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SUMMARY
The conventional neoadjuvant chemotherapy regimen for locally advanced penile squamous cell carcinoma
(La-PSCC) has shown moderate response rates and survival benefits. This single-arm, phase II trial
(NCT04475016) evaluated a neoadjuvant regimen of four cycles of toripalimab (anti-PD-1 antibody), nimotu-
zumab (anti-EGFR antibody), and taxol-based chemotherapy (TNT), followed by consolidative surgery. The
primary endpoint was the pathological complete response (pCR) rate. Among 29 enrolled patients, 24
(82.8%) underwent consolidative surgery, with 14 (48.3%, 95% confidence interval [CI], 29.4–67.5%)
achieving pCR. The objective response rate (ORR) was 82.8% (95% CI, 64.2–94.2). Median follow-up was
39.97 months, with two-year overall survival (OS) and progression-free survival (PFS) rates of 72.4% and
65.5%. Grade 3–4 treatment-related adverse events (TRAEs) occurred in 12 (41.4%) patients, with no treat-
ment-related deaths. Biomarker analysis identified PD-L1 expression, TP53 mutation status, and CD8+ T cell
density as potential predictivemarkers. Therefore, neoadjuvant TNT shows promising anti-tumor activity and
acceptable toxicity.
INTRODUCTION

Penile squamous cell carcinoma (PSCC) is a rare disease with a

prevalence of 0.1–1 per 100,000men in developed countries, but
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it constitutes up to 10% of malignancies in men in some regions

of Africa, Asia, and South America.1,2 Locally advanced penile

squamous cell carcinoma (La-PSCC) has a dismal prognosis.3–6

The 5-year survival rate of patients with pelvic lymph node
blished by Elsevier Inc.
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metastasis is lower than 17%.7,8 Neoadjuvant chemotherapy

combined with consolidative surgery is the current standard of

care for La-PSCC, which is recommended by the National

Comprehensive Cancer Network and the European Association

of Urology guidelines.9,10 The neoadjuvant regimen of paclitaxel,

ifosfamide, and platinum (TIP) only yielded an objective response

rate (ORR) of 50.0%, a pathological complete response (pCR)

rate of only 10%, a median time to progression of 8.1 months,

and median overall survival (OS) of 17.1 months in a prospective

phase II trial for N2-3M0 La-PSCC.11 Nonetheless, 63% of pa-

tients suffered tumor recurrence or progression, and the median

OS for second-line salvage therapy was only 5.6 months.12

Therefore, there is an urgent need to identify and offer more

effective systemic therapies to improve the survival of La-PSCC.

Owing to the high expression of human epidermal growth fac-

tor receptor (EGFR, >90% of cases) and programmed death-

ligand 1 (PD-L1, expressed in 48%–62% of cases), coupled

with pronounced immune cell infiltration, EGFR blockade and

immunotherapy are considered compelling therapeutic avenues

for PSCC.13–17 However, single-agent EGFR inhibitors, such as

panitumumab, nimotuzumab, and the oral agent dacomitinib,

have demonstrated ORRs of approximately 30%.18–20 The

ORR of PD-1/PD-L1 blockades as monotherapy ranges from

0% to 16.7%, reflecting limited efficacy in PSCC.21,22 The recent

LACOG study reported an ORR of 39.4% for first-line pembroli-

zumab combined with chemotherapy in advanced PSCC, with a

median progression-free survival (PFS) of 5.4 months and me-

dian OS of 9.6 months.23 Another prospective study evaluating

the anti-EGFR monoclonal antibody CDP1 in combination with

TIP chemotherapy (paclitaxel, ifosfamide, cisplatin) demon-

strated a promising ORR of 73.7%, though the median PFS

was limited to just 6.9 months. Several trials have demonstrated

promising outcomes and acceptable toxicity of immune check-

point inhibitors (ICIs) combined with targeted therapy and

chemotherapy in other malignancies.24,25 Pre-clinical evidence

also supported the synergistic effects of combining ICIs and

EGFR inhibitors or chemotherapy.26,27 Therefore, we hypothe-

sized that a triple combination strategy of ICI, EGFR inhibitor,

and chemotherapy might be effective in La-PSCC. Our retro-

spective case series (17 cases) primarily reported the durable

benefit of first-line PD-1 inhibitor plus anti-EGFR antibody and

cisplatin-based chemotherapy in high-risk cT1-4N3M0-1 La-
PSCC, with 2-year PFS and OS rates of 68.4% and 62.9%,

respectively.28 Consequently, we initiated this prospective

phase II trial to validate further the safety and efficacy of the triple

combination regimen of toripalimab (anti-PD-1), nimotuzumab

(anti-EGFR), and taxol-based chemotherapy (TNT) as neoadju-

vant treatment in patients with high-risk La-PSCC.

RESULTS

Patient characteristics and treatment
Between August 12, 2020, and January 10, 2022, among the 54

patients evaluated for eligibility, 29 patients were enrolled in this

study (FigureS1). Themedianagewas57 (31–71) years. All 29pa-

tients were diagnosed with cTx-4N3M0 stage, in which ten pa-

tients had fixed inguinal lymph node metastasis, and 19 patients

had imagingpelvic lymphnodemetastasis. Eight (27.6%)patients

had human papilloma virus (HPV) type 16/18 infection. The

detailed characteristics of these 29 patients are shown in Table 1.

