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served as a pathologist for more than 30 years in several hospitals in Spain and subspecializes in

uropathology, on which he has published more than 200 peer-reviewed articles and reviews. Dr.
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Gene-Transcript Expression in Urine Supernatant and Urine
Cell-Sediment Are Different but Equally Useful for Detecting
Prostate Cancer
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Simple Summary: Cancer cells and vesicles are transported in prostatic secretions to the urethra
and are flushed out on urination. These cells and vesicles contain prostate-specific gene transcripts,
but their relative usefulness in prostate cancer detection has not been fully determined. We have
examined the expression of 167 gene-probes in vesicle and cell fractions from 76 urine samples
provided by men with and without prostate cancer. Measured gene expression profiles varied
between the fractions. Many genes were useful as biomarkers for PCa in one fraction only, supporting
the analysis of fractionated urine over the analysis of whole urine. Signatures constructed from
cell or vesicle data were equally good at distinguishing prostate cancer from no-cancer controls. A
combined-fraction signature did not show significant improvement. We present data on the relative
expression of six housekeeping genes and the potential tissue origin of cells and vesicles in urine.

Abstract: There is considerable interest in urine as a non-invasive liquid biopsy to detect prostate
cancer (PCa). PCa-specific transcripts such as the TMPRSS2:ERG fusion gene can be found in both
urine extracellular vesicles (EVs) and urine cell-sediment (Cell) but the relative usefulness of these
and other genes in each fraction in PCa detection has not been fully elucidated. Urine samples
from 76 men (PCa n = 40, non-cancer n = 36) were analysed by NanoString for 154 PCa-associated
genes-probes, 11 tissue-specific, and six housekeeping. Comparison to qRT-PCR data for four genes
(PCA3, OR51E2, FOLH1, and RPLP2) was strong (r = 0.51–0.95, Spearman p < 0.00001). Comparing
EV to Cells, differential gene expression analysis found 57 gene-probes significantly more highly
expressed in 100 ng of amplified cDNA products from the EV fraction, and 26 in Cells (p < 0.05;
edgeR). Expression levels of prostate-specific genes (KLK2, KLK3) measured were ~20× higher in
EVs, while PTPRC (white-blood Cells) was ~1000× higher in Cells. Boruta analysis identified 11
gene-probes as useful in detecting PCa: two were useful in both fractions (PCA3, HOXC6), five in
EVs alone (GJB1, RPS10, TMPRSS2:ERG, ERG_Exons_4-5, HPN) and four from Cell (ERG_Exons_6-7,
OR51E2, SPINK1, IMPDH2), suggesting that it is beneficial to fractionate whole urine prior to analysis.
The five housekeeping genes were not significantly differentially expressed between PCa and non-
cancer samples. Expression signatures from Cell, EV and combined data did not show evidence for
one fraction providing superior information over the other.

Keywords: urine; prostate; cancer; biomarker; extracellular vesicles; cell-sediment
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1. Introduction

Prostate cancer (PCa) is the second most commonly diagnosed cancer in men in
the world [1]. Suspicion of PCa is based on serum PSA testing, abnormal digital rectal
examination (DRE) and more recently MRI [2]. Confirmation of PCa is by needle biopsy,
an invasive procedure that can have significant morbidity. Improving the pre-screening
methods used to decide who to biopsy would reduce costs and patient stress. The use of
‘liquid biopsy’ tests using samples of blood, saliva and urine have been investigated. Blood
is used to examine PSA levels and also to detect circulating tumor cells [3] and cell-free
nucleic acids, though dilution of markers in the large volume of circulating blood has made
sensitivity an issue [4]. Saliva has been utilised to examine germline changes such as faulty
DNA-repair genes that could result in a predisposition for cancer development. Urine in
comparison is used to examine the presence or absence of prostate cancer within a prostate,
and the connection of the prostate to the urinary system presents several advantages in PCa
detection. The prostate is a secretory organ that drains into the urethra. Prostate cancers
shed cells and extracellular vesicles (EVs) which are carried with these secretions and are
flushed out of the body on urination in the first 15 mL of urine [5,6]. Urine, therefore,
represents an attractive non-invasive liquid-biopsy source of PCa-biomarkers.

Urine studies have largely focussed on urine cell-sediment in which mRNA transcripts
such as PCA3 [7] and TMPRSS2:ERG [8] have shown diagnostic utility. The use of cell-free
RNA harvested from EVs in urine supernatant is a promising alternative. EVs contain
PCa-specific transcripts and EV membranes have been shown to protect from nucleases
and other potentially harmful chemicals present in urine [9]. We have recently used EV
expression data for 38 gene-probes to construct Prostate Urine Risk (PUR) signatures, which
have shown the potential to predict disease progression over a five-year follow-up period
(HR = 8.2) [10]. Only a few studies to date have attempted to compare cell-sediment and
EV urine fractions, each only examining a handful of genes, with no consensus on each
fraction’s potential to differentiate between PCa and non-PCa. Dijkstra et al. [11] compared
levels of PCA3 and TMPRSS2-ERG in the cell-sediments and EVs from 30 men scheduled
for a biopsy. 10% of cell-sediments were unusable due to the formation of crystals following
centrifugation whilst none were lost in the EV fraction. Dijkstra recorded higher yields of
RNA from cell-sediments than EVs and when using PCA3 mRNA levels better diagnostic
utility in the cell-sediments fraction was observed. In contrast, Pellegrini et al. [12] found
that the EV fraction had higher total RNA yields (n = 105), better RNA quality as assessed by
RIN-score and higher levels of PCA3 and ERG RNAs (n = 52). Hendriks and colleagues [13]
compared the expression of mRNA transcripts in whole urine, cell-sediment and EVs
(n = 29). They observed that expression of KLK3, PCA3 and ERG were highest in whole
urine, followed by EV, and lowest in cell-sediments. They reported that PCA3 transcripts
were expressed significantly more highly in PCa patients compared to non-PCa in both the
whole-urine and cell fractions but not in the EV fractions, while ERG was only significantly
differentially expressed in the cell-sediment fraction. These studies suggest that, although
urine EVs may provide a more robust source of biomarkers, the cell-sediment fraction
appears to have greater diagnostic utility, albeit in only four gene transcripts examined.

Could combining the examination of transcripts in both Cell-sediment (Cell) and EVs
improve the utility of urine biomarkers to detect prostate cancer? To examine this question,
NanoString data from 167 gene-probes were interrogated (including the 38 PUR signature
gene-probes) in Cell and EV fractions from 76 samples and correlated with PCa disease
status on biopsy.

2. Materials and Methods

2.1. Clinical Cohort

Post-DRE urine samples were collected from 90 men attending the Norfolk and
Norwich University Hospitals. Ethical approval for the study was gained from the East
of England Research Ethics Committee, UK (ref 12/EE/0058). Men were divided by PCa
status: Men with PCa on 10-core trans-rectal ultrasound-guided (TRUS) biopsy, and ‘Non-
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Cancer’ (NC), which consisted of 7 unbiopsied men with a normal PSA for age [14] and
29 men with a raised serum PSA (≥4 ng/mL) that were found to be negative for cancer on
TRUS biopsy (see Table 1 for cohort clinical characteristics).

Table 1. Cohort characteristics. GG: Gleason Grade Group, No Bx: No Biopsy performed, Neg
Bx: PCa-negative on biopsy, Age: median age in years (Y), IQR: interquartile range, N: Number
of samples.

Characteristic Non-Cancer Prostate Cancer

Number of Samples 36 40

Age (IQR) 66 (12.3) 70.0 (9.5)

PSA (ng/mL) (IQR) 6.3 (4.0) 9.1 (5.4)

Biopsy results (N, %) No Bx (7, 19%)
Neg Bx (29, 79%)

GG1 (6, 26%)
GG2 (17, 74%)
GG3 (6, 35 %)

GG ≥ 4 (11, 65%)

2.2. Cell and EV Fractions

Urine samples were centrifuged to pellet the cells, EVs were harvested from the
supernatant by filtration using a 100 kDa spin-filter unit (Millipore, Burlington, MA, USA),
and RNA was extracted from each fraction using RNeasy Micro columns (Qiagen #74004,
Hilden, Germany) as in Connell et al. 2019 [10].

2.3. NanoString Data: Feature Selection and Analysis

Cell and EV RNA samples (5–20 ng) were amplified with the Ovation PicoSL WTA
System V2 kit (Nugen #3312-48, Leeds, UK) and NanoString analysis for 167 gene-probes
was performed on 100 ng amplified cDNA products at the Human Dendritic Cell Lab-
oratory, Newcastle University, UK as described by Connell et al., [10] (see Table S1 for
the 167 NanoString gene-probes used). Where multiple probes per transcript were used,
the exact exons targeted are stated, e.g., ERG_Exons_4-5 and ERG_Exons_6-7. NanoString
data were subject to quality control prior to normalisation as per NanoString’s guide-
lines. Fourteen samples were removed due to NanoString normalisation factors being
outside the manufacturer’s acceptable range (less than 0.1 or greater than 10.0, https:
//nanostring.com/support-documents/gene-expression-data-analysis-guidelines/ (ac-
cessed on 1 January 2022)). The measured expression levels are the counts for that probe
detected in 100 ng of amplified cDNA products and should be considered as a proportion
rather than the absolute total amount of RNA for that gene in a particular urine fraction.

All analyses were performed in R version 3.4.1. The edgeR package was used to pre-
process and examine differential gene expression within and between the Cell and EV
urine fractions (data in Table S2). EdgeR pre-processing implements the filtering strategy
described by Chen et al. (2016) [15] and which retained genes that had a minimum of 10
counts in 5 samples, leaving 105/167 gene-probes for subsequent analysis. Biological varia-
tion across gene-probes was estimated based on the use of negative binomial distribution
and generalised linear models [16,17].

Gene-probes useful in identifying PCa were selected by comparing Non-Cancer sam-
ples to PCa-samples. A robust feature selection workflow was implemented that used the
Boruta algorithm [16] and bootstrap resampling as described in Connell et al. (2020) [17].
Boruta uses a random forest algorithm iteratively compared feature importance against ran-
domly shuffled predictors named “shadow features”. Features that performed significantly
worse compared to the best-performing shadow feature (Shadow Max) at each permuta-
tion were consecutively dropped until only stable features remained. Gene-probes were
identified as ‘tentative’ or ‘confirmed’ by comparison to the performance of the shadow
features. ‘Confirmed’ indicates that a gene probe performed statistically better than the
maximum performance of the shadow feature (ShadowMax)—this is a high threshold as
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the ShadowMax could easily be quite high by chance. ‘Tentative’ indicates that a gene
probe performed significantly better than the mean performance of the Shadow gene-probe
(ShadowMean) but was not statistically better than the ShadowMax.

The Boruta-selected gene-probes were combined in a random forest model to produce
three risk scores for prostate cancer using data from (i) the Cell-sediment fraction, (ii) the
EV fraction, and (iii) a combined risk score using data from both fractions.

2.4. RT-PCR Analysis

Quantitative RT-PCR (qRT-PCR) was performed for PCA3, OR51E2, FOLH1, KLK3,
and RPLP2 following the protocol of Sequeiros et al. [18] (see Table S3 for PCR primers).
qRT-PCR analysis of the samples was performed on a 384-well plate. Duplicate qRT-PCRs
were run on a separate 384-well plate on the same day. The presence of TMPRSS2:ERG
transcripts was detected using TMPRSS2 exon1 and ERG exon 6 primers as in Clark
et al. [19]. For comparison of qRT-PCR data with NanoString data for the same genes, we
used Cohen’s (1988) conventions to interpret effect size; small/weak: r ≥ 0.1, moderate:
r ≥ 0.3, large/strong: r ≥ 0.5 [20].

3. Results

3.1. Gene-Transcript Expression in Urine EV and Urine Cell-Sediment Are Different
3.1.1. No Differences Were Observed in the Expression of Housekeeper Genes between
Cancer and Non-Cancer in Both Urine Fractions

We analysed Cell and EV fraction samples from urine using a 167-probe custom-built
NanoString assay which contained six housekeeping gene-probes, five tissue-specific genes
and 154 PCa-associated gene-probes (Table S1). No significant differences in housekeeper
expression (ALAS1, B2M, GAPDH, HPRT, RPLP2, TBP) were found between non-cancer
(NC) and prostate cancer (PCa) samples in either fraction (False Discovery Rate (FDR)
p < 0.05; edgeR; Figure 1B,D; Table S2).

3.1.2. EV and Cell Fractions Have a Different Profile of Tissue of Origin

To investigate the origin of the Cells and EVs found in urine, we analysed five
tissue-specific gene-probes corresponding to the following tissue/cell types: normal
prostate (KLK2, KLK3), bladder (UPK2), kidney (SLC12A1) and blood leukocytes (PTPRC)
(Figure 1A,C). Median KLK2 and KLK3 expression levels measured in 100 ng of amplified
cDNA products were ~20-fold higher in EV compared to the Cell fraction. PTPRC, a gene
expressed in all nucleated cells of hematopoietic origin, was detected at a high value in
the Cell fraction with only minimal levels of expression in the EVs (median > 1000-fold
lower). Measured levels of bladder-specific UPK2 and kidney-specific SLC12A1 were low
in both fractions. Differences between Non-Cancer (NC, n = 36) and PCa (n = 40) were only
significant for SLC12A1 in EVs (median levels ~50-fold higher in the PCa EV samples, FDR
p = 0.034; edgeR; Table S2).

3.1.3. Most Gene-Probes Are Differentially Expressed between EV and Cell Fractions

After pre-filtering for present probes (n = 105; Table S1), 83% of gene-probes were
significantly differentially expressed in 100 ng of amplified cDNA products between the
EV and Cell fractions (FDR p < 0.05; edgeR; Tabels 2 and S2). Of these, 57 were found to be
significantly more highly expressed in the EV fraction and 26 were more highly expressed
in the Cell fraction.
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Figure 1. NanoString signals for 5 tissue-specific gene-probes (A,C) and 6 housekeeping gene-probes
(B,D) in urine cell-sediment (Cell, upper panel) and urine extracellular vesicles (EV, lower panel).
Blue indicates non-cancer samples (NC), and red indicates prostate cancer samples (PCa). p-values are
for statistical difference between cancer and non-cancer by edgeR; * indicates a significant difference
(False Discovery Rate p < 0.05).
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Table 2. The top 10 differentially expressed genes between EV and Cell fractions. Log FC: log2 fold
change, p value: False discovery rate significance (edgeR). Summary information on gene function
and published information linked to PCa is provided here, and more detailed information on each
gene is provided in Table S1.

Gene Name Log2 FC p-Value Expression Gene Function/Link to PCa

NEAT1 −8.65 <0.00001 Lower in EVs Bone metastasis [21]

MIR4435.1HG lOC541471 −4.43 <0.00001 Lower in EVs No publications on PCa

IFT57 2.81 <0.00001 Higher in EVs Pro-apoptotic [22]

B2M −3.9 <0.00001 Lower in EVs Housekeeper [23]

BTG2 −3.67 <0.00001 Lower in EVs Tumor-suppressor [24]

MCTP1 −9.42 <0.00001 Lower in EVs Calcium signaling [25]

DPP4 3.05 <0.00001 Higher in EVs Overexpressed in PCa [26]

APOC1 −8.16 <0.00001 Lower in EVs Overexpressed in PCa [27]

H1.2 1.68 <0.00001 Higher in EVs Apoptotic response to DNA damage [28]

ECI2 2.09 <0.00001 Higher in EVs Knock-out may have a therapeutic response in PCa [29]

3.1.4. Expression Changes between Non-Cancer and Cancer Are Different in the EV and
Cell Fractions

Thirteen probes/fraction combinations were significantly differentially expressed
between NC and PCa in the Cell and EV expression data (FDR p < 0.05; edgeR; Table 3; data
presented as a Volcano plot in Figure 2A)—7 in EVs and 6 in Cell; all were overexpressed
in cancer apart from CDKN3, SPINK1 and UPK2. Three commonly used urine biomarker
genes were in the top 10 differentially expressed gene/fraction combinations: ERG, HOXC6,
and PCA3. ERG and HOXC6 were significantly more highly expressed in PCa in both
Cell and EVs fractions, while PCA3 was only significantly higher in PCa in EVs. Median
expression levels of these three genes were higher in EV than Cell fractions (EV vs. Cell:
ERG 46 vs. 0.5; HOXC6 1432 vs. 7.5; PCA3 2750 vs. 163).

Table 3. The significantly differentially expressed genes between non-Cancer and prostate cancer
(PCa) in univariate analysis. Log FC: log2 fold change, p value: False discovery rate significance
(edgeR). Summary information on gene function and published information linked to PCa is provided
here; more detailed information on each gene is provided in Table S1.

Gene Name Fraction log FC p Value Expression Gene Function/Link to Cancer

CDKN3 EVs −2.9 0.0352 Lower in PCa Overexpressed in PCa [30]

ERG_Exons_4-5 EVs 3.99 0.00650 Higher in PCa Overexpression due to TMPRSS2:ERG
translocation [31]

ERG_Exons_6-7 Cell 7.31 4.40 × 10−6 Higher in PCa As above

ERG_Exons_6-7 EVs 2.88 0.0342 Higher in PCa As above

FOLH1 Cell 2.22 0.0474 Higher in PCa Overexpressed in PCa [32]

HOXC6 Cell 3.45 0.0187 Higher in PCa Overexpressed in PCa urine sediment [33]

HOXC6 EVs 1.65 0.0221 Higher in PCa Overexpressed in PCa urine sediment [33]

OR51E2 Cell 3.27 0.0187 Higher in PCa Overexpressed in PCa urine sediment [34]

PCA3 EVs 1.22 0.0306 Higher in PCa Overexpressed in PCa urine cell sediment [7]

SLC12A1 EVs 2.99 0.0342 Higher in PCa Kidney-specific [35]

SPINK1 Cell −3.12 0.0187 Lower in PCa Overexpressed in TMPRSS2:ERG-negative
PCa [36]

TMPRSS2:ERG EVs 4.11 0.0893 Higher in PCa Translocation in 50% of PCa [31]

UPK2 Cell −3.14 0.0187 Lower in PCa bladder-specific expression [37]

6
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Figure 2. NanoString Gene-probe expression for cancer and non-cancer samples in urine cell-
sediment (Cell) and extracellular vesicle (EV) samples. (A) Volcano plot, dashed lines are thresholds
for significance (horizontal) and fold-changes (vertical). Genes selected by Boruta analysis are
indicated. (B) Boruta selection of potentially useful gene-probes in prostate cancer detection. The
fraction that the gene-probe was found to be useful in is indicated. Red indicates a gene-probe in
the indicated urine fraction was significantly better than the ShadowMax feature (‘confirmed’); blue
indicates the gene data was significantly better than the ShadowMean (‘tentative’ see main text).

3.2. Expression Levels from RT-PCR and NanoString Are Strongly Correlated for Both EV and
Cell Urine Fractions

Quantitative RT-PCR (qRT-PCR) was used to verify the expression of five NanoString
gene-probes: (i) KLK3 a prostate-specific gene used for normalisation in the Progensa
PCA3 test [38]; (ii) RPLP2, a gene used for data normalisation in construction of the PUR
signatures [10]; three commonly used PCa-related genes: (iii) PCA3 (selected in Boruta
analysis multivariate analysis for association with PCa—see below), (iv) OR51E2 (aka PSGR
Prostate-Specific G-Protein Coupled Receptor) (Boruta selected) and (v) FOLH1 (aka PSMA,
prostate-specific membrane antigen).

qRT-PCR Ct values for RPLP2, FOLH1, OR51E2, PCA3 and KLK3 were compared to
the NanoString expression signals for these genes in 71 EV samples and 66 Cell samples
(Figure S2). A strong correlation for RPLP2, FOLH1, OR51E2 and PCA3 was observed for
both EV (Spearman correlation coefficient r > 0.6, p < 0.00001; Table 4) and Cell (r > 0.6,
p < 0.00001; Table 4).

The KLK3 data was more complex and a group of 13 samples (7xNC, 6xPCa) had low
KLK3 qRT-PCR/High Ct values in both EV and Cell fractions. When all the data were
included, there was a strong correlation in Cell (r = 0.70, p < 0.00001) but in EV samples
the correlation was weaker (r = 0.51, p = 0.0017) (See Discussion). Correlation of KLK3
NanoString and RT-PCR data without these 13 samples provided r values of >0.85 for both
fractions.

Non-quantitative RT-PCR analysis was performed for the presence/absence of TM-
PRSS2:ERG fusion gene transcripts using TMPRSS2 exon 1 forward and ERG exon 6 reverse
primers. 14/21 PCa samples were positive for TMPRSS2:ERG by PCR in the EV fraction
and 10/21 in the Cell fraction. The RT-PCR TMPRSS2:ERG status was significantly asso-
ciated with the NanoString TMPRSS2:ERG values (p = 4.36 × 10−5 (EV); p = 1.25 × 10−4

(Cell); Mann-Whitney U test). In NC samples, RT-PCR also detected a TMPRSS2:ERG in
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9/29 EV samples and 6/23 Cell samples. The data for NanoString probes ERG_Exon_6-7
and ERG_Exon_4-5 showed similar associations to RT-PCR positivity in both EV and Cell
fractions (ERG_Exon_6-7: p = 1.14 × 10−5 (EV); p = 1.51 × 10−7 (Cell); ERG_Exon_4-5:
p = 3.40 × 10−6 (EV); p = 0.0113 (Cell); Mann-Whitney U test). Nearly half (48%) of PCa
EV samples were triple-positive for all three NanoString probes, while only 22% of Cell
samples were triple-positive. Six of the 36 non-cancer samples (17%) were triple positive
by EV but none were triple positive in Cell samples. All the triple-positive NC EV samples
were from patients with a raised PSA and a PCa-negative-TRUS biopsy.

Table 4. Correlation results between qRT-PCR Ct values and NanoString expression signals.

Gene Experiment Spearman Correlation Coefficient p-Value

FOLH1 Cells 0.71 <0.00001
FOLH1 EV 0.68 <0.00001
KLK3 Cells 0.7 <0.00001
KLK3 EV 0.51 <0.00001

OR51E2 Cells 0.77 <0.00001
OR51E2 EV 0.74 <0.00001

PCA3 Cells 0.88 <0.00001
PCA3 EV 0.95 <0.00001
RPLP2 Cells 0.86 <0.00001
RPLP2 EV 0.79 <0.00001

3.3. Each Urine Fraction Has Different Genes That Are Important in Predicting the Presence of
Prostate Cancer

The Boruta algorithm [16] was used to identify the importance of gene-probes in
predicting the presence of PCa on biopsy. Thirteen gene-probe/urine fraction combinations
were identified as performing significantly better than the mean performance of the Shadow
gene-probe (ShadowMean) (see methods, Figure 2B). Nine of these gene-probe/urine
fraction combinations were statistically better than the maximum performance of the
Shadow feature (ShadowMax) and as such were deemed ‘confirmed’. These nine gene-
probe/urine fraction combinations corresponded to eight gene-probes providing readout
from six genes (GJB1, PCA3, HOXC6, OR51E2, RPS10, TMPRSS2:ERG). Expression data for
four examples are presented in Figure 3 (see Figure S1 for all Boruta-selected gene-probes).

3.3.1. PCA3 and HOXC6 Were Useful in Both EV and Cell Sediment Fractions

Two gene-probes were identified as being useful in both Cell and EV fractions: HOXC6
and PCA3.

PCA3 (Prostate Cancer Associated 3, Figure 3C) was a potentially useful feature in
both fractions, albeit tentatively in the EV fraction. In the Cells, 36% of the NC samples
had no expression of PCA3 compared to 8% of the PCa samples. The median expression of
PCA3 in PCa v NC samples was 8.6-fold higher in the Cell fraction and 2.6-fold higher in
the EV. PCA3 is a prostate-tissue-specific, noncoding messenger RNA [39] overexpressed in
urine cell sediment in 95% of men with PCa [7]. A PCA3 assay has been developed using
PCA3 expression in urine cell-sediment (Progensa®; Gen-Probe, San Diego, CA, USA). The
PCA3 test has been approved by the FDA as a diagnostic test only in the setting of an
initial negative prostate biopsy to predict the presence of PCa on a second biopsy [7]. The
PCA3 test has not been approved for use in the National Health Service in the UK [2] and
the European Association of Urology has stated that its impact at a single-patient level
remains highly questionable [40]. In tissue, PCA3 has a bimodal distribution in both biopsy
and radical prostatectomy (RP) samples, where low PCA3 expression was significantly
associated with high grade disease (p < 0.001). PCA3 had a poor performance in predicting
high grade disease in initial biopsy tissue (GS ≥ 8) with 55% sensitivity and high false
negative rates. In excised prostates, low PCA3 is also associated with adverse pathological
features, clinical recurrence outcome and a greater probability of metastatic progression
(p < 0.001) [41]. In meta-analyses of PCA3-test studies of patients with previous negative
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biopsies, an AUC of 0.739 (with a PCA3 score cut-off of >35) and an AUC of 0.63 were
found for PCa on a second biopsy [42]. Meta-analyses of the urine test by Luo et al. (2014)
concluded that results were heterogeneous (sensitivity: 0.75–0.93; specificity 0.44–0.78) [43].

Figure 3. Box plots of Boruta-selected NanoString gene-probe data from urine cell sediment (Cell)
and urine extracellular vesicle (EV) RNA in men with prostate cancer (PCa, orange) and controls with
no evidence of cancer (NC, blue, see Methods). Orange (PCa) and blue (NC) lines link NanoString
expression data for paired Cell and EV samples from individual urine samples. p-values (False
Discovery Rate) are for the statistical difference between cancer and non-cancer by edgeR. Gene-
probes were: (A) GJB1, (B) ERG_Exons_6-7, (C) PCA3, (D) HOXC6.

HOXC6 (Homeobox C6, Figure 3D) had much higher expression levels in EV than Cell
(median 1432 vs. median 8). In EV, HOXC6 was expressed by >95% of the samples with me-
dian expression 3·2-fold higher in the PCa samples than in NC. In the Cell fraction, HOXC6
was detected in 68% of the PCa samples compared to 36% of the NC samples. HOXC6
is overexpressed in primary, metastasized and castration-resistant PCa, and expression
was not influenced by androgens or treatments targeting the AR signaling pathway [33].
Silencing of HOXC6 expression using small-interfering RNA (siRNA) resulted in decreased
proliferation rates for both androgen-dependent LnCaP cells and the LnCaP- derived
androgen-independent C4-2 cell line, and induced apoptosis [44]. HOXC6 mRNA levels are
higher in the urine cell-sediment of PCa patients [33], and patients with high HOXC6 ex-
pression had shorter overall survival than those with low HOXC6 expression [45]. HOXC6
is used in the SelectMDx prostate cancer urine test alongside DLX1. SelectMDx has been
found to underperform when compared to template biopsy [46] and mpMRI [47] in the
detection of clinically significant PCa.
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3.3.2. EV Fraction Genes Useful for Prostate Cancer Detection

Five gene-probes were useful in the EV fraction only: GJB1, RPS10, TMPRSS2:ERG,
ERG_Exons_4-5, and HPN. Data for TMPRSS2:ERG and the two ERG probes are presented
in Section 3.3.4.

GJB1 (Gap Junction Protein Beta 1) expression in EVs (Figure 3A) was identified
with the highest importance in discerning PCa from NC. GJB1 expression in EVs was
a median of 2.5-fold lower in the NC samples compared to the PCa samples and 70%
(25/36) of the NC samples had expression below the lowest quartile of the PCa samples.
In contrast, expression of GJB1 in the Cell was not significantly different in cancer and
non-cancer samples. GJB1 has been associated with PCa [48] and has been identified as
a prognostic marker for renal cancer [49]. GJB1 is a member of the gap junction connexin
family of proteins that regulates and controls the transfer of communication signals across
cell membranes, primarily in the liver and peripheral nervous system. Expression levels
of GJB1 protein (aka Connexin 32, CX32) were found to be the same in PCa and benign
prostatic hyperplasia samples [50]. No publications for the use of GJB1 in urine tests were
found apart from one publication by our group (Connell et al., 2020 [17]).

RPS10 (Ribosomal Protein S10) was highly expressed in both fractions and no samples
were negative. It was identified as being useful in detecting PCa within the EV fraction
with RPS10 expression levels decreased in cancer (Figure S1). RPS10 has been found to be
overexpressed at the protein level in PCa [51]. We have not found any reports suggesting
the use of RPS10 as a urinary biomarker.

HPN (Hepsin) was tentatively identified as being potentially useful for PCa-detection
and therefore would require further testing in a larger cohort. It encodes a type II transmem-
brane serine protease involved in diverse cellular functions, including the maintenance of
cell morphology. HPN is upregulated in PCa and correlates with disease progression [52].

3.3.3. Cellular Genes Useful for PCa Detection

Four gene-probes were useful in the Cell fraction only: ERG_Exons_6-7, OR51E2,
SPINK1 and IMPDH2.

OR51E2 (Olfactory Receptor Family 51 Subfamily E Member 2, Figure S1) was 30-fold
more highly expressed in the EV fraction compared to the Cell fraction (median 2006
vs. 63). However, OR51E2 was only useful for detecting PCa in the Cell fraction, in
which NanoString signal was above the threshold in only 33% of NC compared to 73%
of PCa, with a median differential expression of 127-fold. OR51E2 has been found to be
overexpressed in PCa tissue [53] and in the urine cell-sediment of men with PCa [34].

IMPDH2 followed a similar pattern of expression to OR51E2, being higher in EVs but
more informative in the Cell fraction for PCa detection. IMPDH2 (Inosine Monophosphate
Dehydrogenase 2) encodes the rate-limiting enzyme in the de novo guanine nucleotide
biosynthesis required for DNA and RNA synthesis. Increased serum levels of IMPDH2
were significantly associated with Gleason ≥8 PCa, suggesting its potential as a serological
tumor marker [54]. IMPDH2, in our study, was identified as being potentially useful but
only tentatively and would require further testing in a larger cohort.

SPINK1 (Serine Peptidase Inhibitor Kazal Type 1) was the only Boruta-selected probe
that had a higher median expression in Cell than EVs (~2-fold). SPINK1 has been reported
to be overexpressed in a group of ETS-fusion negative PCa and SPINK1-positive PCa was
reported to be an aggressive PCa subtype [36]. Laxman et al. [55] demonstrated an increase
in SPINK1 in PCa and suggested its use in a multiplex assay using urinary sediments.

3.3.4. TMPRSS2:ERG and ERG Probes Are Useful Biomarkers in Urine

A TMPRSS2:ERG translocation is detectable in ~50% of all prostate cancer foci [33,56],
and results in overexpression of ERG (ETS Transcription Factor ERG) from exon 4 to 3’-end
in >95% of TMPRSS2:ERG cases [57]. An increased copy number of TMPRSS2:ERG has
been associated with a worse prognosis [56]. Three NanoString probes were designed
to detect transcripts from a TMPRSS2:ERG fusion gene: a TMPRSS2:ERG gene probe
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spanning the most commonly found TMPRSS2_exon1/ERG_exon4 fusion transcripts [57]
and two probes to ERG sequences that lay 3’ to the usual gene translocation point, one
spanning exons 4 to 5 (ERG_Exon4-5), and the other spanning exons 6 to 7 (ERG_Exon_6-7).
All three ERG probes were found to be useful for PCa detection: ERG_Exons_6-7 levels
in Cell (Figure 3) and EV levels of ERG_Exons_4-5 and TMPRSS2:ERG fusion (Figure S1).
EV expression levels for the TMPRSS2:ERG and ERG_Exons_4-5 probes in PCa samples
were similar to each other and were ~4.5 times higher than probe signals in the Cells.
Median signals for the ERG_Exon_6-7 probe were much higher in both fractions than
those obtained from the TMPRSS2:ERG and ERG_Exon_4-5 probes: ~2.5-fold higher in
the EV, and 6.5-fold higher in the Cell fractions (see Figure S2 and Discussion). In the
PCa EV samples, the three probes—‘TMPRSS2:ERG’, ‘ERG_Exon_4-5’ and ‘ERG_Exon_6-7’
probe—were above the threshold in 22/40, 23/40 and 26/40 PCa samples, respectively
and 95% of the TMPRSS2:ERG-positive samples were positive for ERG_Exon_4-5 and 90%
for ERG_Exon_6-7, with 19/40 PCa samples triple-positive for all three probes in the EV
fraction. For the Cell PCa samples, the three probes had lower rates of detection (11/40,
10/40, 23/40) with 81% ERG_Exon_4-5 and 100% ERG_Exon_6-7 in concurrence with the
TMPRSS2:ERG probe positive samples. In addition, 9/40 PCa samples were triple-positive
in the Cell fraction. For the NC samples, 6/36 were triple positive in the EV fraction, but
none were triple positive in the Cell fraction. All the triple-positive NC samples had a
raised PSA (>4 ng/mL) but were negative for PCa on biopsy.

