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Abstract: Neoadjuvant immunotherapy has emerged as a promising approach in the treatment of
various malignancies, with preclinical studies showing improved immune responses in the preopera-
tive setting. FDA-approved neoadjuvant-immunotherapy-based approaches include triple-negative
breast cancer and early non-small cell lung cancer on the basis of improvement in pathological
response and event free survival. Nevertheless, current trials have only shown benefits in a fraction
of patients. It is therefore crucial to identify predictive biomarkers to improve patient selection for
such approaches. This review aims to provide an overview of potential biomarkers of neoadjuvant
immunotherapy in early triple-negative breast cancer, bladder cancer, melanoma, non-small cell lung
cancer, colorectal cancer and gastric cancer. By the extrapolation of the metastatic setting, we explore
known predictive biomarkers, i.e., PD-L1, mismatch repair deficiency and tumour mutational burden,
as well as potential early-disease-specific biomarkers. We also discuss the challenges of identifying
reliable biomarkers and the need for standardized protocols and guidelines for their validation and
clinical implementation.

Keywords: immunotherapy; neoadjuvant; predictive biomarkers; NSCLC; melanoma; urothelial
carcinoma; gastric cancer

1. Introduction

Immune checkpoint inhibitors (ICIs) targeting programmed death 1 (PD-1) and its
ligand, programmed death ligand 1 (PD-L1), as well as cytotoxic T-lymphocyte antigen 4
(CTLA-4) have become the standard of care for many tumour types and are now indicated
in approximately half of US patients with advanced or metastatic cancer [1,2]. ICIs were
initially tested in the metastatic setting, and in light of high response rates and prolonged
survival, ICI trials were expanded to earlier settings, in which patients often face high
relapse rates. In the adjuvant setting, ipilimumab was the first ICI to be approved by the
FDA for resected stage III melanoma [3]. Neoadjuvant management has the potential
to reduce tumour volume preoperatively for short-course treatments and therefore limit
postoperative relapse and surgery-related morbidity.

Preclinical studies have shown that preoperative immunotherapy leads to increased
survival compared to adjuvant immunotherapy. For instance, to test this hypothesis,
Liu et al. used a rapidly metastasizing triple-negative breast cancer (TNBC) model in
mice in which regulatory T cells were conditionally depleted, mimicking immunotherapy.
Survival was significantly increased in the mice depleted of regulatory T cells (T-reg) prior
to surgery than in those with T-reg depletion after surgery. Neoadjuvant treatment with
antiPD-1 and antiPD-L1 in these mice also significantly increased survival, yet fewer long-
term survivors were seen than in the T-reg-depleted mice, suggesting that a combination
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treatment may be required to obtain a longer response. Furthermore, the long-term sur-
vivors presented no residual latent tumour cells, and the effect of neoadjuvant ICIs relied
on an intact IFN-gamma pathway and, to a lesser extent, on CD8, CD4 and NK cells.

One of the hypotheses for the difference in efficacy between neoadjuvant and adju-
vant immunotherapy is an increase in tumour-specific effector or memory T cells after
neoadjuvant treatment. It has also been suggested that necrosis of the primary tumour
may lead to an increased shedding of tumour-specific antigens and, therefore, have the
potential to induce systemic priming and the expansion of antigen-presenting cells [4]. This
mechanism could ultimately enhance the clearance of micrometastatic disease, the main
culprit of relapse after surgery. Immune checkpoint inhibitors (ICIs) are also less toxic than
chemotherapy and can provide immunologic memory, resulting in durable clinical bene-
fits [5]. In addition, neoadjuvant treatment may prove beneficial because early-stage lung
cancers may have a higher clonal neoantigen burden, which has been shown to correlate
with improved survival compared to that of patients with more heterogeneous (subclonal)
neoantigens within their tumours [6,7]. Subsequent work from Liu et al. showed an ideal
timing for neoadjuvant therapy, and the benefit is diminished if the treatment is shortened
or prolonged [8]. Furthermore, the addition of adjuvant immunotherapy after neoadjuvant
immunotherapy did not increase survival.

These data have supported the development of many clinical trials, including the
phase III KEYNOTE-522 and CHECKMATE-816 trials, which led to the FDA approval
of neoadjuvant pembrolizumab in early triple-negative breast cancer and neoadjuvant
nivolumab in resectable non-small cell lung cancer (NSCLC). Both studies reported an
increase in pathologic complete response rates (pCR, no visible residual tumour). Other
studies have also reported major pathological response rates (MPR, <10% residual viable tumour).

Identifying patients who will benefit from such an approach depends on reliable
biomarkers. Two types of biomarkers are used in oncology: prognostic and predictive
biomarkers. Prognostic biomarkers are associated with a favourable outcome regardless of
treatment in the biomarker-positive versus -negative population due to a different intrinsic
process and the spontaneous natural evolution of the tumour. Some have been proposed
as possible stratification factors for future trial design [9–12]. Predictive biomarkers, on
the other hand, confer a greater treatment effect in the biomarker-positive population than
in the biomarker-negative population, implying that both populations will have the same
outcome without treatment [13]. To date, in the metastatic setting, PD-L1 and mismatch
repair deficiency (dMMR)/microsatellite instability (MSI-H) are the only known positive
predictive biomarkers [14,15]. Other biomarkers, such as the tumour mutational burden
(TMB), interferon-gamma signatures and tumour-infiltrating lymphocytes (TILS), among
others, are biologically plausible but have yet to show a conclusive correlation with clinical
outcomes. In the case of the TMB for example, the biological rationale is similar to that of
dMMR (with high rates of mutations leading to more neoantigens, making the tumour more
immunogenic). The FDA has approved pembrolizumab in advanced tumours harbouring
a TMB > 10 mut/Mb based on increased response rates [15]. However, this approval has
been controversial for several reasons, namely the use of a seemingly arbitrary cutoff of
10mut/Mb and the reliance on an endpoint that is not clinically meaningful [16].

This review provides an overview of potential biomarkers for neoadjuvant immunother-
apy across numerous cancer types, including NSCLC, triple-negative breast cancer, melanoma,
bladder cancer, gastric cancer and colorectal cancer. By extrapolation of the metastatic
setting, we will explore known biomarkers and potential early-disease-specific biomarkers.

2. Non-Small Cell Lung Cancer

Approximately half of patients diagnosed with early resectable NSCLC experience
tumour recurrence after surgery [17]. Adjuvant chemotherapy is the standard of care after
resection in patients with stage II and III disease and provides an 8.6% survival benefit at
5 years compared to surgery alone [18,19]. Chemotherapy in the neoadjuvant setting has
been tested in several trials and provides similar survival benefits as in the adjuvant setting
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but is not the standard of care [20]. pCR rates with neoadjuvant chemotherapy have been
reported at 6 to 8% [21]. To further improve outcomes, several trials have been conducted
to evaluate the role of neoadjuvant ICIs, alone or in combination with chemotherapy.

Single-agent ICIs in NSCLC in the neoadjuvant setting were first tested in the CHECK-
MATE 159 pilot trial, which reported an MPR of 45% in patients with stage I–IIIA NSCLC
treated with two preoperative doses of nivolumab [22].

Neoadjuvant treatment-related adverse events (TRAEs) were observed in five patients,
but only one experienced pneumonia at a grade ≥ 3. There were no treatment-related
surgical delays, and the median interval between the administration of the second dose of
nivolumab and surgery was 18 days (with an interquartile range (IQR) of 11–29 days).

Subsequently, Gao et al. found similar results for resectable NSCLC patients who re-
ceived two cycles of neoadjuvant sintilimab (a PD-1 inhibitor) [23]. In this study, 40 patients
with stage IA–IIIB NSCLC received two doses of sintilimab, and 37 underwent radical
resection. Of the thirty-seven patients, fifteen patients (40.5%, 95% CI: 24.8–57.9%) achieved
an MPR, and six (16.2%, 95% CI: 6.2–32.0%) achieved a pathologic complete response (pCR).
Immune-related adverse events (IRAEs) were observed in twenty-one patients (52.5%), of
whom four (10%) experienced a grade ≥ 3 adverse event and one died.

In 2021, a phase II trial (LCMC3, NCT0292730) analysed the effect of two cycles
of neoadjuvant atezolizumab (in 181 patients with stage IB–IIIB NSCLC) [24]. Of the
181 patients, 159 (88%) underwent surgical resection, and the median time from the end
of the neoadjuvant therapy to surgery was 22 days. A total of 20.4% (95% CI: 14–28%)
achieved an MPR, and 6.8% (95% CI: 3–12%) achieved a pCR. Immunotherapy-related
AEs were observed in only 24.3% of the patients, of which only 2.2% were TRAEs with a
grade ≥ 3. In the phase II PRINCEPS clinical trial, 30 patients with resectable clinical stage
IA (≥2 cm)–IIIA, non-N2 NSCLC were treated with neoadjuvant atezolizumab [25]. Among
the patients, four (14%) achieved an MPR, and twelve (41%) had <50% residual tumour
cells. Interim results were presented from another study, IONESCO, which evaluated
neoadjuvant durvalumab [26]. Forty-six eligible patients with stage IB–IIIA, non-N2
resectable NSCLC were enrolled in this study, of whom forty-three underwent surgery. The
primary endpoint was the rate of complete surgical resection (R0), which was achieved in
90% (41/43) of the patients who underwent surgery. The pathologic analysis showed that
18.6% of the patients achieved an MPR, and 7% achieved a pCR.

To further explore the potential of neoadjuvant immunotherapy in treating NSCLC,
studies have been conducted examining the effect of ICIs in combination. A pivotal
study by Cascone et al. evaluated the effect of neoadjuvant nivolumab or nivolumab plus
ipilimumab followed by surgery in 44 patients with operable NSCLC. Of the 44 patients,
41 completed the planned neoadjuvant therapy, and 37 underwent surgery [27]. Of the
37 patients who underwent resection, 24% (5/21) and 50% (8/16) achieved an MPR in the
nivolumab and the nivolumab plus ipilimumab arm, respectively. The pCR rate in the
nivolumab plus ipilimumab arm (38%) was higher than in the nivolumab arm (10%). There
were no major safety differences between nivolumab and nivolumab plus ipilimumab,
although the sample size was small.

Regarding the combination of chemotherapy and ICIs, the NADIM, an open-label
single-arm, phase II trial evaluated the impact of neoadjuvant nivolumab with carboplatin
and paclitaxel, followed by adjuvant intravenous nivolumab monotherapy for 1 year in
stage III resectable NSCLC [28]. Forty-six patients with stage IIIA (N2 or T4N0) NSCLC
were enrolled in the study. An MPR was achieved in 83% (95% CI: 68–93%) of the patients,
of whom 63% (95% CI: 62–91%) achieved a pCR. The 2-year progression-free survival (the
intent-to-treat (ITT) population), which was the primary endpoint of the study, was 77.1%
(95% CI: 59.9–87.7%).

Another interesting single-arm open-label phase II study was presented by the SAKK
lung group, which used standard neoadjuvant cisplatin and docetaxel in combination
with neoadjuvant durvalumab in patients with stage IIIA (N2) NSCLC [29]. In total, of the
68 patients who were enrolled in the study, 55 (80.9%) underwent resection and 62% of these
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patients achieved an MPR, of whom 18.2% achieved a pCR. The 1-year event-free survival
(EFS), which was the primary endpoint of the study, was 73.3% (90% CI: 60.1–82.7%), and
12.9% of the patients experienced grade 3–4 neoadjuvant durvalumab-related AEs.

The phase III CHECKMATE 816 trial investigated preoperative nivolumab and platinum-
based chemoimmunotherapy versus chemotherapy alone and reported pCR rates of 24%
versus 2.2% and 31.6 months versus 20.8 months for event-free survival, respectively [30].
These results led to the FDA approval of neoadjuvant nivolumab in combination with
chemotherapy for adult patients with resectable NSCLC (tumours ≥ 4 cm or node-positive).

Despite extensive post hoc analyses of the aforementioned trials, no significant pre-
dictive biomarker of response has been identified. While PD-L1 expression is positively
correlated with survival in the metastatic setting, such findings were not reproduced in
early NSCLC [31]. PD-L1-positive patients in the CHECKMATE816 trial had an improved
EFS rate compared to that of PD-L1-negative patients (HR 0.41 versus 0.85) [30]. PD-L1
was also correlated with response in the LCMC3 (phase II, neoadjuvant atezolizumab) trial
and in the NEOSTAR trial (phase II, neoadjuvant ipilimumab plus nivolumab) [27,32]. In
contrast, in the NADIM (phase II, nivolumab plus chemotherapy) and SAKK 16/14 trials
(phase II, perioperative durvalumab with cisplatin docetaxel), there was no association
between response and PD-L1 expression [29,33]. Moreover, in a phase II test of a neoadju-
vant atezolizumab and chemotherapy regimen (NCT02716038), patients achieved an MPR
regardless of PD-L1 expression [34].

Besides PD-L1, other putative genomic and phenotypic biomarkers have been studied.
Regarding histology, non-squamous subtypes treated with nivolumab had a greater EFS
rate increase than squamous subtypes (HR 0.50 vs. 0.77) in the CHECKMATE-816 trial [30].
These findings contradict the results from the LCMC3 and NCT02716038 trials (neoadjuvant
atezolizumab plus chemotherapy) [32,34].

As for the TMB, it was not correlated to response in the NADIM, LCMC3 or CHECKMATE-
159 trials [30,32,33]. In CHECKMATE-816, the response to neoadjuvant chemoimmunother-
apy was observed regardless of the TMB levels; however, the MPR rates were increased in
patients with a TMB > 12.3 mutations/mB [30].

In LCMC3, peripheral blood CD8 T cell expansion was identified in pre- and post-
treatment analyses. A 60-marker flow cytometry panel was developed to analyse baseline
immune cell characteristics and potential correlations with the MPR. Interestingly, the
model identified an association between responses and some NK and NK-like T cell
subtypes. Higher levels of NK and NK-like T cells expressing inhibitory receptors, such as
immunoglobulin-like transcript 2 (ILT2), NK group 2 member A and NK group 2 member
D (NKG2A and NKG2D), were negatively correlated to the MPR [32]. These receptors
have been associated with NK cell inhibition and immune tolerance [35]. Single-cell
RNA sequencing in tissue samples identified a higher expression of NKG2A and killer
cell immunoglobulin-like receptor (KIR) in NK cells in non-responders. A significant
decrease in peripheral ILT2+ NKG2A+ KIR2DL1+ NK cells was observed in patients with
an MPR [32]. The baseline NKG2D+ NK cell levels were associated with nodal involvement,
whereas NKG2D+ expressing NK-like cells and T cells were associated with the absence of
nodal involvement. The NEOSTAR trial found an increase in CD4+ (non-T-reg) CD103+

and CD8+CD103+ TRM and effector memory T cells in patients treated with the ipilimumab-
nivolumab combination compared to nivolumab monotherapy, but this independent of the
MPR [27].

The T cell receptor (TCR) repertoire and frequency increased after double immunother-
apy; however, there was no correlation with pathological response in NEOSTAR [27]. In one
patient in CHECKMATE-159, T cell clones specific for tumour neoantigens were expanded
in their lymph nodes and peripheral blood after neoadjuvant nivolumab, supporting the
hypothesis that neoadjuvant immunotherapy can generate a systemic immune response
capable of eradicating micrometastases [22].