Twenty-four patients (82.8%) completed four cycles of neoad-

juvant TNT and underwent consolidative surgery (including bilat-

eral or unilateral inguinal lymph node dissection or pelvic lymph

node dissection). The other five patients discontinued TNT after

1 to 3 cycles due to disease progression (n = 3), grade 3 asthenia

(n = 1), or withdrawal (n = 1) (Figure S1). Themedian time from the

initiated date of the last cycle of neoadjuvant TNT to surgery was

28 days (range 20–39). All of the operated patients reached R0

resection. The median number of dissected inguinal and pelvic

lymph nodes were 22 (range 1–45) and 23 (7–60), respectively.

Primary endpoint
The trial proceeded due to seven of the first ten patients

achieving a pCR in the first stage. Of all enrolled patients, two

and 12 achieved ypTisN0M0 and ypT0N0M0, respectively (Fig-

ure 1A). The pCR rate was 48.3% (14/29, 95% confidence inter-

val [CI], 29.4–67.5) in all enrolled patients (Table S1). Represen-

tative radiologic images of three pCR patients are shown in

Figures S2A and S2B.

Secondary endpoints
In all 29 patients, the ORR was 82.8% (24/29, 95% CI, 64.2–

94.2%) after four cycles of neoadjuvant TNT, with the CR

and PR rate as 10.3% (3/29, 95% CI, 2.2–27.4%) and 72.4%
Cancer Cell 43, 970–980, May 12, 2025 971
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Table 1. Baseline clinical characteristics of the 29 patients

Characteristic Value

Age (years), median (range) 57 (31–71)

Smoking history, no. (%)

No 11 (37.9)

Yes 18 (62.1)

ECOG performance-status scorea, no. (%)

0 1 (3.4)

1 19 (65.6)

2 9 (31.0)

Clinical tumor stageb, no. (%)

Tx 12 (41.4)

T1-3 4 (13.8)

T4 13 (44.8)

Clinical lymph nodal stageb, no. (%)

N3 29 (100)

Inguinal lymph node metastasisc 10 (34.5)

Pelvic lymph node metastasis 19 (65.5)

Inguinal skin involvement, no. (%)

Absent 11 (37.9)

Present 18 (62.1)

Extranodal extension, no. (%)

Absent 7 (24.1)

Present 22 (75.9)

Previous local therapy, no. (%)

Absent 6 (20.7)

Partial penectomy 19 (65.5)

Total penectomy 2 (6.9)

Unilateral ILND 7 (21.4)

Bilateral ILND 6 (20.7)

HPV status, no. (%)

Negative 21 (72.4)

HPV 16/18 type 8 (27.6)

Histopathologic stage, no. (%)

I 8 (27.6)

II 16 (55.2)

III 5 (17.2)

ECOG, Eastern Cooperative Oncology Group; ILND, inguinal lymph no-

des dissection; HPV, human papilloma virus; AJCC, American Joint Com-

mittee on Cancer; PSCC, penile squamous cell carcinoma.

See also Figure S1.
aECOG performance-status scores range from 0 to 5 with 0 indicating no

symptoms and higher scores indicating greater disability.
bClinical stage was assessed by the 8th edition of the AJCC TNM staging

system for PSCC.
cAccompany with fixed inguinal lymph node metastasis or extranodal

extension.
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(21/29, 95% CI, 52.8–86.6%), respectively. Three of the 29 pa-

tients (3/29, 10.3%) had stable disease (SD), and two patients

(2/29, 6.90%) suffered progressive disease (PD) during neoadju-

vant TNT (Table S1E and Figure 1B).

As of June 30, 2024, the median follow-up time was 39.97

(95% CI, 35.695–44.245). Six (25.0%) of 24 operated patients
972 Cancer Cell 43, 970–980, May 12, 2025
suffered radiographic recurrence after surgery. Nine (9/29,

31.0%) patients died of disease progression (Figure 1C). Both

median PFS and OS were not reached. Kaplan-Meier analysis

yielded an estimated 2-year PFS rate of 65.5% (95% CI, 48.3–

82.7) and a 2-year OS of 72.4% (95% CI, 56.1–88.7) (Figures

1D and 1E).

Subgroupanalysis showed that patientswho achievedpCRhad

significantly longer PFS (median NR [not reached] vs.

13.27 months, hazard ratio [HR] 0.105, 95% CI, 0.020–0.567, p =

0.01) and OS (median NR vs. NR, HR 0.148, 95% CI, 0.024–

0.909, p = 0.048) than those without pCR (Figures S2C and S2D).

In patients with radiologic clinical response (CR or PR), both PFS

(median NR vs. 2.47 months, HR 0.067, 95% CI, 0.005–0.862,

p < 0.001) and OS (median NR vs. 10.5 months, HR 0.063, 95%

CI, 0.005–0.776, p < 0.001) were significantly longer than those

of non-responders (SD or PD) (Figures S2E and S2F).