Due to the multifocal nature of PCa, tumor foci can be found with and without a
TMPRSS2:ERG in individual prostates [58] such that they are present in ~70% of cancerous
prostates [59], making them a more useful biomarker than was originally apparent. Young
et al. determined that TMPRSS2:ERG urine transcript levels aided PCA3 in predicting
the presence of PCa and correlated with ERG expression in PCa tissue [60]. Tomlins
et al. combined the detection of TMPRSS2:ERG fusion transcripts and PCA3 with serum
PSA levels and the result from the multivariate Prostate Cancer Prevention Trial risk
calculator version 1.0 (PCPT-RC) in a combined predictor, which they called Mi-Prostate
score (MiPS) [61]. MiPS had a significantly improved AUC for the detection of PCa and
Gs ≥ 7 on biopsy when compared to PSA or PCPT-RC alone.

3.4. Gene-Transcript Expression in Urine EV and Urine Cell-Sediment Are Equally Useful for
Detecting Prostate Cancer

A random forests model to predict cancer status was built incorporating the gene-
probes identified by Boruta analysis for the samples in each fraction (Section 3.2); in
addition, an optimal predictor was produced for the EV and Cell fractions combined
(Table S4). The output for each model was a diagnostic risk score. Each of the three
signatures were able to predict the presence of cancer, with the area under the curve values
(AUCs) being significantly better than a random predictor. AUCs for the three models were:
EV signature AUC 0.82 (bootstrap Confidence Interval 0.729–0.921), Cell signature 0.79
(0.684–0.894), Combined signature (0.87 (0.788–0.944), Figure 4D). The combined model
had the highest AUC, which was within the range of the confidence intervals for the other
signatures and so there was no evidence for a significant improvement. Density plots for
the three models were constructed (Figure 4A–C), each signature showing distinct peaks
for NC and PCa.
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Figure 4. Model Metrics. (A–C): Density plots for the EC, Cell, and combined signatures (models).
Red is non-cancer and blue is prostate cancer. (D): AUC analysis for the three signatures: red = EV,
blue = Cell, purple = combined signature.

4. Discussion

We have examined the transcriptomes of urine EVs and cell-sediment from 76 men
with a large number of gene-probes (n = 167). We have compared the relative expression of
these gene-probes in 100 ng of amplified cDNA products from each fraction and investi-
gated their usefulness in Pca detection. Thirteen gene-probe/urine fraction combinations
were identified as being potentially useful in the identification of prostate cancer. GJB1
expression in EVs was found to be the strongest candidate. Five gene-probes were solely
useful in the EV fraction and four gene-probes were solely useful in the cell-sediment,
suggesting that fractionation prior to analysis can provide more potential biomarkers. Only
PCA3 and HOXC6 were useful in both fractions. Three models were constructed from
the EV, Cell and combined EV & Cell data which showed a strong separation of PCa and
non-cancer samples.

The vast majority of the NanoString probes used here were designed for gene tran-
scripts reported to be differentially expressed in PCa tissue [10]. It was therefore surprising
that the bulk of the 154 PCa-linked gene probes did not show any useful association with
cancer in urine cell-sediment or EV RNA. The potential reasons for this are different for
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each fraction. In cell sediment, PCa cells are a tiny minority [62], data which is supported
by the very strong expression of the nucleated-blood-cell gene PTPRC in urine cells by
Quek [63] and by our data here in both PCa and non-cancer urine samples. We and Pellegini
et al. [12] observed a much higher level of expression of prostate-specific genes (KLK2 and
KLK3) in the EV fraction than the Cell fraction (KLK2 22-fold higher, KLK3 50-fold higher)
indicating an enrichment for prostate-specific transcripts within the EV fraction compared
to the cell sediments (Figure 1).

Boruta analysis of the two urinary fractions identified 13 gene-probe/urine fraction
combinations as being potentially useful in identifying prostate cancer. These selected
genes included PCA3, HOXC6 and TMPRSS2:ERG, that have previously been identified
as having utility as urinary biomarkers for PCa [61,64–66]. Two of these genes (PCA3
and HOXC6) appear to be useful in both the Cell and EV fractions, though the Boruta
importance score was higher for the EV fraction. Expression was observed in almost all
EV samples (Figure 3) in comparison to for example HOXC6 which had limited expression
in the NC samples being detected in only 14 of 35 samples (39%) compared to 28 of
40 (70%) in the PCa groups. The gene identified as having the most predictive utility was
GJB1 in the EV fraction (Figure 2). GJB1 was highly expressed by almost all the samples
in the EV fraction with a higher median gene expression in the PCa-associated groups.
Three NanoString probes were designed to detect TMPRSS2:ERG fusion transcripts or
overexpression of ERG as a result of the translocation [19,31]. The robustness of detecting
TMPRSS2:ERG in samples was very different between the EV and Cell fractions and there
was a lack of sensitivity for the detection of TMPRSS2:ERG in cell-sediment, which may
reflect the low levels of PCa cells in this fraction. Patients with a PCa-negative 10-core
TRUS biopsy have been reported to harbour undiscovered PCa in around 20% of cases [67].
The ERG_Exons_6-7 probe appeared to have a much higher sensitivity of detection than
the other two probes, with ERG_Exons_6-7 detecting raised expression of ERG in 23 Cell
samples compared to ERG_Exons_4-5 (n = 10) or TMPRSS2:ERG (n = 11). The reason for
this may relate to the precise fusion transcripts generated or the extremely GC-rich nature
of TMPRSS2 exon1 sequences (79% GC). GC-rich regions have a much poorer efficiency of
reverse transcription [68] due to RNA secondary structure which could result in a lower
detection rate for the TMPRSS2 sequences and the immediately adjacent ERG_Exons_4-5
sequence relative to the more distal ERG ex 6-7 sequences. The ERG_Exons_6-7 probe gave
on average a 2.5-fold higher signal than the other two probes in EVs and a 6.5-fold higher
signal in the Cell fractions of PCa samples. We hypothesise that it was this additional
sensitivity of the ERG_Exons_6-7 probe that enabled it to have utility in the Cell fraction.

Comparison of qRT-PCR data with NanoString data for four genes displayed a strong
correlation between the two methods indicating that NanoString is a useful method for
multiplex gene expression analysis in agreement with previous studies [69]. In contrast, the
correlation between expression values from NanoString and qRT-PCR for KLK3 was poor,
which was due to low expression values for KLK3 by qRT-PCR in a subgroup of samples, a
difference that was not detected by NanoString. Interestingly, the KLK3 qRT-PCR values
were low in both Cell and EV fractions of the same 13 urine samples. A possible explanation
for this comes from David et al. 2002, who found that transcript splice variants of KLK3
can include all or part of intron 1 [70]. Notably, the forward KLK3 PCR primer used in our
investigations spanned the exon1-2 boundary, with the two 3’ nucleotides being in exon 2.
Thus, the presence of intron 1 sequences would make the transcripts un-PCRable with this
primer set. The NanoString probes are much larger (2 × 50 nt) and reported KLK3 levels in
these samples were not discernible from the other samples.

In our study presented here, three gene probes (GJB1, RPS10 and HOXC6) provided
comparable utility to PCA3. GJB1 and RPS10 have not to our knowledge been used in urine
tests by other laboratories and could open up new avenues of research. Our data suggest
that increasing the number of PCa-associated genes in a urine test should provide a more
level playing field for the detection of cancers. Knowing which urine fraction to use for
these multi-gene tests is critical. In addition, our results demonstrate that the exact probe
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sequences used to detect gene transcripts expressed by, for example, a TMPRSS2:ERG
fusion gene is important.

We identified different genes as useful biomarkers in different urinary fractions indi-
cating the utility of using both fractions for biomarker development. Using whole urine
is attractive due to the reduction in required preparation steps and Hendriks et al. [13]
suggested that whole urine is a useful substrate, at least for PCA3 and ERG. In our re-
sults, PCA3 and ERG probes were highlighted as potential biomarkers in both the Cell
and EV fractions. However, using whole urine for other novel markers may reduce the
potential ability to detect PCa. For example, OR51E2 is ~10-fold more highly expressed in
EVs than the Cell fraction (Figure S1) but was only useful as a PCa-biomarker in the Cell
fraction, therefore if the two fractions were combined it is likely that the high EV expression
would obscure the difference in expression between the NC and PCa groups seen in the
cell-sediments. Similarly, for RPS10 the reduction in expression in the PCa groups of the
EV fraction may be lost when combined with the expression from the Cell fraction. These
data would suggest that screens for new PCa-biomarkers should be conducted on each
individual fraction and that multiple probes for the detection of individual gene transcripts
should be tested to optimise performance. An aspect not covered in this study is that of
gene mutations, for example, mutations of mitochondrial genes associated with patient
survival [71], and it may be fruitful to integrate targeted analysis of specific urine gene
transcripts for mutations in future urine tests. We are currently in the validation phase of
our urine research for which we have collected 2500 samples for analysis and are creating
an accredited diagnostics laboratory that will enable us to provide urine results to patients.

5. Conclusions

We have interrogated urine Cell and EV RNA with 167 gene-probes and observed dif-
ferential expression between fractions. We have identified 11 genes as useful in identifying
PCa, which are distributed between the Cell and EV fractions, including the biomarker GJB1.
These data indicate that a useful strategy for improving the identification of PCa through
urinary biomarker analysis would involve the measurement of specific gene-targets from
different urinary fractions.
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Simple Summary: Cancer treatments have significantly changed with the introduction of im-
munotherapy. Recently, the development of new agents that harness the redirection of T-cells
against cancer is rapidly emerging in multiple tumor types. Since bispecific T-cell engager (BiTE)
therapies have demonstrated clinical benefit in hematologic malignancies, their application to solid
tumors has been an active area of investigation. However, in prostate cancer, due to the heterogeneous
and immune-suppressive tumor microenvironment, the development of immunotherapy strategies
remains a therapeutic challenge. In this review, we summarize the current development of BiTE
therapies in solid tumors with a particular focus on clinical trials in advanced prostate cancer.

Abstract: Over the past decade, immunotherapy has demonstrated an impressive improvement in
treatment outcomes for multiple cancers. Following the landmark approvals for use of immune
checkpoint inhibitors, new challenges emerged in various clinical settings. Not all tumor types harbor
immunogenic characteristics capable of triggering responses. Similarly, many tumors’ immune
microenvironment allows them to become evasive, leading to resistance and, thus, limiting the
durability of responses. To overcome this limitation, new T-cell redirecting strategies such as bispecific
T-cell engager (BiTE) have become attractive and promising immunotherapies. Our review provides
a comprehensive perspective of the current evidence of BiTE therapies in solid tumors. Considering
that immunotherapy has shown modest results in advanced prostate cancer to date, we review the
biologic rationale and promising results of BiTE therapy in this clinical setting and discuss potential
tumor-associated antigens that may be integrated into BiTE construct designs. Our review also
aims to evaluate the advances of BiTE therapies in prostate cancer, illustrate the major obstacles and
underlying limitations, and discuss directions for future research.

Keywords: prostate cancer; immunotherapy; bispecific T-cell engagers; prostate-specific membrane
antigen; prostate stem cell antigen

1. Introduction

Cancer immunotherapy, defined as the science of modulating the immune system
against cancer, represents a new paradigm shift in the field of oncology, prolonging survival
in several solid tumors [1]. Nevertheless, it took decades of basic science discoveries to
demonstrate the ability of modulating the immune system to treat cancer and subsequently
establish its role in clinical practice [2].

Since immune response against cancer involves complex interactions between tumor,
host, and environment, different strategies have been developed including immunostimula-
tory cytokines, vaccines, adoptive cell therapies, oncolytic viruses, and immune checkpoint
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inhibitors (ICIs) [3]. High-dose interleukin-2 (IL-2), a potent inducer of cytotoxic T-cells and
NK cells, was one of the first FDA-approved immunotherapy drugs in advanced cancer,
with a role in the treatment of melanoma and renal cell carcinoma [4]. Although high-dose
cytokine therapy is no longer used due to its short half-life and significant toxicity in thera-
peutic doses, the activity of IL-2 provided a fundamental understanding of the therapeutic
potential of T-cell regulation in the development of new immunotherapy strategies [5].

ICIs targeting CTLA-4 and PD1/PD-L1 pathways emerged as a revolutionary cancer
treatment strategy, due to impressive clinical responses and overall outcome benefits in
certain tumor types [6,7]. However, the efficacy of ICIs in prostate cancer have been
modest, except for mismatch-repair-deficient or microsatellite-instability-high tumors, in
which pembrolizumab has been approved in a tumor-agnostic manner [8]. Moreover, the
development of therapeutic cancer vaccines led to the approval of sipuleucel-T in metastatic
prostate cancer. Despite its proven benefit in overall survival [9], questions remain about its
true clinical benefit and its role within the treatment paradigm of metastatic prostate cancer.

Recently, novel immunotherapies that redirect T-cells against tumor antigens through
antibody fragments independent of major histocompatibility complex (MHC) presentation
have been under investigation. In particular, chimeric antigen-receptor-modified (CAR) T-
cells and bispecific T-cell engagers (BiTEs) have demonstrated remarkable clinical responses
in hematologic malignancies [10,11].

Nonetheless, the development of these novel T-cell redirection approaches in solid
tumors still presents major obstacles that limits its clinical application, including tumor
heterogeneity and off-tumor toxicity [12,13].

This comprehensive review aims to describe the current evidence of BiTE thera-
pies in solid tumors with a focus on ongoing clinical trials in the treatment of advanced
prostate cancer.

2. Bispecific T-Cell Engagers (BiTEs) in Cancer Treatment

Bispecific antibodies (bsAb) were first described by Nisonoff and colleagues in the
1960s, as an antibody-based molecule with two distinct antigen-binding sites, which can
function to physically bridge two different cells [14]. By simultaneously binding an antigen
on tumor cells and a surface molecule on T-cells, bsAbs can redirect and activate T-cells to
induce tumor lysis [15,16].

Since the 1980s, multiple bsAb formats have been developed [15]. In preclinical models,
these early constructs showed relatively limited efficacy, with high drug concentrations,
high effector-to-target ratios required to induce T-cell-mediated cancer cell lysis, and
showed significant “off-target” toxicity [17]. However, novel strategies are evolving to
overcome these limitations in order to expand and further optimize bsAb formats.

BsAbs are categorized based on their structure and mechanisms of action, specificity,
and affinity for target antigen [18]. From a structural point of view, bsAbs are classified
by the presence/absence of the Fc region [19]. BiTEs represent prototypical Fc-free bsAbs,
with several new constructs currently under clinical evaluation in solid tumors.

2.1. BiTE Design and Mechanism of Action

BiTEs are recombinant proteins composed of two different single-chain variable frag-
ment (scFv) regions from two different monoclonal antibodies. The scFv constructs are
covalently connected by a flexible small peptide linker, altogether comprising a ~55 kDa
polypeptide chain [17,19]. One scFv-binding domain is engineered to target a select tumor-
associated antigen (TAA) and the other scFv domain is typically specific for CD3, the
invariant component of the T-cell receptor (TCR) complex [20–22]. The length of the
inter-scFv linker varies depending on construct, but linker size does not directly impact
tumor-killing activity [23]. However, linker length must account for flexibility, stability,
and the orientation of binding interaction between TAA and epitope [19,24].

In general, the TCR complex on the surface of T-cells recognizes antigens that are
presented via the major histocompatibility complex (MHC) and this interaction triggers a
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signaling cascade, involving transcription factor activation and cytoskeletal remodeling,
resulting in T-cell activation [20]. BiTEs are unique in their ability to redirect T-cells
against TAAs on tumor cells and directly activate T-cells, independent of TCR/MHC
interaction [21]. More specifically, T-cell activation by interaction with the TCR complex
engages T-cells to form an immune synapse on the surface of tumor cells, resulting in
release of cytokines, perforins, and granzymes that induces cancer cell apoptosis [21,25].
Moreover, the activation of effector T-cells occurs only when both scFv-binding domains
are engaged with their respective targets [26].

In comparison with alternative bsAbs formats and monoclonal IgG antibodies, BiTEs
have a 100-to-10,000-fold higher efficacy in tumor cell lysis with a low ratio of T-cells to
target tumor cells in cellular models [27]. Subsequent to BiTE-induced T-cell activation, the
diffusion of released cytokines in the immune synapse also plays a role in upregulation
of cell surface molecules of the surrounding cells, further contributing to the antitumor
activity of BiTEs, commonly named the “bystander effect” [28].

Furthermore, BiTEs can be produced in large quantities by mammalian cell lines,
minimizing interpatient variability and providing “off-the-shelf” therapies that now are
undergoing investigation in a multitude of tumor types [29].

2.2. Blinatumomab, the First BiTE Construct in Clinical Practice

The CD19/CD3 BiTE molecule blinatumomab has served as clear proof of concept of
antitumor activity and clinical efficacy of T-cell engagers in B-cell malignancies. Blinatu-
momab’s clinical efficacy and favorable safety profile lead to its first-in-class approval by
the European Medicines Agency (EMA) and the U.S. Food and Drug Administration (FDA)
for the treatment of both children and adults with relapsed or refractory Philadelphia
chromosome (Ph)-negative precursor B-cell acute lymphoblastic leukemia (B-ALL) [30,31].
In the TOWER trial, a multicenter, international, phase 3 clinical trial, blinatumomab
demonstrated a significant improvement in overall survival (7.7 months vs. 4.0 months;
HR 0.71; 95% CI 0.55–0.93) and higher rates of hematological remission, compared to
standard-of-care chemotherapy [32]. The FDA also approved blinatumomab for relapsed
or refractory Ph-positive B-ALL, based on the ALCANTARA trial results that demonstrated
remarkable long-term durability of responses in this setting [33]. Long-term follow-up data
show that Blinatumomab treatment can render a complete response with minimal residual
disease (MRD) in approximately three-quarters of treated patients [33,34], resulting in
approval for treatment of MRD-positive patients with B-ALL.

Despite its efficacy, blinatumomab has also been associated with significant adverse
events including cytokine release syndrome (CRS) and neurotoxicity, which may be life-
threatening [35]. Treatment of patients requires inpatient hospitalization at time of drug ad-
ministration for monitoring and to allow for prompt management of these potential events.

2.3. BiTE Therapy Safety Considerations: Cytokine Release Syndrome and Neurotoxicity

As the first marketed therapy within its class, blinatumomab’s safety profile and
dose-limiting toxicities are well-described [35]. The two main toxicity concerns associated
with BiTE immunotherapy correlate with its mechanism of action and include cytokine
release syndrome (CRS) and neurotoxicity.

CRS is an uncontrolled systemic inflammatory response characterized by high levels
of pro-inflammatory cytokines, most notably interferon (IFN)-gamma, IL-1, and IL-6, and is
induced by T-cell activation [36]. CRS clinical manifestations and severity varies from mild
fever or rash to severe multi-organ failure [36]. When CRS occurs after dose administration
of blinatumomab, symptoms usually appear during the first infusion cycle but can be
delayed by days, and the risk of grade ≥3 CRS ranges from 2 to 11% for B-cell malignan-
cies [32–35]. A higher incidence of CRS has been associated with higher tumor burden and
drug dosage [36,37]. Early intervention is critical to prevent progression to life-threatening
toxicity. In patients with mild CRS, supportive care is indicated, while grade ≥3 CRS is
managed with infusion interruption and immunosuppression with glucocorticoids [38].
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Tocilizumab, a humanized monoclonal antibody that targets the IL-6 receptor, was ap-
proved for the management of severe or life-threatening CRS [38]. To reduce the incidence
of CRS, prophylactic use of dexamethasone combined with step-dosing administration of
blinatumomab is recommended [36,37].

Similar to CRS, immune effector-cell-associated neurotoxicity syndrome (ICANS)
pathophysiology is complex and incompletely understood and seems to be related to
the production of pro-inflammatory cytokines, with subsequent T-cells adhesion to brain
endothelium and disruption of the blood–brain barrier [39,40]. The incidence of grade
≥3 neurotoxicity with blinatumomab ranges from 5.5 to 24% [31–34]. Neurotoxicity oc-
curs most commonly in the first treatment cycle and risk increases with higher doses
of blinatumomab. The most common symptoms include dizziness, tremor, confusional
state, and encephalopathy [41]. Management of ICANS require treatment interruption and
corticosteroids; however, definitive evidence is lacking as to whether corticosteroids have a
beneficial effect on the severity or duration of ICANS [39].

In addition, other relevant adverse events related to the CD19-targeting mechanism
have been reported with blinatumomab, namely long-term B-cell aplasia and hypogamma-
globulinemia [33–35]. As such, immunoglobulin replacement and prophylactic antibiotics
should be considered on an individual case-by-case basis.

2.4. Limitations of BiTE Therapies and Innovative Strategies to Enhance Efficacy

A practical limitation of the prototypical BiTE molecule in clinical practice is their short
half-life and the need for continuous intravenous administration [17]. New approaches
to optimize drug delivery and alter pharmacokinetics include half-life-extended (HLE)
BiTEs [42,43], which are single-chain polypeptides incorporating an additional Fc region,
creating a bsAb with a higher molecular weight and extended half-life. With regards to
alternate routes of administration, subcutaneous BiTEs have been investigated, showing
a manageable safety profile similar to that previously reported for intravenous formula-
tions [44].

“Off-the-shelf” BiTE manufacturing is a major advantage of this treatment modality,
supporting its clinical applicability and cost-effectiveness, since large quantities are pro-
duced, without interpatient variability [29]. However, identification of target antigens that
are ubiquitously expressed on tumor cells in all patients has been a critical challenge for
the application of BiTE therapy to certain cancers, particularly solid malignancies. Many
tumor-specific antigens are intracellular and are not accessible for standard T-cell engagers,
while numerous cell-surface TAAs overexpressed in solid tumors lack high specificity
and are often found at low levels in normal tissue [21,22]. As a consequence, “on-target,
off-tumor” toxicity has been a challenge in TAA selection for solid tumors [45]. The balance
between maximizing therapeutic potential of BiTEs while mitigating toxicity remains an
area which requires further investigation [42].

Acquired treatment resistance to BiTE therapy is yet another limitation. Downregu-
lation or loss of TAA expression has been described as a major mechanism of resistance
to BiTE therapies [46]. This observation gave rise to the development of multiple novel
T-cell engager constructs, with different pharmacokinetic and pharmacodynamic profiles,
including different formats with higher stability in a construct that enables optimal inter-
action between the target and effector cell (dual affinity retargeting (DART®) bispecific
antibodies), and some simultaneously targeting different TAAs (simultaneous multiple
interaction T-cell engagers (SMITEs)) [17].

Another mechanism of resistance to BiTE therapy is the upregulation of inhibitory
immune checkpoints within the tumor microenvironment (TME) [47]. The TME of solid
tumors contains a complex composition of malignant, immune, and stromal cell popula-
tions that can suppress antitumor T-cell responses, which negatively affects T-cell engager
efficacy [48]. To overcome this limitation, constructs with concomitant immune-checkpoint
action (checkpoint inhibitor T cell-engagers) that target the PD-1/PD-L1 axis are under
development, as well as combination strategies combining BiTEs with ICIs [49].
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3. BiTEs in Solid Tumors

Despite the impressive results of BiTEs in hematological malignancies, illustrated by
blinatumomab efficacy in B-ALL, first-generation compounds have failed to demonstrate
significant antitumor activity in solid tumors [13,50]. Catumaxomab was the first bispe-
cific T-cell engager approved by the EMA in 2009 to treat malignant ascites of epithelial
cancers [51]. It is a trifunctional bispecific IgG antibody, with one arm recognizing the
epithelial cell adhesion molecule (EpCAM) on tumoral cells and another arm targeting the
CD3 subunit on T-cells. Furthermore, the functional Fc fragment binds to different immune
accessory cells, such as monocytes, macrophages, and natural killer (NK) cells, inducing T-
cell activation and NK cell recruitment [52]. EMA approval was based on an improvement
of puncture-free survival and signs and symptoms of ascites from a large, randomized
phase 2/3 trial [51]. However, intravenous administration of catumaxomab was associated
with severe adverse events, including CRS and dose-dependent liver toxicity [53], with one
patient experiencing fulminant fatal acute liver failure that led to the early termination of
the trial, and later withdrawal of catumaxomab from the market.

Solitomab is another first-generation BiTE targeting EpCAMxCD3 (MT110 or AMG110)
that was investigated in a phase 1 trial of 65 patients with relapsed/refractory advanced-
stage solid cancers. Treatment was associated with dose-limiting toxicities, including severe
diarrhea and increased liver enzymes, which precluded dose escalation to potentially
therapeutic levels [54].

Subsequent next-generation BiTE molecules have been constructed which are directed
against TAAs with reduced expression in non-neoplastic tissue and employ formats that
do not include an Fc domain.

Specifically, in CEA-positive solid tumors such as metastatic colorectal cancer, RO6958688
(also known as CEA CD3 T-cell bispecific or RG7802) was administered as monotherapy or
in combination with atezolizumab in a phase 1 trial that enrolled 35 patients. Antitumor
activity was observed in monotherapy, with two patients showing partial response, which
was enhanced when in combination with atezolizumab, and with a manageable safety
profile [55].

More recently, preliminary data from the DUET-1 phase 1 trial showed that tidu-
tamab (XmAb18087), a BiTE-targeting somatostatin receptor 2 (SSTR2), was well tolerated
with a best overall response of stable disease in patients with advanced neuroendocrine
tumors [56].

We are now witnessing increasing numbers of bispecific-based T-cell engagers under-
going rapid development and evaluation in several tumor types (Table 1). Prostate cancer
target-antigens and clinical trials will be further discussed separately.
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Recently, the FDA and EMA approved a bispecific fusion protein indicated for the
treatment of adult patients with HLA-A*02:01-positive metastatic uveal melanoma [70,71].
Tebentafusp is a first-in-class immune-mobilizing monoclonal T cell receptor (TCR) against
cancer (ImmTAC®), comprising a TCR domain that binds with high affinity to a gp100
peptide presented by human leukocyte antigen—A*02:01 (HLA-A*02:01) on the cell surface
of uveal melanoma tumor cells, and an effector domain which binds to the CD3 receptor
on polyclonal T-cells. Tebentafusp significantly improved overall survival in patients with
previously untreated metastatic uveal melanoma in a large, randomized, phase 3 study
that led to its regulatory approval [72].

4. BiTEs in Advanced Prostate Cancer

The success of immunotherapy in treatment of advanced prostate cancer has been
modest, as most modern immunotherapies have failed to achieve long-term remissions. To
date, sipuleucel-T is the only approved immunotherapy for metastatic prostate cancer, yet it
is not considered a cornerstone therapy for men with metastatic castration-resistant prostate
cancer (mCRPC). Sipuleucel-T incorporates autologous antigen-presenting cells (APCs),
with a recombinant fusion protein (PA2024), consisting of a prostate antigen, prostatic
acid phosphatase (PAP), and granulocyte–macrophage colony-stimulating factor (GMCSF).
Although survival benefit was demonstrated in patients with mCRPC [9], questions about
the true mechanism of action of this agent still remain [73], thus limiting its application in
daily clinical practice.

Except for tumors associated with microsatellite instability, most mCRPC tumors are
considered immunologically “cold”, due to lack of pro-inflammatory cytokine production,
sparse T-cell infiltration, and predominance of suppressive immune components [74,75].
To characterize tumor microenvironment of bone metastasis of prostate cancer, Kfoury et al.
performed single-cell analysis and found bone marrow infiltration of tumor-associated
macrophages and monocytes with overexpression of cytokine CCL2, leading to T-cell
exhaustion as a mechanism of immunosuppression [76].

Furthermore, recent findings described T-cell-intrinsic androgen activity as a novel
mechanism of resistance to immunotherapy [77].

Novel immunotherapies using MHC-independent T-cell redirection and activation
have been an active area of research with hopes to overcome the immunosuppressive
TME within prostate cancer [78]. Particularly in mCRPC, tumor-specific surface markers
with relatively low expression in normal tissues have been investigated as potential TAA
targets of novel T-cell redirection strategies. Currently, there are several targets for BiTE
therapies under development in the prostate cancer disease space (Table 2), including
constructs targeting prostate-specific membrane antigen (PSMA), prostate stem cell antigen
(PSCA), six-transmembrane epithelial antigen of the prostate (STEAP-1), and Notch ligand
delta-like protein 3 (DLL3).
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4.1. BiTEs Targeting PSMA

PSMA is a type II transmembrane protein that is highly expressed on the surface
of malignant prostate tissue, with variable low expression in non-neoplastic prostate
tissue. Non-malignant tissues expressing PSMA include kidney proximal tubules, salivary
glandular cells, and the gastrointestinal tract [94,95]. Additionally, PSMA is also expressed
on the tumor-associated neovasculature of different solid malignancies [96,97], increasing
the research focus on PSMA as TAA in non-prostate cancer therapies.

In addition, PSMA has been widely explored as a biomarker of prostate cancer activity
for disease imaging, using radioactive PSMA tracers [98,99], and as a disease-specific target
in the field of PSMA theranostics [100,101].

4.1.1. Pasotuxizumab (BAY2010112 or AMG 212)

The first prototypical PSMA-targeting BiTE was pasotuxizumab (BAY2010112 or AMG
212). In a phase 1 clinical trial (NCT01723475), safety and maximum tolerated dose (MTD)
of pasotuxizumab in mCRPC was evaluated. As part of an interim data monitoring analysis,
it was reported that all 31 patients receiving subcutaneous (SC) injection had developed
antidrug antibodies (ADAs) and prophylactic dexamethasone had no effect in mitigating
this event [79]. The SC route of administration was discontinued, and the study proceeded
with the continuous intravenous (cIV) infusion cohort only [80]. Hummel et al. reported
a >50% PSA reduction in nine and three patients in the SC and cIV cohorts, respectively,
including two long-term responders [79,80]. No grade 5 adverse events (AE) were reported.
Nevertheless, all patients had at least one AE, including fever (85%), chills (38%), and
fatigue (34%) [79]. MTD was not reached due to premature termination of the trial in favor
clinical study of a next-generation BiTE construct targeting PSMA, AMG-160.

4.1.2. Acapatamab (AMG-160)

Preclinical studies with a half-life extended BiTE, acapatamab (formerly AMG-160),
demonstrated T-cell activation in human samples and upregulation of PD-L1 [102,103].
Given the interest in the development of next-generation PSMA-targeting BiTEs, acap-
atamab is further being assessed in early-phase clinical study. In an ongoing phase 1
clinical trial (NCT03792841) enrolling 43 patients with mCRPC, dose exploration of acap-
atamab is being evaluated in monotherapy and in combination with pembrolizumab [81,82].
Preliminary results of monotherapy, in a heavily pre-treated population (with a median
of four prior lines of therapy), showed PSA reductions >50% occurred in 12/35 (34.3%)
evaluable patients at data cut-off (July 2020) [81]. The majority of patients (n = 41; 95.3%)
experienced an any-grade AE, including grade 3 CRS in 11 patients (25.6%). No grade
5 events or treatment discontinuation has been observed, although MTD has not yet been
reached [81]. An exploratory phase of this trial assessing the combination of acapatamab
with pembrolizumab is in progress.

