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Immune checkpoint inhibition for the treatment of acute myeloid 
leukemia (AML) has been investigated clinically but has not yet 
been shown to be more effective than the standard of care treat-
ment [1]. Tumor-specific autologous T cells expressing inhibitory 
receptors (iRs) are an inherent foundation to this immunotherapy; 
thus, a detailed picture of cells infiltrating the tumor microenvi-
ronment in AML, i.e., the bone marrow (BM), is warranted [2,3]. 
In this study, we characterized the frequencies and immunophe-
notypes of adaptive immune cells in the BM of relapsed or refrac-
tory AML (R-AML) patients in tandem with age-matched healthy 
donors (HD) for better contextualization of immunophenotypic 
variation in both cohorts. We performed deep immunological pro-
filing using multi-parameter flow cytometry of BM of 10 R-AML 
and 20 age-matched HD, and considered the frequency, compo-
sition and expression of clinically relevant iRs across T and B cell 
subsets in HD and R-AML. Our group previously assessed the BM 
of this same HD cohort using single-cell RNA sequencing, mass 
cytometry and flow cytometry to cross-validate these technological 
approaches and to develop a reference data set for normal immune 
cell variation in healthy BM [4].

Bone marrow aspirate was collected from patients with R-AML 
at the National Heart, Lung, and Blood Institute (NHLBI) at the 
National Institutes of Health (NIH) [5,6]. Adult HD were recruited 
for BM aspirate collection at the NIH; all subjects were screened on 
IRB-approved protocols and provided written informed consent.  

Purification and storage of BM mononuclear cells (BMMCs), 
multi-parameter flow cytometry, and data acquisition were all per-
formed as previously described [4]. For intracellular FOXP3 stain-
ing, BMMCs were fixed and permeabilized using components of the 
FOXP3 Transcription Staining Buffer Set (eBioscience, Waltham, 
MA, USA) according to the manufacturer’s protocol, stained for  
30 min with FOXP3 antibody in the dark at room temperature, and 
washed prior to acquisition. In one R-AML patient, we were unable 
to distinguish between T cells and leukemic blasts due to apparent 
expression of T cell markers by the AML; we excluded this patient 
from subsequent T cell analyses. Two-tailed Mann–Whitney U-tests 
were used to compare variables in the two sample groups. Data analy-
sis and visualization were performed using FlowJo 10.1 (BD, Ashland, 
OR, USA) and Prism8 (GraphPad, San Diego, CA, USA).

The average age of the ten R-AML patients was 53 years (range 
23–68), with four females and six males. All patients had at least 
one cycle of chemotherapy; none had received previous immune 
checkpoint therapy. Demographic details on the HD cohort can be 
found in Oetjen et al. [4]. We had previously identified abnormal 
B cell phenotypic distributions and function in AML patients in 
remission [7]. In the current study, HD have an abundant popu-
lation of CD19+ and CD20+ B cells in the BM, whereas this pop-
ulation was minimal in this group of R-AML patients with active 
disease (Figure 1A). To ensure this difference was not due to leu-
kemic blast content in R-AML patients, we adjusted the number 
of live cells used as a denominator for quantification by the clini-
cally reported blast percentage, and calculated B cell frequency as 
a percentage of live non-blast cells in R-AML. This quantification 
showed a dramatic and highly significant depletion of CD19+  
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Figure 1 | B cell loss but comparable T cell frequencies in R-AML versus HD. (A) Representative multi-parameter flow cytometry (MFC) plots of CD19+ 
and CD20+ B cells. (B) Frequencies of CD19+ B cells (n = 10 R-AML, n = 20 HD). (C) Representative MFC plots of CD3+ T cells. Y-axis indicates CD14/
CD19 exclusion channel. (D) Frequencies of CD3+ T cells (n = 9 R-AML, n = 20 HD). (E and F) Frequencies of CD4+ and CD8+ T cells as a percentage of 
CD3+ and naïve (N), central memory (CM), effector memory (EM), and terminal effector (TE) as a percentage of either CD4+ or CD8+. (G) Frequency 
of CD25hi FOXP3+ Tregs. (H) Frequencies of Tregs expressing iRs and activation markers. For MFC plots, representative HD data in gray and R-AML in 
red. For boxplot panels, HD data in black and gray and R-AML in red. *p < 0.05; **p < 0.01; ***p < 0.001 by Mann–Whitney tests.
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B cells in AML patients (mean frequency ± standard deviation; 
HD: 12.4 ± 8.3; AML: 2.9 ± 3.2, p < 0.001) (Figure 1B). The absolute  
numbers of CD19+ events in AML were too low to confidently 
quantify transitional, naive, or memory B cell subpopulations and 
immune checkpoints expressed by these subsets.