Safety
Any grade treatment-related adverse events (TRAEs) occurred in

all patients (Table 2). The most common grade 1/2 TRAEs

included alopecia (29/29), decreased appetite (27/29), and pe-

ripheral sensory neuropathy (23/29). Twelve (41.4%) patients

experienced grade 3/4 TRAEs, and no treatment-related death

occurred. The most common grade 3–4 TRAEs included neutro-

penia (7/29), anemia (3/29), febrile neutropenia (2/29), and rash

(2/29). The most common potentially immune-related adverse

events were grade 1/2 hypothyroidism (5/29), hyperthyroidism

(3/29), and adrenal insufficiency (2/29). Three patients had a

dose reduction due to grade 3/4 TRAEs, and one patient discon-

tinued treatment because of grade 3 asthenia. Incidence of

grade 3/4 TRAEs was higher in patients with ECOG-PS = 2

than those with PS < 2 (55.6% [5/9] vs. 35% [7/20]), with no sta-

tistical significance (p = 0.42) (Table S2).

Postoperative complications
The most common short-term (within 30 days after surgery)

postoperative complications were lymphatic fistula (87.5%,

grade 1 or 2) and lower extremity edema (29.2%, grade 1 or 2).

No patients died due to postoperative complications. The main

complications after 30 days of surgery included lower extremity

edema (37.5%, grade 1 to 2) and scrotal edema (37.5%, grade 1

or 2) (Table S3).

Adjuvant therapy
In 24 operated patients, 18 received at least one cycle of adju-

vant toripalimab therapy. The median cycle of adjuvant toripali-

mab was 4 (range 1–17). Only three patients completed one

year (17 cycles) of adjuvant toripalimab. None of the patients

received adjuvant radiotherapy.

Biomarker analyses
All 26 evaluated specimens presented microsatellite stability

(MSS) status by immunohistochemistry (IHC) (Figures S3A–

S3D). All patients were EGFR positive (Figure S3E). pCR was

not significantly associated with baseline variables, including

HPV status (Table S4). Patientswith PD-L1 expression had a bet-

ter treatment response (p = 0.034), with no significant associa-

tions found with other variables like HPV status (Figures 2A,

Table S5, S3F, and S3G).



Figure 1. Anti-tumor response of TNT

(A) Pathological tumor regression in the operated population according to pathological assessment (n = 24). Dashed lines at -100% represent a pathological

complete response.

(legend continued on next page)
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Among 29 patients, 26 had evaluable PD-L1 status, and 17

tested positive for PD-L1 expression (65.3%). Responders pre-

sented higher PD-L1 expression proportion scores than non-re-

sponders (p = 0.019) (Figure 2B). Both PFS and OS benefit was

observed in patients with PD-L1 positive expression (median

PFS NR vs. 9.7 months, HR 0.182, 95% CI 0.042 to 0.800, p =

0.006; median OS NR vs. 33.37 months, HR 0.259, 95% CI

0.057 to 1.172, p = 0.045) (Figures 2C and 2D).

The genomic landscape of 28 tumor samples revealed muta-

tions in 85.7% of cases (24/28), with TP53 being the most

frequently altered gene (43%), followed by MUC4 (32%), FAT1

(29%),NOTCH1 (25%), andDNAH14 (25%) (Figure 2E). Mutation

patterns were predominantly missense mutations. Although dif-

ferences in mutation frequencies between pCR and non-pCR

groups (Figure 2F) were not statistically significant, TP53 muta-

tions were significantly more frequent in PD/SD cases compared

to PR/CR cases (Figure 2G, p < 0.05). TP53wild-type (TP53-WT)

patients showed a trend toward improved PFS compared to

TP53-mutated (TP53-MUT) patients (HR 3.446, 95% CI: 0.889–

13.37, p = 0.061, Figure 2H). In Figure 2I, TP53-WT patients

demonstrated significantly better OS than TP53-MUT patients

(HR 5.239, 95% CI: 1.241–22.12, p = 0.022). Tumor mutational

burden (TMB) levels did not differ significantly between pCR

and non-pCR groups (p = 0.98, Figure 2J) or between PR/CR

and PD/SD groups (p = 0.68, Figure 2K).

Transcriptomic analysis (Figure 2L) revealed higher CD8+ T cell

levels in pCR compared to non-pCR patients (p = 0.02 and p =

0.19, Figures 2M and 2N) and in PR/CR compared to PD/SD pa-

tients (p = 0.01 and p = 0.007, Figures 2O and 2P). Total T cell

abundance, cytotoxicity scores, and B cell levels were also

significantly higher in PR/CR patients (all p < 0.05, Figure 2P).

