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Abstract

An immunosuppressive microenvironment promoting leukemia cell immune escape plays an 

important role in the pathogenesis of AML. Through its interaction with cereblon, a substrate 

receptor for the E3 ubiquitin ligase complex, pomalidomide leads to selective ubiquitination of 

transcription factors Aiolos and Ikaros thereby promoting immune modulation. In this phase I 

trial, 51 newly diagnosed non-favorable risk AML and high-risk MDS patients were enrolled and 

treated with AcDVP16 (cytarabine 667 mg/m2/day IV continuous infusion days 1–3, daunorubicin 

45 mg/m2 IV days 1–3, etoposide 400 mg/m2 IV days 8–10) induction therapy followed by dose- 

and duration-escalation pomalidomide beginning at early lymphocyte recovery. Forty-three 

patients (AML: n = 39, MDS: n = 4) received pomalidomide. The maximum tolerated dose of 

pomalidomide was 4 mg for 21 consecutive days. The overall complete remission (CR + CRi) rate, 

median overall survival, and disease-free survival were 75%, 27.1 and 20.6 months, respectively. 
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Subset analyses revealed 86% CR/CRi rate in AML patients with unfavorable-risk karyotype 

treated with pomalidomide. Pomalidomide significantly decreased Aiolos expression in both 

CD4+ and CD8+ peripheral blood and bone marrow T cells, promoted T cell differentiation, 

proliferation, and heightened their cytokine production. Finally, pomalidomide induced distinct 

gene expression changes in immune function-related ontologies in CD4+ and CD8+ T cells.

Introduction

Overall survival (OS) has improved steadily for patients with acute myeloid leukemia 

(AML) over the past several decades, due in large part to advancements in supportive care 

and refinement of allogeneic stem cell transplantation (alloSCT) [1]. Even so, induction 

chemotherapy consisting of continuous infusion (CI) cytarabine plus an anthracycline, with 

or without additional chemotherapeutics, produces durable complete remission (CR) in less 

than half of AML patients [2]. Timed sequential induction therapy (TST) has been 

associated with improved disease-free survival (DFS) in the newly diagnosed younger AML 

patients [3–6]. However, OS following TST appears to be comparable to other conventional 

induction chemotherapy regimens, suggesting that chemotherapy intensification alone 

cannot effectively address leukemia cell persistence following treatment [6].

Innate and adaptive immune system aberrations that promote immune escape of AML cells 

occur at diagnosis and persist through disease progression [7, 8]. CD8+ T cells in AML 

express co-inhibitory and senescence markers suggesting multiple pathways of T cell 

dysfunction [9–11]. Our recent studies demonstrate the reversibility of the phenotypic and 

transcriptional signatures of CD8+ T cells in patients who achieve CR in contrast to 

nonresponders following induction chemotherapy [9]. Regulatory T cells (Tregs) are also 

increased in the peripheral blood (PB) and the bone marrow (BM) of AML patients [12–14], 

exhibit potent immunosuppressive effects on T-effector cells [14], and are minimally 

affected by chemotherapy [15]. Moreover, increased levels of Tregs appear to be associated 

with worse outcomes in AML [13]. In the context of induction TST, our group demonstrated 

that early lymphocyte recovery (ELR), which customarily occurs between days 14 and 21 of 

TST, is dominated by an expanded oligoclonal population of peripherally-derived Tregs 

[16]. These data support the idea that modulating immune environment early after treatment 

might be of benefit in promoting response to induction chemotherapy.

Immunomodulatory drugs have been shown to have protean effects on the immune system 

such as inhibiting the proliferation and function of Tregs [17], potentiating T cell activity 

[18, 19], and repairing defective immune synapse formation on T cells [20–22]. 

Pomalidomide is a potent IMiD with established efficacy in multiple myeloma (MM), 

including in those patients who progressed on lenalidomide therapy [23]. Through 

interaction with cereblon, a substrate receptor for the E3 ubiquitin ligase complex, 

pomalidomide leads to the selective ubiquitination and degradation of two transcription 

factors, Ikaros (IKZF1) and Aiolos (IKZF3), thereby increasing IL-2 production [24]. Our 

observations of temporally predictable Treg expansion following TST coupled with the 

recognition of multifaceted immune dysfunction in AML led us to the hypothesis that 

pomalidomide during ELR might modulate the immune environment in AML and synergize 
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with induction chemotherapy. To explore our hypothesis, we conducted a phase 1 dose 

escalation clinical-translational trial to investigate the safety and activity of pomalidomide at 

ELR through early hematopoietic recovery after induction TST in newly diagnosed AML.

