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Abstract

Expanding on our prior studies with cord blood T-cells, we hypothesized that primary AML-

reactive autologous T-cells could be generated ex vivo under immunomodulatory conditions. We 

purified AML and T-cells from 8 newly diagnosed high-risk patients. After 2 weeks expansion, T-

cells were stimulated with IFN-γ treated autologous AML weekly X 3, IL-15 and agonistic anti-

CD28 antibody. CTL and ELISpot assays tested functionality; RT-qPCR tested AML and T-cell 

gene expression profiles. Based on combined positive ELIspot and CTL assays, T-cells reactive 

against AML were generated in 5/8 patients. Treg proportion declined post-co-cultures in reactive 

T-cell samples. AML-reactive T-cells displayed an activated gene expression profile. “Resistant” 

AML blasts displayed genes associated with immunosuppressive MDSC. We discuss our 

approach to creating primary AML-reactive autologous T-cell and limitations that require further 

work. Our study provides a platform for future research targeting on generating autologous 

leukemia reactive T-cells.

Keywords

acute leukemia; adoptive immunotherapy; autologous CTLs; cellular therapy; MDSC; Tregs; 
AML; T-cells; cytotoxic

INTRODUCTION

Primary leukemia cells can evade immune responses by a variety of mechanisms 1 posing a 

number of obstacles in generating leukemia-specific cytotoxic T-lymphocytes (CTLs). 

Various methods have been explored to augment functional capacity of T cells to identify 

and eliminate leukemic cells 2–13. Many of these methods necessitate either genetic 

manipulation of T cells or targeting a previously identified “tumor-associated” antigen 
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(TAA). However, most TAAs are not exclusively restricted to tumor cells and many non-

malignant hematopoietic cells also share these antigens. On the other hand, TAAs may not 

be present in all tumors belonging from a common class 14,15. Genetically modified T cells 

exert their cytotoxic activity against a specific molecule that is generally universally present 

in malignant T cells of a class, but also in few normal hematopoietic cells. This approach is 

promising for certain B cell lymphoid malignancies 16, but it has not yet been widely 

adopted against myeloid malignancies. Alternative new strategies in CTL design with high 

specificity towards myeloid malignancies and other cancers are required where simultaneous 

reactivity towards multiple CTL epitopes may be similar to what has been observed with 

viral lysates 17,18 and DC-tumor fusion vaccines19. Importantly, successful novel 

approaches would be logistically relatively straightforward to foster wide scale 

implementation.

In previous studies from our laboratory, we showed that ex vivo expansion of cord blood 

(CB) T cells with anti-CD3/CD28 co-stimulatory beads and IL-2 plus IL-7 not only lead to 

their expansion, but also promoted their functional maturation and preserved a polyclonal T-

Cell Receptor (TCR) repertoire 20–22. Importantly, subsequent co-cultures of the expanded 

CBT against myeloid (U937) or lymphoid (IM9) leukemia cell lines generated tumor-

specific CTLs from naïve CBT 21,22. With these promising results, we hypothesized that T 

cells specifically reactive against primary patient acute myeloid leukemia (AML) blasts 

might also be generated from autologous blood with additional immune-stimulatory 

modifications during culture conditions.

Here we report on the feasibility and challenges of a novel methodology to generate 

autologous AML-specific peripheral blood reactive T cells in a significant fraction of tested 

individuals. First, we overcame barriers to address the low frequency and hyporeactivity of 

T cells in peripheral blood (PB) during hyperleukocytosis. Then, we implemented steps to 

render AML blasts immunogenic with our ex vivo culture conditions providing T cell 

activation signals I, II and III in parallel. To better understand the biological features of the 

system, we closely monitored both AML targets and T cell responders. We report on 

differences in the kinetics of regulatory T cells (Tregs) in AML patients during their initial 

presentation and identify significant differences in the immunophenotypic and genetic 

profiles of T cells between 5 reactive and 3 non-reactive T cell samples. Finally, we show 

that the AML blasts in 3 samples with non-reactive T cells (termed “resistant AML”) 

possessed myeloid derived suppressor cells (MDSC)-like gene expression profile compared 

with the AML blasts from 5 reactive T cell samples (termed “non-resistant AML”).

MATERIALS AND METHODS

Specimens

Peripheral blood mononuclear cells (PBMCs) were originally collected during leukapheresis 

of patients with newly diagnosed AML presenting with hyperleukocytosis admitted to the 

University of Pittsburgh Medical Center Cancer Institute. These PBMCs were cryopreserved 

and banked in an acute leukemia tissue repository in the Health Sciences Tissue Bank under 

an Institutional review board (IRB)-approved protocol with written informed consent of 

patients. We obtained eight cryopreserved PBMCs from this biorepository, which was 
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accessible to other investigators yielding variable cell numbers available to for this study. 

The median pre-thaw total nucleated cell count was 97.9 (range, 2.14 – 133) × 106 in eight 

samples.

