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Background

Multiple Myeloma (MM) patients exhibit dysregulated immune system, which is further weakened by chemotherapeutic agents. While cereblon-modulating agents, such as pomalidomide and lenalidomide, have been found to improve the immune profile, the efficacy of their impact in combination with other treatments is yet unknown.





Methods

We conducted an immune-profiling of a longitudinal cohort of 366 peripheral blood samples from the CC4047-MM-007 (OPTIMISMM, NCT01734928) study. This study followed relapsed/refractory Multiple Myeloma (RRMM) patients who were treated with Velcade + dexamethasone (Vd), or Vd with pomalidomide (PVd). 366 blood samples from 186 patients were evaluated using multi-color flow cytometry at 3 timepoints: screening, day 8 of cycle 1, and cycle 3.





Results

Among NK and NKT cell populations, adding pomalidomide showed no inhibition in the frequency of NK cells. When expression of double positivity for activation markers like, p46/NKG2D, on NK cells was higher than the median, PVd treated patients showed significantly better (p=0.05) progression-free survival (PFS) (additional 15 months) than patients with lower than the median expression of p46/NKG2D on NK cells. PVd treated patients who expressed CD158a/b below the median at cycle 1 demonstrated a significantly better PFS (more than 18months). Among B cell subtypes, PVd treatment significantly increased the abundance of B1b cells (p<0.05) and decreased Bregs (p<0.05) at day 8 of both cycle 1 and cycle 3 when compared to screening samples. Of all the B cell-markers evaluated among paired samples, a higher expression of MZB cells at day 8 of cycle 1 has resulted in enhanced PFS in PVd treated patients. Within T cells, pomalidomide treatment did not decrease the frequency of CD8 T cells when compared with screening samples. The higher the surface expression of OX-40 on CD8 T cells and the lower the expression of PD-1 and CD25 on CD4 T cells by PVd treatment resulted in improved PFS.





Conclusion

The prognostic significance for the number of immune markers is only seen in the PVd arm and none of these immune markers exhibit prognostic values in the Vd arm. This study demonstrates the importance of the immunomodulatory effects and the therapeutic benefit of adding pomalidomide to Vd treatment.
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Introduction

MM patients generally display worsening PFS upon successive relapse (1, 2), potentially due to the loss of immunocompetency, especially considering that fact that MM cells are responsible for a dysregulated immune system (3). Plasmacytoid DCs (pDCs) and Th17 cells are more abundant in MM patients and support MM cell growth (4–6). In addition, invariant NK cells (7) are dysfunctional in myeloma, and MM patients have a higher frequency of myeloid-derived suppressor cells (MDSC) (8) and an elevated ratio of B2 cells to B1 cells. Overall, patients tend to have weakened immune systems, as evidenced by very low levels of anti-hepatitis antibodies following vaccination. This may explain why, when myeloma patients are vaccinated with HLA-A2-restricted multi-peptides (XBP-1, CD138, and CS-1), the generated CTL-memory cells are unable to produce appreciable clinical responses against tumor cells (9). In addition, despite the rapid clinical response MM patients have in response to BCMA-CAR-T cell therapy, many patients still relapse (10), perhaps due to deficits in the immune compartment.

Immunomodulatory agents (IMiDs) and proteasome inhibitors in combination with corticosteroids are standard-of-the-care in newly diagnosed multiple myeloma (NDMM) and RRMM patients. However, many of these agents dampen immune responses. Dexamethasone is a steroid that reduces inflammation, whereas velcade is an inhibitor of the ubiquitin-proteasome proteolytic pathway and thus can affect the turnover of lymphocyte receptors, ligands, cytokines, and chemokines. Though velcade’s activity is a mixture of immunosuppressive and immunostimulatory effects (11), combining it with dexamethasone results in generally immunosuppressive changes. Despite this, Vd is an effective treatment option. The effectiveness of Vd treatment is further increased when combined with pomalidomide, PVd, pushing PFS from 7.1 months in Vd treatment to 11.2 months by PVd treatment in RRMM patients (12). As such, pomalidomide-based triplet regimens are a safe and effective standard of care in RRMM patients.

It has been postulated that the clinical benefit of PVd is derived from enhanced immunocompetency (13–15). Pomalidomide targets Cereblon, which is part of the CRL4 E3 ubiquitin ligase, leading to the degradation of Ikaros and Aiolos, which are T cell repressors (16–19). However, due to the complex effects of each drug, it is impossible to say for certain, the exact changes that occur in the immune compartment by these drugs without clear understanding. The results from this study would be critical to not only confirming pomalidomide’s immunostimulatory effects but also establishing how the changes are happening in the immune compartment following therapy, which could be informative for improving immunotherapy strategies.

Here, we characterized the immune changes in RRMM treated with PVd vs Vd in the OPTIMISMM trial to understand the immunomodulatory effects of pomalidomide. We assessed peripheral blood samples taken at three time points from each treatment with multi-color flow cytometry to investigate immune subpopulations and the expression of their surface markers. This is the first time such a large (N=366 from 186 RRMM patients) sample set has been used for the evaluation of immune biomarkers in a clinical setting. When comparing the two treatment arms, PVd restored some immune cell subpopulations that counterbalanced the immunosuppression observed in Vd-treated patients. These results are especially notable as the immune enhancements driven by PVd were observed in patients relapsing or refractory to a previous immunomodulatory agent treatment (lenalidomide). These results establish the immunostimulatory mechanisms of pomalidomide when combined with dexamethasone and velcade, likely contributing to its clinical response benefits in RRMM patients.





Materials and methods




Study design and patient cohort

Three hundred and sixty-six (366) peripheral blood samples were collected at screening, cycle 1 day 8 and cycle 3 day 8 from one hundred and eighty-six (186) patients enrolled in study CC4047-MM-007 (OPTIMISMM), a phase 3 open-label randomized (PVd versus Vd treatments) clinical trial (ClinicalTrials.gov NCT01734928) (12) and were analyzed by multi-color flow cytometry. Again, this is the first time such a large sample set has been analyzed for MM patients. Patients have balanced clinical/pathological characteristics between two treatment arms (N=93 for PVd, N=93 for Vd) as shown in Figure 1; Tables 1–4 for the explanation of study workflow and patient demographics, respectively. This study was approved by the institutional review board or ethics committees. All patients provided written informed consent. The study was executed in accordance with the principles of the Declaration of Helsinki. The investigators designed the study in conjunction with the sponsor, Bristol Myers Squibb.




Figure 1 | Current investigation schema and workflow. Peripheral blood samples (n=366) were collected from the OPTIMISMM trial from screening and on treatment cycle 1 day 8 and cycle 3 day 8. Of 559 patients treated with PVd or with Vd, immune profiling was done using 186 patients. There were no significant differences between clinical and immune profiling patients in terms of demographics or clinical parameters. Flow cytometry employed 3 panels comprising 23 unique markers to capture 33 immune populations for deep characterization of immunophenotyping subsets.




Table 1 | Comparison of demographics of the patients used in both clinical trial and immune study.




Table 2 | Comparison of high risk and translocations of patients used in both clinical trial and immune studies.




Table 3 | Comparison of prior-treatments of the patients between clinical trial and immune study.




Table 4 | Comparison of clinical characteristics of the patients between clinical trial and immune study.







Treatment

Patients received PVd or Vd in 21-day cycles until disease progression or unacceptable toxicity. Velcade was administered intravenously (IV) or subcutaneously (SC) at 1–3 mg/m (2) twice weekly for the first two weeks of cycles 1–8, then once per week for the first 2 weeks of the 21-day cycle thereafter. Dexamethasone, at a dose of 20 mg/day (10 mg/day for patients >75 years of age), was given twice orally, first, on the same day as velcade and again on the following day. Dose interruptions and reductions were permitted throughout the study. In patients eligible to receive pomalidomide, 4 mg/day was administered daily orally, from days 1 to 14 of each 21-day cycle.





Flow cytometry

Peripheral blood mononuclear cells (PBMCs) from blood samples collected in heparin tubes were isolated by Ficoll-Paque Plus (GE Healthcare) density centrifugation as described,6 and million cells were used to stain with fluorochrome conjugated monoclonal antibodies according to manufacturing company recommendations (Biolegend – 5ul per million cells in 100 ul volume of stain buffer) using 100 ul of brilliant stain buffer (BD Biosciences) for 20 minutes at room temperature. Following incubation with antibodies, cells were washed with PBS, then fixed with 0.5ml fixation buffer (BD Biosciences). Samples were analyzed using BD LSR Fortessa. Initial gating included removal of debris (FSC-Alow events) and gating on singlet FSC and SSC populations, followed by lymphocytes gating (adjusted to include T cells, B cells, NK cells). The antibodies used in this study were purchased from Biolegend and the information on these antibodies, including conjugated fluorochromes, catalogue numbers, clone numbers, lasers and filters is provided in Table 5.


Table 5 | List immune biomarkers assessed by multi-color flow cytometry.







