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Introduction: In chronic myeloid leukemia (CML), about half of the patients achieving a deep and stable molecular response with tyrosine kinase inhibitors (TKIs) may discontinue TKI treatment without disease recurrence. As such, treatment-free remission (TFR) has become an ambitious goal of treatment. Given the evidence that deepness and duration of molecular response are necessary but not sufficient requisites for a successful TFR, additional biological criteria are needed to identify CML patients suitable for efficacious discontinuation. Leukemia stem cells (LSCs) are supposed to be the reservoir of the disease. Previously, we demonstrated that residual circulating CD34+/CD38-/CD26+ LSCs were still detectable in a consistent number of CML patients during TFR.
Methods: CML LSCs could be easily identified by flow-cytometry as they express the CD34+/CD38-/CD26+ phenotype. In this study, we explored the role of these cells and their correlation with molecular response in a cohort of 109 consecutive chronic phase CML patients prospectively monitored from the time of TKI discontinuation.
Results: After a median observation time of 33 months from TKI discontinuation, 38/109 (35%) patients failed TFR after a median time of 4 months, while 71/109 (65%) patients are still in TFR. At TKI discontinuation, peripheral blood CD26+LSCs were undetectable in 48/109 (44%) patients and detectable in 61/109 (56%). No statistically significant correlation between detectable/undetectable CD26+LSCs and the rate of TFR loss was found (p = 0.616). The incidence of TFR loss based on the type of TKI treatment was statistically significant for imatinib treatment compared to that of nilotinib (p = 0.039). Exploring the behavior of CD26+LSCs during TFR, we observed fluctuating values that were very variable between patients, and they were not predictive of TFR loss.
Discussion: Up to date, our results confirm that CD26+LSCs are detectable at the time of TKI discontinuation and during TFR. Moreover, at least for the observation median time of the study, the persistence of “fluctuating” values of residual CD26+LSCs does not hamper the possibility to maintain a stable TFR. On the contrary, even patients discontinuing TKI with undetectable CD26+LSCs could undergo TFR loss. Our results suggest that factors other than residual LSCs “burden” playing an active role in controlling disease recurrence. Additional studies evaluating CD26+LSCs’ ability to modulate the immune system and their interaction in CML patients with very long stable TFR are ongoing.
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INTRODUCTION
Chronic myeloid leukemia (CML) is a myeloproliferative neoplasm that is still considered a model disease in cancer for its peculiar biological and clinical characteristics and for having pioneered target therapies and precision medicine approaches (Melo and Barnes, 2007; Minciacchi et al., 2021).
The development of several BCR::ABL1 tyrosine kinase inhibitor (TKI) generations, including imatinib, nilotinib, and dasatinib, currently approved as front-line therapy, revolutionized the dismal prognosis of CML patients, offering a life expectancy similar to that of the general population (Gambacorti-Passerini et al., 2011; Viganò et al., 2014; Bower et al., 2016; Hehlmann et al., 2017; Inzoli et al., 2022). However, side effects, possible correlated toxicity, and not negligible costs of lifelong TKI therapy represent still important issues regarding this disease (Efficace et al., 2011; Williams et al., 2013; Guérin et al., 2014). Today, the expectations rising for CML patients aim both to achieve long-term survival and to stop treatment (Saifullah and Lucas, 2021). It is demonstrated that a fraction of CML patients in sustained deep molecular response (DMR) may discontinue TKI treatment, and about 50% of them will maintain a treatment-free remission (TFR) without recurrence of CML (Bocchia et al., 2018). However, different aspects need to be taken into account regarding CML treatment discontinuation, as overall, just 20% of newly diagnosed CML patients will achieve a successful TFR (Atallah and Sweet, 2021; Chen et al., 2021; Pavlovsky et al., 2021). Attempting TFR is currently recommended for chronic phase (CP) CML patients on TKI treatment for at least 3 years, with a sustained DMR for at least 2 years and without evidence of any ABL kinase domain mutation (Atallah and Sweet, 2021; Pavlovsky et al., 2021). Most studies on TKI discontinuation reported that longer TKI treatment duration is associated with more chance of TFR success (Mahon et al., 2010; Saussele et al., 2018; Fujisawa et al., 2019; Molica et al., 2020; Shah et al., 2020; Richter et al., 2021), and this is strictly linked to DMR duration: CML patients with longer DMR have a lower risk of relapse (Baccarani et al., 2019; Fava et al., 2019; Castagnetti et al., 2021; Iurlo et al., 2022). The preexistence of TKI resistance must be considered, since patients who failed a treatment could also have higher chances of TFR failure, while a prior interferon-alpha (INF-α) treatment, in combination with low-risk factors and TKI therapy, may help to achieve DMR, activating quiescent cells and exposing them to the TKIs’ killing effect (Chen et al., 2021; Puzzolo et al., 2022). The immune system also appears to have a predictive role in higher TFR success since it has been suggested that higher levels of NK cells may be able to eradicate Leukemia Stem Cells (LSCs) and potentiate adaptive immune responses (Hughes and Yong, 2017; Ureshino et al., 2017; Irani et al., 2020; Hsieh et al., 2021). Some studies focused attention on the type of BCR::ABL1 transcript, hypothesizing that the e13a2 transcript has higher risks of molecular relapse compared to e14a2 (Claudiani et al., 2017; Chen et al., 2022). Instead, in terms of prognostic scores, a low-risk Sokal score has better progression-free survival (PFS) and overall survival (OS), with high TFR rate, while the ELTS score could not be predictive of TFR success. Some attempts have also been made to investigate the correlation of TFR success with CML patients’ age, but it is still uncertain why older patients seem to achieve higher chances of TFR compared to younger ones (Breccia et al., 2020; Inzoli et al., 2022). The hypothesis is related to the presence of LSCs, which could be less functional in older patients as for HSCs, thus reducing the risks of relapse (Saifullah and Lucas, 2021).