Methods

Study population

Adult patients 18–65 years with pathologically confirmed untreated AML or high-risk MDS 

(>10% blasts and Intermediate-2/high-risk) were eligible for this study (ClinicalTrials.gov 

NCT02029950). Patients with favorable-risk cytogenetics (i.e., t(8;21); inv(16); t(16;16)) 

and acute promyelocytic leukemia were excluded. Detailed eligibility criteria are outlined in 

Supplementary Information. The study was conducted in accordance with the Declaration of 

Helsinki after approval by the ethics committee of each participating center. Informed 

consent was obtained from all subjects prior to participation.

Treatment plan

All patients received induction therapy with AcDVP16 (cytarabine 667mg/m2/day CI IV 

days 1–3, daunorubicin 45 mg/m2 IV days 1–3 (or idarubicin 8 mg/m2 during daunorubicin 

shortage), and etoposide 400 mg/m2 IV days 8–10). Pomalidomide was administered orally 

at the time of ELR, after day 14 of induction therapy and within 3 days of WBC > 0.2 × 

109/L above nadir, but no later than day 30 of induction therapy (Fig. 1a). All patients 

received antimicrobial prophylaxis according to institutional standards. Intrathecal 

prophylaxis was administered according to the institutional standards and was required to be 

>3 days prior to initiating pomalidomide. Growth factors were not permitted during 

induction.

Patients who achieved CR/CRi were eligible to receive consolidation therapy with high dose 

cytarabine (HiDAC: ≤60 years: cytarabine 3 gm/m2 IV every 12 h days 1, 3, and 5; >60 

years: cytarabine 1.5 gm/m2 IV every 12 h days 1, 3, and 5) for 1–4 cycles; or TST AcDAc 

(cytarabine 667 mg/m2/day IV CI days 1–3 and 10–12, daunorubicin 45 mg/m2 IV days 1–

3) for 1 cycle. Maintenance phase consisted of pomalidomide 4 mg orally daily for 21 days 

every 4–6 weeks for 4 cycles in those who achieved CR/CRi in induction, completed 

consolidation therapy, and had absolute neutrophil count (ANC) ≥ 1.0 × 109/L and platelet 

count ≥ 50 × 109/L without transfusion support. Patients who received alloSCT were not 

eligible for maintenance phase.

Study design and safety assessments

Dose escalation of pomalidomide (2–8 mg) during ELR occurred in two cohorts (10 days 

versus 21 days), Fig. 1a. Dose escalation parameters are outlined in Supplementary 

Information. An expansion cohort of 15 patients was planned at the maximum tolerated dose 

(MTD) in cohort 2. AEs were graded by NCI Common Terminology Criteria for AEs 

version 4.0. Dose-limiting toxicity (DLT) definitions are outlined in Supplementary 

Information.

Zeidner et al. Page 3

Leukemia. Author manuscript; available in PMC 2020 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://ClinicalTrials.gov


Response assessment

A BM aspirate and biopsy was performed at the time of hematologic recovery but no later 

than day 52 from the start of induction therapy. Response criteria were consistent with 

standard guidelines [25]. In the maintenance phase, BM aspirate and biopsy was performed 

prior to cycle 1, day 14 of cycle 4, and every 3–4 months until 1 year from the start of 

therapy.

Correlative studies and methods (Supplementary Table S1) are described in the 

Supplementary Information.

Statistical analysis

The primary objective of this phase 1 study was to determine the MTD of pomalidomide 

during ELR following AcDVP16 induction therapy. Secondary objectives included safety, 

tolerability, and toxicity of maintenance phase pomalidomide, DFS, as defined by time from 

CR/CRi to relapse, death or last follow up, and event-free survival (EFS), as defined by time 

from treatment to no response, relapse, death, or last follow up, and OS. Time to event 

outcomes were estimated with the Kaplan–Meier method. Median follow-up for the whole 

cohort was estimated using the reverse Kaplan–Meier method. Differences in time to event 

outcomes according to patient subgroups were explored using logrank tests. Statistical 

analysis plan of correlative studies is presented in Supplementary Information.