Statistical methods

Statistical analyses were performed using the R programming language. The significance between groups like screening vs cycle 1 or screening vs cycle 3, was obtained by adjusted p-values from Student “t” test analysis using the R programing language. The number of stars indicates the level of p-value significance (*p<0.05; **p<0.01; ***p<0.001; and ****p<0.0001) between groups including, screening vs cycle 1; screening vs cycle 3 and cycle 1 vs cycle 3 for each marker in each treatment arm. The Wilcoxon rank-sum test was used to compare two independent groups at three timepoints for each marker and a Kruskal–Wallis test was used to compare timepoints for each treatment arm. False discovery rates (FDR) were then calculated as q-values from raw p-values to adjust for multiple comparisons in our biomarker analysis. All graphical representations were generated using the ggplot2 and ggpubr libraries in R. The Cox proportional hazard model was used for univariate and multivariate survival analysis. For each immune marker, patients were dichotomized by median expression among all patients. The log rank test was used to assess the significance of pharmacodynamic changes between timepoints unless indicated otherwise. The change from screening for each pharmacodynamic parameter was calculated as the difference between the post-treatments (day 8 of cycle 1 and 3) and pre-treatment (screening) data.






Results

Three hundred and sixty-six (366) peripheral blood samples were collected at screening, cycle 1 day 8 and cycle 3 day 8 from one hundred and eighty-six (186) patients (Figure 1) enrolled in CC4047-MM-007 (OPTIMISMM) study, a phase 3 open-label randomized (PVd versus Vd treatments) clinical trial (ClinicalTrials.gov NCT01734928) (12). Patients showed balanced clinical/pathological characteristics between two treatment arms for (N=93 for PVd, N=93 for Vd, Tables 1–4). Patient characteristics were compared between clinical and immune studies as shown in Tables 1–4. The patient demographics (sex and age) in percentages are presented in Table 1. There were no significant differences in percentage of females and males present in the study; or the age of patients used in both clinical and immune studies. In regards to high-risk factors and chromosomal translocations, including del17p, t (4;14), t(14;16), del13q, del1p and gain1p, there were no differences seen between clinical and immune studies (Table 2). In terms of prior lines of treatments, there were no significant differences in the percentage of patients who were treated or refractory to lenalidomide and/or velcade prior to this study (Table 3). There were no deviations observed from clinical characteristics of patients, including ISS staging (I, II and III), prior transplantation, type of myeloma (IgG, IgA, and IgM in addition to light chains) and the length of PFS in both studies (Table 4). As there were no significant differences between patients used in the clinical trial and in this immune study, as indicated in Tables 1–4; these results indicate that patient’s PFS and the changes seen in the frequency of immune cells and the expression of their surface cell-markers, appeared to be due to the influence of their respective treatment arm, PVd or Vd.

This immune study evaluated the expression of surface markers on three different cell-types, including NK/NKT, B, and T cells using multicolor flow cytometry. This is the first immune study which utilized such a large sample-set (366 samples from 186 patients) to evaluate the frequency of immune markers and their association with PFS following the OPTIMISMM clinical response trial (N=559). The primary goal of the study was to evaluate immune marker changes following PVd or Vd treatments. Often the relative expression of a given surface marker on a given cell-type may not be significantly different. However, where the expression falls higher or lower than the median level for a given surface maker on given cell-type may have impacted the clinical response and, ultimately, a patient’s PFS following PVd treatment. This impact on survival was likely due to the functional abilities of that immune cell, their interactions with other immune cell-types, and finally, their interactions with MM tumor cells.




Pomalidomide effect on NK cells and their association with clinical outcome benefit

To evaluate the impact of PVd or Vd regimens on the pharmacodynamics of NK and NKT cells, peripheral blood specimens from patients, taken pre-treatment (screening) or following administration of treatment, at day 8 of cycles 1 and 3, were assessed by flow cytometry for NK and NKT cell subpopulations, their activation, and expression of suppression markers. Specifically, activation markers p46/CD335 and NKG2D/CD314, and suppressive markers (KIRs including CD159a/NKG2A, p75/CD328, CD158a/KIR2Dl1 and CD158b/KIR2DL2/3) were assessed. A representative gating strategy for NK cells, CD56+ NK cells and CD56+CD3+ NKT cells is shown in Figures 2A–C. In general, the gated lymphocyte population was sub-gated initially on expression of CD56 and CD3 to identify NK cells (CD56+) and NKT cells (CD56+CD3+) as shown in Figure 2A. Both cell-types were further sub-gated using CD158a and CD158b monoclonal antibodies to obtain CD158a+, CD158a+/b+, CD158b+, and CD158a-/b-; as shown in Figure 2B. Similarly, NK and NKT cells, were sub-gated by CD159 and p75 monoclonal antibodies to obtain single-positive-CD159a+, double-positive-CD159a+p75+, double-negative-CD159a-p75-, and single-positive-p75+ populations as shown in Figure 2C. Additionally, the expression if activation markers, like p46 and NKG2D on NK cells were obtained from sub-gated NK cells. Significances were shown as adjusted p-values between the two groups (PVd vs Vd) and were calculated using Student’s “t” test via the R programing language. Overall, the pomalidomide containing regimen (PVd) had the most significant positive effects on NK and NKT cells compartments. In the Vd treatment arm, the percentage of CD56+ NK cells were significantly lower (p<0.05) at cycle 1 day 8 compared with screening; however, no significant changes were seen in PVd treatment arm (Figure 2D). NKT cells did not show a significant change in either PVd-treated or Vd-treated patients (Figure 2E).




Figure 2 | Pharmacodynamic changes in patients’ peripheral NK and NKT cell subpopulations following treatment. Peripheral blood specimens taken from patient’s pre-treatment (screening) or following administration of PVd or Vd were assessed for NK and NKT cell subpopulations. Representative gating strategy for NK and NKT cells (A–C), the expression of CD56+ NK cells and CD56+CD3+ NKT cells (D–E), the expression of NKG2D and p46 on NK cells (F–I), the expression of suppressive markers on NK cells, including CD159a and p75 (J–M) and CD158a and b (N–Q), and the expression of suppressive markers on NKT cells, including CD159a and p75 (R–U), CD158a and b (V–Y). The number of stars indicates the level of p-value significance (*p<0.05; **p<0.01; ***p<0.001; and ****p<0.0001) between groups including, screening vs cycle 1; screening vs cycle 3 and cycle 1 vs cycle 3 for each marker.



The number of double positive for NKG2D/p46, or activated NK cells, were significantly increased from screening to cycle 1 (p<0.01) for PVd treated patients, and between screening to cycle 1 and cycle 3 (p<0.05) for Vd treated patients (Figure 2G). However, the number of p46+ NK cells (Figure 2F), double negative NKG2D/p46 NK cells (Figure 2H), and NKG2D+ NK cells (Figure 2I) were not significantly changed between timepoints in either treatment arm. The percentage of CD56+ NK cells expressing different KIR molecules (CD159a+, CD159a+/p75+, CD158a-/p75- and p75+) (Figures 2J–M respectively) (CD158b+, CD158a+/b+, CD158a-/b- and CD158a+) (Figures 2N–Q respectively) also did not show a significant change between timepoints for both treatments of PVd-treated or Vd-treated patients. More importantly, NKT cells expressing double positivity of suppressive CD159a and p75 KIR molecules were significantly decreased between screening and day 8 of cycle 1 (p<0.05), and cycle 3 (p<0.001) following PVd treatment and between screen and day 8 of cycle 1 (p<0.001), and cycle 3d (p<0.0001) following Vd treatment (Figures 2S). However, similar decreases were not seen in NKT expressing single positive CD159a (Figure 2R), double negative CD159a/p75 (Figure 2T), and single positive p75 (Figure 2U) in either arm. The percentage of NKT cells expressing double positive KIR molecules CD158a and CD158b (Figure 2W) were significantly reduced, while expression of single positive CD158a NKT cells (Figure 2Y) were significantly increased in both treatment arms. The expression of CD158b+ (Figure 2V), and double negative CD158a-/b- (Figure 2X) on NKT cells was not altered in either treatment arm. This could have a positive impact, as myeloma cells are sensitive to lysis by NKT cells (20).

It is not easy to identify significant differences in the frequency of NK/NKT cells, even with a large sample set, as treatments may not affect the expression of a given surface marker on NK or NKT cells. However, their functional capacity and their interactions with other immune cells in the bone-marrow (BM) microenvironment and with myeloma cells may influence the survival of patients. As such, we investigated the association of expression differences of immune markers to patient survival, particularly PFS, with each treatment arms between three timepoints - screening, and post-treatment at day 8 of cycle 1 and cycle 3 (Figures 3A–H). For each immune marker among the three studied cell-types (NK/NKT, B, and T cells), patients were ranked by range of expression, then dichotomized into greater-than and lower-than median-expression cohorts. The log rank test was used to assess the significance of pharmacodynamic changes between timepoints within each arm.