LSCs are considered the reservoirs of CML; their persistence is correlated to the fact that they are largely quiescent and can resist and escape TKIs’ action using kinase-independent mechanisms (Chen et al., 2021).
Great efforts are ongoing to target these cells, with the aim to eradicate this silent disease fraction and to improve patients’ outcomes (Cea et al., 2013; Shah and Bhatia, 2018; Baquero et al., 2019). In the previous years, several studies, including research conducted by our group, investigated CML-specific LSCs in bone marrow (BM) and peripheral blood (PB) samples (Bocchia et al., 2018). As documented, CML LSCs reside within the CD34+/CD38−/Lin− fraction and are characterized by an aberrant expression of specific surface markers, such as IL1RAP, CD25, CD93, and CD26 (DPPV) (Raspadori et al., 2019). In particular, CD26 (dipeptidylpeptidase IV) is considered a potential biomarker for the identification and quantification of CML LSCs, able to discriminate CML LSCs from normal hematopoietic stem cells from LSCs of other myeloid neoplasms (Galimberti et al., 2018; Sicuranza et al., 2022).
We earlier demonstrated the feasibility of PB CD26+LSC flow cytometry detection in CML patients and documented, in a cross-sectional study, the presence of circulating CML LSCs in a substantial number of patients in DMR both during TKI treatment and during TKI discontinuation (Bocchia et al., 2018). In order to fine-tune and further explore any active role of this staminal CML reservoir, we conducted a multicenter study with the intent to prospectively measure residual CD26+LSCs in CP-CML patients attempting TFR from the time of TKI discontinuation for a minimum of 12 months or until disease relapse, if any.
Specifically, the aims of this study were 1) to evaluate prospectively if a CML LSC “threshold” at the time of discontinuation may have an impact in predicting a successful TFR, 2) to investigate prospectively the behavior of residual LSCs along TFR, and 3) to exploit any correlation between CML LSC persistence, molecular response (MR), and TFR maintenance.
MATERIALS AND METHODS
Patient cohort
Consecutive CP-CML patients in sustained DMR meeting standard criteria for attempting TKI discontinuation entered this multicenter study (10 Italian hematology centers involved).
Each enrolled patient was evaluated for PB CD26+LSCs at TKI discontinuation (baseline), at +1, +2, +3, +6, and +12 months of TFR and at disease recurrence. Additionally, +18 and +24 months of TFR have been proposed as optional evaluations.
All centers provided clinical data about disease history, risk scores (EUTOS, SOKAL), cytogenetic alterations, BCR::ABL1 transcript type, line of treatment and duration of TKI therapy, duration of DMR, and MR data for each time point of the study and at the time of molecular relapse. The study was approved by each center’s ethical committee, and all subjects signed an informed consent to participate in the study in accordance with the Declaration of Helsinki and each institution’s policy.
Flow cytometry analysis
Six milliliters of EDTA PB samples have been collected and centrally analyzed within 24 h at the Siena Flow Cytometry lab. For all subjects, CD26 expression has been evaluated by a standardized multiparametric flow cytometry analysis on CD45+/CD34+/CD38-populations using a four-color staining protocol with the lyse stain wash procedure. Red cell lysis was performed with ammonium chloride (BD Biosciences), 1:10 diluted in deionized water, using the Lyse Wash Assistant instrument (BD Biosciences). After lysis, 2.0 × 106 leukocytes were incubated with a custom-made lyophilized pre-titrated antibody mixture test tube (BD™ Lyotubes, BD) including CD45 V500 (BD Pharmingen clone 2D1), CD34 FITC (BD Pharmingen clone 581), CD38 APC (BD Pharmingen clone HIT2), and CD26 PE (BD Pharmingen clone M-A261) antibodies and a BD stain control tube lacking CD26. To reach a sensitivity of 10–5, acquisition and analysis of at least 1.0 × 106 cells was performed in all samples by using the FACSCanto II and FACSLyrics flow cytometer using DIVA 8 and FACSuite software (BD, Biosciences). Additionally, to ensure reproducible results over time, we followed a standardized protocol that implied adjustments of FACS internal parameters, using the CS&T System (BD Biosciences), to keep constant the instrument performance by correcting wear of lasers and fluidic instability. The median absolute number of CD26+ cells/μL has been calculated as follows: [(no. WBCs/μL) × (% of CD34+/CD38−/CD26+ on CD45+cells)] (Raspadori et al., 2019).
Molecular response
BCR::ABL1 breakpoint mRNA monitoring has been assessed locally at each molecular laboratory of the centers participating in the study, by quantitative polymerase chain reaction (qPCR) methods, according to European Leukemia Net (ELN) guidelines (Hochhaus et al., 2020). Molecular response, expressed on an International Scale (IS), has been evaluated at the time of TKI discontinuation and at the subsequent time points (1, 2, 3, 6, 12, 18, and 24 months), until TFR loss, if any.
Statistical analysis