Results

Patient characteristics

Between January, 2014 and December, 2017, 51 patients were enrolled and 43 were treated 

with escalating doses of pomalidomide (2–8 mg) for 10 (Cohort 1) or 21 days (Cohort 2) at 

the time of ELR following TST with AcDVP16. Eight (16%) patients were consented and 

treated with AcDVP16 induction but did not receive pomalidomide due to no ELR by day 30 

(n = 3), sepsis (n = 3), noncompliance with treatment (n = 1), and death prior to ELR (n = 1) 

(Fig. 1b). Clinical demographics and patient characteristics of the 51 enrolled patients are 

shown in Table 1. Overall, four (8%) patients had high-risk MDS (refractory anemia with 

excess blasts), one (2%) had chronic myelomonocytic leukemia-2 (CMML-2) with 18% 

blasts and did not receive treatment with pomalidomide due to no ELR, and 46 (90%) had 

AML. Twenty-one (41%) and seventeen (33%) patients had unfavorable and adverse-risk 

based on SWOG cytogenetic classification [26] and European Leukemia Net (ELN) 

Classification [27], respectively. Targeted next-generation sequencing was performed locally 

on PB or BM in 31/43 (72%) patients treated with pomalidomide (Supplementary Fig. S1).

Dose determination and safety

Pomalidomide was initiated at the time of ELR, median day 21, of AcDVP16 induction 

therapy (range: 15–30 days). Grade ≥3 non-hematologic toxicities related to pomalidomide 

across each dose level are shown in Table 2. There were no DLTs seen in the first 3 dose 

levels of cohort 1 (2 mg, 4 mg, and 8 mg for 10 days) and dose level 2 of cohort 2 (4 mg for 

21 days) in the first stage. Upon escalation to 8 mg for 21 days, there were 2 DLTs: grade 3 

ALT/AST increase, and grade 4 respiratory failure. Thus, 4 mg for 21 days was considered 
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the MTD and dose expansion for 15 patients occurred at this dose level. The most common 

non-hematologic grade 1–2 toxicities related to pomalidomide (Supplementary Table S2) 

were rash (16%), increased ALT/AST (14%), mucositis (14%), and fever (12%). Overall, 13 

(30%) patients developed a rash (predominantly maculopapular; grade 3: n = 6, grade 2: n = 

4, grade 1: n = 3) that was temporally associated with pomalidomide exposure. Overall 30-

day and 60-day mortality was 2% (one patient died of acute respiratory distress syndrome 

(ARDS) after AcDVP16 and never received pomalidomide) and 4% (one patient died due to 

residual disease), respectively.

Pomalidomide was discontinued early in 14 (33%) patients due to: disease progression (n = 

4), grade 3 rash (n = 3), grade 2 acute kidney injury, and grade 3 lung infection (n = 1), DLT 

(n = 2: grade 4 respiratory failure, grade 3 ALT/AST increase), patient decision (n = 2), 

falling blood counts with fever (n = 1), and grade 4 acute kidney injury (n = 1).

In those achieving CR/CRi with AcDVP16 followed by pomalidomide, median time to ANC 

≥ 1.0 × 109/L and platelet ≥ 100 × 109/L recovery was 38 days (range: 26–86 days) and 33 

days (range: 24–75 days) of AcDVP16 induction, respectively. In contrast, median time to 

full neutrophil and platelet recovery was 42 days (range: 26–54 days) and 33 days (range: 

26–48 days), respectively, for those who achieved CR/CRi with AcDVP16 alone and did not 

receive pomalidomide on study.

Clinical activity

Overall, 38 (75%) patients achieved an overall CR (CR: n = 35, CRi: n = 3) as outlined in 

Table 3. Among those treated with pomalidomide, 77% (MDS: 3/4 = 75%; AML: 30/39 = 

77%) achieved CR/CRi. Five out of eight (63%) patients who did not receive pomalidomide 

achieved CR/CRi. Of the 33 CR/CRi patients who received pomalidomide, 19 (58%) were 

determined to have no evidence of disease by institutional minimal residual disease testing 

(i.e., flow cytometry, FISH, cytogenetics, and/or PCR). Overall CR/CRi rates among 

adverse-risk by ELN [27] (AML-only) and SWOG [26] criteria were 71 and 76%, 

respectively. Overall CR/CRi rates were similar between <60 versus ≥60 years (74 and 76%, 

respectively). Overall CR/CRi rate among those with AML with MDS-related changes 

(MRC), as defined by the 2016 World Health Organization [28], was 76% (85% among 

those treated with pomalidomide).

HiDAC consolidation was administered to 25/38 (66%) CR/CRi patients (median = 2 cycles; 

range: 1–4 cycles). One patient received AcDAc consolidation chemotherapy and died 

during aplasia due to disseminated fusarium. Twenty-eight (55%) patients (23/38 CR/CRi 

patients) received an alloSCT after HiDAC consolidation (n = 13), directly after induction 

therapy (n = 9), or after subsequent salvage therapy (n = 6; including one patient who never 

received pomalidomide) with median time from last day of pomalidomide to alloSCT 100 

days (range: 34–372 days).