Figure 3 | Representative baseline and post-treatment NK/NKT cells associated with favorable PFS in PVd–treated patients. PVd-treated patients showed association of immune cell subpopulation levels at pre-treatment and post-treatment at cycle 1 and 3 day 8 (A–H). The expression of CD158b on NKT cells, a suppressive KIR molecule (A), the expression of NKG2D, an activation marker, on NK cells (B), the frequency of NK cells expressing CD158a+/b+ (C), and expression of CD158b on NK cells (D), is associated with significantly improved PFS by PVd. The expression of CD159a on NK cells from samples paired between screening and cycle 1/3 (E) and their effect in terms of PFS (F) is shown. The number of NK cells that are double-positive for p46 and NKG2D (G), and the PFS association of the frequency of NK cells with their expression at cycle 3 relative to screening in paired samples are shown (H). The Kaplan-Meier survival plots are drawn for each arm separately for the expression of a given immune marker (CD158b-NKT, NKG2D, CD158a/b, CD158b, CD159a and p46/NKG2D on NK) expression below median (blue dark line) and above median (yellow light line).



Patients who expressed CD158b on NKT cells below the median level at screening demonstrated an improving tendency in PFS in both arms. However, only PVd patients who expressed CD158b below the median level on NKT cells at screening showed a statistically significant improved PFS (p=0.02) compared to patients who expressed CD158b above the median level on NKT cells (Figure 3A). Though a lower expression of CD158b following Vd is not statistically significant, PFS was significantly improved by the addition of pomalidomide. PVd treated patients achieved over 12 months of additional PFS, suggesting that CD158b can be used as a predictive immune marker at screening.

NKG2D is an activation marker expressed on NK cells and its expression indicates the activation status of NK cells. In PVd patients, when NKG2D was found to be expressed higher than the median compared with patients who expressed NKG2D lower than the median in cycle 1, an improved PFS of an additional 14 months was observed (p=0.024) (Figure 3B). If NK cells at cycle 1 exhibited lower than the median expression of CD158a+b+, a favorable PFS was observed (p=0.034) in PVd patients (additional 18 months) compared to patients who expressed higher than median levels of CD158a/b (Figure 3C). As such, NKG2D and double-positive CD158a/b on NK cells may also serve as early prognostic markers in PVd treated patients. When CD158b expression on NK cells is lower than the median at cycle 3, PVd treated patients showed significantly (p=0.016) better PFS (additional 6 months) compared with patients with higher than the median expression of CD158b on NK cells (Figure 3D). This immune marker, CD158b, on NK cells may aid as a late prognostic indicator for PVd treatment. This type of survival association for the above mentioned immune markers on NK cells was not seen in patients on the Vd treatment arm.

Expression of CD159a, a KIR suppressive marker on NK cells, was observed to have a declining trend from screen to Cycle 1 and 3 in both arms (Figure 3E) among paired samples, though it was not statistically significant. To understand if changes in NK/NKT cell marker expression following treatment affects PFS, survival analysis was conducted using delta values which referred to the difference in KIR expression between pre-treatment (screening) and post treatment (cycle 1 and cycle 3). PVd patients with lower than median delta expression of CD159a (blue darker line in Figure 3F) had significantly (p=0.012) better PFS (additional 24 months) when compared with a higher than median expression of CD159a (yellow lighter line in Figure 3F). Higher frequency of double positive p46/NKG2D-expressing NK cells than the median (yellow lighter line in Figure 3H) showed significantly better (p=0.05) PFS (additional 15 months) for PVd patients when compared to a lower than the median frequency (blue darker line in Figure 3H). These type of survival associations for above mentioned immune markers was not seen in Vd treated patients.

These results suggested that the addition of pomalidomide to Vd treatment exhibited therapeutic benefit on survival and clinical response by increasing activation markers, like NKG2d alone or in combination with p46; and by reducing immune suppression due to expression of KIR molecules, like CD158b alone, CD158a/b and CD159a, on NK cells in patients. These results on NK cells indicate that PVd treatment had a positive influence on NK cells to provide an improved anti-myeloma response.





Pomalidomide has varying effects across B cell subtypes and their association with clinical outcome benefit

Peripheral blood specimens from screening or post-treatment (cycle 1 day 8 and cycle 3 day 8) following administration of PVd or Vd were assessed for pharmacodynamic changes in 8 B-cell immune subpopulations by multi-color flow cytometry. The representative subpopulation gating strategy for the 8 different sub-populations of CD19+ B cells are shown in Figures 4A–F. Initially, CD19+ B cells are gated from the lymphocyte gate, as shown in Figure 4A. From this CD19+ B cell gate, via measurement of the expression of CD185, we identified follicular B cells (FB), which produced immunoglobulins and B cell-receptor diversity (Figure 4B); via expression of CD27, we identified memory B cells (Figure 4C); via expression of intra-cellular GM-CSF, we identified innate response activator B cells (IRA-B), derived from B1a population that are important in bacterial clearance (Figure 4D); and, finally, via expression of CD23, we identified the marginal zone B cells (MZB), which are important provide immunity against blood-borne pathogens (Figure 4E). Additionally, CD19+ B cells were further categorized into four important main subsets by the expressions of CD43 and CD5. The four different B cell sub-sets (Figure 4F) included B1b (CD19+CD43+CD5-), which provide protection against acute bacterial infections and are integral to vaccine responses; B1a (CD19+CD43+CD5+), which is considered to be natural antibody-producing cells present from birth; B2 (CD19+CD43-CD5-), which produce all types of immunoglobulins and complete B cell-receptor diversity; and, lastly, Bregs (regulatory B cells) (CD19+CD43-CD5+), which are much more potent in the regulation of both T and B cell-responses, producing cytokines such as IL-10 which upregulate T regulatory cells (Tregs).




Figure 4 | Pharmacodynamic changes in patients’ peripheral immune B–cell subpopulations following treatment with PVd versus Vd. Peripheral blood specimens from patients were assessed for pharmacodynamic changes in B-cell immune subpopulations by multi-color flow cytometry. Representative strategy was shown for gating of 8 different sub-populations of CD19+ B cells (A), follicular B cells-FB, measured by CD185 (B), memory B cells measured by CD27 (C), Ira-B cells measured by GM-CSF (D), MZB measured by CD23 (E), and 4 sub-sets of B cells (B1b, B1a, B2 and Bregs) (F). Changes depicted here include Pomalidomide with Vd-regimen representative specific enhancements panel (G) B cells, panel (H) B1a B cells, panel (I) B1b B cells, panel (J) B2 B cells, panel (K) Bregs, panel (L) Ira-B cells, panel (M) MZB cells, panel (N) FB cells, and panel (O) memory cells. Pharmacodynamic trends were noted in cycle 1 day 8 and cycle 3 day 8 specimens relative to screening. MZB, Marginal zone B cells; FB, Follicular B cells that are matured in germinal centers in the spleen and lymph-nodes. The number of stars indicates the level of p-value significance (*p<0.05; **p<0.01; ***p<0.001) between groups including, screening vs cycle 1; screening vs cycle 3 and cycle 1 vs cycle 3 for each marker.



PVd treatment was associated with a significant decrease in the overall number of B cells (CD3-CD19+) (Figure 4G). B1a cells are considered innate, long-lived, and self-renewing natural antibody-producing (IgM) B cells with a limited repertoire and without memory. B1a cells (CD19+CD43+CD5+) were significantly reduced in Vd treated patients but not in PVd treated patients (Figure 4H). B1b cells (CD19+CD43+CD5-) are important in providing protection against acute bacterial infections and producing vaccine responses (21, 22). In this study, we observed that B1b cells were progressively increased at cycle 1 day 8 and cycle 3-day 8 following PVd treatment, while Vd B1b cell-populations remained unaltered (Figure 4I).

B2 cells are important for producing the most of the body immunoglobulins and we did not observe any changes in their frequency following either treatment (Figure 4J). Bregs are associated with immunosuppression in myeloma (23) and less Bregs could suppress IL-10 expression, thus limiting Treg expansion (24, 25). PVd treated patients showed significantly (p=0.01) less Bregs (CD19+CD43-CD5+) following treatment at day 8 of cycles 1 and 3 compared with screening, but this kind of decrease in Bregs was not seen in Vd treated patients (Figure 4K). Vd treated patients also had decreased populations of innate response activator B cells (IRA-B) (CD19+GM-CSF+) while PVd treated patients maintained similar cell frequencies throughout each timepoint (Figure 4L). In both arms, the number of MZB cells (CD19+CD23+) increased from screening through cycle 1 and cycle 3 (Figure 4M). At the same time, both PVd and Vd patients showed significantly decreased populations of follicular B cells (FB) (Figure 4N). FB cells are a subset of germinal center B cells thought to produce myeloma cell-precursors (26, 27). There was no difference in CD27+ memory B cell-populations following either treatment (Figure 4O).

