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Abstract

Older AML patients have low remission rates and poor survival outcomes with standard 

chemotherapy. Microtransplantation (MST) refers to infusion of allogeneic hematopoietic stem 

cells without substantial engraftment. MST has been shown to improve clinical outcomes 

compared with chemotherapy alone. This is the first trial reporting on broad correlative studies to 

define immunologic mechanisms of action of MST in older AML patients. Older patients with 

newly diagnosed AML were eligible for enrollment, receiving induction chemotherapy with 

cytarabine and idarubicin (7+3). MST was administered 24 hours later. Patients with CR were 

eligible for consolidation with high dose cytarabine and a second cycle of MST. Responses were 

evaluated according to standard criteria per NCCN. Immune correlative studies were performed. 

Sixteen patients were enrolled and received 7+3 and MST (median age 73 years). Nine (56%) had 

high-risk and seven (44%) had standard-risk cytogenetics. Ten episodes of CRS were observed. 

No cases of GVHD or treatment-related mortality were reported. EFS was 50% at 6 months and 

19% at 1 year. OS was 63% at 6 months and 44% at 1 year. Donor microchimerism was not 

detected. Longitudinal changes were noted in NGS, TCR sequencing, and cytokine assays. 
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Addition of MST to induction and consolidation chemotherapy was well tolerated in older AML 

patients. Inferior survival outcomes in our study may be attributed to a higher proportion of very 

elderly patients with high-risk features. Potential immunologic mechanisms of activity of MST 

include attenuation of inflammatory cytokines and emergence of tumor-specific T cell clones.

Introduction

Older patients with Acute myeloid leukemia (AML) have low rates of remission and poor 

survival outcomes with standard chemotherapeutic approaches compared to younger 

patients.1 This relates to a higher frequency of adverse cytogenetic features and driver 

mutations, antecedent hematologic malignancies and prior chemotherapy or radiotherapy 

exposure that confer a worse prognosis.2–4 Older patients are also more likely to have 

medical co-morbidities and physical or cognitive functional impairment that may complicate 

management.5,6 While allogeneic stem cell transplantation offers the possibility of cure, it 

may be associated with severe graft-versus-host disease (GVHD), infections, and high rates 

of treatment-related mortality, leading to underutilization of this modality in older AML 

patients.7 Overall, this population has substantial, unmet medical needs and warrants novel, 

safer treatment approaches for disease control.

Microtransplantation (MST) refers to infusion of allogeneic hematopoietic stem cells 

without substantial long-term engraftment.8,9 MST has long been reported to revert 

tolerogenic states and confer resistance to leukemia challenge in murine models.10,11 

Clinical trials of MST in high-risk AML and lymphoma have utilized conditioning 

chemotherapy to clear malignant cells while preserving host immune function, reducing the 

chance for donor engraftment and resulting in encouraging responses.9 Recently, Guo et al. 

demonstrated that among older AML patients in China, infusion of G-CSF mobilized 

leukapheresis product (MST) from related donors after mitoxantrone-based induction and 

consolidation chemotherapy could significantly improve hematopoietic recovery and 

remission rates compared with standard therapy alone.8 Two-year disease free survival was 

also significantly improved with addition of MST (38.9% v. 10%). GVHD has been 

observed in approximately 1% of cases with this approach and partial or full donor 

chimerism in approximately 3% of cases, although microchimerism (less than 1% donor 

chimerism) may occur more commonly and persist for weeks to years.12 The mechanisms 

by which MST may lead to improvement in outcomes via immune responses have not been 

clearly elucidated and may involve transient donor T cell or NK cell alloreactivity; rejection 

of donor lymphocytes and concomitant cytokine release; and/or enhanced host cytotoxic T 

cell responses.13,14

MST after frontline and consolidation chemotherapy in AML may trigger autologous 

antileukemia immune activity with an otherwise favorable safety profile, making this an 

attractive option for treatment of older patients. Availability of mismatched, related donors 

as a source of hematopoietic stem cells further supports the feasibility of this approach. To 

extend the clinical findings of recent international studies, we performed a single-center, 

phase I study evaluating the safety and efficacy of MST after induction and consolidation 

chemotherapy in older AML patients. As compared with studies performed in China, which 
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have utilized a variety of induction regimens, including mitoxantrone-based chemotherapy, 

we exclusively used an anthracycline-based induction chemotherapy regimen for patients. 

This reflected a more conventional treatment approach for AML in the Western Hemisphere. 

To our knowledge, this is the first clinical trial reporting on broad correlative studies to 

better define the immunologic mechanisms of action of MST in older patients with AML.