As for particular genomic alterations, in the single-arm phase II NCT02716038 trial
(chemoimmunotherapy with atezolizumab), adenocarcinoma subtypes with STK11 muta-
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tions demonstrated an inferior outcome after treatment [34]. Moreover, in CHECKMATE-
816, circulating tumor DNA (ctDNA) clearance was increased in the chemoimmunotherapy
group (56% vs. 35%), and the EFS rate was improved in these patients, regardless of the
treatment regimen [30]. A ctDNA analysis from NADIM reported improved survival in
patients with low baseline ctDNA and improved survival in those with ctDA clearance
after neoadjuvant treatment [33].

Further phase III trials evaluating perioperative neoadjuvant chemoimmunother-
apy have shown positive DFS results, including KEYNOTE-671 (pembrolizumab) [36],
AEGEAN (durvalumab) [37] and Neotorch (toripalimab) [38]. Biomarker analyses from
these trials may further our understanding of the neoadjuvant component of treatments. A
summary of the trials discussed and exploratory biomarkers is provided in Table 1.

Table 1. Summary of exploratory biomarker analyses in neoadjuvant immunotherapy for non-small
cell lung cancer.

Study Name
or Number Phase Regimen Positive

Biomarker
Non-Contributing

Biomarker
Negative

Biomarker

Checkmate 816 III Chemotherapy ± nivolumab

PD-L1,
non-squamous

histology, ctDNA
clearance

TMB -

LCMC3 II Chemotherapy ± atezolizumab PD-L1, CD8 TMB, squamous
histology NKG2A expression

NEOSTAR II Nivolumab ± ipilimumab PD-L1, ctDNA
clearance TCR repertoire -

NADIM II Chemotherapy ± nivolumab - PD-L1, TMB -

SAKK16/14 II Chemotherapy + durvalumab - PD-L1 -

NCT02716038 II Chemotherapy + atezolizumab - PD-L1, squamous
histology

STK11mut
subtypes

3. Melanoma

Patients with stage III cutaneous melanoma and nodal involvement have 5-year
survival rates that range from 93% in stage IIIA to 32% in stage IIID disease, according to
data from the American Joint Committee on Cancer (AJCC) [39]. Current management
consists of complete resection followed by adjuvant pembrolizumab or nivolumab in
BRAFwt patients [40]. Neoadjuvant immunotherapy was first tested in a phase I trial by
Tarhini et al., with ipilimumab in combination with high-dose interferon alpha, which
reported a pCR rate of 32% [41].

A phase 1b trial by Huang et al. (single dose of neoadjuvant pembrolizumab in stage
IIIB/C or IV melanoma) reported a pCR rate of 19%. The tumour response was observed
in patients with a diffuse tumour-infiltrating lymphocyte (TIL) pattern and was associated
with baseline Ki67 expression in non-naïve CD8 T cells. It is also hypothesized that a
single dose of anti-PD-1agent leads to the rapid invigoration of exhausted pre-primed
CD8 T cells within a week [42]. In a phase II trial by Amaria et al. that tested nivolumab
versus a combination of ipilimumab and nivolumab (NCT02519322), higher baseline and
on-treatment lymphoid markers and CD8 T cell infiltration were associated with response
in both arms of patients [43]. Similarly, low tumour CD8 T cell infiltration was negatively
correlated with response in OPACIN (neoadjuvant ipilimumab plus nivolumab) [44].

The phase 1b OPACIN trial comparing perioperative versus adjuvant ipilimumab and
nivolumab found an increase in both pre-existing and new T cell clones after neoadjuvant
treatment. Patients who relapsed after the neoadjuvant regimen had less expansion of
T cell clones [44]. Compared to nivolumab monotherapy, which was associated with an
expansion of pre-existing T cell clones in responders, the response to the combination of
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nivolumab and ipilimumab seemed to be less dependent on the baseline T cell repertoire in
the phase II trial by Amaria et al. [43].

An 18-gene IFN-gamma T cell inflamed score was correlated with response in the
phase 1b trial by Huang et al. Similar findings were reported in OPACIN and OPACIN-
NEO (the subsequent phase II trial evaluating three dosing regimens of the combination
of ipilimumab and nivolumab), in which a high IFN-gamma score was also correlated to
an increased EFS rate [42,44,45]. Another 10-gene IFN-gamma expression signature was
performed on the OPACIN-NEO cohort and showed a positive correlation with the EFS,
with potential for daily clinical practice with a short 2-day turn-around time [46]. Low
tumour T cell infiltration, lower MHC expression and low PD-L1 expression were identified
as negative markers in OPACIN [44].

Tumour cell PD-L1 expression is not associated with response in OPACIN-NEO [45].
Higher tumour cell PD-L1 expression was associated with tumour response after neoadju-
vant nivolumab or the combination of ipilimumab and nivolumab [43].

OPACIN-NEO reported a positive correlation between the TMB and EFS (the 2-year
EFS was 93.3% in TMB > median versus 58.8% in TMB < median) [47]. TMB is not associated
with response in the phase 1b trial by Huang et al. [42,44]. The response was improved
regardless of the TMB in the phase II trial by Amaria et al., although higher levels of TMB
were described in responders [43].

Data from OPACIN-NEO suggest that the combination of the IFN gamma score and
the TMB can predict EFS and response compared to either biomarker alone (AUC 0.83 for
the combination of IFN gamma and TMB versus 0.67 for the IFN gamma score and 0.76 for
the TMB). Patients with a low TMB/low IFN-gamma score had a particularly poor 2-year
EFS of 49.5%.

LDH levels and BRAF status were not associated with recurrence, according to
Huang et al. and in OPACIN NEO [42,47].

Another potential biomarker identified in OPACIN NEO is vascular endothelial
growth factor receptor (VEGFR-2), which is increased in the plasma of non-responders [47]
and can directly induce immunosuppression through T-reg stimulation [48].

A biomarker analysis is expected from the phase II SWOGS1801 trial comparing
perioperative versus adjuvant pembrolizumab in locally advanced melanoma, which
shows a beneficial effect on the event-free survival in the perioperative arm. Ongoing
trials include DOMINI, a biomarker-driven trial which stratifies patients according to their
IFN-gamma score and investigates the combination of ipilimumab, nivolumab and a class
I histone deacetylase inhibitor, domatinostat (DOM). It is also hypothesized that the IFN
gamma score can be increased with a histone deacetylase inhibitor [49]

A third arm of the phase II trial by Amaria et al. (NCT02519322) tested the neoadjuvant
relatlimab (anti-lymphocyte-activation gene 3 (LAG-3), a marker for T cell exhaustion) in
combination with nivolumab. The biomarker analysis was limited due to small patient
numbers, but the baseline PD-L1 and LAG3 did not correlate to response [50].

Intralesional immunotherapy has also been proposed as a therapeutic option. Daro-
mun is a combination immunocytokine consisting of monoclonal L19 antibody fused to
TNF-alpha and IL-2 and has been investigated in a phase II trial in non-resectable stage IIIB-
IVA melanoma with reported systemic antitumoural effects [51]. Two phase III trials are
ongoing in the US and Europe (NEODREAM NCT03567889 and PIVOTAL NCT02938299),
investigating neoadjuvant intratumoural Daromun versus upfront surgery.

The NADINA trial (NCT04949113) is a phase III trial comparing neoadjuvant ipilimumab–
nivolumab versus adjuvant nivolumab. The experimental arm will receive adjuvant
nivolumab in cases of a partial or non-response. The ongoing blPRADO trial is an ex-
tension cohort of the phase II OPACIN-NEO which investigates treatment de-escalation
(therapeutic lymph dissection and adjuvant treatment) after neoadjuvant combination
immunotherapy (ipilimumab 1 mg/kg and nivolumab 3 mg/kg regimen) in case of pCR
or MPR. The biomarker analyses will be reported in a later study [52]. A summary of the
trials discussed and exploratory biomarkers is provided in Table 2.
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Table 2. Summary of exploratory biomarker analyses in neoadjuvant immunotherapy for melanoma.

Study Name or
Number Phase Regimen Positive

Biomarker
Non-Contributing

Biomarker
Negative

Biomarker

OPACIN-NEO II Nivolumab + ipilimumab
10 gene

IFN-gamma score,
TMB

PD-L1 VEGFR-2

NCT02519322 II Nivolumab ± ipilimumab PD-L1, CD8
infiltration TMB -

OPACIN Ib Nivolumab + ipilimumab

CD8 infiltration, T
cell expansion, 10
gene IFN-gamma

score

- -

NCT02434354 Ib Pembrolizumab 18 gene
IFN-gamma score TMB -

4. Bladder Cancer

Neoadjuvant cisplatin-based chemotherapy followed by radical cystectomy with
lymph node dissection is the standard of care for localized muscle-invasive bladder cancer
(MIBC) [53,54]. However, relapse rates are high, and many patients are considered cisplatin
ineligible. Cisplatin-based treatments achieve complete pathological response rates ranging
from 38% with dose-dense methotrexate vinblastine doxorubicin cisplatin (ddMMVAC) [55]
to 21% with cisplatin–gemcitabine [56]. Neoadjuvant immunotherapy in both cisplatin-
eligible and non-eligible patients is being tested.

Many trials have reported that PD-L1 expression does not correlate with response [57–60].
The phase II DUTRENEO trial prospectively classified patients as having “hot” tumours
or “cold” tumours depending on an 18-gene IFN-gamma immune signature (tumour
immune score, TIS) and tested durvalumab plus tremelimumab versus chemotherapy
in the “hot” tumours. Low-PD-L1 patients in the durvalumab plus tremelimumab arm
had a notably lower pCR than high-PD-L1 patients (14.3% versus 57%), and there was
no difference in pCR in the patients with “hot” tumours treated by chemotherapy. The
association of a “hot” tumour TIS score and low PD-L1 expression could be a negative
composite biomarker for neoadjuvant immunotherapy [61]. The phase II PURE-01 trial
testing single-agent perioperative pembrolizumab reported a positive gain in the EFS in
PD-L1-positive patients [62,63]. The 36-month EFS was reported to be 89.8% in the high-PD-
L1 patients, compared to 59.7% and 76.7% in the low- and intermediate-PD-L1 combined
positive score (CPS), respectively [64]. A baseline ctDNA analysis in the ABACUS trial also
showed that PD-L1-negative patients had a particularly poor outcome with neoadjuvant
atezolizumab monotherapy [65]. The NABUCCO trial also reported a numerically better
complete pathologic response rate to double immunotherapy (ipilimumab–nivolumab) in
PD-L1-positive patients, although it was non-significant (73% vs. 33%) [66].

Positive correlations with the TMB have been reported in HCRN GU16-257 (periop-
erative nivolumab combined with cisplatin gemcitabine), NABUCCO and NCT02989584
(perioperative cisplatin gemcitabine atezolizumab) [66–68]. Increasing TMB levels were
also positively correlated with the overall EFS in PURE-01; however, the association was
weaker than with the CPS [64]. No correlation was seen in NCT02812420 (periopera-
tive durvalumab + tremelimumab), ABACUS or BLASST1 (neoadjuvant nivolumab plus
chemotherapy) [58–60].

The phase II ABACUS trial testing neoadjuvant atezolizumab reported an increased
pCR (40% vs. 20%) in patients with high versus no CD8 intraepithelial infiltration. This
finding was also correlated with the RFS. Interestingly, pre- and post-treatment analyses
showed that, unlike responding tumours, relapsing tumours did not demonstrate an
increase in CD8 infiltration [59,65]. Analyses of tissue samples also demonstrated that
the quality of T cell infiltration, as assessed by Granzyme B staining, was correlated with
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response. In inflamed tumours, defined as having high lymphocytic infiltration, dual
granzyme B and CD8 staining was more frequent in responding (87%) versus relapsing
tumours (30%).

In ABACUS, an 8-gene T cell signature (tGE8) score at baseline was increased in
responding patients. Patients with the tGE8 signature and dual CD8–granzyme B expres-
sion had a 40% response rate [59]. The same signature was positively correlated with
tumour response in NCT02989584 (cisplatin gemcitabine atezolizumab) [67]. However,
tGE8 was not associated with response in NABUCCO and NCT02812420 (durvalumab plus
tremelimumab) [60,66].

A molecular subtype analysis reported in BLASST-1 showed increased downstaging
rates in basal-type tumours compared to those of luminal-type tumours [58]. The PURE-01
trial also reported an increased EFS rate in basal/squamous and claudin-low molecular
subtypes [64].

The presence of a pretreatment tertiary lymphoid structure (TLS) has been associated
with response in patients treated with durvalumab and tremelimumab (DUTRENEO) [61].
A 4-gene TLS signature (POU2AF1, LAMP3, CD79A and MS4A1) was described as signifi-
cantly more highly expressed in patients that respond to neoadjuvant immunotherapy [60].
Although baseline TLS was not associated with response in the NABUCCO study, both
studies reported an increase in TLSs in responding patients [61,66].

Stromal TGF-beta and fibroblast activation protein (FAP) were correlated with tumour
relapse and non-response in NABUCCO and ABACUS [59,66].

Ongoing phase III trials include KEYNOTE-905 EV-303 (NCT03924895), which com-
pares perioperative pembrolizumab in combination with enfortumab vedotin (EV), peri-
operative pembrolizumab monotherapy and surgery alone in cisplatin-ineligible patients.
Similarly, the VOLGA trial will evaluate perioperative durvalumab in combination with
tremelimumab and EV versus durvalumab in combination with EV. In cisplatin-eligible
patients, KEYNOTE-866 is testing perioperative pembrolizumab versus a placebo in combi-
nation with cisplatin–gemcitabine neoadjuvant chemotherapy (NCT03924856). The NIA-
GARA trial compares neoadjuvant cisplatin–gemcitabine with perioperative durvalumab
or a placebo. The ENERGIZE trial will test perioperative linrodostate mesylate (an IDO1
inhibitor) in combination with nivolumab and cisplatin–gemcitabine [69]. IDO1, through
kynurenine production, upregulates T-reg. The dual inhibition of IDO1 and PD-L1 has
the potential for synergistic antitumour activity. The phase II AURA trial will compare
neoadjuvant chemotherapy (cisplatin combined with gemcitabine, ddMVAC regimen or
paclitaxel–gemcitabine in cisplatin-ineligible patients) with or without avelumab. This trial
will include patients treated with ddMVAC as per the VESPER trial, which reported an
improved local control rate compared to that of cisplatin–gemcitabine [55,70]. A summary
of the trials discussed and exploratory biomarkers is provided in Table 3.

Table 3. Summary of exploratory biomarker analyses in neoadjuvant immunotherapy for urothe-
lial cancer.

Study Name or
Number Phase Regimen Positive

Biomarker
Non-Contributing

Biomarker
Negative

Biomarker

DUTRENEO II
Chemotherapy +

durvalumab +
tremelimumab

PD-L1, tumour
immune score

(TIS), TLS
- -

PURE-01 II Pembrolizumab PD-L1, TMB, IFN
gamma expression - -
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Table 3. Cont.

Study Name or
Number Phase Regimen Positive

Biomarker
Non-Contributing

Biomarker
Negative

Biomarker

ABACUS II Atezolizumab

PD-L1,
CD8-granzyme B
expression, tGE8

signature

TMB Stromal TGF-beta,
FAP

HCRN GU16-257 II Chemotherapy +
nivolumab TMB - -

NCT02989584 II Chemotherapy +
atezolizumab

TMB, tGE8
signature PD-L1 -

BLASST1 II Chemotherapy +
nivolumab TMB PD-L1 -

NABUCCO Ib Ipilimumab +
nivolumab PD-L1, TMB tGE8 signature,

sTILs, TLS
Stromal TGF-beta,

FAP

NCT02812420 I Durvalumab +
tremelimumab TLS PD-L1, TMBtGE8

signature
Stromal TGF-beta,

FAP

5. Triple-Negative Breast Cancer

Triple-negative breast cancer is the subtype associated with the lowest survival rates.
Early stage II and III patients face a high relapse rate despite taxane- and anthracyline-based
neoadjuvant chemotherapy [71].