The reduced B cell frequencies in BM were in stark contrast to 
CD3+ T cells. The average and range of T cell frequencies were 
not different between the R-AML and HD cohorts after a similar 
adjustment for leukemic blast burden in R-AML (HD: 39.5 ± 16.3; 
AML: 29.9 ± 17.2) (Figure 1C and 1D). The percentages of CD4+ 
and CD8+ T cells as well as CD4:CD8 ratio in R-AML were well 
within the ranges seen in HD. We observed depressed frequencies 
of naïve CD4+ T cells in R-AML (HD: 39.9 ± 14.8; AML: 22.6 ± 11.0,  
p < 0.01) and increased CD4+ EM cells (HD: 20.1 ± 11.0; AML: 33.6 
± 17.0, p < 0.05), although the frequencies of these populations in 
R-AML largely remained within the range seen in HD (Figure 1E). 
The frequencies of CD8+ naïve, CM, EM, and TE in R-AML were 
indistinguishable from those in HD (Figure 1F). One notable dif-
ference seen, consistent with prior reports, was a higher frequency 
of Tregs in R-AML (HD: 1.8 ± 1.1; AML: 4.2 ± 3.0, p < 0.05) [8–12]. 
Three R-AML patients in our cohort had Treg frequencies above 
the upper limit of that on HD (Figure 1G). Furthermore, iR analy-
sis indicated a higher average PD-1+ expression, as well as higher 
co-expression of PD-1 with CTLA-4 and HLA-DR in Tregs  
(Figure 1H). These data confirm that in some AML patients acti-
vated and, likely, immunosuppressive Tregs may be increased [13].

To examine patterns of iR co-expression on CD4+ and CD8+ T 
cells, we used Boolean gating of four iRs (PD-1, TIGIT, CTLA-4,  
AND TIM-3); the top seven most frequent iR combinations in 
CD4+ and CD8+ T cells are listed in Table 1. We found that many 

CD4+ T cells in HD and R-AML did not express any of these 
iRs. Across HD, as few as 9.7% and as many as 48.9% of CD8+  
T cells did not express any of the tested iRs, with a greater range in 
R-AML (4.9–60.0%). Within the CD4+ compartment of both HD 
and R-AML, PD-1 was the most commonly singularly expressed 
iR, followed by TIGIT. In the CD8+ compartment, TIGIT was the 
most abundantly singularly expressed iR. PD-1 and TIGIT were 
the most commonly co-expressed iRs in both CD4+ and CD8+  
T cells, and frequencies of cells co-expressing these markers 
were highly similar in R-AML and HD. Of note, we found that  
7.9 ± 5.6% and 7.8 ± 6.2% of CD8+ T cells from HD and R-AML, 
respectively, co-expressed PD-1, TIGIT, and CTLA-4 (Table 1). 
These cells were predominantly EM and TE phenotypes in 
patients and HD. Other combinations of iRs outside those listed 
on Table 1 were rare and accounted for <5% of CD4+ or CD8+  
T cells. These data highlight common iR co-expression patterns 
as well as the overall degree of similarity in terms of iR expression 
in R-AML and our HD cohort.

In summary, we have shown that R-AML patients have marked 
reductions of CD19+ B cells in their BM. This was striking, given 
the preservation of the T cell compartment in R-AML. A subset 
of R-AML patients had elevated frequencies of Tregs, but the non-
Treg T cell subsets in R-AML were similar to those seen in a cohort 
of age- and gender-matched HD. Our data on T cell subset frequen-
cies in R-AML are consistent with those previously published, but 
place these findings in the context of the wide variation that occurs 
in healthy individuals during aging [14,15]. These data also expand 
our previous analysis of the immune infiltrate in the BM of HD, by 
adding iR expression information on T cell subsets [4]. Together, 
our results reveal a preserved pool of antigen- experienced T cells 
expressing PD-1 and other iRs within the BM of R-AML. The 
observed depletion of B cells in these patients’ BM may have con-
sequences for immunotherapies intended to augment existing 
anti-tumour immunity [16–19].
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Table 1 | Abundant combinatorial iR patterns in CD8+ and CD4+  
T cells

CD8+ T cell

R-AML HD

Mean ±  
std. dev. Range Mean ± 

std. dev. Range

iR negative 30.1 ± 16.8 4.9 − 60.0 27.6 ± 12.2 9.7 − 48.9
TIGIT+ 15.5 ± 9.2 5.1 − 34.5 11.9 ± 7.1 1.0 − 30.3
PD-1+ TIGIT+ 11.7 ± 6.3 3.8 − 22.2 11.3 ± 7.2 1.5 − 26.9
CTLA-4+ 7.8 ± 8.0 0.6 − 27.0 14.7 ± 14.0 1.3 − 52.7
PD-1+ CTLA-4+ TIGIT+ 7.8 ± 6.2 0.4 − 20.3 7.9 ± 5.6 0.4 − 23.8
CTLA-4+ TIGIT+ 7.2 ± 6.1 1.0 − 20.7 7.5 ± 6.4 1.7 − 22.6
PD-1+ 6.2 ± 3.0 1.7 − 11.6 6.7 ± 3.8 0.8 − 16.2

CD4+ T cell

R-AML HD

Mean ± 
std. dev. Range Mean ± 

std. dev. Range

iR negative 48.6 ± 8.0 39.9 − 61.6 58.9 ± 9.4 40.1 − 76.5
PD-1+ 14.6 ± 7.7 3.6 − 28.5 10.7 ± 6.5 2.5 − 31.5
TIGIT+ 9.9 ± 6.3 4.0 − 23.4 6.2 ± 3.1 2.5 − 14.5
PD-1+ TIGIT+ 7.3 ± 1.7 4.1 − 10.0 5.5 ± 2.9 1.2 − 11.8
CTLA-4+ 4.2 ± 2.4 1.1 − 8.7 4.0 ± 2.3 1.5 − 11.7
TIM-3+ 4.1 ± 1.6 2.2 − 6.9 6.4 ± 3.5 1.4 − 16.5
PD-1+ CTLA4+ 3.3 ± 2.3 0.4 − 7.2 2.4 ± 1.2 0.6 − 5.5

All values represent percentages. Std. dev, indicates standard deviation; iR, inhibitory 
receptor.
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