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Abstract

:

HER-2/neu is the human epidermal growth factor receptor 2, which is associated with the progression of prostate cancer (PCa). HER-2/neu-specific T cell immunity has been shown to predict immunologic and clinical responses in PCa patients treated with HER-2/neu peptide vaccines. However, its prognostic role in PCa patients receiving conventional treatment is unknown, and this was addressed in this study. The densities of CD8+ T cells specific for the HER-2/neu(780–788) peptide in the peripheral blood of PCa patients under standard treatments were correlated with TGF-β/IL-8 levels and clinical outcomes. We demonstrated that PCa patients with high frequencies of HER-2/neu(780–788)-specific CD8+ T lymphocytes had better progression-free survival (PFS) as compared with PCa patients with low frequencies. Increased frequencies of HER-2/neu(780–788)-specific CD8+ T lymphocytes were also associated with lower levels of TGF-β and IL-8. Our data provide the first evidence of the predictive role of HER-2/neu-specific T cell immunity in PCa.
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1. Introduction


T cell-mediated antitumor immunity has been recognized as a favorable biomarker for the outcome of any cancer therapy, also including immunotherapies, especially those based on immune checkpoint inhibition (ICI). It is now becoming clear that anticancer drugs mediate their beneficial therapeutic effects by generating responses de novo or reinvigorating endogenous antitumor responses [1,2]. Along similar lines, immunomodulating monoclonal antibodies reactivate pre-existing tumor-specific immunity by specifically blocking immune checkpoints or their ligands [3,4,5]. Given the importance of endogenous antitumor immune responses in the efficacy of ICI, it is conceivable that therapeutic cancer vaccines may have a beneficial role by increasing the frequencies of tumor peptide-specific T lymphocytes.



In prostate cancer (PCa), alongside the well-known prostate-specific antigen (PSA), several reports have demonstrated the increased expression of the human epidermal growth factor receptor 2 (HER-2/neu) in patients with localized and more advanced hormone-resistant disease [6,7,8]. In fact, the expression of HER-2/neu has been found to vary among patients, mainly depending on the stage of the disease and androgen dependence, with androgen-independent, metastasized tumors being characterized by overexpression of the receptor [9,10], while patients with primary, untreated disease seem to lack identifiable HER-2/neu levels [11]. However, in patients with localized, previously untreated PCa, upregulation of HER-2/neu has been significantly associated with high Gleason scores [8,12]. Overall, HER-2/neu has been correlated with worse outcomes in patients with prostate cancer, including poor survival rates and an increased incidence of biochemical recurrence [13]. HER-2/neu has been spotlighted as a survival-promoting factor for PCa cells during the progression of the hormone-refractory disease, since it is capable of activating certain androgen receptor pathways [14,15]. Interestingly, downregulation of the HER-2 receptor has been documented in response to testosterone blockade in PCa patients [16]. Therefore, targeting HER2/neu represents a promising therapeutic intervention for PCa patients.



The HER-2/neu(780–788) nonamer has been demonstrated to induce HER2-specific human cytotoxic T lymphocytes capable of lysing HLA-A24+ human tumor cell lines, thus representing a valuable therapeutic target [17,18]. Moreover, work from our laboratory has shown that the HER-2/neu(776–790) epitope (encompassing the HER-2/neu(780–788) sequence) functions as a potent tumor-immunogenic epitope capable of priming CD4+ T cells to synergize with autologous CD8+ T cells for enhanced cytotoxic antitumor activity [19,20]. In our previous work [21], we reported that a peptide vaccine targeting HER-2/neu(776–790) administered in PCa patients could expand the frequencies of CD8+ T cells specific for several HER-2/neu and PSA peptides, some of which are associated with clinical efficacy. However, so far, evidence for the contribution of antitumor T cell immunity to the clinical outcomes of PCa patients under standard treatments is lacking. In the present study, we showed a favorable prognostic role of the increased frequencies of CD8+ T cells specific for HER-2/neu(780–788) in PCa patients receiving conventional therapies.




