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Adoptive cell therapy using tumor-infiltrating lymphocytes (TIL) can achieve durable responses in patients with metastatic cancers, but the long-term clonal dynamics after multiple administration and synergy with checkpoint blockade remain understudied. We present a longitudinal case study of a patient with treatment-refractory metastatic prostate cancer that achieved complete and durable tumor remission over 5-years after multiple TIL infusions and anti-PD-1 therapy. We performed longitudinal high-throughput T-cell receptor (TCR) sequencing on blood and tumor samples collected over five years to track the persistence and dynamics of TIL-derived and endogenous clonotypes. TIL-derived clonotypes exhibited sustained persistence in blood, with notable clonal expansions correlating with reduced repertoire diversity, increased clonality, and observed clinical response. Multiple TIL administration increased the patient exposure to the therapy, improving its pharmacokinetics profile over time. The third TIL infusion was followed by pembrolizumab administrations, which coincided with the re-expansion of TIL-derived clonotypes and emergence of novel clones. Serial tracking revealed clonotype stability for up to five years post-treatment. Our findings provide insights into the long-term persistence and reactivation of TIL-derived immunity and illustrate the potent synergy between adoptive transfer and PD-1 blockade by enhancing both infused and endogenous tumor-reactive T cell responses, and supporting the integration of longitudinal immunogenomic monitoring in personalized immunotherapy.
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Introduction

Adoptive transfer of tumor-infiltrating lymphocytes (TIL) has become a cornerstone of immunotherapy in advanced melanoma and other solid tumors. A recent review and meta-analysis reported an objective response rate (ORR) of 34% in patients previously treated with immune checkpoint blockade (ICB) and 44% in treatment-naïve melanoma patients (1). In advanced non–small-cell lung cancer (NSCLC), TIL therapy achieved an ORR of 21.4% (2). Responses have also been observed in cervical cancer (44%) (3), head and neck squamous-cell carcinoma (38.9%) (4), and breast cancer (50%) (5), whereas “cold” tumors such as gastrointestinal and ovarian cancers have shown poorer outcomes, ranging from 0% (6, 7) to 16.7% (8). These variable outcomes underscore both the current limitations of TIL therapy in immunologically “cold” tumors and the opportunity to develop strategies that extend its efficacy across a broader range of cancers.

The efficacy of TIL therapy can be further enhanced through tumor-specific T-cell selection protocols and cell engineering techniques (9) or by combining with ICB, with multiple trials currently evaluating different combination strategies (10). In NSCLC, the ORR increased to 64.3% with the addition of anti–PD-1 therapy (11). Similarly, in cervical cancer, TIL monotherapy responses improved to 57.1% when combined with pembrolizumab (4). Synergistic benefits have also been observed in immunologically “cold” tumors, such as chemotherapy-resistant metastatic osteosarcoma, where an ORR of 36.7% was achieved with the addition of nivolumab (12), supporting the potential to broaden the application of TIL therapy to additional hard-to-treat indications.

Mechanistic studies have sought to correlate patient baseline features, tumor characteristics, TIL product profiles, and post-infusion dynamics with clinical responses, aiming to identify biomarkers that optimize efficacy and help overcome resistance (10, 13). Durable outcomes have consistently been linked to the persistence and function of tumor-reactive T-cell clones (13, 14), emphasizing the importance of monitoring immune repertoire dynamics (15). Advances in high-throughput T-cell receptor (TCR) sequencing now allow precise tracking of infused and endogenous T-cell populations, providing insights into their persistence, expansion, and clonal evolution over time (16). Building on this, recent studies suggest that sequential TIL administrations, with or without ICB, can augment antitumor activity by broadening and sustaining T-cell responses (17–22). Similar to repeated CAR-T infusions, which have prolonged remission by preventing antigen escape and maintaining T-cell persistence (23–25), multiple TIL infusions may improve pharmacokinetics and pharmacodynamics by sustaining T-cell activity, promoting deeper tumor infiltration, and enhancing clinical outcomes (21). Beyond strengthening persistence, these strategies may also foster the emergence of new clonotypes, potentially mitigating relapse driven by antigen loss or T-cell exhaustion (17). Nonetheless, the long-term clonal evolution induced by sequential TIL infusions and staggered checkpoint blockade remains poorly defined, particularly in tumor types beyond melanoma.