The median OS, DFS, and EFS were 27.1 months (Fig. 2a), 20.6 months (Fig. 2b), and 8.3 

months (Fig. 2c), respectively, with a median follow-up of 41.7 months for all patients 

enrolled. Two-year OS, DFS, and EFS were 53%, 49%, and 31%, respectively. Of the 

patients treated with AcDVP16 + pomalidomide (n = 43), median OS, DFS, and EFS were 
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33.8 months, 27.1 months, and 9.4 months, respectively. Overall, 19 (50%) patients relapsed 

by the last database cut-off. Thirty (57%) patients died due to: leukemia-related 

complications (n = 25), infection post-alloSCT (n = 2), infection during consolidation (n = 

2), and ARDS during induction (n = 1).

Five patients were found to have persistent AML (median: day 28 of induction; range: day 

27–34; median BM blasts: 16%; range: 5–49%) while receiving pomalidomide prior to 

hematologic recovery and ultimately achieved a CR (n = 4) or CRi (n = 1) at full recovery 

after completing pomalidomide 4 mg for 21 days without additional therapy. Three of these 

patients relapsed after median 190 days, whereas the other two patients remained in CR for 

1.8 years with ongoing CR, and 14.9 months (died of septic shock post-alloSCT), 

respectively.

Maintenance pomalidomide

Seven (16%) patients received maintenance pomalidomide after completing consolidation 

chemotherapy (median = 4 cycles; range: 1–4; Supplementary Table S3). Dose reductions 

occurred in 4/7 (57%) patients, 1 of whom began at a dose reduction (2 mg) due to 

pomalidomide-induced grade 3 AST/ALT during induction. Dose reductions were due to: 

grade 3 neutropenia (n = 2), grade 3 thrombocytopenia (n = 1), and grade 3 ALT during 

induction (n = 1). One patient required two dose reductions to 1 mg daily due to grade 3 and 

subsequently grade 4 neutropenia. Pomalidomide was discontinued early due to: relapsed 

disease (n = 2), periorbital edema (n = 1), and lower extremity edema (n = 1).

Pharmacodynamics and biomarker correlates

Pomalidomide has direct effects on T cells by promoting the ubiquitination and degradation 

of IL-2 transcriptional repressors such as Aiolos and Ikaros [24, 29]. We observed a 

significant decrease in Aiolos expression in both PB CD4+ and CD8+ T cells by flow 

cytometry (n = 25) during pomalidomide administration at ELR, compared with AML 

controls receiving chemotherapy only (n = 7) (p < 0.0001) (Fig. 3a). The Aiolos expression 

returned to baseline within a week after pomalidomide was stopped. Similar kinetics were 

observed in BM CD4+ and CD8+ T cells of pomalidomide-treated patients (p < 0.0001) (Fig. 

3b, c) suggesting that measurement of Aiolos expression could serve as a pharmacodynamic 

biomarker of pomalidomide’s in vivo effect. Aiolos expression in T cells at diagnosis or at 

the time of ELR (before pomalidomide administration) was not predictive of response. The 

degree of Aiolos inhibition during pomalidomide treatment also did not significantly differ 

between subsequent responders and nonresponders to therapy though both analyses were 

limited by small numbers of nonresponders (data not shown).

We next examined the effects of pomalidomide on T cell differentiation, activation/

proliferation, and ability to produce cytokines. We used CD45RA and CCR7 to distinguish 

between the four major T cell maturation states: naïve (TN), central memory (TCM), effector 

memory (TEM) and terminally differentiated EM (TEMRA) T cells. Since we did not observe 

any significant pomalidomide dose-dependent effect on T cells and due to limited number of 

samples at 2 mg and 8 mg dose, we combined all pomalidomide flow cytometric 

measurements together in a multivariable linear regression model. During pomalidomide 
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treatment the percentage of TEM significantly increased in both PB and BM CD4+ and CD8+ 

T cells (Supplementary Fig. S2A–B). The increased percentage of TN and TCM was only 

observed among BM T cells. Notable was the significant decrease in the percentages of both 

PB and BM CD4+ and CD8+ TEMRA cells in pomalidomide-treated patients, populations 

known to be enriched for senescent and exhausted T cells [9]. Further, pomalidomide 

treatment was associated with significant increase in Ki67 expression on both PB and BM 

CD4+ and CD8+ T cells, suggesting that pomalidomide promotes T cell proliferation.

In order to functionally characterize T cells, we examined cytokine production upon PMA/

ionomycin in vitro stimulation of serially collected PB and BM T cells. The changes in 

cytokine expression while on pomalidomide were most significant for BM CD4+ T cells, 

specifically increase in IL-2 (p = 0.006) and IFN-γ production (p = 0.003) (Supplementary 

Fig. S3A). Similar trends of increase in IL-2 and TNFα production were observed for BM 

CD8+ T cells, and TNFα for PB CD4+ and CD8+ T cells (Supplementary Fig. S3B). 