Descriptive statistics was carried out; qualitative variables were summarized by absolute frequencies and percentages, and the quantitative ones were summarized with median and interquartile range. BCR::ABL1 and CD26+LSCs differences between TFR-sustained and TFR-loss were evaluated with the Mann–Whitney test, and the association between MR or treatment and response was evaluated with the Fisher exact test. The post hoc test for the association between treatment and TFR loss was evaluated by multiple Fisher exact tests with Bonferroni correction. Kaplan–Meier curves were performed to evaluate the survival without molecular relapse between patients double positive (i.e., positive for BCR::ABL1 copies and PB residual CD26+LSCs), double negative (i.e., negative for BCR::ABL1 copies and PB residual CD26+LSCs), and discordant at baseline (i.e., one positive and one negative test). A log-rank test was performed to compare the three different groups. A p < 0.05 was considered statistically significant. Statistical analyses were carried out with R version 4.0.1.
RESULTS
Patient cohort clinical data
Between June 2017 and June 2022, 109 consecutive CP-CML patients at the time of TKI discontinuation were enrolled in the study. Clinical and biological data for CML diagnosis are reported in Table 1. In brief, 62/109 (57%) patients were males, and 47/109 (43%) were females; the median age at diagnosis was 53 years (range 19–76 years). The Sokal score was high in 16/109 (14.5%) patients, intermediate in 38/109 (35%), low in 49/109 (45%), and not available in 6/109 (5.5%), while the EUTOS score was high in 15/109 patients (14%), intermediate in 6/109 (5.5%), low in 82/109 (75%), and unknown in 6/109 (5.5%). The most frequent BCR::ABL1 transcript was b3a2 in 54/109 (49.6%) patients. Additional cytogenetic abnormalities were reported only in 3 patients (2.8%). First-line TKI treatment included imatinib in 39/109 (35.8%) patients, nilotinib in 49/109 (45%), and dasatinib in 21/109 (19.2%). The complete cytogenetic response was achieved at a median time of 3 months (range 2–21 months). Regarding MR after 12 months from TKI start, 56/109 (51.4%) patients had MR ≤ 3, 16/109 (14.7%) had MR 4, 14/109 (12.8%) had MR 4.5, and 16/109 (14.7%) had MR 5. The median TKI treatment duration before TKI withdrawal was 7 years (range 3–18 years). According to TKIs, the median treatment duration before TFR was 8 years (range 4–18 years) for patients on imatinib, 7 years (range 3–17 years) for patients on nilotinib, and 8 years (range 3–15 years) for those on dasatinib. After a median observation time of 33 months (range 2–63 months) from TKI discontinuation, a total of 38/109 (35%) patients failed TFR after a median time of 4 months (range 1–39 months). According to TKI treatment, these 38 TFR failing patients were distributed as follows: 19/39 (48.7%), 11/49 (22.4%), and 8/21 (38.1%) for patients previously treated with imatinib, nilotinib, and dasatinib, respectively.
TABLE 1 | Clinical data of the whole cohort, patients with TFR loss, and patients with TFR still sustained. WBC: white blood cells; LY: lymphocyte count; TFR: treatment-free remission; MR: molecular response; TKI: tyrosine kinase inhibitor; yrs: years; and mos: months.
[image: Table 1]CD26+LSC evaluation and BCR::ABL1 transcript at the time of TKI discontinuation
All 109 CP-CML patients were evaluated for PB CD26+LSCs and BCR::ABL1 transcript at the time of TKI discontinuation. In 48/109 (44%), PB CD26+LSCs were undetectable, while in 61/109 (56%), we detected a median of 0,007 CD26+ cells/μL (range 0,0001–0,1184 cells/μL). Regarding molecular evaluation at the time of TKI withdrawal, in 57/109 (51%) patients, BCR::ABL1 transcript resulted undetectable, while 52/109 (49%) patients scored positive with a median value of 0,0021 copies (range 0,0002–0,038 copies); in terms of MR, an MR > 3 was documented in 106/109 (97%) patients. No statistically significant correlation between detectable/undetectable CD26+LSCs and the rate of TFR loss was found (p = 0.616). Similarly, when correlating BCR::ABL1 ratio or BCR::ABL1 log reduction (expressed as MR4, MR4.5, and MR5) at the time of TKI stop with the incidence of TFR loss, we did not find statistically significant associations (p = 0.962 and p = 0.275, respectively). Additionally, we also investigated the correlation between molecular relapse and any possible combinations of detectable/undetectable CD26+LSCs and detectable/undetectable BCR::ABL1 transcript without finding statistically significant results (p = 0.646). Experimental data are summarized in Table 2; Figure 1. Table 3 details CD26+LSCs and BCR::ABL1 status at the time of imatinib, nilotinib, and dasatinib discontinuation; again, no correlation between residual CD26+LSCs, molecular response, and TFR loss was found. However, the pre-withdrawal type of TKI treatment was associated with TFR loss, and nilotinib treatment was followed by a TFR loss rate that was statistically significantly lower compared to that of imatinib (p = 0.039) but not of dasatinib.
TABLE 2 | Combination between detectable/undetectable CD26+LSC and detectable/undetectable BCR::ABL1 in relapsed/non-relapsed patients at the time of TKI discontinuation. LSCs: leukemia stem cells; TFR: treatment-free remission.
[image: Table 2][image: Figure 1]FIGURE 1 | Kaplen–Meier (KM). The survival without molecular relapse is shown in CML patients’ scoring, at the time of TKI discontinuation, “positive” for both CD26+LSCs and BCR::ABL1 copies (i.e., double positive), negative for both CD26+LSCs and BCR::ABL1 copies (i.e., double negative), and “discordant” with either way positive only for CD26+LSCs or BCR::ABL1 (i.e., discordant). In grey is reported the global CML patients’ survival without molecular relapse.
TABLE 3 | PB CD26+LSCs and BCR::ABL1 transcript at the time of TKI discontinuation, according to treatment. TFR: treatment-free remission.
[image: Table 3]CD26+LSC evaluation during TFR
According to the study design, PB CD26+LSCs were prospectively evaluated during TFR at established time points with a total of 541 measurements. To explore the behavior of residual CD26+LCSs over time, we focused our data analysis on three time points (3, 6, and 12 months) of the 71/109 CML patients still in TFR at the last follow-up.