Here, we present a five-year longitudinal case study of a patient with metastatic castration-resistant prostate cancer (mCRPC) who underwent three sequential TIL infusions, followed by pembrolizumab administration (18). The present follow-up leverages serial TCRβ sequencing of blood and tumor samples to define the long-term fate of infused clonotypes, their redistribution across compartments, and the immunologic consequences of post-TIL PD-1 blockade. This analysis offers a unique, high-resolution view of clonal persistence, diversification, and reactivation in the context of combined adoptive cell transfer and checkpoint inhibition.





Methods




Patient and treatment overview

This case study involved a patient with metastatic castration-resistant prostate cancer (mCRPC) treated under compassionate use regulations in Germany (18). The patient received three autologous TIL infusions over a period of six months, followed by anti-PD-1 therapy (pembrolizumab). Each infusion was preceded by lymphodepletion with a single intravenous dose of cyclophosphamide (30 to 60 mg/kg) and followed by low-dose interleukin-2 (600,000 IU/kg; 4 to 5 doses based on tolerance). Clinical responses were assessed using radiographic imaging and RECIST criteria as previously reported (18).





TIL manufacturing

Tumor-infiltrating lymphocytes (TILs) were expanded from surgical tumor biopsies as previously described (18). In brief, tumor material was processed at Zellwerk GmbH (Berlin, Germany) using a fully closed, GMP-compliant perfusion bioreactor system. Tumor fragments (~8 mm³) were cultured in a 30MM perfusion bioreactor for initial outgrowth (phase 1) and subsequently transferred to a 500MM bioreactor for large-scale expansion (phase 2). Cultures were maintained in GMP-grade CellGenix DC medium supplemented with 10% human serum and 1% antibiotics, under automated control of pH, pO2, and temperature. For TIL-1 and TIL-2, cytokine supplementation included IL-2, IL-15, and IL-21, whereas TIL-3 was expanded with IL-2 only during the second phase. Activation was initiated once with anti-CD3 (OKT3) and irradiated allogeneic feeder cells. Final products were washed, formulated in 5% albumin, and released for infusion under ATMP-compliant conditions. TIL-1 and TIL-2 were generated from the same biopsy (June 2018), while TIL-3 was derived from an independent biopsy (January 2019).





Sample collection

Peripheral blood mononuclear cells (PBMCs) were collected at baseline, post-infusion timepoints (Days +1 to +30), and periodically over five years. Tumor biopsies were obtained prior to the first infusion and approximately two months following the second infusion. Infused TIL products were sampled prior to administration. All specimens were processed and cryopreserved using standardized protocols.





TCRβ sequencing and analysis

RNA extracted from PBMCs, tumor biopsies, and TIL products using standard methods were used for the high-throughput sequencing of the TCRβ CDR3 region. Library preparation and sequencing was performed at CeGaT (Tübingen, Germany). Sequence reads were mapped, clonotypes were identified based on nucleotide and amino acid identity, and their frequencies calculated.

Clonotypes detected in the infused TIL product were defined as “TIL-derived.” Metrics including clonality (1–Pielou’s evenness), Shannon diversity index and D50 were calculated using established methods. TCR similarity was quantified using the Morisita–Horn index, which ranges from 0 (no overlap) to 1 (identical repertoires) (16). Longitudinal tracking of TIL-derived and endogenous clonotypes was performed across all timepoints. Expansion and contraction dynamics of TCR clonotypes between samples were analyzed using a two-sided binomial test with Bonferroni correction, with significance set at P < 0.01 (19).