Methods

Patients and Donors

Patients ≥ 55 years with newly diagnosed AML and one or more adverse features or ≥ 65 

years regardless of adverse features were eligible for enrollment in this IRB approved single 

center, phase I study at Duke University Medical Center (IRB# Pro00043247; 

Clinicaltrials.gov NCT02046122). Adverse features included therapy-related AML, 

antecedent MDS or MPN, FLT3-ITD positive status or high-risk cytogenetic features by the 

Medical Research Council / National Cancer Research Institute (MRC/NCRI) revised risk 

classification system.15 Patients ≥ 65 years were eligible for enrollment regardless of 

adverse features given worse outcomes in this group historically, even among those with 

favorable cytogenetic features.16 Eligible patients were also required to have an HLA 3–5/6 

haploidentical donor who could safely undergo stem cell mobilization and apheresis. 

Patients with acute promyelocytic leukemia were excluded. Histologic, chromosomal, and 

immunophenotypic analyses were performed in all patients prior to treatment. Specific 

molecular assays (FLT3-ITD and NPM1 mutation status) were evaluated in all patients at 

baseline.

Patients and donors received clinical and laboratory screening consistent with Foundation 

for the Accreditation of Cellular Therapy (FACT) accreditation guidelines for cellular 

therapy. HLA matching was performed at -A, -B and -DRB1 alleles by high resolution PCR. 

Donors received G-CSF (8 mcg/kg twice daily) for hematopoietic stem cell mobilization 

beginning 4 days prior to start of apheresis through the end of collection. A collection target 

of 2–3 × 108 CD3+ cells/kg recipient body weight was specified to provide enough cells for 

at least two infusions as below. Cells were freshly infused after collection or cryopreserved 

and stored for future infusions.

The final study protocol was approved by the Institutional Review Board at Duke University 

Medical Center (Durham, NC). Written informed consent for enrollment was obtained from 

all patients and donors or their legal guardians.

Treatment Design

Study schema is depicted in Figure 1. Patients received induction chemotherapy (IND1) with 

cytarabine (100 mg/m2) on days 1–7 and idarubicin (12 mg/m2) on days 1–3. Infusion of G-

CSF mobilized donor leukapheresis product (MST) was performed 24–48 hours after IND1 

at a minimum of 1 × 108 CD3+ cells/kg, as previously described.8,12 Patients who did not 

achieve complete remission with induction therapy were eligible to receive re-induction 

(IND2) with 7+3 and a second cycle of MST. Patients who achieved a CR with induction 

therapy received 2 cycles of consolidation with high dose cytarabine (HiDAC) and a final 
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cycle of MST approximately 24–48 hours after the end of the second consolidation. This 

approach was selected given the possibility of insufficient cell numbers for multiple 

infusions and prioritizing MST after the second cycle of consolidation over the first cycle of 

consolidation. No GVHD prophylaxis or other maintenance therapy was administered, 

consistent with previous approaches.12 –The Duke patients in this pilot study did not receive 

G-CSF through neutrophil engraftment per our institutional practices. Prophylactic 

antibiotics, antiviral and antifungal agents were administered beginning after MST in the 

induction period. Diphenhydramine and/or hydrocortisone (n=14, 88%) were given as anti-

inflammatory premedication prior to MST. Subjects who developed signs of CRS also 

received acetaminophen (n=5, 31%). All subjects responded and none required additional 

interventions with systemic steroids or tocilizumab

Safety

Patients were evaluated daily in the induction period through count recovery and daily 

during consolidation therapy. Clinical and laboratory evaluations were performed at serial 

timepoints thereafter for up to 2 years. Toxicities were graded according to the NCI 

Common Terminology Criteria for Adverse Events (CTCAE) version 5.0. Engraftment was 

defined as ≥ 5% donor chimerism at count recovery. Unacceptable toxicities were defined as 

grade III GVHD of the liver or gut, grade IV GVHD of the skin, or any other grade IV 

toxicity attributed to MST lasting ≥ 7 days.

Response Criteria and Survival Measures

Responses were evaluated according to standard criteria defined by the National 

Comprehensive Cancer Network Guidelines for AML (www.nccn.org). Complete response 

was defined as recovery of trilineage hematopoiesis, with absolute neutrophil count (ANC) ≥ 

1000 cells/μL, platelets ≥ 100,000/μl, normalization of marrow blasts (≤ 5%) and no 

evidence of extramedullary disease. Relapse was defined as reappearance of leukemic blasts 

in the peripheral blood, ≥ 5% marrow blasts without other cause, or evidence of 

extramedullary leukemia after a prior complete response.

Definitions of count recovery were consistent with those previously utilized. Neutrophil 

recovery was defined as the first of three consecutive days where the ANC was ≥ 500 cells/

μl following induction chemotherapy and MST. Platelet recovery was defined as first of 

three consecutive days where platelets ≥ 30,000/μl after induction chemotherapy and MST.