The phase III KEYNOTE 522 trial investigated neoadjuvant chemoimmunotherapy
(carboplatin plus paclitaxel followed by adriamycin plus cyclophosphamide, combined
with pembrolizumab) and adjuvant pembrolizumab in early triple-negative breast cancer
and reported a 64.8% pCR rate versus 51.2% in the group treated with chemotherapy
alone [72]. These results led to the FDA approval of pembrolizumab in the neoadjuvant
setting with chemotherapy. Another phase III trial, IMPASSION031, reported a 58% pCR
rate in patients treated with chemoimmunotherapy (nab-paclitaxel followed by doxorubicin
plus cyclophosphamide, combined with atezolizumab) versus 41% in patients treated with
chemotherapy alone [73]. On the other hand, the phase III NeoTRIPaPDL1 study did
not report a significant increase in pathological response after adding atezolizumab to
neoadjuvant chemotherapy (nab-paclitaxel plus carboplatin) [74]. Biomarkers for response
to neoadjuvant immunotherapy in early TNBC have not yet been identified.

PD-L1 was not correlated to response in KEYNOTE-522 [72]. In IMPASSION031,
response to atezolizumab was seen regardless of PD-L1 levels, although the response
to atezolizumab was seemingly increased in PD-L1-positive patients [73]. A positive
correlation between response and PD-L1 levels was reported in GeparNuevo in the overall
group (phase II trial of neoadjuvant durvalumab combined with nab-paclitaxel followed
by epirubicin plus cyclophosphamide); however, this was not specific to durvalumab (the
pCR rate in PD-L1-positive tumours was 58% versus 44.4% in the PD-L1-negative group
(p = 0.445)) [75]. In NeoTRIP, the pCR was significantly higher in PD-L1-positive patients
in the durvalumab arm compared to that of the placebo arm [74].

Data concerning the TMB as a potential biomarker for neoadjuvant immunotherapy
in TNBC are scarce. A subgroup analysis in GeparNuevo showed that a high baseline TMB
was associated with the pCR in the overall cohort and was not specific to the durvalumab
group [76].

Stromal TILs have been demonstrated to predict a better response to neoadjuvant
chemotherapy [77]. GeparNuevo supports these findings, with an increase in pathological
response in patients with higher baseline sTILS in the overall cohort and across both
treatment arms; this was not specific to immunotherapy [75]. Post-treatment analyses in
GeparNuevo suggest that patients with residual disease and high post-treatment TILs
had better outcomes [78]. Unsurprisingly, single-arm phase II NeoPACT (neoadjuvant
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pembrolizumab combined with carboplatin plus docetaxel, without anthracycline) also
reported a significant increase in the pCR in the low- versus high-baseline sTILS [79]. Being
a single-arm study, it is unknown whether the positive outcome is associated with the
addition of immunotherapy.

Exploratory analyses from GeparNuevo have suggested that seven genes implicated
in IFN signaling and antigen presentation are correlated to response in the durvalumab
HLA-A, HLA-B, TAP1, GBP1, CXCL10, STAT1 and CD38. The predefined GeparSixo immune
activation and IFN signatures were associated to better responses in the overall cohort
and were not identified as specific markers for response to neoadjuvant durvalumab [80].
DetermaIO is a 27-gene expression profile that classifies the TME as a “hot” or “cold”
tumour. In eTNBC, it was tested in NeoPACT and in a phase I/II trial by Foldi et al.
(neoadjuvant durvalumab plus nab-paclitaxel and doxorubicin/cyclophosphamide) and
has been correlated with increased pCR [79,81]. Data from NeoPACT show an 81% pCR in
DetermaIO-positive patients versus 43% in DetermaIO-negative patients [79]. Whether this
increase in pCR is specific to the addition of immunotherapy to neoadjuvant chemotherapy
and whether this assay can be used as a biomarker have yet to be analysed in larger ran-
domized trials. I-SPY-2 is a multiplatform phase II trial comparing multiple investigational
arms to a standard chemotherapy paclitaxel–anthracycline control arm in early breast
cancer. The addition of pembrolizumab to chemotherapy in the triple-negative group was
associated with pCR rates of 60% versus 22% in the control arm [82]. Among 27 different
mechanism-of-action-based gene signatures, dendritic cells and STAT1/chemokine sig-
natures were identified as being the most predictive of pCR in the triple-negative group
receiving pembrolizumab [83].

Another potential biomarker could be major histocompatibility complex (MHC)-II
expression, which has been retrospectively investigated in the I-SPY-2 pembrolizumab arm
and in NeoPACT. The MHC-II expression was specifically higher among responders in the
pembrolizumab group than in the control group, with an AUC of 0.73 (p = 0.001) [84].

Nodal status had no statistically significant impact on pCR in KEYNOTE 522 and
IMPOWER031 or on EFS in KEYNOTE-522 [72,73,85].

GeparDouze (NCT03281954) is an ongoing phase III trial evaluating neoadjuvant
chemoimmunotherapy with carboplatin plus paclitaxel followed by an anthracycline and
cyclophosphamide, combined with atezolizumab. Neoadjuvant immunotherapy is also
being tested in ERBB2-negative early breast cancer in combination with olaparib (I-SPY), in
ERBB-2-positive breast cancer (neoPATH, IMPASSION 051) and hormone-receptor-positive
breast cancer (GIADA trial). A summary of the trials discussed and exploratory biomarkers
is provided in Table 4.

Table 4. Summary of exploratory biomarker analyses in neoadjuvant immunotherapy for triple-
negative breast cancer.

Study Name or
Number Phase Regimen Positive Biomarker Non-Contributing

Biomarker

KEYNOTE-522 III Chemotherapy ± pembrolizumab - PD-L1

IMPASSION031 III Chemotherapy ± atezolizumab - PD-L1

NeoTRIP III Chemotherapy ± atezolizumab PD-L1, sTILs -

GeparNUEVO II Chemotherapy ± durvalumab PD-L1, sTILs TMB

NeoPACT II Chemotherapy + pembrolizumab sTILs, DetermaIO
profile -

I-SPY-2 II Chemotherapy + pembrolizumab

Dendritic cell signature,
STAT1/chemokine
signature, MHCII

expression

-
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6. Gastric Cancer

Operable gastric cancer is treated by surgery and perioperative chemotherapy. How-
ever, its perioperative morbidity is high, as is the relapse risk. MMR deficiency has
been identified as a potential negative biomarker for patients receiving perioperative
fluoropyrimidine–platinum-based chemotherapy. OS is worse in dMMR receiving chemother-
apy (at 9.6 months) when compared to those treated with surgery alone (11.5 months,
median OS not reached), whereas pMMR patients treated with perioperative chemotherapy
have better outcomes (with an OS of 19.5 months) [86]. In light of the positive response
to pembrolizumab in dMMR patients in the metastatic setting, immunotherapy has been
tested in this population in the neoadjuvant setting [87].

The GERCOR NEONIPIGA perioperative single-arm phase II trial investigated combi-
nation perioperative ipilimumab–nivolumab in MSI-H/dMMR patients with resectable
gastric or gastroesophageal junction adenocarcinoma and showed a 100% R0 resection
rate and a 58.6% pCR rate. Three of the twenty-nine patients did not require surgery.
Albeit a small trial, CPS was not identified as a potential predictor of tumour response [88].
The phase IIb DANTE trial investigates chemoimmunotherapy (atezolizumab plus FLOT
regimen) versus chemotherapy alone. Its preliminary results suggest a positive correlation
of CPS with response. In MSI-H patients, pathological regression seemed to improve across
both treatment arms and was reported to be 50% in the chemoimmunotherapy group.
NEO-PLANET is a phase II trial testing neoadjuvant camrelizumab plus chemoradiother-
apy in locally advanced gastric/GEJ adenocarcinoma. TMB was identified as a potential
biomarker, whereas the response rate was not altered by PD-L1 expression [89].

Ongoing III trials testing perioperative chemoimmunotherapy versus perioperative
chemotherapy include KEYNOTE 585 (with pembrolizumab) [90], which has an improved
pCR without improving the EFS rate according to a recent press release, and MATTER-
HORN (with durvalumab) [91]. A summary of the trials discussed and exploratory
biomarkers is provided in Table 5.

Table 5. Summary of exploratory biomarker analyses in neoadjuvant immunotherapy for gastric cancer.

Study Name or
Number Phase Regimen Positive Biomarker Non-Contributing

Biomarker

GERCOR NEONIPIGA II Ipilimumab + nivolumab MSI PD-L1 CPS

DANTE IIb Chemotherapy ± atezolizumab PD-L1 CPS, MSI -

NEO-PLANET II Chemoradiotherapy +
camrelizumab TMB PD-L1

7. Colorectal Cancer

The standard of care in colorectal cancer is surgery followed by adjuvant chemotherapy
in stage III and high-risk stage II patients [92]. Neoadjuvant chemotherapy in locally
advanced (cT3 and N+) colorectal cancer was evaluated in a phase III trial and reported low
response rates (a pCR of 3.8% and a near-complete tumour regression of 4.6%) after 6 weeks
of preoperative FOLFOX [93]. In locally advanced rectal cancer (LARC), chemoradiotherapy
is followed by total mesorectal surgery. Its perioperative morbidity is high and includes
bowel, urinary and sexual dysfunction.

MMR deficiency is the most prominent biomarker candidate in colon and rectal cancers.
NICHE-1 is a phase II trial that compared neoadjuvant ipilimumab–nivolumab in pMMR
and dMMR patients with resectable colorectal cancer. In the dMMR patients, the addition
of celecoxib to ipilimumab and nivolumab was also tested. This trial reported a 60% pCR
rate and a 100% pathological response rate in dMMR after neoadjuvant immunotherapy
versus a 27% pathological response rate in pMMR tumours. The addition of celecoxib
did not improve the response rate [94]. This trial identified microsatellite instability as a
positive marker for response in the neoadjuvant setting. The subsequent phase II single-arm
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NICHE2 trial, which investigated ipilimumab plus nivolumab in dMMR patients with cT3
or N+ colorectal cancer, reported a 67% pCR and a 99% pathological response rate [95]. In
rectal cancer, Cercek et al. reported a 100% (12 patients) clinical complete response rate in
dMMR patients with stage II/III rectal adenocarcinoma after 6 months of monotherapy
with dostarlimab (anti-PD1 therapy). Standard therapy (neoadjuvant chemoradiotherapy
followed by surgery) was omitted in all patients, thus increasing their quality of life [96].
Nivolumab was tested after chemoradiotherapy for locally advanced rectal cancer in the
EPOC 1504 VOLTAGE phase I/II study in MSS and MSI-H patients and showed pCR
rates of 30% and 60%, respectively [97]. An ongoing phase II trial among dMMR/MSI-H
patients with LARC is examining neoadjuvant nivolumab–ipilimumab combined with
hypofractionated radiotherapy [98].

Further biomarker analyses have been reported in pMMR populations with both colon
and rectal adenocarcinoma receiving neoadjuvant immunotherapy. TMB was not associ-
ated with response in NICHE-1 in pMMR patients [94]. A positive correlation has, however,
been reported in VOLTAGE and in the phase II trial by Lin et al. (preoperative radiotherapy
followed by chemotherapy and camrelizumab in LARC, NCT04231552) [97,99]. In NICHE1,
the presence of baseline CD8+ PD-1+ T cells predicted response in pMMR tumours. How-
ever, TCR clonality, CD3+, CD8+ and FOXP3+ TCI, IFN-γ score, TLS presence and CXCL13
expression were not associated with response [94]. In VOLTAGE, PCR was correlated with
a high ratio of CD8 to effector regulatory cells in TILS. Patients with a consensus molecular
subtype (CMS) 1 (i.e.,: “immune”) in VOLTAGE achieved higher PCR rates comparable to
those of other CMSs [97].

The results of cohort D with nivolumab and ipilimumab from the VOLTAGE trial and
biomarker analyses from the AVANA trial (phase II, avelumab plus chemoradiotherapy in
LARC) will be available in the future. A summary of the trials discussed and exploratory
biomarkers is provided in Table 6.

Table 6. Summary of exploratory biomarker analyses in neoadjuvant immunotherapy for colorec-
tal cancer.

Study Name or
Number Phase Arms Positive Biomarker Non-Contributing

Biomarker

NICHE-1 I Ipilimumab + nivolumab MSI TMB, TCR clonality,
IFN-gamma score, TLS

NICHE-2 II Ipilimumab + nivolumab MSI -

NCT04165772 II Dostarlimab MSI -

VOLTAGE II Chemoradiotherapy then nivolumab
MSI, TMB, CD8 TILs,
consensus molecular

subtype 1
-

NCT04231552 II Chemoradiotherapy then
camrelizumab TMB -

8. Discussion

While some factors appear to be predictive of response to neoadjuvant immunother-
apy (Figure 1), no single predictive biomarker for neoadjuvant immunotherapy has been
identified. In contrast to the metastatic setting, PD-L1 expression has no clear correlation
with response to immunotherapy in the neoadjuvant setting. MMR deficiency in colorectal
cancers stands out as the most impactful biomarker. Despite the impressive 100% complete
clinical response rate reported by Cercek et al., response rates were not as high in a similar
trial, albeit after prior neoadjuvant chemoradiotherapy (VOLTAGE). Furthermore, the
prevalence of MMR deficiency is low, representing 5% of patients with rectal adenocarci-
noma [100]. In line with the biological rationale that neoadjuvant immunotherapy relies
on an intact IFN-gamma pathway, according to Liu et al., promising biomarkers include
interferon-gamma pathway gene signatures. There is, however, no standard assessment
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tool for the interferon-gamma pathway. The role of B cells in neoadjuvant immunother-
apy through the formation of TLS is not yet fully understood and could lead to potential
biomarkers. It is possible that biomarkers in the metastatic and the neoadjuvant settings
are different, owing to different immune landscapes.
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Figure 1. Potential predictors of response to neoadjuvant immunotherapy. PD-1 or PD-L1 expression
may influence sensitivity to immunotherapy. The tumour microenvironment, including CD8 T-
infiltrating lymphocytes (sensitivity) and regulatory T cells (resistance), may influence the effect
of immunotherapy. Antigenic diversity, as seen in high tumour mutation burden or microsatellite
instability, may influence sensitivity to immunotherapy. The T cell receptor repertoire or diversity
may increase the efficacy of immunotherapy. PD: programmed death, T-reg: regulatory T cell, TCR: T
cell receptor, MHC: major histocompatibility complex and CD8: cytotoxic T lymphocytes.

Neoadjuvant immunotherapy trials still face multiple challenges. The currently used
endpoints for neoadjuvant immunotherapy are pCR and MPR, which have been approved
as surrogate endpoints for OS and EFS in NSCLC and early TNBC following neoadjuvant
chemotherapy regimens [101,102]. However, they are yet to be formally validated for
neoadjuvant immunotherapy. This is an important issue, as most ongoing phase III trials
with immunotherapy use perioperative immunotherapy (Table 7) and will highlight the ef-
ficacy of the neoadjuvant portion of the therapy based on pCR. The EFS and OS rates could
be impacted by the adjuvant therapy as well. Furthermore, these surrogate endpoints have
been assessed the same way as for neoadjuvant chemotherapy. A pathologic assessment
of residual viable tumours (RVTs) could be evaluated according to the newly proposed
immune-related pathologic response criteria (irPRC) by Cottrell et al. These criteria con-
sider the “regression bed” and include immune-mediated regression features [103]. A
common finding in immunotherapy trials is that radiologic response evaluations underesti-
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mate pathological response [45,66,94]. Radiomics have the potential improve radiological
response prediction and have shown promising results in early lung cancer [104,105]. At
this time, pathologic evaluations are still necessary to guide management.

