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Simple Summary: Immune checkpoint inhibition has played a significant role in the treatment
landscape of urothelial carcinoma due to the highly immunogenic tumor microenvironment. How-
ever, there remains a suboptimal response to therapy by patients due to resistance to therapy. New
paradigms of treatment using PD-1, PD-L1, and CTLA-4 inhibitors are vital for addressing resistance
to treatment. In this review, we describe preclinical and clinical literature on immune checkpoint
inhibitors in urothelial carcinoma. Specifically, we propose the use of combinatorial therapy of already
FDA-approved immune checkpoint inhibitors to boost the response of the immune system. There are
currently no FDA-approved therapies that combine PD-1/PD-L1 inhibitors with CTLA-4 inhibitors
despite approvals in other solid tumors. Successful implementation of combined PD-1/PD-L1 and
CTLA-4 inhibitors could significantly improve patient response. Here, we discuss preclinical and
clinical research findings to broaden the knowledge of immune checkpoint inhibitors for urothelial
carcinoma therapy.

Abstract: Urothelial carcinoma (UC) is the most common form of bladder cancer (BC) and is the
variant with the most immunogenic response. This makes urothelial carcinoma an ideal candidate
for immunotherapy with immune checkpoint inhibitors. Key immune checkpoint proteins PD-
1 and CTLA-4 are frequently expressed on T-cells in urothelial carcinoma. The blockade of this
immune checkpoint can lead to the reactivation of lymphocytes and augment the anti-tumor immune
response. The only immune checkpoint inhibitors that are FDA-approved for metastatic urothelial
carcinoma target the programmed death-1 receptor and its ligand (PD-1/PD-L1) axis. However, the
overall response rate and progression-free survival rates of these agents are limited in this patient
population. Therefore, there is a need to find further immune-bolstering treatment combinations
that may positively impact survival for patients with advanced UC. In this review, the current
immune checkpoint inhibition treatment landscape is explored with an emphasis on combination
therapy in the form of PD-1/PD-L1 with CTLA-4 blockade. The investigation of the current literature
on immune checkpoint inhibition found that preclinical data show a decrease in tumor volumes
and size when PD-1/PD-L1 is blocked, and similar results were observed with CTLA-4 blockade.
However, there are limited investigations evaluating the combination of CTLA-4 and PD-1/PD-L1
blockade. We anticipate this review to provide a foundation for a deeper experimental investigation
into combination immune checkpoint inhibition therapy in metastatic urothelial carcinoma.
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1. Introduction: Urothelial Carcinoma

According to a systematic review conducted by GLOBOCAN, there were 573,000 new
BC cases and 213,000 deaths worldwide in 2020 [1]. BC is four times more common in men
compared with women [2,3]. Urothelial carcinoma (UC), also known as transitional cell
carcinoma, is the most common histology type with risk factors including smoking, toxins,
age, gender, race, chronic bladder infections, and history of bladder cancer [2]. Squamous
cell carcinoma and adenocarcinoma histology have a lower incidence [2]. UC affects a
significant percentage of the older population, and the incidence rate continues to rise
every year. UC can be divided into three categories: non-muscle-invasive bladder cancer
(NMIBC), muscle-invasive bladder cancer (MIBC), and metastatic UC, with metastatic UC
displaying high mortality rates [4] (Figure 1).
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Figure 1. NMIBC vs. MIBC. Not included in this figure is stage 4 bladder cancer, in which the cancer
metastasizes to the lymph nodes and distal organs [5]. Illustration created with BioRender.com
(accessed on 30 November 2023).

The definitive treatment for MIBC is radical cystectomy with or without neoadjuvant
chemotherapy [6]. Numerous agents are approved for adjuvant treatment of UC including
platinum-based chemotherapy, radiation, and more recently immune checkpoint inhibitors
(ICIs) [6]. Platinum-based chemotherapy has been the standard of care for metastatic UC [6].
However, many patients relapse after chemotherapy or are unable to tolerate platinum
chemotherapy due to medical comorbidities [6].

Newer agents, most notably ICIs, have been approved for the treatment of both
NMIBC and MIBC. ICIs target ligands that lead to inactivation and apoptosis of T-cells,
specifically cytotoxic T-cells [7]. Patients who are treated with ICIs for bladder cancer are
administered programmed cell death protein 1 (PD-1) or programmed death-ligand 1 (PD-
L1) antibody therapy at various stages of the disease. However, ICIs in metastatic UC do not
achieve a complete response rate in most patients [4]. Multiple immune checkpoint ligands
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play a part in immune evasion during bladder tumorigenesis [8]. Understanding the
molecular pathways of the ligands these inhibitors act on could be important in increasing
the response rate of ICI therapies.

In the bladder tumor microenvironment, some factors promote tumor evasion of the
immune system using immune checkpoint-related molecules. The mechanism of ICIs is
to abrogate these interactions and prevent apoptosis of T-cells. Due to the multifactorial
aspects of immune checkpoint molecules, a combinatorial approach using ICIs could target
different pathways of immune evasion and result in a more robust response. Given the
challenge of tumor resistance to ICI treatment after conventional chemotherapy, there
remains a need for novel agents that may bolster the immunomodulating response of
currently available therapies. In this narrative review of the literature, we discuss the
current landscape of FDA-approved checkpoint inhibitors in the management of advanced
UC and expound on the scientific rationale for combination therapy in the form of PD-
1/PD-L1 blockade and CTLA-4.

1.1. Tumor Microenvironment in Urothelial Carcinoma

In UC, the tumor microenvironment (TME) consists of stroma, connective tissue, blood
vessels, and immune cells. These different cell types provide nutrition and support to
the tumor parenchyma. Communication between the tumor cells and their environment
can alter the TME and promote metastasis [9]. Among the cells in the microenvironment
are the stromal cells which make up the connective tissue and extracellular matrix (ECM)
of the environment. In UC, cancer-associated fibroblasts (CAFs) are the most common
stromal cell types present in the TME [10]. Activated CAFs express vimentin, α-smooth
muscle actin, platelet-derived growth factor receptor, and other markers, all of which
aid in the remodeling of the ECM [10]. There has been controversy over the exact role
of CAFs in cancer biology, and due to the heterogeneity of these cells, they could either
promote or inhibit tumor growth. Bladder cancer research has found that the frequency
of fibroblasts is increased in UC compared with normal uroepithelium [10]. Moreover, a
clinical study with 344 bladder cancer patients found that dominant expression of CAF
markers is negatively correlated with 5-year survival and positively correlated with muscle
invasiveness of cancer [11,12]. While the mechanism behind this is still being explored, one
possible explanation would be the role CAFs have on immune cells in the TME. Stromal
cells in the TME can release soluble factors that alter cell surface proteins and suppress the
immune system; for example, they can regulate the expression of PD-L1 on tumor cells [9].
Factors regulated by CAFs can lead to the release of anti-inflammatory cytokines such as
TGFβ. TGFβ can then induce the production of immunosuppressive T-regulatory cells [13].
The desmoplasia that is promoted by CAFs and TGFβ can also contribute to the exclusion of
immune cells in the tumor parenchyma and localize them to the stroma [14,15]. Wang. et al.
found that bladder cancer samples with high T-cell infiltration and low stroma-related gene
expression had longer survival [14]. These modulations by CAFs all impact the immune
microenvironment of UC, especially the tumor-infiltrating lymphocytes (TIL) (Figure 2).