Next, we evaluated the differences seen in B cell-populations in terms of patient survival and determined that two different B cell-populations (Ira-B and MZB) are associated with patient survival. When we compared the frequency of CD19+ Ira-B cells between the two treatment groups, there was a significant decrease at day 8 of cycles 1 and 3 from screening in the Vd treatment arm, shown in Figure 4L. However, the PFS analysis of patients revealed that while a lower than median expression of CD19+ Ira-B cells at screening significantly (p=0.041) improves PFS for PVd treated patients (additional 21 months) in comparison with higher expression of IraB cells (above median) as shown in Figure 5A. On other hand, Vd treated patients had no significant difference in survival, as shown in Figure 5A. The increasing trend of MZB cells was observed in paired samples in both treatment arms, though it was found to be unsignificant (Figure 5B). More importantly, a higher than median expression of MZB cells at cycle 1 day 8 in comparison to screening for PVd treated patients exhibited significantly (p=0.03) enhanced PFS (additional 20 months) in comparison with patients who had lower than median expression of MZB. Curiously, a reverse trend in the frequency of MZB was seen in Vd treated patients (Figure 5C).




Figure 5 | Representative screening and post-treatment B cell-sub-populations associated with favorable PFS in PVd–treated patients. Specific B cell-immune markers that are associated with PFS as shown in panel (A–C). The expression of Ira-B cells, at screening in association with PFS was shown (A). The expression of MZB cells population in paired samples (B) and their association with PFS at cycle 1 relative to screening for PVd treated patients shown (C). The number of stars indicates the level of p-value significance (*p<0.05) between groups including, screening vs cycle 1; screening vs cycle 3 and cycle 1 vs cycle 3 for each marker. The Kaplan-Meier survival plots are drawn for each arm separately for the expression of a given immune marker (Ira-B and MZB) expression below median (blue dark line) and above median (yellow light line).







Pomalidomide has varying effects across T cell subtypes and their association with clinical outcome benefit

The four (4) memory T populations were evaluated by multi-color flow cytometry, including, naïve, central memory (CM), effector memory (EM), and exhausted memory (EX). Representative dot-plot gating strategy for T cell memory sub-populations is shown in Figures 6A–C. Initially, CD3 population were gated from the lymphocyte gate, as seen in Figure 6A. From the CD3 gated population, both CD4 and CD8 are sub-gated, as seen in Figure 6B. The four memory (CM, Naïve, EM and EX) subset populations were then gated from their respective T-cell population, CD4 or CD8, using markers CD45RA and CCR7 (CD197), Figure 6C. Our analysis revealed no disparity among CD3+ T cells and CD4+ helper T cells, following either treatment at their respective timepoints (Figures 6D, E, respectively). However, CD8+ cytotoxic T lymphocytes were significantly (p=0.05) decreased in frequency at day 8 of cycle 3 in comparison to screening among Vd treated patients (Figure 6F). This decrease in CD8+ T cells was not seen in PVd treated patients. Subsequent investigation of naïve populations in both CD4 (Figure 6G) and in CD8 (Figure 6K) following either treatment showed no changes. There is no change in CM and EM populations in both CD4+ (Figures 6H, I respectively) and in CD8+ (Figures 6L, M respectively) T cells in either treatment. However, we noted a consistently increasing tendency in the frequency expression of exhausted T-cells for both CD4+ and CD8+ cells in the Vd arm (Figures 6J, N respectively).




Figure 6 | Peripheral pharmacodynamic alterations in CD3+ T cell-population following PVd and Vd treatments. (A) Representative dot plot analysis for gating strategy for CD3+ T cell sub-populations. (B) Frequencies of CD4+ and CD8+ T cells from CD3+ gating. (C) Memory cells, including naïve cells, central memory cells (CM), effector memory cells (EM), and exhausted cells (EX) were measured using CD45RA and CCR7. Changes in CD3+ T cells (D), in CD4+ T cells (E), and in CD8+ T cells (F) in PVd and Vd treated patients. Pharmacodynamic trends were noted in memory populations of CD4+ T cells including naïve (G), CM (H), EM (I) and EX (J); of CD8+ T cells including naïve (K), CM (L), EM (M) and EX (N). The number of stars indicates the level of p-value significance (*p<0.05) between groups including, screening vs cycle 1; screening vs cycle 3 and cycle 1 vs cycle 3 for each marker.



One of the activation markers, OX-40, was significantly increased in its expression on CD8+ T cells following both treatments at cycle 1 day 8 and cycle 3 day 8 compared with respective screening samples, seen in Figure 7A. Furthermore, if the expression of OX-40 on CD8+ T cells at cycle 3 day 8 is higher than the median expression, PVd patients yielded significantly (p=0.047) better PFS (additional 10 months) than the patients with lower than the median expression of OX-40 on CD8 T cells (Figure 7B). We observed that there is no difference in PD-1 (CD279) expression on CD4+ T cells following either treatment compared between respective screening samples, shown in Figure 7C. However, when PD-1 on CD4+ T cells at cycle 3 day 8 falls below the median expression value, PFS was significantly (p=0.0045) prolonged in PVd treated patients by an additional 14 months compared to patients who had higher expression of PD-1 (above median) as seen in Figure 7D. This is important, as exhausted T cells are a common feature of myeloma and can interfere with the efficacy of immunotherapies (28).




Figure 7 | Association of PFS in patients with T cell-marker expression after PVd treatment in comparison with Vd treatment. (A) Showing the expression OX-40 on CD8+ T cells. (B) The association between the CD8+ T cell-expression of OX-40 and PFS at cycle 3. (C) Box graphs showing the expression of PD-1 on CD4+ T cells. (D) Correlation between PFS and expression of PD-1 on CD4+ T cells at cycle 3. (E) Presence of regulatory T cells with CD4+CD25+ following treatments. (F) The influence of regulatory T cells on PFS. (G) Box graphs showing naïve CD4+ T cells in paired samples. (H) Higher numbers of naïve CD4 T cells following PVd treatment increase survival in patients. The number of stars indicates the level of p-value significance (*p<0.05; **p<0.01; ***p<0.001) between groups including, screening vs cycle 1; screening vs cycle 3 and cycle 1 vs cycle 3 for each marker. The Kaplan-Meier survival plots are drawn for each arm separately for the expression of a given immune marker (OX-40 on CD8, PD-1 on CD4, CD25 on CD4, and naïve CD4)) expression below median (blue dark line) and above median (yellow light line).



Finally, there is no difference in the frequency of regulatory T cells expressing CD4+CD25+ markers following either treatment as shown in Figure 7E. However, after cycle 3 day 8, if regulatory T cells (CD4+CD25+) are lower than the median expression in their frequency, PVd treated patients have significantly (p=0.016) better PFS (additional 12 months) compared with patients who have higher regulatory T cells (above median) as shown in Figure 7F. Finally, among paired samples, there is no difference in CD4+ naïve T cells following either of the treatments as shown in Figure 7G. However, patients who expressed higher than median levels of CD4+ naïve T cells at cycle 3 compared to screening, were associated with improved PFS, which was dramatically significant (p=0.032) for PVd treated patients resulting in an additional 24 months of survival as seen in Figure 7H. These survival benefits were not seen in Vd treated patients with the above-mentioned immune markers on T cells.






Discussion

Pomalidomide, velcade, and dexamethasone each affect the immune system in specific manner, and often in complex ways. To our knowledge, we are the first study to assess, in-depth, the effect of Vd doublet or PVd triplet therapy on 33 immune subpopulations using the OPTIMISMM trial with 366 PBMC samples from 186 patients. The OPTIMISMM trial showed both a higher response rate and an improved PFS in PVd treated patient when compared to Vd treated patients. Here we have analyzed associations between the improved outcome with the addition of pomalidomide to Vd treatment and its impact on immune milieu.

Immunomodulatory agents can favorably impact NK cell composition, both in terms of total CD16+CD56+ cells and proliferating Ki67+ NK cells (19, 29). While we found that the total number of CD56+ NK cells were lower in frequency following Vd treatment, this is not seen with PVd treatment. A higher expression of double-positive NKG2D/p46 on NK cells and a lower expression of double-positive KIR molecules (CD159a/p75 and CD158a/b) on NKT cells were observed in both PVd- and Vd-treated patients. We have observed a favorable association of PFS with NK cells expressing higher levels of activation markers and lower levels of KIR molecules after PVd treatment. Among PVd treated patients at cycle 1, patients expressing a higher number of NK cells expressing NKG2D alone (above median level) was associated with improved PFS compared with patients expressing lower levels of NKG2D (below median). In addition, when we investigated samples paired between screening and cycle 3, PFS in PVd treated patients was influenced in a favorable fashion with an increased number of NK cells that are double-positive for NKG2D and p46. Moreover, we show that the decreased number of KIR-expressing (CD158a/b or CD159a) NK cells by PVd treatment enhanced PFS. None of these immune markers mentioned above on NK cells are associated with survival of patients treated with Vd. This clearly indicates that the addition of pomalidomide to Vd treatment results in a therapeutic, anti-myeloma response by the activation of NK cells and by the reduced suppression of NK cells, both of which benefit the survival of PVd treated patients.

