kang, Y.-K.; Satoh, T.; Chao, Y.; Kato, K.; Chung, H.C.; Chen, J.-S.; Muro, K.; Kang, W.; Yoshikawa, T.; et al. A
phase III study of nivolumab (Nivo) in previously treated advanced gastric or gastric esophageal junction (G/GEJ) cancer
(ATTRACTION-2): Three-year update data. J. Clin. Oncol. 2020, 38, 383. [CrossRef]

43. Kato, K.; Cho, B.C.; Takahashi, M.; Okada, M.; Lin, C.-Y.; Chin, K.; Kadowaki, S.; Ahn, M.-J.; Hamamoto, Y.; Doki, Y.; et al.
Nivolumab versus chemotherapy in patients with advanced oesophageal squamous cell carcinoma refractory or intolerant
to previous chemotherapy (ATTRACTION-3): A multicentre, randomised, open-label, phase 3 trial. Lancet Oncol. 2019, 20,
1506–1517. [CrossRef]

44. Sun, J.-M.; Shen, L.; Shah, M.A.; Enzinger, P.; Adenis, A.; Doi, T.; Kojima, T.; Metges, J.-P.; Li, Z.; Kim, S.-B.; et al. Pembrolizumab
plus chemotherapy versus chemotherapy alone for first-line treatment of advanced oesophageal cancer (KEYNOTE-590): A
randomised, placebo-controlled, phase 3 study. Lancet 2021, 398, 759–771. [CrossRef]

45. Janjigian, Y.Y.; Shitara, K.; Moehler, M.; Garrido, M.; Salman, P.; Shen, L.; Wyrwicz, L.; Yamaguchi, K.; Skoczylas, T.; Bragagnoli,
A.C.; et al. First-line nivolumab plus chemotherapy versus chemotherapy alone for advanced gastric, gastro-oesophageal junction,
and oesophageal adenocarcinoma (CheckMate 649): A randomised, open-label, phase 3 trial. Lancet 2021, 398, 27–40. [CrossRef]

46. Munari, E.; Zamboni, G.; Lunardi, G.; Marchionni, L.; Marconi, M.; Sommaggio, M.; Brunelli, M.; Martignoni, G.; Netto, G.J.;
Hoque, M.O.; et al. PD-L1 Expression Heterogeneity in Non–Small Cell Lung Cancer: Defining Criteria for Harmonization
between Biopsy Specimens and Whole Sections. J. Thorac. Oncol. 2018, 13, 1113–1120. [CrossRef]

47. Casadevall, D.; Clavé, S.; Taus, Á.; Hardy-Werbin, M.; Rocha, P.; Lorenzo, M.; Menéndez, S.; Salido, M.; Albanell, J.; Pijuan, L.;
et al. Heterogeneity of Tumor and Immune Cell PD-L1 Expression and Lymphocyte Counts in Surgical NSCLC Samples. Clin.
Lung Cancer 2017, 18, 682–691.e5. [CrossRef]

48. Herbst, R.S.; Baas, P.; Perez-Gracia, J.L.; Felip, E.; Kim, D.-W.; Han, J.-Y.; Molina, J.R.; Kim, J.-H.; Dubos Arvis, C.; Ahn, M.-J.; et al.
Use of archival versus newly collected tumor samples for assessing PD-L1 expression and overall survival: An updated analysis
of KEYNOTE-010 trial. Ann. Oncol. Off. J. Eur. Soc. Med. Oncol. 2019, 30, 281–289. [CrossRef] [PubMed]

http://doi.org/10.1200/JCO.18.00149
http://doi.org/10.1200/JCO.21.00174
https://www.medicines.org.uk/emc/product/2498/smpc#gref
https://www.ema.europa.eu/en/medicines/human/summaries-opinion/opdivo-6
https://www.ema.europa.eu/en/medicines/human/summaries-opinion/opdivo-6
http://doi.org/10.1056/NEJMoa1801005
http://www.ncbi.nlm.nih.gov/pubmed/29658856
http://doi.org/10.1200/JCO.19.03136
http://doi.org/10.1056/NEJMoa1810865
http://www.ncbi.nlm.nih.gov/pubmed/30280635
http://doi.org/10.1200/JCO.20.01888
http://doi.org/10.1016/S0140-6736(20)32531-9
http://doi.org/10.1016/S0140-6736(18)31257-1
http://doi.org/10.1001/jamaoncol.2020.3370
http://doi.org/10.1001/jamaoncol.2018.5441
http://doi.org/10.1200/JCO.2020.38.4_suppl.383
http://doi.org/10.1016/S1470-2045(19)30626-6
http://doi.org/10.1016/S0140-6736(21)01234-4
http://doi.org/10.1016/S0140-6736(21)00797-2
http://doi.org/10.1016/j.jtho.2018.04.017
http://doi.org/10.1016/j.cllc.2017.04.014
http://doi.org/10.1093/annonc/mdy545
http://www.ncbi.nlm.nih.gov/pubmed/30657853