Table 7. Selected ongoing phase III trials including neoadjuvant immunotherapy.

Study Name or
Number Cancer Type Arms Adjuvant Primary Endpoint(s)

Checkmate 77T NSCLC Neoadjuvant chemotherapy ±
nivolumab Nivolumab EFS

IMpower030 NSCLC Neoadjuvant chemotherapy ±
atezolizumab Atezolizumab MPR

NADINA Melanoma
Neoadjuvant

ipilimumab-nivolumab versus
adjuvant nivolumab

Nivolumab (control
arm) EFS

NeoDREAM Melanoma
Neoadjuvant intralesional

Daromun + adjuvant therapy
versus adjuvant therapy

Investigator’s choice of
adjuvant therapy RFS

NIAGARA Bladder Neoadjuvant chemotherapy ±
durvalumab Durvalumab pCR and EFS

Keynote 905 Bladder Neoadjuvant pembrolizumab
± enfortumab vedotin

Pembrolizumab ±
enfortumab vedotin pCR and EFS

GeparDouze TNBC Neoadjuvant chemotherapy ±
atezolizumab Atezolizumab pCR and EFS

MATTERHORN Gastric-gastro-
oesophageal

Perioperative chemotherapy ±
durvalumab

Chemotherapy ±
durvalumab EFS

Keynote 585 Gastric-gastro-
oesophageal

Perioperative chemotherapy ±
pembrolizumab

Chemotherapy ±
pembrolizumab pCR and EFS

Identifying a single biomarker in the neoadjuvant setting to guide decision making
seems unlikely. Future research should therefore integrate multimodal variables, using
methods such as artificial intelligence to develop comprehensive classifiers. In early triple-
negative breast cancer, using machine learning to process pretreatment data (histology,
clinical information and radiology) has the potential to predict whether patients are likely
to have a pCR after neoadjuvant chemotherapy and furthermore to inform PFS [106]. We
await such analyses for neoadjuvant immunotherapy.

Neoadjuvant immunotherapy treatment regimens have yet to be optimized, regard-
ing preoperative timing, treatment schedules, doses, combinations with other ICPIs or
chemotherapy, the choice of the chemotherapy backbone and the addition of adjuvant
treatment. In particular, the chemotherapy backbone has the potential to affect immunother-
apy efficacy through tumour microenvironment changes. The phase II TONIC trial tested
chemotherapy induction before nivolumab treatment in metastatic TNBC and showed a
higher response rate with chemotherapy induction, linked to the upregulation of cytotoxic
pathways and PD-L1. The response rate was higher with doxorubicin than with cyclophos-
phamide [107]. As long as the optimal treatment regimen is not identified, biomarker
analyses across trials will be inconsistent. In addition, biomarker analyses are not standard-
ized regarding assays and cutoffs. To determine whether a biomarker is predictive, trials
should include two arms (with and without treatment) and test for interactions between the
biomarker and the treatment group to distinguish between the prognostic and predictive
value of the biomarkers. It is difficult to draw conclusions from single-arm studies. Ongoing
phase III trials should help provide a better understanding of potential biomarkers.

Neoadjuvant treatment provides a unique opportunity to analyses tumour changes
during treatment, giving us the possibility to explore not only baseline biomarkers, but
also post-treatment biomarkers. For example, postoperative management could be guided
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by residual tumour burden, the quality of immune cell infiltration or ctDNA. In NADIM,
negative post-treatment ctDNA correlated with increased PFS and OS [33]. Most current
trials include an adjuvant immunotherapy phase regardless of tumour response. Therefore,
there is potential to evaluate treatment de-escalation after neoadjuvant treatment, both in
terms of the necessity for surgery and adjuvant therapy.

Finally, neoadjuvant immunotherapy is a window during which patients are at risk
of becoming ineligible for surgery due to disease progression or treatment toxicity. For
example, the nivolumab monotherapy arm in the phase II trial by Amaria et al. stopped
early due to high progression rates [43]. Treatment discontinuation due to toxicity was
reported to be 23% in IMPOWER-031 and KEYNOTE-522 and 10% in CHECKMATE-
816 [22,72,74]. Biomarkers in this setting are therefore also necessary to identify patients
who will not benefit from neoadjuvant immunotherapy and who should either receive
neoadjuvant chemotherapy if applicable or benefit from surgery upfront.

9. Conclusions

Neoadjuvant immunotherapy trials have shown promising results, but challenges
remain in identifying both patients who will benefit from such approaches and those
who will not and risk becoming inoperable. Provided that biomarker analyses are mostly
exploratory so far, it would seem that the conventional biomarkers from the metastatic
setting are less robust in the neoadjuvant setting. Owing to a different immune landscape,
it is possible that other biomarkers are specific in the neoadjuvant setting. Such biomarkers
will require validation through prospective biomarker-stratified trials. Future directions
will include multi-omic approaches that integrate molecular, clinical and radiological data
to improve outcome prediction.
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31. Reck, M.; Rodríguez-Abreu, D.; Robinson, A.G.; Hui, R.; Csőszi, T.; Fülöp, A.; Gottfried, M.; Peled, N.; Tafreshi, A.; Cuffe, S.; et al.
Pembrolizumab versus Chemotherapy for PD-L1–Positive Non–Small-Cell Lung Cancer. N. Engl. J. Med. 2016, 375, 1823–1833.
[CrossRef]

32. Chaft, J.E.; Oezkan, F.; Kris, M.G.; Bunn, P.A.; Wistuba, I.I.; Kwiatkowski, D.J.; Owen, D.H.; Tang, Y.; Johnson, B.E.; Lee, J.M.; et al.
Neoadjuvant Atezolizumab for Resectable Non-Small Cell Lung Cancer: An Open-Label, Single-Arm Phase II Trial. Nat. Med.
2022, 28, 2155–2161. [CrossRef] [PubMed]

33. Provencio-Pulla, M.; Nadal, E.; Larriba, J.L.G.; Martinez-Marti, A.; Bernabé, R.; Bosch-Barrera, J.; Casal, J.; Calvo, V.; Insa, A.;
Aix, S.P.; et al. Nivolumab + Chemotherapy versus Chemotherapy as Neoadjuvant Treatment for Resectable Stage IIIA NSCLC:
Primary Endpoint Results of Pathological Complete Response (pCR) from Phase II NADIM II Trial. J. Clin. Oncol. 2022, 40, 8501.
[CrossRef]

34. Shu, C.A.; Gainor, J.F.; Awad, M.M.; Chiuzan, C.; Grigg, C.M.; Pabani, A.; Garofano, R.F.; Stoopler, M.B.; Cheng, S.K.;
White, A.; et al. Neoadjuvant Atezolizumab and Chemotherapy in Patients with Resectable Non-Small-Cell Lung Cancer: An
Open-Label, Multicentre, Single-Arm, Phase 2 Trial. Lancet Oncol. 2020, 21, 786–795. [CrossRef]

35. Khan, M.; Arooj, S.; Wang, H. NK Cell-Based Immune Checkpoint Inhibition. Front. Immunol. 2020, 11, 167. [CrossRef]
36. Wakelee, H.; Liberman, M.; Kato, T.; Tsuboi, M.; Lee, S.-H.; Gao, S.; Chen, K.-N.; Dooms, C.; Majem, M.; Eigendorff, E.; et al.

Perioperative Pembrolizumab for Early-Stage Non–Small-Cell Lung Cancer. N. Engl. J. Med. 2023. Online ahead of print. [CrossRef]
[PubMed]

37. Heymach, J.V.; Harpole, D.; Mitsudomi, T.; Taube, J.M.; Galffy, G.; Hochmair, M.; Winder, T.; Zukov, R.; Garbaos, G.; Gao, S.; et al.
Abstract CT005: AEGEAN: A Phase 3 Trial of Neoadjuvant Durvalumab + Chemotherapy Followed by Adjuvant Durvalumab in
Patients with Resectable NSCLC. Cancer Res. 2023, 83, CT005. [CrossRef]

38. Lu, S.; Wu, L.; Zhang, W.; Zhang, P.; Wang, W.; Fang, W.; Xing, W.; Chen, Q.; Mei, J.; Yang, L.; et al. Perioperative Toripalimab +
Platinum-Doublet Chemotherapy vs Chemotherapy in Resectable Stage II/III Non-Small Cell Lung Cancer (NSCLC): Interim
Event-Free Survival (EFS) Analysis of the Phase III Neotorch Study. J. Clin. Oncol. 2023, 41, 425126. [CrossRef]

39. Gershenwald, J.E.; Scolyer, R.A.; Hess, K.R.; Sondak, V.K.; Long, G.V.; Ross, M.I.; Lazar, A.J.; Faries, M.B.; Kirkwood, J.M.;
McArthur, G.A.; et al. Melanoma Staging: Evidence-Based Changes in the American Joint Committee on Cancer Eighth Edition
Cancer Staging Manual. CA Cancer J. Clin. 2017, 67, 472–492. [CrossRef]

40. Seth, R.; Messersmith, H.; Kaur, V.; Kirkwood, J.M.; Kudchadkar, R.; McQuade, J.L.; Provenzano, A.; Swami, U.; Weber, J.; Alluri,
K.C.; et al. Systemic Therapy for Melanoma: ASCO Guideline. J. Clin. Oncol. 2020, 38, 3947–3970. [CrossRef]

41. Tarhini, A.; Lin, Y.; Lin, H.; Rahman, Z.; Vallabhaneni, P.; Mendiratta, P.; Pingpank, J.F.; Holtzman, M.P.; Yusko, E.C.;
Rytlewski, J.A.; et al. Neoadjuvant Ipilimumab (3 Mg/Kg or 10 Mg/Kg) and High Dose IFN-α2b in Locally/Regionally Advanced
Melanoma: Safety, Efficacy and Impact on T-Cell Repertoire. J. Immunother. Cancer 2018, 6, 112. [CrossRef] [PubMed]

42. Huang, A.C.; Orlowski, R.J.; Xu, X.; Mick, R.; George, S.M.; Yan, P.K.; Manne, S.; Kraya, A.A.; Wubbenhorst, B.; Dorfman, L.; et al.
A Single Dose of Neoadjuvant PD-1 Blockade Predicts Clinical Outcomes in Resectable Melanoma. Nat. Med. 2019, 25, 454–461.
[CrossRef] [PubMed]

43. Amaria, R.N.; Reddy, S.M.; Tawbi, H.A.; Davies, M.A.; Ross, M.I.; Glitza, I.C.; Cormier, J.N.; Lewis, C.; Hwu, W.-J.; Hanna, E.; et al.
Neoadjuvant Immune Checkpoint Blockade in High-Risk Resectable Melanoma. Nat. Med. 2018, 24, 1649–1654. [CrossRef]
[PubMed]

44. Blank, C.U.; Rozeman, E.A.; Fanchi, L.F.; Sikorska, K.; van de Wiel, B.; Kvistborg, P.; Krijgsman, O.; van den Braber, M.; Philips,
D.; Broeks, A.; et al. Neoadjuvant versus Adjuvant Ipilimumab plus Nivolumab in Macroscopic Stage III Melanoma. Nat. Med.
2018, 24, 1655–1661. [CrossRef] [PubMed]

45. Rozeman, E.A.; Menzies, A.M.; van Akkooi, A.C.J.; Adhikari, C.; Bierman, C.; van de Wiel, B.A.; Scolyer, R.A.; Krijgsman, O.;
Sikorska, K.; Eriksson, H.; et al. Identification of the Optimal Combination Dosing Schedule of Neoadjuvant Ipilimumab plus
Nivolumab in Macroscopic Stage III Melanoma (OpACIN-Neo): A Multicentre, Phase 2, Randomised, Controlled Trial. Lancet
Oncol. 2019, 20, 948–960. [CrossRef]

46. Reijers, I.L.M.; Dimitriadis, P.; Rozeman, E.A.; Krijgsman, O.; Cornelissen, S.; Bosch, L.J.W.; Broeks, A.; Menzies, A.M.; van de Wiel,
B.A.; Scolyer, R.A.; et al. The Interferon-Gamma (IFN-Y) Signature from Baseline Tumor Material Predicts Pathologic Response
after Neoadjuvant Ipilimumab (IPI) + Nivolumab (NIVO) in Stage III Melanoma. J. Clin. Oncol. 2022, 40, 9539. [CrossRef]

47. Rozeman, E.A.; Hoefsmit, E.P.; Reijers, I.L.M.; Saw, R.P.M.; Versluis, J.M.; Krijgsman, O.; Dimitriadis, P.; Sikorska, K.; van de Wiel,
B.A.; Eriksson, H.; et al. Survival and Biomarker Analyses from the OpACIN-Neo and OpACIN Neoadjuvant Immunotherapy
Trials in Stage III Melanoma. Nat. Med. 2021, 27, 256–263. [CrossRef]

48. Zhao, Y.; Guo, S.; Deng, J.; Shen, J.; Du, F.; Wu, X.; Chen, Y.; Li, M.; Chen, M.; Li, X. VEGF/VEGFR-Targeted Therapy and
Immunotherapy in Non-Small Cell Lung Cancer: Targeting the Tumor Microenvironment. Int. J. Biol. Sci. 2022, 18, 3845–3858.
[CrossRef]

https://doi.org/10.1200/JCO.21.00276
https://doi.org/10.1056/NEJMoa2202170
https://doi.org/10.1056/NEJMoa1606774
https://doi.org/10.1038/s41591-022-01962-5
https://www.ncbi.nlm.nih.gov/pubmed/36097216
https://doi.org/10.1200/JCO.2022.40.16_suppl.8501
https://doi.org/10.1016/S1470-2045(20)30140-6
https://doi.org/10.3389/fimmu.2020.00167
https://doi.org/10.1056/NEJMoa2302983
https://www.ncbi.nlm.nih.gov/pubmed/37272513
https://doi.org/10.1158/1538-7445.AM2023-CT005
https://doi.org/10.1200/JCO.2023.41.36_suppl.425126
https://doi.org/10.3322/caac.21409
https://doi.org/10.1200/JCO.20.00198
https://doi.org/10.1186/s40425-018-0428-5
https://www.ncbi.nlm.nih.gov/pubmed/30352626
https://doi.org/10.1038/s41591-019-0357-y
https://www.ncbi.nlm.nih.gov/pubmed/30804515
https://doi.org/10.1038/s41591-018-0197-1
https://www.ncbi.nlm.nih.gov/pubmed/30297909
https://doi.org/10.1038/s41591-018-0198-0
https://www.ncbi.nlm.nih.gov/pubmed/30297911
https://doi.org/10.1016/S1470-2045(19)30151-2
https://doi.org/10.1200/JCO.2022.40.16_suppl.9539
https://doi.org/10.1038/s41591-020-01211-7
https://doi.org/10.7150/ijbs.70958


Int. J. Mol. Sci. 2023, 24, 11849 18 of 21

49. Blank, C.U.; Reijers, I.L.M.; Versluis, J.M.; Menzies, A.M.; Dimitriadis, P.; Wouters, M.W.; Saw, R.P.M.; Klop, W.M.C.; Pennington,
T.E.; Bosch, L.J.W.; et al. LBA39 Personalized Combination of Neoadjuvant Domatinostat, Nivolumab (NIVO) and Ipilimumab
(IPI) in Stage IIIB-D Melanoma Patients (Pts) Stratified according to the Interferon-Gamma Signature (IFN-γ Sign): The DONIMI
Study. Ann. Oncol. 2021, 32, S1315. [CrossRef]