T cell purification and expansion

As shown in figure 1, T cells were enriched from thawed PBMCs with the immunomagnetic 

separation method using anti-CD3/CD28 beads (ClinExVivo™, Invitrogen, Sammamish, 

WA) and cultured with 100 U/mL of IL-2 (Proleukin; Novartis, East Hanover, NJ) and 

10ng/ml of IL-7 (R&D Systems) for two weeks (+/− 2 days) in an antigen independent way 

as previously described 20,22 with the aim to generate sufficient numbers of T cells for AML 

co-cultures and possibly reverse their hyporeactive/anergic state. Immunophenotypic 

characterization of T cells was performed on FACSCanto II® multicolor flow cytometer 

(BD Biosciences) using BD Multitest™ reagents (CD3 FITC, CD8 PE, CD45 PerCP, CD4 

APC) and BD Trucount™ absolute count tubes (all from BD Biosciences) to determine the 

purity of extraction and to quantify the subpopulations of T cells, as per manufacturer’s 

recommendations 23. T cells were assessed for viability manually using Trypan blue 

staining. Purified T cells were initially expanded in 96-well round bottom plates and later 

transferred to 24-well flat bottom plates at a concentration of 0.75 ×106 cell/ml using X-

Vivo-15 media (Lonza) containing 5% pooled human serum, 2mM L-glutamine, 100 U/mL 

each of penicillin, streptomycin and amphotericin (Sigma-Aldrich), with anti-CD3/CD28 

beads (beads: T cell ratio of 3:1), 100U/ml of IL-2 and 10ng/ml of IL-7 for 2 weeks as 

previously reported 20,22.

Primary AML blasts culture

The “negative fraction” obtained after T cell purification, which constituted primarily of 

AML blasts, was cultured over a supporting layer of mesenchymal stromal cells (MSCs). 

The MSCs were isolated from a bone marrow aspirate of a patient with AML in remission 

and cultured as reported 24,25. Once 80% or greater confluence was achieved, as detected by 

inverted phase microscopy, MSCs were trypsinized, washed and cultured in 24-well flat 

bottom plates at a concentration of 5 × 104 cells/well in Dulbecco’s Modified Eagle Medium 

(DMEM) media containing 20% heat-inactivated pooled human AB serum. Culture medium 

was changed every 3–4 days until >75–80% confluence was attained, at which time AML 

blasts were co-cultured over the MSC layer in clinical grade StemSpan™ serum-free 

expansion media (STEMCELL Technologies) at a concentration of 1 × 106 cells/ml and a 

cytokine cocktail of 100 ng/ml each of recombinant human IL-3, SCF and FLT3L and 100 

U/ml each of GMCSF and IL-4 (all from BioLegend Inc., San Diego, CA) 26–28. The 

medium and cytokines were replenished every 3–4 days. Two days prior to the planned co-

cultures of T cells with autologous AML blasts, 500U/ml of IFN-γ (R & D Systems) was 

added to the AML culture to enhance their self-antigen presenting potential to T cells. With 

this protocol, which was applied for the first three samples, we observed gradually declining 

viability of AML cells for UPIN # 2 and UPIN# 3 in culture. Therefore, we modified the 

protocol for the remaining 5 samples, where cryopreserved PBMCs were thawed and T cells 

were purified as described above, but the negative fraction (predominantly AML blasts) was 

cryopreserved immediately. Two days prior to the planned co-culture with T cells, the 

Mehta et al. Page 3

J Immunother. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cryopreserved AML rich negative fractions were thawed and cultured in serum-free media 

with MSCs and the same cytokine support and IFN-γ as described above.

In vitro co-cultures and generation of AML-specific reactive T cells

On day 14 (± 2 days) of T cell expansion, the anti-CD3/CD28 beads were removed using 

magnetic particle concentrator (Dynal MPC-2; Dynal/Invitrogen) and the cells were washed. 

Simultaneously, cultured autologous AML blasts were also removed from culture, washed 

and γ-irradiated with single fraction of 26.25Gy over the course of 269 seconds (Compagnie 

Oris Industrie S.A., France). AML blasts were then co-cultured with expanded autologous T 

cells at a varying effector: target ratio of 1:1 to 5:1 depending upon the number of AML 

blasts available. Cultures were maintained in X-Vivo 15 medium (Lonza) supplemented 

with 5% FCS (Life Technologies, Invitrogen), 2mM L-glutamine, 100 U/mL each of 

penicillin, streptomycin and amphotericin (Sigma-Aldrich), 100ng/ml of purified anti-

human CD28 monoclonal antibody (BD Biosciences) and 5ng/ml IL-15 (R&D Systems). 

Cultures were re-stimulated with autologous γ-irradiated AML blasts weekly for a total 

duration of three weeks, at the end of which functional, phenotypic and gene expression 

assessment was performed.