Additionally, CAFs increase the expression of BCL2 through estrogen receptor alpha
(Erα) signaling in vivo [16]. BCL2 is a key antiapoptotic gene that prevents the activation
of proapoptotic proteins like BAK/BAX [16]. In this way, CAFs promote the growth of UC
by constitutively activating antiapoptotic proteins. The constitutive expression of BCL2 in
bladder cancer also has downstream effects on the immune cells in the TME.
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1.2. Tumor Mutational Burden in Bladder Cancer

Infiltration of T-cells into the TME is indicative of cellular immune response to tumor
neoantigens. UC has been shown to have a robust immune response, which is largely based
on its high tumor mutational burden (TMB). Based on the Cancer Genome Atlas, bladder
cancer has high somatic mutation rates along with lung and skin cancer [17]. High somatic
mutation and TMB allow increased circulation of neoantigens that can be used to prime
cellular immunity in the host [17]. Identification of frequent mutations has allowed several
institutions to create molecular subgrouping of UC. Particularly, MIBC has been categorized
into five subgroups: luminal papillary (LumP), luminal non-specified (LumNS), luminal
unstable (LumU), stroma-rich, basal/squamous (Ba/Sq), and neuroendocrine-like (NE-like)
subtypes [10]. The LumU and basal/squamous subtypes have the highest level of genomic
instability due to somatic mutations [18]. The most common genes mutated in this subtype
are the ones that encode the apolipoprotein B mRNA editing catalytic polypeptide-like
family of proteins (APOBEC) [10,19]. The APOBEC-specific mutations seen in bladder
cancer are commonly known to be in the telomerase reverse transcriptase (TERT) promoter
region. Furthermore, 70–80% of bladder cancers contain this mutation [20]. TERT is the
catalytic subunit of the telomerase holoenzyme and it is responsible for preventing telomere
shortening [10]. During embryonic development, TERT activity is high, but in somatic
tissues, the expression levels decrease. In somatic tissues, TERT overexpression promotes
cell division and compromises cell cycle regulation. The pathological expression of TERT
allows for the immortality of tumor cells. Among the patients with UC, those with high
expression of TERT have a lower disease survival rate [21]. Other mutations commonly seen
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in UC include TP53, RB1, and EGFR [19]. UC bladder cancer has a high TMB, suggesting an
increase in neoantigen presentation to the cellular immune system. Therefore, the immune
environment within UC consists mostly of T-lymphocytes.

1.3. Tumor-Infiltrating Immune Cells in Bladder Cancer

Within the immune microenvironment of UC, there are several immune cells present,
and the major effector immune cells are the tumor-infiltrating lymphocytes (TILs). Among
TILs, cytotoxic T-cells (CD8+ T-cells) are the most important to mounting a response against
the neoantigens presented on the tumor [22]. Studies have shown a positive correlation
between the amount of CD8+ T-cells present in tumor tissue and the patient’s response to
immunotherapy [22]. Due to the effector function of CD8+ T-cells, it is conceivable that
most immune evasion tactics from the tumor are directed toward these cell types. CD8+

T-cells carry out their functions via the use of catalytic enzymes, which promote lysis of
the cells they target [10]. Additionally, CD8+ T-cells release other cytokines that prime
immune cells toward the tumor microenvironment. These cells are incredibly important in
the restraint of tumor growth and are key therapeutic targets for immunotherapy. There are
cell receptors that are present on CD8+ T-cells that can be upregulated or downregulated
by the tumor cells. This modification of receptors helps the tumor evade the TILs. For
example, immune checkpoints are cell-surface proteins that are used by tumor cells in
the TME. CD8+ T-cells are presented with peptide antigens on MHC-I molecules present
on antigen-presenting cells (APC). The binding of the T-cell receptor to the antigen is not
enough to activate the CD8+ T-cells; other signals like the binding of CD80 on APC to CD28
on T-cells and the presence of cytokines, like IFNγ, are needed to fully activate the CD8+

T-cells [23]. While CD8+ T-cells are important in the direct killing of tumor cells, helper
T-cells (CD4+ T-cells) support the role of CD8+ T-cells. The Th1 CD4+ T-cells pathway leads
to the release of inflammatory cytokines, particularly IFNγ. IFNγ has multiple effects on
different cells including activation of CD8+ T-cells and macrophages [24]. In this manner,
CD4+ T-cells are necessary for the differentiation of immune cells in the TME. Studies in
bladder cancer cell lines have found that depletion of CD4+ T-cells in the TME increases
tumor size and dampens the effect of immune checkpoint inhibition [25]. Immunotherapy
targets multifactorial aspects of the signaling pathway that leads to CD8+ T-cell and CD4+

T-cell activation. Moreover, there are other immune cells in the TME that impact the
immune microenvironment in UC.

Other cells in the TME that contribute to the immune microenvironment are macrophages.
They decrease the efficacy of cancer therapy including chemotherapy and immunother-
apy [26]. Macrophages are phagocytic cells that differentiate from circulation monocytes
to become tissue-resident cells. In normal tissues, macrophages act as part of the innate
system to fight foreign pathogens through phagocytosis. In the adaptive immune system,
macrophages can present antigens to activated T-cells to modulate cellular immunity. Ad-
ditionally, macrophages play a role in wound healing and coordinate anti-inflammatory
cytokines in the body after infection. A key feature of macrophages is their ability to differ-
entiate into one of two phenotypes in the presence of the appropriate cytokines and gene
expression [26]. The M1 phenotype is pro-inflammatory and is activated in the presence
of cytokines like IFNγ, TNFα, IL-6, and IL-1 [26]. The endpoint of M1 function is to fight
infection and tumors and prevent wound healing. Conversely, the M2 phenotype is anti-
inflammatory and mediates the wound-healing process in the body [25]. The M2 phenotype
is activated in the presence of cytokines like IL-4, IL-3, and IL-10 [25]. M2 macrophages
secrete mediators like IL-10 and TGFβ to dampen the inflammatory process [26].

During tumorigenesis, the macrophages present in the TME are referred to as tumor-
associated macrophages (TAM). These can either be resident in the tissue at the time of
neoplasia or they are recruited from circulating monocytes into areas of hypoxia [10]. Tumor
cells secrete cytokines that favor the differentiation of TAM into the M2 phenotype, thereby
dampening inflammation and potentiating tumor growth. In bladder cancer, TAMs found
in tumor samples are predominantly of the M2 phenotype and are commonly present
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in high-grade diseases [10]. Several cytokines are secreted by these M2 macrophages,
including IL-10 and TGFβ. IL-10 inhibits the function of APCs, they suppress the matura-
tion of intratumoral dendritic cells and reduce IL-12 production [27]. All these pathways
that are disrupted are needed in the activation of CD8+ T-cells in the TME; therefore, M2
macrophages can dampen the cytotoxic T-cell response needed in UC. The TME of UC
is a complex system with multifactorial cells playing different parts in immune evasion,
evasion of apoptosis, and cell immortality to aid in the growth and sustenance of the
tumor. Understanding these factors is important for the development of novel therapeutic
strategies, including the use of ICIs to treat UC.

2. Immune Checkpoints in Urothelial Carcinoma: Mechanism of Action

PD-L1 is a ligand that can be expressed on tumor cells as well as tumor-associated
immune cells. PD-L1 binds to PD-1, a receptor expressed on effector T-cells. In normal
uroepithelium, PD-L1 only binds to PD-1 when the immune system has been stimulated
for a prolonged period. Moreover, new research has shown that PD-L1 is also expressed on
APCs and binds to the ligand CD80 [28]. Cytotoxic T-lymphocyte antigen-4 (CTLA-4) is a
protein that also interacts with CD80. While CTLA-4, PD-L1, and PD-1 all work as “brakes”
to the immune system, they do so at different stages of T-cell activation. CTLA-4 has been
found to act at the priming stage when T-cells first differentiate into effector states [29].
PD-1 and PD-L1 are more important during the elimination phase where they encounter
the antigen in the periphery [29]. Tumor cells have adapted these ligands and use them to
escape the immune system during tumorigenesis.

2.1. Program Death 1 (PD-1)

PD-1 is a major cell surface checkpoint receptor present on T-cells in the TME of UC.
In tumorigenesis, PD-1 expression is greatly increased on activated T-cells, B-cells, natural
killer cells, and myeloid-derived cells to decrease the proliferation and activation of these
immune cells [30]. Studies have shown that PD-1 upregulation in UC is more prominent
in CD8+ T-cells versus CD4+ T-cells, although its expression is still overexpressed in both
cell types [31]. PD-1 binds to two ligands, PD-L1 and PD-L2. However, PD-L2 is rarely
present in high concentrations. PD-1 primarily asserts its actions by binding to PD-L1,
which leads to apoptosis of T-cells [30]. The downstream effect of PD-1 signaling is the
downregulation of the PI3k/AKT pathway that shuts down cytokine secretion of T-cells
as well as the cytolytic effects of CD8+ T-cells [32]. Importantly, tumor cells expressing
high PD-L1 levels can escape apoptosis due to immune avoidance [33]. Currently, there
are two PD-1 immune checkpoint inhibitors approved by the FDA for metastatic UC:
pembrolizumab and nivolumab.