2. Results


The frequencies of CD8+ T cells specific for HER-2/neu(780–788) in PCa patients’ peripheral blood were determined by multiparameter flow cytometry with the MHC peptide dextramer HLA-A*24:02-HER-2/neu(780–788). Following gating according to their FSC/SSC properties, PBMCs were subgated to CD3+ lymphocytes, which were further subgated to CD8+ T lymphocytes. HLA-A*24:02-HER-2/neu(780–788)+ lymphocytes were assessed within the gate representing CD8+ T lymphocytes after subtraction of the corresponding negative control values (Figure 1a). Following this methodology, we could detect various frequencies of CD8+ T lymphocytes specific for HER-2/neu(780–788) among our patient cohort, which ranged from 0.02–1.72% (median = 0.49%; Figure 1b).



Interestingly, PCa patients with high total frequencies of the HER-2/neu(780–788)-specific CD8+ T lymphocytes (above the 0.49% median frequency value and up to 1.72%; n = 33) had significantly better clinical outcomes regarding progression-free survival (PFS), compared with those with low frequencies of such CD8+ T lymphocytes (below the median value of 0.49% and down to 0.02%; n = 32) (Figure 2; p = 0.0404). This is an important finding, given that patients belonging to these groups did not differ significantly in their clinicopathological parameters based on age, pathologic T, PSA, and Gleason score (Table 1). The levels of HER-2/neu(780–788)-specific CD8+ T lymphocytes did not differ significantly between patients on the basis of their Gleason score (≤7, n = 31 vs. >7, n = 33; p = 0.4562).



To obtain a better understanding of the differences in PFS, we analyzed the levels of IL-8 and TGF-β in the two PCa patient groups. Both of these play essential roles in the progression of PCa [22,23] As shown in Figure 3, the median TGF-β and IL-8 levels in patients with high frequencies of HER-2/neu(780–788)-specific CD8+ T lymphocytes were 35.73 ng/mL and 2.735 pg/mL (red circles), respectively. The median levels of both mediators were significantly higher in patients with low frequencies of HER-2/neu(780–788)-specific CD8+ T lymphocytes: 46.17 ng/mL for TGF-β and 12.44 pg/mL for IL-8 (green circles).



As also shown in Figure 4, there was a significant indirect association between the levels of IL-8 and TGF-β and the percentage of patients expressing high vs. low frequencies of HER-2/neu(780–788)-specific CD8+ T lymphocytes: 23 out of 32 PCa patients with high frequencies (72%) had lower levels of either one of these cytokines in the peripheral blood (Figure 4a,b). The multi-variable analysis that was performed to correlate the high vs. low frequencies of HER-2/neu(780–788)-specific CD8+ T lymphocytes with TGF-β or IL-8 levels revealed Pearson correlation coefficients of 0.9972 and 1.000 with p-values of 0.0473 and 0.0009, respectively. This indirect association was much more profound when TGF-β and IL-8 levels were jointly analyzed: 15 of 16 patients (93.75%) with low levels of TGF-β and IL-8 had high frequencies of HER-2/neu(780–788)-specific CD8+ T lymphocytes (Figure 4c). The opposite was true for patients with low frequencies of HER-2/neu(780–788)-specific CD8+ T lymphocytes: 22 of 31 patients (71%) had high TGF-β or IL-8 levels (Figure 4a,b) whereas 84.21% of these patients (16 of 19) had high TGF-β and IL-8 levels concomitantly (Figure 4c). The multi-variable analysis that was performed to correlate high vs. low frequencies of HER-2/neu(780–788)-specific CD8+ T lymphocytes with TGF-β and IL-8 levels (high or low) revealed Pearson correlation coefficients of 0.9991 and 0.9999, with p-values of 0.0138 and 0.0091 for high TGF-β and IL-8, and low TGF-β and IL-8, respectively.