50. Amaria, R.N.; Postow, M.; Burton, E.M.; Tezlaff, M.T.; Ross, M.I.; Torres-Cabala, C.; Glitza, I.C.; Duan, F.; Milton, D.R.;
Busam, K.; et al. Neoadjuvant Relatlimab and Nivolumab in Resectable Melanoma. Nature 2022, 611, 155–160. [CrossRef]

51. Danielli, R.; Patuzzo, R.; Di Giacomo, A.M.; Gallino, G.; Maurichi, A.; Di Florio, A.; Cutaia, O.; Lazzeri, A.; Fazio, C.;
Miracco, C.; et al. Intralesional Administration of L19-IL2/L19-TNF in Stage III or Stage IVM1a Melanoma Patients: Results of a
Phase II Study. Cancer Immunol. Immunother. 2015, 64, 999–1009. [CrossRef]

52. Reijers, I.L.M.; Menzies, A.M.; van Akkooi, A.C.J.; Versluis, J.M.; van den Heuvel, N.M.J.; Saw, R.P.M.; Pennington, T.E.; Kapiteijn,
E.; van der Veldt, A.A.M.; Suijkerbuijk, K.P.M.; et al. Personalized Response-Directed Surgery and Adjuvant Therapy after
Neoadjuvant Ipilimumab and Nivolumab in High-Risk Stage III Melanoma: The PRADO Trial. Nat. Med. 2022, 28, 1178–1188.
[CrossRef] [PubMed]

53. Milowsky, M.I.; Rumble, R.B.; Booth, C.M.; Gilligan, T.; Eapen, L.J.; Hauke, R.J.; Boumansour, P.; Lee, C.T. Guideline on Muscle-
Invasive and Metastatic Bladder Cancer (European Association of Urology Guideline): American Society of Clinical Oncology
Clinical Practice Guideline Endorsement. J. Clin. Oncol. 2016, 34, 1945–1952. [CrossRef]

54. Powles, T.; Bellmunt, J.; Comperat, E.; Santis, M.D.; Huddart, R.; Loriot, Y.; Necchi, A.; Valderrama, B.P.; Ravaud, A.;
Shariat, S.F.; et al. Bladder Cancer: ESMO Clinical Practice Guideline for Diagnosis, Treatment and Follow-Up

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 18 of 21 
 

 

46. Reijers, I.L.M.; Dimitriadis, P.; Rozeman, E.A.; Krijgsman, O.; Cornelissen, S.; Bosch, L.J.W.; Broeks, A.; Menzies, A.M.; van de 
Wiel, B.A.; Scolyer, R.A.; et al. The Interferon-Gamma (IFN-Y) Signature from Baseline Tumor Material Predicts Pathologic 
Response after Neoadjuvant Ipilimumab (IPI) + Nivolumab (NIVO) in Stage III Melanoma. J. Clin. Oncol. 2022, 40, 9539. 
https://doi.org/10.1200/JCO.2022.40.16_suppl.9539. 

47. Rozeman, E.A.; Hoefsmit, E.P.; Reijers, I.L.M.; Saw, R.P.M.; Versluis, J.M.; Krijgsman, O.; Dimitriadis, P.; Sikorska, K.; van de 
Wiel, B.A.; Eriksson, H.; et al. Survival and Biomarker Analyses from the OpACIN-Neo and OpACIN Neoadjuvant 
Immunotherapy Trials in Stage III Melanoma. Nat. Med. 2021, 27, 256–263. https://doi.org/10.1038/s41591-020-01211-7. 

48. Zhao, Y.; Guo, S.; Deng, J.; Shen, J.; Du, F.; Wu, X.; Chen, Y.; Li, M.; Chen, M.; Li, X. VEGF/VEGFR-Targeted Therapy and 
Immunotherapy in Non-Small Cell Lung Cancer: Targeting the Tumor Microenvironment. Int. J. Biol. Sci. 2022, 18, 3845–3858. 

49. Blank, C.U.; Reijers, I.L.M.; Versluis, J.M.; Menzies, A.M.; Dimitriadis, P.; Wouters, M.W.; Saw, R.P.M.; Klop, W.M.C.; 
Pennington, T.E.; Bosch, L.J.W.; et al. LBA39 Personalized Combination of Neoadjuvant Domatinostat, Nivolumab (NIVO) and 
Ipilimumab (IPI) in Stage IIIB-D Melanoma Patients (Pts) Stratified according to the Interferon-Gamma Signature (IFN-γ Sign): 
The DONIMI Study. Ann. Oncol. 2021, 32, S1315. https://doi.org/10.1016/j.annonc.2021.08.2117. 

50. Amaria, R.N.; Postow, M.; Burton, E.M.; Tezlaff, M.T.; Ross, M.I.; Torres-Cabala, C.; Glitza, I.C.; Duan, F.; Milton, D.R.; Busam, 
K.; et al. Neoadjuvant Relatlimab and Nivolumab in Resectable Melanoma. Nature 2022, 611, 155–160. 
https://doi.org/10.1038/s41586-022-05368-8. 

51. Danielli, R.; Patuzzo, R.; Di Giacomo, A.M.; Gallino, G.; Maurichi, A.; Di Florio, A.; Cutaia, O.; Lazzeri, A.; Fazio, C.; Miracco, 
C.; et al. Intralesional Administration of L19-IL2/L19-TNF in Stage III or Stage IVM1a Melanoma Patients: Results of a Phase II 
Study. Cancer Immunol. Immunother. 2015, 64, 999–1009. https://doi.org/10.1007/s00262-015-1704-6. 

52. Reijers, I.L.M.; Menzies, A.M.; van Akkooi, A.C.J.; Versluis, J.M.; van den Heuvel, N.M.J.; Saw, R.P.M.; Pennington, T.E.; 
Kapiteijn, E.; van der Veldt, A.A.M.; Suijkerbuijk, K.P.M.; et al. Personalized Response-Directed Surgery and Adjuvant 
Therapy after Neoadjuvant Ipilimumab and Nivolumab in High-Risk Stage III Melanoma: The PRADO Trial. Nat. Med. 2022, 
28, 1178–1188. https://doi.org/10.1038/s41591-022-01851-x. 

53. Milowsky, M.I.; Rumble, R.B.; Booth, C.M.; Gilligan, T.; Eapen, L.J.; Hauke, R.J.; Boumansour, P.; Lee, C.T. Guideline on 
Muscle-Invasive and Metastatic Bladder Cancer (European Association of Urology Guideline): American Society of Clinical 
Oncology Clinical Practice Guideline Endorsement. J. Clin. Oncol. 2016, 34, 1945–1952. 
https://doi.org/10.1200/JCO.2015.65.9797. 

54. Powles, T.; Bellmunt, J.; Comperat, E.; Santis, M.D.; Huddart, R.; Loriot, Y.; Necchi, A.; Valderrama, B.P.; Ravaud, A.; Shariat, 
S.F.; et al. Bladder Cancer: ESMO Clinical Practice Guideline for Diagnosis, Treatment and Follow-Up☆. Ann. Oncol. 2022, 33, 
244–258. https://doi.org/10.1016/j.annonc.2021.11.012. 

55. Pfister, C.; Gravis, G.; Fléchon, A.; Chevreau, C.; Mahammedi, H.; Laguerre, B.; Guillot, A.; Joly, F.; Soulié, M.; Allory, Y.; et al. 
Dose-Dense Methotrexate, Vinblastine, Doxorubicin, and Cisplatin or Gemcitabine and Cisplatin as Perioperative 
Chemotherapy for Patients With Nonmetastatic Muscle-Invasive Bladder Cancer: Results of the GETUG-AFU V05 VESPER 
Trial. J. Clin. Oncol. 2022, 40, 2013–2022. https://doi.org/10.1200/JCO.21.02051. 

56. Iyer, G.; Tully, C.M.; Zabor, E.C.; Bochner, B.H.; Dalbagni, G.; Herr, H.W.; Donat, S.M.; Russo, P.; Ostrovnaya, I.; Regazzi, A.M.; 
et al. Neoadjuvant Gemcitabine-Cisplatin Plus Radical Cystectomy-Pelvic Lymph Node Dissection for Muscle-Invasive 
Bladder Cancer: A 12-Year Experience. Clin. Genitourin. Cancer 2020, 18, 387–394. https://doi.org/10.1016/j.clgc.2020.02.014. 

57. Rose, T.L.; Harrison, M.R.; Deal, A.M.; Ramalingam, S.; Whang, Y.E.; Brower, B.; Dunn, M.; Osterman, C.K.; Heiling, H.M.; 
Bjurlin, M.A.; et al. Phase II Study of Gemcitabine and Split-Dose Cisplatin Plus Pembrolizumab as Neoadjuvant Therapy 
Before Radical Cystectomy in Patients With Muscle-Invasive Bladder Cancer. J. Clin. Oncol. 2021, 39, 3140–3148. 
https://doi.org/10.1200/JCO.21.01003. 

58. Gupta, S.; Gibb, E.; Sonpavde, G.P.; Gupta, S.; Maughan, B.L.; Agarwal, N.; McGregor, B.A.; Weight, C.; Wei, X.X.; Einstein, 
D.J.; et al. Biomarker Analysis and Updated Clinical Follow-up from BLASST-1 (Bladder Cancer Signal Seeking Trial) of 
Nivolumab, Gemcitabine, and Cisplatin in Patients with Muscle-Invasive Bladder Cancer (MIBC) Undergoing Cystectomy. J. 
Clin. Oncol. 2022, 40, 528–528. https://doi.org/10.1200/JCO.2022.40.6_suppl.528. 

59. Powles, T.; Kockx, M.; Rodriguez-Vida, A.; Duran, I.; Crabb, S.J.; Van Der Heijden, M.S.; Szabados, B.; Pous, A.F.; Gravis, G.; 
Herranz, U.A.; et al. Clinical Efficacy and Biomarker Analysis of Neoadjuvant Atezolizumab in Operable Urothelial Carcinoma 
in the ABACUS Trial. Nat. Med. 2019, 25, 1706–1714. https://doi.org/10.1038/s41591-019-0628-7. 

60. Gao, J.; Navai, N.; Alhalabi, O.; Siefker-Radtke, A.; Campbell, M.T.; Tidwell, R.S.; Guo, C.C.; Kamat, A.M.; Matin, S.F.; Araujo, 
J.C.; et al. Neoadjuvant PD-L1 plus CTLA-4 Blockade in Patients with Cisplatin-Ineligible Operable High-Risk Urothelial 
Carcinoma. Nat. Med. 2020, 26, 1845–1851. https://doi.org/10.1038/s41591-020-1086-y. 

61. Grande, E.; Guerrero, F.; Puente, J.; Galante, I.; Duran, I.; Dominguez, M.; Alonso Gordoa, T.; Burgos, J.; Font, A.; Pinto, A.; et 
al. DUTRENEO Trial: A Randomized Phase II Trial of DUrvalumab and TREmelimumab versus Chemotherapy as a 
NEOadjuvant Approach to Muscle-Invasive Urothelial Bladder Cancer (MIBC) Patients (Pts) Prospectively Selected by an 
Interferon (INF)-Gamma Immune Signature. J. Clin. Oncol. 2020, 38, 5012–5012. 
https://doi.org/10.1200/JCO.2020.38.15_suppl.5012. 

62. Necchi, A.; Anichini, A.; Raggi, D.; Briganti, A.; Massa, S.; Lucianò, R.; Colecchia, M.; Giannatempo, P.; Mortarini, R.; Bianchi, 
M.; et al. Pembrolizumab as Neoadjuvant Therapy Before Radical Cystectomy in Patients With Muscle-Invasive Urothelial 
Bladder Carcinoma (PURE-01): An Open-Label, Single-Arm, Phase II Study. J. Clin. Oncol. 2018, 36, 3353–3360. 
https://doi.org/10.1200/JCO.18.01148. 

. Ann. Oncol.
2022, 33, 244–258. [CrossRef] [PubMed]

55. Pfister, C.; Gravis, G.; Fléchon, A.; Chevreau, C.; Mahammedi, H.; Laguerre, B.; Guillot, A.; Joly, F.; Soulié, M.; Allory, Y.; et al.
Dose-Dense Methotrexate, Vinblastine, Doxorubicin, and Cisplatin or Gemcitabine and Cisplatin as Perioperative Chemotherapy
for Patients With Nonmetastatic Muscle-Invasive Bladder Cancer: Results of the GETUG-AFU V05 VESPER Trial. J. Clin. Oncol.
2022, 40, 2013–2022. [CrossRef] [PubMed]

56. Iyer, G.; Tully, C.M.; Zabor, E.C.; Bochner, B.H.; Dalbagni, G.; Herr, H.W.; Donat, S.M.; Russo, P.; Ostrovnaya, I.;
Regazzi, A.M.; et al. Neoadjuvant Gemcitabine-Cisplatin Plus Radical Cystectomy-Pelvic Lymph Node Dissection for
Muscle-Invasive Bladder Cancer: A 12-Year Experience. Clin. Genitourin. Cancer 2020, 18, 387–394. [CrossRef]

57. Rose, T.L.; Harrison, M.R.; Deal, A.M.; Ramalingam, S.; Whang, Y.E.; Brower, B.; Dunn, M.; Osterman, C.K.; Heiling, H.M.; Bjurlin,
M.A.; et al. Phase II Study of Gemcitabine and Split-Dose Cisplatin Plus Pembrolizumab as Neoadjuvant Therapy Before Radical
Cystectomy in Patients With Muscle-Invasive Bladder Cancer. J. Clin. Oncol. 2021, 39, 3140–3148. [CrossRef]

58. Gupta, S.; Gibb, E.; Sonpavde, G.P.; Gupta, S.; Maughan, B.L.; Agarwal, N.; McGregor, B.A.; Weight, C.; Wei, X.X.; Einstein, D.J.;
et al. Biomarker Analysis and Updated Clinical Follow-up from BLASST-1 (Bladder Cancer Signal Seeking Trial) of Nivolumab,
Gemcitabine, and Cisplatin in Patients with Muscle-Invasive Bladder Cancer (MIBC) Undergoing Cystectomy. J. Clin. Oncol.
2022, 40, 528. [CrossRef]

59. Powles, T.; Kockx, M.; Rodriguez-Vida, A.; Duran, I.; Crabb, S.J.; Van Der Heijden, M.S.; Szabados, B.; Pous, A.F.; Gravis, G.;
Herranz, U.A.; et al. Clinical Efficacy and Biomarker Analysis of Neoadjuvant Atezolizumab in Operable Urothelial Carcinoma
in the ABACUS Trial. Nat. Med. 2019, 25, 1706–1714. [CrossRef]

60. Gao, J.; Navai, N.; Alhalabi, O.; Siefker-Radtke, A.; Campbell, M.T.; Tidwell, R.S.; Guo, C.C.; Kamat, A.M.; Matin, S.F.;
Araujo, J.C.; et al. Neoadjuvant PD-L1 plus CTLA-4 Blockade in Patients with Cisplatin-Ineligible Operable High-Risk Urothelial
Carcinoma. Nat. Med. 2020, 26, 1845–1851. [CrossRef]

61. Grande, E.; Guerrero, F.; Puente, J.; Galante, I.; Duran, I.; Dominguez, M.; Alonso Gordoa, T.; Burgos, J.; Font, A.; Pinto,
A.; et al. DUTRENEO Trial: A Randomized Phase II Trial of DUrvalumab and TREmelimumab versus Chemotherapy as a
NEOadjuvant Approach to Muscle-Invasive Urothelial Bladder Cancer (MIBC) Patients (Pts) Prospectively Selected by an
Interferon (INF)-Gamma Immune Signature. J. Clin. Oncol. 2020, 38, 5012. [CrossRef]