Immunohistochemical analysis further validated these findings,

showing increased CD8+ T cell density in responsive compared

to non-responsive samples (p = 0.04, Figures 2Q and 2R). These

results underscore the role of CD8+ T cell infiltration in predicting

therapeutic response.
DISCUSSION

In this phase II trial, we evaluated the efficacy and safety of neo-

adjuvant toripalimab and nimotuzumab combined with chemo-

therapy (TNT) in La-PSCC. TNT trial met its primary endpoint

with a pCR rate of 48.3% in all enrolled patients. The pCR rates

in patients with high-risk cT4/cN3M0 stage were better than

those of standard chemotherapy, which reported a pCR rate of

10–13.6% for TIP chemotherapy in patients with N2-3M0

stage.11 Our findings suggest that among patients with La-

PSCC, TNT regimen showed a promising antitumor activity

with acceptable toxicity.
(B) Radiologic tumor regression of the best percentage of the target lesions chang

at 20% and -30% represent the RECIST v1.1 cut-off to define progressive disea

(C) The duration of response in all enrolled patients (n = 29). Bar indicates prog

responses, according to the RECIST v1.1. The plots with different colors show d

was defined as patients who had neither progressed nor died at the time of anal

(D and E) Kaplan-Meier curves for progression-free survival (D) and overall sur

response; RECIST, the response evaluation criteria in solid tumors; CR, complet

See also Figure S2 and Table S1.

974 Cancer Cell 43, 970–980, May 12, 2025
pCR is a powerful predictive factor for the effectiveness of

neoadjuvant treatment and prognosis of long-term survival in

several malignancies, such as rectal cancer, breast cancer,

and bladder cancer.29–31 Previous studies showed that pCR

rates were approximately 0–20% in PSCC patients treated

with neoadjuvant chemotherapy.11,32–36 Our study had a pCR

rate of 48.3%, the highest reported so far, with only one patient

with pCR experiencing disease recurrence. The ORR, including

CR and PR, is also used to assess the impact of neoadjuvant

chemotherapy, reflecting the sensitivity of chemotherapy and

predicting patient outcomes. The ORR of 82.8% is also the high-

est among all La-PSCC reports to date.

The difference in numbers between patients reported to

achieve complete pathological responses (n = 14) and patients

reported to achieved clinical complete responses (n = 3) sug-

gested that radiological assessments might underestimate the

effectiveness of neoadjuvant therapies. Imaging focusing on

changes in tumor size and potentially overlooking cellular death

or necrosis may not accurately reflect tumor regression, espe-

cially in PSCC with the N3 stage. These bulky tumors often

exhibit necrosis, posing a challenge in accurately assessing

complete response through imaging alone.37–39

With a median follow-up time of 40 months, we observed that

2-year PFS and OS rates were 65.5% and 72.4%, respectively.

These findings are consistent with our previous retrospective

study (2-year PFS 68.4%) and also superior to historical data of

neoadjuvant chemotherapy and first-line monotherapy with

EGFR or ICI inhibitors.19,22,28 Previous trials investigating TPF

(cisplatin/5-FU/paclitaxel) and TIP in clinical N2-3 patients re-

ported ORRs of 38%–60%, with median PFS ranging from 7.0 to

8.1months andmedianOSbetween 10.1 and 17.1months.11,34,40

Necchi et al. evaluated the oral EGFR inhibitor dacomitinib as a

first-line treatment in clinical N2-3 or M1 PSCC, reporting an

ORR of 32.1% in the overall cohort, with a median PFS of

4.3 months and median OS of 20.0 months in the La-PSCC sub-

group.19 The PERICLES study of 32 patients with advanced

PSCCreportedanORRof16.7%andamedianOSof11.3months

for atezolizumab alone or in combination with radiotherapy.22 In

addition, the LACOG study reported a 39.4% ORR for first-line

pembrolizumab plus chemotherapy in advanced PSCC, with me-

dian PFS and OS of 5.4 and 9.6 months, respectively.23 A recent

trial combining the anti-EGFR antibody CDP1 with TIP chemo-

therapy achieved a promising ORR of 73.7%, though median

PFS was limited to 6.9 months. These findings are aligned with

the BEATcc trial, where the addition of immunotherapy to a stan-

dard targeted therapy and chemotherapy regimen led to signifi-

cant improvements in PFS and OS among cervical cancer pa-

tients.41 Inhibiting the EGFR signaling pathway has direct

antitumor effects and boosts immune response by activating nat-

ural killer cells and increasing immune cell infiltration.42 These
e from baseline in all enrolled patients according to RECIST v1.1. Dashed lines

se and partial response, respectively (n = 29).

ression-free survival. The triangles with different colors show different clinical

ifferent pathological responses after consolidative surgery. Response ongoing

ysis.

vival (E) in all enrolled patients (n = 29). PD, progressive disease; PR, partial

e response; SD, stable disease.



Table 2. Adverse events of TNT

Adverse events, no (%) Grade 1-2 Grade 3 Grade 4

Alopecia 29(100%) 0 0

Decreased appetite 27(93.1%) 0 0

Peripheral sensory neuropathy 23(79.3%) 1(3.4%) 0

Anemia 19(65.5%) 3(10.3%) 0

Nausea 19(65.5%) 0 0

Constipation 15(51.7%) 0 0

Pyrexia 11(37.9%) 0 0

Neutropenia 9(31.0%) 5(17.2%) 2(6.9%)