However, the analysis of the simultaneous cytokine expression revealed that PB CD4+ T 

cells had heightened polyfunctionality during pomalidomide treatment compared with PB 

CD4+ T cells collected from AML chemotherapy controls during ELR (Supplementary Fig. 

S3C). At the time of full recovery, the cytokine pattern of CD4+ T cells was similar to 

baseline for both groups. The bidimensional map on Aiolos and cytokine expression by PB 

CD4+ T cells (Supplementary Fig. S3D) using the bh-SNE algorithm shows that during 

pomalidomide treatment there is a decrease in Aiolos and increase in cytokine expression; 

but T cell clusters secreting Aiolos and individual cytokines differ.

Further, assessment of total numbers of respective flow cytometric T cell subsets 

corroborated these data whereby significantly higher numbers of Ki67+ and IL-2+ T cells 

and lower numbers of Aiolos+ T cells and Tregs were seen in pomalidomide-treated patients 

during ELR compared with AML controls (Supplementary Fig. S4). Overall, our data 

indicate that pomalidomide impacts T cell differentiation, proliferation, and cytokine 

production during ELR.

Effect of pomalidomide on T cell gene expression profiles

Testing our hypothesis that pomalidomide may also induce unique changes in T cell gene 

expression in vivo, we compared transcriptional profiles of sorted PB CD4+ and CD8+ T 

cells collected from AML patients while receiving pomalidomide to age-matched AML 

chemotherapy controls during ELR. We used the Human Prime View Gene Expression 

Array (Affymetrix) and selected top differentially expressed genes (DEGs) based on >2 fold 

change (FC) between pomalidomide-treated patients (n = 3) versus AML controls (n = 3). 

Using P < 0.01, we identified a total of 248 and 374 DEGs, in CD4+ and CD8+ T cells, 

respectively (Supplementary Table S4; Supplementary Fig. S5A–B). When classifying the 

DEGs into Gene Ontology (GO) terms, we found that genes involved in the biological and 

metabolic processes were overrepresented in both CD4+ and CD8+ T cells (Supplementary 

Fig. S6A–B). In addition, in CD8+ T cells we also found enrichment of GO terms associated 

with the regulation of cell cycle, cell organization, and biogenesis. Gene set enrichment 

analysis (GSEA) probing Molecular Signatures Database was consistent with GO analysis 

(Supplementary Table S5). Further in-depth analysis of the hand curated DEGs from 
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landmark studies characterizing T cell transcriptional signatures [30–33] also revealed the 

upregulation of multiple genes involved in immune-related processes and cell cycle for both 

CD4+ and CD8+ T cells. Genes associated with T cell exhaustion and Tregs (CD4+ T cells 

only) were enriched within the top downregulated DEGs, while those involved in 

metabolism were found both within up- and downregulated DEGs (Fig. 4a, b). Given our 

previous findings of expanded Tregs in AML patients during ELR [16], we conducted 

GSEA using published gene sets from a landmark study characterizing suppressive Tregs 

from the tumor microenvironment [33]. This analysis revealed that a suppressive Treg 

signature was negatively enriched in CD4+ T cells of pomalidomide-treated patients 

compared with AML chemotherapy controls (normalized enrichment score;NES of −2.06) 

(Supplementary Fig. S6C) confirming our phenotypic data (Supplementary Fig. S7), 

suggesting that pomalidomide may be able to inhibit suppressive tumor Tregs in vivo. 

Finally, the Ingenuity Pathway Analysis further confirmed previous observations of 

differential effect of pomalidomide on CD4+ and CD8+ T cells, with metabolic pathways 

predominantly affected in CD4+ and those associated with effector differentiation in CD8+ T 

cells, respectively (Fig. 4c, d, Supplementary Table S6). The cell cycle pathway was 

activated by pomalidomide in both T cell subpopulations, consistent with flow cytometric 

finding of Ki67 upregulation (Supplementary Fig. 2), implying the relevance of the 

proliferative circuit as a major effect of pomalidomide on T cells.