62. Necchi, A.; Anichini, A.; Raggi, D.; Briganti, A.; Massa, S.; Lucianò, R.; Colecchia, M.; Giannatempo, P.; Mortarini, R.;
Bianchi, M.; et al. Pembrolizumab as Neoadjuvant Therapy Before Radical Cystectomy in Patients With Muscle-Invasive
Urothelial Bladder Carcinoma (PURE-01): An Open-Label, Single-Arm, Phase II Study. J. Clin. Oncol. 2018, 36, 3353–3360.
[CrossRef]

63. Padua, T.C.D.; Basile, G.; Bandini, M.; Raggi, D.; Marandino, L.; Giannatempo, P.; Colombo, R.; Colecchia, M.; Lucianò, R.;
Moschini, M.; et al. 1738P Three-Year Follow-up Update and Survival Outcomes of the PURE-01 Study. Ann. Oncol. 2022, 33,
S1331–S1332. [CrossRef]

64. Basile, G.; Bandini, M.; Gibb, E.A.; Ross, J.S.; Raggi, D.; Marandino, L.; Costa de Padua, T.; Crupi, E.; Colombo, R.;
Colecchia, M.; et al. Neoadjuvant Pembrolizumab and Radical Cystectomy in Patients with Muscle-Invasive Urothelial Bladder
Cancer: 3-Year Median Follow-Up Update of PURE-01 Trial. Clin. Cancer Res. 2022, 28, 5107–5114. [CrossRef]

65. Szabados, B.; Kockx, M.; Assaf, Z.J.; van Dam, P.-J.; Rodriguez-Vida, A.; Duran, I.; Crabb, S.J.; Van Der Heijden, M.S.; Pous, A.F.;
Gravis, G.; et al. Final Results of Neoadjuvant Atezolizumab in Cisplatin-Ineligible Patients with Muscle-Invasive Urothelial
Cancer of the Bladder. Eur. Urol. 2022, 82, 212–222. [CrossRef]

66. van Dijk, N.; Gil-Jimenez, A.; Silina, K.; Hendricksen, K.; Smit, L.A.; de Feijter, J.M.; van Montfoort, M.L.; van Rooijen, C.; Peters,
D.; Broeks, A.; et al. Preoperative Ipilimumab plus Nivolumab in Locoregionally Advanced Urothelial Cancer: The NABUCCO
Trial. Nat. Med. 2020, 26, 1839–1844. [CrossRef] [PubMed]

https://doi.org/10.1016/j.annonc.2021.08.2117
https://doi.org/10.1038/s41586-022-05368-8
https://doi.org/10.1007/s00262-015-1704-6
https://doi.org/10.1038/s41591-022-01851-x
https://www.ncbi.nlm.nih.gov/pubmed/35661157
https://doi.org/10.1200/JCO.2015.65.9797
https://doi.org/10.1016/j.annonc.2021.11.012
https://www.ncbi.nlm.nih.gov/pubmed/34861372
https://doi.org/10.1200/JCO.21.02051
https://www.ncbi.nlm.nih.gov/pubmed/35254888
https://doi.org/10.1016/j.clgc.2020.02.014
https://doi.org/10.1200/JCO.21.01003
https://doi.org/10.1200/JCO.2022.40.6_suppl.528
https://doi.org/10.1038/s41591-019-0628-7
https://doi.org/10.1038/s41591-020-1086-y
https://doi.org/10.1200/JCO.2020.38.15_suppl.5012
https://doi.org/10.1200/JCO.18.01148
https://doi.org/10.1016/j.annonc.2022.07.1816
https://doi.org/10.1158/1078-0432.CCR-22-2158
https://doi.org/10.1016/j.eururo.2022.04.013
https://doi.org/10.1038/s41591-020-1085-z
https://www.ncbi.nlm.nih.gov/pubmed/33046870


Int. J. Mol. Sci. 2023, 24, 11849 19 of 21

67. Lattanzi, M.; Solovyov, A.; Lihm, J.; Quinlan, C.; Whiting, K.; Li, H.; Al-Ahmadie, H.A.; Teo, M.Y.; Aggen, D.H.;
Ostrovnaya, I.; et al. Biomarkers of Response to Neoadjuvant Atezolizumab with Gemcitabine and Cisplatin in Muscle-
Invasive Bladder Cancer. J. Clin. Oncol. 2022, 40, 4584. [CrossRef]

68. Galsky, M.D.; Daneshmand, S.; Chan, K.G.; Dorff, T.B.; Cetnar, J.P.; Neil, B.O.; D’souza, A.; Mamtani, R.; Kyriakopoulos, C.;
Garcia, P.; et al. Phase 2 Trial of Gemcitabine, Cisplatin, plus Nivolumab with Selective Bladder Sparing in Patients with Muscle-
Invasive Bladder Cancer (MIBC): HCRN GU 16-257. J. Clin. Oncol. 2021, 39, 4503. [CrossRef]

69. Sonpavde, G.; Necchi, A.; Gupta, S.; Steinberg, G.D.; Gschwend, J.E.; Van Der Heijden, M.S.; Garzon, N.; Ibrahim, M.; Raybold,
B.; Liaw, D.; et al. ENERGIZE: A Phase III Study of Neoadjuvant Chemotherapy Alone or with Nivolumab With/Without
Linrodostat Mesylate for Muscle-Invasive Bladder Cancer. Future Oncol. 2019, 16, 4359–4368. [CrossRef] [PubMed]

70. Martinez Chanza, N.; Carnot, A.; Barthélémy, P.; Casert, V.; Staudacher, L.; Van Den Brande, J.; Sautois, B.; Vanhaudenarde, V.;
Seront, E.; Debien, V.; et al. Avelumab as the Basis of Neoadjuvant Regimen in Platinum-Eligible and -Ineligible Patients with
Nonmetastatic Muscle-Invasive Bladder Cancer: AURA (Oncodistinct-004) Trial. J. Clin. Oncol. 2022, 40, 4517. [CrossRef]

71. Burstein, H.J.; Curigliano, G.; Loibl, S.; Dubsky, P.; Gnant, M.; Poortmans, P.; Colleoni, M.; Denkert, C.; Piccart-Gebhart, M.;
Regan, M.; et al. Estimating the Benefits of Therapy for Early-Stage Breast Cancer: The St. Gallen International Consensus
Guidelines for the Primary Therapy of Early Breast Cancer 2019. Ann. Oncol. 2019, 30, 1541–1557. [CrossRef] [PubMed]

72. Schmid, P.; Cortes, J.; Pusztai, L.; McArthur, H.; Kümmel, S.; Bergh, J.; Denkert, C.; Park, Y.H.; Hui, R.; Harbeck, N.; et al.
Pembrolizumab for Early Triple-Negative Breast Cancer. N. Engl. J. Med. 2020, 382, 810–821. [CrossRef]

73. Mittendorf, E.A.; Zhang, H.; Barrios, C.H.; Saji, S.; Jung, K.H.; Hegg, R.; Koehler, A.; Sohn, J.; Iwata, H.; Telli, M.L.; et al.
Neoadjuvant Atezolizumab in Combination with Sequential Nab-Paclitaxel and Anthracycline-Based Chemotherapy versus
Placebo and Chemotherapy in Patients with Early-Stage Triple-Negative Breast Cancer (IMpassion031): A Randomised, Double-
Blind, Phase 3 Trial. Lancet 2020, 396, 1090–1100. [CrossRef]

74. Gianni, L.; Huang, C.S.; Egle, D.; Bermejo, B.; Zamagni, C.; Thill, M.; Anton, A.; Zambelli, S.; Bianchini, G.; Russo, S.; et al.
Pathologic Complete Response (pCR) to Neoadjuvant Treatment with or without Atezolizumab in Triple-Negative, Early
High-Risk and Locally Advanced Breast Cancer: NeoTRIP Michelangelo Randomized Study

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 18 of 21 
 

 

46. Reijers, I.L.M.; Dimitriadis, P.; Rozeman, E.A.; Krijgsman, O.; Cornelissen, S.; Bosch, L.J.W.; Broeks, A.; Menzies, A.M.; van de 
Wiel, B.A.; Scolyer, R.A.; et al. The Interferon-Gamma (IFN-Y) Signature from Baseline Tumor Material Predicts Pathologic 
Response after Neoadjuvant Ipilimumab (IPI) + Nivolumab (NIVO) in Stage III Melanoma. J. Clin. Oncol. 2022, 40, 9539. 
https://doi.org/10.1200/JCO.2022.40.16_suppl.9539. 

47. Rozeman, E.A.; Hoefsmit, E.P.; Reijers, I.L.M.; Saw, R.P.M.; Versluis, J.M.; Krijgsman, O.; Dimitriadis, P.; Sikorska, K.; van de 
Wiel, B.A.; Eriksson, H.; et al. Survival and Biomarker Analyses from the OpACIN-Neo and OpACIN Neoadjuvant 
Immunotherapy Trials in Stage III Melanoma. Nat. Med. 2021, 27, 256–263. https://doi.org/10.1038/s41591-020-01211-7. 

48. Zhao, Y.; Guo, S.; Deng, J.; Shen, J.; Du, F.; Wu, X.; Chen, Y.; Li, M.; Chen, M.; Li, X. VEGF/VEGFR-Targeted Therapy and 
Immunotherapy in Non-Small Cell Lung Cancer: Targeting the Tumor Microenvironment. Int. J. Biol. Sci. 2022, 18, 3845–3858. 

49. Blank, C.U.; Reijers, I.L.M.; Versluis, J.M.; Menzies, A.M.; Dimitriadis, P.; Wouters, M.W.; Saw, R.P.M.; Klop, W.M.C.; 
Pennington, T.E.; Bosch, L.J.W.; et al. LBA39 Personalized Combination of Neoadjuvant Domatinostat, Nivolumab (NIVO) and 
Ipilimumab (IPI) in Stage IIIB-D Melanoma Patients (Pts) Stratified according to the Interferon-Gamma Signature (IFN-γ Sign): 
The DONIMI Study. Ann. Oncol. 2021, 32, S1315. https://doi.org/10.1016/j.annonc.2021.08.2117. 

50. Amaria, R.N.; Postow, M.; Burton, E.M.; Tezlaff, M.T.; Ross, M.I.; Torres-Cabala, C.; Glitza, I.C.; Duan, F.; Milton, D.R.; Busam, 
K.; et al. Neoadjuvant Relatlimab and Nivolumab in Resectable Melanoma. Nature 2022, 611, 155–160. 
https://doi.org/10.1038/s41586-022-05368-8. 

51. Danielli, R.; Patuzzo, R.; Di Giacomo, A.M.; Gallino, G.; Maurichi, A.; Di Florio, A.; Cutaia, O.; Lazzeri, A.; Fazio, C.; Miracco, 
C.; et al. Intralesional Administration of L19-IL2/L19-TNF in Stage III or Stage IVM1a Melanoma Patients: Results of a Phase II 
Study. Cancer Immunol. Immunother. 2015, 64, 999–1009. https://doi.org/10.1007/s00262-015-1704-6. 

52. Reijers, I.L.M.; Menzies, A.M.; van Akkooi, A.C.J.; Versluis, J.M.; van den Heuvel, N.M.J.; Saw, R.P.M.; Pennington, T.E.; 
Kapiteijn, E.; van der Veldt, A.A.M.; Suijkerbuijk, K.P.M.; et al. Personalized Response-Directed Surgery and Adjuvant 
Therapy after Neoadjuvant Ipilimumab and Nivolumab in High-Risk Stage III Melanoma: The PRADO Trial. Nat. Med. 2022, 
28, 1178–1188. https://doi.org/10.1038/s41591-022-01851-x. 

53. Milowsky, M.I.; Rumble, R.B.; Booth, C.M.; Gilligan, T.; Eapen, L.J.; Hauke, R.J.; Boumansour, P.; Lee, C.T. Guideline on 
Muscle-Invasive and Metastatic Bladder Cancer (European Association of Urology Guideline): American Society of Clinical 
Oncology Clinical Practice Guideline Endorsement. J. Clin. Oncol. 2016, 34, 1945–1952. 
https://doi.org/10.1200/JCO.2015.65.9797. 

54. Powles, T.; Bellmunt, J.; Comperat, E.; Santis, M.D.; Huddart, R.; Loriot, Y.; Necchi, A.; Valderrama, B.P.; Ravaud, A.; Shariat, 
S.F.; et al. Bladder Cancer: ESMO Clinical Practice Guideline for Diagnosis, Treatment and Follow-Up☆. Ann. Oncol. 2022, 33, 
244–258. https://doi.org/10.1016/j.annonc.2021.11.012. 

55. Pfister, C.; Gravis, G.; Fléchon, A.; Chevreau, C.; Mahammedi, H.; Laguerre, B.; Guillot, A.; Joly, F.; Soulié, M.; Allory, Y.; et al. 
Dose-Dense Methotrexate, Vinblastine, Doxorubicin, and Cisplatin or Gemcitabine and Cisplatin as Perioperative 
Chemotherapy for Patients With Nonmetastatic Muscle-Invasive Bladder Cancer: Results of the GETUG-AFU V05 VESPER 
Trial. J. Clin. Oncol. 2022, 40, 2013–2022. https://doi.org/10.1200/JCO.21.02051. 

56. Iyer, G.; Tully, C.M.; Zabor, E.C.; Bochner, B.H.; Dalbagni, G.; Herr, H.W.; Donat, S.M.; Russo, P.; Ostrovnaya, I.; Regazzi, A.M.; 
et al. Neoadjuvant Gemcitabine-Cisplatin Plus Radical Cystectomy-Pelvic Lymph Node Dissection for Muscle-Invasive 
Bladder Cancer: A 12-Year Experience. Clin. Genitourin. Cancer 2020, 18, 387–394. https://doi.org/10.1016/j.clgc.2020.02.014. 

57. Rose, T.L.; Harrison, M.R.; Deal, A.M.; Ramalingam, S.; Whang, Y.E.; Brower, B.; Dunn, M.; Osterman, C.K.; Heiling, H.M.; 
Bjurlin, M.A.; et al. Phase II Study of Gemcitabine and Split-Dose Cisplatin Plus Pembrolizumab as Neoadjuvant Therapy 
Before Radical Cystectomy in Patients With Muscle-Invasive Bladder Cancer. J. Clin. Oncol. 2021, 39, 3140–3148. 
https://doi.org/10.1200/JCO.21.01003. 

58. Gupta, S.; Gibb, E.; Sonpavde, G.P.; Gupta, S.; Maughan, B.L.; Agarwal, N.; McGregor, B.A.; Weight, C.; Wei, X.X.; Einstein, 
D.J.; et al. Biomarker Analysis and Updated Clinical Follow-up from BLASST-1 (Bladder Cancer Signal Seeking Trial) of 
Nivolumab, Gemcitabine, and Cisplatin in Patients with Muscle-Invasive Bladder Cancer (MIBC) Undergoing Cystectomy. J. 
Clin. Oncol. 2022, 40, 528–528. https://doi.org/10.1200/JCO.2022.40.6_suppl.528. 

59. Powles, T.; Kockx, M.; Rodriguez-Vida, A.; Duran, I.; Crabb, S.J.; Van Der Heijden, M.S.; Szabados, B.; Pous, A.F.; Gravis, G.; 
Herranz, U.A.; et al. Clinical Efficacy and Biomarker Analysis of Neoadjuvant Atezolizumab in Operable Urothelial Carcinoma 
in the ABACUS Trial. Nat. Med. 2019, 25, 1706–1714. https://doi.org/10.1038/s41591-019-0628-7. 