Protocol amendment—We observed a progressive decline in the number of T cells 

during the first two weeks of co-cultures in UPIN # 4. Therefore, low dose of IL-2 (10 U/ml) 

was added during the beginning of the last week of co-cultures in UPIN # 4, which rescued 

the cells. The protocol was thereafter modified to include low-dose IL-2 (10 U/ml) and 

IL-12 (10 ng/ml) starting from the first week of co-cultures for the rest of the experiments 

(UPIN # 5–8).

Assessment of reactive T cell generation

Enzyme-Linked ImmunoSpot (ELISpot) assay—IFN-γ ELISpot assay was performed 

at the end of third week of co-culture to quantitate the frequency of AML-specific IFN-γ 

secreting reactive T cells 29. Patients’ own AML blasts served as ‘relevant’ stimulators (S) 

while U937 cell line served as irrelevant, non-specific targets.

Absence of targets in the culture medium was used as negative control and CD3/CD28 

beads were added for positive control. Fifty thousand responder (R) T cells were tested at a 

R:S ratio of 1:1 to 5:1, depending upon the number of AML blasts available. After 24 hours 

of incubation, the plates were developed and dried overnight in dark at room temperature. 

The plates were read and analyzed for the number of spot forming cells (SFCs) in CTL 

ImmunoSpot® plate reader and CTL ImunoSpot® Software version 5.0.3. (C.T.L., Shaker 

Heights, OH).

DELFIA® EuTDA cytotoxicity assay—In conjunction with the ELISpot assay, non-

radioactive Europium TDA (EuTDA) assay was employed to assess specific cytotoxicity 22. 

At the end of 3rd week of co-cultures, effectors (viable cells) were harvested to assess 

cytotoxicity against fresh cultured autologous, wild type AML blasts (without IFN-γ 

exposure) and two “irrelevant” targets – U937 (myeloid leukemia cell line) loaded with 

DELFIA® BATDA reagent (Perkin-Elmer) at effector: target ratios of 40:1, 20:1, 10:1 and 
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5:1 in triplicates, as described previously 22. Cytotoxicity was measured by DELFIA® 

EuTDA cytotoxicity assay on a Victor 2 microplate reader (Perkin-Elmer) as described 22 

and as suggested by the manufacturer 30. Specific release percentage was calculated as 

[experimental release (counts) - spontaneous release (counts)]/[maximum release (counts) - 

spontaneous release (counts)] X 100. Spontaneous release percentage was calculated as 

[spontaneous release (counts) - background (counts)]/[maximum release (counts) - 

background (counts)] X 100. Of note, standardization of the CTL assay for primary AML 

blasts was difficult despite testing different loading times, incubation temperatures and 

washing techniques as suggested by the manufacturer. This was attributed to the inter-

sample heterogeneity and relative frailty of previously cryopreserved AML blasts, which led 

to high background and spontaneous release in a majority of samples.

Immunophenotypic characterization of T cell

We performed eight-color flow cytometric analysis on a FACSCanto II® multicolor flow 

cytometer (BD Biosciences) to characterize various co-stimulatory and co-inhibitory 

receptors on T cells (CD3, CD8, CD137, HLA-DR, CTLA-4, PD-1, NKG2D, TCR-γδ) at 

the end of third week of co-culture. In addition, surface and intracellular immunophenotypic 

characterization of Treg cells (CD4+CD25brightFoxP3+) was performed before and after co-

culture, as previously described 20.

Gene expression profiling of T cells and AML blasts

Genomic DNA was extracted from purified T cells and AML blasts using Trizol method 

(Life technologies) 31–33. Purification of RNA and real-time quantitative reverse 

transcriptase Polymerase Chain Reaction analysis (RT-qPCR) to generate cDNA was 

performed on T cells before and after repeated re-stimulation with autologous AML blasts to 

detect changes in their genetic profile following in-vitro stimulation period. Similarly, RNA 

purification and RT-qPCR analysis was performed on AML blasts to detect expression 

profile of genes associated with MDSC. qPCR analyses were performed on StepOnePlus™ 

system (Life Technologies) using the Power SYBR® Green RT-PCR reagents and the 

Power SYBR® Green PCR master mix (Life Technologies) following manufacturer’s 

recommendations 31. The CT values obtained from the PCR machine were imported into 

Microsoft Excel 2010 and the analysis of gene expression was done using the 2−ΔΔCt 

method 34.