Discussion

This is the first study investigating pomalidomide in AML. Our findings reveal that 

pomalidomide can be safely added to intensive induction TST at the time of ELR. The MTD 

of pomalidomide was determined to be 4 mg daily for 21 consecutive days. Despite being 

initiated during a state of profound cytopenias, overall toxicities were manageable. Time to 

full hematologic recovery (median time to ANC ≥ 1.0 × 109/L = 38 days) appeared similar 

to historical controls receiving AcDVP16 alone (median time to partial neutrophil recovery: 

ANC ≥ 0.5 × 109/L = 34 days) [6], those on study who received AcDVP16 but did not 

receive pomalidomide (median time to ANC ≥ 1.0 × 109/L = 42 days), and those receiving 

other TST backbones (median time to ANC ≥ 1.0 × 109/L = 37 days with alvocidib, 

cytarabine, mitoxantrone: FLAM) [4], suggesting that pomalidomide did not result in 

substantial delays in hematologic recovery. Moreover, time to hematologic recovery in this 

study appears to be similar to 1 cycle of CPX-351 induction (median time to ANC ≥ 0.5 × 

109/L = 35 days); [34] however, the CPX-351-treated patient population was an older 

subgroup (60–75 years) of AML with MRC which may have a higher risk of prolonged 

myelosuppression post induction compared with the patient population on this study. There 

was no treatment-related mortality seen during pomalidomide administration though one 

patient died of ARDS after AcDVP16 and did not receive pomalidomide. Our correlative 

studies suggest that pomalidomide given during ELR effectively suppresses Aiolos 

expression in PB and BM T cells and modulates T cell composition, proliferation, cytokine 

production, and gene expression.

The most frequent pomalidomide-related toxicities included skin rash, liver function 

abnormalities, mucositis, and fever, with liver function abnormalities and respiratory failure 

being DLTs at the 8 mg × 21 days pomalidomide dose. Overall, the toxicities were similar to 
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those observed in MM, with the exception of peripheral neuropathy and thromboembolism, 

which were not observed on this study [22, 35]. Nine patients discontinued pomalidomide 

early at the MTD including three patients who stopped early as investigator discretion due to 

persistent leukemia detected in an early BM biopsy or PB prior to full hematologic recovery. 

Pomalidomide may have been discontinued too early in these patients as ongoing 

antileukemic activity was demonstrated in five patients with increased BM blasts while on 

pomalidomide whom ultimately achieved an overall CR/CRi after completion of therapy. 

Our findings of potential antileukemic activity of pomalidomide are supported by a recent 

study suggesting that beside immunomodulatory activity, pomalidomide has direct 

antileukemic activity against primary AML cells in vitro and in vivo in a mouse leukemia 

xenograft model [36]. Thus, for future trials, every attempt should be made to continue 

pomalidomide therapy and defer response assessment until its completion.

The addition of pomalidomide to TST led to an overall CR/CRi rate of 77% which 

compared favorably to responses in AML historical controls who received AcDVP16 at JH 

2004–2013 (n = 301; Table 3), particularly in patients ≥60 years (82 versus 57%), those with 

secondary AML (71 versus 53%), and unfavorable-risk cytogenetics (86 versus 52%) [6]. 

The median DFS and OS of the AML patient cohort also compared favorably to historical 

controls (27.1 versus 15.0 months and 33.8 versus 17.2 months, respectively), but these 

outcomes may be impacted by a higher proportion of patients undergoing alloSCT on our 

study. A direct comparison of the results of the present study to TST alone and other 

induction AML regimens is not possible given the small numbers of patients and the phase I 

nature of our current study. However, overall outcomes with conventional induction 

regimens are relatively poor in patients with secondary AML (CR rates 45% with 7 + 3) 

[37], AML with MRC (CR rates 48% with CPX-351) [34] and adverse-risk disease (CR 

rates 57% with 7 + 3 using high dose daunorubicin) [38]. The clinical activity seen with the 

addition of pomalidomide to induction therapy in these poor-risk subsets warrants a larger 

randomized phase 2 study to test the hypothesis that the addition of pomalidomide could 

augment both response and depth of CR after induction chemotherapy.

The IMiD compound lenalidomide has been studied in AML as a single agent and in 

combination with chemotherapy at various doses with mixed results in terms of tolerability 

and activity [22, 39, 40]. A phase II study revealed potential added efficacy of lenalidomide 

(10–25 mg, day 1–21) in combination with 7 + 3 induction chemotherapy (CR rates = 46%) 

in patients with del[5q] AML and high-risk MDS, particularly those patients having a very 

poor-risk cytogenetics [41]. Increased toxicity was seen in several studies with lenalidomide 

doses of 25 mg or higher in combination with chemotherapy agents [41, 42]. Whether 

pomalidomide and lenalidomide have different efficacy or tolerability when combined with 

chemotherapy in AML requires further study.