CD26+LSCs during TFR were undetectable and detectable, respectively, in 24/71 (34%) and 47/71 (66%) patients at 3 months, 27/71(38%) and 44/71 (62%) patients at 6 months, and 24/62 (39%) and 38/62 (61%) patients at 12 months. When detectable, the median values of PB CD26+LSCs were 0,0128, 0,01 and 0,0155 cells/μL at 3, 6, and 12 months, respectively.
Fluctuations of CD26+LSCs were very different between TFR patients and not predictive of TFR loss. To better depict CD26+LSC fluctuations observed during the TFR time, we realized two alluvial plots of TFR-sustained (Figure 2) and TFR-loss patients (Figure 3). Furthermore, in a restricted fraction of patients, we analyzed the persistence of residual CD26+LSCs at 18 and 24 months of discontinuation: 25/40 (62.5%) patients at 18 months and 20/32 (62.5%) patients at 24 months of stable TFR still showed detectable CD26+LSCs in their PB with a median number of 0,0096 and 0,0058 cells/μL, respectively. Figure 4 displays CD26+LSCs behavior during TFR in 32 patients that achieved 24 months of follow-up, and it confirms the great variability observed between patients.
[image: Figure 2]FIGURE 2 | Alluvial plot of CD26+LSCs fluctuations for TFR-sustained patients. The alluvial plot represents CD26+LSCs fluctuations in TFR-sustained patients between 3, 6, and 12 months from TKI stop. The width of the lines corresponds to the number of patients who shared the same behavior.
[image: Figure 3]FIGURE 3 | Alluvial plot of CD26+LSCs fluctuations for TFR-loss patients. The alluvial plot represents CD26+LSCs fluctuations in TFR-loss patients between 1, 2, and 3 months from TKI stop. The width of the lines corresponds to the number of patients who shared the same behavior.
[image: Figure 4]FIGURE 4 | Behavior of CD26+LSCs in 32 TFR patients achieving 24 months of follow-up. The black dots stand for detectable PB CD26+LSCs, and the blue dots stand for undetectable CD26+LSCs. The great variability of the behavior of LSCs among patients with sustained TFR is demonstrated.
DISCUSSION
Nowadays, in the era of precision and personalized medicine, the achievement of a safe TFR in CML patients discontinuing TKIs is the focal point of hematologists caring for CML patients. Although in the past years, the optimization of TKI use has limited TKI resistance and prompted the achievement of a sustained DMR, a considerable fraction of CML patients attempting TFR soon experience a molecular relapse and need to restart TKI treatment to avoid disease reappearance. The persistence of residual quiescent LSCs post-TKI treatment has been considered responsible for TFR loss. However, the mechanisms involved in this process have not been investigated. To our knowledge, this is the first report that prospectively monitored the behavior of circulating CML-specific CD26+LSCs in CML patients during TFR, exploring their possible active role in inducing molecular relapse. Previously, we demonstrated in a cross-sectional study that a consistent number of CML patients undergoing TKI treatment still harbored measurable residual PB CD26+LSCs, even when displaying a prolonged DMR and during a stable TFR. However, prospective data regarding how residual LSCs would behave over time from TKI withdrawal were lacking. In the prospective multicenter study reported here, 109 CML patients achieving standard criteria for TFR attempt were closely monitored for the presence of residual PB CD26+LSCs together with any clinical or molecular evidence of disease relapse.
From the clinical point of view, in line with the literature, we documented that 35% of CML patients discontinuing TKI treatment failed TFR after a median time of 4 months. We also found that the TKI type of treatment appeared to be correlated to the probability of TFR loss: in particular, imatinib-treated patients showed a significantly higher relapse rate when compared to those treated with nilotinib but not to those with dasatinib.
From the biological point of view, at the time of TKI withdrawal, the majority of CML patients (56%) still harbored a low yet detectable amount of CD26+LSCs in their peripheral blood, without any significant difference according to previous TKI treatment. However, surprisingly, and somehow in contrast to what was expected, the persistence of PB CD26+LSCs at the time of TKI discontinuation did not correlate with the incidence of relapse, and no threshold of residual CD26+LSC number predictive of TFR loss was found. Similarly, no correlation was found between the molecular response (expressed in BCR::ABL1 ratio or expressed in MR) at the time of TFR with the incidence of molecular relapse. Even when we analyzed combined values of PB CD26+LSCs and BCR::ABL1 copies at the time of TKI discontinuation, no statistically significant difference in terms of relapse rate was found between patients resulting in “positive” for both CD26+LSCs and BCR::ABL1 persistence, “negative” (absence of both residual CD26+LSCs and BCR::ABL1 copies), or “discordant” (either way positive for CD26+LSCs or BCR::ABL1).
The second aim of our study was to prospectively investigate the fate of residual CD26+LSCs along TFR and explore their behavior, both in relapsing and non-relapsing CML patients. As reported by alluvial plots (Figure 2 and Figure 3) by measuring CD26+LSCs at several time points during the study core (12 months), we observed fluctuating values of residual LSCs with great variability within each patient and between patients both in the subgroup that lost TFR (Figure 2) and in the 71 CML patients in sustained TFR (Figure 3). The long-lasting persistence of PB CD26+LSCs and the fluctuation of their values was also confirmed in 32 CML patients with stable TFR, in which flow cytometry evaluation of residual LSCs was monitored for up to 24 months (Figure 4).