Dizziness 9(31.0%) 0 0

Pruritus 9(31.0%) 0 0

Asthenia 8(27.6%) 1(3.4%) 0

Skin pigmentation 8(27.6%) 0 0

Myalgia 8(27.6%) 0 0

Hypomagnaesemia 8(27.6%) 0 0

Arthralgia 7(24.1%) 0 0

Vomiting 7(24.1%) 0 0

Hyponatremia 7(24.1%) 0 0

Hypercholesterolemia 7(24.1%) 0 0

Hypertriglyceridemia 6(20.7%) 0 0

Hyperglycemia 6(20.7%) 0 0

Rash 6(20.7%) 2(6.9%) 0

Abdominal pain 6(20.7%) 0 0

Diarrhea 5(17.2%) 0 0

Hypothyroidism 5(17.2%) 0 0

Stomatitis 4(13.8%) 0 0

Increased aminotransferase 4(13.8%) 0 0

Increased creatinine 3(10.3%) 0 0

Hyperthyroidism 3(10.3%) 0 0

Thrombocytopenia 3(10.3%) 0 0

Insomnia 3(10.3%) 0 0

Adrenal insufficiency 2(6.9%) 0 0

Hypokalemia 2(6.9%) 0 0

Hyperbilirubinemia 1(3.4%) 0 0

Headache 1(3.4%) 0 0

Febrile neutropenia 0 2(6.9%) 0

See also Tables S2 and S3.
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results highlight the potential efficacy of utilizing a combination of

novel targeted agents to treat advanced PSCC.

Overall, neoadjuvant TNT was well tolerated, with a toxicity

profile consistent with TIP chemotherapy, toripalimab, and ni-

motuzumabmonotherapy. Grade 1 to 2 TRAEs, such as alopecia

and hematological toxicity, were higher than those reports of

chemotherapy plus ICIs, potentially as a result of the combina-

tion of multiple medications.43,44 In addition, peripheral sensory

neuropathy (79.3%) of TNT was higher than that of the TIP

regimen. Several studies showed that the prevalence of periph-

eral sensory neuropathy associated with albumin-bound pacli-

taxel is more significant than that observed with conventional

paclitaxel, potentially attributable to the elevated dosing regimen

of albumin-bound paclitaxel.45
We observed that the incidence of early or delayed postoper-

ative complications, such as scrotal edema, hemorrhage, and

seroma in our trial was higher than those of patients treated

with traditional TIP chemotherapy, which potentially attributed

to the high proportion of patients with N3 stage conducted pelvic

plus inguinal lymph node dissection simultaneously. Moreover,

the TNT regimen itself potentially increased the incidence of

postoperative complications as well. Since there were only two

patients who suffered grade 3 postoperative complications, we

think that its impact on the quality of life of the patients is minute.

Randomized control trials to confirm our results are needed.

Moreover, in patients with CR, further research on avoiding sur-

gery or reducing the scope of operation is warranted.

Consistent with previous studies regarding La-PSCC,46 no pa-

tients were observed to have baseline proficient MSS in our trial.

PD-L1 expression was an effective biomarker for predicting the

response of ICIs.47 We found that positive PD-L1 expression

(TPS >1%) was associated with better treatment response and

longer PFS/OS in La-PSCC, suggesting that exploring the best

cut-off value of PD-L1 expression in a larger sample size is

needed. Notably, all four patients with PD-L1 TPS >50% in this

study were responders, with no disease progression observed

aftermore than 32months of follow-up.Moreover, it is necessary

to explore more potential treatment options for patients without

PD-L1 expression. The HERCULES trial suggests TMB as a po-

tential biomarker for immunotherapy combined with chemo-

therapy in PSCC.23 Similarly, in our study, all three patients

with TMB >10 mutations/Mb achieved pCR, supporting TMB

as a potential marker for penile cancer suitability of immuno-

therapy. Consistent with prior studies, TP53 has been identified

as the most commonly mutated gene in PSCC48,49 and is closely

associated with survival outcomes.50–52 In our study, TP53 mu-

tations were significantly correlated with reduced therapeutic

response and poorer survival outcomes following TNT treat-

ment, highlighting its potential role as a predictive biomarker in

PSCC. Previous studies indicated that a high infiltration rate of

CD8+ T cell was associated with improved PFS in patients with

PSCC receiving immunotherapy,22 and our results found higher

intratumoral CD8+ T infiltration in pretreatment samples of re-

sponders however this warrants further investigation. Beyond

exploring combination therapies, future PSCC treatment should

prioritize the development of novel targets. Whole-exome sequ-

encing has revealed frequent mutations in CDKN2A, NOTCH1,

and PIK3CA, indicating potential avenues for targeted interven-

tions.53 Additionally, a significant portion of metastatic PSCC

cases may respond to treatments targeting the mTOR, DNA

repair, and tyrosine kinase pathways.54,55 These findings high-

light the need for integrating newmolecular targets into the treat-

ment framework, advancing personalized and potentially more

effective therapies for PSCC.