Durable response to lenalidomide in AML patients has been associated with BM T cell 

infiltration and differential sensitivity of subclones, but not with the clearance of driver 

mutations [43]. We performed exploratory analysis examining the correlation of 

pretreatment mutation profile with response to therapy for 31 patients with available data 

(Supplementary Fig. S1) but small sample size and heterogeneity of tested mutations 

precluded the identification of statistically relevant patterns of response. Future studies with 
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larger patient numbers and serial mutation profiles will be required to better delineate 

patterns of response in relation to the presence of molecular mutations.

This study was built on the premise that immune modulation during ELR after induction 

chemotherapy might be of benefit in promoting and maintaining an antileukemic immune 

milieu. Our correlative studies suggest that pomalidomide has direct effects on both PB and 

BM T cells. First, we observed that pomalidomide caused a significant decrease in the 

expression of Aiolos in immune cells during ELR. The effect was rapid but Aiolos 

expression in T cells restored to baseline soon after pomalidomide was stopped. Second, the 

treatment with pomalidomide promoted changes in T cell subsets, most notably a decrease 

in TEMRA cells in both PB and BM. We recently reported that newly diagnosed AML 

patients have an increase in CD8+ TEMRA T cells that are enriched for a senescent 

immunophenotype. The achievement of CR is associated with a significant decrease in 

CD8+ TEMRA, whereas they remained unchanged or increased in nonresponders to 

induction chemotherapy [9]. Whether pomalidomide-mediated decrease in TEMRA cells may 

have led to the downregulation of immunosuppressive cellular circuits is unclear. Third, 

treatment with pomalidomide was also paralleled by changes in T cell cytokine production 

and their in vivo proliferation. These observations are consistent with prior lenalidomide 

studies in MM and MDS [44, 45]. Finally, our gene expression studies suggest that 

pomalidomide primarily affects pathways associated with T cell proliferation, 

differentiation, and metabolism, but differently in CD4+ and CD8+ T cells. Our earlier 

studies demonstrated that ELR is dominated by an expanded oligoclonal population of 

peripherally-derived Tregs [16]. While we have not observed significant changes in the 

frequency of Tregs during pomalidomide treatment (Supplementary Fig. S7), total numbers 

of Tregs were significantly reduced during pomalidomide treatment (Supplementary Fig. S4) 

and by applying GSEA we found that the genes overexpressed in the suppressive Tregs in 

several tumors are negatively enriched in bulk CD4+ T cells of pomalidomide-treated 

patients (Supplementary Fig. S6C). This observation suggests that Treg function rather than 

number may be modulated by pomalidomide in vivo.

While our clinical data compared favorably with historical controls and more 

contemporaneous induction regimens, there are important limitations that must be 

considered. Patients could have consented to this study up to 14 days after induction therapy 

rather than prospectively prior to induction therapy. Eight patients (16%) did not receive 

pomalidomide after enrolling on this study including three patients who did not reach ELR 

based on eligibility criteria. Given the safety of pomalidomide and no significant effect on 

hematologic recovery, it would be critical for future studies to assess the role of 

pomalidomide after induction chemotherapy for all patients irrespective of achievement of 

ELR and underlying infections. Pomalidomide, similar to other IMiDs, when administered 

in vivo gives rise to pleiotropic biological effects, making it difficult to tease apart the effect 

that most significantly contributes to the clinical activity. Despite these limitations, this 

study provides a template for further exploration of diverse immunomodulatory strategies 

including the immune checkpoint inhibition and vaccines at the time of ELR and as a 

maintenance approach to optimize immune-based antileukemic efficacy.
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In conclusion, pomalidomide given at the time of ELR following TST is well tolerated in 

newly diagnosed AML and HR-MDS with particularly high CR rate in patients with 

unfavorable-risk cytogenetics. The exact mechanism of potential benefit from pomalidomide 

administration after chemotherapy is uncertain, but our data raise the possibility that 

pomalidomide can induce an immunostimulatory milieu that overcomes net drug resistance 

and promotes the achievement of CR. These findings warrant the design of a phase II study 

of pomalidomide given sequentially at the time of ELR after TST and other conventional 

induction regimens to further define its efficacy and biology behind the observed responses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Study schema and survival outcomes.
a All patients received induction therapy AcDVP16, followed by pomalidomide (POM) at 

the time of early lymphocyte recovery (ELR), after day 14 and within 3 days of WBC > 0.2 