We observed that the PVd treatment decreased the population of Breg cells, which could decrease IL-10 production, thus limiting Treg expansion and enhancing immune function (29). Furthermore, either therapy decreased the population of FB cells, which are a subset of germinal center B cells that may produce myeloma cell precursors (21, 22). This could mean treatments can limit the re-supply of plasma cells long-term post-treatment by depleting an oncogenic progenitor population. The PVd-treated patients did not have decreased populations of B1a and IRA B cells unlike the Vd-treated patients, indicating improved innate immunity. Consistently, patients treated with PVd also expressed a higher proportion of B1b cells compared with screening. However, patients in both treatment arms had the same increase in MZB cells. PVd treatment increased the number of MZB cells at cycle 1-day 8 relative to screening for paired samples and that increase of MZB cells associated with significantly better PFS. These observations lead us to hypothesize that a pomalidomide-containing regimen could confer enhanced immunity and thus a favorable safety profile surrounding a decreased incidence of opportunistic infections.

PVd treatment did not result in a reduction of CD8 cell-numbers, as is seen in Vd treated patients. It appears that the addition of pomalidomide to Vd treatment increased the number of CD8+ cells expressing OX-40, which is a co stimulatory molecule, and this increase by PVd is favorably associated with PFS. On the other hand, PVd treatment decreased the number CD4+ cells expressing PD-1, enhancing the overall anti-myeloma response, and subsequently PFS was improved. Finally, downregulating the number regulatory T cells by PVd treatment prolongs survival in patients as well.

Immune enhancements in the T cell memory subpopulation and increases in proliferating NK cells are caused by two newer IMiDs agents, iberdomide and CC-92480 (30, 31). Future studies should focus on more granular definitions of B cell and NK/NKT subpopulations using the subpopulations defined in this study. In addition, while the BM data was not available for our analysis in this study, it should be included in future studies to provide deeper contextual meaning, as it did in the study of iberdomide (32). When the cultured B cells from systemic lupus erythematosus (SLE) patients in the presence or absence of iberdomide, it reduced the B cells ability to produce auto antibodies (33). Using in-vitro culture models, iberdomide was able to stimulate T cells isolated from healthy donors. These T cells produced IL-2 when they were stimulated by anti-CD3 antibody, and they also produced lower levels of IL-1-beta when stimulated by LPS. These results indicate that the hallmark characteristics of SLE, including auto-antibody production, regulatory T cell-dysfunction and inflammatory responses, are inhibited by iberdomide. In this context, iberdomide may be improving immune function by reducing systemic regulatory T cells. Previously, we have already shown similar types of auto-immune characteristics including dysfunctional regulatory T cells in myeloma (34). Our results in this study with PVd also support the concept that a reduction of regulatory T cells following treatment is associated with favorable PFS when compared with patient expressing higher levels of regulatory T cells. Immune modulatory drugs like lenalidomide and pomalidomide have shown to reduce the influence of regulatory T cells (35). Another recent study demonstrated that lower levels of MZB contributed to SLE pathology (36) and in this current study, we showed that an increased frequency of MZB is associated with better PFS in PVd treated patients. The addition of pomalidomide to Vd treatment may play a role in controlling auto-immune phenomenon in myeloma patients by reducing regulatory T cells and increasing MZB cells. The ability of these immune modulatory agents, like lenalidomide and pomalidomide, to reduce auto-immune characteristics in myeloma patients’ needs to be further evaluated in future studies.

We summarized in Figure 8, the influence of the addition of pomalidomide to Vd therapy by improving PFS with alterations in the number of immune biomarkers, at screening (predictive) and at cycle 1/3 (prognostic), on NK/NKT, B, and T-cells. We showed a predictive marker (CD158b) on NKT cells in association with PFS due to PVD treatment. Additionally, expression higher than median compared to lower than median expression of two activation prognostic markers (NKG2D alone and p46/NKG2D) and lower than median compared to higher than median expression of three inhibitory prognostic markers (CD159a, CD158a/b and CD158b alone) on NK cells showed significantly enhanced PFS by PVD treatment. These results indicate that the addition of pomalidomide to Vd treatment improved patients’ survival by reducing inhibitory molecules and by activating NK cells. We have shown a predictive marker (Ira-B) and prognostic marker (MZB) in the B cell-compartment. The addition of pomalidomide may control inflammatory burden by enhancing innate immunity through a reduction of Ira-B cells and upregulate immunity against encapsulated bacterial infections by enhancing MZB. We have shown four prognostic markers (Naïve CD4, OX-40+ CD8, PD-1+ CD4 and CD25+CD4). These results indicate that the addition of pomalidomide to Vd treatment may improve clinical response and patient’s survival by increasing naïve CD4+, and OX-40+ CD8+ T cells; and by reducing PD-1+ CD4+ and regulatory T cells. In summary, the prognostic significance of immune markers on PFS was only observed in the PVd treated patients, and none of the immune markers results in significant prognostic value in the Vd-only arm. Thus, this study exhibits the importance of the immunomodulatory effects for therapeutic benefit by adding pomalidomide to Vd treatment.




Figure 8 | Summary of PFS association with the expression of immune markers by PVd treatment. There are two predictive markers at screening – expression of CD158b on NKT cells and expression of IraB in B cells. There are ten prognostic immune markers by PVd treatment – five on NK cells (NKG2D, CD159a, CD158a and b, p46 and NKG2D, CD158b), four on T cells (Naïve CD4, OX-40 on CD8, PD-1 on CD4, CD25 on CD4 regulatory T-cells) and one on B cells (MZB). ↓ M=Less than median expression. ↑ M=Greater than Median expression. C1=Cycle 1 Day8. C1/S= Cycle 1 Day 8 in comparison with screening. C3=Cycle 3 Day 8. C3/S= Cycle 3 Day 8 in comparison with screening. This figure was created using the Bio-Render program.







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 humans were approved by Dana-Farber Cancer Institute, Harvard Medical School. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.





Author contributions

RP: Conceptualization, Data curation, Funding acquisition, Investigation, Methodology, Project administration, Resources, Software, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing. WP: Conceptualization, Funding acquisition, Project administration, Visualization, Writing – original draft, Writing – review & editing. MS: Visualization, Writing – original draft, Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Software, Validation. LP: Conceptualization, Data curation, Formal analysis, Methodology, Software, Validation, Visualization, Writing – original draft. KH: Data curation, Methodology, Resources, Software, Writing – original draft. TP: Data curation, Methodology, Resources, Software, Writing – review & editing. ST: Data curation, Formal analysis, Methodology, Software, Validation, Writing – review & editing. AW: Data curation, Methodology, Writing – review & editing. AKa: Data curation, Methodology, Writing – review & editing. SV: Data curation, Methodology, Writing – review & editing. MB: Data curation, Methodology, Software, Writing – review & editing. VB: Data curation, Methodology, Writing – review & editing. HS: Data curation, Methodology, Writing – review & editing. AKr: Data curation, Methodology, Writing – review & editing. SD: Data curation, Formal analysis, Methodology, Software, Writing – review & editing. MF: Conceptualization, Data curation, Methodology, Resources, Writing – review & editing. SL: Data curation, Methodology, Software, Writing – review & editing. PR: Conceptualization, Resources, Writing – review & editing. KA: Conceptualization, Investigation, Project administration, Resources, Writing – review & editing. JC: Conceptualization, Investigation, Resources, Writing – review & editing. HA-L: Conceptualization, Resources, Writing – original draft. AT: Conceptualization, Funding acquisition, Investigation, Project administration, Resources, Supervision, Visualization, Writing – original draft. NM: Conceptualization, Funding acquisition, Investigation, Project administration, Resources, Supervision, Visualization, Writing – original draft.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by Department of Veterans Affairs Merit Review Award I01BX001584-09 (NM), NIH grants P01-155258 and 5P50 CA100707 (NM). This study was funded and sponsored by Celgene Corporation, a Bristol Myers Squibb company. The study’s sponsor compiled and maintained the data.




Acknowledgments

All authors evaluated the results, contributed to the development of the manuscript, and reviewed and approved the manuscript for submission. The study sponsor and all authors accept full responsibility for the accuracy and completeness of the data. We acknowledge colleagues from the Munshi, and Thakurta labs for helpful comments. Presented at the European Hematological Association (Amsterdam 2019), International Myeloma Workshop (Boston, MA 2019), 61st American Society of Hematology Annual Meeting (Orlando, FL 2019).





Conflict of interest

Authors WP, KH, TP, AT, were employed by the company BMS, Bristol Myers Squibb.

The remaining 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.




Abbreviations

NK, Natural killer cells; NKT, natural killer T cells; MM, multiple myeloma; RRMM, relapsed/refractory multiple myeloma; POM, pomalidomide; V-velcade or bortezomib; d, dexamethasone; PFS, progression-free survival; KIR, killer cell immunoglobulin like receptor; MZB, marginal zone B cells; pDCs, plasmacytoid dendritic cells; MDSC, myeloid-derived suppressor cells; HLA, human leukocyte antigen; XBP1, x-box-binding protein 1; CS1, CD2 subset 1; CTL, cytotoxic T lymphocytes; BCMA, B-cell maturation antigen; CAR, chimeric antigen receptor; IMiDs, immunomodulatory drugs; NDMM, newly-diagnosed multiple myeloma; IV, intravenous; sc, subcutaneous; PBMC, peripheral blood mononuclear cells; NKG2D, natural killer group 2member D; Breg, regulatory B cells; FB, follicular B cells; IRA, B-innate response activator B cells; CM, central memory; EM, effector memory; EX, exhausted memory cells; LEN, lenalidomide.