Pharmacokinetic parameters—Cmax (peak frequency), Tmax (time to peak), and AUC (area under the curve)—were computed for each TIL infusion based on clonal frequency trajectories. Inter-compartmental overlap and clonotype sharing were assessed between tumor, blood, and TIL compartments.






Case presentation

The patient was a male in his 70s diagnosed with mCRPC characterized by rapid clinical progression and poor response to prior standard treatments, including androgen deprivation therapy, docetaxel chemotherapy, and second-line hormonal agents (18). A total of three autologous TIL infusions (TIL-1, TIL-2, TIL-3) were administered over a span of six months, with each infusion followed by systematic blood and tumor sampling (Figure 1A). TILs were expanded from a soft tissue metastasis biopsy, followed by ex vivo rapid expansion using anti-CD3/CD28 stimulation and irradiated feeder cells under GMP conditions. No enrichment for antigen specificity was performed. The infused products consisted of unselected CD3+ lymphocytes, with infusion doses ranging from 1.4 × 109 to 8.0 × 109 total T cells per treatment. Each infusion was preceded by a single-dose intravenous cyclophosphamide (60 mg/kg) and followed by low-dose IL-2 support (600,000 IU/kg, 1–5 doses depending on tolerance).
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Figure 1 | Longitudinal tracking of TIL-derived clonotypes, diversity, and clonal expansion following serial TIL infusions and anti-PD-1 therapy. (A) Timeline of treatments, clinical events (SD, stable disease; PR, partial response; CR, complete response), and serial blood/tumor sample collection. (B) Tracking of the top 20 most frequent clonotype from TIL-1 infusion across different samples. (C) Proportion of TIL-derived, unique, and blood-borne clonotypes over time, illustrating durable engraftment and tracking of infused TILs. (D) Pharmacokinetic parameters (Cmin, Tmax, Cmax, AUC) for TIL-derived clonotypes across TIL-1, TIL-2, and TIL-3 infusions, quantifying magnitude and kinetics of TIL engraftment and expansion. (E) Clonality, D50 (number of clones comprising 50% of the repertoire), diversity, and overlap between blood and tumor across multiple timepoints, from pre-treatment to 5 years post-infusion. Infused TIL products were omitted from this panel to improve visualization of repertoire dynamics across blood and tumor samples. (F) Distribution of TCR clonotypes classified as hyperexpanded (>1% of the repertoire), large (0.1–1%), medium (0.01–0.1%), or small (<0.01%) in blood and tumor samples, illustrating peaks of clonal expansion following TIL infusions and subsequent anti–PD-1 therapy.

Following the first TIL infusion, the patient experienced disease stabilization (SD). A second infusion was given six weeks later, after which a post-treatment biopsy was performed on Day 60 to evaluate tumor infiltration. Imaging studies at this time demonstrated a partial response (PR). The third infusion, administered approximately six months after the first, was combined with pembrolizumab (200 mg IV every 3 weeks for four doses) starting on the day of infusion. This decision was based on the presence of residual disease and aimed to enhance T-cell function and prevent immune escape. Complete response (CR) was subsequently confirmed by imaging and maintained throughout a five-year follow-up period.

Peripheral blood samples were collected at baseline, following each TIL infusion, and periodically during long-term follow-up. TCRβ sequencing was performed on peripheral blood mononuclear cells (PBMCs), the infused TIL products, and tumor biopsies (pre-treatment and post-TIL-2) (16). TCR repertoire metrics—including clonality, diversity (Shannon index), D50, and inter-sample overlap (14, 16) —were used to track the fate and dynamics of TIL-derived, blood-borne, and novel clonotypes over time.





Results

To assess the clonal dynamics and persistence of TIL-derived clonotypes, we performed high-throughput TCR sequencing on serial blood and tumor samples collected before and after three TIL infusions and anti-PD-1 therapy (15, 16, 18). Sample collection spanned a five-year period and aligned with major clinical interventions and milestones (Figure 1A) (18).