Event-free survival (EFS) was defined as time from initial diagnosis until treatment failure 

after induction chemotherapy, leukemia relapse, or death from any cause. Overall survival 

(OS) was defined as time from initial diagnosis until death from any cause.

Targeted Next-Generation Sequencing

Amplicon based targeted DNA sequencing of gene regions commonly mutated in myeloid 

malignancies was performed. Pre-treatment bone marrow samples (day 0) were evaluated 

using the ThunderBolts™ Myeloid Panel (20–07218, RainDance Technologies) with 100 ng 

gDNA. Sequencing was performed using MiSeq V3 paired 300bp sequencing and human 

genome build v37 was used for alignment and filtering (NextGENe version 2.4.2.1, 
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SoftGenetics, PA). Post-treatment bone marrow samples (day 30) were evaluated using a 

high-sensitivity NGS myeloid panel (AB0108, Myeloid VariantPlex, ArcherDX) using 50ng 

DNA and HiSeq 2500 paired 150bp sequencing. Data was analyzed using Archer Analysis 

version 5.1.3 software.

Peripheral Blood Mononuclear Cell (PBMC) Isolation and Storage

Peripheral blood was collected for immune correlative assays at selected time points 

(baseline, count recovery after induction chemotherapy, 8 weeks after consolidation therapy, 

and 3 months after consolidation therapy). PBMCs were isolated using standard density 

centrifugation techniques and cryopreserved until batch processing (Duke University, 

Durham, NC). PBMCs were thawed and viability was assessed prior to subsequent 

correlative assays.

Microchimerism

Genomic DNA (gDNA) was isolated from PBMCs and real time HLA-polymorphism 

specific quantitative PCR (qPCR) assay was performed to evaluate donor microchimerism 

(Fred Hutchinson Cancer Research Center, Seattle, WA). This assay was validated at a 

sensitivity of 1/100,000 and targeted a non-shared HLA-polymorphism between donor-

recipient pairs.17 We were unable to get sufficient aspirate from bone marrow, therefore, the 

microchimerism assays were checked only in peripheral blood.

Lymphocyte Immunophenotypic Profiling

Multiparameter flow cytometry was performed using BD SORP Fortessa analyzer (Duke 

University, Durham, NC). T cell markers evaluated for subset profiling include CD3, CD4, 

CD8, CD25, and FOXP3. Surface markers of immune exhaustion that were evaluated 

include PD-1, PD-L1, PD-L2, LAG3, CTLA-4, CD28, CD40, TIM3, and CD278. Samples 

were immediately acquired after PBMCs were stained for surface, intracellular, and 

intranuclear markers as previously described.18

T Cell Receptor Sequencing

Genomic DNA was isolated from PBMCs at the RBM Immunology Unit at Duke University. 

Survey level sequencing of T cell receptor (TCR) genes was performed to evaluate T cell 

repertoire as previously described (Stanford University, Palo Alto, CA).19 Genomic DNA 

was amplified by real-time PCR with a set of primers targeting TCR V and J beta genes, 

collectively amplifying the CDR3 region of TCR beta. After cluster generation by bridge 

PCR, 200bp paired-end sequencing reactions were performed using MiSeq and HiSeq2000 

sequencers. TRBV, TRBJ and TRBV-TRBJ usage frequencies were reported after removing 

background of low abundance clones (normalized to < 0.1% frequency of the most abundant 

clone’s frequency).

Cytokine Profiling

Plasma concentrations of candidate, inflammatory cytokines and chemokines were measured 

using the Meso Scale Diagnostic (MSD) system (Rockville, MD).20–22 V-PLEX Human 

Biomarker 54-Plex Multiplex Cytokine Plates (MSD, Cat#K15248D-1) were used to 
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quantify the following markers: CRP, Eotaxin, Eotaxin-3, FGF (basic), GM-CSF, ICAM-1, 

IFN-γ, IL-10, IL-12/IL-23p40, IL-12p70, IL-13, IL-15, IL-16, IL-17A, IL-17A/F, IL-17B, 

IL-17C, IL-17D, IL-1RA, IL-1α, IL-1β, IL-2, IL-21, IL-22, IL-23, IL-27, IL-3, IL-31, IL-4, 

IL-5, IL-6, IL-7, IL-8, IL-8 (HA), IL-9, IP-10, MCP-1, MCP-4, MDC, MIP-1α, MIP-1β, 

MIP-3α, PlGF, SAA, TARC, Tie-2, TNF-α, TNF-β, TSLP, VCAM-1, VEGF-A, VEGF-C, 

VEGF-D, and VEGFR-1/Flt-1. Testing was performed at Duke University (Durham, NC).