A panel of genes analyzed for T cells was chosen based on their known or potential role in T 

cell co-stimulation or co-inhibition 35. Genes with previously defined role in MDSC 

generation 36 were chosen for expression analysis on AML blasts. The primers were 

designed using the NCBI primer blast 15 and target specificity of each primer was confirmed 

by activating search only for primer pairs specific to the intended PCR template in Homo 

sapiens using the Refseq mRNA database. This feature enables specificity cross-check not 

only for forward-reverse primer pairs, but also for forward-forward and reverse-reverse 

primer pairs 15. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as the 

house-keeping gene for AML blasts, while five housekeeping genes were selected for T cell 

gene analysis, including GAPDH, IPO8 (Importin 8), RPL13A (Ribosomal Protein L13a), 

SDHA (Succinate dehydrogenase complex, subunit A) and TBP (TATA box binding 

Mehta et al. Page 5

J Immunother. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



protein) 37. For internal standardization of gene expression, the BestKeeperC© software 38 

was used to determine the most reliable and stable housekeeping gene(s) using repeated 

pair-wise correlation analysis. A “BestKeeper index©” was then calculated based on the 

geometric average of the most stable housekeeping genes (RPL13A and TBP), which served 

as the housekeeper for analysis 38.

Statistical Analysis

One-way ANOVA with Bonferroni correction for multiple testing was performed (a) to 

compare the differences in ELISpot SFCs against AML and U-937 cells and the controls, 

and (b) to compare the percentage specific release against AML and U-937 cells observed in 

the CTL assays at various effector: target ratios. Paired sample student t-test with unequal 

variances was performed to compare the differences in (a) proportion of Treg cells and (b) T 

cell gene expression occurring pre- and post-co-cultures in reactive and non-reactive T cell 

samples. Student t-tests with unequal variances were performed to compare the differences 

in (a) proportion of Treg cells and T cell co-signaling receptors (determined by the FACS 

analysis) between reactive and non-reactive T cell samples, and (b) AML gene expression 

differences between resistant and the non-resistant samples. All analyses were two-sided and 

an alpha value less than 5% was selected as a threshold for statistical significance.

RESULTS

Autologous T cells can be expanded ex vivo from AML patients during hyperleukocytosis

We tested 8 consecutive cryopreserved PBMC samples which were obtained during 

leukapheresis of newly diagnosed patients with AML presenting with hyperleukocytosis. 

The immunophenotypic, cytogenetic and molecular characteristics of these AML samples 

are depicted in table 1. T cell purification and expansion was performed using CD3/CD28 

magnetic beads, IL-2 and IL-7 for two weeks (± 2 days). Despite low percentage of T cells 

extracted from thawed PBMCs (mean CD3+ cells 2.04%, range 0.4 – 7.8%), we were able to 

expand them in all samples. However, the expansion was inferior as compared to the 

expansion of healthy T cells seen in our previous experiments 20,22. As shown in figure 2 

and table 2, an average 4.98 (range 1.1 – 5.6) fold expansion was achieved at the end of 14-

day expansion and a mean (range) fold-expansion of 4.34 (0.9–6.9), 4.8 (0.7–11.6) and 2.69 

(1.03 – 3.9) was attained at the end of each successive week respectively during three weeks 

of co-cultures. Nevertheless, with 5 weeks combined, this translated to median incremental 

T cell expansion of 279-fold over the starting numbers. There was no effect of IL-12 on T 

cell expansion. Similarly, the variable effector: target ratio used during co-culture phase did 

not impact the degree of T cell expansion achieved (data not shown).

ELISpot assay identifies primary AML- reactive T cells

Ex vivo expanded T cells without antigenic exposure were stimulated for three consecutive 

weeks with autologous IFN-γ treated AML blasts while receiving co-stimulatory and 

survival signals from CD28 agonist antibody, IL-15 and low dose (10Uml) IL-2. IFN-γ 

ELISpot assay was performed at the end of third week of stimulation. Unmodified wild type 

AML blasts, obtained from the same blood draw as the T cells, were used as specific targets, 
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while U937, a 3rd party AML cell line, served as third party targets to assess for non-specific 

reactivity.

IFN-γ ELISpot assay determined the number of IFN-γ SFCs against AML blasts as 

compared with irrelevant targets (U937). T cells from 4 patient samples produced 

significantly higher number of SFCs against AML blasts as compared to the U-937 cells 

(mean 233 vs. 60 spots/50,000 responders, p=0.006) [Figure 3a]. In contrast, as shown in 

figure 3b, IFN-γ production was similar against AML blasts, U-937 and negative controls in 

the remaining four patients. The number of SFCs against AML blasts were significantly 

higher in the ‘positive’ samples (n=4) as compared to that in the ‘negative’ samples (n=4), 

[mean 233 vs. 19.9 spots/50,000 responders, p-value 0.0013]. T cells from UPIN#7 also 

exhibited non-specific activity against 3rd party AML (U937) (mean 211 spots/50,000 

responders) cells, although the relevant response against AML blasts was significantly 

higher (mean 426 spots/50,000 responders), p-value 0.0046. In contrast to the CTL assay 

where UPIN#1 demonstrated specific cytotoxicity against AML, IFN-γ SFCs were not 

detectable. Supplemental table 1 depicts the number of SFCs observed in individual 

experiments against AML, U-937, negative control and positive control.