We tracked the frequency of the top 20 clonotypes from TIL-1 infusion across different samples and timepoints. Remarkably, no TIL-derived clonotypes were detected in the baseline blood sample, confirming that all tracked clonotypes originated from the infused product. Each TIL infusion was followed by clonal expansion events in the blood, reflected by increased clonality and decreased diversity, consistent with transient proliferation of dominant clonotypes (Figure 1B). These expansion patterns mirrored clinical improvement, suggesting that the magnitude of TIL-derived clonal expansion reflects therapeutic response (13). To confirm the clonotype dynamics and long-term persistence, we performed full TCR overlap analyses between samples and classified each clonotype as TIL-derived (present in the infused TIL product but absent at baseline blood sample), unique (detected only in a given sample), or blood-borne (shared across blood samples but not TIL-derived). This approach enabled mapping of the frequency of all TIL-derived clonotypes in each compartment and confirmed their expansion patterns as well as their durable persistence throughout follow-up. (Figure 1C). This stability reinforces the concept of durable engraftment of transferred TILs and ongoing immunologic surveillance (2, 15, 17). Notably, clonotypes from the first TIL product showed long-term persistence, supporting sustained immune engagement.

Additionally, dominant TIL-derived clonotypes present in the infused TIL product were subsequently identified the tumor biopsy collected two months post second infusion (Figures 1B, C), providing some evidence that successful TIL infiltration into the tumor microenvironment contributed to the observed clinical response. The temporal association between peaks in TIL-derived clonal expansion and clinical improvement (SD to PR to CR) further underscores the role of TIL tumor infiltration in achieving sustained therapeutic benefit (13).

The second infusion (TIL-2) induced a modest expansion, while the third infusion (TIL-3), co-administered with pembrolizumab, was associated with a renewed and delayed peak in TIL-derived clonotypes (Figure 1C).

Pharmacokinetic analysis of TIL-derived clonotypes—measured using peak frequency (Cmax), time to peak (Tmax), and area under the curve (AUC)—demonstrated that TIL-1 had the highest initial clonal expansion, while TIL-3 produced a delayed but substantial response, temporally aligned with PD-1 blockade (Figure 1D). TIL-2 showed a lower AUC overall, possibly due to insufficient activation or rapid contraction. These trends suggest that repeated TIL infusions can elicit variable expansion profiles and that immune checkpoint blockade may potentiate secondary clonal proliferation. The sustained detection of TIL-derived clonotypes at high frequency long after each infusion, particularly following repeated dosing, demonstrates that serial TIL therapy could promote prolonged engraftment and persistence, as demonstrated in CAR-T therapy (14, 23).

We further analyzed the structure of the TCR repertoire to identify shifts in clonal dominance. During periods of maximal expansion, the repertoire was characterized by an increase in overlap between blood/tumor sample and TIL product, higher clonality and frequency of hyperexpanded clones, with a corresponding reduction in smaller clonal populations resulting in reduced TCR diversity (Figures 1E, F). These periods coincided with transitions from SD to PR and later to CR, supporting the notion that therapeutic efficacy was associated with a narrowed but more tumor-specific TCR repertoire (15). Although this pattern aligned with radiographic response transitions, causality cannot be firmly established in a single-patient study.