2.2. Programmed Death-Ligand 1 (PD-L1)

PD-L1 is a receptor expressed both on the surface of tumor cells and host immune cells
in the TME. The binding of PD-L1 to PD-1 downregulates T-cells. Additional research has
found that PD-L1 also binds to CD80 on dendritic cells [27]. In vitro experiments conducted
by Mayoux et al. showed that PD-L1 colocalizes with CD80, thereby sequestering it from
binding to CD28 [28]. In this way, PD-L1 can induce anergy of T-cells by inhibiting the
appropriate signaling needed for activation. PD-L1 upregulation can be induced in the
TME of UC in response to cytokines in the TME, oncogenic alterations, and hypoxia [27].

During inflammation, IFNγ acts as a pro-inflammatory cytokine as it drives T-cell prolif-
eration and activation of other immune cells like natural killer cells and M1 macrophages [34].
In the TME of UC, IFNγ has been shown to play a role in the upregulation of PD-L1
during in vitro cell line studies. One particular study showed that when dendritic cells
are co-cultured with IFNγ, it leads to increased expression of PD-L1 [7]. IFNγ binds
to interferon-gamma receptor (IFNGR), leading to activation of the JAK/STAT pathway
via STAT1 [34]. The result of this signaling cascade is the activation of the transcription
factor interferon-responsive factor 1 (IRF1). IRF1-deficient mice displayed decreased tu-
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mor growth in colon cancer mouse models [35]. Therefore, IRF1 is a key mediator of
IFNγ-induced expression of PD-L1 in the TME (Figure 3).
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UC exhibits a high rate of somatic mutations and these oncogenic alterations may
significantly contribute to PD-L1 upregulation. The p38/MAPK signaling cascade plays a
positive role in PD-L1 expression on dendritic cells in bladder cancer [36]. Epigenetic regu-
lations through DNA methylation and histone modification are another potential mediator
for increased PD-L1 expression. A recent study conducted by Zhang et al. explored the role
of an epigenetic protein called WDR5 in immune evasion via PD-L1 expression in bladder
cancer [37]. WDR5 is a histone presenter that forms a complex with the MLL1-MLL4
methyltransferase. This complex plays a vital role in chromatin remodeling, transcriptional
activation of genes, and histone methylation in bladder cancer [38]. Using genomic data
from the cancer genome atlas (TCGA), they found that WDR5 is positively correlated with
the expression of PD-L1 in different bladder cancer subtypes. They also found that com-
petitive inhibition of WDR5 led to a decrease in PD-L1 expression in the TME of bladder
cancer cell lines, even in the presence of IFNγ [37]. Inhibiting WDR5 led to a decrease
in PD-L1 expression at the mRNA level by decreasing RNA polymerase II levels in the
PD-L1 promoter region [37]. These experiments demonstrated that oncogenic alterations
in bladder cancer also impact the upregulation of PD-L1 in the TME. In patients with UC,
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higher PD-L1 expression has been associated with higher staging and lower chances of
recovery [28].

2.3. Cytotoxic T-Lymphocyte-Associated Protein-4 (CTLA-4)

The first immune checkpoint to be clinically targeted for cancer treatment was CTLA-4.
CTLA-4 is expressed on activated CD4+ T-cells and CD8+ T-cells with the former having
higher levels of expression [30]. It is also expressed on certain subsets of T-regulatory cells in
the TME [28]. CTLA-4 has a similar function to PD-L1 expressed on APCs and binds CD80
with approximately ten times more affinity compared with CD28 [29,30]. Without CD80
and CD28 binding, the co-stimulation of T-cell activation is not achieved [30]. In this way,
CTLA-4 can modulate the anergy of T-cells and promote evasion of the immune system in
UC [39]. Moreover, CTLA-4 can also assert its effects by removing CD80 molecules from
neighboring APCs through trans endocytosis [33].

Although some studies have shown that blockade of CTLA-4 can lead to tumor
regression in vitro using cell lines [31], the in vivo effects of CTLA-4 inhibition for UC
have not been well studied. It is hypothesized that the inhibition of CTLA-4 can prevent
anergy during the priming stage of T-cell activation, allowing for increased infiltration
of lymphocytes into the tumor [40]. In addition, since CTLA-4 is also expressed in T-reg
cells, blocking this immune checkpoint could reduce the ratio of T-reg to effector T-cells
in the TME leading to better control of the tumor by the immune system [41]. There is
currently no FDA-approved CTLA-4 antibody for bladder cancer, which highlights the
need for additional research to assess CTLA-4 blockade in UC.

3. FDA-Approved Immune Checkpoint Inhibitors in Urothelial Carcinoma

Metastatic UC is initially responsive to chemotherapy, but has limited response dura-
tion and will often require second-line treatment upon recurrence [42]. The most common
form of chemotherapy for UC is cisplatin-based chemotherapy; however, about two-thirds
of patients are ineligible for this treatment [42]. Cisplatin is often cleared by the kidneys
and is contraindicated in patients with kidney disease [42]. Historically, second-line treat-
ment has had limited benefit for patients with progressive disease after chemotherapy [43].
Importantly, ICIs as a second-line therapy have shown the greatest benefit in terms of
overall survival (OS) for UC [43]. The current FDA-approved drugs for metastatic UC are
pembrolizumab, avelumab, and nivolumab.

3.1. Pembrolizumab

Pembrolizumab is a highly selective IgG4 humanized antibody that binds to PD-1 [44].
The KEYNOTE-045 phase III clinical trial demonstrated the efficacy of pembrolizumab
in the treatment of metastatic UC [44]. It was an open-label, international trial including
542 patients with advanced urothelial cancer that recurred or progressed after chemother-
apy [44]. The primary endpoints were OS and progression-free survival (PFS), which were
assessed by calculating the tumor PD-1 ligand positive score, with 10% or more being
the cutoff [44]. The cohort was divided into two groups in a 1:1 ratio with one group
receiving 200 mg of pembrolizumab intravenously every three weeks. For comparison, the
other group was given the investigator’s choice of paclitaxel, docetaxel, or vinflunine—all
administered at 3 weeks [44]. To measure tumor size in response to therapy, the partici-
pants underwent tumor imaging at week nine and then every six weeks after that for a
year and subsequently every 12 weeks. The median duration of study treatment in the
pembrolizumab group was 3.5 months, while the chemotherapy group was treated for
1.5 months.

The results of the study showed a significantly higher OS rate for the pembrolizumab
group with a hazard ratio of 0.73 [44]. The pembrolizumab group had a median OS of
10.3 months compared with the chemotherapy group with 7.4 months. Moreover, the
estimated overall response rate in the pembrolizumab group was 43.9% compared with
30.7% in the chemotherapy group. There was no difference in the PFS between the pem-
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brolizumab and the chemotherapy group. However, there was a higher objective response
rate in the pembrolizumab group (21.1%) compared with the chemotherapy group (11.4%).
In addition, the pembrolizumab group had fewer adverse effects. The most common
treatment-related side effects were pruritus, fatigue, and nausea [44]. Based on these
results, pembrolizumab received approval from the FDA for second-line neoadjuvant treat-
ment of metastatic UC in the US. The tolerability and antitumor effect of pembrolizumab
as first-line therapy was in the KEYNOTE-052 study, which showed a higher frequency
of response to pembrolizumab for cisplatin-ineligible patients with locally advanced and
unresectable or metastatic UC and high PD-L1 expression [45].

3.2. Nivolumab

Nivolumab is a humanized IgG4 antibody against PD-1 that was FDA-approved as
a second-line treatment for metastatic UC based on the Checkmate 275 phase II clinical
trial [46]. The Checkmate 275 was a multicenter, single-arm study of 270 patients, aged
eighteen or older, with metastatic UC or unresectable local UC [46]. Patients received
3 mg of nivolumab every 2 weeks until disease progression, clinical deterioration, or
unacceptable toxicity [46]. The primary endpoint was overall objective response and PD-L1
positive expression (≥5% and ≥1%) [46].