Alternative combination therapy strategies with acapatamab are also being evaluated.
An elegantly designed phase 1/2 trial (NCT04631601) consisting of three subprotocols
evaluating safety, tolerability, and MTD of acapatamab, in combination with enzalutamide,
abiraterone, or AMG 404, a monoclonal antibody targeting PD-1 receptor, is currently
recruiting patients [83].

4.1.3. Novel Emerging Constructs Targeting PSMA

ES414/APVO4141/MOR209 is a bispecific antibody constructed with an ADAPTIR®

format, which contains a modified antibody Fc region that improves serum stability but
does not cross-link T-cells or target cells and two scFv fragments each targeting PSMA
and CD3 [84]. In comparison with prototypical BiTE formats, it has a prolonged half-life;
however, high immunogenicity of this construct gave rise to unacceptable systemic toxicity
and to early discontinuation of the clinical trial.
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In contrast with previous BiTE structural design, HPN424 is a trispecific antibody
(TriTAC®) designed with three binding domains. In addition to PSMA and CD3 targeting,
it incorporates an albumin-binding domain to prolong serum half-life and increase stabil-
ity [104]. Data from a phase 1/2a clinical trial (NCT03577028) including men with mCRPC
who have received more than two prior systemic therapies, showed that 21% of patients
had post-baseline PSA declines and reduction in circulating tumor cells (CTC) occurred in
32 of 56 pts (57%) with measurable CTC at baseline. Most common grade >3 AE were AST
increase (18%), anemia (11%), and ALT increase (11%). Of note, grade 3 CRS was observed
in 4% of patients, occurring with first dose administration, and MTD was not reached [85].

JNJ-63898081/JN-081 is a novel bispecific antibody targeting PSMA and CD3 engi-
neered by a next-generation technology platform denominated DuoBody®. This technology
is believed to produce more stable bsAb constructs and retain endogenous IgG structure
and pharmacokinetics possibly leading to improved tolerability and efficacy. In a phase
1 trial, all 39 patients enrolled experienced at least one treatment-emergent AE, most com-
monly pyrexia (n = 27; 69.2%) and CRS (n = 26; 66.7%). Grade 2 CRS was observed at
higher doses and was partially mitigated by SC and step-up dosing, with no reported
grade ≥3 CRS. Transient PSA decreases were observed at treatment doses greater than
30 μg/kg SC [86].

CC-1 is a bsAb targeting PSMA with a unique IgG-based structure. CC-1 was devel-
oped in an IgGsc format (IgG molecule with two c-terminal single chain moieties), which
includes an Fc domain of an IgG1 antibody linked to two scFv-binding domains targeting
PSMA and CD3. The modified Fc domain is expected to prolong its serum half-life, as
well as lower immunogenicity and thereby mitigate toxicity. Despite preliminary data of
14 patients from a dose-escalation phase 1 trial which showed that the majority of patients
suffered from a CRS event (79% of patients), the CRS did not exceed grade 2 and resolved
in most cases without the need for administration of tocilizumab. Results from a dose
expansion of this phase 1 clinical trial are highly anticipated and the study is currently
enrolling patients (NCT04104607) [87].

Additional ongoing trials concerning bispecific antibodies targeting PSMA are sum-
marized in Table 2.

4.2. Other Potential TAAs in Prostate Cancer
4.2.1. Prostate Stem Cell Antigen (PSCA)

PSCA is a cell-surface glycoprotein encoded by the PSCA gene, which is overexpressed
in prostate gland cells as well as urothelial, pancreatic, renal, and non-small cell lung
cancer [105,106]. Although its biological function is not completely understood, PSCA has
been associated with advanced disease and poor prognosis in prostate cancer [107].

An open-label, dose escalation clinical trial of GEM3PSCA (NCT03927573), a PSCAxCD3
bispecific antibody (ATAC® format) is enrolling patients with PSCA-expressing tumor
types after failure of standard therapy.

4.2.2. Six-Transmembrane Epithelial Antigen of the Prostate-1 (STEAP-1)

Acting as a membrane channel or transporter protein in cell junctions of epithelial cells,
STEAP-1 is overexpressed on the surface of prostate cancer cells with low or no expression
on normal tissue [108].

Binding simultaneously to STEAP-1 and CD3, AMG 509 is a bispecific T-cell engager
(XmAb® format) that is being evaluated in a phase 1 trial (NCT04221542) as monotherapy
and in combination with enzalutamide or abiraterone [91].

4.3. Neuroendocrine Prostate Cancer

De novo neuroendocrine prostate cancer (NEPC) is a rare tumor, corresponding to
less than 2% of all cancers at the time of diagnosis [109]; however, treatment-related-NEPC
is found in 10.5–17% of patients with mCRPC after treatment with androgen signaling
inhibitors [110].
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The 2022 WHO Classification of Tumors of the Urinary and Male Genital System
describes treatment-related neuroendocrine prostatic carcinoma (t-NEPC) as a distinct
entity: “tumors demonstrating complete neuroendocrine differentiation or partial neu-
roendocrine differentiation with adenocarcinoma following androgen deprivation ther-
apy” [111]. Regarding histological and immunological features, some are pure small cell,
or less commonly large cell, neuroendocrine carcinoma, while others are mixed tumors
with a component of high-grade adenocarcinoma [112].

Although it is unclear whether de novo NEPC and t-NEPC have a shared clonal
origin, emerging evidence suggests that adenocarcinoma to NEPC transdifferentiation
may be driven by concomitant inactivation of TP53 and RB1, and alterations of epigenetic
regulation and transcription factors [113].

Initially identified as a surface protein overexpressed in small cell lung cancer, DLL3
is also highly expressed in neuroendocrine prostate cancer (NEPC) [114], emerging as a
potential candidate to target for T-cell redirecting therapies since no standard treatment
approach for NEPC exists and it remains an unmet need.

Tarlatamab or AMG 757 is an HLE BiTE (DLL3xCD3) that is being evaluated in a
phase 1b trial (NCT04702737), which is recruiting patients with metastatic de novo or
treatment-emergent NEPC [87].

Novel TAAs for NEPC have been investigated. Han et al. suggested that KIT pathway
inhibition may be a potential target in NEPC treatment [115].

4.4. Overcoming Hurdles to Successful Implementation of BiTE Therapy within the mCRPC
Treatment Paradigm

Successful development of BiTEs requires a tumor-restricted TAA which allows for ef-
fective antigen selectivity and minimal “off-tumor, on-target” toxicity. Prostate cancer is an
ideal disease setting for BiTE development given the myriad of unique TAAs that have been
discovered. Initial issues with drug immunogenicity and rapid drug clearance have been
addressed with the advent of HLE BiTEs. Although toxicity in the early-generation prostate
cancer BiTE trials has been ubiquitous, it has also been manageable. Our understanding of
BiTE toxicity is informed from prior experiences with hematologic malignancies, and early
intervention at first sign of CRS with systemic corticosteroids and immunosuppression has
proven to be an effective approach at safely achieving greater therapeutic dose thresholds
for optimal drug delivery.

As we optimize the BiTE format in respect to pharmacokinetics, tissue selectivity, and
toxicity, we are also in need of TME modulation to allow BiTE effector function within
a less immunologically ‘cold’ and suppressive TME. Multimodal therapies with BiTEs
in combination with novel modalities are a strategy under investigation. We now have
a clinical study employing BiTEs in combination with ICIs in prostate cancer, which is
a strategy with strong biologic rationale as disinhibiting immune effector cells can help
augment BiTE response.

The trials to date in prostate cancer employ a heavily pre-treated patient population, as
is the case of BiTE trials in other solid-tumor malignancies. In patients with mCRPC, prior
treatment with anti-androgen therapy, theranostics therapy, and typically multiple lines
of cytotoxic chemotherapy may not be an ideal sequence prior to T-cell immunotherapy.
Development of castration resistance after anti-androgen therapy, as well as usage of cyto-
toxic chemotherapy, each accelerate development of an exhausted T-cell phenotype rich in
T-regulatory cells, which is not conducive for immune response. As such, earlier integration
of T-cell immunotherapy and early referral for trial consideration is recommended.

5. Future Perspectives

The underlying causes of the limited effectiveness of BiTE therapy in solid-tumor ma-
lignancies are multifactorial. It is unlikely that a single strategy to optimize BiTE construct
design will dramatically improve treatment efficacy. Ongoing clinical investigation into the
immune-escape mechanisms and better characterization of the immune milieu within the
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TME of each respective tumor type will be critical in order to identify novel target antigens
which can then be integrated into next-generation BiTE construct design. Moreover, the
success of BiTE therapy in solid-tumor malignancies will likely rely on two key additional
factors: (1) mitigation of severe toxicity and (2) ideal identification and selection of patients
who may benefit most from immunologic response.

BiTE therapy toxicity, namely CRS, is highly predictable and some form of systemic
inflammatory response is expected in nearly all patients. Early identification of toxicity
and intervention with corticosteroids has certainly proven efficacious in preventing severe
toxicity leading to end-organ dysfunction. There is ongoing concern that immunosuppres-
sive intervention for CRS will counteract any anti-tumor immune response triggered by
therapy. However, recent studies evaluating early administration of tocilizumab with a
newly developed PSMAxCD3 bsAb revealed reduction in undesired sequelae of CRS with-
out affecting therapeutic activity [116]. Taking early measures to attenuate immune-related
toxicity may prevent dose-reduction and early drug discontinuation, thereby allowing
patients to benefit from more drug exposure and maximized treatment effect.

Ideal patient selection represents yet another challenge which may be an area of
focus for future research. We now have identified a plethora of tumor-associated antigens
(TAAs) that demonstrate high specificity for target antigen-expressing tumor, yet TAA as a
biomarker has been insufficient in patient selection to identify exceptional responders. It is
very possible that chemotherapy refractory and heavily pre-treated patient populations
preclude optimal patient selection. The timing of BiTE therapy within the treatment
cascade also requires further investigation and is an ongoing area of research [117]. Early
introduction of BiTE therapy within the disease course may be a pathway to maximize
therapeutic potential prior to development of an exhausted immune phenotype within
the TME.

Following the trend in recent years in the use of combination therapies, exploring the
synergy between BiTEs and other immunomodulatory drugs may be an ideal strategy to
improve efficacy in solid tumors. BiTE therapies in combination with immune checkpoint
inhibitors are currently under investigation and may prove to be an effective strategy
capable of augmenting immunogenic treatment effects. As we continue to refine our
understanding of the tumor immune profile with spatial analyses utilizing genomics and
transcriptomics, we will likely be able to strengthen the biologic rationale for combinations
therapies and areas of synergy amongst classes of agents.

6. Conclusions

Immunotherapy has become an established cornerstone of therapy within the treat-
ment paradigm of several tumor types. Novel T-cell redirecting strategies represent more
contemporary immunotherapies, and BiTEs in particular have shown substantial efficacy
in hematological malignancies. However, some factors challenge the implementation of
BiTEs in solid tumors, namely the lack of target antigen expression, tumor inaccessibility,
and the impact of an immunosuppressive tumor microenvironment. Prostate cancer in
particular is known for its immune-desert phenotype, with little observed benefit from
modern immunotherapies. However, several strategies are currently being investigated
to improve BiTE application in an immunologically “cold” tumor and are poised to have
transformative impacts within the prostate cancer disease space. Future results of ongoing
studies in which the combination of BiTE with innovative therapies may provide some
answers and paradigm-changing advances in upcoming years.
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Simple Summary: This retrospective cohort study aimed to understand the incidence, clinical impact,
and risk factors associated with upper urinary tract urothelial carcinoma (UTUC) after intravesical
Bacillus Calmette-Guerin (BCG) therapy. The study included 3226 patients diagnosed with non-
muscle-invasive bladder cancer (NMIBC) and treated with intravesical BCG therapy between January
2000 and December 2019. Of these patients, 6.1% were diagnosed with UTUC during the follow-up
period, and those with UTUC had worse survival rates compared to those without UTUC. Tumor
multiplicity, treatment for Connaught strain, and intravesical recurrence after BCG therapy were
associated with subsequent UTUC diagnosis. The study suggests that patients with these risk factors
may require closer monitoring for UTUC after BCG therapy.

Abstract: Upper urinary tract urothelial carcinoma (UTUC) after intravesical bacillus Calmette-Guerin
(BCG) therapy is rare, and its incidence, clinical impact, and risk factors are not fully understood. To
elucidate the clinical implications of UTUC after intravesical BCG therapy, this retrospective cohort
study used data collected between January 2000 and December 2019. A total of 3226 patients diagnosed
with non-muscle-invasive bladder cancer (NMIBC) and treated with intravesical BCG therapy were
enrolled (JUOG-UC 1901). UTUC impact was evaluated by comparing intravesical recurrence-free
survival (RFS), cancer-specific survival (CSS), and overall survival (OS) rates. The predictors of UTUC
after BCG treatment were assessed. Of these patients, 2873 with a medical history that checked UTUC
were analyzed. UTUC was detected in 175 patients (6.1%) during the follow-up period. Patients with
UTUC had worse survival rates than those without UTUC. Multivariate analyses revealed that tumor
multiplicity (odds ratio [OR], 1.681; 95% confidence interval [CI], 1.005–2.812; p = 0.048), Connaught
strain (OR, 2.211; 95% CI, 1.380–3.543; p = 0.001), and intravesical recurrence (OR, 5.097; 95% CI,
3.225–8.056; p < 0.001) were associated with UTUC after BCG therapy. In conclusion, patients with
subsequent UTUC had worse RFS, CSS, and OS than those without UTUC. Multiple bladder tumors,
treatment for Connaught strain, and intravesical recurrence after BCG therapy may be predictive factors
for subsequent UTUC diagnosis.
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1. Introduction

The urinary bladder is the predominant organ affected in primary urothelial carcinoma
(UC), although UC can arise throughout the urinary tract. Upper urinary tract urothelial
carcinoma (UTUC) accounts for 5% to 10% of all urothelial carcinomas [1]. Although UTUC
and UC in the bladder (UCB) have previously been considered to share histopathologi-
cal features, remarkable clinical and molecular differences exist between cancer sites [2].
Approximately 60% of patients with UTUC have an invasive tumor versus 20% to 25%
of patients with UCB [3]. The prognosis of UTUC is poor, with a 5-year overall survival
(OS) of approximately 70%. For invasive disease, the 5-year OS is less than 40%, which
is worse than the 5-year OS in patients with muscle-invasive UBC treated with radical
cystectomy [4,5].

After intravesical bacillus Calmette-Guerin (BCG) instillation therapy, UTUC is diag-
nosed in 4%–9% of patients [3,6]. This rate was higher than that of UTUC among all patients
with UBC [7] and was equivalent to the recurrence rate after total cystectomy [8,9]. Clinical
risk factors for the development of subsequent UTUC are tumor multiplicity, tumor location
(involved in the ureteral orifice), advanced tumor stage, the existence of carcinoma in situ
(CIS), and operative modality [10]. Although every guideline (the National Comprehensive
Cancer Network, the American Urological Association, and the European Association
of Urology) recommends careful follow-up of the entire urinary tract after treatment for
high-grade UC, diagnosis of subsequent UTUC has often been delayed [11]. Indeed, little is
known about the clinical implications of subsequent UTUC after BCG instillation for UBC.

In this study, we attempted to elucidate the clinical features of subsequent UTUC after
BCG therapy and to elucidate the risk factors for its development in a retrospective cohort
of 3226 patients in Japan (JUOG-UC 1901).

2. Materials and Methods

2.1. Data Collection and Study Cohort

This retrospective multicenter study was approved by the institutional review board
of each participating institute (reference protocol ID: 2266 in the IRB of Akita Univer-
sity) of the Japan Urological Oncology Group framework. Informed consent was ob-
tained from the participants through posters and/or websites following the opt-out policy
(https://www.lifescience.mext.go.jp/bioethics/seimeikagaku_igaku.html) (last access date
19 March 2023). We recruited 3226 patients who received intravesical BCG therapy for
NMIBC treated between 2000 and 2019 at 31 hospitals in Japan. The clinical characteristics
of the patients were investigated, including age; sex; performance status; former history of
NMIBC; tumor multiplicity; tumor size; T category; tumor grade (per the 2004 World Health
Organization classification); second transurethral resection (TUR); presence of bladder CIS
and prostatic urethra-involving CIS; divergent differentiation such as squamous differenti-
ation and glandular differentiation; variant histology such as nested, micropapillary, and
plasmacytoid variants; and lymphovascular involvement (LVI).

Of the 3226 patients, 353 (11%) were excluded due to missing data on subsequent
UTUC status; thus, 2873 (89%) were analyzed. Supplemental Figure S1 shows the flowchart
of the patient selection process.

2.2. Intravesical BCG Treatment after Transurethral Resection of Bladder Tumor (TURBT)

The criteria, dose, and schedule for initial BCG and maintenance BCG therapy were not
strictly scheduled and were given as clinical implementation by each physician’s decision. Most
eligible patients were at high or highest risk of NMIBC, such as those who had papillary Ta/T1
high-grade tumors and CIS, and were treated with intravesical BCG therapy after TURBT.

43



Cancers 2023, 15, 2002

The intravesical BCG therapy consisted of weekly instillations of Immunobladder (80 mg
of Tokyo-172 strain) or ImmuCyst (81 mg of Connaught strain, currently unavailable) for
6–8 consecutive weeks, with or without subsequent maintenance BCG therapy.

2.3. Surveillance

The surveillance protocol varied depending on the policies of the individual institu-
tions and the number of physicians. In general, patients underwent check-ups by white-
light cystoscopy and urinary cytology every 3 months for the first 2 years, every 4 months
in the third year, every 6 months in the fourth and fifth years, and annually thereafter. This
follow-up protocol followed a conventional Japanese style and may be stricter than the
established guidelines [12–14]. Recurrence was defined as recurrent tumors of patholog-
ically proven urothelial carcinoma in the bladder and/or prostatic urethra. Progression
was defined as recurrent disease with invasion of the muscularis propria (≥T2), positive
regional lymph nodes, and/or distant metastases. UTUC was diagnosed based on a posi-
tive finding on a computed tomography scan of the upper urinary tract (UUT), ipsilateral
positive urine cytology, and ureteroscopic pathological diagnosis.

2.4. Statistical Analysis

Clinicopathological characteristics were compared using Mann–Whitney U, chi-square,
and Kruskal–Wallis tests as appropriate. Intravesical recurrence-free survival (RFS), cancer-
specific survival (CSS), and OS were calculated from the date of initial induction of BCG
treatment. Survival rates were analyzed using the Kaplan–Meier method, and significance
was compared using the Cox hazard regression model. To elucidate the risk factors for
subsequent UTUC and reduce the effects of selection bias and potential confounders in this
observational study, we performed multiple logistic regression analyses. A multivariate
analysis was used for the analysis of odds ratios (ORs) and 95% confidence intervals (CIs)
for factors with p < 0.1 in the univariate analysis. Statistical analyses were performed using
the SPSS statistical software (version 26.0; SPSS Japan Inc., Tokyo, Japan). All reported
p values were two-sided, and statistical significance was set at p < 0.05.

3. Results

3.1. Patient Characteristics

Of the 3226 patients with NMIBC who were treated with BCG therapy, 2873 were
analyzed, and 175 (6.1%) were diagnosed with UTUC during the follow-up period from the
initiation of BCG therapy (Table 1). In this patient population, the median period of total
observation was 48.0 (7–215) months, and the median period between the first dose of the
BCG treatment and diagnosis with UTUC was 27.8 (3–182) months. There were 132 men
and 43 women in the UTUC group; the median age was 71.0 (28–86) years when UTUC
was confirmed. The location of urothelial carcinoma was the renal pelvis in 33 patients,
the ureter in 106 patients, both the pelvis and the ureter in 8 patients, and not described in
27 patients. The pathological findings of the preceding TURBT were Ta or T1 in 124 patients
and Tis in 51 patients (Table 1).

Table 1. Characteristics of patients with subsequent diagnosis with UTUC after BCG bladder instilla-
tion therapy.

Subsequent Diagnosis with UTUC (N = 175, 5.4%)

Observation duration Months (range) 27.8 (0–182)
Gender Male 132

Female 43
Age Median (range) 71.0 (28.0–86)

Location of UTUC Renal pelvis 33
Ureter 105

Renal pelvis + ureter 8
Not described 27

Primary bladder T stage a or 1 124
CIS 51

UTUC, Urinary tract urothelial carcinoma; BCG, bacillus Calmette-Guerin; T, clinical tumor stage; CIS, carcinoma
in situ.
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3.2. Survival Analyses

Regarding the comparison of survival rates between patients with and without subse-
quent UTUC, RFS (median 70.5 m vs. 147.3 m, HR 2.552, 95% CI 2.069–3.149, p < 0.001),
CSS (median 168.3 m vs. 227.4 m, HR 3.434, 95% CI 2.284–5.162, p < 0.001), and OS (median
156.0 m vs. 189.6 m, HR 1.485, 95% CI 1.063–2.075, p = 0.020) were worse for patients with
UTUC (Figure 1).

Figure 1. Kaplan–Meier curve of recurrence-free survival (A), cancer-specific survival (B), and overall
survival (C) in non-muscle-invasive bladder cancer patients with and without subsequent diagnosis
of upper tract urothelial carcinoma after intravesical bacillus Calmette-Guerin (BCG) therapy.

3.3. Analyses of Predictive Factors for Subsequent UTUC after BCG

We assessed the clinical factors to predict UTUC after BCG therapy and performed
a univariate analysis (Table 2). Bladder recurrence after BCG therapy (OR 4.200, 95% CI
3.057–5.770, p < 0.001), high-grade carcinoma (OR 2.489, 95% CI 1.211–5.116, p = 0.009),
multiple bladder tumors (OR 1.980, 95% CI 1.313–2.986, p = 0.001), bladder tumor >3 cm
(OR 1.815, 95% CI 1.182–2.787, p = 0.009), Connaught strain (OR 1.789, 95% CI 1.290–52.183,
p = 0.001), CIS (OR 1.758, 95% CI 1.252–2.470, p = 0.002), female sex (OR 1.577, 95% CI
1.102–2.256, p = 0.018), and smoking history (OR 1.504, 95% CI 1.085–2.088, p = 0.017) were
identified as risk factors for subsequent UTUC (Table 2).

Table 2. Clinical predictive factors for subsequent UTUC after BCG bladder instillation therapy in
univariate analysis.

95% CI

Subsequent
UTUC

No UTUC OR Lower Upper p

Gender Male:Female 132:43 2236:462 1.577 1.102 2.256 0.018

Age Median (range) 71.0
(28.0–86.0)

72.0
(29.0–97.0) - - - 0.499
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Table 2. Cont.

95% CI

Subsequent
UTUC

No UTUC OR Lower Upper p

PS 0:1 or More 151:15 2317:278 0.828 0.480 1.428 0.603

Smoking Previous and
present:No 77:76 1461:959 1.504 1.085 2.088 0.017

Grade High:Low 159:8 2324:291 2.489 1.211 5.116 0.009
T 0 and 1:CIS 124:51 2189:512 1.758 1.252 2.470 0.002

Concurrent CIS Yes:No 81:37 1030:591 1.256 0.840 1.877 0.277
Multiplicity Multiple:Solitary 130:29 1825:806 1.980 1.313 2.986 0.001

Maximum diameter
(cm) 3 or more:Less than 3 33:68 438:1638 1.815 1.182 2.787 0.009

Appearance Papillary:Others 46:114 648:1973 1.213 - - 0.259
Variant histology UC:Others 5:170 63:2619 1.206 - - 0.607
Lympho-vascular

invasion Yes:No 10:164 117:2581 1.345 0.692 2.615 0.343

BCG strain Connaught:Tokyo 59:114 603:2086 1.789 1.290 2.183 0.001
Incomplete BCG

induction therapy Yes:No 19:156 348:2353 0.824 - - 0.485

Maintenance Therapy Yes:No 24:151 493:2208 0.712 0.458 1.107 0.154
Recurrence in bladder Yes:No 108:66 752:1930 4.200 3.057 5.770 <0.001

UTUC, Upper urinary tract carcinoma; BCG, bacillus Calmette-Guerin; PS, performance status; T, clinical tumor
stage; CIS, carcinoma in situ; UC, urothelial carcinoma; OR, odds ratio; CI, confidence interval.

To reduce confounding factors, we applied multiple logistic regression analyses to
these risk factors from the univariate analysis. The independent factors for subsequent
UTUC after BCG therapy were intravesical recurrence (OR 5.097, 95% CI, 3.225–8.056;
p < 0.001), Connaught strain (OR 2.211, 95% CI, 1.380–3.543; p = 0.001), and multiple
tumors at TURBT (OR 1.681, 95% CI, 1.005–2.812; p = 0.048) (Table 3).

Table 3. Multivariable analysis for elucidating a risk factor of subsequent UTUC by logistic regression analysis.

Factor Risk Category

Multivariable

OR
95% CI

p
Lower Limit Upper Limit

Gender female 1.644 0.938 2.881 0.082
Smoking history yes 1.490 0.917 2.427 0.108

Grade high 1.405 0.591 3.342 0.442
T CIS 1.217 0.633 2.339 0.557

Multiplicity multiple 1.681 1.005 2.812 0.048
Tumor diameter 3 cm≤ 1.610 1.001 2.591 0.055

Strain Connaught 2.211 1.380 3.543 0.001
Intravesical
recurrence yes 5.097 3.225 8.056 <0.001

UTUC, Upper urinary tract carcinoma; T, clinical tumor stage; CIS, carcinoma in situ; OR, odds ratio; CI, confidence interval.

4. Discussion

In this retrospective, multi-institutional study, subsequent UTUC was detected in
175 (6.1%) patients during the follow-up period after BCG instillation therapy for NMIBC.
Patients with UTUC had significantly poorer RFS, CSS, and OS rates than those without
UTUC. Intravesical recurrence after the initial BCG therapy, Connaught strain, and tumor
multiplicity were associated with a subsequent UTUC diagnosis.

The rate of a subsequent UTUC diagnosis of 6.1% in our retrospective study was
equivalent to previous reports about the UTUC rate after total cystectomy [8,9] and after
BCG bladder instillation therapy [3,6]. These rates were higher than those of subsequent
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UTUC in all UBC populations. To explain this high rate, two possible explanations have
been debated, namely, the “field effect” and “tumor seeding” hypotheses, concerning
UTUC incidence after UBC [9,15,16]. However, recent next-generation sequencing (NGS)
has identified significant clonality between primary UTUC and metachronous UBC in
individual patients, strongly suggesting that tumor seeding rather than de novo onco-
genesis drives recurrences [17]. This result raises the argument that clinicians might fail
to detect UTUC at the time of UBC diagnosis [11]. Further evaluation, such as a paired
analysis using NGS between specimens of UBC and subsequent UTUC, might resolve this
fundamental question.

Subsequent UTUC had a negative impact on survival rates in our analysis. Although the
association between prognosis and UTUC after BCG treatment has been controversial, our
study recruited a significant number of patients compared to previous studies [6,11,18–20]. In
general, UTUC after BCG therapy might have a clinical risk of a poor survival rate, together
with higher tumor stage [20], LVI, and Tis [11] in patients with UBC before BCG treatment.
However, our study showed that these risk factors were not associated with a subsequent
UTUC diagnosis. Patients with UTUC after cystectomy showed poorer survival rates, which
might have directly contributed to poor prognoses in our study.

Connaught strain was identified as a risk factor for subsequent UTUC in our study;
however, we do not believe this is a general risk factor worldwide. In terms of bladder
recurrence rate, no obvious difference in treatment efficacy among strains has been reported.
However, in the patients who were treated with two courses or more [21], general symptoms
such as fever were more frequently seen in the patients treated with the Tokyo strain as
the first course and the second course compared to patients treated with the Tokyo strain
as the first course and the Connaught strain as the second course. This result may help
us speculate that the treatment sequence of the same strain affects distant lesions more
effectively. The acquired immunology could be boosted by BCG instillation in the Japanese
strain because quite a few Japanese were vaccinated with the BCG Tokyo strain during
their school days to prevent tuberculosis [22]. This effort might increase treatment efficacy
for patients with urothelial carcinoma of the whole urinary tract when they receive BCG
bladder instillation therapy.

Our results showed a statistically significant difference in subsequent UTUC in patients
with multiple diseases compared to those with a solitary lesion at TURBT before BCG
bladder instillation. These multiple diseases might have multifocal abnormalities not only
in the bladder but also in the whole urinary tract [7]. Tumor recurrence in the bladder is a
major risk factor for tumor progression after BCG [23] and is also reported as a risk factor for
subsequent UTUC [6]. There could be some explanations for this relationship. First, early
recurrence of UBC after BCG therapy, which was recently defined as “BCG unresponsive”
is a high-risk entity in local and systemic disease progression. This risky entity could
lead to multifocal disease in the whole urinary tract and could be associated with field
effect theory [24]. Second, primary UTUC might already exist during BCG therapy and
emit cancer cells into the bladder; this is known as tumor seeding [15]. Schwab et al. [18]
reported that 75 patients with positive urine cytology in the absence of visible bladder
tumors after a complete response to BCG therapy showed 83% disease recurrence within
the urinary tract. Of these recurrences, 20% were detected as UTUCs. Low-grade UTUC
might exist more often with negative cytology and be invisible even in recent imaging
modality [25,26]. Indeed, patients with UTUC following radical cystectomy have poorer
outcomes, even with radical nephroureterectomy.

Although recurrence of UC in the remnant urothelium is a rare event (4%–10% in
the upper urinary tract), most patients have an adverse prognosis, despite the absence of
distant disease at diagnosis [9]. Therefore, surveillance of the remnant urothelium should
be carried out for patients, as it may improve early detection and confer therapeutic benefits.
In patients treated with cystectomy, subsequent UC developed mainly in those with risk
factors for recurrence [27]. As the number of risk factors has been shown to affect the
incidence of subsequent UC, the intensity of surveillance should be based on a risk-adapted
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strategy [27]. This suggests that patients should be intensively examined for recurrence
after BCG therapy, being treated with a non-standard BCG strain, and multiple tumors at
TURBT [9]. In patients with risk factors, surveillance, such as urine analysis, urine cytology,
and ultrasound sonography, should be conducted at least annually for pan-urothelial
disease years after BCG. Diagnostic urethroscopy and cross-sectional imaging of the upper
tract should be performed in cases of suspected positivity in screenings [9].

The present study had several limitations. First, since this was a retrospective chart
review study, some important information was lacking, such as the reason UTUC was
diagnosed, UTUC development after BCG therapy, BCG dose modification details, treat-
ment discontinuation, and concomitant drug therapy. Second, the BCG strain had to be
switched from the Connaught strain to the Tokyo strain in the middle of the study because
of the supply limitation of the Connaught strain. This change might have affected patient
outcomes. Third, the superiority of BCG maintenance therapy since its conception makes it
a standard practice today, as it results in less recurrence and improved progression rates in
patients with NMIBC with intermediate-to-high risk. However, only 17.9% of the patients
in our cohort received it. Finally, there may be a regional bias, and our results may not be
generalizable to other populations due to differences in medical practices. Nevertheless, to
the best of our knowledge, this is the largest study to report UTUC after BCG instillation
therapy in patients with NMIBC.

5. Conclusions

Patients with NMIBC with subsequent UTUC showed worse survival outcomes than
those without UTUC after BCG bladder instillation therapy. Intravesical recurrence after
BCG treatment by Connaught strain and multiple bladder tumors were risk factors for
subsequent development of UTUC.
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Simple Summary: One barrier to implementing patient-reported outcomes (PROs) during periopera-
tive care for bladder cancer (BLC) patients is the lack of empirical reports of meaningful symptom
burden that are associated with postoperative recovery. This study aimed to describe symptom burden
and functioning status for 3 months post-radical cystectomy, using a validated disease-specific PRO
measure tool, the MD Anderson Symptom Inventory (the MDASI-PeriOp-BLC). We found that the
most severe symptom burden at baseline and discharge is associated with poor functional recovery
post-radical cystectomy for BLC. These PROs could be used to identify BLC patients at the highest
risk for poor functional recovery during the perioperative period. We also found that postoperative
functional recovery assessment via PROs is more feasible than an objective performance measure. The
completion of MDASI-PeriOp-BLC at preoperative, discharge and end of study was 100%, 79% and
77%, while Timed Up and Go test completion rates were 88%, 54% and 13%, respectively.