Comprehensive Geriatric Assessment

Patients completed a comprehensive geriatric assessment previously utilized in CALGB 

360401 prior to initiating chemotherapy.23 The assessment includes a healthcare 

professional questionnaire and self-administered patient questionnaires evaluating multiple 

domains, including functional status (Karnofsky Performance Status) and cognition (Blessed 

Orientation-Memory-Concentration Test). The Timed Up and Go Test (TUG) was used to 

assess mobility and fall risk.

Statistics

Survival curves were generated using the Kaplan-Meier method. Quantifiable measures from 

the comprehensive geriatric assessment (CALGB 360401) were compared before and after 

microtransplantation using the Student’s t test. Lymphocyte subset counts were also 

compared across timepoints using the Student’s t test. TCR oligoclonality was evaluated as 

the abundance of the top 1 and 5 sequences within the overall repertoire and was compared 

across timepoints using one-way ANOVA. GraphPad Prism Version 7.00 (Windows, 

GraphPad Software, La Jolla, California, USA) was used for the statistical analyses 

described.

All enrolled patients were included in the analysis of 54-plex immune/inflammatory 

response biomarkers (cytokines and chemokines). The Generalized Estimating Equations 

method was used to evaluate longitudinal changes in pre-treatment (baseline) biomarkers 

and post-treatment biomarkers (at count recovery and 8 weeks after consolidation).24 Pair-

wise comparison was performed using the Wilcoxon signed-rank test.25 The association 

between changes in the 54-plex panel biomarkers and clinical outcomes were evaluated 

using the Wald test with df=1. 26 Clinical outcomes included presence of cytokine release 

syndrome, event-free survival and overall survival. Biomarker expression levels were log2-

transformed and analyzed as continuous measures and box plots were used to illustrate the 

variability of the markers over time. Source code was tracked using the mercurial source 

code management program. The knitr extension package was used to produce dynamic 

reports. Effect size was assessed using hazard ratios (HR) assuming proportional hazards. 

Multiple comparisons were addressed within a framework of control of False Discovery 

Rate (FDR) using the method by Storey. 27–29 All analyses were performed using the R 

Statistical Environment [R] and extension packages from CRAN and the Bioconductor 

project. 27,30,31
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Results

Patient and Donor Characteristics

Seventeen patients were enrolled (Table 1) between 2014 and 2017 with a median follow-up 

time of 299 days among all patients (range 42–1523) and 492 days among those achieving a 

complete response with induction therapy (range: 257–1523). The median age was 73 years 

(range 61–78). Five patients (29%) had an antecedent hematologic disorder and one (6%) 

had therapy-related AML. Ten patients (59%) had high-risk cytogenetics as per Medical 

Research Council / National Cancer Research Institute (MRC/NCRI) classification. Seven 

patients (41%) had standard-risk cytogenetics, including 3 (18%) with favorable-risk 

molecular features (NPM1 positive). No patients had the FLT3-ITD mutation (0%). One 

enrolled patient who developed sepsis during induction chemotherapy did not receive MST, 

and was excluded from final analysis of safety and efficacy.

As studies have shown improved outcomes among allogeneic stem cell transplant recipients 

with the use of younger donors and to limit exposure to possible multi-parous female 

donors, 32–35 we preferentially selected donors in the following order: younger and male 

children of the patient; female children; male siblings; and female siblings. Given the narrow 

windows between AML diagnosis, study enrollment and initiation of therapy, however, 

donor availability was the key determinant for selection

All haploidentical donors were adult children with a median age of 43 years (range 26–52). 

Accordingly, HLA matching was observed in 5/10 major loci in 11 patient-donor pairs 

(69%) and in 6/10 major loci in 4 patient-donor pairs (25%). Patients received a median of 2 

cycles of donor cell infusion (MST) throughout the study period (range: 1–3). A target dose 

of 1 × 108 CD3+ cells/kg recipient weight was infused with each cycle of MST. Median 

doses of other cell populations infused was 35.7 × 109 (range: 13.82 – 81.31) for total 

nucleated cells and 0.31 × 109 (range: 0.13 – 0.58) for CD34+ cells with each cycle of MST.

Adverse Events

Median times to neutrophil and platelet recovery from induction chemotherapy were 29 and 

32 days, respectively. Severe infections, defined as microbiologic or radiographic evidence 

of disseminated infection and/or significant vital signs derangements, were observed in 5/16 

(31%) of patients during the induction phase. These were identified either before or more 

than 1 week after MST and were presumed to be unrelated to donor cell infusion. Hypoxia 

and/or respiratory failure warranting supplemental oxygen or intubation were observed in 

4/16 (25%) of patients. These were also temporally unrelated to MST and developed before 

or more than 1 week after donor cell infusion. One patient developed multi-organ system 

dysfunction in the days following MST necessitating intensive care but had subsequent 

recovery. This was not clearly linked to MST, however. No patients developed donor 

engraftment or GVHD, and no treatment-related mortality was observed.