Limitations of the study
Firstly, this is a phase II study with a limited sample size among

Chinese PSCC patients; hence, the generalizability of these find-

ings in a broader, ethnically diverse patient population would be

needed. The Global Society of Rare Genito-urinary Tumors

(GSRGT) endeavors to rectify disparities in funding, occurrence

rates, and knowledge allocation through global collaboration;

such an idea is worthy of our study.21 While a large phase III trial
Cancer Cell 43, 970–980, May 12, 2025 975
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could provide robust data for broader adoption, designing such

studies for rare cancers like PSCC is challenging due to low inci-

dence and limited patient recruitment. A multicenter phase II trial

offers a practical alternative, enabling broader recruitment and

delivering solid data on efficacy and safety.56 This approach

can establish the therapeutic potential and guide future random-

ized trials. Secondly, due to the lower prevalence of HPV infec-

tion in the Chinese population compared to Western popula-

tions, we did not observe a significant difference in treatment

response between patients with and without HPV infection.

Therefore, additional validation of these findings among a larger

sample is necessary. Thirdly, the biomarker analysis using

whole-exome and transcriptome sequencing was not pre-spec-

ified in the trial design, potentially introducing bias to exploratory

post hoc findings. Finally, the long-term durable survival benefit

of TNT remains to be observed.

Our findings indicate that TNT has promising benefits in the

neoadjuvant settings of patients and offers an effective multi-

agent therapeutic option in managing La-PSCC. A randomized

phase II/III trial, likely through a large collaborative group and

across a global patient population to validate our results is war-

ranted in establishing this as an additional standard treatment in

the management of PSCC.
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Data and code availability

The Whole-exome sequencing (WES) data and the RNA-seq raw data used in

our study have been deposited in the SRA-NCBI (www.ncbi.nlm.nih.gov/sra),
Figure 2. Genomic, transcriptomic, and immunohistochemical profiling

treatment response and survival

(A) The distribution of PD-L1 expression between responders (CR/PR) and non-

presenting positive stains. p values were calculated by the two-way Fisher’s exa

(B) The comparison of the presence of tumor cell expression PD-L1 score between

with n = 21 in PR/CR and n = 5 in PD/SD. p values were calculated using the tw

(C and D) Kaplan–Meier curves of (C) progression-free survival and (D) overall su

log-rank test.

(E) Genomic landscape of 28 tumor pretreatment samples from 28 patients show

status, response type, PD-L1 status, and HPV status.

(F and G) Comparison of mutation frequencies between pCR and non-pCR group

proportion; with n = 14 in pCR and n = 14 in non-pCR; with n = 24 in PR/CR and

(H and I) Kaplan-Meier survival analysis of PFS (H) and OS (I) stratified by TP53 m

(J and K) Tumor mutational burden (TMB) analysis in relation to pCR status (J) and

pCR and n = 14 in non-pCR; with n = 24 in PR/CR and n = 4 in PD/SD.

(L) Immune cell profiling using CIBERSORT (relative fraction) and MCP-counter (a

patients).

(M–P) Analysis of CD8+ T cells and other significantly different cell populations, in

data (28 pretreatment samples from 23 patients) stratified by pCR status (I and K)

n = 10 in pCR and n = 18 in non-pCR; with n = 23 in PR/CR and n = 5 in PD/SD.

(Q and R) Immunohistochemical analysis of CD8+ T cell density, with representativ

(37 pretreatment samples from 26 patients). Data in bar graphs are shown asmean

in PD/SD. PD-L1, programmed death-ligand 1; NR, not reached; NE, not estima

response; CR, complete response; PD, progressive disease; PR, partial respons

See also Figure S3, Tables S4, and S5.
SRA accession: PRJNA1215548 (SRR32128796- SRR32128823 for WES and

SRR32120503- SRR32120530 for RNA-seq). Any information required to rean-

alyze the data reported in this paper is available from the lead contact upon

request. This study did not generate any new code.
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Anti- MLH1 antibody Abcam ab214441
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Anti- MSH6 antibody Abcam ab214454

Anti- PMS2 antibody Abcam ab110638

Biological samples

Penile cancer biopsy samples Sun Yat-sen University Cancer Center N/A

Paraffin penile cancer sections Sun Yat-sen University Cancer Center N/A

Deposited data

Raw RNA-seq data This paper SRA: SRR32120503- SRR32120530

Raw WES data This paper SRA: SRR32128796- SRR32128823

Critical commercial assays

HPV detection kit ACON Biotechnology Co., Ltd. AK20120007

Software and algorithms

R software 4.2.3 R Project https://www.r-project.org

Graphpad Prism 9.0 GraphPad Software www.graphpad.com

HALO software Indicalab https://www.indicalab.com/

Adobe Illustrator 2023 Adobe https://www.adobe.com/

Mutect2-GATK McKenna et al.57 https://gatk.broadinstitute.org/hc/en-

us/articles/360037593851-Mutect2

ANNOVAR Wang et al.58 https://annovar.openbioinformatics.

org/en/latest/

CIBERSORT Newman et al.59 http://timer.comp-genomics.org/

MCP-counter Becht et al.60 http://timer.comp-genomics.org/

Maftools package Mayakonda et al.61 https://github.com/PoisonAlien/Maftools

Other

Clinical trial registration number https://clinicaltrials.gov/ NCT04475016
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Study design and participants
This was a prospective, single-center, single-arm, open-label, investigator-initiated, phase II trial (ClinicalTrials.gov number,