Abstract: This is a longitudinal prospective study that tracked multiple symptom burden and
functioning status for bladder cancer (BLC) patients for 3 months post-radical cystectomy at The
University of Texas MD Anderson Cancer Center, using a validated disease-specific patient-reported
outcome measure (PROM) tool, the MD Anderson Symptom Inventory (the MDASI-PeriOp-BLC).
The feasibility of collecting an objective measure for physical functioning, using “Timed Up & Go
test” (TUGT) and PRO scores at baseline, discharge and end of study, was tested. Patients (n = 52)
received care under an ERAS pathway. The more severe scores of fatigue, sleep disturbance, distress,
drowsiness, frequent urination and urinary urgency at baseline predicted poor functional recovery
postoperatively (OR = 1.661, 1.039–2.655, p = 0.034); other more severe symptoms at discharge (pain,
fatigue, sleep disturbance, lack of appetite, drowsiness, bloating/abdominal tightness) predicted
poor functional recovery (OR = 1.697, 1.114–2.584, p = 0.014) postoperatively. Compliance rates at
preoperative, discharge and end of study were 100%, 79% and 77%, while TUGT completion rates
were 88%, 54% and 13%, respectively. This prospective study found that more severe symptom
burden at baseline and discharge is associated with poor functional recovery post-radical cystectomy
for BLC. The collection of PROs is more feasible than using performance measures (TUGT) of function
following radical cystectomy.

Keywords: postoperative symptoms; functional recovery; patient-reported outcomes (PROs);
perioperative care; MD Anderson Symptom Inventory (MDASI); cystectomy
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1. Introduction

Radical cystectomy, with or without neoadjuvant chemotherapy, is a curative treat-
ment option for recurrent non-muscle invasive or locally advanced stages and a palliative
treatment option for the metastatic disease of bladder cancer (BLC) [1–3]. With improved
surgical care in patients with cancer, there is increased attention to using patient-reported
outcomes (PROs) in perioperative care to improve clinical outcomes [4]. Although the
awareness of the role of PROs in many clinical settings is growing, PRO research in BLC
postoperative care has not been fully explored.

A systematic review found that only eight BLC randomized clinical trials included
PROs between 2014 and 2018, and the quality of reported PROs was found to be inad-
equate [5]. PROs have been more widely and effectively utilized in other malignancies.
PROs have been used as a measure of functional recovery post-thoracic surgery for lung
cancer [6] and found to be more feasible to collect compared to objective performance
measures in the postoperative setting [7].

While uniform reporting standards for PRO use in BLC are important to fully utilize
such data [5], disease/treatment-specific PRO tools are also critical. The MD Anderson
Symptom Inventory (MDASI-PeriOpBLC) has been specifically developed and psycho-
metrically validated for assessing symptom burden and functioning in the perioperative
period for BLC patients [8], and this was utilized in the current study.

Complications after radical cystectomy occur in 54–80% of patients during the first
90 days after surgery [9–11]. In addition to the typical postoperative symptom burden,
such as postoperative pain and fatigue experienced by many surgical patients [12], radical
cystectomy represents unique functional recovery challenges [10]. Longitudinally mon-
itoring perioperative symptom burden and functional outcomes might help symptom
management in a timely manner, accelerating postoperative recovery, increasing patient
satisfaction, and decreasing postoperative complications. To date, there has been relatively
little progress in terms of utilization, assessment and understanding of PROs as outcomes
in routine postoperative care for BLC [5,13].

To better characterize the role of PROs in the perioperative care of patients with BLC,
we conducted a prospective longitudinal study to document patient-reported symptoms
and daily functioning before and in the first 90 days after radical cystectomy for BLC.
Using a psychometrically validated perioperative version of the MD Anderson Symptom
Inventory, MDASI-PeriOp-BLC, we sought to identify patients at the highest risk for poor
functional recovery during the perioperative period. We also compared the feasibility of
postoperative function recovery assessment via both PROs and an objective performance
measure using the “Timed Up & Go test” (TUGT).

2. Materials and Methods

2.1. Participants

Eligible patients included those at least 18 years old who spoke English, had a diagno-
sis of BLC and been scheduled for radical cystectomy with curative or palliative intent, had
no diagnosis of active psychosis or severe cognitive impairment, understood the study’s
intent, and were willing to participate. This study was approved by the Institutional Review
Board, and written informed consent was obtained from all patients.

2.2. Data Collection and PRO Measurement

Eligible BLC patients were enrolled during the preoperative clinic visit at MD An-
derson between October 2018 and July 2021. PRO measures were either completed online
by the patients or over the phone by a trained study coordinator. In this longitudinal
study, we utilized REDCap [14] as the data collection platform to administer the validated
MDASI-PeriOp-BLC module (8) and to track electronic PROs (ePROs) perioperatively, daily
during hospitalization, on the day of discharge, post-discharge on days 3 and 7, weekly
during first 12 weeks after surgery and at the end of the study.

52



Cancers 2023, 15, 3051

The study coordinator assessed the patients’ performance status at the initial assessment
using the Eastern Cooperative Oncology Group (ECOG) performance status scale [15], and
clinical, demographic and pathological data were collected via chart review. The presence of
comorbid conditions according to the Charlson Comorbidity Index [16] was also collected.

The symptom assessment tool MDASI-PeriOp-BLC [8] was developed and psychome-
trically validated for use in perioperative care for patients with BLC, followed with FDA
guidance for development and validation of PRO tools [17]. MDASI-PeriOp-BLC includes
13 common cancer-related symptoms (fatigue, pain, sleep disturbance, poor appetite, dis-
tress, drowsiness, dry mouth, shortness of breath, sadness, numbness/tingling, nausea,
vomiting, difficulty remembering) and 8 PeriOp-BLC module items (including blood in
urine, leaking urine, frequent urination, urinary urgency, constipation, burning with uri-
nation, changes in sexual function and stomal problems). Functional status measurement
included 6 symptom interferences items (general activity, mood, walk, work, relation with
others and enjoyment of life). Patients rated the severity of the symptoms they experienced
on a 0–10 numeric rating scale, with 0 meaning no symptom and 10 meaning “as bad
as you can imagine”. The recall period for measuring symptom severity and functional
interferences of the MDASI was the previous 24 h. The cognitive debriefing assessed ease
of completion, comprehensibility, acceptability, redundancy, use of the scoring system, item
clarification and content domain confirmation of the new instrument.

2.3. Objective Physical Functioning Measure

The objective-timed performance test (TUGT) [18,19] measures the time it takes
a participant to rise from a chair, walk 3 m, turn, walk back and sit down again. TUGT, as
a performance outcome measurement tool, was assessed preoperatively, by discharge day,
and at the first postoperative outpatient follow-up visit. A final score was recorded as the
mean score of two attempts of TUGT at each time point and was categorized into 3 groups
(normal (≤10 s), frail (11–20 s) and prolonged (needs further evaluation) (>20 s)), based on
the literature [18,19].

2.4. Statistical Analysis

Descriptive statistics for patients and clinical information were reported as mean,
standard deviation, median, minimum and maximum for continuous variables and percent
for categorical variables. Loess curves present the most severe symptoms over time during
the first 90 days after discharge. We defined the prevalence of moderate symptoms and
composite scores of interferences as 5–6 on a 0–10 scale, and severe as ≥7 on a 0–10 scale on
MDASI-PeriOp-BLC. A composite score selection was based on the 6 items with the highest
mean severity score before surgery or at discharge. Composite scores were calculated as
the mean of selected items.

An average score of a cluster of the most severe symptoms, both before surgery and
at discharge, was calculated. Group-based trajectory modeling (GBTM) [20,21] was used
to identify distinct functional recovery trajectories over time with individual PRO items on
MDASI Interference [6] and the average score. We generated a two-group model with the
goal of simplicity and clinical interpretability that represents two memberships, either high
or low symptom burden, over the time period. Individuals with persistently reported high
symptom scores are placed in the high-trajectory group, whereas those with persistently low
symptom scores are placed in the low-trajectory group. SAS macro PROC TRAJ [22] was used
to estimate the trajectory of the MDASI total interference, physical functioning (WAW: work,
general activity, walk) and psychological functioning (REM: relation with others, enjoyment
of life and mood) scores, using all data collected from discharge to the end of the study.

The strength of the association between the average score of the top severe symptoms
before surgery or at discharge and the group of patients with persistent high interference
scores (outcome variable) was estimated via multinomial logistic regression models. We
used odds ratios to measure the magnitude of the severity of the average score (as a continu-
ous variable) as predictive of poor recovery on patient’s daily functioning (composite score
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of total interferences, physical functioning and psychological functioning) after discharge
to 90 days. The covariance in the regression modeling included age (65+ vs. <65 yrs old),
CCI (2+ vs. 0–1) and receipt of neoadjuvant chemotherapy (yes vs. no). The association
of recovery membership with end of study QoL and end of study health status separately
was calculated using paired-sample t-tests.

All statistical procedures were performed using SAS statistical software, version 9.4
(SAS Institute, Cary, NC, USA). All p values reported are 2-tailed. Statistical significance
was set at p < 0.05.

3. Results

3.1. Participants

A total of 52 patients were enrolled in this longitudinal study and were included in
the analysis. Of those patients, two patients withdrew from the study at days 3 and 7, and
other patients contributed PROs for the first 90 days (median 89 days, range 32–108 days).
Demographic and disease-related characteristics are summarized in Table 1. Enrolled
patients were predominantly older adults (mean age 66.5 years old, standard deviation (SD)
(9.30)), male (87%) and white (94%). Most of the patients had ECOG performance status
of 0–1 (90%), and 27 (52%) had a Charlson Comorbidity Index score of less than or equal
to 2. Further, 52% (n = 27) of patients undergoing radical cystectomy had muscle-invasive
BLC, while 48% (n = 25) had non-muscle invasive disease. With respect to type of urinary
diversion, the majority of patients were treated with an ileal conduit (77%), followed by
neobladder (21%) and continent urinary reservoir (2%). The majority (67%) of patients
received neoadjuvant chemotherapy, and all received care under an ERAS pathway [23].
The median length of stay was 6 days (IQR: 5–8 days).

Table 1. Baseline demographic and clinical characteristics (n = 52).

Patient Characteristics Mean (SD) Median (Range)

Age, years 66.52 (9.3) 66.62 (39.71–86.39)

Frequency Percent

Age Group

<65 22 42.31

≥65 30 57.69

Sex

Men 45 86.54

Women 7 13.46

Race

White 49 94.23

Others 3 5.77

Ethnicity

Hispanic or Latino 2 3.85

Not Hispanic 50 96.15

Marital Status

Married/Partnered 41 78.85

Single/Others 11 21.15

Education

High School 11 21.15

College 34 65.38

Graduate/Professional training 7 13.46
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Table 1. Cont.

Patient Characteristics Mean (SD) Median (Range)

Job status

Employed outside the home 21 40.38

Homemaker/Retired 26 50

Medical leave/disable due to illness 5 9.62

ECOG

Missing 2 3.85

Good (0–1) 47 90.38

Poor (2–3) 3 5.77

Charlson Comorbidity Index

0 2 3.85

1–2 25 48.08

3–4 18 34.62

5–7 7 13.46

Bladder Cancer Stage (Tumor)

Ta 2 3.85

Tis 5 9.62

T1 20 38.46

T2 21 40.38

T3 4 7.69

Bladder Cancer Stage (Node)

N0 49 94.23

N1 3 5.77

Bladder Cancer Stage (Metastasis)

M0 51 98.08

M1 1 1.92

Under ERAS Pathway

No 1 1.92

Yes 51 98.08

Intraoperative Complications

No 52 100

Yes 0 0

Postoperative Complications

No 26 50

Yes 26 50

Recurrent disease

No 42 80.77

Yes 10 19.23

Neoadjuvant chemotherapy

No 17 32.69

Yes 35 67.31
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3.2. Application of MDASI-PeriOp-BLC
Patient Compliance

The items with the highest level of missing values post-operatively were frequent
urination (9%), urinary urgency (8%), leaking urine (8%), pain or burning with urination
(8%) and blood in urine (4%).

Severity and prevalence of symptom burden, health status and quality of life at pre-
surgery, discharge and end of study were included.

Figure 1 presents the natural history of perioperative symptom burden in the first
90 days after bladder surgery on MDASI-PeriOp-BLC.

 
Figure 1. Lowess curves of major symptom burden post-radical cystectomy on MDASI-PeriOp-BLC.
B = Baseline. D = Discharge. E = End of Study.

Table 2 presents the severity and prevalence of moderate to severe MDASI-PeriOp-
BLC symptoms and composite scores of interferences at baseline, discharge and end of
study. It also presents the severity of the single-item quality-of-life (SIQOL) question and
EQ-5D visual analogue scale (VAS) score to indicate generic health status and quality of life.
At baseline, the most severe symptoms were fatigue, disturbed sleep, distress, drowsiness,
frequent urination and urinary urgency. At discharge (n = 41), the most severe symptoms
were pain, fatigue, disturbed sleep, lack of appetite, drowsiness and bloating/abdominal
tightness. At the end of the study (n = 40), an average of 89 days after surgery, few patients
reported moderate to severe symptoms. Although we observed significant worsening of
multiple general symptom burden items (on MDASI-core symptom items) on discharge
day than preoperative (as expected in the immediate postoperative period), there was
significant recovery of bladder-cancer-related symptoms on MDASI-PeriOp-BLC module
items 90 days post-operatively, with most patients having better MDASI-PeriOp-BLC scores
at the end of the study than they did pre-operatively.
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Table 2. Symptom severity and prevalence of moderate to severe symptoms on MDASI-Periop-BLC,
subscales and health status of EQ5D and quality-of-life measure at baseline, discharge and end
of study.

Baseline
Discharge

(6 Days Post-Surgery ± 2 Days)
End of Study

(89 Days Post-Surgery ± 2.5 Days)

n Mean (SD) % ≥5 % ≥7 n Mean (SD) % ≥5 % ≥7 n Mean (SD) % ≥5 % ≥7

Single Item Quality
of Life

52 7.04 (2.82) 86.54 67.31 43 6.19 (2.39) 81.40 46.51 39 5.82 (3.01) 69.23 53.85

EQ-5D VAS Score *,† 52 74.33 (22.55) - - 43 65.40 (16.19) - - 39 78.08 (18.15) - -

MDASI-Core
Symptom Items

Pain * 52 0.83 (1.45) 3.85 0 41 3.51 (2.49) 29.27 17.07 40 1.45 (2.02) 10 5

Fatigue * 52 1.98 (2.40) 15.38 5.77 41 3.54 (2.38) 34.15 9.76 40 1.63 (1.85) 12.5 0

Nausea * 51 0.35 (1.25) 1.92 1.92 41 1.37 (2.22) 9.76 7.32 40 0.43 (1.43) 2.5 2.5

Disturbed Sleep 51 2.45 (3.01) 28.85 13.46 41 3.54 (3.09) 31.71 21.95 40 1.78 (2.12) 15 2.5

Distress 52 1.83 (2.17) 15.38 5.77 41 2.10 (2.31) 21.95 4.88 40 1.20 (1.84) 10 2.5

Shortness of Breath 52 0.71 (1.40) 1.92 1.92 41 1.02 (1.60) 7.32 0 40 0.75 (1.63) 5 2.5

Difficulty
Remembering 52 1.27 (1.73) 3.85 1.92 41 1.41 (2.40) 14.63 7.32 40 1.08 (1.59) 2.5 0

Lack of Appetite * 51 0.88 (1.44) 5.77 0 41 3.66 (2.79) 41.46 17.07 40 0.93 (1.61) 5 0

Drowsiness * 52 1.60 (2.36) 13.46 5.77 41 3.56 (2.66) 34.15 9.76 40 1.18 (1.41) 2.5 0

Dry Mouth * 52 1.13 (2.11) 11.54 3.85 41 2.80 (2.97( 24.39 14.63 40 0.73 (1.15) 2.5 0

Sadness 52 1.42 (2.15) 15.38 1.92 41 1.83 (2.57) 19.51 7.32 40 1.10 (1.58) 2.5 2.5

Vomiting 52 0.19 (0.99) 1.92 1.92 41 0.44 (1.38) 4.88 2.44 40 0.08 (0.27) 0 0

Numbness 52 1.02 (1.84) 5.77 3.85 41 0.90 (1.61) 7.32 0 40 1.00 (1.72) 1 0

MDASI-PeriOpBLC
Module Items

Blood in Your Urine † 52 0.96 (2.42) 7.69 5.77 37 1.57 (2.57) 17.07 7.32 39 0.08 (0.27) 0 0

Frequent Urination *,† 52 2.83 (2.99) 25 13.46 36 0.50 (1.46) 7.32 0 39 0.51 (1.43) 5 0

Leaking Urine *,† 52 1.44 (2.81) 13.46 11.54 36 0.47 (1.44) 4.88 0 39 0.44 (0.94) 0 0

Pain or Burning with
Urination *,† 52 0.85 (1.66) 7.69 0 36 0.03 (0.17) 0 0 38 0.03 (0.16) 0 0

Urinary Urgency *,† 52 2.42 (2.97) 23.08 11.54 36 0.14 (0.54) 0 0 39 0.49 (1.32) 5 0

Constipation 52 1.04 (1.97) 7.69 1.92 41 1.90 (2.50) 19.51 9.76 40 1.15 (1.83) 12.5 0

Diarrhea * 52 0.56 (1.61) 3.85 1.92 40 1.83 (3.04) 17.07 12.2 40 0.40 (1.41) 2.5 0

Bloating/Abdominal
Tightness *,† 51 0.33 (0.99) 1.92 0 41 3.10 (2.64) 24.39 12.2 39 1.23 (1.72) 7.5 0

Stomal Problems 51 0.25 (0.87) 1.92 0 40 0.63 (1.21) 2.44 0 40 0.35 (0.66) 0 0

MDASI-Interference
Items

Walking * 52 1.17 (2.26) 9.62 5.77 40 3.13 (2.67) 31.71 12.2 40 1.45 (1.97) 10 2.5

General Activity * 52 2.19 (3.32) 23.08 17.31 41 5.49 (3.3) 60.98 43.9 40 2.10 (2.28) 22.5 5

Working * 52 1.58 (2.64) 19.23 5.77 40 5.00 (4.19) 51.22 48.78 40 2.20 (2.21) 15 5

Relations with Others * 52 0.88 (2.05) 9.62 1.92 41 2.02 (2.44) 19.51 7.32 40 0.93 (1.53) 7.5 0

Enjoyment of Life * 52 1.73 (2.47) 19.23 3.85 41 3.80 (3.44) 41.46 26.83 40 1.88 (2.22) 17.5 5

Mood * 51 1.76 (2.45) 15.38 5.77 40 2.90 (2.82) 29.27 12.2 40 1.40 (1.75) 15 0
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Table 2. Cont.

Baseline
Discharge

(6 Days Post-Surgery ± 2 Days)
End of Study

(89 Days Post-Surgery ± 2.5 Days)

n Mean (SD) % ≥5 % ≥7 n Mean (SD) % ≥5 % ≥7 n Mean (SD) % ≥5 % ≥7

MDASI Composite
Scores

Core * 52 1.20 (1.16) 0 0 41 2.28 (1.51) 7.32 0 40 1.02 (1.02) 0 0

Module † 52 1.19 (1.49) 1.92 0 41 1.30 (1.19) 2.44 0 40 0.52 (0.59) 0 0

Interference * 52 1.56 (2.23) 11.54 3.85 41 3.73 (2.47) 36.59 14.63 40 1.66 (1.64) 7.5 0

WAW * 52 1.65 (2.51) 15.38 5.77 41 4.59 (2.94) 53.66 24.39 40 1.92 (1.85) 5 0

REM * 52 1.46 (2.11) 9.62 1.92 41 2.89 (2.45) 21.95 9.76 40 1.40 (1.67) 10 0

Most severe 6
Symptoms at

Baseline †
52 2.22 (2.14) 13.46 5.77 41 2.17 (1.61) 7.32 0 40 1.07 (1.26) 0 0

Most severe 6
Symptoms at
Discharge *

52 1.34 (1.41) 1.92 0 41 3.48 (2.11) 24.39 4.88 40 1.36 (1.43) 2.50 0

The most severe 6 symptoms at baseline composite score includes fatigue, disturbed sleep, distress, drowsiness,
frequent urination, and urinary urgency. The most severe 6 symptoms at discharge composite score includes pain,
fatigue, disturbed sleep, lack of appetite, drowsiness, and bloating/abdominal tightness. Bolded rows indicate
top symptoms at given timepoint. * Significant difference in mean between baseline and discharge. † Significant
difference in mean between end of study and baseline.

Table 2 also presents that 37% of patients reported moderate to severe levels of functional
interferences at 5 or greater, or 7 or greater on the total scores of MDASI Interferences (general
activity, mood, work, walking, relations with others and enjoyment of life) at discharge, which
was much higher than pre-surgery (11.5%) and 90-days post-surgery (5.5%).

3.3. Trajectory Membership of Postoperative Symptom Functioning Recovery

Figure 2 presents the results from trajectory analysis; a group of 66.7% of patients
reported persistently higher symptom interferences over time post-surgery on the MDASI
total interference composite score.

Figure 2. Functioning recovery trend by trajectory of membership of MDASI-Interferences. D = Dis-
charge. E = End of Study.

The group with high interference scores had a significant association with patient-
reported health status on EQ5D5L (but not with SIQOL) at the first postoperative follow-up
(n = 36, mean 41.83 days post-surgery) in the domains of usual activities (p < 0.0001),
self-care (p = 0.0015), pain/discomfort (p = 0.0337) and VAS of health status (p = 0.001).
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3.4. Impact of Symptom Severity on Postoperative Function Recovery

Regression analysis in Table 3 shows that the composite score of the six most severe
symptoms at baseline (disturbed sleep, fatigue, distress, drowsiness, frequent urination,
urinary urgency) were significant predictors of the interference symptom trajectory group
in the univariate model (OR 1.661, 95% CI 1.039–2.655, p = 0.0339). Table 3 also presents the
composite scores of the six most severe symptoms at discharge (fatigue, pain, disturbed
sleep, lack of appetite, drowsiness and bloating/abdominal tightness) that were signifi-
cantly associated with high symptom trajectory group membership in the multivariate
model (OR 1.697, 95% CI 1.114–2.584, p = 0.014). Both models were controlled for age, CCI
and neoadjuvant chemotherapy status.

Table 3. Multivariate analysis of the composite score of most severe symptoms at preoperation and
by discharge predicting slow post-operative functioning recovery on MDASI Interference trajectory
group membership.

Outcomes on MDASI Effect Odds Ratio 95% CI p-Value

High vs. Low
membership of total

Interference Composite

Severity of Top 6 Baseline
Composite a (0–10 scale) 1.661 1.039–2.655 0.0339

CCI (>2 vs. ≤2) 0.353 0.056–2.246 0.2701
Age (≥65 vs. <65) 1.504 0.244–9.255 0.6600

Received Neoadjuvant
Chemotherapy (Yes vs. No) 1.598 0.410–6.235 0.4998

High vs. Low
membership of total

Interference Composite

Severity of Top 6 Discharge
Composite b (0–10 scale) 1.697 1.114–2.584 0.0137

CCI (>2 vs. ≤2) 1.369 0.157–11.960 0.7766
Age (≥65 vs. <65) 0.564 0.064–4.939 0.6052

Received Neoadjuvant
Chemotherapy (Yes vs. No) 1.233 0.272–5.596 0.7863

High vs. Low
membership of WAW c

Composite

Top 6 Baseline Composite a 1.494 1.001–2.230 0.0494

CCI (>2 vs. ≤2) 0.148 0.023–0.940 0.0428

Age (≥65 vs. <65) 1.858 0.316–10.909 0.4928
Received Neoadjuvant

Chemotherapy (Yes vs. No) 1.102 0.282–4.302 0.8891

High vs. Low
membership of WAW c

Composite

Top 6 Discharge Composite b 1.654 1.093–2.503 0.0172

CCI (>2 vs. ≤2) 0.316 0.043–2.336 0.2592
Age (≥65 vs. <65) 0.839 0.117–6.032 0.8611

Received Neoadjuvant
Chemotherapy (Yes vs. No) 0.628 0.130–3.036 0.5631

High vs. Low
membership of REM d

Composite

Severity of Top 6 Baseline
Composite a (0–10 scale) 1.617 1.025–2.552 0.0388

CCI (>2 vs. ≤2) 0.451 0.076–2.691 0.3822
Age (≥65 vs. <65) 1.864 0.323–10.744 0.4861

Received Neoadjuvant
Chemotherapy (Yes vs. No) 1.044 0.266–4.092 0.9511

High vs. Low
membership of REM d

Composite

Severity of Top 6 Discharge
Composite b (0–10 scale) 1.573 1.061–2.331 0.0242

CCI (>2 vs. ≤2) 1.681 0.219–12.883 0.6171
Age (≥65 vs. <65) 0.726 0.095–5.553 0.7577

Received Neoadjuvant
Chemotherapy (Yes vs. No) 0.799 0.181–3.534 0.7676

a Top 6 symptoms at baseline include disturbed sleep, fatigue, distress, drowsiness, frequent urination, and
urinary urgency. b Top 6 symptoms at discharge include lack of appetite, drowsiness, fatigue, disturbed sleep,
pain, and bloated/abdominal tightness. c WAW includes walking, general activity, and working. d REM includes
relations with others, enjoyment of life, and mood.
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3.5. Compliance with Objective and Subjective Measures of Physical Functioning

For the functional assessment, the data available for both PROs on MDASI Interfer-
ences and TUGT were recorded. Compliance rates at preoperative, discharge and end of
study of MDASI Interferences were 100%, 79% and 77%, while TUGT completion rates
were 88%, 54% and 13%, respectively.

Most patients at the baseline and end of study time points did not complete the TUGT
test because they completed PRO assessments remotely but were not able to perform TUGT.
At the discharge time point, most of the patients who did not complete the TUGT test
declined to complete the test.

Spearman correlation showed that the severity of the patient-reported “Walking”
interference item on MDASI-I was significantly associated with prolonged TUGT score at
baseline (r = 0.3256, p = 0.0273).

4. Discussion

This longitudinal study demonstrated the feasibility of utilizing PROs for measuring
both symptom and functional outcomes via the MDASI-PeriOp-BLC module, before and
during the first 90 days after radical cystectomy. The current study demonstrated that more
severe symptom burden, both at baseline and discharge, is predictive of poor functional
recovery after radical cystectomy for BLC. However, our study also highlights that despite
severe symptom scores in the pre- and immediate postoperative setting, by 3 months
post-operatively, many patients had improved QOL and functional status compared to
their baseline. Compared to the objective-timed performance test on physical function-
ing measure (TUGT), completion of PROs (MDASI Interference) was more feasible for
monitoring functional status in the BLC postoperative setting.

PRO data are essential to implement personalized treatment plans after cystectomy
and can be helpful in predicting outcomes and treatment side effects. Somani et al. [24]
previously showed no difference in QoL of patients pre- and post-cystectomy with neoblad-
ders, using European Organization for Research and Treatment of Cancer QLQ-C30 and
Satisfaction With Life Scale. In a study assessing quality of life (QOL) in BLC patients,
two-thirds of the respondents reported at least one HRQOL problem, with mobility is-
sues being most commonly reported, followed by pain and discomfort [25]. Further, in
a study among patients undergoing GYN surgery, we reported critical disease-/treatment-
specific symptoms (abdominal bloating and cramping) at discharge that were found to
be significantly relevant to assessing the risk of grade 2 or higher complications 30 days
post-laparotomy [26]. In the current study, we elucidated the recovery characteristics by
using a validated PROM tool, MDASI-Periop-BLC, defining the symptom cluster at critical
timepoints that are clinically meaningful during the postoperative period after cystectomy.
Nevertheless, as shown in Tables 2 and 3, frequent urination and urinary urgency before
cystectomy, and the post-cystectomy symptoms of bloating/abdominal tightness at dis-
charge, are time-sensitive and clinically meaningful to determine the surgical recovery,
while other major general symptom burden on MDASI core items (pain, fatigue, sleep dis-
turbance, drowsiness) is also critical to include for monitoring and identifying individuals
who might experience a less-ideal functioning recovery journey 3 months after surgery.

Measuring functional recovery is an important part of postoperative care. Our study
indicated that 37% of patients reported moderate to severe levels of symptom interference
at discharge (based upon 5 or greater on MDASI Interferences), although with a trend
of improvement over time. As a marker of impaired recovery, we found that MDADI
Interference scores were significantly related to multiple domains of health status on
EQ5D5L at the first postoperative follow-up clinic visit. As with our earlier reports in
patients undergoing thoracic and abdominal procedures [6,7,26], this study adds validity to
the use of the interference item subscale of MDASI (MDASI-I) as a PRO functional measure
in postoperative care of patients’ post-radical cystectomy.

In a previous study among patients undergoing laparotomy for gynecologic tumors [7],
we reported that MDASI-I could be used as a surrogate or potential substitution for TUGT
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to predict patient’s physical functioning, both pre- and postoperatively. Consistent with
our previous impressions from the gynecologic surgery cohort, this study again confirms
that the subjective functioning measure via PROs is a valid and much easier measure
of functional status than an in-person objective measure with TUGT. Similar to other
studies on TUGT, in which prolonged time was associated with the need for physical
assistance [27–29], in this study, we found that the severity of the patient-reported “Walking”
interference item on MDASI-I was significantly associated with a prolonged TUGT score at
baseline (r = 0.3256, p = 0.0273).

Currently, increased research supports patient empowerment through the integration
of real-time PRO monitoring in postoperative care. For high-risk individuals, PRO assess-
ment coupled with triage responsive interventions have the potential to improve the quality
of perioperative symptom management in cancer patients [30,31] and enhance functional
recovery after surgery [6,32–36]. Our study provides evidence to support future studies on
the effectiveness of PROs after radical cystectomy to improve functioning recovery in this
cohort of patients.

This study has several limitations. This real-world study is a single-institution study
performed at a large tertiary care cancer center, where the majority of the patients are
non-Hispanic White males. A further study should be conducted with a more diverse
patient population to confirm our findings. Additionally, nearly half of the patients un-
dergoing radical cystectomy in this cohort underwent surgery for non-muscle invasive
disease. These patients had very high-risk non-muscle invasive disease, often associated
with lymphovascular invasion, variant histology, etc., and many received neoadjuvant
chemotherapy. We expect that the use of PROs in the assessment of functional recovery
after extirpative surgery is equally as effective in these patients as their muscle-invasive
counterparts. Finally, the pre-selected cutoff points for the presented moderate to severe
symptoms at 5+ and 7+ on a 0–10 scale of severity were not determined individually,
which should be confirmed in a future study for their clinical meaningfulness in BLC
postoperative care.

5. Conclusions

In conclusion, the monitoring of perioperative symptoms and function using PROs
is feasible during the perioperative period after radical cystectomy. Functional status
assessment using PROs correlated with functional performance, as measured by more time-
and resource-intensive objective measurements such as the TUGT. The impact of routine
PRO monitoring on improving postoperative recovery warrants further investigation.
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Simple Summary: The combination treatment of organ-preserving tumor resection and brachyther-
apy in children with bladder/prostate and perianal rhabdomyosarcoma can reduce therapy-associated
side effects while maintaining excellent oncological outcome. This highly individualized hybrid
treatment concept poses specific challenges for all clinicians involved in the local treatment. The aim
of this study was to determine whether the use of an intraoperative MRI can improve the clinical
workflow. These findings may have a positive impact on the treatment quality and patient safety of
children with bladder/prostate and perianal RMS.