× 109/L above nadir, but no later than day 30 of induction therapy. Dose escalation of 

pomalidomide during ELR occurred in two cohorts. Cohort 1 consisted of pomalidomide 

duration of 10 consecutive days and Cohort 2 consisted of pomalidomide duration of 21 

consecutive days. PB and BM samples for laboratory-correlative studies were collected at 

pretreatment, on day 14 after receiving induction chemotherapy, at the time of ELR (before 

start of pomalidomide treatment), every 3–4 days during pomalidomide treatment and at full 

recovery after treatment (FR). b Consort Diagram. A total of 51 patients were consented and 

enrolled on this study while 43 patients received planned pomalidomide. Cohort 1 (n = 13) 

consisted of pomalidomide in dose escalation for 10 consecutive days, while Cohort 2 (n = 
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30) consisted of pomalidomide in dose escalation for 21 consecutive days with planned dose 

expansion of 15 patients.
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Fig. 2. Survival outcomes.
a Median overall survival (OS) was 27.1 months (95% CI: 18.9, N/A) versus 33.8 months 

(95% CI: 20.5, N/A) for the whole cohort and pomalidomide-treated patients, respectively. b 
Median disease-free survival (DFS) was 20.6 months (95% CI: 8.2, NA) versus 27.1 months 

(95% CI: 8.2, N/A) for the whole cohort and pomalidomide-treated patients, respectively. c 
median event-free survival (EFS) was 8.3 months (95% CI: 6.0, 17.2) versus 9.4 months 

(95% CI: 7.1, NA) for the whole cohort and pomalidomide-treated patients, respectively.

Zeidner et al. Page 17

Leukemia. Author manuscript; available in PMC 2020 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. Aiolos expression in T cells as a pharmacodynamic biomarker of in vivo pomalidomide 
effect.
Aiolos staining and analysis by flow cytometry was performed on paired CD4+ or CD8+ T 

cell samples (PB, n = 25; BM, n = 15). Fixed timepoints included a pretreatment, day 14 and 

a pre-pomalidomide sample at beginning of ELR (around day 20, PB only). PB samples 

during pomalidomide were drawn every 3–4 days thereafter (for BM only once) until full 

recovery. The data were summarized in dot plot and nonlinear regression was calculated in 

R, using a LOESS curve fitting model. a PB samples, 14 patients received pomalidomide for 
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10 days (red dots/line) and 11 patients for 21 days (green dots/line). PB samples from 7 

AML controls who received induction chemotherapy (AcDVP16) only, but not 

pomalidomide (blue dots/line). AML controls are lacking day 14 sample and modeled 

curves have to be interpreted accordingly. b For BM samples, only the AML patient group 

receiving pomalidomide for 21 days was analyzed (n = 15). c bidimensional maps obtained 

from flow cytometric data using the bh-SNE algorithm depicting serial Aiolos expression on 

BM CD4+ and CD8+ T cells of the 15 patients presented in (b). Each point in the map 

represents an individual cell, and the cells are colored according to the intensity of 

expression of individual markers, as indicated on the color scale to the right of individual 

maps. Heatmap (right) represents the median fluorescence intensity (MFI) of Aiolos 

expression in CD4+ and CD8+ T cells at different timepoints. Heatmap and clustering was 

done using Morpheus software (Broad Institute) using Euclidean distance and average 

linkage method.
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Fig. 4. Pomalidomide induces unique changes in T cell gene expression in vivo.
Gene expression analysis of highly purified (>98%) PB CD4+ and CD8+ T cells at ELR 

comparing pomalidomide-treated AML patients (n = 3) to age-matched AML patients 

receiving induction chemotherapy alone (n = 3). a, b Heatmap of select DEGs for CD4+ and 

CD8+ T cells, respectively, grouped into key biological categories (log2FC > 1 and <−1; P < 

0.01; *0.01 < P < 0.05). Every row represents a gene, and every column a patient sample. 

Red indicates an increase over the mean (Z > 0) and blue a decrease (Z < 0). c, d Ingenuity 

pathway analysis of the differentially expressed genes (log2FC > 1 and <−1; P < 0.05). 

Pathways were selected according to P < 0.01 and availability of a predictive Z score. 

Activated pathways (positive Z score) are colored red; inhibited pathways (negative Z score) 

are colored blue.
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Table 2

Non-hematologic Grade ≥3 toxicities possibly related to Pomalidomide.

Adverse event 2 mg × 10 days
(n = 3)

4 mg × 10 days
(n = 3)

8 mg × 10 days
(n = 7)

4 mg × 21 days
(n = 25)

8 mg × 21 days
(n = 5)

Infectious

 Febrile neutropenia 1 3 5 1

 Lung infection 1

 Sepsis 1

Electrolyte abnormalities

 Hypokalemia 1

Hepatic

 ALT elevation 1 1

 AST elevation 1

Pulmonary

 Hypoxia 1

 Respiratory failure 1

Renal

 Acute kidney injury 1

General

 Fatigue 1

 Maculo-papular rash 5 1
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