Cytotoxicity of primary AML- reactive T cells was difficult to ascertain

In parallel with the IFN-γ ELISpot assay, we attempted EuDTA cytotoxicity assay. As 

mentioned above, standardization of patient derived AML blasts was challenging. As a 

result, only 2/8 samples (UPIN # 1 and 5) yielded results which were deemed evaluable – 

spontaneous release less than 30%. Significantly, both CTL cultures from these samples 

demonstrated significantly higher specific cytotoxicity against AML (mean 86%, 75%, 55% 

and 42% at 40:1, 20:1, 10:1 and 5:1 E:T ratios respectively) but not against U937 cells 

(Figure 4).

Combining CTL assay and ELISpot assay results

Based on the EuTDA cytotoxicity assay (UPIN# 1 and 5) and the IFN-γ ELISpot (UPIN# 3, 

4, 5 and 7), overall five samples were defined permissive for AML “reactive” T cells while 

the other 3 cultures yielded “non-reactive” T cells. Three of the five reactive T cell samples 

were generated from UPIN #1–4 (original protocol) and two from UPIN #5–8 (amended 

protocol) [Table 5]. Importantly, we did not observe non-specific T cell reactivity in 7/8 

samples. Although UPIN # 7 demonstrated some reactivity against the U937 myeloid 

leukemia cell line in addition to primary AML blasts, yet the numbers of SFCs detected by 

IFN-γ ELISpot assay were significantly higher against AML blasts than U937 cells, 

suggesting higher specificity against the relevant target. Taken together these results suggest 

favorable specificity of the expanded T cells for potential adoptive autologous T cell 

immunotherapy in patients with AML.

The proportions of Treg cells differ remarkably between reactive and non-reactive T cell 
samples

Surface and intracellular staining was performed to detect the proportion of T cells 

exhibiting Treg phenotype (CD4+CD25brightFoxP3+) among total CD4+ population before 

and after co-cultures with autologous AML blasts. The goal was (a) to detect changes in 
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proportion of Treg cells with in vitro co-cultures (post – vs. pre-‘co-cultures’) and (b) to 

compare the proportion of Treg cells at the end of co-cultures in reactive versus non-reactive 

T cell samples.

After 2 weeks of stimulation with AML blasts, we observed a significant decline in the 

proportion of Treg cells amongst ‘reactive T-cell’ samples as compared to the pre-culture 

level (56% to 24%, p= 0.046, n=4) [Figure 5]; while in the one ‘non-reactive’ T-cell sample, 

the proportion increased from 66.7% to 89% from pre to post-‘co-culture’. Regrettably, the 

limited number of T cells available for the other ‘non-reactive’ T cell samples precluded 

assessment of their pre-co-culture Treg cell numbers. Notably, the mean proportion of Treg 

cells at the end of co-culture appeared higher in the ‘non-reactive’ T cell samples (n=3) as 

compared to the ‘reactive’ T cell samples (n=5), although the results did not attain statistical 

significance [47.3% (range 22.1 – 89%) vs. 22.4% (range 0 – 93.7%), p=0.18].

Significant differences in T cell gene expression exist between ‘reactive’ and ‘non-reactive’ 
T cell cultures

Gene expression of T cells was examined using qPCR analyses before and after co-culture 

with autologous AML with a goal to identify signature changes in the expression of various 

T cell co-signaling molecules in both ‘reactive’ and ‘non-reactive’ T cell cultures.

T cells expanded over 3 weeks with AML stimulation in the ‘reactive’ T cell cohort (n=5) 

displayed significant up-regulation of several proteins known to be associated with T cell 

activation, including 4-1BB, HVEM, LIGHT, PRKC-α and PRKC-θ compared to the pre-

culture levels. Significantly, these markers of T cell activation were not up-regulated in the 

‘non-reactive’ co-cultures (n=3). In fact, activation markers such as PRKC-α, lymphotoxin-

α and lymphotoxin-β were down-regulated, while 2-B4, which is a potent inhibitory marker, 

was up-regulated in non-reactive T cell samples (n=3). No other differences in noted in the 

expression of co-inhibitory molecules CTLA4, PD1, BTLA, LAG3, TIGIT or CD160 in 

either ‘reactive’ or ‘non-reactive’ T cells. [Table 3]

AML blasts resistant to autologous T cell reactivity demonstrated up-regulation of genes 
associated with T cell-inhibitory myeloid derived suppressor cell (MDSC) phenotype

In parallel with the T cell studies, we also analyzed primary AML blasts for gene expression 

associated with MDSC phenotype (n=8) testing the hypothesis that ‘resistant’ AML samples 

(defined as samples against which reactive T cell generation was unsuccessful) could 

possess an MDSC-like profile compared with the ‘non-resistant’ AML samples. Indeed, 

significant up-regulation of down-stream markers of MDSC generation was identifiable in 

the ‘resistant’ (n=3) as compared to the ‘non-resistant’ (n=5) samples. These included 

JAK-1, JAK-2, JAK-3, S100A8, S100A9 and c-myc. No differences were noted in the 

expression of Arg1, IDO2, iNOS, ROS, TGFβ or PDL1 [Table 4].