Abstract: In children with bladder/prostate (BP) and perianal rhabdomyosarcoma (RMS), we use a
hybrid treatment concept for those suitable, combining organ-preserving tumor resection and high-
dose rate brachytherapy (HDR-BT). This treatment concept has been shown to improve outcomes.
However, it is associated with specific challenges for the clinicians. The exact position of the tubes for
BT is a prerequisite for precise radiotherapy. It can finally be determined only with an MRI or CT scan.
We evaluated the use of an intraoperative MRI (iMRI) to control the position of the BT tubes and for
radiotherapy planning in all patients with BP and perianal RMS who received the above-mentioned
combination therapy in our department since January 2021. iMRI was used in 12 children. All tubes
were clearly localized. No adverse events occurred. In all 12 children, radiotherapy could be started
on time. In a historical cohort without iMRI, this was not possible in 3 out of 20 children. The use
of iMRI in children with BP and perianal RMS improved patient safety and treatment quality. This

Cancers 2023, 15, 3505. https://doi.org/10.3390/cancers15133505 https://www.mdpi.com/journal/cancers64



Cancers 2023, 15, 3505

technology has proven to be successful for the patient population we have defined and has become a
standard procedure in our institution.

Keywords: rhabdomyosarcoma; bladder/prostate; perianal; brachytherapy; intraoperative MRI

1. Introduction

Rhabdomyosarcoma (RMS) is the most common soft tissue sarcoma in children [1].
Multimodal treatment concepts consist of chemotherapy followed by local therapy comprising
surgery and/or radiotherapy [2,3]. International and interdisciplinary efforts have resulted
in an overall 5-year survival rate higher than 70% [1]. Among the disciplines involved in the
treatment, a focus has been put on the prevention of therapy-associated complications [4–6],
including organ preservation and the reduction of radiotherapy-associated sequelae.

The combination treatment of organ-preserving tumor resection and brachytherapy
(BT) has been established for selected tumor sites when certain criteria are met [7–9]. For
RMS in the area of the urinary bladder/prostate (BP), this procedure can be considered
a standard procedure nowadays [10,11]. In perianal RMS, which is less frequent but
has a considerably worse prognosis, this kind of treatment is also used in individual
cases [8,9,12,13]. BT offers advantages compared to conventional radiation modalities in
terms of focusing the radiation on the target volume and sparing surrounding healthy
structures [14,15].

Especially for BP-RMS, two different BT treatment combinations have been published
in larger numbers of cases, which vary predominantly with regard to the extent of surgery
and the irradiation technique used [8,16]. In our department, we aim for a marginal R0
resection and use individually 3-dimensional (3D)-planned high-dose rate (HDR)-BT. A
major challenge, besides the actual organ-preserving tumor resection and the subsequent
reconstruction of the organ by the surgeon, is the exact placement of the BT tubes around
the former tumor area, without injury to the adjacent healthy organs, in typically young
children with correspondingly small anatomical conditions. Incorrect positioning of the
tubes would lead to inadequate irradiation of the target volume as well as unnecessary
irradiation of the surrounding healthy structures and therefore must be avoided. The exact
position of the tubes can only be determined with certainty by means of an MRI or CT
scan. Up until now, we have carried out an MRI outside the operation room (OR) unit. If
a tube revision was necessary, the patient had to be brought back to the OR. In order to
improve the patient safety and the treatment quality, we evaluated the use of intraoperative
magnetic resonance imaging (iMRI) for controlling the position of the surgically inserted
BT tubes and planning the irradiation. To our knowledge, this is the first report on the use
of iMRI in children with BP and perianal RMS.

iMRI was initially developed for neurosurgical procedures and is frequently used in
combination with neuronavigation. Indications for its use in children are gliomas, pituitary
adenoma, vascular diseases, and epilepsy surgery [17–19]. In most cases, it serves to control
the extent of resection and correct anatomical changes after tumor resection due to the
so-called brain shift [20,21].

2. Materials and Methods

All patients with BP and perianal RMS who qualified for organ-preserving tumor
resection and BT, and were treated in our department since January 2021 were prospectively
registered in this study. A historical cohort consisted of all patients who received analogous
treatment from 2009 to December 2020, in which the MRI for controlling the position of the
BT tubes was performed outside the OR unit [10]. Patients who received only a CT scan to
control the BT tube position and for BT planning are not included in the study (10 BP-RMS,
3 perianal RMS). The data analysis was done retrospectively. The study was approved by
the institutional ethics committee (No. 293/2023BO2).
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All patients received risk-adjusted neoadjuvant chemotherapy according to the current
Cooperative Weichteilsarkom Studiengruppe (CWS) protocol [22].

The local therapy was determined in a multidisciplinary tumor board (MDT). It was
primarily based on the preoperatively evaluated tumor extension and the intraoperative
findings. Patients were included if organ-preserving tumor resection with subsequent
HDR-BT was performed.

For irradiation in BP-RMS patients, BT tubes are placed after tumor resection around
the former tumor area, with an additional tube being inserted transurethrally in individual
cases (Figure 1). The tube placement is performed in close cooperation and coordination
between the surgeon and the treating radiation oncologists. A sharp cannula is inserted into
the small pelvis through the perineum (Figure 1A–D). The BT tube is then placed through
this cannula and fixed to the outside of the skin as well as inside the body with absorbable
sutures (Figure 1E,F). Children under 3 years of age pose a particular challenge due to the
anatomic conditions of a small caliber urethra and a narrow retrourethral spatium, with an
increased risk of perforation of the rectum and injury to the corpora cavernosa. After tumor
resection in children with perianal RMS, we place the tubes at the resection margin and
fix them there. With the individually 3D-planned HDR-BT technique used, the distance
between the tubes should not exceed 1 cm, as otherwise an excessively high punctual
irradiation dose is necessary to adequately cover the previously determined target volume.
BT should typically start on the second day after surgery. In fractions of 3 Gy, administered
twice daily, the children received a total dose of 36 Gy. Details of the protocol have been
described before [8].

 

Figure 1. Principle of brachytherapy tube placement. (A–C) insertion of a sharp cannula into the
small pelvis through the perineum. For identification, a metal probe was inserted into the rectum.
(D) tip of the cannula (dashed line) in the small pelvis behind the urinary bladder. (E) insertion of the
BT tube through the cannula. (F) perineum after placement of 7 BT tubes and fixation to the skin. An
additional tube was inserted transurethrally.

To control the position of the BT tubes and to plan the irradiation, an MRI and a CT
scan are performed after the placement of the tubes. The additional CT scan is necessary for
the exact contouring of the tubes and the BT planning as well as radiation dose calculation.

A modified ceiling-mounted, moveable 1.5 T magnet (Espree; Siemens Medical Sys-
tems, Erlangen, Germany) was used for iMRI (Figure 2). It is located in an intraoperative
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MR suite (IMRIS Visius Surgical Theatre; IMRIS Inc., Winnipeg, MB, Canada) [23]. The
magnet is located in a “parking bay” with shielded doors. In this condition and with the
doors closed, the adjacent OR can be used in a regular manner. Once the magnet moves to
its “scanning position”, all ferromagnetic equipment must be placed outside the 5 Gauss
line. For neurosurgical procedures, the patient’s head is placed at the top of the table in
an MR-compatible DORO skull clamp with disposable skull pins (ProMed Instruments
GmbH, Freiburg, Germany). Since the “scanning position” of the magnet is predetermined
and cannot be changed, we placed the children in our study the other way around on the
operating table, meaning with their feet pointing towards the MRI (Figure 2A,B). To prevent
the feet from hanging in the air, a non-ferromagnetic, MR-compatible table extension was
designed specifically for this purpose. All monitoring equipment was MR-compatible,
and hearing protection was achieved by using ear plugs (Ohropax Yellow, OHROPAX
GmbH, Wehrheim, Germany) combined with neonatal noise attenuators (MiniMuffs, Natus
Medical Incorporated, Oakville, ON, Canada). Adequate preparation of the patient and the
OR was checked with standardized MR safety checklists, before moving the patient into
the scanning position.

 

Figure 2. Principle of intraoperative MRI. (A) iMRI suite; position of a child on the table extension
designed for this specific purpose. (B) “scanning position” of the magnet. (C) iMR image with
BT tubes. The green marked tubes are in the correct position; a tube is missing at the red marked
site. (D) 3D image of the BT tube location in relation to the surrounding anatomical structures in
the radiotherapy planning system. Red volume = target volume, blue volume = urethra, yellow
volume = urinary bladder, brown volume = rectum, green lines = BT tubes.

The MRI protocol included, in all patients, a transversal T2-weighted turbospin-echo
(TSE) sequence (49 slices, 3 mm slice thickness, repetition time (TR) 10,860 ms, echo time
(TE) 127 ms, field-of-view (FoV) 180 × 153 mm2, in-plane resolution 0.56 × 0.56 mm2),
a sagittal T2-weighted TSE (29 slices, 3 mm slice thickness, TR 5500 ms, TE 129 ms, FoV
180 × 151 mm2, in-plane resolution 0.47 × 0.47 mm2), and a T1-weighted transversal
TSE sequence (49 slices, 3 mm slice thickness, TR 661 ms, TE 15 ms, FoV 160 × 148 mm,
in-plane resolution 0.5 × 0.5 mm2) that cover the complete pelvic region. Depending on
preoperative imaging, additional diffusion-weighted images, T1 fat saturated images or
T2-weighted fat saturated images, were acquired on a case-by-case basis.
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3. Results

3.1. Patients

Over a period of 25 months, 12 children (12 boys) were included in this study. Median
age at time of surgery and BT was 28 months (range 13–73). Ten of the patients had a
BP-RMS and two patients had a perianal RMS. All tumors were of the embryonal subtype.
After a median follow-up of 10.5 months (range 6–23), 10 patients are still alive and show
no evidence of tumor relapse (Table 1). One of the patients with BP-RMS experienced an
early relapse and died despite maximum therapy due to tumor progress. A second patient
experienced an intestinal obstruction with a septic shock seven months after tumor resection
and died. One patient with BP-RMS developed urethral stenosis in the postoperative course.
He has since been successfully operated on and can void without any problems. No other
postoperative complications have been observed.

Table 1. Patient characteristics and outcome.

Patient Diagnosis
Age at Local

Therapy (Months)
Weight at

Local Therapy (kg)
Follow-Up
(Months)

Follow-Up
Findings

1 BP-RMS 21 10.3 23 NED

2 Perianal RMS 20 11.9 22 NED

3 BP-RMS 28 11.4 7 Dead 1

4 BP-RMS 35 10.5 8 Dead 2

5 BP-RMS 28 12.0 16 NED

6 BP-RMS 32 12.6 7 NED

7 BP-RMS 24 10.8 13 NED

8 BP-RMS 57 18.5 12 NED

9 BP-RMS 30 12.0 9 NED

10 BP-RMS 13 9.0 6 NED

11 Perianal RMS 22 14.6 0 N/A

12 BP-RMS 73 20.0 0 N/A

BP bladder/prostate; RMS rhabdomyosarcoma; NED no evidence of disease; N/A not available due to follow-up
period being too short; 1 due to tumor progress; 2 non oncological reason.

3.2. iMRI

The time from the end of surgery to the start of the iMRI examination was approxi-
mately 30 min. During this time, the child was prepared for the iMRI and all necessary
arrangements were made for the iMRI to move into the “scanning position”. The total
iMRI scan time was about 14 min for the three basic sequences, with a maximum duration
of around 25 min with additional sequences. In all patients, the important anatomical
structures (urinary bladder, prostate, rectum, urethra, ureters, and intestine) could be
visualized in adequate quality. The iMRI allowed precise anatomical localization of the BT
tubes and an accurate contouring of the target volume. No patient experienced an adverse
event during the scan period.

3.3. BT Tubes

A median of eight tubes were placed for BT (range 7–10). In 6 out of 12 patients, BT
tubes had to be revised. All tube misplacements were detected by iMRI. The attending
radiologist and the radiation oncologist in charge indicated the need for revision. The
reasons for this were too large of a distance between two tubes in five cases and a tube
placed in the rectal wall in one case. In none of these six patients did a delay in the start of
irradiation occur. In the historical group with a total of 20 patients (20 BP-RMS), correction
or new placement of BT tubes was necessary in 5 patients. In these cases, the main reason
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for revision was also a distance between two tubes that was too large (n = 5). In three of
these patients, the irradiation start was delayed and could not be started until postoperative
day 3.

4. Discussion

This study describes our initial experience with an iMRI for BT tube control and
irradiation planning in children with BP and perianal RMS. So far, we have successfully
applied this concept in 12 children with these diagnoses.

The difficulty that arises when placing the BT tubes, especially in children with BP-
RMS, is the fact that the course of the tubes cannot be seen over a certain distance. In
most cases, however, this is exactly the critical area and thereby a large part of the target
volume of the irradiation field, in which exact positioning of the tubes is essential. Since
we have been using the concept of organ-preserving tumor resection in combination with
3D-planned BT in our department, cross-sectional imaging has been used to control the
position of the tubes and to plan the irradiation. Initially, we carried out only a CT scan
and in the course of time we added an MRI. The reason for this was the superior tissue
resolution of MRI compared to CT. Anatomical structures, especially the organs at risk such
as the rectum, urethra, etc., and the position of the BT tubes in relation to the anatomical
structures can be better visualized. In addition, the target volume for irradiation can be
more precisely defined. The decision of whether a tube revision is necessary can be made
with MRI alone. Since January 2021, we have been using iMRI. For technical reasons, we
cannot yet dispense with the CT as it is needed for exact radiation dose calculations based
on electron densities of different tissues and the exact position of the radioactive sources.
An adaptation of the BT planning software and spatial resolution of MRI might make this
possible in the future. The main advantages of not using CT would be additional time
saving and less radiation exposure for the young patients. Up until now, the two methods
have been considered complementary.

Compared to HDR-BT, the pulsed dose rate (PDR)-BT used in Paris seems to have an
advantage in terms of BT tube placement—fewer tubes are used for irradiation and are be-
ing placed with more standardization and with less defined distances [11]. The differences
in the influence of precise positioning with advantage for PDR might be explained by the
lower single dose application per fraction and the estimated repair capacity between the
pulses. For PDR, certain structural and personnel requirements are necessary, which are not
given everywhere, including at our institution. However, with regard to the oncological
and also the functional outcome, there are no relevant differences when using the two
different concepts of organ-preserving tumor resection and BT [24,25].

By using iMRI and thus eliminating the need for transportation between the OR unit
and the MRI, we were able to save a lot of time and start radiation therapy in all patients at
the scheduled time. In the historical cohort, this was not possible in 3 out of 20 patients,
mainly because of the use and availability of the MRI outside the OR unit and the fact
that potential difficult revisions of BT tubes had to be performed the day after when the
experienced surgical team was available again. It cannot be assumed that a delayed start
of irradiation by one day leads to a worse oncological outcome. However, the fact that
our patients have to be sedated and undergo muscle relaxation from the beginning of the
tumor resection until the end of BT in order to prevent BT tube dislocation, prolongs the
time under anesthesia and likely increases the associated side effects [26].

iMRI cannot prevent misplacement of BT tubes but gives the ability to correct the
misplacement within the same procedure. We have investigated different methods to
optimize tube placement, like transrectal sonography, and are still evaluating different other
modalities. However, we have not yet found a suitable tool that displays the anatomical
structures as precisely as an MRI.

In the literature, there are other examples of iMRI application in children, such as in
children with imperforate anus [27–29], and bladder exstrophy [30]. However, this imaging
technique has not become generally accepted for these indications. In our study, iMRI

69



Cancers 2023, 15, 3505

has been proven to be effective in tube control and BT planning in children with BP and
perianal RMS. It is now used as a standard for all children with these diagnoses and after
the combination treatment of organ-preserving tumor resection and BT. In the future, we
are planning to expand the use of iMRI for other indications as well.

This study is the first report of the use of iMRI in the combination therapy of BT and
organ-preserving tumor resection in children with BP and perianal RMS and describes the
experience of a single center with this method. This study has limitations. The results are
based on a small number of cases due to the low incidence of the diseases studied and
the even lower number of patients who are suitable for this individualized combination
therapy [1,2,9]. The incidence is even less in perianal RMS than in BP-RMS [9]. A separate
report on perianal RMS would not be meaningful, so these patients were included in this
study. This also seems justified as the focus of the study is on the use of iMRI as a tool to
improve the clinical workflow of the combination therapy, which is performed in a similar
way in both diseases.

Due to the small number of cases and the low statistical power, the analysis was
descriptive only. Patients were prospectively enrolled in the study. However, it was not
possible to randomize a significant number of patients, so historical data were used for
comparison. This study must therefore be regarded as the first report of the use of a new
method for a known application, as a proof of principle.

5. Conclusions

In this initial study, by using iMRI, we have been able to increase patient safety and
therapy quality by eliminating risky transports under anesthesia between OR unit and the
MRI. In addition, delay of radiotherapy start and thus prolonged time under anesthesia
can be avoided with this approach in case of necessary surgical revision.
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Simple Summary: Several studies have investigated various types of biomarkers to predict responses
to immune checkpoint inhibitor (ICI) therapy for patients with platinum-refractory advanced urothe-
lial carcinoma, but they were inconclusive. Recently, antibiotic exposure has attracted attention as a
biomarker because it may affect antitumor immunity through changes in gut microbiota. We evalu-
ated the factors predictive of ICI response, including antibiotic exposure, in 41 metastatic urothelial
carcinoma patients. The patients’ median age was 75 years, and the vast majority of the patients were
male. The objective response rate was 29.3%, with a median overall survival (OS) of 17.8 months.
A high neutrophil-to-lymphocyte ratio (NLR) and poor performance status (PS) were significantly
associated with poor OS. Antibiotic exposure did not have a significant impact on OS.

Abstract: Introduction: Immune checkpoint inhibitor (ICI) therapy has significantly improved
the prognosis of some patients with advanced urothelial carcinoma (UC), but it does not provide
high therapeutic efficacy in all patients. Therefore, identifying predictive biomarkers is crucial
in determining which patients are candidates for ICI treatment. This study aimed to identify the
predictors of ICI treatment response in patients with platinum-refractory advanced UC treated
with pembrolizumab. Methods: Patients with platinum-refractory advanced UC who had received
pembrolizumab at two hospitals in Japan were included. Univariate and multivariate analyses
were performed to identify biomarkers for progression-free survival (PFS) and overall survival (OS).
Results: Forty-one patients were evaluable for this analysis. Their median age was 75 years, and
the vast majority of the patients were male (85.4%). The objective response rate was 29.3%, with
a median overall survival (OS) of 17.8 months. On multivariate analysis, an Eastern Cooperative
Oncology Group performance status (ECOG-PS) ≥ 2 (HR = 6.33, p = 0.03) and a baseline neutrophil-to-
lymphocyte ratio (NLR) > 3 (HR = 2.79, p = 0.04) were significantly associated with poor OS. Antibiotic
exposure did not have a significant impact on either PFS or OS. Conclusions: ECOG-PS ≥ 2 and
baseline NLR > 3 were independent risk factors for OS in patients with platinum-refractory advanced
UC treated with pembrolizumab. Antibiotic exposure was not a predictor of ICI treatment response.

Keywords: advanced urothelial cancer; immune checkpoint inhibitor; antibiotic exposure

1. Introduction

Gemcitabine, cisplatin (GC) and methotrexate, vinblastine, doxorubicin, and cisplatin
(MVAC) are widely used as first-line regimens in metastatic urothelial cancer (UC), but
many cases are refractory [1]. After the failure of platinum-based chemotherapy, there was
no internationally accepted standard of care. However, since the advent of an immune
checkpoint inhibitor (ICI) for advanced UC, the treatment strategy for UC patients has
changed dramatically. Pembrolizumab is a humanized monoclonal IgG4κ isotype antibody
that directly inhibits programmed cell death-1 (PD-1) and its ligands, programmed cell
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death ligand-1 (PD-L1) and programmed cell death ligand-2 (PD-L2). PD-1 inhibits cy-
tokine production from T cells and cell proliferation by binding to PD-L1, which results in
the suppression of immune responses [2]. PD-L1 also suppresses immune responses by
converting naïve CD4(+) T cells into regulatory T (Treg) cells [3]. Pembrolizumab inhibits
the binding of PD-1 to both PD-L1 and PD-L2 ligands, activating cancer-specific cytotoxic
T lymphocytes and the PD-L1 and PD-L2 ligands.

In the randomized phase 3 Keynote-045 trial, pembrolizumab showed better out-
comes than chemotherapy as a second-line therapy for UC patients who progressed after
platinum-containing regimens [4]. Based on these results, current guidelines recommend
pembrolizumab as a second-line systemic therapy after platinum-containing regimens [5].
However, pembrolizumab offers an objective response rate (ORR) of approximately 20%,
which is anything but satisfactory. Identification of predictive biomarkers could increase
the benefit of ICI treatment and avoid therapeutic intervention if the likelihood of response
is predicted to be low. Therefore, it is crucial to identify biomarkers that predict which
patients will benefit from pembrolizumab treatment. Promising biomarkers for predicting
the response to ICI therapy include the expression of programmed death ligand-1 (PD-
L1), the tumor mutational burden (TMB), and circulating tumor DNA in various types
of cancer [6–8]. However, an ideal biomarker would be reproducible, cost-effective, and
simple. From this perspective, the usefulness of the Eastern Cooperative Oncology Group
performance status (ECOG-PS), location of the metastasis, C-reactive protein (CRP), and the
neutrophil-to-lymphocyte ratio (NLR) has been studied in several malignancies, including
UC [9–16]. More recently, one factor that is attracting interest is the association between ICI
treatment outcomes and antibiotic exposure. This is due to the fact that antibiotic exposure
alters the gut microbiome, which in turn affects the effectiveness and immune-related
toxicities of ICIs [17–22]. However, few reports have evaluated the association between
antibiotic exposure and ICI treatment outcomes of patients with UC [23]. The purpose of
this study was to investigate potential predictive biomarkers, including antibiotic exposure,
in patients with UC treated with pembrolizumab, which could provide useful information
for patients who require ICI treatment.

2. Materials and Methods

2.1. Patients and Clinical Data

The study cohort consisted of advanced or metastatic UC patients who received
pembrolizumab at Kindai University Nara Hospital and Kindai University Hospital in
Japan between January 2018 and December 2021. All patients received a pathological
diagnosis of UC and were treated with platinum-containing neoadjuvant or adjuvant
chemotherapy. All samples enrolled in this study were acquired via surgical resection
or biopsy. Clinicopathological data were obtained from the patients’ medical records.
Pembrolizumab 200 mg was administered intravenously every three weeks, and it was
continued until unacceptable toxicity or either radiographic or clinical disease progression.
This study was approved by the Institutional Review Board of Kindai University Nara
Hospital and Kindai University Hospital (approval number 705). Informed consent was
waived because of the retrospective design of the study. However, an opt-out opportunity
for this study was provided through the website of our institution (https://www.med.
kindai.ac.jp/uro/, accessed on 5 December 2023).

2.2. Statistical Analysis

Progression-free survival (PFS) and overall survival (OS) were calculated with the
Kaplan–Meier method. The ORR to pembrolizumab was assessed according to the response
evaluation criteria in solid tumors (RECIST) version 1.1 [24]. Adverse events (AEs) follow-
ing pembrolizumab were evaluated at each visit during and after treatment. The severity
of the AEs was graded according to the National Cancer Institute’s common terminology
criteria for adverse events (CTCAE) v5.0 [25]. Univariate and multivariate analysis were
performed using a Cox proportional hazards model to identify the biomarkers for PFS
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and OS. A p-value < 0.05 was considered significant. The Statistical Package for the Social
Sciences version 23.0 (SPSSs, Chicago, IL, USA) was used for all statistical analysis.

3. Results

3.1. Patients’ Characteristics

A total of 41 patients met the eligibility criteria and were evaluable for this analysis.
The median duration of pembrolizumab treatment was 4.0 (0–25.0 PS) months, and the
median follow-up period was 16.5 (range, 1.0–47.8) months. No patients received ate-
zolizumab as a second-line therapy after chemotherapy because it was not covered by the
Japanese health insurance system. Table 1 shows the patients’ baseline characteristics. The
patients’ median age was 75 (range, 58–81) years, and the vast majority of the patients were
male (85.4%). Sixteen of the forty-one patients had upper UC. Twenty-nine patients had
undergone total cystectomy or total nephroureterectomy, and eight patients had received
radiation therapy. ECOG-PS was 0 or 1 in 90.2% (37/41) of patients. The median number
of cycles of pembrolizumab treatment was five (range, 1–32). Lymph nodes were the most
common sites of metastases (66%, 27/41), followed by the lungs (49%, 20/41), bones (22%,
9/41), and liver (15%, 6/41). The median neutrophil-to-lymphocyte ratio (NLR) at baseline
was 2.96 (range, 1.27–28.4). Antibiotic exposure was defined as antibiotic use for at least
1 week within 1 month before or after starting pembrolizumab. Sixteen patients (39%) were
identified as the antibiotic exposure cohort, with a median duration of antibiotic exposure
of 7 (range, 7–30) days. With regard to antibiotic classes, they included cephalosporins in
seven cases, fluoroquinolones in five cases, and penicillins in four cases. The most common
reasons for the use of antibiotics were urinary tract infections (24%), followed by other
infections (12.2%) or febrile neutropenia (2.4%).

Table 1. Characteristics of patients included in the analysis.

Variable Patients (n = 41)

Age (years), median (range) 75 (58~81)

Observation period (months), median (range) 16.5 (1.0~47.8)

Male sex, n (%) 35 (85.4%)

Site of primary tumor, Upper urinary tract/Bladder, n (%) 16/25 (40%/60%)

Response criteria (RECIST), CR/PR/SD/PD, n (%) 7/5/2/29 (17%/12%/5%/70%)

ECOG-PS, 0/1/2, n (%) 27/10/4 (66%/24%/10%)

Number of prior regimens, 1/2/3/4, n (%) 20/14/6/1 (82%/8%/8%/2%)

Metastatic sites, liver/lung/bone/lymph node, n (%) 6/20/9/27 (15%/49%/22%/66%)

Number of metastatic organs, 1/2/3/4, n (%) 20/14/6/1 (48%/34%/15%/2%)

Hemoglobin, > 10 mg/dL/ < 10 ng/dL, n (%) 33/8 (80%/20%)

CRP baseline (mg/dL), median (range) 0.56 (0.03~21)

NLR baseline, median (range) 2.96 (1.27~28.4)

Antibiotic exposure, n (%) 16 (39%)

Duration of antibiotic exposure (days), median (range) 7 (7–30)

Antibiotic classes,
Cephalosporin/fluoroquinolone/penicillin, n (%) 7/5/4 (44%/31%/25%)

3.2. Efficacy of Pembrolizumab and Adverse Events

The OS and PFS are shown in Figure 1A,B. Thirty-one patients (75.6%) discontinued
treatment with pembrolizumab because of disease progression (70.7%) and immune-related
AEs (4.9%). Twenty-five patients (60.9%) had died at the time of analysis. The median PFS
and OS were 4.9 [95% confidence interval (CI), 1.2–8.6] months and 17.8 [95% CI, 11.5–24.0]
months, respectively. The causes of death of the 25 patients who died were UC in 24 (96%)
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and suicide in 1 patient (4%). The best overall response assessed according to RECIST is
shown in Table 2. Totals of 7 (17.1%), 5 (12.2%), 2 (4.9%), and 27 (65.9%) patients were
diagnosed with complete response (CR), partial response (PR), stable disease (SD), and
progressive disease (PD), respectively. The ORR was 29.3%. Immune-related AEs were
observed in 35 cases (85.4%), of which 5 cases (12.2%) experienced CTCAE grade ≥ 3 AEs
(Table 3). The most common treatment-related adverse events of any grade were rash
(22% of the patients), hypothyroidism (10%), and interstitial pneumonia (10.9%). One
patient was diagnosed with severe interstitial pneumonia. He received treatment with
hyperbaric oxygen therapy and high-dose steroid administration but died of respiratory
failure (grade 5). One patient experienced grade 4 liver dysfunction and received high-
dose steroid administration. Two weeks after steroid administration, the levels of hepatic
enzyme were normalized.

Figure 1. A Kaplan–Meier curve of overall survival (A) and progression-free survival (B) for 41 pa-
tients in the cohort study.

Table 2. Overall response rate assessed with RECIST version 1.1.

Overall Response n = 41 (%)

Complete response, n (%) 7 (17.1)

Partial response, n (%) 5 (12.2)

Stable disease, n (%) 2 (4.88)

Progressive disease, n (%) 27 (65.9)

Table 3. Adverse events in the treated population.

Number of Patients (%)

Any Grade Grade 3, 4, or 5

Any event 35 (85) 5 (12)

Event leading to treatment discontinuation 0 1 (2)

Event leading to death 0 1 (2)
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Table 3. Cont.

Number of Patients (%)

Any Grade Grade 3, 4, or 5

Infusion reaction 2 (5) 2 (5)

Interstitial pneumonia 4(10) 1 (2)

Rash 9 (22)

Liver dysfunction 2 (5) 1 (2)

Dysgeusia 1 (2)

Fatigue 1 (2)

Hypothyroidism 4 (10)

Anorexia 2 (5)

Leg edema 1 (2)

Adrenal disorder 2 (5) 1 (2)

Isolated ACTH deficiency 2 (5)

Parotiditis 1 (2)

Constipation, diarrhea 2 (5)

Melena 1 (2)

Cutaneous sarcoidosis 1 (2)

3.3. Risk Factors for Shorter Survival

As shown in Table 4, univariate analysis showed that ECOG-PS ≥ 2 (p = 0.01), baseline
NLR > 3 (p = 0.01), hemoglobin ≤ 11 g/dL (p = 0.01), and lower urinary tract tumor (p = 0.03)
were significantly associated with inferior PFS. However, factors that predict shorter PFS
could not be identified based on multivariate analysis. Also, ECOG-PS ≥ 2 (p = 0.01),
baseline NLR > 3 (p = 0.01), hemoglobin ≤ 11 g/dL (p = 0.01), and CRP ≥ 1 mg/dL
(p = 0.04) were significantly associated with inferior OS. Multivariate analysis, including all
significant factors identified on univariate analysis, showed that ECOG-PS ≥ 2 (p = 0.03)
and NLR > 3 (p = 0.04) were significantly associated with inferior OS (Table 5). Antibiotic
exposure did not have a significant impact on either PFS or OS.

Table 4. Univariate and multivariate Cox’s regression analysis of PFS to clinicopathological features
in platinum-resistant metastatic urothelial carcinoma patients treated with pembrolizumab.

Univariate Analysis Multivariate Analysis

Factor Category HR (95%CI) p-Value HR (95%CI) p-Value

Age (years) <72 vs. ≥72 1.51 (0.72–3.21) 0.28
Gender Female vs. Male 1.07 (0.37–3.09) 0.90
ECOG-PS 0.1 vs. ≥2 5.17 (1.62–16.5) 0.01 2.63 (0.80–8.73) 0.11
Surgical resection No vs. Yes 0.58 (0.28–1.23) 0.16
Any irAEs Negative vs. Positive 0.72 (0.35–1.49) 0.38
Neutrophil-to-lymphocyte ratio (NLR) ≤3.0 vs. >3.0 3.01 (1.41–6.42) 0.01 1.97 (0.85–4.57) 0.12
Hb (g/dL) ≤11 vs. >11 2.70 (1.26–5.75) 0.01 1.89 (0.84–4.57) 0.13
CRP (mg/dL) ≤1.0 vs. >1.0 1.20 (0.58–2.47) 0.63
Tumor site Lower vs. Upper 0.43 (0.20–0.94) 0.03 0.57 (0.25–1.26) 0.16
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Table 4. Cont.

Univariate Analysis Multivariate Analysis

Factor Category HR (95%CI) p-Value HR (95%CI) p-Value

Site of metastasis Bone 1.14 (0.49–2.66) 0.76
Lymph node 1.07 (0.50–2.29) 0.87
Lung 1.07 (0.52–2.18) 0.86
Liver 0.89 (0.31–2.57) 0.83

Number of metastases <1 vs. ≥2 1.26 (0.61–2.59) 0.53
Antibiotics prior to
pembrolizumab administration No vs. Yes 1.16 (0.53–2.54) 0.71

Table 5. Univariate and multivariate Cox’s regression analysis of OS to clinicopathological features
in platinum-resistant metastatic urothelial carcinoma patients treated with pembrolizumab.