Diagnostics 2022, 12, 124 16 of 21

49. Sheng, J.; Fang, W.; Yu, J.; Chen, N.; Zhan, J.; Ma, Y.; Yang, Y.; Huang, Y.; Zhao, H.; Zhang, L. Expression of programmed death
ligand-1 on tumor cells varies pre and post chemotherapy in non-small cell lung cancer. Sci. Rep. 2016, 6, 20090. [CrossRef]
[PubMed]

50. Nam, C.H.; Koh, J.; Ock, C.-Y.; Kim, M.; Keam, B.; Kim, T.M.; Jeon, Y.K.; Kim, D.-W.; Chung, D.H.; Heo, D.S. Temporal evolution
of programmed death-ligand 1 expression in patients with non-small cell lung cancer. Korean J. Intern. Med. 2021, 36, 975–984.
[CrossRef]

51. Shklovskaya, E.; Rizos, H. Spatial and Temporal Changes in PD-L1 Expression in Cancer: The Role of Genetic Drivers, Tumor
Microenvironment and Resistance to Therapy. Int. J. Mol. Sci. 2020, 21, 7139. [CrossRef] [PubMed]

52. Echle, A.; Rindtorff, N.T.; Brinker, T.J.; Luedde, T.; Pearson, A.T.; Kather, J.N. Deep learning in cancer pathology: A new generation
of clinical biomarkers. Br. J. Cancer 2021, 124, 686–696. [CrossRef]

53. Goodman, A.M.; Castro, A.; Pyke, R.M.; Okamura, R.; Kato, S.; Riviere, P.; Frampton, G.; Sokol, E.; Zhang, X.; Ball, E.D.; et al.
MHC-I genotype and tumor mutational burden predict response to immunotherapy. Genome Med. 2020, 12, 45. [CrossRef]

54. Ramos-Paradas, J.; Hernández-Prieto, S.; Lora, D.; Sanchez, E.; Rosado, A.; Caniego-Casas, T.; Carrizo, N.; Enguita, A.B.;
Muñoz-Jimenez, M.T.; Rodriguez, B.; et al. Tumor mutational burden assessment in non-small-cell lung cancer samples: Results
from the TMB2 harmonization project comparing three NGS panels. J. Immunother. Cancer 2021, 9, e001904. [CrossRef]

55. Hellmann, M.D.; Ciuleanu, T.-E.; Pluzanski, A.; Lee, J.S.; Otterson, G.A.; Audigier-Valette, C.; Minenza, E.; Linardou, H.; Burgers,
S.; Salman, P.; et al. Nivolumab plus Ipilimumab in Lung Cancer with a High Tumor Mutational Burden. N. Engl. J. Med. 2018,
378, 2093–2104. [CrossRef]

56. Zhou, K.I.; Peterson, B.; Serritella, A.; Thomas, J.; Reizine, N.; Moya, S.; Tan, C.; Wang, Y.; Catenacci, D.V.T. Spatial and Temporal
Heterogeneity of PD-L1 Expression and Tumor Mutational Burden in Gastroesophageal Adenocarcinoma at Baseline Diagnosis
and after Chemotherapy. Clin. Cancer Res. 2020, 26, 6453–6463. [CrossRef]

57. Kazdal, D.; Endris, V.; Allgäuer, M.; Kriegsmann, M.; Leichsenring, J.; Volckmar, A.-L.; Harms, A.; Kirchner, M.; Kriegsmann, K.;
Neumann, O.; et al. Spatial and Temporal Heterogeneity of Panel-Based Tumor Mutational Burden in Pulmonary Adenocarcinoma:
Separating Biology From Technical Artifacts. J. Thorac. Oncol. 2019, 14, 1935–1947. [CrossRef]

58. Wang, Z.; Duan, J.; Cai, S.; Han, M.; Dong, H.; Zhao, J.; Zhu, B.; Wang, S.; Zhuo, M.; Sun, J.; et al. Assessment of Blood Tumor
Mutational Burden as a Potential Biomarker for Immunotherapy in Patients With Non–Small Cell Lung Cancer With Use of a
Next-Generation Sequencing Cancer Gene Panel. JAMA Oncol. 2019, 5, 696–702. [CrossRef]
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