A subset of patients was observed to have signs and symptoms consistent with cytokine 

release syndrome soon after donor cell infusion, including fevers, chills, rigors, flushing, 

hypotension and/or hypoxia. These episodes occurred despite the use of standard pre-

medications, including corticosteroids. They also appeared inconsistent with early-onset 
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GVHD given the absence of diarrhea, rash, or liver injury in patients. Altogether, 10 

episodes were observed in 9 patients across 26 cycles of MST (38%), with 6 characterized 

by very early symptom onset after cell infusion (~30–60 minutes), and another 4 

characterized by onset of new fever within 6–12 hours after cell infusion. Patients received 

supportive care with generally rapid improvement in symptoms, while those with severe 

neutropenia and fevers initiated or broadened antibiotic coverage.

Treatment Responses and Survival Measures

Sixteen patients received induction therapy with 7+3 and MST. Ten patients (63%) achieved 

a complete response after 7+3+MST. This includes 6 of 7 (86%) patients with standard risk 

cytogenetics, 5 of whom required one round of 7+3+MST and 1 of whom required a second 

round (IND2). This also includes four of nine (44%) patients with high-risk cytogenetics; all 

four achieved CR after one round of 7+3+MST. Of the five patients with high-risk 

cytogenetics that did not respond to the initial round, three received re-induction 

chemotherapy without response and two went to hospice. Ultimately, of the ten patients who 

achieved a CR, eight completed two cycles of consolidation while two stopped after the first 

cycle of consolidation due to medical co-morbidities (one with cardiomyopathy, the other 

with poor performance status).

Of the ten patients who achieved a CR, nine had relapses at a median of 9 months from 

diagnosis and 1 has maintained a durable remission following conventional allogeneic stem 

cell transplantation. Of these 9 patients, one relapsed 14 months after 7+3 and MST and 

received consolidative allogeneic stem cell transplant with subsequent remission. Another 

relapsed after 11 months but achieved long-lasting disease stabilization with 

hypomethylating agents and is receiving ongoing therapy on a separate clinical trial. A third 

patient relapsed after 6 months but achieved disease control for 2 years on hypomethylating 

agents before succumbing to her disease. Among all patients treated with 7+3 and MST, 

estimated event-free survival was 50% at 6 months and 19% at 1 year (Figure 2).

Patients with standard risk cytogenetics had significantly superior median overall survival 

relative to patients with high-risk cytogenetics (38 months v. 5 months). Estimated overall 

survival for the entire cohort at 6 months and 1 year was 63% and 44%, respectively. Three 

patients (19%) remain alive at 1195, 1634 and 1712 days, all of whom had standard risk 

cytogenetics at diagnosis.

Targeted Next-Generation Sequencing (NGS)

Myeloid NGS was performed in five patients prior to induction chemotherapy and MST and 

again at count recovery around day 30 (Figure 3 and Supplementary Table 1). Common 

variants identified included IDH1/2, NPM1, DNMT3A, TP53, EZH2, RUNX1, BCOR, 

CBL, CUX1, ETV6, JAK2, NRAS, and SRSF2. Three patients who had clearance of 

variants below the lower limit of detection or low-level persistence of variants at count 

recovery had a complete remission after induction chemotherapy and MST. Of these three, 

two had relapses at 5 and 18 months while one remains in remission. Two other patients had 

either stable, high-risk variant expression (TP53 mutation) or rising variant expression at 

count recovery. Both had refractory AML at count recovery.
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Microchimerism

Microchimerism assays were performed in 10 patients across 22 timepoints, including at 

baseline, count recovery after induction chemotherapy, 8 weeks and 3 months after 

consolidation therapy. Although low cell counts were observed in many samples, gDNA 

quantity isolated from each sample was appropriate for assay performance. No evidence of 

peripheral microchimerism was detected at any timepoint at a sensitivity of approximately 

1/100,000 donor alleles

Lymphocyte Immunophenotypic Profiling

Blood analytes were collected at the following timepoints to evaluate lymphocyte 

immunophenotypic profiling: before induction chemotherapy, count recovery after induction 

chemotherapy and MST, 8 weeks after completing consolidation therapy, 3 months after 

completing consolidation therapy, and before re-induction chemotherapy (when applicable). 

Peripheral blood mononuclear cells (PBMCs) were only sufficiently recovered and viable 

for these assays in approximately 20% of patient samples, however, likely owing to 

cryopreservation technique. Given limited samples, no statistically significant differences or 

correlation with clinical outcome were otherwise observed in T cell immuno-profiling 

following microtransplantation.