References

1. Kumar, SK, Therneau, TM, Gertz, MA, Lacy, MQ, Dispenzieri, A, Rajkumar, SV, et al. Clinical course of patients with relapsed multiple myeloma. Mayo Clin Proc (2004) 79:867–74. doi: 10.4065/79.7.867

2. Rajkumar, SV, and Kumar, S. Multiple myeloma: diagnosis and treatment. Mayo Clin Proc (2016) 91:101–19. doi: 10.1016/j.mayocp.2015.11.007

3. Nucci, M, and Anaissie, E. Infections in patients with multiple myeloma in the era of high-dose therapy and novel agents. Clin Infect Dis (2009) 49:1211–25. doi: 10.1086/605664

4. Chauhan, D, Singh, AV, Brahmandam, M, Carrasco, R, Bandi, M, Hideshima, T, et al. Functional interaction of plasmacytoid dendritic cells with multiple myeloma cells: a therapeutic target. Cancer Cell (2009) 16(4):309–23. doi: 10.1016/j.ccr.2009.08.019

5. Prabhala, RH, Pelluru, D, Fulciniti, M, Prabhala, HK, Nanjappa, P, Song, W, et al. Elevated IL-7 produced by TH17 cells promotes myeloma cell growth and inhibits immune function in multiple myeloma. Blood (2010) 115:5385–92. doi: 10.1182/blood-2009-10-246660

6. Prabhala, RH, Fulciniti, M, Pelluru, D, Rashid, N, Nigroju, A, Nanjappa, P, et al. Targeting IL-17A in multiple myeloma: a potential novel therapeutic approach in myeloma. Leukemia (2016) 30(2):379–89. doi: 10.1038/leu.2015.228

7. Song, W, van der Vliet, HJ, Tai, YT, Prabhala, RH, Wang, R, Podar, K, et al. Generation of antitumor invariant natural killer T cell lines in multiple myeloma and promotion of their functions via lenalidomide: a strategy for immunotherapy. Clin Cancer Res (2008) 14:6955–62. doi: 10.1158/1078-0432.CCR-07-5290

8. Görgün, GT, Whitehill, G, Anderson, JL, Hideshima, T, Maguire, C, Laubach, J, et al. Tumor-promoting immune-suppressive myeloid-derived suppressor cells in the multiple myeloma microenvironment in humans. Blood (2013) 121(15):2975–87. doi: 10.1182/blood-2012-08-448548

9. Bae, J, Hideshima, T, Zhang, GL, Zhou, J, Keskin, DB, Munshi, NC, et al. Identification and characterization of HLA-A24-specific XBP1, CD138 (Syndecan-1) and CS1 (SLAMF7) peptides inducing antigens-specific memory cytotoxic T lymphocytes targeting multiple myeloma. Leukemia (2018) 32(3):752–64. doi: 10.1038/leu.2017.316

10. Raje, N, Berdeja, J, Lin, Y, Siegel, D, Jagannath, S, Madduri, D, et al. Anti-BCMA CAR T-cell therapy bb2121 in relapsed or refractory multiple myeloma. N Engl J Med (2019) 380(18):1726–37. doi: 10.1056/NEJMoa1817226

11. Pellom, ST, Dudimah, DF, Thounaojam, MC, Sayers, TJ, and Shanker, A. Modulatory effects of bortezomib on host immune cell functions. Immunotherapy (2015) 7(9):1011–22. doi: 10.2217/imt.15.66

12. Richardson, PG, Oriol, A, Beksac, M, Liberati, AM, Galli, M, Schjesvold, F, et al. Pomalidomide, bortezomib and dexamethasone for patients with relapsed or refractory multiple myeloma, previously treated with lenalidomide (OPTIMISMM): a randomised, open-label, phase 3 trial. Lancet-Oncology (2019) 20(6):781–94. doi: 10.1016/S1470-2045(19)30152-4

13. Kawano, Y, Moschetta, M, Manier, S, Glavey, S, Görgün, GT, Roccaro, AM, et al. Targeting the bone marrow microenvironment in multiple myeloma. Immunol Rev (2015) 263:160–72. doi: 10.1111/imr.12233

14. Gulla, A, and Anderson, KC. Multiple myeloma: the (r)evolution of current therapy and a glance into future. Haematologica (2020) 105:2358–67. doi: 10.3324/haematol.2020.247015

15. Thakurta, A, Pierceall, WE, Amatangelo, MD, Flynt, E, and Agarwal, A. Developing next generation immunomodulatory drugs and their combinations in multiple myeloma. Oncotarget (2018) 12:1555–63. doi: 10.18632/oncotarget.27973

16. Bjorklund, CC, Lu, L, Kang, J, Hagner, PR, Havens, CG, Amatangelo, M, et al. Rate of CRL4(CRBN) substrate Ikaros and Aiolos degradation underlies differential activity of lenalidomide and pomalidomide in multiple myeloma cells by regulation of c-Myc and IRF4. Blood Cancer J (2015) 5:e354. doi: 10.1038/bcj.2015.66

17. Gandhi, AK, Kang, J, Havens, CG, Conklin, T, Ning, Y, Wu, L, et al. Immunomodulatory agents lenalidomide and pomalidomide co-stimulate T cells by inducing degradation of T cell repressors Ikaros and Aiolos via modulation of the E3 ubiquitin ligase complex CRL4(CRBN). Br J Haematol (2014) 164:811–21. doi: 10.1111/bjh.12708

18. Lopez-Girona, A, Mendy, D, Ito, T, Miller, K, Gandhi, AK, Kang, J, et al. Cereblon is a direct protein target for immunomodulatory and antiproliferative activities of lenalidomide and pomalidomide. Leukemia (2012) 26:2326–35. doi: 10.1038/leu.2012.119

19. Sehgal, K, Das, R, Zhang, L, Verma, R, Deng, Y, Kocoglu, M, et al. Clinical and pharmacodynamic analysis of pomalidomide dosing strategies in myeloma: impact of immune activation and cereblon targets. Blood (2015) 125:4042–51. doi: 10.1182/blood-2014-11-611426

20. Dhodapkar, MV, and Richter, J. Harnessing natural killer T (NKT) cells in human myeloma: progress and challenges. Clin Immunol (2011) 140:160–6. doi: 10.1016/j.clim.2010.12.010

21. Kräutler, NJ, Suan, D, Butt, D, Bourne, K, Hermes, JR, Chan, TD, et al. Differentiation of germinal center B cells into plasma cells is initiated by high-affinity antigen and completed by Tfh cells. J Exp Me. (2017) 214(5):1259–67. doi: 10.1084/jem.20161533

22. Rasmussen, T, Lodahl, M, Hancke, S, and Johnsen, HE. In multiple myeloma clonotypic CD38-/CD19+/CD27+ memory B cells recirculate through bone marrow, peripheral and lymph nodes. Leuk Lymphoma. (2004) 45(7):1413–7. doi: 10.1080/10428190410001655157

23. Chen, Y, Li, C, Lu, Y, Zhuang, H, Gu, W, Liu, B, et al. IL-10-producing CD1d(hi)CD5(+) regulatory B cells may play a critical role in modulating immune homeostasis in silicosis patients. Front Immunol (2017) 8:110. doi: 10.3389/fimmu.2017.00110

24. Prabhala, RH, Talluri, S, Negroiu, A, Buonopane, M, Fulciniti, M, Anderson,, et al. Defining fundamental B cell-subset dysfunction in myeloma. Blood (2016) 128:2085. doi: 10.1182/blood.V128.22.2085.2085

25. Tarique, M, Naz, H, Kurra, SV, Saini, C, Naqvi, RA, Rai, R, et al. Interleukin-10 producing regulatory B cells transformed CD4+ CD25-into Tregs and enhanced regulatory T cells function in human leprosy. Front Immunol (2018) 9:1636. doi: 10.3389/fimmu.2018.01636

26. Liu, Y, Cheng, LS, Wu, SD, Wang, SQ, Li, L, She, WM, et al. IL-10-producing regulatory B-cells suppressed effector T-cells but enhanced regulatory T-cells in chronic HBV infection. Clin Sci (Lond). (2016) 130(11):907–19. doi: 10.1042/CS20160069

27. Zhou, X, Su, YX, Lao, XM, Liang, YJ, and Liao, GQ. CD19(+)IL-10(+) regulatory B cells affect survival of tongue squamous cell carcinoma patients and induce resting CD4(+) T cells to CD4(+)Foxp3(+) regulatory T cells. Oral Oncol (2016) 53:27–35. doi: 10.1016/j.oraloncology.2015.11.003

28. Zelle-Rieser, C, Thangavadivel, S, Biedermann, R, Brunner, A, Stoitzner, P, Willenbacher, E, et al. T cells in multiple myeloma display features of exhaustion and senescence at the tumor site. J Hematol Oncol (2016) 9:116. doi: 10.1186/s13045-016-0345-3

29. Pierceall, WE, Amatangelo, MD, Bahlis, NJ, Siegel, DS, Rahman, A, Van Oekelen, O, et al. Immunomodulation in pomalidomide, dexamethasone, and daratumumab-treated patients with relapsed/refractory multiple myeloma. Clin Cancer Res (2020) 26(22):5895–902. doi: 10.1158/1078-0432.CCR-20-1781

30. Amatangelo, M, Bjorklund, C, Kang, J, Mukhopadhyay, A, Nuñez, MDJ, Wong, L, et al. Preclinical and translational support for clinical development of iberdomide in combination with proteasome inhibitors: mechanism of synergy in clinical trial CC-220-MM-001. Blood (2020) 136:8–9. doi: 10.1182/blood-2020-137710

31. Wong, L, Narla, RK, Leisten, J, Bauer, D, Groza, M, Gaffney, B, et al. CC-92480, a novel cereblon E3 ligase modulator, is synergistic with dexamethasone, bortezomib, and daratumumab in multiple myeloma. Blood (2019) 134:1815–. doi: 10.1182/blood-2019-124345

32. Van Oekelon, O, Amatangelo, M, Guo, M, Upadhyaya, B, Kelly, G, Patel, M, et al. Large scale mass cytometry reveals significant activation of innate and adaptive immunity in bone marrow tumor microenvironment of iberdomide-treated myeloma patients. In: 63rd Annual Meeting of the American Society of Hematology. Atlanta GA (2021).