Taken together, our findings strongly suggest that the persistence of quiescent CD26+LSCs at the time of TKI withdrawal and during TFR does not necessarily result in overt disease recurrence. Nevertheless, all 38 CML patients failing TFR showed clearly detectable PB CD26+LSCs at the time of molecular disease recurrence. The latter raises two questions. Are CD26+LSCs really the expression of a staminal, quiescent fraction of CML? If yes, which factors, if any, control these cells or induce them to enter into proliferation and differentiation pathways, thus causing the reappearance of active disease? To try to answer the first question, we further characterized the phenotype of PB CD26+LSCs and documented the co-expression of specific antigens, such as CD90 and Ki67 (Pacelli et al., 2022). The former confirmed the real stemness property of these CML-specific cell reservoirs; however, the latter, being a marker of “proliferative capability,” is somehow in contrast with the concept of “quiescence” of LSCs. It could then be hypothesized that CD26+LSCs may enter proliferation and differentiation status only under certain conditions, such as if they are able to escape a possible immune control.
Even in the pre-TKI era, like in the last two decades of successful molecularly targeted therapy, several authors focused on both the role of the immune system in concurring with CML control (Caocci et al., 2015; Ilander et al., 2017) and immunotherapeutic strategies to be possibly added to TKIs in order to aim at CML cure (Cayssials and Guilhot, 2017). It seems evident that the unraveling of the inmost features of the TKI-insensitive stem/progenitor cell population, as well as its interactions with the immune system, may introduce an alternative way to monitor the BCR::ABL1-based molecular response to identify CML patients who achieved a cure/immune control of the disease and may, therefore, safely stop TKI. Recently, the PD-1/PD-L1 signaling pathway was described as an adaptive mechanism of immune resistance enacted by tumor cells to evade immune response (Butte et al., 2008). It has been shown that leukemic cells harbor the PD-L1 antigen, although there is little or no information about CML LSCs (Mumprecht et al., 2009; Christiansson et al., 2013; Sehgal et al., 2015).
As such, we have also tried to characterize CML-specific LSCs regarding their possible interaction with the immune system. Preliminary data in 47 newly diagnosed CML patients showed that the co-expression of PD-L1 on their CD26+LSCs is variable: 22/47 (47%) patients scored negative while 25/47 (53%) scored positive, albeit with a quite variable percentage of expression (median 28.5% of CD26+ cells, range 12%–82.8%) (Pacelli et al., 2022). These preliminary pieces of evidence are in favor of a possible diverse fate of residual CD26+LSCs in every single patient with regard to immune evasion and, consequently, disease recurrence.
In conclusion, here, we showed prospectively and in a consistent number of CML patients that CML-specific CD26+LSCs may persist at a very low level during TFR, nevertheless allowing patients to live TKI-free and without experiencing a molecular relapse. On the other hand, the possibility to fail TFR is possible even when no CD26+LSCs are detectable at the time of TKI discontinuation. Other factors, including a variable interaction with the host immune system, may be crucial to unravel the fate of these cells and, consequently, to understand if and how to try to eradicate them with alternative approaches. Additional studies exploring the host immune system and its interaction with residual CD26+LSCs in CML patients with very long stable TFR are ongoing.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material; further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
The studies involving human participants were reviewed and approved by the Siena medical ethics committee. The patients/participants provided their written informed consent to participate in this study.
AUTHOR CONTRIBUTIONS
MB and ASi designed and coordinated the study. PP, ASa, and ASi collected and analyzed data and co-wrote the manuscript. PP, ASi, EB, and DR performed flow cytometry assays and data analysis. ASi and CM performed molecular assays in Siena. AC performed statistical analysis. ASa, EA, VG, MC, MA, SG, AI, LL, FS, CF, MD, VS, and EC enrolled patients in the study and collected patients’ samples and clinical data. DR developed and coordinated flow cytometry assays. All authors contributed to the article and approved the submitted version.
FUNDING
This study was funded by a grant from the Associazione Italiana per la Ricerca sul Cancro (AIRC-IG 20133) and partially by the Bando Salute Regione Toscana.
ACKNOWLEDGMENTS
PP, ASa, ASi, AI, LL, FS, EB, CM, AC, MD, VS, EC, DR, and MB are members of the European Reference Network for rare hematological diseases EuroBloodNet.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Atallah, E., and Sweet, K. (2021). Treatment-free remission: The new goal in CML therapy. Curr. Hematol. Malig. Rep. 16 (5), 433–439. doi:10.1007/s11899-021-00653-1
 Baccarani, M., Abruzzese, E., Accurso, V., Albano, F., Annunziata, M., Barulli, S., et al. (2019). Managing chronic myeloid leukemia for treatment-free remission: A proposal from the GIMEMA CML WP. Blood Adv. 23 (24), 4280–4290. doi:10.1182/bloodadvances.2019000865
 Baquero, P., Dawson, A., Mukhopadhyay, A., Kuntz, E. M., Mitchell, R., Olivares, O., et al. (2019). Targeting quiescent leukemic stem cells using second generation autophagy inhibitors. Leukemia 33 (4), 981–994. doi:10.1038/s41375-018-0252-4
 Bocchia, M., Sicuranza, A., Abruzzese, E., Iurlo, A., Sirianni, S., Gozzini, A., et al. (2018). Residual peripheral blood CD26+ leukemic stem cells in chronic myeloid leukemia patients during TKI therapy and during treatment-free remission. Front. Oncol. 30 (8), 194. doi:10.3389/fonc.2018.00194