T Cell Receptor Sequencing

Peripheral T cell receptor (TCR) sequencing was performed in eight patients across serial 

timepoints and demonstrated varied clonal dynamics (Supplemental Figure 1). Patients were 

analyzed in two groups – those with favorable clinical responses (remission ≥ 6 months, n = 

4) and unfavorable clinical responses (no remission or relapse within 6 months of therapy, n 

= 4). A trend towards increased abundance of the top five T cell clones was observed over 

time in favorable compared with unfavorable outcome patients. There was also an expansion 

in the abundance of the dominant T cell clone in two patients with favorable outcomes that 

was not observed in unfavorable outcome patients (Supplemental Figure 2).

Cytokine Profiling

With the assumption of an adjusted p-value (q-value) of 0.05 as the significance level, 13 

genes had significant differences in longitudinal expression when comparing pre-treatment 

(baseline) and post-treatment samples (CR and 8-weeks) (Supplemental Figure 3). These 

differentially expressed biomarkers include: Eotaxin (CCL11, p = 1.0 × 10−5, q = 1.4 × 

10−4), interleukin 8 (IL-8, p = 1.0 × 10−5, q = 1.4 × 10−4), serum amyloid A1 (SAA, p = 1.0 

× 10−5, q = 1.4 × 10−4), tumor necrosis factor-beta (TNF-B, p = 1.0 × 10−5, q = 1.7 × 10−4), 

interleukin 31 (IL-31, p = 2.0 × 10−5, q = 1.8 × 10−4), interleukin 6 (IL-6, p = 7.0 × 10−5, q 

= 5.8 × 10−4), interleukin 12/interleukin 23-p40 subunit (IL-12/IL-23-p40, p = 8.0 × 10−5, q 

= 6.4 × 10−4), interleukin 13 (IL-13, p = 3.8 × 10−4, q = 2.5 × 10−3), thymus and activation-

regulated chemokine (TARC/CCL17, p = 2.7 × 10−3, q = 1.6 × 10−2), macrophage-derived 

chemokine (MDC, p = 3.1 × 10−3, q = 1.6 × 10−2), interleukin 9 (IL-9, p = 3.4 × 10−3, q = 

1.7 × 10−2), C-reactive protein (CRP, p = 5.2 × 10−3, q = 2.3 × 10−2), and monocyte 

chemotactic protein 1 (MCP1, p = 5.7 × 10−3, q = 2.3 × 10−2).
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Correlations between baseline values and changes in 54-plex panel biomarkers with clinical 

outcomes (CRS, EFS, and OS) were also evaluated. Given small numbers, no statistically 

significant differences were observed using adjusted p-values. An association was observed 

between EFS and baseline values of two biomarkers: vascular endothelial growth factor D 

(VEGFD, HR= 0.25, 95% CI: 0.07 – 0.91) and interferon gamma (IFNG, HR= 0.67, 95% 

CI: 0.46 – 0.97). Associations also were observed between EFS and changes in three 

biomarkers from baseline to count recovery: Macrophage inflammatory protein-3 (MIP3A, 

HR= 3.2, 95% CI: 1.13 – 9.18, interleukin 2 (IL2, HR= 3.4, 95% CI: 1.09 – 10.497) and 

interleukin 1 alpha (IL1A, HR= 0.58, 95% CI: 0.35 – 0.98). Finally, associations were 

observed between EFS and changes in two biomarkers from baseline to 8 weeks after 

consolidation: MDC (HR= 0.31, 95% CI: 0.11 – 0.88) and IL1A (HR= 0.09, 95% CI: 0.008 

– 0.876). No clear associations were observed in panel biomarkers and other clinical 

outcomes (CRS or OS).

Comprehensive Geriatric Assessment

All sixteen patients evaluable for response completed the comprehensive geriatric 

assessment prior to induction therapy. At baseline, patients had a median Karnofsky 

Performance Status (KPS) of 80 (range: 70–100), corresponding to “normal activity with 

effort, some signs or symptoms of disease.” Thirteen patients completed Timed “Up and 

Go” (TUG) with a median duration of 11 seconds (range: 6–34 seconds), slightly prolonged 

compared with reference ranges for healthy, age-matched adults.36 Five of these thirteen 

patients (38%) had TUG ≥ 12 seconds, corresponding to an increased risk of falls. The 

median Blessed Orientation-Memory-Concentration (BOMC) Test score among patients at 

baseline was 4 (range 0–10). Of note, three of sixteen patients (19%) had BOMC score of 

10, suggesting underlying cognitive impairment.

Eight patients also completed the comprehensive geriatric assessment following 

consolidation therapy. No significant difference was observed in KPS, TUG, or BOMC 

scores between assessments at baseline and following consolidation therapy in these 

patients.