The overall objective response rate was 20% in the nivolumab group compared with
10% in the control group with no significant difference for PD-L1 expression between both
groups. Importantly, there was increased response for patients with high PD-L1 expression.
Treatment-related adverse effects occurred in 64% of the cohort with the most common
adverse effect being fatigue, which was noted in 17% of the patients. In the cohort, 18%
of patients experienced fatigue and diarrhea, 1% suffered from pneumonitis, 1% from
pemphigoid, and <1% suffered from lung-related complications and autoimmune reactions
like a pruritic rash [46].

Subsequently, nivolumab was approved for second-line treatment of metastatic or
unresectable UC in the US. Since then, nivolumab has been approved as an adjuvant
treatment for MIBC following radical surgical resection based on the results of CheckMate
274 [47]. This phase III, double-blind, randomized trial measured efficacy using disease-free
survival (DFS) as its endpoint [47]. Median DFS in the nivolumab group was 20.8 months
while the placebo group was 10.8 months. In addition, the median survival free from
recurrence in the nivolumab group was 22.9 months compared with 13.7 months in the
placebo group. In conclusion, nivolumab demonstrated longer DFS following radical
surgery and was granted FDA approval in this setting.

3.3. Avelumab

Avelumab is an IgG1-type antibody against PD-L1 that prevents the binding of PD-L1
to PD-1 [48]. In 2020, avelumab received FDA approval for use as maintenance therapy in
locally advanced or metastatic bladder cancer following the JAVELIN 100 trial [48]. This
was an international, open-label phase III trial that lasted from May 2016 to June 2019 [48].
The inclusion criteria included locally advanced or metastatic bladder cancer patients who
had stable disease after receiving four to six cycles of chemotherapy with gemcitabine
and cisplatin or carboplatin [48]. Additionally, patients had to be treatment-free for at
least four weeks before enrollment. Patients were randomly selected on a 1:1 ratio into
the avelumab or control group. In the avelumab group, patients received 10 mg/kg of
avelumab plus the best supportive care, while the control group received only supportive
care [48]. For both groups, PD-L1 expression was assessed using the Ventana PD-L1 assay
with a PD-L1-positive score assigned to tumor cells or immune cells staining for at least
25% PD-L [48]. Tumor samples that had 100% staining for PD-L1 on immune cells when
less than 1% of the area had immune cells were also classified as positive. To measure
the primary and secondary endpoints, the tumors were measured using RECIST. A total
of 51.1% of patients had PD-L1-positive tumors with the breakdown being 57% in the
avelumab group and 56.3% in the control group.
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The primary endpoint was OS and the secondary endpoints were PFS and safety. The
OS at 12 months was 71.3% in the avelumab group compared with 58.4% in the control
group with the median OS being 21.4 months and 14.3 months, respectively. The PD-L1-
positive group also demonstrated longer survival in the avelumab group at 79.1% compared
with 60% in the control group. Moreover, PD-L1-negative patients in the avelumab group
had an OS of 18.8 months compared with 13.7 months in the control group [48]. PFS and
overall response rate were also markedly higher in the avelumab group compared with
the control group. In the overall population, the avelumab group had a PFS of 3.7 months
compared with 2.0 months in the control group. PD-L1-positive patients given avelumab
had a median PFS rate of 5.7 months compared with 2.1 months in the control group, while
PD-L1-negative patients in the avelumab group had a PFS rate of 3.0 months compared with
1.9 months in the control group. Therefore, PD-L1-positive patients performed significantly
better than PD-L1-negative patients.

Adverse effects of any grade occurred in 98% of patients in the avelumab group
compared with 77.7% in the control group, with the most common adverse effects being
fatigue, pruritus, urinary tract infections, and diarrhea [48]. Adverse events of grade 3 or
higher occurred in 47.4% of the avelumab group with the control group having 25.2%. The
most common adverse effect in the avelumab group was anemia, urinary tract infections,
fatigue, and hematuria. Additionally, 29.4% of patients in the avelumab group had an
immune-related adverse effect with the most common being thyroid disorders [48]. Due
to the higher OS and PFS rates in the avelumab group, it was granted FDA approval for
maintenance therapy in locally advanced or metastatic bladder cancer. The key clinical
trials leading to FDA approval of ICIs are presented in Table 1.

Table 1. Overview of clinical trials for current FDA-approved ICIs for metastatic UC.

Treatment Name and Year Phase Line of Therapy N Findings

Pembrolizumab vs.
chemotherapy Keynote-045, 2017 III Second 542

OS: 10.3 vs. 7.4 months
(all patients)

OS: 8 vs. 5.2 months (for
PD-L1 ≥ 10%)

Nivolumab post
platinum-based
chemotherapy

CheckMate 275,
2017 II Second 270 ORR: 19.6% (52/265)

Avelumab maintenance vs.
best supportive care

Javelin Bladder
100, 2020 III First 700 OS: 21.4 vs. 14.3 months

ORR: overall response rate; OS: overall survival.

4. ICI Combination Therapies

The use of ICIs in UC is instrumental in the activation of tumor-infiltrating lympho-
cytes against the tumor. Moreover, tumor-infiltrating lymphocytes interface with other
immune cells and cytokines in the tumor microenvironment [9]. Due to the crosstalk
between these different elements, there will be indirect effects of ICIs on the immune
microenvironment. ICIs reactivate T-cells and increase IFNγ in the environment. Although
IFNγ upregulates PD-L1 expression, it is involved in many of the inflammatory processes of
the body [22]. IFNγ is involved in the differentiation of monocytes into the M1 macrophage
lineage, also known as the pro-inflammatory subtype of macrophages [22]. In this way,
ICIs not only influence lymphocytes but can indirectly prime other immune cells to de-
crease tumor volume. The upregulation of PD-L1 due to IFNγ is addressed by PD-L1
inhibitors; therefore, the anti-tumor effects of IFNγ can be achieved while avoiding the
pro-tumor effects. Unfortunately, only a few patients have durable long-term responses to
ICI therapy [49]. The potential for ICIs in UC can be transformational if the mechanisms
behind resistance are understood and addressed. A possible way to address this resistance
is combination therapy. The use of PD-1/PD-L1 inhibitors with CTLA-4 inhibitors could
address resistance by targeting different pathways simultaneously.
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Studies have shown that reactivation of T-cells under PD-1 inhibition potentially
stimulates compensatory immune checkpoints, such as CTLA-4 [30]. CTLA-4 can induce
anergy of T-cells in the priming stage by binding CD80 on APCs. Targeting CTLA-4 at the
priming stage would allow for increased de novo T-cell synthesis and proliferation [30].
In addition to reactivating existing T-cells using PD-1/PD-L1 inhibitors, CTLA-4 adds the
benefit of increasing the number of T-cells in the TME. Therefore, disruption of multiple
pathways for immune checkpoints in UC can lead to prolonged activation of T-cells. This
can be achieved with combination therapy. However, the use of CTLA-4 for UC has been
limited even though it is approved for use in the treatment of other highly mutagenic
cancers, such as melanoma, renal cell carcinoma (RCC), and non-small cell lung cancer
(NSCLC). In 2010, the CTLA-4 antibody ipilimumab was approved for the treatment of
melanoma following a successful phase III trial [50]. Combination therapy of ipilimumab
and PD-1 inhibitors was subsequently approved for the treatment of melanoma [51],
NSCLC [52], and RCC [53].

4.1. Approved Combination Therapies in Other Cancers

The checkmate 9LA clinical trial tested the use of nivolumab and ipilimumab com-
bined with chemotherapy (experimental) vs. chemotherapy alone (control) for stage IV or
recurrent NSCLC. The dosage for nivolumab was 360 mg intravenously every 3 weeks, and
ipilimumab was administered at a dose of 1 mg/kg. This study used OS as its primary end-
point. Importantly, the experimental group had a longer survival at 14.1 months compared
with 10.7 months in the control group [52]. There were high-grade adverse events in both
groups, with seven recorded deaths in the experimental group and six in the control group.
Nevertheless, this combination was approved after showing positive OS results.