33. Schafer, PH, Ye, Y, Wu, L, Kosek, J, Ringheim, G, Yang, Z, et al. Cereblon modulator iberdomide induces degradation of the transcription factors Ikaros and Aiolos: immunomodulation in healthy volunteers and relevance to systemic lupus erythematosus. Ann Rheumatol Dis (2018) 77:1516–23. doi: 10.1136/annrheumdis-2017-212916

34. Prabhala, RH, Neri, P, Bae, JE, Tassone, P, Shammas, MA, Allam, CK, et al. Dysfunctional T regulatory cells in multiple myeloma. Blood (2006) 107:301–4. doi: 10.1182/blood-2005-08-3101

35. Galustian, C, Meyer, B, Labarthe, MC, Dredge, K, Klaschka, D, Henry, J, et al. The anti-cancer agents lenalidomide and pomalidomide inhibit the proliferation and function of T regulatory cells. Cancer Immunol Immunother. (2009) 58:1033–45. doi: 10.1007/s00262-008-0620-4

36. Tull, TJ, Pitcher, MJ, Guesdon, W, Siu, JHY, Lebrero-Fernández, C, Zhao, Y, et al. Human marginal zone B cell development from early T2 progenitors. J Exp Med (2021) 218(4):e20202001. doi: 10.1084/jem.20202001




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.

Copyright © 2023 Prabhala, Pierceall, Samur, Potluri, Hong, Peluso, Talluri, Wang, Katiki, Vangala, Buonopane, Bade, Seah, Krogman, Derebail, Fulciniti, Lazo, Richardson, Anderson, Corre, Avet-Loiseau, Thakurta and Munshi. 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.


OEBPS/Images/fonc-13-1271807-g004.jpg
Subset of CD19

J 100

75

25-

0

o

VD

PVD

PVD

VD

PVD

Vo

PVD

Memory

(o)

FB

M wMzB

Ira-B

L

100-

*kk

**

Lt

**

80-

75-

75
50-
25

50-
25
0-

s €y

' nn--'m-

S ) S S
3 | )

uonendod +61LAD 40 %

VD

PVD

VD

PVD

vD
Timepoint B9 Screen E& Cycle 1 B Cycle 3

PVD

VD

PVD





OEBPS/Images/fonc-13-1271807-g006.jpg
C c04/c08 Memory subsets Gating Srategy

% of CD3 population 2>

75-

50-

% of CD3+ Population

25

Vb

P S —
s

[
2w

PVD VD

Tnepoint B Scroon B3 Cyclo 1 M Cyclo3

PVD

)

G CD4+Naive

100

75

50-

% of CD3+ Population

K

% of CD3+ Population

PVD

B Cycle 1 B Cycle 3

H cpa+ central Memory
80

60-
.
- 40
g
2
o
Vo
. .
.. .
s 40

VD

b
2
3 o

VD

CD8+ Central Memory

A

CD4+ Effector Memory ]  CD4+ Exhausted
80

75

50

10

50

CD8+ Effector Memory
0

40- -S
-
PVD vb PVD Vb

CD8+ Exhausted

VD vb PVD Vb





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Immunomodulation of NK, NKT and B/T cell subtypes in relapsed/refractory multiple myeloma patients treated with pomalidomide along with velcade and dexamethasone and its association with improved progression-free survival

      

        		

          Background

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          Introduction

        



        		

          Materials and methods

        

          		

            Study design and patient cohort

          



          		

            Treatment

          



          		

            Flow cytometry

          



          		

            Statistical methods

          



        



        



        		

          Results

        

          		

            Pomalidomide effect on NK cells and their association with clinical outcome benefit

          



          		

            Pomalidomide has varying effects across B cell subtypes and their association with clinical outcome benefit

          



          		

            Pomalidomide has varying effects across T cell subtypes and their association with clinical outcome benefit

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/fonc-13-1271807-g002.jpg
KT itory Mol Gatg Svatesy

% of CDS6+ Population

g

%01 COS6# Population
%401 CDS6+ €D+ Population

G worpesnazo  H nconpaekazo

i
it

I ez

J NK CD159a

% of CDS6+ Population

% of CDS6+ CD3+ Population

%

0

’

NKT CD159a

K NK DP CD159a p75

NKT CD159 p75

L NK DN CD159a p75

NKT DN CD159a p75
5

M NK p75

ko cotsascorssa P wowcorssncorsea Q wecorsa

NKCD158b

% of CDS6* Population

NKT CD158b NKT DP CD158b CD158a " NKT DN CD158b CD158a  NKT CD158a

100
& "

% of CDS6+ CD3+ Population

Timepoint I Screen B Cycle 1 8 Cycle 3





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
PVd

Trial(n=281) Immune Study(n=95) Trial(n=278) Immune Study(n=95)

Yes Evaluation % Yes Evaluation % Yes | Evaluation % Yes Evaluation %
High Risk 61 198 30.81% 16 67 23.88% 49 181 27.07% 12 52 23.08%
del17p 28 190 14.74% 10 64 15.63% 21 172 12.21% 4 48 8.33%
t(4;14) 37 254 14.57% ;o 88 7.95% » 228 2 8 73 10.96%
t(14;16) 4 224 1.79% 2 75 2.67% 7 199 3.52% 1 63 1.59%
dell3q 66 169 39.05% 21 29 35.59% 48 158 30.38% 17 44 38.64%
dellp 21 201 10.45% 8 69 11.59% 13 181 7.18% 4 50 8.00%
gainlp 86 201 T 42.79% 30 69 [ 43.48% | 73 181 | 40.33% ) 23 50 46.00%






OEBPS/Images/table4.jpg
PVd

Trial(n=281) Immune Study(n=95) Trial(n=278) Immune Study(n=95)
Yes Evaluation % Yes Evaluation % Yes Evaluation Yes Evaluation %
57.30Z
Transplant 161 281 % 54 95 56.84% | 163 278 58.63% 53 91 58.24%
1SS Tatentry 149 281 53.02% @ 44 95 4632% | 138 278 49.64% 49 91 53.85%
1SS M atentry 85 281 3025% | 34 95 3579% | 90 278 3237% | 27 91 29.67%
1SS 11 at
entry 47 281 16.73% 17 o) 17.89% 50 278 17.99% 15 91 16.48%
IgG 193 278 69.42% 64 95 67.37% 185 269 68.77% 56 82 68.29%
IgA 58 278 20.86% = 20 95 2105% | 56 269 2082% 26 82 3171%
1gM 2 278 0.72% 0 95 0.00% 0 269 0.00% 0 82 0.00%
Light chain
Kappa 12 281 427% 5 95 5.26% 16 278 5.76% 5 91 5.49%
Light chain
Lambda 13 281 4.63% 5 95 5.26% 10 278 3.60% 2 91 2.20%

Median PFS 11.2 Months 11.2 Months 7.1 Months 6.3 Months





OEBPS/Images/fonc.2023.1271807_cover.jpg
& frontiers | Frontiers in Oncology

Immunomodulation of NK, NKT and B/T cell
subtypes in relapsed/refractory multiple
myeloma patients treated with
pomalidomide along with velcade and
dexamethasone and its association with
improved progression-free survival





OEBPS/Images/table3.jpg
Trial(n=281)

Immune Study(n=95)

Trial(n=278)

Immune Study(n=95)
Evaluation

Yes Evaluation %

Evaluation Yes Evaluation %
Lenalidomide 281 281 100.00% 95 95 100.00% 278 278 100.00% 91 100.00%
Valcade 201 281 71.53% 69 95 72.63% 203 278 73.02% 91 72.53%
Refractory* 200 281 71.17% 71 95 74.74% 191 278 68.71% 91
*to lenalidomide.