60. Gao, J.; Navai, N.; Alhalabi, O.; Siefker-Radtke, A.; Campbell, M.T.; Tidwell, R.S.; Guo, C.C.; Kamat, A.M.; Matin, S.F.; Araujo, 
J.C.; et al. Neoadjuvant PD-L1 plus CTLA-4 Blockade in Patients with Cisplatin-Ineligible Operable High-Risk Urothelial 
Carcinoma. Nat. Med. 2020, 26, 1845–1851. https://doi.org/10.1038/s41591-020-1086-y. 

61. Grande, E.; Guerrero, F.; Puente, J.; Galante, I.; Duran, I.; Dominguez, M.; Alonso Gordoa, T.; Burgos, J.; Font, A.; Pinto, A.; et 
al. DUTRENEO Trial: A Randomized Phase II Trial of DUrvalumab and TREmelimumab versus Chemotherapy as a 
NEOadjuvant Approach to Muscle-Invasive Urothelial Bladder Cancer (MIBC) Patients (Pts) Prospectively Selected by an 
Interferon (INF)-Gamma Immune Signature. J. Clin. Oncol. 2020, 38, 5012–5012. 
https://doi.org/10.1200/JCO.2020.38.15_suppl.5012. 

62. Necchi, A.; Anichini, A.; Raggi, D.; Briganti, A.; Massa, S.; Lucianò, R.; Colecchia, M.; Giannatempo, P.; Mortarini, R.; Bianchi, 
M.; et al. Pembrolizumab as Neoadjuvant Therapy Before Radical Cystectomy in Patients With Muscle-Invasive Urothelial 
Bladder Carcinoma (PURE-01): An Open-Label, Single-Arm, Phase II Study. J. Clin. Oncol. 2018, 36, 3353–3360. 
https://doi.org/10.1200/JCO.18.01148. 

. Ann. Oncol. 2022, 33, 534–543.
[CrossRef]

75. Loibl, S.; Untch, M.; Burchardi, N.; Huober, J.; Sinn, B.V.; Blohmer, J.-U.; Grischke, E.-M.; Furlanetto, J.; Tesch, H.; Hanusch, C.; et al.
A Randomised Phase II Study Investigating Durvalumab in Addition to an Anthracycline Taxane-Based Neoadjuvant Therapy
in Early Triple-Negative Breast Cancer: Clinical Results and Biomarker Analysis of GeparNuevo Study. Ann. Oncol. 2019, 30,
1279–1288. [CrossRef]

76. Karn, T.; Denkert, C.; Weber, K.E.; Holtrich, U.; Hanusch, C.; Sinn, B.V.; Higgs, B.W.; Jank, P.; Sinn, H.P.; Huober, J.; et al.
Tumor Mutational Burden and Immune Infiltration as Independent Predictors of Response to Neoadjuvant Immune Checkpoint
Inhibition in Early TNBC in GeparNuevo. Ann. Oncol. 2020, 31, 1216–1222. [CrossRef] [PubMed]

77. Denkert, C.; von Minckwitz, G.; Darb-Esfahani, S.; Lederer, B.; Heppner, B.I.; Weber, K.E.; Budczies, J.; Huober, J.; Klauschen, F.;
Furlanetto, J.; et al. Tumour-Infiltrating Lymphocytes and Prognosis in Different Subtypes of Breast Cancer: A Pooled Analysis of
3771 Patients Treated with Neoadjuvant Therapy. Lancet Oncol. 2018, 19, 40–50. [CrossRef] [PubMed]

78. Loibl, S.; Schneeweiss, A.; Huober, J.; Braun, M.; Rey, J.; Blohmer, J.-U.; Furlanetto, J.; Zahm, D.-M.; Hanusch, C.; Thomalla, J.;
et al. Neoadjuvant Durvalumab Improves Survival in Early Triple-Negative Breast Cancer Independent of Pathological Complete
Response

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 18 of 21 
 

 

46. Reijers, I.L.M.; Dimitriadis, P.; Rozeman, E.A.; Krijgsman, O.; Cornelissen, S.; Bosch, L.J.W.; Broeks, A.; Menzies, A.M.; van de 
Wiel, B.A.; Scolyer, R.A.; et al. The Interferon-Gamma (IFN-Y) Signature from Baseline Tumor Material Predicts Pathologic 
Response after Neoadjuvant Ipilimumab (IPI) + Nivolumab (NIVO) in Stage III Melanoma. J. Clin. Oncol. 2022, 40, 9539. 
https://doi.org/10.1200/JCO.2022.40.16_suppl.9539. 

47. Rozeman, E.A.; Hoefsmit, E.P.; Reijers, I.L.M.; Saw, R.P.M.; Versluis, J.M.; Krijgsman, O.; Dimitriadis, P.; Sikorska, K.; van de 
Wiel, B.A.; Eriksson, H.; et al. Survival and Biomarker Analyses from the OpACIN-Neo and OpACIN Neoadjuvant 
Immunotherapy Trials in Stage III Melanoma. Nat. Med. 2021, 27, 256–263. https://doi.org/10.1038/s41591-020-01211-7. 

48. Zhao, Y.; Guo, S.; Deng, J.; Shen, J.; Du, F.; Wu, X.; Chen, Y.; Li, M.; Chen, M.; Li, X. VEGF/VEGFR-Targeted Therapy and 
Immunotherapy in Non-Small Cell Lung Cancer: Targeting the Tumor Microenvironment. Int. J. Biol. Sci. 2022, 18, 3845–3858. 

49. Blank, C.U.; Reijers, I.L.M.; Versluis, J.M.; Menzies, A.M.; Dimitriadis, P.; Wouters, M.W.; Saw, R.P.M.; Klop, W.M.C.; 
Pennington, T.E.; Bosch, L.J.W.; et al. LBA39 Personalized Combination of Neoadjuvant Domatinostat, Nivolumab (NIVO) and 
Ipilimumab (IPI) in Stage IIIB-D Melanoma Patients (Pts) Stratified according to the Interferon-Gamma Signature (IFN-γ Sign): 
The DONIMI Study. Ann. Oncol. 2021, 32, S1315. https://doi.org/10.1016/j.annonc.2021.08.2117. 

50. Amaria, R.N.; Postow, M.; Burton, E.M.; Tezlaff, M.T.; Ross, M.I.; Torres-Cabala, C.; Glitza, I.C.; Duan, F.; Milton, D.R.; Busam, 
K.; et al. Neoadjuvant Relatlimab and Nivolumab in Resectable Melanoma. Nature 2022, 611, 155–160. 
https://doi.org/10.1038/s41586-022-05368-8. 

51. Danielli, R.; Patuzzo, R.; Di Giacomo, A.M.; Gallino, G.; Maurichi, A.; Di Florio, A.; Cutaia, O.; Lazzeri, A.; Fazio, C.; Miracco, 
C.; et al. Intralesional Administration of L19-IL2/L19-TNF in Stage III or Stage IVM1a Melanoma Patients: Results of a Phase II 
Study. Cancer Immunol. Immunother. 2015, 64, 999–1009. https://doi.org/10.1007/s00262-015-1704-6. 

52. Reijers, I.L.M.; Menzies, A.M.; van Akkooi, A.C.J.; Versluis, J.M.; van den Heuvel, N.M.J.; Saw, R.P.M.; Pennington, T.E.; 
Kapiteijn, E.; van der Veldt, A.A.M.; Suijkerbuijk, K.P.M.; et al. Personalized Response-Directed Surgery and Adjuvant 
Therapy after Neoadjuvant Ipilimumab and Nivolumab in High-Risk Stage III Melanoma: The PRADO Trial. Nat. Med. 2022, 
28, 1178–1188. https://doi.org/10.1038/s41591-022-01851-x. 

53. Milowsky, M.I.; Rumble, R.B.; Booth, C.M.; Gilligan, T.; Eapen, L.J.; Hauke, R.J.; Boumansour, P.; Lee, C.T. Guideline on 
Muscle-Invasive and Metastatic Bladder Cancer (European Association of Urology Guideline): American Society of Clinical 
Oncology Clinical Practice Guideline Endorsement. J. Clin. Oncol. 2016, 34, 1945–1952. 
https://doi.org/10.1200/JCO.2015.65.9797. 

54. Powles, T.; Bellmunt, J.; Comperat, E.; Santis, M.D.; Huddart, R.; Loriot, Y.; Necchi, A.; Valderrama, B.P.; Ravaud, A.; Shariat, 
S.F.; et al. Bladder Cancer: ESMO Clinical Practice Guideline for Diagnosis, Treatment and Follow-Up☆. Ann. Oncol. 2022, 33, 
244–258. https://doi.org/10.1016/j.annonc.2021.11.012. 

55. Pfister, C.; Gravis, G.; Fléchon, A.; Chevreau, C.; Mahammedi, H.; Laguerre, B.; Guillot, A.; Joly, F.; Soulié, M.; Allory, Y.; et al. 
Dose-Dense Methotrexate, Vinblastine, Doxorubicin, and Cisplatin or Gemcitabine and Cisplatin as Perioperative 
Chemotherapy for Patients With Nonmetastatic Muscle-Invasive Bladder Cancer: Results of the GETUG-AFU V05 VESPER 
Trial. J. Clin. Oncol. 2022, 40, 2013–2022. https://doi.org/10.1200/JCO.21.02051. 

56. Iyer, G.; Tully, C.M.; Zabor, E.C.; Bochner, B.H.; Dalbagni, G.; Herr, H.W.; Donat, S.M.; Russo, P.; Ostrovnaya, I.; Regazzi, A.M.; 
et al. Neoadjuvant Gemcitabine-Cisplatin Plus Radical Cystectomy-Pelvic Lymph Node Dissection for Muscle-Invasive 
Bladder Cancer: A 12-Year Experience. Clin. Genitourin. Cancer 2020, 18, 387–394. https://doi.org/10.1016/j.clgc.2020.02.014. 

57. Rose, T.L.; Harrison, M.R.; Deal, A.M.; Ramalingam, S.; Whang, Y.E.; Brower, B.; Dunn, M.; Osterman, C.K.; Heiling, H.M.; 
Bjurlin, M.A.; et al. Phase II Study of Gemcitabine and Split-Dose Cisplatin Plus Pembrolizumab as Neoadjuvant Therapy 
Before Radical Cystectomy in Patients With Muscle-Invasive Bladder Cancer. J. Clin. Oncol. 2021, 39, 3140–3148. 
https://doi.org/10.1200/JCO.21.01003. 

58. Gupta, S.; Gibb, E.; Sonpavde, G.P.; Gupta, S.; Maughan, B.L.; Agarwal, N.; McGregor, B.A.; Weight, C.; Wei, X.X.; Einstein, 
D.J.; et al. Biomarker Analysis and Updated Clinical Follow-up from BLASST-1 (Bladder Cancer Signal Seeking Trial) of 
Nivolumab, Gemcitabine, and Cisplatin in Patients with Muscle-Invasive Bladder Cancer (MIBC) Undergoing Cystectomy. J. 
Clin. Oncol. 2022, 40, 528–528. https://doi.org/10.1200/JCO.2022.40.6_suppl.528. 

59. Powles, T.; Kockx, M.; Rodriguez-Vida, A.; Duran, I.; Crabb, S.J.; Van Der Heijden, M.S.; Szabados, B.; Pous, A.F.; Gravis, G.; 
Herranz, U.A.; et al. Clinical Efficacy and Biomarker Analysis of Neoadjuvant Atezolizumab in Operable Urothelial Carcinoma 
in the ABACUS Trial. Nat. Med. 2019, 25, 1706–1714. https://doi.org/10.1038/s41591-019-0628-7. 

60. Gao, J.; Navai, N.; Alhalabi, O.; Siefker-Radtke, A.; Campbell, M.T.; Tidwell, R.S.; Guo, C.C.; Kamat, A.M.; Matin, S.F.; Araujo, 
J.C.; et al. Neoadjuvant PD-L1 plus CTLA-4 Blockade in Patients with Cisplatin-Ineligible Operable High-Risk Urothelial 
Carcinoma. Nat. Med. 2020, 26, 1845–1851. https://doi.org/10.1038/s41591-020-1086-y. 

61. Grande, E.; Guerrero, F.; Puente, J.; Galante, I.; Duran, I.; Dominguez, M.; Alonso Gordoa, T.; Burgos, J.; Font, A.; Pinto, A.; et 
al. DUTRENEO Trial: A Randomized Phase II Trial of DUrvalumab and TREmelimumab versus Chemotherapy as a 
NEOadjuvant Approach to Muscle-Invasive Urothelial Bladder Cancer (MIBC) Patients (Pts) Prospectively Selected by an 
Interferon (INF)-Gamma Immune Signature. J. Clin. Oncol. 2020, 38, 5012–5012. 
https://doi.org/10.1200/JCO.2020.38.15_suppl.5012. 

62. Necchi, A.; Anichini, A.; Raggi, D.; Briganti, A.; Massa, S.; Lucianò, R.; Colecchia, M.; Giannatempo, P.; Mortarini, R.; Bianchi, 
M.; et al. Pembrolizumab as Neoadjuvant Therapy Before Radical Cystectomy in Patients With Muscle-Invasive Urothelial 
Bladder Carcinoma (PURE-01): An Open-Label, Single-Arm, Phase II Study. J. Clin. Oncol. 2018, 36, 3353–3360. 
https://doi.org/10.1200/JCO.18.01148. 