Checkmate 214 was a phase III clinical trial of nivolumab plus ipilimumab for un-
treated advanced RCC. This trial tested nivolumab plus ipilimumab combination (exper-
imental) vs. sunitinib, a multi-tyrosine kinase inhibitor (control) [53]. The experimental
group received 3 mg/kg of nivolumab plus 1 mg/kg of ipilimumab for three weeks for four
doses followed by 3 mg/kg of nivolumab every 2 weeks. At 18 months, the experimental
group had significantly higher OS at 75% compared with 60% in the control group. PFS was
also higher in the experimental group at 11.6 months. Grade 3–4 adverse effects occurred in
46% with a 22% drop rate due to treatment-related side effects. However, the safety profile
and survival benefit were favorable enough for FDA approval.

Checkmate 067 was a phase III clinical trial that tested nivolumab plus ipilimumab
(experimental) vs. nivolumab or ipilimumab alone in stage III or IV melanoma [51]. The
experimental group received 1 mg/kg of nivolumab plus 3 mg/kg of ipilimumab every
three weeks for four doses followed by 3 mg/kg of nivolumab every 2 weeks. Following the
four-year follow-up, nivolumab plus ipilimumab provided a durable and sustained survival
benefit with a good safety profile for patients with melanoma [51]. In the experimental
group, 59% of patients experienced treatment-related grade 3–4 adverse effects, with the
most common grade 3 side effect being diarrhea and the most common grade 4 effect being
increased lipase. In 2019, a phase IIIb/IV clinical trial evaluated a lower dose of ipilimumab
in advanced melanoma [54]. Patients who were given 3 mg/kg/d of nivolumab plus
1 mg/kg/d of ipilimumab had a lower incidence of grade 3–4 adverse effects compared
with patients given 1 mg/kg/d of nivolumab plus 3 mg/kg/d of ipilimumab, with no
significant difference in efficacy between the two doses. Table 2 summarizes the findings of
approved combination therapies.
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Table 2. Summary of clinical trials of PD-1/PD-L1 and CTLA-4 inhibition combination therapy
applied on RCC, melanoma, NSLC, and UC.

Cancer Type Treatment Phase Findings Adverse Effects

NSLC—stage
IV/recurrent

Nivolumab (360 mg IV) + ipilimumab
(1 mg/kg) + chemotherapy vs.

chemotherapy alone
III OS: 14.1 vs.

10.7 months
Grade 3–4: 47% vs.

38%

RCC—advanced stage Nivolumab (3 mg/kg) + ipilimumab
(1 mg/kg) vs. sunitinib III ORR: 42% vs. 27% Grade 3–4: 46% vs.

63%

Melanoma—stages III
and IV

Nivolumab (1 mg/kg) + ipilimumab
(3 mg/kg) vs. nivolumab alone (3 mg/kg)

vs. ipilimumab alone (3 mg/kg)
III PFS: 11.5 vs. 6.9 vs.

2.9 months
Grade 3–4: 59% vs.

22% vs. 28%

Melanoma—advanced
stage

Nivolumab (3 mg/kg) + ipilimumab
(1 mg/kg) vs. nivolumab (1 mg/kg) +

ipilimumab (3 mg/kg)
IIIb/IV

ORR: 50.6% vs.
48%PFS: 9.9 months

vs. 8.9 months

Grade 3–5: 34% vs.
48%

Urothelial
carcinoma—metastatic

Nivolumab (3 mg/kg) vs. nivolumab
(3 mg/kg) + ipilimumab (1 mg/kg) vs.

nivolumab (1 mg/kg) + ipilimumab
(3 mg/kg)

I/II ORR: 25.6% vs.
26.9% vs. 38%

Grade 3–4: 26.9%
vs. 30.8% vs. 39.1%

OS: overall survival; ORR: overall response rate; PFS: progression-free survival; RCC: renal cell carcinoma; and
NSLC: non-small cell lung cancer.

4.2. Clinical Studies in UC

The previously mentioned studies demonstrated similar safety profiles with the use
of the same ipilimumab dose (1 mg/kg). Although treatment-related side effects were
present in the experimental groups, the risk-to-benefit ratio was still favorable. However,
the same has not been observed in UC. It is unclear why it has been difficult to use CTLA-4
in clinical treatment for UC even though it is highly expressed. One hypothesis is that an
increased dosage of CTLA-4 is needed to see benefits leading to severe treatment-related
adverse effects. From 2015 to 2017, AstraZeneca conducted the DANUBE trial. This phase
three trial compared the PD-L1 antibody durvalumab combined with the CTLA-4 antibody
tremelimumab vs. chemotherapy alone in UC [55]. The clinical trial was unsuccessful in
reaching its primary endpoint of OS. A phase I/II trial testing nivolumab and ipilimumab
emerged, and while it did not reach phase III, the results looked promising [56]. The trial
divided patients on a 1:1:1 ratio into three groups: 3 mg of nivolumab, 3 mg of nivolumab
plus 1 mg of ipilimumab, and 1 mg of nivolumab plus 3 mg of ipilimumab [56]. The most
significant increase in ORR was seen in the group given 3 mg of ipilimumab with the safety
profile being unfavorable. This highlights the potential of CTLA-4 inhibition in patients
with UC who can tolerate treatment.

Another potential roadblock to the combined inhibition of multiple immune check-
points could be the upregulation of other checkpoint receptors within UC tumor cells. For
example, lymphocyte activation gene 3 (LAG3) is another immune checkpoint protein
expressed on T-cells that leads to the exhaustion of activated T-cells [57]. LAG3 binds
to MHC II as well as other receptors, such as fibrinogen-like protein 1 (FGL-1) [57,58].
When LAG3 binds to its receptors, it decreases the release of cytokines and granzymes and
negatively regulates CD8+ T-cell proliferation [57]. It also promotes differentiation into
T-reg cells, thereby promoting an anti-inflammatory environment within tumors [59]. A
study conducted by Zeng et al. analyzed the survival rates of patients with MIBC who
expressed intraepithelial vs. stromal LAG3 [60]. They found that LAG3 was preferentially
expressed in the stroma and associated with decreased 5-year survival [60]. Patients with
MIBC who expressed high levels of stromal LAG3 also had increased infiltration of T-reg
cells within the TME with a concurrent increase in anti-inflammatory cytokines such as
IL-10 and TGFβ [60]. The utilization of LAG3 in metastatic UC has not been elucidated fully
in the literature. Another study conducted by Vanguri et al. investigated the use of LAG3
as a biomarker of response to anti-PD-1/PD-L1 in metastatic and primary UC [61]. Their
study found that LAG3 was a better biomarker of response to anti-PD-1/PD-L1 therapy,
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especially when combined with PD-L1 expression. Patients who responded had higher
expression of LAG3 compared with non-responders [61]. These findings could point to a
response of the TME within UC to blockade PD-1 and PD-L1. Exploration of the expression
of LAG3 in metastatic UC would be important to illuminate potential mechanisms of
resistance to anti-PD-1/PD-L1 and anti-CTLA-4 combinations in UC.

In addition to LAG3, there are other immune checkpoints that have been discovered to
play a role in UC, such as the T-cell immunoglobulin domain and mucin domain-containing
molecule (TIM-3) and the T-cell immunoreceptor tyrosine-based inhibitory motif domain
(TIGIT). TIM3 and TIGIT are expressed on CD4+ and CD8+ T-cells as well as T-reg and
innate immune cells [62]. Analysis of peripheral blood mononuclear cells from patients with
UC showed increased expression of TIM3 and TIGIT on T-cells and natural killer cells [62].
Thus, further research is needed to understand the cross-talk between multiple immune
checkpoint pathways to improve ICI combination response while minimizing toxicity.