To evaluate tumor infiltration, we examined the overlap between dominant TCR clonotypes in the infused TIL product and post-infusion tumor biopsy. A subset of these clonotypes was detected in the tumor two months after the second infusion, suggesting trafficking and persistence in the tumor microenvironment (Figures 2A–C). Clonotypes originally identified in the pre-treatment tumor were found across compartments—infused TILs, blood, and post-treatment tumor—indicating broad systemic circulation and potential re-infiltration (Figures 2B, C). The clonotypes exhibited dynamic patterns of expansion and contraction between compartments, overall demonstrating in vivo expansion. These findings support the notion that tumor-derived T-cells not only expand systemically but also effectively home back to the tumor site and contribute to anti-tumor activity (15, 17). This is further supported by the observation that the most dominant expanding clonotypes coincided with clinical improvement (Figures 2D, E).
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Figure 2 | Clonotype sharing and anti-PD-1–mediated expansion of TIL-derived and novel clonotypes. (A) Clustering of samples based on TCR overlap, calculated using the Morisita–Horn index. This index ranges from 0 to 1, with 0 indicating private repertoires (no shared clonotypes) and 1 indicating public repertoires (identical clonotypes). (B) Tracking of the top 20 clonotypes present in the pre-TIL tumor sample across TIL-1 product, blood samples and tumor sample post-TIL infusion. “Tumor Pre–TIL-1” refers to the biopsy collected at the same time as the sample used for TIL manufacturing, while “Tumor Pre–TIL-3” refers to the biopsy collected after the second TIL infusion. (C) Overlap of dominant TCR clonotypes between pre-TIL tumor, infused TIL product, and post-TIL tumor, demonstrating infiltration and persistence of TIL-derived clonotypes within the tumor microenvironment. The numbers on the ternary plot axes represent the relative proportion of each clonotype within the three samples—Tumor Pre–TIL-1, TIL-1, and Tumor Pre–TIL-3. Each point reflects one clonotype, positioned according to its normalized abundance across the samples. (D) Scatterplots comparing TCR clone frequencies pre- and post-TIL treatment. Clones that were significantly expanded (green) or contracted (red) post-treatment based on a binomial test (two-sided, Bonferroni corrected P value < 0.01) are highlighted. (E) Bar plot of fraction of clones based on their status as quantified from panel (D, F) Frequency of top 20 TIL-1–derived clonotypes in blood pre- and post-anti-PD-1, and distribution of these clonotypes within tumor samples post-TIL therapy and anti-PD-1 treatment, illustrating the amplification and diversification of anti-tumor immune responses. (G) Scatterplot comparison TCR clonotypes in blood samples before and after anti-PD-1 therapy, showing expansion of both TIL-derived and novel clonotypes. (H) Bar plot of fraction of clones based on their status.

Following anti-PD-1 therapy, we observed expansion of both infused and previously undetected TCR clonotypes (Figures 2F–H). Among the top 20 clonotypes derived from TIL-1, several exhibited renewed expansion post-pembrolizumab and were also present in post-treatment tumor tissue. These findings support the hypothesis that PD-1 blockade may reinvigorate exhausted TIL-derived T cells and enhance both the proliferation and tumor-homing capacity of effective T-cell clones (20) as well promote the emergence of new anti-tumor clonotypes (19), as previously shown in other solid tumors.





Discussion

Together, these findings provide strong evidence that multiple adoptive TIL dosing can induce durable immune reprogramming, while delayed PD-1 blockade can reawaken and amplify this response, promoting both persistence and diversification of tumor-reactive T-cells. This case provides longitudinal evidence for the durable engraftment, expansion, and reactivation of TIL-derived clonotypes following adoptive cell transfer and subsequent PD-1 blockade (18). Serial TCR sequencing revealed that peaks of TIL-derived clonal expansion were temporally associated with clinical response and ongoing disease control.

Importantly, anti-PD-1 therapy administered months after TIL infusion led to a robust secondary expansion of both original TIL-derived and novel clonotypes, resulting in durable complete response and suggesting that checkpoint blockade can reinvigorate transferred clones and promote new tumor-reactive responses (19, 20). These findings support the use of sequential or combination immunotherapies, as reinforced by recent translational studies (14, 15, 17, 21).