NCT04475016) to determine the efficacy and safety of the TNT regimen in a neoadjuvant setting, using Simon’s two-stage optimal

design. The screened patients included those initially diagnosed in our center or referred from 18 medical centers in ten provinces of

China. The major inclusion criteria were age 18-75, histologically confirmed La-PSCC (either cT4 or cN3 and M0, according to the

staging criteria of the 8th American Joint Committee on Cancer [AJCC]) was confirmed by radiological imaging through enhanced

computed tomography (CT) or magnetic resonance imaging (MRI), with at least one measurable lesion according to the Response

Evaluation Criteria in Solid Tumors (RECIST) version 1.1, an Eastern Cooperative Oncology Group (ECOG) performance-status (PS)
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score % two, an estimated survival time over 12 months; and adequate organ function. Patients who received previous systemic

therapy were excluded. The full inclusion and exclusion criteria are provided in the protocol (Data S1).

This study was reviewed and approved by the Institutional Review Board of Sun Yat-sen University Cancer Center ethical commit-

tee (B2020-103-01). We conducted this study in accordance with the Declaration of Helsinki. All the patients have provided written

informed consent. This trial was registered on ClinicalTrials.gov (NCT04475016).

Systematic treatment
Patients received toripalimab (anti-PD-1 monoclonal antibody, Junshi Biosciences Co., Ltd., Shanghai, China) 240mg intravenously

on day 1, nimotuzumab (anti-EGFR monoclonal antibody, Biotech Pharmaceutical Co., Ltd, Beijing, China) 400mg intravenously on

day 1, and chemotherapy (albumin-bound paclitaxel 260mg/m2 on day 1, cisplatin 25mg/m2 on day 1-3 and ifosfamide 1200mg/m2

on day 1-3) intravenously every three weeks, to a maximum of four cycles, or until dose-limiting toxicity or disease progression or

patient withdrawal. Prophylactic granulocyte colony-stimulating factor (G-CSF) was allowed to be administrated after 24-48h of

chemotherapy. The radiologic assessment was performed every six weeks and was independently reviewed by two blinded radiol-

ogists. Consolidative surgery was assessed and performed following neoadjuvant TNT for patients who were medically fit and had

resectable residual lesions in the preoperative radiologic assessment as previously described.62 The principle of surgery was R0

resection. Patients who were unresectable after neoadjuvant TNT were offered palliative therapy. One-year of adjuvant toripalimab

(240 mg IV every 3 weeks) was recommended, with the decision primarily guided by physician (based on adverse tumor pathological

characteristics and underlying suspicion of disease recurrence) and patient preference. The study profile is shown in Figure S1. All

patients were scheduled follow-up visits every three months for the first year after surgery and were continued according to the study

protocol. Additional details are provided in the study protocol (Data S1).

Consolidated surgery details
The alternative type of consolidative surgery includes penectomy (partial or total), unilateral or bilateral modified radical inguinal

lymph node dissection (ILND), unilateral or bilateral pelvic lymph node dissection (PLND), and adjacent flap transfer. The surgery

extent was based on the pre-TNT radiological imaging burden of the disease and the need for consolidative surgical resection to

resect all sites of suspected disease following oncologic standards in the management of this disease, as detailed above.

The range of consolidative surgery included primary penile tumor (if there is one), inguinal lymph node, or pelvic lymph node, de-

pending on the residual disease. If there was a residual primary penile tumor, partial penectomy or total penectomy plus urinary diver-

sion was performed depending on the residual disease and the residual length of the penis.

Themodified unilateral or bilateral inguinal lymphadenectomy to remove residual disease was based on the previous reports of our

center; the boundaries of dissection were the apex of the femoral triangle distally, the sartorius muscle laterally, the adductor longus

muscle medially, and the inguinal ligament superiorly. To ensure a negative resection margin, the saphenous vein, muscle fascia, or

the skin invaded by the lymph node surface can be excised if necessary. The transfer of the adjacent skin flap or myocutaneous flap

was performed to cover the exposed vasculature and provide rapid wound healing without tension.

The scope of pelvic lymphadenectomy included the genitofemoral nerve outside, the ureter inside, the common iliac vessels prox-

imally, the inside of the bladder distally, and the Cloquet node distal to the femoral canal. Unilateral or bilateral pelvic lymph node

dissection depends on the location of inguinal and pelvic lymph node metastases, and open or laparoscopic surgery depends on

the decision of the surgeon. Additional details are provided in the study protocol (Data S1)

METHOD DETAILS

Outcomes
The primary endpoint was the pCR rate, defined as the percentage of patients achieving pCR in all enrolled patients. pCRwas defined

as no residual invasive tumor cell in the resected tumor sites (ypTis/T0N0M0). The pCRwas assessed using the 8th edition AJCC TNM

cancer staging systemby two pathologists independently, and another (the 3rd) urological pathologist reviewed all specimens blindly

to the results. Secondary end points included ORR (defined as the percentage of patients who had the best response of complete

response [CR] or partial response [PR]), PFS (defined as the time from the initiation of neoadjuvant TNT until disease progression

[included local and/or distant progression] or death from any cause), OS (defined as the time from the initiation of neoadjuvant

TNT until death from any cause) and safety. Clinical responses were evaluated through enhanced CT or MRI according to the

RECIST v1.1 every six weeks. Adverse events were graded according to the National Cancer Institute Common Terminology Criteria

for Adverse Events (NCI-CTCAE version 4.0). Postoperative complications were graded through the modified Clavien-Dindo system.