DISCUSSION

In these studies we demonstrate the proof of principle for the feasibility to generate 

autologous AML- reactive T cells in vitro from the peripheral blood of more than half of 

newly diagnosed AML patients presenting with hyperleukocytosis. To the best of our 
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knowledge, this is the first promising strategy in untreated, freshly diagnosed AML patients 

with hyperleukocytosis which is well known poor prognostic feature 39–41. This 

therapeutically novel scenario was attainable by specific immunomodulatory steps. First, 

AML cells were rendered presumably more immunogenic following IFN-γ pre-treatment. 

Heightened recognition of autologous AML in T cells was supported with defined but 

limited co-stimulatory and survival signals (agonist anti-CD28, IL-15) in the culture 

medium to elicit AML-reactive autologous T cell responses. If we take together the 

independent results of EuTDA CTL and IFN-γ ELISpot assays, we were able to induce 

AML-specific autologous T cell responses from 5 out of 8 cryopreserved patient samples. 

These findings are particularly relevant as biological foundation for future immunotherapy 

developments because T cells of AML patients are reported to be exhausted and/or 

anergic 42,43. Our ability to create reactive T cells in some patients suggests that the noted T 

cell dysfunction can be reversed in a significant fraction of AML patients by creating 

immune-stimulatory culture conditions.

The expansion of T cells in our samples was inferior as compared to that attained in our 

previous experiments using healthy CBT cells against immunogenic and immortalized B cell 

lymphoma 20–22. Nonetheless, we were able to achieve an average expansion of greater than 

250-fold by the end of third week of cultures. Furthermore, the presented culture conditions 

favored highly specific autologous wild type AML-specific responses in all but one sample, 

where there was detectable IFN-γ-SFC response against myeloid leukemia cell line (U937) 

in parallel with an even more robust reactivity against the autologous AML blasts. We used 

clinical grade serum-free media to culture AML blasts to reduce the risk of generating non-

specific immune responses against human serum proteins. This could be important to 

minimize the risk of auto-immune responses with autologous CTL immunotherapy. 

Importantly, for the sake of simplicity and generalizability we used whole leukemia cell to 

stimulate autologous T cells rather than targeting a specific TAA. T cells will recognize 

presumably a larger range of AML associated epitopes and could offer a more broad and 

widespread applicability in future developments. Similar generalized approach has 

previously been shown to be promising in the clinical setting 44 and has several unique 

advantages compared to the use of TAAs 45.

Beyond exploring the feasibility of autologous reactive T cell generation, in parallel 

experiments we investigated potential mechanisms which may impair and prevent an 

effective autologous T cell immune response. We found that the proportion of Treg cells was 

very high at start, but decreased after co-cultures in the reactive T cell samples. Owing to the 

limited number of T cells available for analysis in non-reactive T cell samples, we were 

unable to perform pre- versus post-culture analysis in all samples. Therefore, no firm 

conclusion could be drawn for the non-reactive T cell samples. We also found significant 

differences in the expression of several co-signaling molecules in T cells contrasting 

reactive and non-reactive T cell cultures. Specifically, many of the molecules associated 

with T cell activation (4-1BB, 46–48 HVEM, LIGHT, 49–52 PRKC-α and PRKC-θ 53,54) 

were up-regulated in ‘reactive’ T cells after 3 week of culture, while the ‘non-reactive’ T 

cells exhibited down-regulation of many genes associated with T cell activation (PRKC-α, 

LTA-α and LTA-β 52,55), paired with up-regulation of 2B4, a potent co-inhibitory molecule 

associated with exhausted T cells 56–58. The expression of co-inhibitory molecules - 
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CTLA4, PD1, BTLA, LAG3, TIGIT and CD160, and the expression of Th1-associated 

cytokines - IL-2 and IFN-γ were similar among ‘reactive’ and ‘non-reactive’ T cell. The 

differential gene expression observed in reactive versus non-reactive T cell samples suggests 

that several T cell activation pathways are either impeded or the inhibitory pathways are 

activated by certain mechanisms in resistant AML samples.

These T cell alterations may reflect the influence of immunosuppressive MDSC-like AML 

blasts. Compared to AML blasts that were effectively recognized by reactive T cells, JAK1, 

JAK2, JAK3, S100A8 and S100A9 were all up-regulated in ‘resistant AML’ samples; 

although no differences in noted in the expression of PDL1, Arg1, IDO2, iNOS or ROS 

between ‘resistant’ and ‘non-resistant’ AML. Regardless of the factors that lead to the 

generation of MDSCs and their mechanism of suppression, the final common pathway in 

their activation and expansion is reported to involve the JAK-STAT protein family 

members, which in turn lead to nuclear expression of c-myc and up-regulation of S100A8 

and S100A9 59–63.