A recent phase 2 trial in gastrointestinal cancers showed that combining neoantigen-selected TILs with pembrolizumab increased the ORR from 7.7% to 23.5% (17),. These tumor responses are notable given the relatively low tumor mutational burden (TMB) in these cancers, as TMB has been associated with response to TIL therapy (26, 27). This demonstrates that TILs, particularly when combined with checkpoint blockade, can elicit activity even in low-mutation cancers traditionally considered less responsive to immunotherapy. Moreover, the combination of TIL with anti–PD-1 therapy achieved a 23% ORR in NSCLC patients who were previously resistant to PD-1 therapy (28), indicating that combinatory therapies can be effective across a broad range of malignancies. Here, through longitudinal TCR tracking, we demonstrate durable persistence and reactivation of TIL-derived tumor-reactive clonotypes after adoptive TIL transfers combined with anti–PD-1 therapy, supporting prolonged clinical remission.

Amaria et al. reported a lack of objective responses in recurrent or refractory ovarian cancer, colorectal cancer, and pancreatic ductal adenocarcinoma patients treated with TIL therapy (6). Although no responses were observed, 63% of patients achieved stable disease with evidence of antitumor activity. These findings suggest that multiple administrations or combination strategies may be required to enhance TIL efficacy and induce responses in immunologically “cold” tumors that are otherwise difficult to treat with a single infusion. Consistent with this, we have recently shown that serial TIL infusions promoted tumor infiltration of TIL-derived CD8+ clonotypes and led to complete disease remission in glioblastoma (22), indicating that repeated dosing may improve the pharmacokinetics and pharmacodynamics of TIL therapy and help drive clinical responses.

mCRPC patients are generally refractory to ICB (29, 30) due to the presence of exhausted and dysfunctional T-cells (31), a low TMB (32), and an immunosuppressive microenvironment enriched in myeloid cells that dampen T-cell responses (33). These immune evasion mechanisms may be overcome by modulating myeloid–T-cell interactions (31) or through combinatorial immunotherapies (34). Here we demonstrate that combining polyclonal TILs with ICB could reshape the tumor microenvironment, enable effective immune responses, and achieve complete disease remission.

While our observations suggest a temporal association between TIL-derived clonal expansion and clinical improvement, this relationship should be interpreted cautiously given the single-patient nature of the study. The patterns of clonality and diversity did not consistently align with each infusion, highlighting the complexity of immune dynamics in adoptive therapy. This may reflect saturation of dominant clones, exhaustion, or homeostatic mechanisms limiting further expansion. Additionally, while the blood and tumor repertoires shared several dominant clonotypes, they also showed notable divergence, particularly after TIL-3. This likely reflects distinct selective pressures in circulation versus the tumor microenvironment, or differences in sampling depth. The tumor biopsy obtained prior to TIL-3 was collected at a later timepoint than the blood samples shown in Figure 2B, and should be interpreted in that context.

Several clonotypes were shared between the baseline tumor (Tumor Pre–TIL-1) and the post-TIL tumor collected before the third infusion (Tumor Pre–TIL-3). However, the most frequent clonotypes in the initial tumor markedly decreased in the later sample, indicating clonal remodeling between lesions. This pattern suggests that, in addition to the persistence of infused TIL-derived clonotypes, new endogenous T-cell populations may have been recruited or expanded in response to evolving tumor antigens.

This longitudinal case study illustrates the complex immunologic dynamics associated with repeated TIL infusions and delayed PD-1 blockade in a patient with metastatic prostate cancer. We observed detectable persistence of TIL-derived clonotypes in peripheral blood for up to five years, with dynamic patterns of clonal expansion and contraction following each infusion. Notably, the combination of adoptive cell therapy with subsequent checkpoint inhibition was temporally associated with re-expansion of previously infused clonotypes and emergence of novel TCRs.

While these findings suggest that sequential TIL dosing and delayed PD-1 therapy may support durable antitumor immunity, they must be interpreted within the context of a single-patient study. Nevertheless, our data highlight the value of longitudinal TCR tracking to evaluate the pharmacokinetics, biodistribution, and activation of infused lymphocytes in adoptive immunotherapy. Future studies incorporating multi-patient cohorts and functional assays are warranted to further define the mechanisms underlying durable responses.
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