4.3. Future Directions and Controversies

Further studies are needed to examine relevant biomarkers and other immune check-
points. When PD-1 inhibitors were being developed, it was believed that PD-L1 expres-
sion levels would be a biomarker for predicting patients that would benefit from PD-
1/PD-L1 inhibition therapy [30]. There are mixed results on the expression of PD-L1 as
a marker for clinical response. In addition, manufacturers use non-standardized assays
to measure PD-L1 expression with differing thresholds of positivity. For example, Ven-
tana classifies ≥ 5% of PD-L1 expression as positive and was used for atezolizumab [30].
However, pembrolizumab used the IHC 22C3 PharmDx assay, which classifies ≥ 10% as
PD-L1 positive [44]. Similarly, nivolumab and avelumab used different assays. There-
fore, no standardized threshold for PD-L1-positive tumors has been established making
any comparative correlations difficult. The only consistent finding has been that both
PD-L1-negative and -positive tumors respond to PD-1/PD-L1 for reasons that are still
unknown [63,64]. PD-L1 expression is also limited as a biomarker in combination therapy
as other ICIs do not specifically target PD-L1. The density of lymphocytes in the TME could
be a possible biomarker since PD-1, PD-L1, and CTLA-4 inhibitors have all been shown to
increase CD4 and CD8 cell infiltration [65].

Genetic signatures such as molecular subtypes and TMB are other prospective biomark-
ers. The molecular subtype classification of UC carried out by TCGA has been used in
some clinical trials as a possible biomarker [18]. Nivolumab reported response rates based
on molecular subtypes in the CheckMate 275 trial. Basal 1 had the highest response rate
followed by luminal cluster 2 [46]. Recent data also suggest that TMB might be a more
robust biomarker than PD-L1 expression in UC [66]. It is hypothesized that higher titers of
neoantigens present in patients indicate a more robust response by the immune system.
Additionally, those with higher TMB had a better response rate as opposed to those with
lower TMB [46]. However, TMB has not been formally vetted as a biomarker in phase III
studies, and there is no defined threshold to indicate high vs. low TMB levels [66].

Other molecular players involved in tumor promotion need to be investigated for
future drug development. CTLA-4 is not the only compensatory checkpoint upregulated
during PD-1/PD-L1 resistance. Other checkpoints include TIM-3, TIGIT, and LAG3. TIM-3
is expressed on CD4+ T-cells and CD8+ T-cells and it binds to different receptors, including
galectin-9, CEACAM-1, and HMGB-1 [30]. The binding of TIM-3 to its receptors leads
to defective expression of proinflammatory cytokines and it signals the use of a different
mechanism of action from PD-1/PD-L1. LAG3 is expressed on multiple cells, most notably
T-cells and T-regs [57,67]. LAG3 is highly expressed in T-cells after activation, but the role
of LAG3 in immune regulation is unclear. The main receptor for LAG3 is MHC-II [67].
However, it may also bind to other receptors including galectin-9 and FGL-1 [57,67].

There are also other potential targets that can be used in combination with ICIs as
treatment such as Nectin-4. Nectin-4 is a tumor antigen expressed on most UC cells and the
basis for the development of the drug enfortumab vedotin [68]. Enfortumab vedotin is an
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antibody-drug conjugate that consists of an antibody against Nectin-4 and a microtubule-
disrupting agent [69]. In 2023, a recent phase III trial of enfortumab vedotin in combination
with pembrolizumab vs. chemotherapy for untreated locally advanced metastatic UC was
conducted [69]. The use of enfortumab vedotin in combination with pembrolizumab nearly
doubled the median PFS and OS of patients compared with OS [69].

FGFR3 is another novel target that has been explored within UC. FGFR3 is a tyrosine
kinase that is mutated in 20% of UC leading to oncogenesis [70]. In 2019, erdafitinib was
the first FGFR3 inhibitor approved for locally advanced or metastatic UC with FGFR2/3
mutations who progressed on prior chemotherapy [71]. Investigations into a combination
of FGFR2/3 inhibitors with other treatment modalities could abrogate possible resistance
that can arise in monotherapy. Further evaluations into the synergism of ICIs and FGFR2/3
inhibitors are warranted in the treatment landscape of UC.

5. Conclusions

The targeting of immune checkpoints in UC has been demonstrated to be a promis-
ing therapeutic approach, but further studies are needed to develop biomarkers and to
understand mechanisms of resistance. The crosstalk between immune cells in the TME has
shown how PD-L1 is upregulated on both tumor cells and dendritic cells. Simultaneously,
comprehensive flow cytometry studies have determined that CTLA-4 upregulation may
contribute to PD-1/PD-L1 antibody resistance. This observation is poorly understood,
indicating that additional preclinical studies are needed. The data suggest that upregulation
of CTLA-4 during PD-1/PD-L1 treatment may promote drug resistance, indicating that
combination therapy should be evaluated. These approaches may help increase survival in
patients with UC undergoing ICI therapy.

Author Contributions: Conceptualization, V.O. and J.C.; Writing—V.O.; Writing—review and editing,
J.C., I.C.P., S.T.N., J.S.C. and A.R.-B.; Supervision, J.C., S.T.N. and A.R.-B.; Project administration, J.C.
and A.R.-B. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: J.S.C. and S.T.N. are co-founders of Majestic Therapeutics, LLC. The other
authors declare no conflicts of interest.

References
1. Jubber, I.; Ong, S.; Bukavina, L.; Black, P.C.; Comperat, E.; Kamat, A.M.; Kiemeney, L.; Lawrentschuk, N.; Lerner, S.P.; Meeks, J.J.;

et al. Epidemiology of Bladder Cancer in 2023: A Systematic Review of Risk Factors. Eur. Urol. 2023, 84, 176–190. [CrossRef]
[PubMed]

2. Lobo, N.; Afferi, L.; Moschini, M.; Mostafid, H.; Porten, S.; Psutka, S.P.; Gupta, S.; Smith, A.B.; Williams, S.B.; Lotan, Y.
Epidemiology, Screening, and Prevention of Bladder Cancer. Eur. Urol. Oncol. 2022, 5, 628–639. [CrossRef] [PubMed]

3. Rani, B.; Ignatz-Hoover, J.J.; Rana, P.S.; Driscoll, J.J. Current and Emerging Strategies to Treat Urothelial Carcinoma. Cancers 2023,
15, 4886. [CrossRef] [PubMed]

4. Sweis, R.F.; Spranger, S.; Bao, R.; Paner, G.P.; Stadler, W.M.; Steinberg, G.; Gajewski, T.F. Molecular Drivers of the Non–T-
cell-Inflamed Tumor Microenvironment in Urothelial Bladder Cancer. Cancer Immunol. Res. 2016, 4, 563–568. [CrossRef]
[PubMed]

5. National Cancer Institute. Bladder Cancer Stages—NCI; National Cancer Institute: Bethesda, MA, USA, 2023.
6. Rhea, L.P.; Aragon-Ching, J.B. Advances and Controversies With Checkpoint Inhibitors in Bladder Cancer. Clin. Med. Insights

Oncol. 2021, 15, 117955492110449. [CrossRef] [PubMed]
7. Peng, Q.; Qiu, X.; Zhang, Z.; Zhang, S.; Zhang, Y.; Liang, Y.; Guo, J.; Peng, H.; Chen, M.; Fu, Y.-X.; et al. PD-L1 on dendritic cells

attenuates T cell activation and regulates response to immune checkpoint blockade. Nat. Commun. 2020, 11, 4835. [CrossRef]
[PubMed]

https://doi.org/10.1016/j.eururo.2023.03.029
https://www.ncbi.nlm.nih.gov/pubmed/37198015
https://doi.org/10.1016/j.euo.2022.10.003
https://www.ncbi.nlm.nih.gov/pubmed/36333236
https://doi.org/10.3390/cancers15194886
https://www.ncbi.nlm.nih.gov/pubmed/37835580
https://doi.org/10.1158/2326-6066.CIR-15-0274
https://www.ncbi.nlm.nih.gov/pubmed/27197067
https://doi.org/10.1177/11795549211044963
https://www.ncbi.nlm.nih.gov/pubmed/34602833
https://doi.org/10.1038/s41467-020-18570-x
https://www.ncbi.nlm.nih.gov/pubmed/32973173


Cancers 2024, 16, 131 15 of 17

8. Rouanne, M.; Roumiguié, M.; Houédé, N.; Masson-Lecomte, A.; Colin, P.; Pignot, G.; Larré, S.; Xylinas, E.; Rouprêt, M.; Neuzillet,
Y. Development of immunotherapy in bladder cancer: Present and future on targeting PD(L)1 and CTLA-4 pathways. World J.
Urol. 2018, 36, 1727–1740. [CrossRef]