Discussion

Older patients with AML warrant novel treatment approaches with tolerable side effect 

profiles given high rates of medical co-morbidities and cognitive and functional impairment 

in this population. In this single-center, phase I study, we sought to characterize the safety of 

conventional induction and consolidation chemotherapy with microtransplantation (MST) in 

older patients with newly-diagnosed AML. MST is a unique clinical strategy that refers to 

the infusion of HLA-mismatched, haploidentical, G-CSF mobilized hematopoietic stem 

cells, T and NK cells after disease-directed therapy. Unlike conventional allogeneic 

hematopoietic stem cell transplantation, the goal of MST is for the early rejection of donor 

cells to stimulate and enhance a host-derived immune activity that improves anti-leukemia 

effects. In this study, the addition of MST to induction and consolidation chemotherapy was 

well-tolerated and without signals of major toxicity attributed to donor cell infusion. 

Adverse events included expected cytopenias and infection, attributed to the underlying 
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disease process and conventional cytotoxic chemotherapy. No cases of donor engraftment or 

GVHD were observed in this study.

The median age of patients enrolled in the study was 73 years and approximately 60% had 

adverse cytogenetic features, indicating a population at high risk of poor response, relapse 

and death. The estimated median leukemia-free survival for the overall cohort was 5 months 

and overall survival was 10 months. Patients with adverse cytogenetic features had worse 

outcomes, with median overall survival of 5 months. This compares with historic cohorts of 

older AML patients > 65 receiving intensive therapy in retrospective and prospective series, 

where median overall survival durations of 6–10 months have been reported.1,6,37–39 

Multicenter studies conducted in China have demonstrated the efficacy of chemotherapy and 

MST in older AML patients across age subgroups.8,12 Importantly, however, very elderly 

patients in these studies (> 75 years of age) had a median overall survival of 10 months, 

significantly worse when compared to patients < 75 years of age.12 This provides some 

rationale for inferior survival outcomes in our current study and suggests that the very 

elderly (> 75 years of age) may benefit from alternative approaches. Strategies to augment 

the efficacy of MST include alternative dosing schemes for haploidentical cells, modifying 

the cellular composition of the donor infusion, combination with novel agents or immune 

checkpoint inhibitors.

No evidence of microchimerism – defined as 0.001% to 1% peripheral donor chimerism in 

our study – was observed across serial timepoints. This is in contrast to other studies of 

MST, where donor chimerism may be transiently observed for days without sustained 

engraftment and microchimerism may persist from days to years.12,13 In one study 

evaluating induction and consolidation chemotherapy with MST in older AML patients, 

donor microchimerism was observed in 30.8% of patients, emerging at day 2 and peaking in 

7–10 days.12 One potential explanation for the absence of microchimerism in our study may 

be the early clearance of this feature before count recovery, when our first post-treatment 

assays were performed. Many samples tested also had low cell quantities, making the 

detection of microchimerism less likely in these instances. Other than differences in the type 

of induction chemotherapy regimen used, treatment strategies in our study and multicenter 

studies conducted in China otherwise appeared highly concordant. This includes the timing 

and target dose of CD3+ donor T cells per infusion. Other unrecognized differences between 

the study populations may account for the differential detection of microchimerism between 

these cohorts, however.

AML features a dysregulated network of cytokines and chemokines which drive disease 

progression and individually correlate with clinical outcomes.40,41 In particular, pro-

inflammatory cytokines like interleukin 1 beta (IL-1β), tumour necrosis factor alpha (TNF-

α) and IL-6 have been associated with biologically aggressive disease whereas anti-

inflammatory cytokines like interleukin 10 (IL-10) and transforming growth factor beta 

(TGF-β) have been associated with improved outcomes.41 In our study, patients were 

observed to have longitudinal changes in individual cytokine profiles before and after 

induction and consolidation chemotherapy and MST. In particular, several pro-inflammatory 

markers were observed to significantly decrease over time, including IL-6, IL-8, and CRP. 

Increased expression of these individual cytokines have been associated with adverse 
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outcomes in AML.42,43 We also observed that increasing levels of IL-1α and decreasing 

levels of IL-2 following MST were associated with EFS, although this did not meet 

statistical significance. In contrast to our findings, IL-1 has previously been associated with 

myeloid progenitor expansion and disease progression in AML, and IL-2 has been 

associated with remission and prolonged survival in AML.40,44 Our findings suggest that 

MST may uniquely modify cytokine and chemokine signaling pathways and the adaptive 

immune repertoire in AML. Additional studies are warranted to define whether selected 

cytokines may serve as predictive biomarkers in this context.