 Bower, H., Björkholm, M., Dickman, P. W., Höglund, M., Lambert, P. C., and Andersson, T. M. (2016). Life expectancy of patients with chronic myeloid leukemia approaches the life expectancy of the general population. J. Clin. Oncol. 34 (24), 2851–2857. doi:10.1200/JCO.2015.66.2866
 Breccia, M., Efficace, F., Colafigli, G., Scalzulli, E., Di Prima, A., Martelli, M., et al. (2020). Tyrosine kinase inhibitor discontinuation in the management of chronic myeloid leukemia: A critical review of the current practice. Expert Rev. Hematol. 13 (12), 1311–1318. doi:10.1080/17474086.2021.1852924
 Butte, M. J., Peña-Cruz, V., Kim, M. J., Freeman, G. J., and Sharpe, A. H. (2008). Interaction of human PD-L1 and B7-1. Mol. Immunol. 45 (13), 3567–3572. doi:10.1016/j.molimm.2008.05.014
 Caocci, G., Martino, B., Greco, M., Abruzzese, E., Trawinska, M. M., Lai, S., et al. (2015). Killer immunoglobulin-like receptors can predict TKI treatment-free remission in chronic myeloid leukemia patients. Exp. Hematol. 43 (12), 1015–1018. doi:10.1016/j.exphem.2015.08.004
 Castagnetti, F., Binotto, G., Capodanno, I., Billio, A., Calistri, E., Cavazzini, F., et al. (2021). Making treatment-free remission (TFR) easier in chronic myeloid leukemia: Fact-checking and practical management tools. Target Oncol. 16 (6), 823–838. doi:10.1007/s11523-021-00831-4
 Cayssials, E., and Guilhot, F. (2017). Chronic myeloid leukemia: Immunobiology and novel immunotherapeutic approaches. BioDrugs 31 (3), 143–149. doi:10.1007/s40259-017-0225-6
 Cea, M., Cagnetta, A., Nencioni, A., Gobbi, M., and Patrone, F. (2013). New insights into biology of chronic myeloid leukemia: Implications in therapy. Curr. Cancer Drug Targets 13 (7), 711–723. doi:10.2174/15680096113139990085
 Chen, K., Ruan, Y., Tian, K., Xiong, P., Xia, N., Li, J., et al. (2022). Impact of BCR-ABL1 transcript type on outcome in chronic myeloid leukemia patients treated with tyrosine kinase inhibitors: A pairwise and bayesian Network meta-analysis. Front. Oncol. 12, 841546. doi:10.3389/fonc.2022.841546
 Chen, Y., Zou, J., Cheng, F., and Li, W. (2021). Treatment-free remission in chronic myeloid leukemia and new approaches by targeting leukemia stem cells. Front. Oncol. 28 (11), 769730. doi:10.3389/fonc.2021.769730
 Christiansson, L., Söderlund, S., Svensson, E., Mustjoki, S., Bengtsson, M., Simonsson, B., et al. (2013). Increased level of myeloid-derived suppressor cells, programmed death receptor ligand 1/programmed death receptor 1, and soluble CD25 in Sokal high risk chronic myeloid leukemia. PLoS One 8 (1), e55818. doi:10.1371/journal.pone.0055818
 Claudiani, S., Apperley, J. F., Gale, R. P., Clark, R., Szydlo, R., Deplano, S., et al. (2017). E14a2 BCR-ABL1 transcript is associated with a higher rate of treatment-free remission in individuals with chronic myeloid leukemia after stopping tyrosine kinase inhibitor therapy. Haematologica 102 (8), e297–e299. doi:10.3324/haematol.2017.168740
 Efficace, F., Baccarani, M., Breccia, M., Alimena, G., Rosti, G., Cottone, F., et al. (2011). Health-related quality of life in chronic myeloid leukemia patients receiving long-term therapy with imatinib compared with the general population. Blood 118 (17), 4554–4560. doi:10.1182/blood-2011-04-347575
 Fava, C., Rege-Cambrin, G., Dogliotti, I., Cerrano, M., Berchialla, P., Dragani, M., et al. (2019). Observational study of chronic myeloid leukemia Italian patients who discontinued tyrosine kinase inhibitors in clinical practice. Haematologica 104 (8), 1589–1596. doi:10.3324/haematol.2018.205054
 Fujisawa, S., Ueda, Y., Usuki, K., Kobayashi, H., Kondo, E., Doki, N., et al. (2019). Feasibility of the imatinib stop study in the Japanese clinical setting: Delightedly overcome CML expert stop TKI trial (DOMEST trial). Int. J. Clin. Oncol. 24 (4), 445–453. doi:10.1007/s10147-018-1368-2
 Galimberti, S., Grassi, S., Baratè, C., Guerrini, F., Ciabatti, E., Perutelli, F., et al. (2018). The polycomb BMI1 protein is Co-expressed with CD26+ in leukemic stem cells of chronic myeloid leukemia. Front. Oncol. 6, 555. doi:10.3389/fonc.2018.00555
 Gambacorti-Passerini, C., Antolini, L., Mahon, F. X., Guilhot, F., Deininger, M., Fava, C., et al. (2011). Multicenter independent assessment of outcomes in chronic myeloid leukemia patients treated with imatinib. J. Natl. Cancer Inst. 103, 553–561. doi:10.1093/jnci/djr060
 Guérin, A., Chen, L., Ionescu-Ittu, R., Marynchenko, M., Nitulescu, R., Hiscock, R., et al. (2014). Impact of low-grade adverse events on health-related quality of life in adult patients receiving imatinib or nilotinib for newly diagnosed Philadelphia chromosome positive chronic myelogenous leukemia in chronic phase. Curr. Med. Res. Opin. 30 (11), 2317–2328. doi:10.1185/03007995.2014.944973
 Hehlmann, R., Lauseker, M., Saußele, S., Pfirrmann, M., Krause, S., Kolb, H. J., et al. (2017). Assessment of imatinib as first-line treatment of chronic myeloid leukemia: 10-year survival results of the randomized CML study IV and impact of non-CML determinants. Leukemia 31 (11), 2398–2406. doi:10.1038/leu.2017.253
 Hochhaus, A., Baccarani, M., Silver, R. T., Schiffer, C., Apperley, J. F., Cervantes, F., et al. (2020). European LeukemiaNet 2020 recommendations for treating chronic myeloid leukemia. Leukemia 34 (4), 966–984. doi:10.1038/s41375-020-0776-2
 Hsieh, Y. C., Kirschner, K., and Copland, M. (2021). Improving outcomes in chronic myeloid leukemia through harnessing the immunological landscape. Leukemia 35 (5), 1229–1242. doi:10.1038/s41375-021-01238-w
 Hughes, A., and Yong, S. (2017). Immune effector recovery in chronic myeloid leukemia and treatment-free remission. Front. Immunol. 24, 469. doi:10.3389/fimmu.2017.00469
 Ilander, M., Olsson-Strömberg, U., Schlums, H., Guilhot, J., Brück, O., Lähteenmäki, H., et al. (2017). Increased proportion of mature NK cells is associated with successful imatinib discontinuation in chronic myeloid leukemia. Leukemia 31 (5), 1108–1116. doi:10.1038/leu.2016.360