3. Discussion


HER-2/neu is a tumor antigen that is found to be overexpressed in 10–30% of different types of adenocarcinomas [24]. Among its multiple tumor-promoting functions, the HER-2-dependent activation of nuclear factor-kappa B (NF-kB) relates to its enhanced invasive properties and resistance to anticancer treatments [25,26]. Moreover, proof of antitumor-adaptive suppression of immunity has been provided through plentiful mechanisms, including the persistence of immune checkpoint blockade via overexpression of PD-L1 [27] and NF-kΒ-mediated recruitment of T regulatory cells (Tregs) in the tumor microenvironment [28]. Evidently, therapeutic targeting of the receptor could potentially disrupt the imbalance between tumor dominance and antitumor immunity.



The nonamer peptide HER-2/neu(780–788) has been reported to be immunogenic and capable of generating cytotoxic T lymphocytes recognizing and lysing HER-2/neu-expressing tumor cell lines [17,18]. Moreover, this peptide is encompassed in the sequence of longer helper peptides capable of stimulating tumor-reactive CD8+ T lymphocytes as well as helper antitumor responses. To this end, we [20,29] and others [30,31] have shown that the polypeptides HER-2/neu(777-789), HER-2/neu(776-788), and HER-2/neu(776–790) are capable of generating, both in vivo and in vitro, specific CD4+ T lymphocytes that promote the antitumor immunity mediated by cytotoxic CD8+ T lymphocytes. Moreover, we have demonstrated that PCa patients with high T cell immunity to the native HER-2/neu(776–790) polypeptide had better clinical outcomes when treated with a modified HER-2/neu(776–790) polypeptide vaccine than patients with no or low pre-existing immunity [21,32]. The beneficial role of antitumor T cell immunity for the clinical outcome during or after immunotherapies has been additionally documented in patients treated with immune checkpoint inhibitors and various vaccine formulations [33,34].



In the present study, we demonstrated that PCa patients with high frequencies of HER-2/neu(780–788)-specific CD8+ T lymphocytes had better PFS compared with PCa patients with low frequencies, despite the fact that both patient groups had matched clinicopathological characteristics. We should also underline that the prognostic value of the CD8+ T cell frequencies specific for HER-2/neu(780–788) was not influenced by the disease treatments, given that all patients included in our study were receiving various types of therapy. Ideally, our analyses should have been performed with PCa patients receiving similar treatments. However, given the small total patient cohort included in our study, stratification by the type of treatment would result in subgroups with very low numbers of patients, making statistical comparisons unattainable.



Higher levels of HER-2/neu expression have been correlated with more aggressive disease, defined by a more advanced tumor stage and higher Gleason scores [35]. In addition, correlations between increased HER2/neu levels and a poor prognosis in prostate adenocarcinoma have been previously reported [36]. In our study, we could not detect significant differences for CD8+ T cells specifically recognizing the HER-2/neu(780–788) epitope among PCa patients with Gleason scores less or greater than 7. Although the reasons which may account for this finding are not presently known, we could propose a link between the expression of HER-2 and the machinery of MHC Class I restricted antigen presentation, which connects the overexpression of HER-2 with downregulation of the expression of surface MHC Class I [37,38,39,40]. These defects induced by HER-2/neu in components of the antigen processing and presentation machinery hinder the in vivo generation of Class I restricted HER-2 derived epitopes, lowering tumor peptide recognition by CD8+ T cells [41]. Thus, higher expression of HER-2/neu in prostatic tumors with high Gleason scores may cause a more intense downregulation of MHC Class I antigens, accompanied by lower frequencies of HER-2/neu peptide-specific CD8+ T cells at similar levels to those detected in prostatic tumors with a low Gleason score.



Importantly, we also determined a significant indirect association between the levels of IL-8 and TGF-β and pre-existing immunity. Thus, patients with high vs. low frequencies had also low or high levels of IL-8 and TGF-β, respectively. This is an important finding, given the fact that both these cytokines promote the progression of cancer via their direct and indirect actions on the master regulators of antitumor adaptive immunity, including T helper, Tregs, natural killer cells, and myeloid-derived suppressor cells [42,43,44]. Nevertheless, although we have provided strong evidence that HER-2/neu(780–788)-specific CD8+ T cell immunity is indirectly associated with the levels of IL-8 and TGF-β, additional studies will be required to determine whether these low levels of IL-8 and TGF-β are a result of the high CD8+ T lymphocyte frequencies specific for HER-2/neu(780–788) or whether low levels of IL-8 and TGF-β allow such high CD8+ T lymphocyte frequencies to be established. These observations suggest that further investigation of the association of CD8+ T cell immunity to HER-2/neu(780–788) with IL-8 and TGF-β levels, in which the clinical benefit in terms of evaluating the time to disease progression can be assessed in large patient cohorts, is warranted.