Univariate Analysis Multivariate Analysis

Factor Category HR (95%CI) p-Value HR (95%CI) p-Value

Age (years) <72 vs. ≥72 2.25 (0.93–5.40) 0.07
Gender Female vs. Male 1.19 (0.36–3.98) 0.78
ECOG-PS 0.1 vs. ≥2 20.4 (4.30–96.9) 0.01 6.33 (1.24–32.3) 0.03
Surgical resection No vs. Yes 0.49 (0.22–1.08) 0.08
Any irAEs Negative vs. Positive 0.81 (0.37–1.79) 0.60
Neutrophil-to-lymphocyte ratio (NLR) ≤3.0 vs. >3.0 3.53 (1.49–8.36) 0.01 2.79 (1.07–7.23) 0.04
Hb (g/dL) ≤11 vs. >11 3.38 (1.47–7.95) 0.01 2.35 (0.94–5.90) 0.07
CRP (mg/dL) ≤1.0 vs. >1.0 2.34 (1.06–5.17) 0.04 2.24 (0.92–5.46) 0.07
Tumor site Lower vs. Upper 0.45 (0.19–1.08) 0.07
Site of metastasis Bone 2.37 (0.95–5.76) 0.06

Lymph node 1.69 (0.70–4.05) 0.24
Lung 1.04 (0.47–2.28) 0.92
Liver 1.25 (0.43–3.64) 0.69

Number of metastases <1 vs. ≥2 2.27 (1.01–5.07) 0.06
Antibiotics prior to
pembrolizumab administration No vs. Yes 1.68 (0.74–3.80) 0.21

4. Discussion

In this study, pembrolizumab resulted in a median PFS of 4.9 (95% CI, 1.2–8.6) months
and a median OS of 17.8 (95% CI, 11.5–24.0) months. These results are slightly better than
those of the Keynote-045 trial [4], which reported a median PFS of 2.1 months and a median
OS of 10.1 months. In addition, pembrolizumab provided an ORR of 29.3%, higher than in
the Keynote-045 trial (21.1%). These results are comparable to those of other retrospective
studies evaluating the efficacy and safety of pembrolizumab in advanced UC [26–28].

Several studies proposed biomarkers with prognostic value in patients who received
pembrolizumab. In this study, ECOG-PS ≥ 2 and NLR > 3 were identified as independent
risk factors for a poor prognosis. In a recent meta-analysis, a poor ECOG-PS, the presence
of visceral metastasis, and high pretreatment levels of NLR and CRP were associated with
shorter OS [13], similar to the present results. ECOG-PS has been widely used as a tool to
validate indications for systemic therapy [14], and poor ECOG-PS has been reported to
be associated with shorter OS in patients with advanced UC treated with chemotherapy
or ICIs [15,16,29]. Conversely, the phase 2 Keynote-052 trial, which evaluated safety and
antitumor activity in patients with locally advanced or metastatic cisplatin-ineligible UC,
reported that poor ECOG-PS did not have an impact on the efficacy of pembrolizumab [30].
Parikh et al. reported trends in initiating end-of-life systemic therapy in 1637 patients
with metastatic UC [31]. They found a significant increase in the use of systemic therapy
in patients with poor PS after the approval of ICIs. The toxicity profile of ICIs compares
favorably with chemotherapy, which may have increased the opportunity to administer
such drugs to patients with poor PS who would otherwise have been on best supportive
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care (BSC). Our study also resulted in a higher percentage of patients with ECOG-PS ≥ 2
(10%) compared with the Keynote-045 trial [4], which included only 0.7% of patients with
ECOG-PS ≥ 2. The reason for this may be that immediately after ICI approval, some
patients with poor ECOG-PS who should have been considered for BSC preferred ICI
treatment, which has a relatively favorable toxicity profile compared with chemotherapy.
However, given the possibility that poor ECOG-PS may lead to shorter OS, whether ICIs
should be used in all patients will require further investigation.

The present results also showed that the inflammation-based prognostic marker NLR
was significantly associated with OS. There has been controversy over the impact of NLR
on the responses to ICI. Previous studies have shown that NLR prior to ICI initiation
is associated with survival in patients with metastatic UC [10–13], and that a high NLR
is a potential risk factor for poor clinical outcomes in various malignancies [32]. The
mechanism by which NLR is related to the response to ICI treatment and survival is
uncertain. Kargl et al. reported that a high pretreatment neutrophil count was associated
with a decreased number of CD8-positive T cells, which resulted in reduced antitumor
activity [33]. Furthermore, Friedlander et al. reported that a higher NLR with shorter
survival is due to an increase in the N2 phenotype of the neutrophils, which play a pro-
tumorigenic role [34]. Given the potential of NLR as a predictive biomarker that can be
easily used in routine clinical practice, further research is warranted to validate its utility
and precise mechanism.

Several studies have examined the impact of antibiotic exposure on the response
to ICI therapy, but they were inconclusive, with some reporting a positive relationship
and others a negative one [17–23,35–37]. In the present study, antibiotic exposure was
not related to PFS or OS in patients on ICI treatment. It has been hypothesized that
antibiotic exposure may affect responses to ICI treatment through changes in the gut
microbiome [37]. Several potential mechanisms explain the relationship between changes
in the gut microbiome and ICI response. Mechanisms that include intestinal dendritic cells,
which affect T-cell priming and activation, can be affected by specific bacterial strains, and
microbiome metabolites modulate host cytokine production and T-cell responses [38,39].
Gopalakrishnan et al. reported interesting findings using a mouse model of melanoma
with different compositions of gut microbiota. They found that tumors grew more rapidly
in the group with failing microbiota than in those with favorable microbiota, but the
tumor growth could be altered by transferring fecal material from the favorable microbiota
groups [19]. Despite these findings, antibiotic exposure affected neither PFS nor OS in the
present analysis. The relatively small number of patients analyzed in the present study,
the definition of the timing, and the duration of antibiotic exposure may be the reasons
why no correlation between antibiotic exposure and prognosis was found. In this study,
we defined antibiotic exposure as antibiotic use for at least 1 week within 1 month before
or after starting ICI treatment with reference to previous reports [40–43]. Reports on the
association between the duration of antibiotic exposure and changes in gut microbiome
are mixed. Dethlefsen et al. reported the changes in the intestinal microbiota of healthy
subjects before and after ciprofloxacin administration. They found that ciprofloxacin had a
long-term effect on the post-treatment gut microbiota, but the majority of the gut microbiota
returned to pre-treatment levels after 4 weeks [44]. Although antibiotic exposure was not
an independent risk factor for poor prognosis in our study, it might be a prognostic factor
if the duration of antibiotic exposure were defined differently. Furthermore, another factor
responsible for the present result may be the type of antibiotic. Eng et al. reported the
impact of antibiotic exposure before ICI treatment on OS in 2737 patients with various types
of cancer [45]. They found that antibiotic exposure before ICI treatment was associated
with worse OS, but this was observed only with fluoroquinolone exposure and not with
penicillin or cephalosporin exposure. Fluoroquinolones can alter many gut microbiota
species, including Alistipes, Bifidobacteria, Faecalibacterium, and Ruminococcus, which
have been found to affect ICI outcomes [46–50]. In the present study, about 70% of cases
used penicillins or cephalosporins, which may be the reason why antibiotic exposure was
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not identified as a predictor for ICI response. Although several studies have examined the
association between ICI treatment outcomes and antibiotic exposure, few have examined
this issue specifically in UC patients, and to the best of our knowledge, we are the first to
report a lack of correlation between them. To clarify antibiotic exposure as a promising
biomarker in real-world clinical practice, it will be necessary to determine whether the ICI
response varies depending on the type of antibiotic and the duration of antibiotic exposure
in future studies.

In addition to clinicopathological data, multiple biomarker studies have evaluated
tumor- and tumor microenvironment-related factors associated with the response to ICI
therapy [51]. PD-L1 immunohistochemistry remains a controversial biomarker for ICI
treatment. Several single-arm, early phase clinical trials reported PD-L1 expression as
a prognostic factor, but not in randomized trials. Several preliminary data in recent
clinical trials suggest that patients with a high PD-L1 status have higher ORRs compared
with those with a low PD-L1 status [52–54]. On the other hand, the IMvigor211 trial,
which assessed the safety and efficacy of atezolizumab (anti-programmed-death-ligand 1
immune checkpoint inhibitor) versus chemotherapy for the treatment of locally advanced
or metastatic UC after prior platinum-containing chemotherapy, showed that patients who
received atezolizumab lived longer compared with patients who received chemotherapy,
regardless of PD-L1 status [55]. In this study, however, PD-L1 immunohistochemistry
appeared prognostic but not predictive. Also, the Keynote-045 trial showed that the PD-L1
combined score thresholds of 10% and 1% were not helpful as predictive biomarkers [4]. A
systematic review, including 44 trials involving 6664 patients with solid tumors, showed
a favorable predictive response of 2.26-fold higher in patients with PD-L1 expression
compared with PD-L1-negative patients [56]. To understand the status and perspectives
of the predictive response for ICI treatment in UC, three workshops were held from
December 2018 to December 2019 [57]. The primary goal of these workshops was to develop
recommendations for best approaches to PD-L1 testing in UC. One challenge with the use
of PD-L1 immunohistochemistry is the different antibodies and scoring systems used for
different agents. This makes the understanding of the role of PD-L1 more complicated, and
it will be necessary to establish a uniform measurement system.

Recently, the TMB has been investigated as a promising biomarker to evaluate the
response of ICI therapy. Somatic or germline mutations at the DNA level can lead to an
increase in tumor-associated antigens, which results in high tumor immunogenicity. Al-
though the relationship between the TMB and the response of ICI therapy has been reported
in various types of malignancy, the data regarding UC are not fully elucidated [58–60].
Several studies have examined the impact of the TMB on the response to ICI therapy, but
they were inconclusive, with some reporting a positive relationship and others a negative
one [52,54]. As a representative study, the IMvigor211 trial showed that patients with a
high TMB had longer overall survival in the atezolizumab cohort than the chemotherapy
cohort [60]. Conversely, in a cohort of patients treated with atezolizumab in the IMvigor210
trial, there was no relationship between the TMB and clinical benefit [61]. Different meth-
ods (assays and cutoffs) may make data interpretation more difficult. Further validation
and standardization are needed to elucidate the role of TMB for patients who receive
ICI therapy.

Additionally, several studies have focused on the availability of circulating tumor
DNA as a biomarker of multiple solid tumors. An analysis of circulating tumor DNA was
performed in 29 patients treated with 6 weeks of durvalumab, and a significant reduction in
circulating tumor DNA was observed in treatment responders but not in non-responders [7].
Similarly, Vandekerkhove et al. reported that a more aggressive form of disease in 104
patients with metastatic UC showed higher circulating tumor DNA levels [62]. Powles et al.
evaluated outcomes in 581 UC patients who were evaluated for circulating tumor DNA
from the IMvigor010 trial [63]. They showed that circulating tumor DNA testing at the start
of therapy (cycle 1, day 1) identified 37% of the patients who were positive for circulating
tumor DNA and who had a poor prognosis. Interestingly, the patients who were positive
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for circulating tumor DNA had improved disease-free survival and overall survival in the
atezolizumab arm versus the observation arm, while no difference was observed in the
disease-free survival and overall survival between the treatment arms for circulating tumor
DNA negative patients. Further investigations on the role of circulating tumor DNA level
as a predictive biomarker in UC patients are required.

The present study has several limitations, including its retrospective nature, the
involvement of only two centers, and the small number of patients analyzed. In addition, a
significant limitation of the analysis was not performing a shotgun metagenomic analysis
of fecal samples to evaluate changes in the intestinal bacterial species and bacterial gene
function profiles. Future studies of antibiotic classes, the duration of antibiotic exposure,
and analysis of fecal samples are warranted to better understand the association between
antibiotic exposure and ICI outcomes. Prospectively validated predictive biomarkers
will provide valuable adjuncts to real-world clinical practice, but large trials with longer
follow-up will be needed to clarify the many questions remaining.

5. Conclusions

In this retrospective study of 41 advanced UC patients receiving ICI treatment, poor
ECOG-PS and high NLR were significantly associated with poor prognoses. Antibiotic
exposure was not identified as a biomarker for ICI response. To clarify antibiotic exposure
as a promising biomarker in real-world clinical practice, it will be necessary to determine
whether the ICI response varies depending on the type of antibiotic and the duration of
antibiotic exposure in future studies.
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Abbreviations

AEs Adverse events
BSC best supportive care
CD4 cluster of differentiation 4
CD8 cluster of differentiation 8
CR complete response
CRP C-reactive protein
CTCAE common terminology criteria for adverse events
DNA deoxyribonucleic acid
ECOG-PS Eastern Cooperative Oncology Group performance status
FN febrile neutropenia
GC gemcitabine, cisplatin
ICI immune checkpoint inhibitor
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IgG4κ immunoglobulin G4κ
MVAC methotrexate, vinblastine, doxorubicin, and cisplatin
NLR neutrophil-to-lymphocyte ratio
ORR objective response rate
OS overall survival
PD progressive disease
PD-L1 programmed death ligand-1
PFS progression-free survival
PR partial response
PS performance status
RECIST response evaluation criteria in solid tumors
SD stable disease
SPSSs Statistical Package for the Social Sciences
TMB tumor mutational burden
UC urothelial carcinoma
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Simple Summary: Clear cell renal cell carcinomas (CCRCCs) evolve as dynamic communities of
individuals (cells) that are amenable to being studied under sociological rules. Here, the early period
of development in CCRCC, progressing from initial homogeneity to high intratumor heterogeneity
(ITH) and secondary clonal and sub-clonal diversification, is considered using the hawk-dove game.
Fitness is a measure of biological aggressiveness in tumors. The results demonstrate that the fittest
clone of a neoplasm in a heterogeneous context is fitter than the clone in a homogeneous environ-
ment in the early phases of tumor evolution. This study notes the advantages of a translational
multidisciplinary approach in cancer research.

Abstract: Clear cell renal cell carcinoma (CCRCC) is an aggressive form of cancer and a paradigmatic
example of intratumor heterogeneity (ITH). The hawk-dove game is a mathematical tool designed to
analyze competition in biological systems. Using this game, the study reported here analyzes the early
phase of CCRCC development, comparing clonal fitness in homogeneous (linear evolutionary) and
highly heterogeneous (branching evolutionary) models. Fitness in the analysis is a measure of tumor
aggressiveness. The results show that the fittest clone in a heterogeneous environment is fitter than
the clone in a homogeneous context in the early phases of tumor evolution. Early and late periods of
tumor evolution in CCRCC are also compared. The study shows the convergence of mathematical,
histological, and genomics studies with respect to clonal aggressiveness in different periods of
the natural history of CCRCC. Such convergence highlights the importance of multidisciplinary
approaches for obtaining a better understanding of the intricacies of cancer.

Keywords: clear cell renal cell carcinoma; cancer evolution; game theory; intratumor heterogeneity

1. Introduction

Renal cell carcinomas rank among the top ten most common neoplasms in Western
countries [1] and are a hot topic in modern medicine due to their morphological and ge-
nomic variability, complex etiopathogenesis, and resistance to treatment. More specifically,
clear cell renal cell carcinoma (CCRCC), an aggressive form of renal cancer accounting
for more than 70% of cases [2], currently poses an oncological challenge with promising
therapeutic alternatives [3]. CCRCC is a paradigm of intratumor heterogeneity (ITH) and a
test bench for new therapies.
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Tumor intricacies provide an opportunity to incorporate new scientific approaches. For
example, the application of ecological principles to cancer research has led to the coining of
the term eco-oncology [4] and to cancer being considered as a social dysfunction [5]. These
approaches have brought significant advances in the knowledge of cancer dynamics. As a
result, cancer has been found to show at least four different evolutionary pathways: linear,
branching, punctuated, and neutral [6]. With the exception of the neutral model, evolution
over time is governed by Darwinian principles, where driver mutations generate different
clones that make such ITHs unique, unrepeatable tumor cell communities in every case. An
exhaustive genomic analysis shows that branching and punctuated models predominate in
CCRCC [7].

The assumption that a neoplasm is a huge community of cells interacting with one
another enables game theory to be applied to cancer analysis [8]. Many examples of this
interdisciplinary cooperation can be found in the literature. In particular, we have recently
analyzed the clinical consequences of ITH in CCRCC using the hawk-dove game, showing
that the math supports the clinical evidence [9]. Thus, mathematics, histopathology, and
genomics come together to demonstrate that tumor aggressiveness is linked to low ITH in
the late temporal periods of CCRCC [10].

In continuation with our previous study [10], we focus in this work specifically on
the early periods of tumor evolution in CCRCC, providing a mathematical support to the
histological and genomic evidence. Coupled with [10], the reader will obtain a complete
overview of CCRCC dynamics supported by a mathematical perspective.

2. Materials and Methods

2.1. Clinical Context

Large-scale sequencing studies have recently begun to reveal the complexities of this
neoplasm. Although most CCRCCs become clinically evident in adulthood (peaking in
the 6th–7th decades of life), the first steps of this tumor seem to appear much earlier,
in childhood or adolescence, when von Hippel-Lindau (VHL) gene mutation happens
in one allele of a few hundred cells as a result of chromothripsis [11]. After a dormant
period of decades, when the VHL gene of the other allele mutates in these patients, the
tumor initiates its evolutive course. On that course, up to seven deterministic pathways
of temporal and spatial evolution have recently been detected, most of them being either
branching- or punctuated-type models that lead to attenuated and accelerated clinical
evolution, respectively [7]. However, the same study reveals that a small group of cases
displaying only VHL gene mutations corresponding to a linear-type evolutionary model
show indolent behavior [7]. These genomic data prompted us to investigate whether a
mathematical approach would support them.

2.2. The Hawk-Dove Game

Here, we focus on the interactions of cells in three different temporal scenarios of
CCRCC. More precisely, we consider cell interactions between elements bearing three well-
known genetic driver mutations in CCRCC, i.e., mutations in VHL, PBRM1, and BAP-1
genes. VHL gene mutation is the common initial step in the vast majority of CCRCCs, and
PBRM1 and BAP-1 gene mutations are paradigmatic genetic disorders of these tumors with
non-aggressive and aggressive behaviors, respectively [12]. For the sake of simplicity, other
driver mutations (SETD2, etc.) and all of the passenger mutations, which are quite frequent
in CCRCC, are not taken into account.

The three temporal scenarios depicted in Figure 1 establish early and late eco-evolutionary
periods occurring in many CCRCCs, which correspond roughly to linear, branching, and
punctuated temporal models. The late period, i.e., how a CCRCC with high ITH (three
cell types, branching model) evolves towards a neoplasm with low ITH (two cell types,
punctuated model), has also recently been modeled using the hawk-dove game [9]. Here,
however, we focus on modeling the early period, i.e., how homogeneous tumors (one cell
type, linear model) evolve into CCRCCs with high ITH (three cell types, branching model).
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Figure 1. Example of a model of temporal evolution in clear cell renal cell carcinomas. The size of the
circles reflects tumor aggressiveness (level of clonal fitness). Early evolution exemplifies the transition
from linear (homogeneity (VHL monodriver clone)) to branching (high heterogeneity (VHL, PBRM1,
and BAP-1 driven clones)) models. However, late evolution shows the transition from branching
(high heterogeneity (VHL, PBRM1, and BAP-1 driven clones)) to punctuated (low heterogeneity (VHL,
BAP-1 driven clones)) models due to the expansion of an aggressive clone.

The hawk-dove game analyzes competition in biological systems [13]. Here, the
game models the bilateral interactions between cells. In each encounter, a cell can behave
aggressively, like a hawk, or passively, like a dove, to acquire a resource v. If one cell is
aggressive and its opponent is passive, the first obtains the resource and the second gets
nothing. If both cells are aggressive, there is a fight and the winner gets the resource, while
the loser bears a cost c > v. Assuming that they both have the same probability of winning,
the expected fitness (“payoff” hereafter) of each cell is (v − c)/2. If both cells are passive,
one withdraws and gets nothing, while the other takes the resource. Assuming that they
both have the same probability of withdrawing, the expected payoff of each cell is v/2.
These contingencies are summarized in the following payoff matrix:

Let α denote the probability of behaving as a hawk, so that a cell can choose a so-called
pure strategy under which it behaves with certainty as either a hawk (α = 1) or a dove (α = 0).
Instead, the cell can choose a mixed strategy (0 < α < 1) in which it has a probability α of
behaving as a hawk and 1-α of behaving as a dove. In a bilateral encounter, the expected
payoff of a cell depends on its own behavior and on that of its opponent. For example, in
Table 1, if both cells were to play a mixed strategy α, their expected payoffs from such a
bilateral encounter would be α2(v − c)/2 + α(1 − α)v + 0(1 − α)α + (1 − α)2v/2.

Table 1. Hawk-dove game payoff matrix.

Hawk Dove

Hawk (v − c)/2 v
Dove 0 v/2

In any game, cells that adopt a strategy leading to a higher payoff show both higher
fitness and a higher cell replicating ratio. Consequently, the proportion of cells in the
population that adopt this advantageous strategy increases over time and may eventually
lead to the extinction of cells that adopt other, less fit competing strategies.
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The hawk-dove game is studied in three different populations, depending on the
temporal scenarios of CCRCC. The population may be homogeneous (linear model), hetero-
geneous with two types (punctuated model), or heterogeneous with three types (branching
model). The types have no intrinsic significance, in the sense that any pair of cells plays
the same game (i.e., faces the same payoff matrix as described above). On the other hand,
types are important because cells might choose different strategies, leading them to behave
differently depending on what type of opponent cell they compete with.

Examples of how tumor cells modify their behavior depending on the environment
have been reported previously [14]. When the population is homogeneous (linear model)
cells only encounter a single type of cell and can just adopt a single behavior. When the
population is heterogeneous, cells may adopt different behaviors when they encounter
different types of cells: For instance, they may behave passively when they encounter a
certain type of cell and aggressively when they encounter a different type. A cell’s payoff
in an encounter depends on the behaviors adopted by the cells, and on the proportions of
the different types of cells.

We compare the three models on the basis of the payoffs obtained when cells adopt the
evolutionarily stable strategy (ESS). The ESS [13] shows the resilience of a given incumbent
strategy already being adopted by a population of cells against any other invading strategy
in the following sense: Given that mutation ratios are very low during the cell replicating
process, consider a population where most members play an ESS while a small proportion
of mutants choose a different strategy. In that situation, each mutant’s expected payoff is
smaller than the expected payoff of a “normal” individual, so mutants are driven out from
the population.

An example of the ESS concept applied to the classic hawk-dove game, modeling
a homogeneous tumor with only one cell type following an evolutionary linear model,
can be found in a benign tumor in which the entire population of cells behave passively
and can be invaded by a mutant cell that adopts an aggressive behavior. From Table 1, if
a single mutant cell invades the population adopting a hawk strategy, all but one of the
incumbent cells will meet another passive cell, leading to an expected payoff v/2 for the
incumbent cells in each encounter. However, the invading mutant cell will get a payoff v
from meeting a passive cell, i.e., a payoff twice as high, giving the cell with the mutation the
competitive advantage of replicating faster. In the next period, when cells compete again
in such a population, the proportion of passive incumbent cells will have decreased, and
that of aggressive mutant cells will have increased. Thus, the dove strategy is not an ESS in
such a game, given that it can be invaded. As shown in [13], the ESS in the homogeneous
game is the mixed strategy v/c: Cells play hawk with a probability (or frequency) of v/c
and play dove with a probability of 1 − v/c. The larger the resource, the more often cells
act aggressively, and the larger the cost the more often cells act passively.

In [15], the ESS in heterogeneous populations with two types are studied. The ESS
depends on the proportions of the different cells. Some discrimination also arises: One
type is always treated better than the other.

Laruelle et al. [9] demonstrate that in heterogeneous populations with three types,
there is (under some conditions) an ESS in which each type of cell receives a different
treatment.

The comparison of the payoffs in the ESS of the different population games yields the
following results (see [9,13,15] and Appendix A for the proofs).

3. Results

Result 1: When the population is heterogeneous (i.e., in the punctuated and branching
models) one type of cell (the most malignant cells, hereafter “A-cells”) obtains a strictly
larger payoff than the other in the ESS.

Result 1 suggests that a heterogeneous environment favors discrimination. Cells face
the same payoff matrix in all encounters, but the possibility of differentiating cells generates
different behaviors when different cells are faced.
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Result 2: The payoff that an A-cell obtains in the ESS in a heterogeneous population is
strictly larger than that which it would obtain in the ESS in a homogeneous population.

Result 2 suggests that there is an advantage for A-cells in being in a heterogeneous
environment rather than a homogeneous one. The intuition is that in homogeneous environ-
ments, all cells are treated equally and receive the same expected payoff. In a heterogeneous
environment, discrimination arises: Some cells (the A-cells) are treated better than they
would be in the homogeneous environment, and others are treated worse. In consequence,
A-cells receive a larger payoff than they would in a homogeneous environment.

Result 3: For a given proportion of A-cells, the payoff that an A-cell obtains in the
ESS in a punctuated model is strictly larger than it would obtain in the ESS in a branching
model (if there is an evolutionarily stable strategy).

Result 3 suggests that there is an advantage for some cells in being in a punctuated en-
vironment rather than a branching environment. That is, whenever there is discrimination,
it is better for A-cells when there are two groups of cells than when there are three.

4. Discussion

Cancer is a disease with a high impact in Western countries, whose complexities defy
human understanding. Cell-to-cell interactions govern the temporal and spatial evolution
of the disease, which means that every case is unique and unrepeatable. However, certain
deterministic evolutionary routes enable future behavioral events to be predicted. Figure 1
illustrates the natural evolution of many CCRCCs.

Mitchell et al. [11] have recently revealed the first steps in the carcinogenesis of
these neoplasms, identifying long periods of dormancy prior to the symptomatic phase
of the neoplasm. At least theoretically, the initial stages of tumor chronology generate
a homogeneous cell growth driven by a VHL gene mutation. A few of these tumors
will pursue a linear evolution throughout their natural history, the so-called VHL-driven
CCRCCs, but most will develop subsequent driver mutations, thus generating distinct
clones within the tumor [7]. Such new clones (and sub-clones) evolve in a Darwinian
model of coexistence, are responsible for ITH, and determine tumor evolution and patient
prognosis. VHL syndrome-associated CCRCCs are characteristically multiple and bilateral
low-grade neoplasms in which inter-tumor heterogeneity takes place along the natural
history. Many CCRCCs are surgically removed from patients during the branching-type
period because they usually become symptomatic at that time. Other cases, however, evolve
quicker and farther due to the intrinsic aggressiveness of one of these newly generated
clones. BAP-1 gene mutation is a paradigm of these high-fitness clones. Again, following
a Darwinian evolutionary pattern, this highly aggressive clone installs the punctuated
period in the tumor, dominates subsequent tumor overgrowth, and prompts metastatic
development due to local hypoxic pressures in the tumor interior [16].

The later evolutionary step from branching to punctuated model is illustrated in Fig-
ure 1. It carries a transition from high to low ITH. Interestingly, the clinical evidence shows
that aggressive forms of CCRCC display low ITH at the histological level. Manini et al. [17]
have performed a thorough histological analysis of a number of CCRCCs and found that
patients with tumors with low variability in the histological grade across the sampling died
of the tumor or were symptomatic at last clinical contact, while patients with tumors with
a broader spectrum of histological grades were all alive and without clinical disease. Other
authors have found that the metastatic ability of a tumor is not always strictly linked to the
clone with the highest histological grade [18], so taking grade variations, and not only the
highest grade, into consideration may matter in the pathologist’s work-up. This simple
idea may have promising practical applications for pathologists. Interestingly, genomic
analyses also point to the same conclusion. An exhaustive study of more than 1200 tumor
regions in 101 CCRCCs has shown that tumors with high chromosomal complexity and
low ITH pursue an aggressive clinical course, with early and multiple metastases, while
those with low chromosomal complexity and high ITH behave in an attenuated fashion
with late, solitary metastases [7]. The conclusion at this point of tumor evolution is that
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high ITH is linked to an attenuated evolutive course and longer survival than with low
ITH tumors. This evidence is supported by a recent mathematical approach using the
hawk-dove game [9].

Therapy influences ITH evolution, and this issue deserves comment. Current opinion
advocates using the maximum tolerable doses as the preferred strategy, but this forces tu-
mor cells to develop resistances. Antiangiogenic drugs, for example, block neo-angiogenesis
in CCRCC, prompting tumor necrosis. However, some tumor cells attempt to generate
resistance to such drugs, making it possible for a new tumor made up only of resistant
cells to develop. The final result is that maximum tolerable doses turn an initial high ITH
(branching-type tumor) into a low ITH (punctuated-type tumor), which is much more
aggressive. Promising alternative therapy strategies based on mathematical analyses in the
form of the so-called “adaptive therapies” [19] propose the implementation of ecological
principles to manage cancer and suggest that the preservation of a high ITH may promote
intercellular competition, which could slow down tumor progression. In normal conditions,
tumor cells expend their energy on increasing their fitness in an intercellular, competitive
way to accomplish all cellular functions. Since energy is limited, a therapeutic strategy
using drugs below the maximum tolerable doses will force tumor cells to diversify their en-
ergy expenditure across several functions, e.g., increasing fitness and generating resistance,
thus slowing down both actions. Interestingly, this double effect means increased survival
for patients.

In this paper, however, we focus on the early evolutionary steps of CCRCC from linear
to branching model, bringing the transition from homogeneous to high ITH tumors. Our
mathematical analysis concludes that high ITH CCRCCs (three cell-type, branching model)
are more aggressive than their homogeneous counterparts (one cell-type, linear model).
This is the conclusion obtained in the hawk-dove game, and histopathological/genomic
studies support it. For example, seven out of 101 CCRCCs in the multi-region genomic
analysis performed by Turajlic et al. [7] were made of homogeneous tumor cell populations
bearing only VHL gene mutations. After the clinical follow-up, this specific subset of
tumors behaved indolently and never metastasized [7]. Similarly, the histological analysis
of 28 totally sampled CCRCCs by Manini et al. [17] revealed that three of them were totally
homogeneous low-grade neoplasms (Grade 1), being alive and without disease after a
long-term follow-up. Whether these indolent CCRCCs had evolved over time towards
aggressive forms of the disease via subsequent potential clonal/subclonal diversification
remains debatable, but possible, and highlights the crucial importance of the exact time of
removal in our knowledge of tumor characteristics. A recent review of the importance of
ITH in breast, lung, hepatic, and colorectal cancer agrees with this statement [20–27].

The apparent contradiction in the aggressiveness of high ITH is resolved when it is
taken into account that cancer is a dynamic disease in which pathologists analyze only
static snapshots obtained at the time of tumor removal. That time is variable and not
programmable, and depends on multiple clinical factors. A high ITH can thus be better or
worse depending on the exact period of tumor evolution and analysis. The natural history
of every tumor is not evident in routine practice, and regrettably, current therapies do not
factor the evolutionary pattern of tumors into their strategies.

In recent years, game theory has been gaining momentum in oncology. This study
notes the importance of translational research in modern medicine and highlights once
again the importance of mathematical analyses as an allied tool in cancer analysis [10].

5. Conclusions

Here, we consider the initial period in the evolution of many CCRCCs, specifically the
time when tumors progress from the original cellular homogeneity towards high ITH as a
consequence of clonal and sub-clonal development. Four points derived from our analysis
deserve mention: (i) cancer is a dynamic disease in which pathologists analyze a static
moment of its evolution; this time is variable and not programmable, (ii) tumors evolve
throughout their natural history and may display different degrees of ITH at different
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times, (iii) this study focuses specifically on the early moments of CCRCC evolution, which
is not always paired to clinical findings and diagnosis of the disease, and (iv) the natural
history of every tumor is not evident in routine practice and, therefore, not exploitable.