 Inzoli, E., Aroldi, A., Piazza, R., and Gambacorti-Passerini, C. (2022). Tyrosine kinase inhibitor discontinuation in chronic myeloid leukemia: Eligibility criteria and predictors of success. Am. J. Hematol. 97 (8), 1075–1085. doi:10.1002/ajh.26556
 Irani, Y. D., Hughes, A., Clarson, J., Kok, C. H., Shanmuganathan, N., White, D. L., et al. (2020). Successful treatment-free remission in chronic myeloid leukaemia and its association with reduced immune suppressors and increased natural killer cells. Br. J. Haematol. 191 (3), 433–441. doi:10.1111/bjh.16718
 Iurlo, A., Cattaneo, D., Artuso, S., Consonni, D., Abruzzese, E., Binotto, G., et al. (2022). Treatment-free remission in chronic myeloid leukemia patients treated with low-dose TKIs: A feasible option also in the real-life. A campus CML study. Front. Oncol. 12, 839915. doi:10.3389/fonc.2022.839915
 Mahon, F. X., Réa, D., Guilhot, J., Guilhot, F., Huguet, F., Nicolini, F., et al. (2010). Discontinuation of imatinib in patients with chronic myeloid leukaemia who have maintained complete molecular remission for at least 2 years: The prospective, multicentre stop imatinib (STIM) trial. Lancet Oncol. 11 (11), 1029–1035. doi:10.1016/S1470-2045(10)70233-3
 Melo, J. V., and Barnes, D. J. (2007). Chronic myeloid leukaemia as a model of disease evolution in human cancer. Cancer 7 (6), 441–453. doi:10.1038/nrc2147
 Minciacchi, V. R., Kumar, R., and Krause, D. S. (2021). Chronic myeloid leukemia: A model disease of the past, present and future. Cells 10 (1), 117. doi:10.3390/cells10010117
 Molica, M., Noguera, N. I., Trawinska, M. M., Martinelli, G., Cerchione, C., and Abruzzese, E. (2020). Treatment free remission in chronic myeloid leukemia: Lights and shadows. Hematol. Rep. 12 (1), 8950. doi:10.4081/hr.2020.8950
 Mumprecht, S., Schürch, C., Schwaller, J., Solenthaler, M., and Ochsenbein, A. F. (2009). Programmed death 1 signaling on chronic myeloid leukemia-specific T cells results in T-cell exhaustion and disease progression. Blood 114 (8), 1528–1536. doi:10.1182/blood-2008-09-179697
 Pacelli, P., Bestoso, E., Sicuranza, A., Abruzzese, E., Luciano, L., Iurlo, A., et al. (2022). In search of drivers of cd34+/CD38-/cd26+ leukemia stem cells persistence in CML patients. Blood 140 (1), 12171–12172. doi:10.1182/blood-2022-169085
 Pavlovsky, C., Abello Polo, V., Pagnano, K., Varela, A. I., Agudelo, C., Bianchini, M., et al. (2021). Treatment-free remission in patients with chronic myeloid leukemia: Recommendations of the LALNET expert panel. Blood Adv. 5 (23), 4855–4863. doi:10.1182/bloodadvances.2020003235
 Puzzolo, M. C., Breccia, M., Mariglia, P., Colafigli, G., Pepe, S., Scalzulli, E., et al. (2022). Immunomodulatory effects of IFNα on T and NK cells in chronic myeloid leukemia patients in deep molecular response preparing for treatment discontinuation. J. Clin. Med. 11 (19), 5594. doi:10.3390/jcm11195594
 Raspadori, D., Pacelli, P., Sicuranza, A., Abruzzese, E., Iurlo, A., Cattaneo, D., et al. (2019). Flow cytometry assessment of CD26+ leukemic stem cells in peripheral blood: A simple and rapid new diagnostic tool for chronic myeloid leukemia. Cytom. B Clin. Cytom. 96 (4), 294–299. doi:10.1002/cyto.b.21764
 Richter, J., Lübking, A., Söderlund, S., Lotfi, K., Markevärn, B., Själander, A., et al. (2021). Molecular status 36 months after TKI discontinuation in CML is highly predictive for subsequent loss of MMR-final report from AFTER-SKI. Leukemia 35 (8), 2416–2418. doi:10.1038/s41375-021-01173-w
 Saifullah, H. H., and Lucas, C. M. (2021). Treatment-free remission in chronic myeloid leukemia: Can we identify prognostic factors?Cancers (Basel) 13 (16), 4175. doi:10.3390/cancers13164175
 Saussele, S., Richter, J., Guilhot, J., Gruber, F. X., Hjorth-Hansen, H., Almeida, A., et al. (2018). Discontinuation of tyrosine kinase inhibitor therapy in chronic myeloid leukaemia (EURO-SKI): A prespecified interim analysis of a prospective, multicentre, non-randomised, trial. Lancet Oncol. 19 (6), 747–757. doi:10.1016/S1470-2045(18)30192-X
 Sehgal, A., Whiteside, T. L., and Boyiadzis, M. (2015). Programmed death-1 checkpoint blockade in acute myeloid leukemia. Expert Opin. Biol. Ther. 15 (8), 1191–1203. doi:10.1517/14712598.2015.1051028
 Shah, M., and Bhatia, R. (2018). Preservation of quiescent chronic myelogenous leukemia stem cells by the bone marrow microenvironment. Adv. Exp. Med. Biol. 1100, 97–110. doi:10.1007/978-3-319-97746-1_6
 Shah, N. P., García-Gutiérrez, V., Jiménez-Velasco, A., Larson, S., Saussele, S., Rea, D., et al. (2020). Dasatinib discontinuation in patients with chronic-phase chronic myeloid leukemia and stable deep molecular response: The DASFREE study. Leuk. Lymphoma 61 (3), 650–659. doi:10.1080/10428194.2019.1675879
 Sicuranza, A., Raspadori, D., and Bocchia, M. (2022). CD26/DPP-4 in chronic myeloid leukemia. Cancers (Basel) 14 (4), 891. doi:10.3390/cancers14040891
 Ureshino, H., Shindo, T., Tanaka, H., and Kimura, S. (2017). Chronic myeloid leukemia and NK cell immunity. Rinsho Ketsueki 58 (4), 381–388. doi:10.11406/rinketsu.58.381
 Viganò, I., Di Giacomo, N., Bozzani, S., Antolini, L., Piazza, R., and Gambacorti Passerini, C. (2014). First-line treatment of 102 chronic myeloid leukemia patients with imatinib: A long-term single institution analysis. Am. J. Hematol. 89, E184–E187. doi:10.1002/ajh.23804
 Williams, L. A., Garcia Gonzalez, A. G., Ault, P., Mendoza, T. R., Sailors, M. L., Williams, J. L., et al. (2013). Measuring the symptom burden associated with the treatment of chronic myeloid leukemia. Blood 122 (5), 641–647. doi:10.1182/blood-2013-01-477687
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Pacelli, Santoni, Sicuranza, Abruzzese, Giai, Crugnola, Annunziata, Galimberti, Iurlo, Luciano, Sorà, Fava, Bestoso, Marzano, Cartocci, Defina, Sammartano, Cencini, Raspadori and Bocchia. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-14-1194712-t001.jpg
Patient’s characteristics