Despite several novelties described above, there are limitations of our study. First, as 

mentioned above, we encountered obstacles to perform CTL assay on all primary AML blast 

samples. The EuTDA CTL assay is critically dependent on membrane integrity and labelling 

efficacy of the targets. Not only it is challenging to maintain primary AML blasts in 

cultures, the resultant CTL assay might be uninterpretable due to the poor labeling and 

subsequent porous nature of ‘friable’ AML blasts. Recognizing this, we performed IFN-γ 

ELISpot in parallel assays, where the targets, primary patient blasts, need no manipulation/

labeling 64. In future studies, ancillary tests such as assessment of CD107 using flow 

cytometry could be helpful. The addition of IL-12 in UPIN# 5–8 neither altered expression 

of Th1-associated cytokines, nor had an impact on overall T cell responses, suggesting that 

IL-12 may not provide critical signals and could be omitted in future studies. Our study 

lacks additional functional and immunophenotypic characterization of MDSC-like AML 

blasts, which is of great interest and should be evaluated in future studies. While we were 

able to demonstrate minimal or no cross-reactivity towards 3rd party AML cell line, due to 

the small volume of cryopreserved samples and significantly reduced presence of normal 

hemaotopietic cells, we did not have autologous ‘normal’ cells as controls to demonstrate 

specificity of T cells against AML. Nevertheless, these T cells did not act as promiscuous 

cytokine induced killer cells. Lastly, we recognize the limitation of small sample size. To 

improve upon these limitations, we are pursuing further refinements in manufacturing to 

build on the proof-of-principle of the experiments described above. In patients with high 

numbers of circulating AML blasts requiring leukapheresis, collection of fresh PBMC from 

leukapheresed product (rather than cryopreserved samples) should be considered. On the 

other hand, in AML patients who do not require leukapheresis, collection of AML blasts 

from bone marrow aspiration and T cells from peripheral blood could yield optimal cell 

numbers. The impact of checkpoint inhibitors will be experimentally tested to determine if 

they enhance or not the numerical and/or functional aspects of T leukemia reactive T cells in 

clinical grade product development and to test if these agents compromise target specificity 

or not.
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To the best of our knowledge, no study has reported on successful generation of autologous 

reactive T cells specific against AML from untreated patients with hyperleukocytosis. This 

is a state which portents particularly poor prognosis 39–41. Our study provides a foundation 

for future studies which should include larger number of samples and incorporate means to 

overcome shortcomings of this study.

CONCLUSION

In sum, we demonstrate the feasibility to expand primary patient derived AML-specific 

autologous reactive T cells from peripheral blood in 5/8 patients during their initial 

presentation. Despite the known “dysfunctional state” of T cells in AML patients, we were 

able to expand T cells from all eight patients. The proportion of Treg cells decreased 

significantly after co-cultures in the ‘reactive’ T cell samples. Several genes associated with 

T cell activation, such as 4-1BB, PRKC-α, PRKC- θ, HVEM and LIGHT, were up-regulated 

in reactive T cells. On the other hand, ‘non-reactive’ T cells had down-regulation of T cell 

activation molecules including PRKC-α, LTA-α and LTA-β in parallel with up-regulation of 

an inhibitory molecule, 2B4. Other co-inhibitory molecules, including CTLA4, PD1, BTLA, 

LAG3 and CD160 had similar expression among both ‘reactive’ and ‘non-reactive’ T cell, 

suggesting that inhibition of T cells may be directly mediated by AML cells. Indeed, 

‘resistant AML’ samples displayed gene expression that closely matches what has been 

reported with immunosuppressive myeloid derived suppressor cells 36. Our results should 

spur further investigation to extend these findings. This biological feasibility study could 

provide the foundation to further technical developments to generate personalized leukemia-

specific CTLs for patients without overtly complex maneuvers. Just as importantly, if 

confirmed in larger datasets the differences noted between AML blasts and the contrast 

between ‘reactive’ and the ‘non-reactive’ T cells could become valuable tools towards 

building risk models for immunotherapy.
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Abbreviations

AML Acute myeloid leukemia

Arg1 Arginase 1

BTLA B- and T-lymphocyte attenuator

CBT Cord blood T cells

CTL Cytotoxic T cells

CTLA4 Cytotoxic T-lymphocyte-associated protein 4
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FACS Fluorescence-Activated Cell Sorting