Once more, mathematics supports the clinical evidence and needs to be considered as
a tool in the armamentarium for better understanding cancer complexities.
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Appendix A

We consider three population games. The 1-type population game, denoted by Γ1(v,c),
is composed of A-cells; the 2-type population game, denoted by Γ2(v,c, xA), is composed of
A-cells and B-cells; the 3-type population game, denoted by Γ3(v,c, xA, xE), is composed
of A-cells, B-cells and E-cells. The parameters are v, c, and the proportions xI of I-cells
(I = A, B, E). In each game, a strategy specifies the probability of behaving aggressively
when meeting each type of cell present in the population. Let αI be the probability of
behaving aggressively when facing an I-cell (I = A, B, E), and UI be the payoff of an I-cell.
We give the ESS in each of the three games when the A-cells are the cells with the largest
payoff, and the E-cells are the cells with the smallest payoff. That is, UA > UB > UE.

In game Γ1(v,c), cells only meet A-cells. Strategy αA* = v/c is the only ESS [13]. The
expected payoff of an A-cell in the ESS, denoted by UA*, is given by UA* = (1 − v/c) v/2.

In game Γ2(v,c, xA), a cell meets A-cells and B-cells. The ESS, denoted (αA**, αB**),
depends on the proportion of A-cells [15]. It is given by

(αA
**, αB

**) = (0, (v/c)(n − 1)/(n − nxA − 1)) if xA < zA
(0,1) if zA < xA < zA +1/n

(((n − 1)v/c − n + nxA)/(nxA − 1),1) if xA > zA + 1/n,

where zA =(1 − v/c)(1 − 1/n). The expected payoff of the A-cells in the ESS, denoted by
UA**(xA), is given by:

UA**(xA) = (v/2)(1 − v/c) + (v2/2c)((2n(1 − xA) − 1)/(n − nxA − 1)) if xA < zA
(v/2)(1 − v/c) + (v/2c)((v(n − 1) + cn(1 − xA))/(n − 1)) if zA ≤ xA ≤ zA + 1/n(v/2)(1 − v/c) + ((c − v)/c)((vn(1 − xA)/(nxA − 1)) if xA > zA + 1/n.

The expected payoff of an A-cell peaks when xA = zA and starts decreasing thereafter.
In game Γ3(v,c, xA, xE), the ESS, denoted (αA***, αB***, αE***), exists if and only if xA <

zA and xE< zE [9], where zE =(v/c)(1 − 1/n). We have (αA***, αB***, αE***) = (0,((n − 1)v/c
− nxE)/(n − nxA-nxE − 1),1).

The expected payoff of the best-off A-cells in the ESS, denoted by UA***(xA,xE), is
given by:
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UA***(xA,xE) = v/2(1 − v/c) + v2/2c((2n(1 − xA − xE) − 1)/(n − nxA − nxE − 1)) − v/2nxE/((n − nxA − nxE − 1)(n − 1)).

The larger xA is, the larger the expected payoff of each A-cell is. By contrast, the larger
xE is, the smaller the expected payoff of each A-cell is.

The first propositions tell us that there is no ESS in games Γ2(v,c, xA) and Γ3(v,c, xA,
xE) in which all types of cells obtain the same payoff (Result 1).

Proposition 1. (Iñarra and Laruelle, 2012 [15]) In game Γ2(v,c, xA), there is no ESS with UA = UB.

Proposition 2. In game Γ3(v,c, xA, xE), there is no ESS with UA = UB = UC.

Proof. Suppose that there is an ESS with UA = UB = UC. As shown in [9], the only possible
candidate is (v/c, v/c, v/c). If strategy (v/c, v/c, v/c) is not an ESS, there is no possibility
to have UA = UB = UC in the ESS. Strategy (v/c, v/c, v/c) is not an ESS if there exists a
strategy (βA, βB, βE) such that:

U
(
(

v
c

,
v
c

,
v
c
), (βA, βB, βE)

)
− U((βA, βB, βE), (βA, βB, βE)) < 0
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v
c

,
v
c
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If one chooses βA = v
c +

δ
xA

; βB = v
c − δ

xB
and βE = v

c , we have 0 < βE < 1; βA >

0; βB < 1 if δ > 0. We also impose δ < min
{

xA
(
1 − v

c
)
; v

c xB
}

in order to guarantee that
βA < 1; βB > 0.

For those values of (βA, βB, βE), we obtain:
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(
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,
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,
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), (βA, βB, βE)
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where we used the following:

∑
I

xI β I =
v
c

(
∑

I
xI

)
+ δ − δ =

v
c

.

Thus, strategy (v/c, v/c, v/c) is not an ESS, and in game Γ3(v,c,xA,xE), there is no ESS
with UA = UB = UC. �

The following propositions indicate when the expected payoff of an A-cell in ESS is
the largest in the 2-type population game, then in the 3-type population game, and finally
in the 1-type population game: UA**(yA) > UA***(yA,xE) > UA*. That is, UA* < UA***(yA,xE)
and UA* < UA**(yA) (Result 2) and UA**(yA) > UA***(yA,xE) (Result 3).

93



Cancers 2023, 15, 5897

Proposition 3. (Laruelle et al., 2023 [9]) Let yA be a proportion of A-cells and let Γ2(v,c, yA) and
Γ3(v,c, yA, xE) with yA < zA and xE < zE. Then, UA**(yA) > UA***(yA, xE).

Proposition 4. Let Γ1(v,c) and Γ3(v,c, xA, xE) with xA < zA and xE< zE. Then, UA* < UA***
(xA, xE).

Proof. Function UA***(xA, xE) is increasing with xA and decreasing with xE (see [9],
Appendix E). This function reaches its minimum value for xA = 0 and xE = zE. After some
algebrics, we obtain UA***(0, zE) = (v/2)(1 − v/c) + (v2/c). This ends the proof, as UA* =
(v/2)(1 − (v/c)). �
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Simple Summary: Belzutifan, a hypoxia-inducible factor-2 alpha (HIF-2α) inhibitor, has emerged as
an exciting new treatment option not only for patients with Von Hippel-Lindau (VHL)-related renal
cell carcinoma (RCC) but also for sporadic RCC. While initial clinical data are promising, potential
resistance with HIF-2α inhibitors may occur with increased understanding of this class of therapy.
Potential ways to further increase the antitumor activity of HIF-2α targeting include combination
strategies with immune checkpoint inhibitors and other targeted agents as well as newer generation
HIF-2α inhibitors that are currently under development.

Abstract: Germline inactivation of the Von Hippel-Lindau (VHL) tumor suppressor is the defining
hallmark in hereditary VHL disease and VHL-associated renal cell carcinoma (RCC). However,
somatic VHL mutations are also observed in patients with sporadic RCC. Loss of function VHL
mutations result in constitutive activation of hypoxia-inducible factor-2 alpha (HIF-2α), which leads
to increased expression of HIF target genes that promote angiogenesis and tumor growth. As
of 2023, belzutifan is currently the only approved HIF-2α inhibitor for both VHL-associated and
sporadic metastatic RCC (mRCC). However, there is potential for resistance with HIF-2α inhibitors
which warrants novel HIF-2α-targeting strategies. In this review, we discuss the potential resistance
mechanisms with belzutifan and current clinical trials evaluating novel combinations of belzutifan
with other targeted therapies and immune checkpoint inhibitors which may enhance the efficacy of
HIF-2α targeting. Lastly, we also discuss newer generation HIF-2α inhibitors that are currently under
early investigation and outline future directions and challenges with HIF-2α inhibitors for mRCC.

Keywords: renal cell carcinoma; RCC; kidney cancer; belzutifan; HIF-2α targeting; VHL; von
Hippel-Lindau

1. Introduction

The treatment landscape for metastatic renal cell carcinoma (mRCC) has dramatically
changed over the past few decades with the development of targeted therapies as well as
immune checkpoint inhibitors (ICI). First-line therapy options for mRCC currently include
dual ICI combinations with anti-CTLA-4 and anti-PD-1 inhibitors (e.g., ipilimumab and
nivolumab) and tyrosine kinase inhibitors (TKIs), as well as the combination of ICIs with
TKIs [1]. Despite these therapies, the estimated 5-year survival rate for patients with
mRCC remains low at 15% [2]. Additionally, given the increasing prevalence of ICI-based
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therapies in the first-line and adjuvant settings in RCC, emerging prospective data have
questioned the role of ICI rechallenge in patients with mRCC. In the recent CONTACT-03
trial, patients with mRCC who had disease progression on anti-PD-1-based therapies did
not have improved clinical outcomes when immediately re-challenged with atezolizumab,
a PD-L1 inhibitor, in combination with cabozantinib [3]. Thus, newer therapeutic targets
for mRCC are urgently needed to address these unmet areas.

The VHL gene, found on chromosome 3p25, encodes for the VHL tumor suppressor
protein that plays pivotal roles in hypoxia response pathway regulation [4]. Under normal
oxygen conditions, VHL functions as a ubiquitin ligase that ubiquitinates the alpha subunit
of the hypoxia-inducible factor (HIF) transcription factor, resulting in subsequent proteaso-
mal degradation [5]. Inactivating VHL mutations lead to HIF stabilization and constitutive
activation, resulting in enhanced expression of HIF-regulated genes which all contribute to
angiogenesis and tumorigenesis [5–7]. Specifically, HIF induces the expression of VEGF,
PDGF-β, and other angiogenic genes, leading to vascular permeability and endothelial cell
differentiation [8]. In addition, HIF stimulates cellular growth by stabilizing and promoting
the transcriptional activity of c-Myc which also leads to the enhanced expression of growth
signaling genes such as CCND1 [9]. Cyclin D1, encoded by CCND1, ultimately binds to
cyclin-dependent kinase 4/6 (CDK4/6), resulting in downstream phosphorylation of the
retinoblastoma (RB) tumor suppressor protein and subsequent release and nuclear localiza-
tion of the E2F transcription factor that drives cell cycle progression [10]. VHL inactivation
also leads to constitutive phosphorylation and activation of the c-MET receptor tyrosine
kinase which interacts with the PI3K/AKT and RAS/MAPK growth pathways, among
others [8,11]. HIF contributes to tumor immune escape by directly and indirectly (via
c-MET activation) upregulating PD-L1, which inhibits cytotoxic T-cell activation and clonal
expansion [12–14]. Additionally, HIF-2α is associated with diminished tumor-infiltrating
lymphocytes and enhanced immunosuppressive IL-10 and TGF-β signaling [12]. Germline
mutations in VHL lead to Von Hippel-Lindau (VHL) disease, an autosomal dominant
inherited cancer syndrome. Patients with VHL disease have a near 70% lifetime risk of
developing early-onset clear cell RCC (ccRCC), with an average age of RCC diagnosis of
approximately 40 years [15]. Somatic mutations in VHL are found in about half of sporadic
ccRCC cases [5]. Given the emerging data in RCC, the VHL pathway has been explored as
a potential therapeutic target in both VHL-associated and sporadic RCC.

As of 2023, belzutifan is the only HIF-2α inhibitor that is Federal Drug Administration
(FDA) approved for VHL-associated and sporadic RCC. In the phase 2 MK-6482-004 trial,
patients with a confirmed pathogenic germline variant in VHL and localized RCC received
an oral belzutifan dose of 120 milligrams (mg) daily [16]. At a median follow-up of
21.8 months, the study met the primary endpoint with an objective response rate (ORR) of
49% (95% CI 36–62). The progression-free survival (PFS) rate at 24 months was 96% (95%
CI 87–99). Since the study also included patients with VHL-associated RCC and other VHL-
associated tumors, responses were also observed in non-RCC lesions, including pancreatic
neuroendocrine tumors (ORR 91%) and central nervous system hemangioblastomas (ORR
30%). The most common all-grade adverse events (AEs) with belzutifan in the study
included anemia (90%), fatigue (66%), and headaches (41%). Based on the results of this
study, the FDA approved belzutifan in August 2021 for the treatment of VHL-associated
tumors including RCC [17]. Following this landmark approval for VHL-related tumors,
belzutifan has been evaluated in other cancers including sporadic RCC. Ongoing clinical
trials of belzutifan in patients with previously treated sporadic mRCC are underway.
The LITESPARK-013 trial (NCT04489771) is a phase 2 study comparing two belzutifan
doses (120 mg daily vs. 240 mg daily) in patients with sporadic mRCC who previously
received up to three lines of prior therapy. The study showed that there was no significant
difference in the primary endpoint of ORR as well as PFS and OS between either dose
strengths [18]. However, the lower belzutifan dose of 120 mg was associated with less
frequent rates of dose modification or discontinuation due to AEs and may represent the
optimal starting dose [18]. The LITESPARK-005 trial (NCT04195750) is a randomized,
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phase 3 trial comparing belzutifan with everolimus, an mTOR inhibitor, in patients with
sporadic mRCC who have received up to three lines of prior therapy. In the first interim
analysis of 746 patients enrolled, belzutifan led to an improvement in one of the co-primary
endpoints of PFS (HR 0.75, 95% CI 0.63–0.90, p < 0.001) and the secondary endpoint of ORR
(22% vs. 3.5%, p < 0.00001), with more frequent complete response (CR) rates compared
to everolimus [19]. These preliminary results from LITESPARK-005 led to the recent FDA
approval of belzutifan in December 2023 for previously treated sporadic mRCC.

Resistance Mechanisms of HIF-2α-Targeted Therapies

Despite the recent advances with belzutifan, the possibility of resistance to HIF-2α
inhibition has emerged. While the MK-6482-004 trial, which led to the initial FDA approval
of belzutifan in VHL-associated tumors, reported an ORR of 49%, two patients in the study
had disease progression with belzutifan, raising the possibility of resistance [16]. Some
potential resistance mechanisms to belzutifan and HIF-2α targeting have been proposed.
In pre-clinical RCC models, including those with VHL alterations, resistance to PT2399
(a preclinical derivative of belzutifan) was associated with lower HIF-2α levels relative
to sensitive cells (23% vs. 83%, p < 0.0001) but higher expression of HIF1A encoding for
HIF-1α, which is another HIF that is activated during hypoxic stress [20,21]. RCC tumor
xenografts developed resistance to PT2399 when treated for over 100 days, which may
be mediated by a G323E mutation in EPAS1 (endothelial PAS domain-containing protein
1) encoding for HIF-2α [20]. Similarly, in a companion analysis of patients enrolled in a
phase 1 study of PT2385, another first-generation HIF-2α inhibitor, patients with disease
progression had the EPAS1 G323E mutation which prevented HIF-2 disassociation, thereby
functioning as a “gatekeeper” mutation which may occur upon treatment or at baseline [22].
In the same study, a mutation in TP53 was also identified at progression, indicating another
potential resistance mechanism to HIF-2α-targeted therapies [22]. However, recent work
has suggested that intact TP53 status is not needed for HIF-2α inhibitor sensitivity [23].
Another proposed resistance mechanism with HIF-2α inhibitors includes alterations in the
HIF-1/ARNT complex [20,24]. While the precise resistance mechanisms with belzutifan
have not been reported, it is possible that similar mechanisms identified in the early gener-
ation of HIF-2α-targeted therapies may be involved. Overall, the potential for belzutifan
resistance underscores the need for novel HIF-2α-targeting strategies and combinatorial
approaches to further enhance efficacy (Table 1).

Table 1. Currently active clinical trials of belzutifan in renal cell carcinoma (RCC) as of October 2023.

Trial Name/NCT
Identifier

Phase Treatment Setting Key Primary Endpoint(s)

Monotherapy trials

NCT04846920 1 Belzutifan monotherapy
(dose escalation) Advanced refractory ccRCC

Advderse events; percentage of participants
who discontinue or modify/interrupt
treatment due to adverse event; DLTs

LITESPARK-013
(NCT04489771) 2 Belzutifan (120 mg versus 240 mg) Advanced refractory ccRCC ORR

LITESPARK-005
(NCT04195750) 3 Belzutifan monotherapy Advanced refractory ccRCC PFS and OS (co-primary)

Combinations with targeted therapies

LITESPARK-024
(NCT05468697) 1/2 Belzutifan + Palbociclib Advanced refractory ccRCC

Adverse events; DLTs; number of
participants who discontinue treatment due

to adverse event; ORR (phase 2)
NCT04627064 1/1B Belzutifan + Abemaciclib Advanced refractory ccRCC Maximum tolerated dose and ORR

LITESPARK-003
(NCT03634540) 2 Belzutifan + Cabozantinib Advanced refractory ccRCC ORR

KEYMAKER-U03B
(NCT04626518) 1/2 Belzutifan + Lenvatinib Advanced refractory ccRCC

Adverse events; DLTs; number of
participants who discontinue therapy due to

adverse event; ORR
LITESPARK-011
(NCT04586231) 3 Belzutifan + Lenvatinib Advanced refractory ccRCC PFS and OS (co-primary)
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Table 1. Cont.

Trial Name/NCT
Identifier

Phase Treatment Setting Key Primary Endpoint(s)

Combinations with immunotherapy
LITESPARK-022
(NCT05239728) 3 Belzutifan + Pembrolizumab Adjuvant therapy Disease-free survival

LITESPARK-012
(NCT04736706) 3 Belzutifan/Lenvatinib +

Pembrolizumab or Quavonlimab First-line in advanced ccRCC PFS and OS (co-primary)

NCT05899049 (China) 3 Belzutifan + Pembrolizumab +
Lenvatinib First-line in advanced ccRCC PFS and OS (co-primary)

NCT05030506
(China) 1 Belzutifan + Lenvatinib +/−

Pembrolizumab First-line in advanced ccRCC Adverse events; DLTs;
pharmacokinetic/pharmacodynamic profiles

NCT04626479 1/2 Belzutifan +
Vibostolimab/Pembrolizumab First-line in advanced ccRCC Adverse events; DLTs; ORR

Abbreviations: ccRCC, clear cell renal cell carcinoma; DLT, dose-limiting toxicities; NCT, National Clinical Trial;
ORR, objective response rate; OS, overall survival; PFS, progression-free survival

2. Novel Belzutifan Combinations with Targeted Therapies

2.1. Belzutifan in Combination with Cabozantinib

Cabozantinib is an oral multi-targeted TKI with activity against VEGFR, c-MET, AXL,
and RET that is currently approved for the treatment of metastatic RCC as a monotherapy
or in combination with nivolumab [25,26]. HIF-2α notably increases VEGF expression and
regulates angiogenesis [5,6]. The c-MET (MET) receptor tyrosine kinase is activated by the
binding of hepatocyte growth factor (HGF), which results in the downstream cell signaling
of various pathways involved in cellular growth and migration [27]. As discussed earlier,
VHL mutations also lead to increased HGF/MET levels in RCC [28]. Thus, concurrent
targeting of HIF-2α, VEGFR, and c-MET may be an efficacious approach.

The LITESPARK-003 study (NCT03634540) is an ongoing phase 2 study of belzutifan
with cabozantinib in patients with metastatic ccRCC who are treatment-naïve (cohort 1) or
have previously received up to two lines of systemic therapy including prior immunother-
apy (cohort 2). In this study, patients receive oral belzutifan (120 mg daily) with oral
cabozantinib (60 mg daily). In a preliminary analysis of 52 patients enrolled in cohort 2,
the primary endpoint of ORR was 30.8% (95% CI 18.7–45.1), including one patient who
had a CR and fifteen patients who had partial responses (PRs). Hypertension was the most
frequent grade 3–4 AE in 27% of patients [29]. A subsequent update of the LITESPARK-003
study in October 2023 of 50 patients in cohort 1 and the 52 patients in cohort 2 showed an
ORR of 70% (95% CI 55–82) and 31% (95% CI 19–45), respectively [30]. The median duration
of response was 28.6 months and 31.5 months in cohorts 1 and 2. At a median follow-up
of 24.3 and 40 months for cohorts 1 and 2, the reported median PFS was 30.3 months
(95% CI 16-not reached [NR]) and 13.8 months (95% CI 9–19). The median OS was not
reached in cohort 1 and 26.7 months (95% CI 20–41) in cohort 2 [30]. Taken together, a
combination approach with belzutifan and cabozantinib may have synergistic activity by
targeting multiple VHL-associated pathways in ccRCC.

2.2. Belzutifan in Combination with Lenvatinib

Lenvatinib is a multi-TKI targeting VEGFR1-3, c-Kit, FGFR1-4, PDGR-α, and RET
that is currently approved in combination with pembrolizumab for first-line treatment of
patients with mRCC and in combination with everolimus for patients who have previously
received VEGF-targeted therapy [31–33]. The combination of belzutifan with lenvatinib was
previously studied in the B5 arm of the phase 1/2 KEYMAKER-U03B study (NCT04626518).
Preliminary data demonstrated an ORR of 50% (95% CI 29–71) in patients with mRCC
who were previously treated with immunotherapy and VEGF-TKIs [34]. At a median
follow-up after nearly 6 months, the median PFS was 11.2 months (95% CI 4-NR) with a
six-month PFS rate of 55%. The most frequent AEs were anemia, fatigue, and hypertension
at a frequency of 43% each [34]. The LITESPARK-011 trial (NCT04586231) is an ongoing
randomized, phase 3 study of belzutifan with lenvatinib versus cabozantinib monotherapy
in patients with mRCC who previously received immunotherapy [35]. The study has
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co-primary endpoints of PFS per blinded independent central review and overall survival
(OS).

2.3. Belzutifan in Combination with CDK4/6 Inhibitors

A previously discussed, loss-of-function VHL mutations lead to constitutive activation
of HIF-2α, resulting in downstream upregulation of CCND1 encoding for cyclin D1, a cell
cycle regulator [7,36]. Cyclin D1 partners with CDK4 or CDK6 to drive cell-cycle progres-
sion through phosphorylation and inactivation of the RB tumor suppressor protein [37]. In
pre-clinical models, treatment with PT2399 and a CDK4/6 inhibitor resulted in synergistic
anti-tumor activity in VHL-deficient ccRCC cell cultures and xenografts [38]. Thus, there is
potential preclinical rationale for the combination of belzutifan with CDK4/6 inhibitors in
metastatic RCC.

Palbociclib is a selective CDK4/6 inhibitor that is currently approved for the treat-
ment of hormone receptor-positive, HER2-negative, advanced breast cancer [39]. The
LITESPARK-024 study (NCT05468697) is a randomized phase 1/2 trial comparing the
combination of palbociclib with belzutifan versus belzutifan monotherapy in patients
with metastatic ccRCC who have been treated with at least two lines of systemic therapy
including prior immunotherapy and VEGF-targeted TKIs. The primary endpoint of the
phase 2 portion is ORR with key secondary endpoints of OS, PFS, and safety. Abemaciclib
is another CDK4/6 inhibitor that is approved for patients with advanced breast cancer
and is currently being investigated in combination with belzutifan in a phase 1/1B study
(NCT04627064). In this non-randomized study, patients with advanced ccRCC who have
received at least one prior VEGF-TKI and one prior ICI will receive abemaciclib alone or in
combination with belzutifan. The primary efficacy endpoint for both cohorts is ORR.

3. Belzutifan Combinations with Immunotherapy

As discussed earlier, hypoxic conditions not only stimulate HIF signaling but also
increase PD-L1 expression with cross-talk between both HIF and tumor immune path-
ways [13]. Increased HIF-2α levels are associated with diminished numbers of tumor-
infiltrating CD8+ lymphocytes and promote stem cell factor (SCF) production, which in
turn increases IL-10 and TGF-β secretion that ultimately contributes to an immunosup-
pressive tumor environment [12]. Thus, there are potential synergistic effects of combining
HIF-2α inhibitors with ICIs.

3.1. Triplet Combinations with Belzutifan and Immunotherapy

In recent years, active clinical investigation in mRCC has moved from doublet-based
strategies (e.g., dual ICI regimens and ICI-TKI combinations) to novel triplet therapy
combinations. The COSMIC-313 trial was the first phase 3 study to evaluate a triplet-based
combination in mRCC [40]. In this study, patients with untreated, intermediate/poor-
risk mRCC were treated with the triplet combination of ipilimumab/nivolumab and
cabozantinib versus ipilimumab/nivolumab and placebo. The study met the primary
endpoint of PFS (HR 0.73, 95% CI 0.57–0.94, p = 0.01) in favor of ipilimumab/nivolumab
and cabozantinib; however, the triplet regimen was notably associated with more frequent
grade 3–4 AEs (79%) compared to the control group (59%) [40]. Additionally, no OS data
have yet been reported, and there is a question as to why patients with poor-risk disease
did not derive benefit from triplet therapy in the subgroup analysis compared to patients
with intermediate-risk disease. Nonetheless, this trial was a novel study of triplet therapy
in mRCC.

An ongoing trial is evaluating the triplet combination of belzutifan with lenvatinib and
pembrolizumab (NCT04736706). This phase 3 study will randomize patients with untreated
metastatic ccRCC to either belzutifan/lenvatinib/pembrolizumab, belzutifan/lenvatinib
with quavonlimab (anti-CTLA-4 ICI), or lenvatinib/pembrolizumab [41]. The co-primary
endpoints for this trial are PFS and OS with key secondary endpoints of ORR and toxicity.
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Similar trials with the triplet combination of belzutifan with lenvatinib and pembrolizumab
are also ongoing (NCT05899049 and NCT05030506).

3.2. Belzutifan and Immunotherapy Combinations in the Adjuvant Setting

The data supporting the use of adjuvant treatment for localized RCC have been
mixed. Two studies evaluating the role of adjuvant sunitinib (S-TRAC and ASSURE trials)
demonstrated conflicting results regarding the primary endpoint of disease-free survival
(DFS) in patients with high-risk, localized RCC, although potential differences in patient
selection in both studies could have explained the contradictory outcomes [42,43]. In the
current immunotherapy era, pembrolizumab is the only ICI approved for adjuvant therapy
in patients with ccRCC who have a high risk of recurrence following resection based on
the results of the KEYNOTE-564 trial. This study demonstrated an improvement in DFS
with pembrolizumab compared to placebo [44]. Interestingly, trials of other ICI agents
in the adjuvant setting have yielded negative results [45,46]. Nonetheless, building on
the DFS benefit of adjuvant pembrolizumab, the LITESPARK-022 trial (NCT05239728) is
an ongoing phase 3 study evaluating the combination of pembrolizumab and belzutifan
versus pembrolizumab and placebo as adjuvant therapy in patients with ccRCC following
nephrectomy or metastasectomy who are at high risk of disease recurrence [47]. The study’s
primary endpoint is DFS with secondary endpoints including OS and safety.

3.3. Belzutifan Combination with Anti-TIGIT Therapies

An emerging ICI target is a T cell immunoreceptor with immunoglobulin and an ITIM
domain (TIGIT) which is involved in immune-mediated tumor recognition [48]. Early
phase studies evaluating anti-TIGIT antibodies have demonstrated potential antitumor
activity in a subset of patients with metastatic solid tumors [49–51]. The combination of
vibostolimab, a novel anti-TIGIT agent, with pembrolizumab was investigated in a phase 1
study which showed an ORR of 26% in patients with advanced non-small cell lung cancer
who have not received ICIs [52]. There is an ongoing phase 1b/2 study of a proprietary
co-formulation of vibostolimab and pembrolizumab with the addition of belzutifan as a
first-line therapy for patients with mRCC (NCT04626479).

4. Other Novel HIF-Targeted Therapies in RCC

The clinical success of belzutifan has paved the way for other newer generation HIF-
2α-targeted agents in the drug development pipeline. There are both pre-clinical and
clinical-level agents differentiated from belzutifan that are currently in development for
RCC, with some demonstrating early promise for improved therapeutic outcomes (Table 2).

Table 2. Currently active clinical trials of newer generation HIF-2α inhibitors for mRCC as of
October 2023.

Trial Name/NCT
Identifier

Phase Agent Setting Key Primary Endpoint(s)

Novel small molecule inhibitors

NCT04895748 1/1b
DFF332 monotherapy

DFF332 + Everolimus/Spartalizumab +
Taminadenant

Advanced refractory ccRCC

Adverse events; DLTs; number of
participants with dose

interruptions/reductions; dose intensity for
dose escalation/expansion

NCT05119335 1/2 NKT-2152 Advanced refractory ccRCC

DLTs; recommended dose for expansion in
the dose escalation phase (phase 1);

recommended dose for phase 2; ORR
(phase 2)

NCT05935748 2 NKT-2152 + Palbociclib + Sasanlimab Advanced refractory ccRCC DLT and ORR
ARC-20

(NCT05536141) 1 AB521 Advanced refractory ccRCC DLTs and adverse events

NCT05843305 1 BPI-452080 Advanced refractory ccRCC Adverse events

RNA interference (RNAi)
NCT04169711 1 ARO-HIF2 Advanced refractory ccRCC Adverse events

Abbreviations: ccRCC, clear cell renal cell carcinoma; DLT, dose-limiting toxicities; NCT, National Clinical Trial;
ORR, objective response rate
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4.1. DFF332

DFF332 is a small-molecule HIF-2α inhibitor that is being studied in a phase 1/1b
study as a monotherapy and in combination with everolimus (an mTOR inhibitor) or
spartalizumab (an anti-PD-1 ICI), plus taminadenant (an adenosine A2a receptor antago-
nist) in patients with mRCC and other tumors harboring HIF alterations (NCT04895748).
The primary endpoints for this dose escalation and expansion study include safety and
frequency of dose-limiting toxicities, with key secondary endpoints of ORR and PFS [53].

4.2. ARO-HIF2 (RNA Interference)

Targeted RNA silencing or interference of gene expression holds promise as a novel
therapeutic mechanism. In pre-clinical models, novel small interfering RNA (siRNA)
against HIF-2α such as ARO-HIF2 were shown to decrease HIF-2α levels and tumor
volume in ccRCC tumorgraft models [54]. More recently, ARO-HIF2 is being evaluated in a
phase 1 study of patients with previously treated mRCC (NCT04169711). This study has
a primary endpoint of safety and secondary endpoints including tumor response. In an
interim analysis of the first 23 patients enrolled, fatigue was the most frequent AE reported
in 39% of patients [55]. Serious AEs were reported in three patients, including hypoxia,
myocarditis, and neuropathy. Efficacy analysis showed a disease control rate (CR, PR,
and stable disease) of 30% [55]. Correlative analysis of enrolled patients who underwent
on-treatment biopsies showed that ARO-HIF2 led to reductions in HIF-2α mRNA and
protein levels. Overall, this initial data showed proof-of-concept of RNA-based therapies
targeting HIF-2α expression, although further clinical investigation is needed to elucidate
its efficacy.

4.3. NKT-2152

NKT-2152 is a novel small-molecule HIF-2α inhibitor under investigation. In cell
culture and mouse models, NKT-2152 was shown to interfere with HIF-2α degradation and
disrupt the HIF-2α/HIF-1β complex, leading to decreased nuclear localization of HIF-2α
and subsequent expression of HIF-2α target genes such as VEGF-A, GLUT1, and CCND1
(cyclin D1) [56]. A phase 1/2 trial (NCT05119335) of NKT-2152 is currently ongoing in
patients with previously treated mRCC with primary endpoints of identifying the recom-
mended dose for expansion (phase 1 portion) and ORR (phase 2 portion). Another phase
2 study (NCT05935748) is investigating the combination of NKT-2152 with palbociclib,
a CDK4/6 inhibitor, with or without sasanlimab, a novel anti-PD-1 ICI, in patients with
previously treated mRCC. The primary endpoints of this study include the frequency of
dose-limiting toxicities and ORR.

4.4. AB521

Another novel HIF-2α inhibitor identified is AB521, which inhibits HIF-2α binding to
HIF-1β and therefore disrupts expression of HIF-2α target genes, which has been investi-
gated in pre-clinical models [57]. In RCC tumor xenograft models, treatment with AB521
resulted in a dose-dependent reduction in tumor size [58]. Furthermore, the combination
of AB521 with cabozantinib resulted in potential synergistic activity in pre-clinical models
compared to either agent alone [59]. In a pharmacokinetic and pharmacodynamic phase 1
study, AB521 was shown to decrease circulating levels of erythropoietin (EPO) in a dose-
dependent manner [60]. There is currently an ongoing phase 1 trial (NCT05536141) that is
investigating the safety and efficacy of AB521 in patients with mRCC who have previously
received anti-PD-1 or TKI therapy, as well as in patients with other advanced solid tumors.