ole cohort (n

TFR loss (n = 38)

tained (n = 71)

Median age at diagnosis (range)

53 years (19-76 years)

515 years (27-76 years)

54 years (19-76 years)

Sex
Male 62 (57%) 20 (53%) 42 (59%)
Female 47 (43%) 18 (47%) 29 (41%)

Median WBC at discontinuation (range)

Median LY (range)

6000/mmc (3342-12680/mmc)

1680,5/mmc (1000-3465/mmc)

6000/mmc (3767-12680/mmc)

1680,5/mmc (1000-3465/mmc)

6040/mme (3342-9,800/mme)

1700/mmc (1000-3400/mmc)

Sokal score
High 16 (14.5%) 4(105%) 12 (17%)
Intermediate 38 (35%) 12 (31.5%) 26 (36.5%)
Low 49 (45%) 20 (53%) 29 (41%)
Unknown 6 (5.5%) 2(5%) 4 (5.5%)
EUTOS score
' High 15 (14%) 4(105%) 11 (155%)
Intermediate 6 (5.5%) 4(10.5%) 2(3%)
Low 82 (75%) 28 (74%) 54 (76%)
Unknown 6 (5.5%) 2(5%) 4 (5.5%)
BCR:ABLI transcript
b2a2 27 (24.8%) 11 (28.9%) 16 (22.5%)
b3a2 54 (49.6%) 18 (47.4%) 36 (50.7%)
b2a2/b3a2 7 (6.4%) 2(53%) 5 (7.1%)
b2a2/b3a3 1(09%) 1(26%) -
Absent 1(09%) . 1 (1.4%)
7 Unknown 19 (17.4%) 6 (15.8%) 13 (18.3%)
Additional cytogenetic abnormalities 3 (2.8%) 1(2.6%) 2 (28%)

Median time to complete cytogenetic response (range)

3 months (2-21 months)

3 months (2-21 months)

3 months (2-18 months)

Molecular Response after starting therapy 12 months

MR<3 56 (51.4%) 15 (39.5%) 41 (57.7%)
MR =4 16 (14.7%) 8 (21.1%) 8 (11.3%)
MR =45 14 (12.8%) 8 (21.1%) 6 (8:5%)
MR =5 16 (14.7%) 4(10.5%) 12 (169%)
Unknown 7 (64%) 3 (7.8%) 4 (5.6%)
TKI therapy before discontinuation
Imatinib 39 (35.8%) 19 (50.0%) 20 (282%)
Nilotinib 49 (45%) 11 (28.9%) 38 (53.5%)
Dasatinib 21 (19.2%) 8 (21.1%) 13 (18.3%)

Median TKI treatment duration (range)

7 years (3-18 years)

7 years (7-18 years)

7.5 years (3-17 years)

Median TKI treatment duration according to TKI

Imatinib

Nilotinib

Dasatinib

Median observation time (range)

8 years (4-18 years)
7 years (3-17 years)
8 years (3-15 years)

33 months (2-63 months)

8 years (4-18 years)
7 years (3-12 years)
8 years (4-14 years)

35 months (4-60 months)

8 years (4-16 years)
7 years (3-17 years)
8 years (3-15 years)

32 months (2-63 months)






OPS/images/fphar-14-1194712-t002.jpg
CD26+LSCs detectable

BCR:ABL1 detectable

CD26+LSCs undetectable

BCR:ABL1 undetectable

CD26+LSCs detectable

BCR:ABL1 undetectable

CD26+LSCs undetectable

BCR:ABL1 detectable

Patients (n = 109)

25/109 (22.9%)

21/109 (19.3%)

36/109 (33.0%)

27/109 (24.7%)

TER LOSS (n = 38)

TER SUSTAINED (n = 71)

11/38 (29.0%)

14/71 (19.7%)

8/38 (21.0%)

13/71 (183%)

12/38 (31.6%)

24/71 (33.8%)

7/38 (18.4%)

20/71 (28.2%)





OPS/images/fphar-14-1194712-g003.gif





OPS/images/fphar-14-1194712-g004.gif





OPS/images/fphar-14-1194712-t003.jpg
pe of TKI before

‘ Patients whole cohort (1 = 109)

39 (35.8%)

49 (45.0%)

21 (19.2%)

‘ CD26+LSCs at TKI discontinuation

‘ POSITIVE (range)

19/39 (48.7%)
(0,0048-0,1184 cells/uL)

30/49 (61.2%)
(0,0001-0,1039 cells/uL)

12/21 (57.1%)
(0,0063-0,0695 cells/pL)

‘ NEGATIVE
‘ BCR:ABLI transcript at TKI discontinuation

‘ POSITIVE (range)

NEGATIVE

20 (51.3%)

19/39 (48.7%)
(0,001-0,0046 copies)

20/39 (51.3%)

19 (38.8%)

26/49 (53.1%)
(0,00024-0,007 copies)

23/49 (46.9%)

9 (42.9%)

10/21 (47.6%)
(0,001-0,029 copies)

11/21 (52.4%)






OPS/xhtml/nav.xhtml
Contents

		Cover

		Prospective monitoring of chronic myeloid leukemia patients from the time of TKI discontinuation: the fate of peripheral blood CD26+ leukemia stem cells		Introduction

		Materials and methods		Patient cohort

		Flow cytometry analysis

		Molecular response

		Statistical analysis





		Results		Patient cohort clinical data

		CD26+LSC evaluation and BCR::ABL1 transcript at the time of TKI discontinuation

		CD26+LSC evaluation during TFR





		Discussion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		References









OPS/images/cover.jpg
, frontiers | Frontiers in Pharmacology

Prospective monitoring of
chronic myeloid leukemia
patients from the time of TKI
discontinuation: the fate of
peripheral blood CD26*
leukemia stem cells





OPS/images/fphar-14-1194712-g001.gif
T

H ] ]
Aiianooid reme Wi

Time Moty





OPS/images/fphar-14-1194712-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