. Ann. Oncol. 2022, 33, 1149–1158. [CrossRef]
79. Sharma, P.; Stecklein, S.R.; Yoder, R.; Staley, J.M.; Schwensen, K.; O’Dea, A.; Nye, L.E.; Elia, M.; Satelli, D.; Crane, G.; et al. Clinical

and Biomarker Results of Neoadjuvant Phase II Study of Pembrolizumab and Carboplatin plus Docetaxel in Triple-Negative
Breast Cancer (TNBC) (NeoPACT). J. Clin. Oncol. 2022, 40, 513. [CrossRef]

80. Sinn, B.V.; Loibl, S.; Hanusch, C.A.; Zahm, D.-M.; Sinn, H.-P.; Untch, M.; Weber, K.; Karn, T.; Becker, C.; Marmé, F.; et al.
Immune-Related Gene Expression Predicts Response to Neoadjuvant Chemotherapy but Not Additional Benefit from PD-L1
Inhibition in Women with Early Triple-Negative Breast Cancer. Clin. Cancer Res. 2021, 27, 2584–2591. [CrossRef]

81. Foldi, J.; Silber, A.; Reisenbichler, E.; Singh, K.; Fischbach, N.; Persico, J.; Adelson, K.; Katoch, A.; Horowitz, N.; Lannin, D.; et al.
Neoadjuvant Durvalumab plus Weekly Nab-Paclitaxel and Dose-Dense Doxorubicin/Cyclophosphamide in Triple-Negative
Breast Cancer. NPJ Breast Cancer 2021, 7, 9. [CrossRef]

82. Nanda, R.; Liu, M.C.; Yau, C.; Shatsky, R.; Pusztai, L.; Wallace, A.; Chien, A.J.; Forero-Torres, A.; Ellis, E.; Han, H.; et al. Effect of
Pembrolizumab Plus Neoadjuvant Chemotherapy on Pathologic Complete Response in Women With Early-Stage Breast Cancer:
An Analysis of the Ongoing Phase 2 Adaptively Randomized I-SPY2 Trial. JAMA Oncol. 2020, 6, 676–684. [CrossRef] [PubMed]

83. Wolf, D.M.; Yau, C.; Wulfkuhle, J.; Brown-Swigart, L.; Gallagher, R.I.; Lee, P.R.E.; Zhu, Z.; Magbanua, M.J.; Sayaman, R.; O’Grady,
N.; et al. Redefining Breast Cancer Subtypes to Guide Treatment Prioritization and Maximize Response: Predictive Biomarkers
across 10 Cancer Therapies. Cancer Cell 2022, 40, 609–623.e6. [CrossRef]

84. Gonzalez-Ericsson, P.I.; Wulfkhule, J.D.; Gallagher, R.I.; Sun, X.; Axelrod, M.L.; Sheng, Q.; Luo, N.; Gomez, H.; Sanchez, V.;
Sanders, M.; et al. Tumor-Specific Major Histocompatibility-II Expression Predicts Benefit to Anti–PD-1/L1 Therapy in Patients
With HER2-Negative Primary Breast Cancer. Clin. Cancer Res. 2021, 27, 5299–5306. [CrossRef]

85. Schmid, P.; Cortes, J.; Dent, R.; Pusztai, L.; McArthur, H.; Kümmel, S.; Bergh, J.; Denkert, C.; Park, Y.H.; Hui, R.; et al. Event-Free
Survival with Pembrolizumab in Early Triple-Negative Breast Cancer. N. Engl. J. Med. 2022, 386, 556–567. [CrossRef] [PubMed]

https://doi.org/10.1200/JCO.2022.40.16_suppl.4584
https://doi.org/10.1200/JCO.2021.39.15_suppl.4503
https://doi.org/10.2217/fon-2019-0611
https://www.ncbi.nlm.nih.gov/pubmed/31823654
https://doi.org/10.1200/JCO.2022.40.16_suppl.4517
https://doi.org/10.1093/annonc/mdz235
https://www.ncbi.nlm.nih.gov/pubmed/31373601
https://doi.org/10.1056/NEJMoa1910549
https://doi.org/10.1016/S0140-6736(20)31953-X
https://doi.org/10.1016/j.annonc.2022.02.004
https://doi.org/10.1093/annonc/mdz158
https://doi.org/10.1016/j.annonc.2020.05.015
https://www.ncbi.nlm.nih.gov/pubmed/32461104
https://doi.org/10.1016/S1470-2045(17)30904-X
https://www.ncbi.nlm.nih.gov/pubmed/29233559
https://doi.org/10.1016/j.annonc.2022.07.1940
https://doi.org/10.1200/JCO.2022.40.16_suppl.513
https://doi.org/10.1158/1078-0432.CCR-20-3113
https://doi.org/10.1038/s41523-021-00219-7
https://doi.org/10.1001/jamaoncol.2019.6650
https://www.ncbi.nlm.nih.gov/pubmed/32053137
https://doi.org/10.1016/j.ccell.2022.05.005
https://doi.org/10.1158/1078-0432.CCR-21-0607
https://doi.org/10.1056/NEJMoa2112651
https://www.ncbi.nlm.nih.gov/pubmed/35139274


Int. J. Mol. Sci. 2023, 24, 11849 20 of 21

86. Smyth, E.C.; Wotherspoon, A.; Peckitt, C.; Gonzalez, D.; Hulkki-Wilson, S.; Eltahir, Z.; Fassan, M.; Rugge, M.; Valeri, N.; Okines,
A.; et al. Mismatch Repair Deficiency, Microsatellite Instability, and Survival: An Exploratory Analysis of the Medical Research
Council Adjuvant Gastric Infusional Chemotherapy (MAGIC) Trial. JAMA Oncol. 2017, 3, 1197–1203. [CrossRef]

87. Maio, M.; Ascierto, P.A.; Manzyuk, L.; Motola-Kuba, D.; Penel, N.; Cassier, P.A.; Bariani, G.M.; Acosta, A.D.J.; Doi, T.; Longo, F.;
et al. Pembrolizumab in Microsatellite Instability High or Mismatch Repair Deficient Cancers: Updated Analysis from the Phase
II KEYNOTE-158 Study. Ann. Oncol. 2022, 33, 929–938. [CrossRef] [PubMed]

88. André, T.; Tougeron, D.; Piessen, G.; de la Fouchardière, C.; Louvet, C.; Adenis, A.; Jary, M.; Tournigand, C.; Aparicio, T.;
Desrame, J.; et al. Neoadjuvant Nivolumab Plus Ipilimumab and Adjuvant Nivolumab in Localized Deficient Mismatch
Repair/Microsatellite Instability-High Gastric or Esophagogastric Junction Adenocarcinoma: The GERCOR NEONIPIGA Phase
II Study. J. Clin. Oncol. 2022, 41, 255–265. [CrossRef]

89. Tang, Z.; Wang, Y.; Liu, D.; Wang, X.; Xu, C.; Yu, Y.; Cui, Y.; Tang, C.; Li, Q.; Sun, J.; et al. The Neo-PLANET Phase II Trial
of Neoadjuvant Camrelizumab plus Concurrent Chemoradiotherapy in Locally Advanced Adenocarcinoma of Stomach or
Gastroesophageal Junction. Nat. Commun. 2022, 13, 6807. [CrossRef]

90. Merck Provides Update on Phase 3 KEYNOTE-585 Trial in Locally Advanced Resectable Gastric and Gastroesophageal Junction
(GEJ) Adenocarcinoma. Available online: https://www.merck.com/news/merck-provides-update-on-phase-3-keynote-585-
trial-in-locally-advanced-resectable-gastric-and-gastroesophageal-junction-gej-adenocarcinoma/ (accessed on 3 July 2023).

91. Imfinzi Plus Chemotherapy Significantly Improved Pathologic Complete Response in Gastric and Gastroesophageal Junction
Cancers in MATTERHORN Phase III Trial. Available online: https://www.astrazeneca.com/media-centre/press-releases/
2023/imfinzi-plus-chemotherapy-significantly-improved-pathologic-complete-response-in-gastric-and-gastroesophageal-
junction-cancers-in-matterhorn-phase-iii-trial.html (accessed on 3 July 2023).

92. Argilés, G.; Tabernero, J.; Labianca, R.; Hochhauser, D.; Salazar, R.; Iveson, T.; Laurent-Puig, P.; Quirke, P.; Yoshino, T.; Taieb, J.;
et al. Localised Colon Cancer: ESMO Clinical Practice Guidelines for Diagnosis, Treatment and Follow-Up†. Ann. Oncol. 2020, 31,
1291–1305. [CrossRef]

93. Morton, D. FOxTROT: An International Randomised Controlled Trial in 1053 Patients Evaluating Neoadjuvant Chemotherapy
(NAC) for Colon Cancer. On Behalf of the FOxTROT Collaborative Group. Ann. Oncol. 2019, 30, v198. [CrossRef]

94. Chalabi, M.; Fanchi, L.F.; Dijkstra, K.K.; Van den Berg, J.G.; Aalbers, A.G.; Sikorska, K.; Lopez-Yurda, M.; Grootscholten, C.;
Beets, G.L.; Snaebjornsson, P.; et al. Neoadjuvant Immunotherapy Leads to Pathological Responses in MMR-Proficient and
MMR-Deficient Early-Stage Colon Cancers. Nat. Med. 2020, 26, 566–576. [CrossRef] [PubMed]

95. Chalabi, M.; Verschoor, Y.L.; van den Berg, J.; Sikorska, K.; Beets, G.; Lent, A.V.; Grootscholten, M.C.; Aalbers, A.; Buller, N.;
Marsman, H.; et al. LBA7 Neoadjuvant Immune Checkpoint Inhibition in Locally Advanced MMR-Deficient Colon Cancer: The
NICHE-2 Study. Ann. Oncol. 2022, 33, S1389. [CrossRef]

96. Cercek, A.; Lumish, M.; Sinopoli, J.; Weiss, J.; Shia, J.; Lamendola-Essel, M.; El Dika, I.H.; Segal, N.; Shcherba, M.; Sugarman,
R.; et al. PD-1 Blockade in Mismatch Repair–Deficient, Locally Advanced Rectal Cancer. N. Engl. J. Med. 2022, 386, 2363–2376.
[CrossRef] [PubMed]

97. Bando, H.; Tsukada, Y.; Inamori, K.; Togashi, Y.; Koyama, S.; Kotani, D.; Fukuoka, S.; Yuki, S.; Komatsu, Y.; Homma, S.; et al.
Preoperative Chemoradiotherapy plus Nivolumab before Surgery in Patients with Microsatellite Stable and Microsatellite
Instability–High Locally Advanced Rectal Cancer. Clin. Cancer Res. 2022, 28, 1136–1146. [CrossRef]

98. Ciombor, K.K.; Hong, S.C.; Eng, C.; Yao, X.; Cho, M.T.; You, Y.N.; Das, P.; Chakravarthy, A.B.; O’Dwyer, P.J. EA2201: An
ECOG-ACRIN Phase II Study of Neoadjuvant Nivolumab plus Ipilimumab and Short Course Radiation in MSI-H/dMMR Rectal
Tumors. J. Clin. Oncol. 2022, 40, TPS3644. [CrossRef]

99. Lin, Z.; Cai, M.; Zhang, P.; Li, G.; Liu, T.; Li, X.; Cai, K.; Nie, X.; Wang, J.; Liu, J.; et al. Phase II, Single-Arm Trial of Preoperative
Short-Course Radiotherapy Followed by Chemotherapy and Camrelizumab in Locally Advanced Rectal Cancer. J. Immunother.
Cancer 2021, 9, e003554. [CrossRef]

100. Papke, D.J.; Yurgelun, M.B.; Noffsinger, A.E.; Turner, K.O.; Genta, R.M.; Redston, M. Prevalence of Mismatch-Repair Deficiency in
Rectal Adenocarcinomas. N. Engl. J. Med. 2022, 387, 1714–1716. [CrossRef]

101. Montemurro, F.; Cosimo, S.D. Pathological Complete Response in Breast Cancer Patients Receiving Neoadjuvant Chemotherapy.
Breast 2014, 23, 690–691. [CrossRef]

102. Ren, S.; Xu, A.; Lin, Y.; Camidge, D.R.; Di Maio, M.; Califano, R.; Hida, T.; Rossi, A.; Guibert, N.; Zhu, C.; et al. A Narrative
Review of Primary Research Endpoints of Neoadjuvant Therapy for Lung Cancer: Past, Present and Future. Transl. Lung Cancer
Res. 2021, 10, 3264–3275. [CrossRef]

103. Cottrell, T.R.; Thompson, E.D.; Forde, P.M.; Stein, J.E.; Duffield, A.S.; Anagnostou, V.; Rekhtman, N.; Anders, R.A.; Cuda, J.D.;
Illei, P.B.; et al. Pathologic Features of Response to Neoadjuvant Anti-PD-1 in Resected Non-Small-Cell Lung Carcinoma: A
Proposal for Quantitative Immune-Related Pathologic Response Criteria (irPRC). Ann. Oncol. 2018, 29, 1853–1860. [CrossRef]
[PubMed]

104. She, Y.; He, B.; Wang, F.; Zhong, Y.; Wang, T.; Liu, Z.; Yang, M.; Yu, B.; Deng, J.; Sun, X.; et al. Deep Learning for Predicting
Major Pathological Response to Neoadjuvant Chemoimmunotherapy in Non-Small Cell Lung Cancer: A Multicentre Study.
EBioMedicine 2022, 86, 104364. [CrossRef]

https://doi.org/10.1001/jamaoncol.2016.6762
https://doi.org/10.1016/j.annonc.2022.05.519
https://www.ncbi.nlm.nih.gov/pubmed/35680043
https://doi.org/10.1200/JCO.22.00686
https://doi.org/10.1038/s41467-022-34403-5
https://www.merck.com/news/merck-provides-update-on-phase-3-keynote-585-trial-in-locally-advanced-resectable-gastric-and-gastroesophageal-junction-gej-adenocarcinoma/
https://www.merck.com/news/merck-provides-update-on-phase-3-keynote-585-trial-in-locally-advanced-resectable-gastric-and-gastroesophageal-junction-gej-adenocarcinoma/
https://www.astrazeneca.com/media-centre/press-releases/2023/imfinzi-plus-chemotherapy-significantly-improved-pathologic-complete-response-in-gastric-and-gastroesophageal-junction-cancers-in-matterhorn-phase-iii-trial.html
https://www.astrazeneca.com/media-centre/press-releases/2023/imfinzi-plus-chemotherapy-significantly-improved-pathologic-complete-response-in-gastric-and-gastroesophageal-junction-cancers-in-matterhorn-phase-iii-trial.html
https://www.astrazeneca.com/media-centre/press-releases/2023/imfinzi-plus-chemotherapy-significantly-improved-pathologic-complete-response-in-gastric-and-gastroesophageal-junction-cancers-in-matterhorn-phase-iii-trial.html
https://doi.org/10.1016/j.annonc.2020.06.022
https://doi.org/10.1093/annonc/mdz246.001
https://doi.org/10.1038/s41591-020-0805-8
https://www.ncbi.nlm.nih.gov/pubmed/32251400
https://doi.org/10.1016/j.annonc.2022.08.016
https://doi.org/10.1056/NEJMoa2201445
https://www.ncbi.nlm.nih.gov/pubmed/35660797
https://doi.org/10.1158/1078-0432.CCR-21-3213
https://doi.org/10.1200/JCO.2022.40.16_suppl.TPS3644
https://doi.org/10.1136/jitc-2021-003554
https://doi.org/10.1056/NEJMc2210175
https://doi.org/10.1016/j.breast.2014.06.007
https://doi.org/10.21037/tlcr-21-259
https://doi.org/10.1093/annonc/mdy218
https://www.ncbi.nlm.nih.gov/pubmed/29982279
https://doi.org/10.1016/j.ebiom.2022.104364


Int. J. Mol. Sci. 2023, 24, 11849 21 of 21

105. Cui, Y.; Lin, Y.; Zhao, Z.; Long, H.; Zheng, L.; Lin, X. Comprehensive 18F-FDG PET-Based Radiomics in Elevating the Pathological
Response to Neoadjuvant Immunochemotherapy for Resectable Stage III Non-Small-Cell Lung Cancer: A Pilot Study. Front.
Immunol. 2022, 13, 994917. [CrossRef]

106. Groheux, D.; Ferrer, L.; Vargas, J.; Martineau, A.; Teixeira, L.; Menu, P.; Bertheau, P.; Gallinato, O.; Colin, T.; Lehmann-Che,
J. Multimodal Machine Learning Model Prediction of Complete Pathological Response to Neoadjuvant Chemotherapy in
Triple-Negative Breast Cancer. J. Clin. Oncol. 2022, 40, 601. [CrossRef]

107. Voorwerk, L.; Slagter, M.; Horlings, H.M.; Sikorska, K.; van de Vijver, K.K.; de Maaker, M.; Nederlof, I.; Kluin, R.J.C.; Warren,
S.; Ong, S.; et al. Immune Induction Strategies in Metastatic Triple-Negative Breast Cancer to Enhance the Sensitivity to PD-1
Blockade: The TONIC Trial. Nat. Med. 2019, 25, 920–928. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3389/fimmu.2022.994917
https://doi.org/10.1200/JCO.2022.40.16_suppl.601
https://doi.org/10.1038/s41591-019-0432-4
https://www.ncbi.nlm.nih.gov/pubmed/31086347

	Introduction 
	Non-Small Cell Lung Cancer 
	Melanoma 
	Bladder Cancer 
	Triple-Negative Breast Cancer 
	Gastric Cancer 
	Colorectal Cancer 
	Discussion 
	Conclusions 
	References