FLT3 Fms-like tyrosine kinase 3 ligand

GAPDH Glyceraldehyde 3-phosphate dehydrogenase

GM-CSF Granulocyte-macrophage colony-stimulating factor

HVEM Herpes virus entry mediator

IDO2 Indoleamine 2,3-dioxygenase 2

IFN Interferon

IL Interleukin

iNOS Inducible nitric oxide synthase

IPO8 Importin-8

JAK Janus kinase

LAG3 Lymphocyte-activation gene 3

LAIR-1 Leukocyte associated Ig-like receptor-1

LIGHT Lymphotoxin related inducible ligand that competes for glycoprotein D 

binding to HVEM on T cells

MDSC Myeloid derived suppressor cells

MSC Mesenchymal stromal cells

PB Peripheral blood

PBMC Peripheral blood mononuclear cells

PD1 Programmed cell death protein 1

PDL1 Programmed death-ligand 1

PP2A Serine/threonine protein phosphatase 2A

PRKC Protein Kinase C

ROS Reactive oxygen species

RPL13A Ribosomal Protein L13a

RT-qPCR Reverse Transcriptase quantitative Polymerase Chain Reaction

SCF Stem cell factor

SDHA Succinate dehydrogenase complex, subunit A

STAT Signal Transducer and Activator of Transcription

TAA tumor-associated antigen

TBP TATA box binding protein

TCR T cell receptor
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TGFb Transforming growth factor beta 1

TIGIT T cell immunoreceptor with Ig and ITIM domains

Treg Regulatory T cells
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Figure 1. Study schema demonstrating the process of reactive T cell generation
PBMCs were obtained from patients with AML presenting with hyperleukocytosis by 

leukapheresis. T cells were expanded from thawed samples (n=8) with anti-CD3/CD28 

beads in culture media as we previously reported 22. The “negative fraction” obtained after 

T cell extraction contained primarily AML blasts, was cultured on a layer of bone marrow 

derived MSCs in serum-free media and cytokine cocktail. After 2 weeks of T cell expansion, 

autologous AML blasts were used for co-cultures of expanded T cells for 3 weeks. At the 

end of 3 weeks, cytotoxicity was assessed using EuTDA assay and IFN-γ ELISpot assay. T 

cell activation and inhibitory molecules were analyzed before and after co-cultures using 

multi-color flow cytometry and q-PCR gene expression. Tregs were analyzed using flow 

cytometry. q-PCR gene expression studies were used to assess MDSC-like phenotype in 

AML blasts.
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Figure 2. Mean (SEM) fold expansion of autologous T cells
Figure depicts mean (SEM) fold expansion at the end of 14-day expansion period and with 

each subsequent week of co-cultures.
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Figure 3. IFN-γ ELISpot assay performed at the end of third week of co-cultures
Figure shows the number of IFN-γ spot forming cells/50,000 responders (>95% CD3+ T 

cells) against autologous AML blasts, irrelevant target (U937), negative control (media 
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alone) and positive control (anti-CD3/CD28 beads). Figure 3A depicts the 4 AML-reactive 

samples and figure 3B presents the cohort of 4 AML non-reactive samples.
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Figure 4. The EuTDA cytotoxicity assay performed at the end of third week of co-cultures
Ex vivo expanded T cells were re-stimulated with autologous irradiated AML blasts weekly 

X 3. At the end of week 3, cytotoxicity was assessed using EuTDA assay using labeled 

autologous AML blasts and irrelevant target (U937 cell line), as described. The X-axis 

demonstrates mean (SEM) percentage specific release against autologous AML blasts (solid 

line) and non-specific targets – U937 (grey line) at effector: target ratios of 40:1, 20:1, 10:1 

and 5:1 (Y-axis). P-values compare specific release against AML vs U-937.
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Figure 5. 
Percentage of CD4+CD25brightFoxP3+Tregs (% of total CD4 population) before and after co-

cultures in AML-reactive cultures (n=4).
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Table 5

Combined results of ELISpot and CTL assays in 8 samples.

Cytokines used IFN-γ ELISpot EuTDA CTL assay

UPIN 1 IL-2, IL-7 (expansion)
IL-15, CD28* (co-culture)

Negative Positive

UPIN 2 IL-2, IL-7 (expansion)
IL-15, CD28* (co-culture)

Negative NE

UPIN 3 IL-2, IL-7 (expansion)
IL-15, CD28* (co-culture)

Positive NE

UPIN 4 IL-2, IL-7 (expansion)
IL-15, CD28* (co-culture). IL-2 added during week 3 of co-culture

Positive NE

UPIN 5 IL-2, IL-7 (expansion)
IL-15, CD28*, IL-2 and IL-12 (co-culture).

Positive Positive

UPIN 6 IL-2, IL-7 (expansion)
IL-15, CD28*, IL-2 and IL-12 (co-culture).

Negative NE

UPIN 7 IL-2, IL-7 (expansion)
IL-15, CD28*, IL-2 and IL-12 (co-culture).

Positive NE

UPIN 8 IL-2, IL-7 (expansion)
IL-15, CD28*, IL-2 and IL-12 (co-culture).

Negative NE

*
purified anti-human CD28 monoclonal antibody;

NE, non-evaluable
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