HPV detection and immunohistochemistry
Human papillomavirus (HPV) status in fresh-frozen tumor samples was assessed at a central laboratory using fluorescence quanti-

tative polymerase chain reaction assay. Formalin-fixed, paraffin-embedded tumor samples obtained from 26 of 29 patients (89.6%)

were available to evaluate the expression of PD-L1 (JS311, Junshi Bioscience), EGFR (ab52894, Abcam), mismatch repair proteins

(MLH1, MSH2, MSH6, and PMS2) by immunohistochemical (IHC) assay. PD-L1 positive status was defined as the presence ofR1%

of tumor cells with membrane or cytoplasm staining. Positive expression of EGFRwas defined as >5% of positive-stained cells in the

tumor. Mismatch repair (MMR) status was determined according to the expression of MLH1, MSH1,MSH6, and PMS2 by IHC assay.
e2 Cancer Cell 43, 970–980.e1–e3, May 12, 2025
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The deficient mismatch repair (dMMR) status was defined as the absent expression of more than one MMR protein which indicated

microsatellite instability-high (MSI-H), and proficient mismatch repair (pMMR) tumors had normal MMR protein expression, which

indicated microsatellite stability (MSS) or microsatellite instability-low (MSI-L). All of the specimens were analyzed and counted

by 2 masked independent pathologists (J.T.J and Y.C.Z) without knowledge of any clinical information. CD8+ T cell infiltration

were validated by at IHC assay from 37 samples from 26 patients. CD8+ T cell density was quantified using HALO software (Indica

Labs).

Whole-exome sequencing (WES) analysis
Tumor samples andmatched normal tissues were obtained from 28 patients with penile squamous cell carcinoma (PSCC). DNA was

extracted and quantified. Libraries were prepared using the Agilent SureSelect XT Human All Exon V6 kit and sequenced on an Illu-

mina platform. Raw sequencing data were processed using the GATK pipeline. Briefly, reads were aligned to the human reference

genome (hg38) using Burrows Wheeler Aligner (BWA) software. Duplicates were marked using Picard Tools, and base quality recali-

bration was performed using Genome Analysis Toolkit (GATK v4.2). Somatic single-nucleotide variants (SNVs) and insertions/dele-

tions (indels) were identified using Mutect2, with tumor-only mode enabled for unmatched samples. High-confidence variants were

annotated using ANNOVAR and filtered based on allele frequency, read depth, and functional impact. Mutation frequencies were

calculated for each gene, and the topmutated genes were visualized. TMBwas computed by normalizing the total number of eligible

somatic mutations to the size of the captured exonic region, approximately 38megabases for the Agilent SureSelect Human All Exon

V6 kit. The results were expressed as mutations per megabase (mut/Mb), and the maftools package (v2.14.0) in R was utilized for

calculation and visualization.

Transcriptomic analysis and immune cell profiling
Total RNA was extracted using the RNeasy Mini Kit (Qiagen) and sequenced on an Illumina NovaSeq 6000 platform. Reads were

aligned to the hg38 genome using STAR, and gene expression was normalized to TPM values. Immune cell profiling was conducted

using CIBERSORT (relative abundance) and MCP-counter (absolute abundance) through the TIMER 2.0 online platform.

QUANTIFICATION AND STATISTICAL ANALYSIS

Simon’s two-stage optimal design was used with the null hypothesis of a 10% pCR rate, which was the historical pCR rate of the

standard neoadjuvant TIP regimen in La-PSCC.11,63 This design would yield a one-sided alpha level of 5% and a power of 80% if

the true pCR rate is 30%. In the first stage, ten patients were accrued. If there were > 1 patient who achieved pCR, the study would

proceed to the second stage with an additional 19 patients. The study result was considered positive if more than five of the 29 pa-

tients achieved pCR. PFS duration was censored for patients meeting any of the following criteria: (1) initiation of new anticancer

therapy prior to documented disease progression or death; (2) death or disease progression following two consecutive missed dis-

ease assessment visits; or (3) patients alive without documented disease progression at the study’s conclusion. OS duration was

censored at the last day of follow up for patients who were still alive. Kaplan-Meier method was used to estimate the median PFS

and OS or the survival rates at fixed time points. Log-rank test was used to conduct subgroup analysis. A Cox proportional hazards

model was performed to calculate the hazard ratios (HR) and 95% confidence intervals (CI). The proportional hazards assumption

was tested using Schoenfeld’s residuals. Chi-square test or Fisher’s exact test was used to assess the association of variables

with pCR or treatment response. The two-sided p-value of 0.05 or less was considered to indicate statistical significance. Additional

details are provided in the study protocol (Data S1, p 40 - 42)

ADDITIONAL RESOURCES

Clinical trial registration number: NCT04475016 (https://clinicaltrials.gov/ct2/show/NCT04475016).
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