69.23%





OEBPS/Images/fonc-13-1271807-g005.jpg
A Ira-B Expression at Screening

o0 100
ors- ors
z
Bow 050
g
@2
£
02+ 0zs-
- oo
3 5 % % P W ¥ ) ® ® 2 %
Time in months Time in monthe
Number at risk Number at risk
] - 21 16 11 10 9 0 s™= 26 12 4 4 4 2
i ]
D - 21 15 10 6 0 0 % - | 26 8 4 3 1 o
o . @ 3 u w B ; » ® P w0
Time in monihs Time in monins
B wmzs [+ Screening to Cycle 1 Delta Expression of MZB

1004

vd

078

75
Z Z
] g
5 oo memeeennaand S SN RN Bow mommeeeen -
k] @ | 2 H |
H & ; 3 ] 1
250~ H H |
< os d ozs : H
] G ow> | P
o ! H |
s 1 H |
M o : o : :
§ i 3 ) ] § § 2 ] 7 %
25- Time in months Time in months
Number at risk Number at risk
o= 10 7 2 0 0 g= 9 6 4 3 2 1
£ £
LR} 8 6 5 4 |G g 5 2 2 1 0
0- 0 6 2 . £ 0 6 7 8 % 0
Time in months. Time in months

PVD Vb
Timepoint I8 Screen E¢3 Cycle 1 B Cycle 3 == < Median - > Maedian





OEBPS/Images/logo.jpg
& frontiers | Frontiers in Oncology





OEBPS/Images/fonc-13-1271807-g008.jpg
NK CD158ab

NK CD158b





OEBPS/Images/fonc-13-1271807-g007.jpg
CD8+ 0X40

120-
s
2 90-
s
2
o
o 60-
&
[=]
o
S 30-
2
o
PVD VD
c CD4+ PD-1
100- -
.
§75- T w Ll
k] - ..
2 - 5
2 @
o 50-
+
<
[=]
o
-
S 25-
N
0:
PVD
E
CD4+ CD25+
100 5
.
75- kil .o
s
5
3 .
& 5- T, .
&
8 .
5
® as- R
o T
PVd . vd
G CD4+ Naive
80- -
560- -
z
2
§ %
4 40-
=]
o
5 w
=
20-

Timepoint B Screen B3 Cycle 1 B Cycle 3

OX-40 Expression on CD8+ at Cycle 3

100

vd

PFS probabity
PES probabity

- \—\ : ot o
) 6 2 ] % EY 6 2 i # a
Number at risk Number at risk
a= 16 8 4 3 3 0 g= 12 6 5 3 3 2
@ - 16 12 8 6 4 0 a -2 7 4 4 2 0
! ‘ e nmonis. ! b E— “ :
PD-1 Expression on CD4+ at Cycle 3

e o
fom L
2 2
& 4
ozs
o oo
] 7 ® E) ] 2 s “ 0
Timeinmonts Time i morihs
Number at risk Number at risk
a™= 16 12 8 7 6 0 g= 12 6 5 4 3 2
LRI} 8 4 2 1 0 G g2 7 4 3 2 0
. . 3 ® o ‘ 3 D B F
Timeinmonts Timo nmonihs

DP CD4/CD25 Treg cells at Cy-
Pvd

vd

PFS probabilty

PFS probabilty

251 0 -
om! w
[ ] 7 s # E [ ) 1 a )
Time n onths Tine in months
Number at risk Number at isk
o= 16 11 8 7 6 0 g= 12 7 5 4 4 2
L) 9 4 2 1 0 B 6 4 3 1 0
o . % w u e B . b . u 0
Time nmonths Tine n months

Screening to Cycle 3 Delta of Naive CD4+

@

vd

ors 75
3 :
{7 N SRR AN o g ot S IO I IR S
2 | ¢
) & Il I . .
oz g : +
' — 3 :
o : om : :
[ ] ] ) [ ] 2 1 E £l
Time nmonts Tims inmonths
Number at isk Number at isk
= 10 8 2 0 0 g= 9 4 2 2 1 0
L) 7 6 5 4 [Bmlg 6 4 3 2 1
: i 3 o . u W E ®
Time nmonts Time inmonths

== < Median ~ > Median





OEBPS/Images/fonc-13-1271807-g003.jpg
c
-
5
]
2
5
4
*
&
2
a
o
S
B

0-

G

3
g

40-

NK CD159a |
= & - z
3
# Number at ik
Bt b g= o s . s S
Do 10 7 2 o 0 L

N
S

CD158b Expression on NKT at Screening

PrS probassty
555 protatasy

|

Numbor at risk Number at risk
q= 1 2 10 s 0 g= = " [ 1
LB 0 3 2 0| S= 25 [l 3 2

L p— “Tine i arns

NKG2D Expresslon on NK at Cycle 1

Pvd

CD158b Expression on NK at Cycle 1

Time i monthe

== <Median -~ >Median

Time in montns

NK DP p46 NKG2D

Tine n

DP CD158b/CD158a Expression on NK at Cycle 1

Screening to Cycle 1 Delta Expression of CD159a

Tens o
Number a isk

9 s 3 2 '
s 4 3 3 2

g

Screening to Cycle 3 Delta Expresswn of DP p46/NKG2D

Time in monts

PVD Vb Number at sk Numberat isk
gm0 s 2 0 0 ig= 8 4 3 3 1 0
Timepoint B3 Screen B Cycle 1 B3 Cycle3 5. 9 6 5 4 Ba g 6 3 2 2 1

Tine nmanths

== < Median

Time in months

== > Median





OEBPS/Images/table1.jpg
PVd vd
Trial(n=281) Immune Study(n=95) Trial(n=278) Immune Study(n=95)
Female 126(44.8%) 45(47.4%) 131(47.1%) 43(47.2%)
Male 155(55.2%) 50(52.6%) 147(52.9%) 48(52.8%)
Age 67(29-87) v 68(38-87] 68[27-89] 69[39-89]





OEBPS/Images/fonc-13-1271807-g001.jpg
Strla == diedan <+ slipsn
ey
Sl - Ve - i

I i i )
* t § - §
._.. ' m z m “F

g H

Bregs

= = = o
@ = ~
uonendod +6102 JO %

= T
.
=
had

.I.I.I.I.I.III........l......I.III.III..................I.I.I.I.I..................'I".'

-

@

NK Cells
L X

B Cells
T Cells

.
"
-
-

Lo ™~ ~ (4
Py | P w
w — . —

|
*

Dichroic
mirror
]

Obscuration
bar

4

ALV

Flow Cytometry

3 Cell-Types
23 Immune bio-Markers
33 Immune Sub-populations

=

==

=
'.--'

-
-
=

Sample fuid

f r —
f & -
[} J _rl\
] ,
s

Single stream of cells

Sheam Muid

Joanm

R L R R R R R R R R L A R R R R R P P R R R R R R R R R R R R R R R R

‘ Cycle 1 Day 8
‘ Cycle 3 Day 8

3
<9

sjouned ¢6 sjauned ¢6
A

‘ Cycle 1 Day 8
‘ Cycle 3 Day 8

366 PBMC Samples
‘Screemng

TLLA

L






OEBPS/Images/table5.jpg
Biolegend

Cells/Surface Markers Conjugation Dyes Cat# Clones Laser(nm) Filter
NK Cells

CD56 (NCAM) BV-605 318334 HCD56 Violet (405) 610/20
NKG2D-CD314 APC-Cyanine 7 320824 1D11 Red (640) 780/60
p46-CD335 AF-700 331932 Clone 9E2 Red (640) 710/50
CD159a-NKG2A FITC 375128 $19004C Blue (488) 530/30
p75-CD328-SIGLECT APC 339206 6-434 Red (640) 660/20
CD158a-KIR2DL1 BV-711 583183 HP3E4 Violet (405) 710/20
CD158b-KIR2DL2 PE-Cyanine 7 312610 DX27 Yellow-green (561) 780/60
CD3 BV-421 317344 OKT3 Violet (405) 450/50

T cells
cD3 BV-605 317322 OKT3 Violet (405) 610/20
CD4 PE-Cyanine 7 317414 OKT4 Yellow-green (561) 780/60
CDs APC-Cyanine 7 344714 SK1 Red (640) 780/60
CD45RA FITC 304106 HI100 Blue (488) 530/30
CD197-CCR7 BV-510 353232 G043H7 Violet (405) 525/50
CD134-0X-40 APC 350008 Ber-ACT35 Red (640) 660/20
CD25-IL-2R PE 385608 $20019C Yellow-green (561) 582/15
CD279-PD-1 BV-421 367422 NAT105 Violet (405) 450/50

B cells
cp23 FITC 561146 M-1233 Blue (488) 530/30
CD19 BV605 302244 HIB19 Violet (405) 610/20
cp27 PE-Cyanine 7 302838 0323 Yellow-green (561) 780/60
GM-CSF BVA421 562930 BVD2-21C11 Violet (405) 450/50
CD5 PE 300608 UCHT2 Yellow-green (561) 582/15
CD43 APC 343206 CD43-10G7 Red (640) 660/20
CD185 (CXCRS) BV510 563105 RE8B2 Violet (405) 525/50