The cytokine release syndrome (CRS) has been reported in previous studies of MST. In one 

study of patients receiving low-dose TBI and MST, a syndrome of CRS was observed 

consisting of fever, diarrhea, rash, and transaminitis in all 30 patients treated at cell dose 

levels of 1–2 × 108 cells / recipient kg.13 In our study, CRS was observed in approximately 

40% of cases, typically mild, and resolving within 1–2 days. Most patients had fever as a 

manifestation of CRS, although given concomitant severe neutropenia and hospitalization, 

underlying infections or other etiologies may not be excluded. Overall, 5/8 patients (63%) 

with CRS achieved a complete response after induction therapy. Given small numbers, no 

significant differences were observed in measured cytokine levels between patients with or 

without CRS after MST.

Our study suggests that addition of MST to conventional, anthracycline-based induction 

chemotherapy in the West is well-tolerated by older AML patients, with no cases of 

engraftment or GVHD observed. While this pilot study does not demonstrate improved 

survival compared to historic controls receiving conventional chemotherapy, it does confirm 

high tolerability of this treatment strategy and low rates of severe toxicity. This is an 

important benchmark as older AML patients frequently experience functional compromise 

in multiple domains, including subsets of patients in our study who had an increased risk of 

falls and impaired cognition at baseline. High rates of CR (63%) were also observed in our 

overall study population, suggesting MST could serve as a bridge to conventional allogeneic 

stem cell transplantation in selected patients. MST may also offer other advantages as a 

treatment modality, including broad availability of haploidentical donors and cost-

effectiveness. Finally, our study provides some insight into potential immune mechanisms of 

response following MST, including the emergence of T cell clones that may confer tumor-

specific immunity in selected patients. This has been previously observed in older AML 

patients after MST and warrants further investigation in future studies.45 While no clear 

trends were observed in blood-based lymphocyte profiling assays, poor PBMC viability after 

thawing complicated the interpretation of our findings. Given the likely role T and NK cells 

play in antileukemia effects of MST, careful execution of these assays in the future may 

yield important insights and provide a rationale for combination approaches. Important 

limitations of our study include the small patient numbers and absence of a control arm. An 

international, multicenter, phase III study of induction and consolidation chemotherapy with 

MST in older AML patients is currently ongoing that would further address the efficacy of 

this approach.
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FIGURE 1. 
Study schema. Patients received conventional induction chemotherapy (IND1) with 

cytarabine (Ara–C) and idarubicin (Ida) followed by cell infusion (microtransplantation 

[MST]) 24–48 hours thereafter. Patients achieving a complete remission (CR) received up to 

2 cycles of consolidation (CON1 and CON2) with Ara–C followed by cell infusion. Those 

patients not achieving a CR with IND1 could receive re–induction with the same regimen 

(IND2) followed by cell infusion
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FIGURE 2. 
Event free survival and overall survival (OS) of older AML patients after induction and 

consolidation chemotherapy with microtransplantation (MST). Improved survival measures 

were observed in patients with standard vs high risk cytogenetic features as per MRC/NCRI 

classification
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FIGURE 3. 
Variant allele frequencies (VAF) in bone marrow from baseline (Day 0) to count recovery 

(Day 30). Variants with allelic frequency less than 5% on Day 0 were excluded from 

analysis (non-detectable or ND). The lower-limit of detection of variants at Day 30 was ∼ 
0.1% for those identified at baseline and ∼ 2.7% for those that were newly detected. 

Trendlines indicate variants increasing (red), decreasing (green), or remaining stable (black) 

through induction chemotherapy and MST. A–C, correspond with patients who developed a 

complete remission after induction therapy, while, D,E, correspond with patients who had 

refractory disease after induction therapy
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Table 1.

Baseline Characteristics

Characteristic n (%) or Median (Range)

Age 73 (61–78)

Sex

 Male 11 (65%)

 Female 6 (35%)

Race

 Caucasian 15 (88%)

 African-American 2 (12%)

Type of AML

 De Novo 10 (59%)

 Therapy-Related 1 (6%)

 AML-MDS/MPN 5 (29%)

 Erythroid Leukemia 1 (6%)

Cytogenetics*

 Favorable 0 (0%)

 Standard 7 (41%)

 Adverse 10 (59%)

Mutations
†

 FLT3-ITD 0/17 (0%)

 NPM1 3/17 (19%)

 Bi-allelic CEBPA 0/11 (0%)

HLA Matched Loci among Donor/Recipient Pairs
‡,‖

 4/10 1/16 (6%)

 5/10 11/16 (69%)

 6/10 4/16 (25%)

*
Cytogenetic risk defined by Medical Research Council / National Cancer Research Institute (MRC/NCRI) revised classification in AML15

†
CEBPA mutational profiling not performed or available for all patients; results indicate total positive as a proportion of total tested

‡
Includes HLA Class I (-A, -B, -C) and Class II (-DRB1, -DQB1) alleles

‖
HLA loci matching not shown for one patient who did not receive MST after induction chemotherapy; this patient had de novo AML and adverse 

cytogenetics
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