4. Materials and Methods


A review of the medical records of 65 PCa patients from the Saint Savas Cancer Hospital in Greece was performed between March 2017 and July 2022. Written informed consent was obtained from all patients enrolled. The study and the informed consent form were approved by the hospital’s IRB (IRB-ID6777/14-06-2017) and the Ethical Committee of the University of Athens (IRB-ID1516015872/03-02-2016). A tissue diagnosis of prostate adenocarcinoma was required. Patients with other primary malignancies or with a recent blood transfusion were excluded. Each patient received the appropriate treatment according to the European Association of Urology (EAU) guidelines and depending on their disease status. Patients enrolled in this prospective study had complete medical records, including baseline disease characteristics, treatments received, and clinical follow-up before and after enrolment.



4.1. Blood Collection and Isolation of PBMCs


A total volume of 20 mL blood was collected from PCa patients at the time of enrollment, which was subsequently used for HLA Class I typing and isolation of peripheral blood mononuclear cells (PBMCs). PBMCs were isolated from blood samples by Ficoll (Biochrom, Holliston, MA, USA) gradient separation at RT, washed twice with PBS, and counted in a Neubauer chamber (Poly-optik GmbH, Bad Blankenburg, Germany). Viability was always >95%. Cells were resuspended in RPMI + 40% FCS (all from Thermofisher, Waltham, MA, USA) at a concentration of 10 × 106 /mL, and half of the volume of the same medium containing 20% DMSO (Applichem GmbH, Darmstadt, Germany) was added quickly at room temperature. After thorough mixing, DMSO was allowed to equilibrate through the cell membrane for 5 min before a second aliquot of the medium was added to bring the final concentration of DMSO to 10%. Next, 1 mL of the cell suspension was immediately transferred into cryovials (Thermofisher, Waltham, MA, USA) and placed in boxes at −80 °C overnight and then stored in liquid nitrogen until use.




4.2. Measurements of TGF-β, IL-8, and PSA


Serum was isolated from the patients’ blood stored in BD Vacutainer™ SST™ II Advance tubes (BD, Franklin Lakes, NJ, USA), after centrifugation at 1800× g for 10 min at room temperature and was transferred at −20 °C until use. IL-8 (Diaclone, Besancon Cedex, France) and TGF-β (R&D Systems, Minneapolis, MN, USA) were measured in the patients’ serum by ELISA. Total PSA in the patients’ serum was measured on the fully automated chemiluminescence immunoassay (CLIA) analyzer MAGLUMI 800 (Snibe Co., Ltd., Shenzhen, China).




4.3. Flow Cytometry


PBMCs were collected from the PCa patients enrolled in this study. Frozen aliquots of 107 PBMCs from HLA-A*24:02+ patients were thawed in a pre-warmed RPMI 1640 culture medium supplemented with 20% FCS, 0.5 mM l-glutamine, and an antibiotic antimycotic (all from Thermofisher, Waltham, MA, USA). Cells were counted and washed twice with PBS (Thermofisher, Waltham, MA, USA). Next, the cells were stained for 20 min at room temperature in the dark with Zombie Aqua™ (Biolegend, San Diego, CA, USA) for the exclusion of dead cells. The cells were washed with PBS and 5% FCS, and then they were incubated with 10 μL of the commercially available MHC dextramer A*24:02+ HER-2/neu(780–788) (PYVSRLLGI)-APC (Immudex, Virum, Denmark) for 20 min at room temperature in the dark, followed by staining with the specific monoclonal antibodies (all from Biolegend, San Diego, CA, USA) anti-CD14-BV510 (clone: 63D3)/anti-CD19-BV510 (clone: H1B19) for the exclusion of monocytes and B cells, respectively, and anti-CD3-PE/Cy7 (clone: UCHT1) and anti-CD8-APC/Cy7 (clone: SK1) for 20 min in the dark at room temperature. Cells were washed twice and were immediately analyzed by flow cytometry (FACSAria III, BD, Franklin Lakes, NJ, USA). For this 5 × 104 CD8+ T cells were collected, and fluorescent minus one (FMO) samples (without the dextramer) were used as the negative controls. Data analysis was performed using Infinicyt software version 2.0.6 (Cytognos S.L., Salamanca, Spain).