9. Meng, J.; Lu, X.; Zhou, Y.; Zhang, M.; Ge, Q.; Zhou, J.; Hao, Z.; Gao, S.; Yan, F.; Liang, C. Tumor immune microenvironment-based
classifications of bladder cancer for enhancing the response rate of immunotherapy. Mol. Ther. Oncolytics 2021, 20, 410–421.
[CrossRef]

10. Tran, L.; Xiao, J.-F.; Agarwal, N.; Duex, J.E.; Theodorescu, D. Advances in bladder cancer biology and therapy. Nat. Rev. Cancer
2021, 21, 104–121. [CrossRef]

11. Mezheyeuski, A.; Segersten, U.; Leiss, L.W.; Malmström, P.-U.; Hatina, J.; Östman, A.; Strell, C. Fibroblasts in urothelial bladder
cancer define stroma phenotypes that are associated with clinical outcome. Sci. Rep. 2020, 10, 281. [CrossRef]

12. Calvete, J.; Larrinaga, G.; Errarte, P.; Martín, A.M.; Dotor, A.; Esquinas, C.; Nunes-Xavier, C.E.; Pulido, R.; López, J.I.; Angulo,
J.C. The coexpression of fibroblast activation protein (FAP) and basal-type markers (CK 5/6 and CD44) predicts prognosis in
high-grade invasive urothelial carcinoma of the bladder. Hum. Pathol. 2019, 91, 61–68. [CrossRef] [PubMed]

13. Batlle, E.; Massagué, J. Transforming Growth Factor-β Signaling in Immunity and Cancer. Immunity 2019, 50, 924–940. [CrossRef]
[PubMed]

14. Wang, L.; Saci, A.; Szabo, P.M.; Chasalow, S.D.; Castillo-Martin, M.; Domingo-Domenech, J.; Siefker-Radtke, A.; Sharma, P.;
Sfakianos, J.P.; Gong, Y.; et al. EMT- and stroma-related gene expression and resistance to PD-1 blockade in urothelial cancer. Nat.
Commun. 2018, 9, 3503. [CrossRef] [PubMed]

15. Mariathasan, S.; Turley, S.J.; Nickles, D.; Castiglioni, A.; Yuen, K.; Wang, Y.; Kadel Iii, E.E.; Koeppen, H.; Astarita, J.L.; Cubas, R.;
et al. TGFβ attenuates tumour response to PD-L1 blockade by contributing to exclusion of T cells. Nature 2018, 554, 544–548.
[CrossRef] [PubMed]

16. Long, X.; Xiong, W.; Zeng, X.; Qi, L.; Cai, Y.; Mo, M.; Jiang, H.; Zhu, B.; Chen, Z.; Li, Y. Cancer-associated fibroblasts promote
cisplatin resistance in bladder cancer cells by increasing IGF-1/ERβ/Bcl-2 signalling. Cell Death Dis. 2019, 10, 375. [CrossRef]
[PubMed]

17. Lawrence, M.S.; Stojanov, P.; Polak, P.; Kryukov, G.V.; Cibulskis, K.; Sivachenko, A.; Carter, S.L.; Stewart, C.; Mermel, C.H.;
Roberts, S.A.; et al. Mutational heterogeneity in cancer and the search for new cancer-associated genes. Nature 2013, 499, 214–218.
[CrossRef] [PubMed]

18. Goutas, D.; Palamaris, K.; Stofas, A.; Politakis, N.; Despotidi, A.; Giannopoulou, I.; Goutas, N.; Vlachodimitropoulos, D.;
Kavantzas, N.; Lazaris, A.C.; et al. Immunohistochemical Study of Bladder Cancer Molecular Subtypes and Their Association
with PD-L1 Expression. Cancers 2022, 15, 188. [CrossRef] [PubMed]

19. Robertson, A.G.; Kim, J.; Al-Ahmadie, H.; Bellmunt, J.; Guo, G.; Cherniack, A.D.; Hinoue, T.; Laird, P.W.; Hoadley, K.A.; Akbani,
R.; et al. Comprehensive Molecular Characterization of Muscle-Invasive Bladder Cancer. Cell 2017, 171, 540–556.e525. [CrossRef]

20. Leão, R.; Lee, D.; Figueiredo, A.; Hermanns, T.; Wild, P.; Komosa, M.; Lau, I.; Mistry, M.; Nunes, N.M.; Price, A.J.; et al. Combined
genetic and epigenetic alterations of the TERT promoter affect clinical and biological behavior of bladder cancer. Int. J. Cancer
2019, 144, 1676–1684. [CrossRef]

21. Borah, S.; Xi, L.; Zaug, A.J.; Powell, N.M.; Dancik, G.M.; Cohen, S.B.; Costello, J.C.; Theodorescu, D.; Cech, T.R. TERT promoter
mutations and telomerase reactivation in urothelial cancer. Science 2015, 347, 1006–1010. [CrossRef]

22. Deng, B.; Park, J.-H.; Ren, L.; Yew, P.Y.; Kiyotani, K.; Antic, T.; O’Connor, K.; O’Donnell, P.H.; Nakamura, Y. CD8 lymphocytes in
tumors and nonsynonymous mutational load correlate with prognosis of bladder cancer patients treated with immune checkpoint
inhibitors. Cancer Rep. 2018, 1, e1002. [CrossRef] [PubMed]

23. Martínez-Lostao, L.; Anel, A.; Pardo, J. How Do Cytotoxic Lymphocytes Kill Cancer Cells? Clin. Cancer Res. 2015, 21, 5047–5056.
[CrossRef] [PubMed]

24. Baker, S.C.; Mason, A.S.; Slip, R.G.; Eriksson, P.; Sjödahl, G.; Trejdosiewicz, L.K.; Southgate, J. The Urothelial Transcriptomic
Response to Interferon Gamma: Implications for Bladder Cancer Prognosis and Immunotherapy. Cancers 2022, 14, 5295. [CrossRef]
[PubMed]

25. Sato, Y.; Bolzenius, J.K.; Eteleeb, A.M.; Su, X.; Maher, C.A.; Sehn, J.K.; Arora, V.K. CD4+ T cells induce rejection of urothelial
tumors after immune checkpoint blockade. JCI Insight 2018, 3, e121062. [CrossRef] [PubMed]

26. Ceci, C.; Atzori, M.G.; Lacal, P.M.; Graziani, G. Targeting Tumor-Associated Macrophages to Increase the Efficacy of Immune
Checkpoint Inhibitors: A Glimpse into Novel Therapeutic Approaches for Metastatic Melanoma. Cancers 2020, 12, 3401. [CrossRef]

27. Shalapour, S.; Karin, M. Pas de Deux: Control of Anti-tumor Immunity by Cancer-Associated Inflammation. Immunity 2019, 51,
15–26. [CrossRef]

28. Mayoux, M.; Roller, A.; Pulko, V.; Sammicheli, S.; Chen, S.; Sum, E.; Jost, C.; Fransen, M.F.; Buser, R.B.; Kowanetz, M.; et al.
Dendritic cells dictate responses to PD-L1 blockade cancer immunotherapy. Sci. Transl. Med. 2020, 12, eaav7431. [CrossRef]

29. Mancini, M.; Righetto, M.; Noessner, E. Checkpoint Inhibition in Bladder Cancer: Clinical Expectations, Current Evidence, and
Proposal of Future Strategies Based on a Tumor-Specific Immunobiological Approach. Cancers 2021, 13, 6016. [CrossRef]

30. Wong, R.M.; Cameron, R.B. Immune Checkpoint Blockade and Adaptive Immune Resistance in Cancer; InTech: London, UK, 2017.
31. Zhang, W.; Shi, L.; Zhao, Z.; Du, P.; Ye, X.; Li, D.; Cai, Z.; Han, J.; Cai, J. Disruption of CTLA-4 expression on peripheral blood