4.5. BPI-452080

BPI-452080 is a selective small-molecule HIF-2α inhibitor that disrupts HIF-2α het-
erodimerization with HIF-1β, leading to decreased transcription of downstream hypoxia-
responsive genes (e.g., GLUT1, CCND1, and CXCR4) and VEGFA secretion in pre-clinical
RCC models [61]. In RCC tumor xenograft models, oral treatment with BPI-452080 led to
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a dose-dependent reduction in tumor size [61]. As of early 2023, a phase 1 clinical trial
of BPI-452080 (NCT05843305) is ongoing in China to evaluate the safety and efficacy in
patients with mRCC (including VHL-associated mRCC) and other advanced solid tumors.

4.6. KD061

Ferroptosis is the process of cellular accumulation of cytotoxic iron-dependent lipid
peroxides that results in programmed cell death, in a manner that is distinct from apoptosis
and autophagy, and may be a potential target in mRCC [62]. KD061 is a recently identified
molecule that targets iron-sulfur cluster assembly 2 (ISCA2), which is involved in ferroptosis
and also decreases HIF-1/2α levels [63]. In pre-clinical RCC models, treatment with KD061
resulted in decreased tumor growth and HIF levels as well as induced ferroptosis [63].
Thus, dual targeting of HIF and ferroptotic pathways may overcome therapeutic resistance
and further increase the efficacy of HIF-targeted inhibition. It will be interesting to see if
KD061 will transition to first-in-human early-phase clinical studies in the future.

5. Broadening the Use of HIF-2α-Targeted Therapies to Other Cancers

While HIF-2α clearly plays critical roles in ccRCC, there is emerging data that HIF-2α
may also be implicated in other cancers such as breast, colorectal, liver, and prostate can-
cers [64–67]. A few prospective studies evaluating the efficacy of belzutifan in other cancers
beyond mRCC are currently ongoing. MK-6482-015 is a phase 2 study (NCT04924075) evaluat-
ing the efficacy of belzutifan in patients with advanced pheochromocytoma/paraganglioma,
neuroendocrine tumors of the pancreas, and gastrointestinal stromal tumors (GIST), among
others. Belzutifan is also being studied in combination with pembrolizumab in patients
with metastatic castration-resistant prostate cancer (NCT02861573) as well as in the neoad-
juvant setting in combination with abiraterone acetate, prednisone, and leuprolide acetate
in patients with regional node-positive prostate cancer (NCT05574712).

6. Conclusions and Future Directions

HIF-2α targeting with belzutifan holds exciting promise and is a welcomed therapeu-
tic addition to the evolving treatment landscape for patients with VHL-associated and
sporadic mRCC. Since most first-line systemic therapy options for mRCC largely include
immunotherapy-based combinations, HIF-2α inhibitors fulfill the need for newer therapies
with novel mechanisms of action for patients who have previously been treated with ICIs,
although clinical trials of HIF-2α inhibitors in the first-line setting are ongoing. As the
treatment of mRCC now enters the era of HIF-2α-targeted therapies, an understanding
and recognition of the potential resistance to HIF-2α inhibitors that may emerge with
longer follow-up will be critical moving forward. Potential combinatorial strategies with
HIF-2α agents and immunotherapy and other targeted therapies may further enhance the
efficacy of HIF-2α inhibitors. Other newer generation HIF-2α inhibitors are also under early
phase clinical investigation, which may lead to additional therapy options for patients with
mRCC. It is currently unknown if newer generation HIF-targeted agents can overcome the
EPAS1 G323E resistance mutation. Future HIF-2α inhibitors should be designed to poten-
tially target this “gatekeeper” G323E mutation and other mediators of resistance within the
VHL/HIF pathway. An additional potential challenge that could emerge is determining the
optimal sequencing of therapies, including HIF-2α inhibitors. Future prospective studies
should evaluate if HIF-2α-targeted therapies and combinations have the greatest clinical
benefit either in the first-line or subsequent settings, as well as investigate if HIF-2α in-
hibitors can be continued or re-challenged at progression. Currently, there are no predictive
biomarkers in clinical practice to select therapies such as immune-based or TKI-based
regimens for patients with mRCC. While VHL alterations are frequent in mRCC, not all
patients with mRCC will harbor VHL-inactivating mutations [4,68]. Thus, an enhanced
selection of patients with mRCC who have VHL pathway alterations or HIF-sensitizing
mutations by incorporating biomarker analysis may be needed to identify the subgroup of
patients that may or may not respond to HIF-2α inhibitors.
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Simple Summary: Cytoskeleton-associated protein 4 (CKAP4), which has been linked to
worse outcomes in several types of cancer, has emerged as a novel biomarker to predict
patient outcomes for bladder cancer following radical cystectomy. This study investigated
CKAP4 levels in bladder cancer specimens after radical cystectomy, and the association
between CKAP4 levels, clinicopathological characteristics, and patient outcomes was
analyzed. The analysis revealed that CKAP4 was connected to a higher risk of cancer
recurrence, which means that CKAP4 could be a useful clinical tool to predict cancer
recurrence after surgery.

Abstract: Background/Objectives: While cytoskeleton-associated protein 4 (CKAP4) has
been associated with prognosis in various malignancies, its prognostic value for bladder
cancer (BCa) remains unclear. The aim of this study was to evaluate CKAP4 expression in
tumor cells and cancer-associated fibroblasts (CAFs) following radical cystectomy (RC) in
patients with BCa. Methods: In this study, CKAP4 in tumor cells was defined as CKAP4-1,
while CKAP4 expressed in CAFs was defined as CKAP4-2. CKAP4-2 expression was
evaluated to explore its potential association with tumor aggressiveness and patient out-
comes. CKAP4 expression in 86 RC specimens was assessed using immunohistochemistry.
CKAP4-1 positivity was considered when ≥5% cytoplasmic staining of cancer cells, with
at least moderate staining intensity, was observed. CKAP4-2 positivity was evaluated
using a point scale (0–3), with scores based on the number of CKAP4 positive CAFs in the
tumor stroma. Scores of 2 (moderate number of CAFs) and 3 (significant number of CAFs)
were considered to indicate positivity. Results: CKAP4-1 and CKAP4-2 were expressed
in 53 (61.6%) and 34 (39.5%) patients, respectively. Kaplan–Meier analysis showed that
patients with CKAP4-1 had significantly shorter cancer-specific survival and recurrence-
free survival (RFS; p = 0.046 and p = 0.0173, respectively). Multivariate analysis showed
that CKAP4-1 positivity was an independent predictor of RFS (p = 0.041, hazard ratio:
2.09, 95% confidence interval: 1.03–4.25). Conclusions: This study showed that CKAP4
expression in tumor cells may serve as a useful prognostic biomarker for patients with BCa
who undergo RC.

Cancers 2025, 17, 1278 https://doi.org/10.3390/cancers17081278
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1. Introduction

Bladder cancer (BCa) is the tenth most prevalent cancer globally [1]. Radical cystec-
tomy (RC) with bilateral pelvic lymph node (LN) dissection remains the gold standard
treatment for patients with muscle-invasive BCa (MIBC) and non-MIBC (NMIBC) refractory
to bacillus Calmette-Guérin. Although the surgical technique has advanced and the role of
pelvic lymphadenectomy is better understood, the 5-year overall survival rate after RC with-
out neoadjuvant chemotherapy (NAC) or adjuvant chemotherapy (AC) is approximately
50% [2]. Several clinicopathological factors, such as tumor grade, lymphovascular invasion
(LVI), and LN status have been studied in an effort to improve unfavorable prognoses after
RC [3]. These risk factors facilitate estimation of the recurrence risk and survival outcomes;
however, they do not predict individual patient prognosis. Some studies reported the
efficacy of new prognostic biomarkers for BCa after RC, but none of them are available for
clinical use [4–6]; therefore, novel prognostic biomarkers for BCa are necessary.

Cytoskeleton-associated protein 4 (CKAP4), also termed CLIMP-63 or p63, is a type II
transmembrane protein with reversible palmitoylation [7,8]. It is mainly found in the rough
endoplasmic reticulum, where it stabilizes its structure [9]. CKAP4 has been associated
with various cancers and has attracted considerable attention in recent years. In hepatocel-
lular carcinoma, esophageal cancer, and renal cell carcinoma, CKAP4 overexpression was
significantly associated with unfavorable outcomes [10–12]. CKAP4 in pancreatic cancer
has emerged as a potential therapeutic target for the inhibition of DKK1-CKAP4 binding
and Akt activation [13]. Although the literature on CKAP4 remains scarce, a basic study
has intensively investigated the mechanism of CKAP4 in the progression of BCa, indicating
its potential as a novel biomarker [14]. Verification of the prognostic value of CKAP4 in
clinical practice is essential for better BCa management because patients who require RC
with curative intent often have poor outcomes.

The aims of this study were to evaluate the expression levels of CKAP4 in tumor cells
and cancer-associated fibroblasts (CAFs) using immunohistochemical analyses of archived
RC specimens and to assess the impact of CKAP4 on the prognosis of patients who under-
went RC for BCa. In this study, to investigate their associations with clinicopathological
features and patient outcomes, CKAP4 expressed in tumor cells was defined as CKAP4-1,
while CKAP4 expressed in CAFs was defined as CKAP4-2.

2. Materials and Methods

2.1. Patients

We retrospectively analyzed the clinical data and archived specimens of patients
with BCa who underwent RC with pelvic and iliac lymphadenectomies between 1990 and
2015 at the Kitasato University Hospital (Kanagawa, Japan). We also examined normal
urothelial tissue specimens from adjacent tumor tissues using NMIBCs as a negative
control. RC was performed in patients with pathologically proven MIBC and in those
with NMIBC who failed to respond to intravesical therapy [15]. Patient characteristics
were obtained from medical records, including age at RC, sex, pathological status (pT
and pN stages), tumor grade, LVI status, carcinoma in situ (CIS), history of AC and
salvage chemotherapy (SC), recurrence, and cancer-specific death. Pathological staging was
performed according to the 2002 TNM classification. Pathological grading was performed
according to the 1973 World Health Organization classification. LVI was defined as the
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presence of cancer cells within the endothelial space; however, cancer cells merely invading
the vascular lumen were considered negative [16]. AC was performed in patients with
pT ≥ 3 disease or a positive LN status. All the patients with AC or SC received platinum-
based chemotherapy. Because this was a retrospective study, all patients found to be
eligible during the study period were included, and no formal sample size calculation was
performed. This study was conducted in accordance with the guidelines of the Declaration
of Helsinki and was approved by the Ethics Committee of Kitasato University School of
Medicine on 24 May 2017 (B17-010). Participants were informed of the study and provided
with the opportunity to opt out at any time. As this was a retrospective study, individual
written informed consent was not required.

2.2. Immunohistochemistry and Scoring

Three-micrometer thick sections from 10% formalin-fixed and paraffin-embedded
BCa tissue blocks were deparaffinized in xylene and rehydrated in a descending ethanol
series. After treatment with 3% hydrogen peroxide for 10 min, the antigen was retrieved by
autoclaving in Tris-EDTA buffer (0.01 M Tris-hydroxymethyl aminomethane, 0.001 M EDTA-
2Na, pH 9.0) at 121 ◦C for 10 min. After washing in Tris-buffered saline (TBS) for 5 min
and blocking in 0.5% casein for 10 min, the sections were reacted with 1000 times diluted
anti-CKAP4 polyclonal antibody (HPA000792; Sigma Life Science, St. Louis, MO, USA)
for 18 h at room temperature. After rinsing with TBS three times for 5 min each, samples
were treated with horseradish peroxidase-labeled polymer reagent (EnVisoin+ Dual Link
System-HRP Kit; Dako, Glostrup, Denmark) for 30 min at room temperature. After rinsing
with TBS three times for 5 min each, the sections were visualized with a Stable DAB solution
(Invitrogen, Carlsbad, CA, USA) and counterstained with Mayer’s hematoxylin. The
protocol for immunohistochemical analyses was based on a previously reported method
by Yanagita et al. [17].

The expression levels of CKAP4 were evaluated in tumor cells and in CAFs located
in the tumor stroma. We defined CKAP4-1 as CKAP4 in tumor cells and CKAP4-2 as
CKAP4 in CAFs. CKAP4-1 was immunohistochemically evaluated by determining the
intensity and percentage of positive tumor cells. Normal urothelial cells were used as an
internal control. The staining intensity of the tumor cell cytoplasm was categorized into
four groups: 0, no staining; 1, weak staining; 2, moderate staining; and 3, strong staining.
CKAP4-1 positivity was defined as cases where ≥5% of tumor cells exhibited a staining
score of 2 or 3. These scoring criteria were adapted from the study by Nagoya et al. [18].
Immunohistochemical staining for CKAP4-2 was performed based on the number of
CKAP4 positive CAFs in the tumor stroma. We categorized CKAP4-2 expression into four
groups: 0, no staining of CAF; 1, few CAFs; 2, moderate number of CAFs; and 3, significant
number of CAFs. CKAP4-2 positivity was defined as patients with scores of 2 or 3. Because
no study has evaluated CKAP4 expression in CAFs, this scoring method was adapted from
a previous report by Akanda et al. [19]. Two investigators (H.K. and Y.S.) blinded to the
clinical and pathological data, reviewed all the immunostained sections. Discordant cases
were reviewed and discussed until consensus was reached.

2.3. Statistical Analyses

In immunohistochemical analysis, the age (<65 vs. ≥65), pathological stage (pT ≤ 2
vs. ≥3), LN status (N0 vs. N1 and N2), and pathological grade (1 and 2 vs. 3) were
evaluated as dichotomized variables. The association between CKAP4 expression and
clinicopathological status (sex, age, pathological stage, LN status, pathological grade,
LVI, CIS, history of AC and SC, recurrence, and cancer-specific death) was evaluated
using Fisher’s exact test. The correlation between CKAP4-1 and CKAP4-2 expression
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was also examined. Cancer-specific survival (CSS) and recurrence-free survival (RFS)
were estimated using the Kaplan–Meier method with log-rank tests. Univariate and
multivariate analyses were performed using Cox proportional hazards analysis to estimate
the association between CKAP4 expression and clinicopathological variables. Statistical
significance was set at p < 0.05. All reported p values are two-sided. Stata 17 for Windows
(Stata, Chicago, IL, USA) was used for all analyses.

3. Results

The clinical data and archived specimens of 125 patients with BCa who underwent RC
with pelvic and iliac lymphadenectomies were initially included. Of the total, 39 patients
were excluded for the following reasons: 10 with histological variants, including squamous
cell carcinoma, adenocarcinoma, and small cell carcinoma; 15 who had been previously
treated with NAC; and 14 who were lost to follow-up. The final study group (n = 86)
comprised 67 men (78%) and 19 women (22%). None of the patients received preoperative
NAC or radiotherapy, and no distant metastases were observed at the time of diagnosis.

3.1. Immunohistochemistry

Figure 1 shows CKAP4 staining in normal urothelial and tumor tissues of the study
group. In normal urothelial tissues, umbrella cells showed strong cytoplasmic staining,
whereas the normal urothelium showed negative to weak staining, with scattered weakly
positive normal fibroblasts (Figure 1a). In tumor tissues, CKAP4 was observed in the
cytoplasm of tumor cells and CAFs at various degrees and intensities (Figure 1b–d).

  
(a) (b) 

Figure 1. Cont.
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(c) (d) 

Figure 1. CKAP4 immunoreactivity in normal urothelium and bladder cancer tissue (200× magnifica-
tion). (a) Normal urothelium. (b) Tumor cells with weak staining and a few positive CAFs. (c) Tumor
cells with moderate staining and a moderate number of positive CAFs. (d) Tumor cells with strong
staining and a significant number of positive CAFs. CKAP4, cytoskeleton-associated protein 4; CAFs,
cancer-associated fibroblasts.

3.2. Association of CKAP4 Expression with Clinicopathological Characteristics

Table 1 summarizes the clinicopathological characteristics of the 86 patients. CKAP4-1
and CKAP4-2 were positive in 61.6% (n = 53) and 39.5% (n = 34) of the patients, respectively.
During a median follow-up of 36.0 months, the proportion of patients who died of BCa or
other causes was 44.2% (n = 38) and 14.0% (n = 12), respectively. The CKAP4-1 positive
group had significantly higher proportions of patients with pT ≥ 3 (67.9% vs. 39.4%) and
positive LVI (72.0% vs. 48.4%) compared to the CKAP4-1 negative group. Similarly, the
CKAP4-2 positive group had significantly higher proportions of patients with pT ≥ 3
(73.5% vs. 46.2%), positive LVI (84.4% vs. 49.0%), positive LN metastasis (40.6% vs. 16.0%),
Grade 3 tumors (82.4% vs. 46.2%), and a history of AC (44.1% vs. 11.5%) than did the
CKAP4-2 negative group.

Table 1. Relationship between CKAP4 and clinicopathological characteristics.

Characteristics CKAP4-1 CKAP4-2

Total No. (%) Negative (%) Positive (%) p-Value Negative (%) Positive (%) p-Value

Overall 86 33 (38.4) 53 (61.6) 52 (60.5) 34 (39.5)

Age, years
Median (IQR) 65 (57–71) 65 (56–71) 64 (57–72) 65 (57–70) 64 (56–72)
<65 42 (48.8) 15 (45.5) 27 (50.9) 0.66 24 (46.2) 18 (52.9) 0.66
≥65 44 (51.2) 18 (54.6) 26 (49.1) 28 (53.9) 16 (47.1)

Sex
Male 67 (77.9) 28 (84.9) 39 (73.6) 0.28 42 (80.8) 25 (75.5) 0.43
Female 19 (22.1) 5 (15.2) 14 (26.4) 10 (19.2) 9(26.7)

pT stage
pT ≤ 2 37 (43.0) 20 (60.6) 17 (32.1) 0.014 28 (53.9) 9 (26.5) 0.015
pT ≥ 3 49 (57.0) 13 (39.4) 36 (67.9) 24 (46.2) 25 (73.5)

Lymph node status
N0 61 (74.4) 26 (83.9) 35 (68.6) 0.19 42 (84.0) 19 (59.4) 0.019
N+ 21 (25.6) 5 (16.1) 16 (31.4) 8 (16.0) 13 (40.6)

Pathological grade
G1–2 34 (39.5) 16 (48.5) 18 (34.0) 0.25 28 (53.9) 6 (17.6) 0.001
G3 52 (60.5) 17 (51.5) 35 (66.0) 24 (46.2) 28 (82.4)
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Table 1. Cont.

Characteristics CKAP4-1 CKAP4-2

Total No. (%) Negative (%) Positive (%) p-Value Negative (%) Positive (%) p-Value

LVI
Negative 30 (37.0) 16 (51.6) 14 (28.0) 0.037 25 (51.0) 5 (15.6) 0.002
Positive 51 (63.0) 15 (48.4) 36 (72.0) 24 (49.0) 27 (84.4)

Carcinoma in situ
Negative 78 (90.7) 31 (93.9) 47 (88.7) 0.70 47 (90.4) 31 (91.2) 1.000
Positive 8 (9.3) 2 (6.1) 6 (11.3) 5 (9.6) 3 (8.8)

Adjuvant chemotherapy
No 65 (75.6) 27 (81.8) 38 (71.7) 0.31 46 (88.5) 19 (55.9) 0.001
Yes 21 (24.4) 6 (18.2) 15 (28.3) 6 (11.5) 15 (44.1)

Salvage chemotherapy
No 62 (72.1) 26 (78.8) 36 (67.9) 0.32 38 (73.1) 24 (70.6) 0.81
Yes 24 (27.9) 7 (21.2) 17 (32.1) 14 (26.9) 10 (29.4)

Recurrence
No 43 (50.0) 21 (63.6) 22 (41.5) 0.075 29 (55.8) 14 (41.2) 0.27
Yes 43 (50.0) 12 (36.4) 31 (58.5) 23 (44.2) 20 (58.8)

Cancer-specific death
No 48 (55.8) 22 (66.7) 26 (49.1) 0.12 32 (61.5) 16 (47.1) 0.26
Yes 38 (44.2) 11 (33.3) 27 (50.9) 20 (38.5) 18 (52.9)

CKAP4-2
Negative 52 (60.5) 24 (72.7) 28 (52.8) 0.075
Positive 34 (39.5) 9 (27.3) 25 (47.2)

No., number; CKAP4, cytoskeleton-associated protein 4; LVI, lymphovascular invasion; IQR, interquartile range.

3.3. Survival Outcomes and CKAP4 Expression

Kaplan–Meier analysis showed that patients with positive CKAP4-1 had significantly
shorter CSS and RFS (p = 0.046, and p = 0.017, respectively; Figure 2) than patients with
negative CKAP4-1. Similarly, patients with positive CKAP4-2 had shorter CSS and RFS
than patients with negative CKAP4-2, but the differences were not significant (p = 0.085
and p = 0.058, respectively; Figure 3). The median times to cancer death and recurrence
for patients with positive CKAP4-1 were 39.3 and 28.8 months, respectively. However,
for patients with negative CKAP4-1, the median times to cancer death and recurrence
were not reached.

 
(a) (b) 

Figure 2. Probability of survival in patients with bladder cancer according to CKAP4-1 expression
estimated using Kaplan–Meier analysis. (a) Cancer-specific survival; (b) Recurrence-free survival.
CKAP4, cytoskeleton-associated protein 4.

In the univariate Cox regression analysis, independent risk factors for worse CSS
and RFS were pT ≥ 3, positive LN metastasis, and positive CKAP4-1. In the multivariate
Cox regression analysis, positive CKAP4-1 was as an independent factor for worse RFS
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(hazard ratio: 2.09, 95% confidence interval: 1.03–4.25, p = 0.041), whereas the other
clinicopathological features did not have prognostic impact regarding CSS and RFS (Table 2).

 
(a) (b) 

Figure 3. Probability of survival in patients with bladder cancer according to CKAP4-2 expression
estimated using Kaplan–Meier analysis. (a) Cancer-specific survival; (b) Recurrence-free survival.
CKAP4, cytoskeleton-associated protein 4.

Table 2. Univariate and multivariate Cox proportional hazard analyses to predict cancer-specific
survival and recurrence-free survival.

Cancer-Specific Survival

Variables Category
Univariate Multivariate

HR 95% CI p-Value HR 95% CI p-Value

CKAP4-1
Positive 2.01 0.99–4.06 0.050 1.84 0.87–3.90 0.11

Negative 1 1

CKAP4-2
Positive 1.74 0.91–3.30 0.089 1.24 0.56–2.73 0.58

Negative 1

pT stage pT ≥ 3 2.25 1.13–4.47 0.021 1.78 0.80–3.93 0.15
pT ≤ 2 1 1

Pathological grade G3 1.31 0.67–2.57 0.42 0.92 0.43–1.99 0.84
G1–2 1 1

LN status
N+ 3.01 1.52–5.94 0.001 2.11 0.95–4.71 0.066
N0 1 1

CIS
Positive 0.47 0.11–1.98 0.30 0.36 0.08–1.57 0.17

Negative 1 1

Recurrence-Free Survival

Variables Category
Univariate Multivariate

HR 95% CI p-Value HR 95% CI p-Value

CKAP4-1
Positive 2.24 1.14–4.37 0.018 2.09 1.03–4.25 0.041

Negative 1 1

CKAP4-2
Positive 1.77 0.97–3.24 0.062 1.32 0.62–2.79 0.45

Negative 1 1

pT stage pT ≥ 3 2.11 1.11–4.08 0.021 1.75 0.85–3.61 0.12
pT ≤ 2 1 1

Pathological grade G3 1.23 0.65–2.30 0.51 0.84 0.41–1.72 0.64
G1–2 1 1

LN status
N+ 2.71 1.42–5.16 0.002 1.85 0.88–3.87 0.10
N0 1 1

CIS
Positive 0.44 0.10–1.84 0.26 0.35 0.08–1.49 0.15

Negative 1 1

HR, hazard ratio; CI, confidence interval; CKAP4, cytoskeleton-associated protein 4; LN, lymph node; CIS,
carcinoma in situ.
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4. Discussion

In this retrospective analysis, we investigated the prognostic relevance of CKAP4
expression in patients with BCa who underwent RC and observed two striking findings.
First, positive CKAP4 expression was associated with more aggressive pathological features,
such as advanced pT stage and presence of LVI in tumor cells, and advanced pT stage,
tumor grade 3, presence of LVI, and LN metastasis in CAFs. Second, the multivariate
analysis adjusted for clinicopathological features revealed that CKAP4 expression in tumor
cells was an independent prognostic factor for poor RFS, whereas CKAP4 expression in
CAFs did not have a prognostic impact.

Although data on CKAP4 expression in BCa are scarce, pioneering work on the mech-
anism of CKAP4 expression in BCa cells has been reported by Sun et al. [14]. Biomarker
analysis using the cell-SELEX method identified CKAP4 as having the highest affinity
for the aptamer spl3, which had the best binding ability to BLCA 5637 cells. CKAP4 was
involved in the progression of BCa through two potential mechanisms. First, CKAP4 facili-
tates cancer invasiveness by orchestrating a central-to-peripheral gradient of cell surface
stiffness. For example, 5637 cells with CKAP4 exhibited a four-fold increase in motility
compared to CKAP4-depleted 5637 cells, with the formation of lamellipodia in the CKAP4
positive cells presumably supporting the high migration potential. Second, exosomal
CKAP4 promoted cancer metastasis. Injection of 5637 cells treated with CKAP4-containing
exosome in mice exhibited approximately twice as much metastasis compared to the con-
trol 5637 cells. To assess the clinical relevance of CKAP4, the association between CKAP4
expression and the clinicopathological characteristics of patients with BCa was investigated
by immunohistochemical analysis using a tissue microarray [14]. CKAP4 expression was
observed in the tumor cytoplasm and nucleus and was significantly associated with MIBC
and LN metastasis. As such, the mechanical properties of central-to-peripheral stiffness,
lamellipodia formation, and exosomal CKAP4 significantly correlated with the invasiveness
and metastasis of several cancers. In line with these findings, the worse prognostic value of
CKAP4-1 demonstrated in the current multivariate analysis appears reasonable [18,20–22].

Another mechanism of CKAP4 underlying the biological aggressiveness of BCa is the
interaction between CKAP4 and DKK1. The Wnt/β-catenin pathway plays a central role in
cancer progression, and intensive research has found DKK1 as a Wnt/β-catenin pathway
inhibitor [23,24]. However, recent preclinical and clinical studies have revealed that the
interaction of DKK1 and CKAP4 on the cell membrane activates the Akt signaling pathway,
wherein various types of cancers predominantly rely on cell proliferation [25,26]. In surgi-
cally resected esophageal squamous cell carcinoma, patients with both CKAP4 and DKK1
positivity showed significantly worse overall survival and RFS than those negative for both
biomarkers [25]. Moreover, either DKK1 or CKAP4 knockdown suppressed cell growth
in vitro and xenograft tumor formation via the Akt signaling pathway, and anti-CKAP4
antibody has also been demonstrated to show an antitumor effect in pancreatic cancer
cells [25,26]. Although no study has reported an association between CKAP4 and DKK1,
Shen et al., using western blotting, reported higher DKK1 expression levels in urothelial
carcinoma tissues than in the normal urothelium [27]. The correlation between CKAP4
expression in tumor cells and poor RFS with advanced clinicopathological characteristics
in the present study may represent the interaction of CKAP4 and DKK1. We believe that
CKAP4 is worth highlighting as a novel prognostic and therapeutic biomarker for advanced
BCa, and our findings encourage further studies to validate this hypothesis.

We observed varying levels of CKAP4 expression in CAFs within the tumor stroma,
which were significantly associated with more aggressive clinicopathological features.
These findings suggest that CKAP4 expression in CAFs may also be a useful biomarker for
predicting the aggressive BCa phenotype. Although there are no reports on CKAP4 expres-
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sion in CAFs, Gladka et al. identified CKAP4 as a novel biomarker for activated cardiac
fibroblasts in a single-cell sequencing analysis, and CKAP4 was shown to be involved in
myofibroblast activation in in vitro experiments [28]. Yang et al. reported the classification
of CAFs into distinct subtypes that function as specific markers; in particular, myofibroblast-
like CAFs (myCAFs) were found to be activated through direct interaction with cancer cells
and exhibited dual tumor-restraining and tumor-promoting roles [29]. Du et al. performed
an analysis using the TCGA database and reported that high expression of the myCAF
marker gene was significantly associated with more advanced T-stage and worse overall
survival and RFS in BCa [30]. Because myCAFs share many characteristics with myofibrob-
lasts, it is reasonable that CKAP4 activates myCAFs similarly to myofibroblasts, promotes
an aggressive phenotype of BCa and worsens survival outcomes [31,32]. However, CKAP4
expression in CAFs was not significantly associated with poor CSS or RFS. In terms of RFS,
the CKAP4 positive group was significantly associated with cases that received prior AC,
suggesting that CKAP4 expression did not induce poor RFS due to the treatment effect of
AC. In contrast, CKAP4 positivity was not associated with SC, and the reason it did not
cause significantly poorer CSS remains unclear. Although these findings are intriguing, the
functional role of CKAP4 in CAFs was not analyzed in this study. Further investigations,
including in vitro and in vivo studies, are needed to elucidate its biological significance.

To our knowledge, this is the first clinical study to demonstrate that CKAP4 expression
in tumor tissue may be a useful prognostic biomarker for patients with BCa who undergo
RC. Unlike currently available diagnostic biomarkers such as NMP22 and BTA, CKAP4
provided a novel insight into the risk of postoperative recurrence. Moreover, recent studies
have reported serum or urine-based biomarkers [33,34]. In the present study, CKAP4 was
evaluated in surgical specimens, and its expression can be considered to be independent
of serum or urinary biomarkers. This suggests that CKAP4 could be used in combination
with serum or urinary biomarkers to improve clinical decision-making.

While searching for literature on CKAP4 in PubMed and other databases, reports
related to p63 were often presented in the results. Although both gene products have
a molecular weight of 63,000, the CKAP4 protein is mainly localized in the cytoplasm
and cell membrane [12,17,35], whereas the p63 protein is expressed in the nucleus and is
known as one of the p53-related antigens [36]. Furthermore, the CKAP4 gene is located
on chromosome 12q23.3 (OMIM: 618595), while the p63 gene is on chromosome 3q27-28
(OMIM: 603273). Therefore, these are different molecules. The expression of CKAP4
in human normal tissues and various tumors, as reported by The Human Protein Atlas
(http://www.proteinatlas.org), is also localized in the cytoplasm and cell membrane;
therefore, these proteins should not be confused with one another.

The present study had some limitations. First, it was a single-center, retrospective
study with a limited sample size. Second, RC was performed by different surgeons, and
the selection of postoperative chemotherapy regimens such as AC and SC depended on
the preference of each doctor; this may have affected the results. Third, we did not include
patients who received immune-checkpoint inhibitors or enfortumab vedotin. Future studies
including these therapies may show different results. Fourth, some patient characteristics
such as smoking status and occupational exposure to industrial chemicals or toxins were
not included, although they may have influenced patients’ prognosis. Further studies
addressing these limitations are required to validate our findings. Finally, although CKAP4
expression in CAFs was evaluated, its biological function was not investigated in this
study. The functional significance should be explored using in vitro and in vivo models in
future studies.
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5. Conclusions

The expression CKAP4 in tumor cells and CAFs was significantly associated with an
aggressive BCa phenotype. CKAP4 expression in tumors was an independent prognostic
factor for RFS in patients with BCa who underwent RC. The findings of this study indicate
that CKAP4 expression in tumors has potential as a novel biomarker for predicting tumor
aggressiveness and poor prognosis in cases of BCa. Previous studies on CKAP4 in BCa are
limited and involved basic research. Therefore, this clinical study using real-world data is
crucial for determining the usefulness of CKAP4 as a novel clinical biomarker for BCa.
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