4.4. Statistical Analysis


GraphPad Prism v.8.0 software was used for statistical analysis of the data. Kaplan–Meier analysis with 95% confidence intervals (95% CIs) and the log-rank (Mantel–Cox) test were used for the evaluation of the association of HER-2/neu(780–788)-specific CD8+ cells with progression-free survival (PFS). The Mann–Whitney test and Fisher’s exact test were used for the statistical evaluation of patients belonging to different groups. Multi-variable analyses were performed to find correlations (Pearson correlation coefficient) between the groups of patients. High and low levels were determined as above or below the median values, respectively. Statistical differences were considered significant for p-values < 0.05. In the graphs, the median is presented with the 95% CI.
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Figure 1. (a) The flow cytometry gating strategy used to analyze HLA-A*24:02-HER-2/neu(780–788)-specific CD8+ T lymphocytes identified by multiparameter flow cytometry following incubation with the MHC dextramer HLA-A*24:02+ HER-2/neu(780–788) (PYVSRLLGI). Forward versus side scatter (FSC vs. SSC) gating was used for the identification of lymphocytes, and FSC height (FSC-H) by FSC area (FSC-A) was used for discrimination of the doublets. Then CD8+ cells were gated and the specific CD8+ cells were identified. (b) Densities of HLA-A*24:02-HER-2/neu(780–788)-specific T lymphocytes within the CD8+ cell subset. The results are presented as the median value with the 95% confidence interval (CI). 
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Figure 2. High densities of total HER-2/neu(780–788)-specific CD8+ T lymphocytes are associated with improved progression-free survival (PFS) in prostate cancer (PCa) patients. The Kaplan–Meier survival curves indicate PFS for patients with high (above or equal to the median value; red line) vs. low (below the median value; black line) frequencies of the total HER-2/neu(780–788)-specific CD8+ T lymphocytes. 
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Figure 3. The majority of prostate cancer (PCa) patients with high frequencies of HER-2/neu(780–788)-specific CD8+ T lymphocytes had lower levels of either interleukin-8 (IL-8) or transforming growth factor beta (TGF-β). The graphs depict the association between the levels of IL-8 and TGF-β (high vs. low) in PCa patients with high or low HER-2/neu(780–788)-specific CD8+ T lymphocyte frequencies. The results are presented as median values with 95% confidence intervals (CI). ** p < 0.01, *** p < 0.001. 
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Figure 4. Percentages of prostate cancer (PCa) patients with high vs. low frequencies of HER-2/neu(780–788)-specific CD8+ T lymphocytes in association with high vs. low levels of (a) transforming growth factor beta (TGF-β), (b) interleukin-8 (IL-8), or (c) both. *** p < 0.001; **** p < 0.0001. 
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Table 1. Clinicopathological characteristics of the prostate cancer (PCa) patients enrolled in this study. The patients were separated in two groups based on the identified frequencies of HER-2/neu(780–788) CD8+ cells (high vs. low).
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Patients (n = 65)




	

	
High HER2/neu(780–788) CD8+ Cells

(n = 33)

	
Low HER2/neu(780–788) CD8+ Cells

(n = 32)






	
Median age; years

(range)

	
70 (49–88) #

	
67 (52–84) #




	
Median PSA; ng/mL

	
4.09 #

	
3.59 #




	
Gleason Score > 7 *

	
n = 17 #

	
n = 16 #




	
T status *

	
T1,T2 # n = 17

	
T3a, T3b, T4 # n = 16

	
T1, T2 # n = 12

	
T3a, T3b, T4 # n = 19








* N/A data for one patient. # p= n.s.
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