CD8 + T cell enhances anti-tumor efficacy in bladder cancer. Cancer Chemother. Pharmacol. 2019, 83, 911–920. [CrossRef]
32. Riley, J.L. PD-1 signaling in primary T cells. Immunol. Rev. 2009, 229, 114–125. [CrossRef]

https://doi.org/10.1007/s00345-018-2332-5
https://doi.org/10.1016/j.omto.2021.02.001
https://doi.org/10.1038/s41568-020-00313-1
https://doi.org/10.1038/s41598-019-55013-0
https://doi.org/10.1016/j.humpath.2019.07.002
https://www.ncbi.nlm.nih.gov/pubmed/31279874
https://doi.org/10.1016/j.immuni.2019.03.024
https://www.ncbi.nlm.nih.gov/pubmed/30995507
https://doi.org/10.1038/s41467-018-05992-x
https://www.ncbi.nlm.nih.gov/pubmed/30158554
https://doi.org/10.1038/nature25501
https://www.ncbi.nlm.nih.gov/pubmed/29443960
https://doi.org/10.1038/s41419-019-1581-6
https://www.ncbi.nlm.nih.gov/pubmed/31076571
https://doi.org/10.1038/nature12213
https://www.ncbi.nlm.nih.gov/pubmed/23770567
https://doi.org/10.3390/cancers15010188
https://www.ncbi.nlm.nih.gov/pubmed/36612181
https://doi.org/10.1016/j.cell.2017.09.007
https://doi.org/10.1002/ijc.31935
https://doi.org/10.1126/science.1260200
https://doi.org/10.1002/cnr2.1002
https://www.ncbi.nlm.nih.gov/pubmed/32729250
https://doi.org/10.1158/1078-0432.CCR-15-0685
https://www.ncbi.nlm.nih.gov/pubmed/26567364
https://doi.org/10.3390/cancers14215295
https://www.ncbi.nlm.nih.gov/pubmed/36358715
https://doi.org/10.1172/jci.insight.121062
https://www.ncbi.nlm.nih.gov/pubmed/30518683
https://doi.org/10.3390/cancers12113401
https://doi.org/10.1016/j.immuni.2019.06.021
https://doi.org/10.1126/scitranslmed.aav7431
https://doi.org/10.3390/cancers13236016
https://doi.org/10.1007/s00280-019-03800-x
https://doi.org/10.1111/j.1600-065X.2009.00767.x


Cancers 2024, 16, 131 16 of 17

33. Azuma, T.; Yao, S.; Zhu, G.; Flies, A.S.; Flies, S.J.; Chen, L. B7-H1 is a ubiquitous antiapoptotic receptor on cancer cells. Blood 2008,
111, 3635–3643. [CrossRef] [PubMed]

34. Zhang, H.; Dai, Z.; Wu, W.; Wang, Z.; Zhang, N.; Zhang, L.; Zeng, W.-J.; Liu, Z.; Cheng, Q. Regulatory mechanisms of immune
checkpoints PD-L1 and CTLA-4 in cancer. J. Exp. Clin. Cancer Res. 2021, 40, 184. [CrossRef] [PubMed]

35. Lee, S.-J.; Jang, B.-C.; Lee, S.-W.; Yang, Y.-I.; Suh, S.-I.; Park, Y.-M.; Oh, S.; Shin, J.-G.; Yao, S.; Chen, L.; et al. Interferon regulatory
factor-1 is prerequisite to the constitutive expression and IFN-γ-induced upregulation of B7-H1 (CD274). FEBS Lett. 2006, 580,
755–762. [CrossRef] [PubMed]

36. Sun, C.; Mezzadra, R.; Schumacher, T.N. Regulation and Function of the PD-L1 Checkpoint. Immunity 2018, 48, 434–452.
[CrossRef] [PubMed]

37. Zhang, J.; Zhou, Q.; Xie, K.; Cheng, L.; Peng, S.; Xie, R.; Liu, L.; Zhang, Y.; Dong, W.; Han, J.; et al. Targeting WD repeat domain 5
enhances chemosensitivity and inhibits proliferation and programmed death-ligand 1 expression in bladder cancer. J. Exp. Clin.
Cancer Res. 2021, 40, 203. [CrossRef] [PubMed]

38. Lu, K.; Tao, H.; Si, X.; Chen, Q. The Histone H3 Lysine 4 Presenter WDR5 as an Oncogenic Protein and Novel Epigenetic Target in
Cancer. Front. Oncol. 2018, 8, 502. [CrossRef] [PubMed]

39. Hunter, E.; Salter, M.; Powell, R.; Dring, A.; Naithani, T.; Chatziioannou, M.E.; Gebregzabhar, A.; Issa, M.; Green, J.; Ng, S.; et al.
Development and Validation of Blood-Based Predictive Biomarkers for Response to PD-1/PD-L1 Checkpoint Inhibitors: Evidence
of a Universal Systemic Core of 3D Immunogenetic Profiling across Multiple Oncological Indications. Cancers 2023, 15, 2696.
[CrossRef]

40. Qureshi, O.S.; Zheng, Y.; Nakamura, K.; Attridge, K.; Manzotti, C.; Schmidt, E.M.; Baker, J.; Jeffery, L.E.; Kaur, S.; Briggs, Z.; et al.
Trans-Endocytosis of CD80 and CD86: A Molecular Basis for the Cell-Extrinsic Function of CTLA-4. Science 2011, 332, 600–603.
[CrossRef]

41. Sharma, P.; Allison, J.P. Immune Checkpoint Targeting in Cancer Therapy: Toward Combination Strategies with Curative Potential.
Cell 2015, 161, 205–214. [CrossRef]

42. Crist, M.; Iyer, G.; Hsu, M.; Huang, W.C.; Balar, A.V. Pembrolizumab in the treatment of locally advanced or metastatic urothelial
carcinoma: Clinical trial evidence and experience. Ther. Adv. Urol. 2019, 11, 175628721983928. [CrossRef]

43. Lopez-Beltran, A.; Cimadamore, A.; Blanca, A.; Massari, F.; Vau, N.; Scarpelli, M.; Cheng, L.; Montironi, R. Immune Checkpoint
Inhibitors for the Treatment of Bladder Cancer. Cancers 2021, 13, 131. [CrossRef] [PubMed]

44. Bellmunt, J.; De Wit, R.; Vaughn, D.J.; Fradet, Y.; Lee, J.-L.; Fong, L.; Vogelzang, N.J.; Climent, M.A.; Petrylak, D.P.; Choueiri,
T.K.; et al. Pembrolizumab as Second-Line Therapy for Advanced Urothelial Carcinoma. N. Engl. J. Med. 2017, 376, 1015–1026.
[CrossRef] [PubMed]

45. Balar, A.V.; Castellano, D.; O’Donnell, P.H.; Grivas, P.; Vuky, J.; Powles, T.; Plimack, E.R.; Hahn, N.M.; De Wit, R.; Pang, L.; et al.
First-line pembrolizumab in cisplatin-ineligible patients with locally advanced and unresectable or metastatic urothelial cancer
(KEYNOTE-052): A multicentre, single-arm, phase 2 study. Lancet Oncol. 2017, 18, 1483–1492. [CrossRef] [PubMed]

46. Sharma, P.; Retz, M.; Siefker-Radtke, A.; Baron, A.; Necchi, A.; Bedke, J.; Plimack, E.R.; Vaena, D.; Grimm, M.-O.; Bracarda, S.;
et al. Nivolumab in metastatic urothelial carcinoma after platinum therapy (CheckMate 275): A multicentre, single-arm, phase 2
trial. Lancet Oncol. 2017, 18, 312–322. [CrossRef] [PubMed]

47. Bajorin, D.F.; Witjes, J.A.; Gschwend, J.E.; Schenker, M.; Valderrama, B.P.; Tomita, Y.; Bamias, A.; Lebret, T.; Shariat, S.F.; Park,
S.H.; et al. Adjuvant Nivolumab versus Placebo in Muscle-Invasive Urothelial Carcinoma. N. Engl. J. Med. 2021, 384, 2102–2114.
[CrossRef]

48. Powles, T.; Park, S.H.; Voog, E.; Caserta, C.; Valderrama, B.P.; Gurney, H.; Kalofonos, H.; Radulović, S.; Demey, W.; Ullén, A.;
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