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Abstract 
 
Chronic graft-versus-host disease (cGvHD) is a major cause of morbidity after hematopoietic stem cell transplantation 
(HSCT). In large patient populations, we have shown a CD56bright natural killer (NK) population to strongly associate with a 
lack of cGvHD and we hypothesize that these cells function to suppress cGvHD. We aimed to isolate and define the char-
acteristics of regulatory NK (NKreg) cells associated with suppression of cGvHD. Immunophenotypic evaluation of a large 
pediatric population found the CD56bright NK population associated with a lack of cGvHD to be perforin-, Granzyme B-, and 
CD335+. Transcriptome analysis of a small patient cohort of CD56bright compared to CD56dim NK cells found the NKreg cells 
to also overexpress Granzyme K, IL-7R, GPR183, RANK, GM-CSFR, TCF7, and IL23A. Further analysis of this CD56bright NKreg 
population found a subpopulation that overexpressed IRF1, and TNF. We also found that viable NKreg cells may be isolated 
by sorting on CD56+ and CD16- NK cells, and this population can suppress allogeneic CD4+ T cells, but not Treg cells or 
CD8+ T cells through a non-cytolytic, cell-cell contact dependent mechanism. Suppression was not reliant upon the 
NKp44, NKp46, or GPR183 receptors. Additionally, NKreg cells do not kill leukemic cells. Moreover, this is the first paper to 
clearly establish that a CD56brightCD3-CD16-perforin- NKreg population associates with a lack of cGvHD and has several 
unique characteristics, including the suppression of helper T-cell function in vitro. With further investigation we may de-
cipher the mechanism of NKreg suppression and operationalize expansion of NKreg cells associated with cGvHD suppression.  
 

Introduction 
Hematopoietic stem cell transplantation (HSCT) is an im-
portant therapeutic option for patients with non-malignant 
diseases as well as high-risk and refractory hematopoietic 
malignancies.1 HSCT may be followed by chronic inflamma-
tion due to tissue self-antigen mismatches among the 
transplant donor and recipient. As a result, HSCT is often 
attributed to an increased risk of health complications, the 
most severe being chronic graft-versus-host disease 
(cGvHD).2 cGvHD is a multisystemic disorder that occurs 
due to foreign donor immune cells attacking the recipient’s 
tissues.3 cGvHD has been estimated to develop in 25% of 
pediatric and 60% of adult HSCT survivors, may cause 

chronic and often irreversible organ damage, and has a 10-
25% mortality rate.4  
Various immune-suppressive cell populations appear to as-
sociate with suppression of cGvHD, including Treg cells, Breg 
cells, M2 macrophages, dendritic cells, and CD56bright natu-
ral killer (NK) cells.5 In previous correlative studies, we ob-
served an increased number of CD56brightCD335+CXCR3+ NK 
cells in adult patients who did not develop cGvHD6 and a 
similar lack of CD56brightCD3- NK cells in a large pediatric 
cohort before the onset of cGvHD.7 In a separate large adult 
clinical trial comparing G-CSF-mobilized marrow to G-CSF-
mobilized peripheral blood, a decreased number of 
CD56bright NK cells in the donor product correlated with the 
development of cGvHD, and statistical analysis of the donor 
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product suggested that the low number of CD56bright NK 
cells was the mechanism for this increased cGvHD.8  
To date, strategies targeted to augment immune suppress-
ive populations in cGvHD have focused on increasing the 
number and function of Treg cells. Two approaches, low 
dose IL-2 and extracorporeal electrophoresis (ECP), have 
attempted to expand Treg cells to inhibit cGvHD.9 While the 
association of Treg expansion and therapeutic outcome is 
considered the primary explanation, an alternative mech-
anism was identified as cGvHD inhibition being mediated 
by a CD56bright NK cell contact‐dependent cell cycle arrest 
of effector T cells through the NK receptors NKp44 and 
NKp46.10 Further, low dose IL-2 as treatment of systemic 
lupus erythematosus has shown to successfully suppress 
disease activity through both an increase in Treg cells and 
NK cells.11 Similarly, recent evidence supports that ECP 
therapy suppresses cGvHD primarily through increased 
CD56bright NK cells.12  
Based on this data, we hypothesized that there is a subset 
of CD56bright NK cells which suppress the development of 
cGvHD and are functionally consistent with described regu-
latory NK cells (NKreg).

13,14 We proposed to better characterize 
the CD56bright NK-cell subset associated with a lack of cGvHD. 
In order to meet our objective, we first identified the NKreg 
subpopulation most significantly associated with immune 
tolerance in a large HSCT patient cohort. Second, in a smaller 
HSCT patient cohort, we determined the genes of CD56bright 
NK cells as compared to CD56dim NK cells which are associ-
ated with cGvHD suppression. Third, based on the previous 
transcriptome results, we determined the optimal cell sur-
face markers to isolate the NKreg cell subpopulation while 
also defining the phenotype of NK cells. Lastly, we investi-
gated the cytotoxicity and suppressive capacity of NKreg cells.  

Methods 
Immune cell populations in hematopoietic stem cell 
transplantation patients associated with chronic graft-
versus-host disease  
Pediatric HSCT patient peripheral blood mononuclear cells 
(PBMC) (previously described7,15,16) (Online Supplementary 
Table S1) were utilized for identifying immune cell popu-
lations associated with cGvHD. Study groups included 
evaluable patients at the onset of cGvHD with time control 
samples with no cGvHD obtained at 3, 6, and 12 months 
after HSCT. Of the CD56brightCD3- cell population, phenotyp-
ing was performed for expression of perforin, Granzyme B, 
CD335(NKp46) and CD69. 

Hematopoietic stem cell transplantation patient 
transcriptome analysis of NK cells (nanoString) 
Select day 100 HSCT patient peripheral blood PBMC from 
three cohorts (cGvHD [n=6], late aGvHD ≥114 days after 

HSCT [n=6], or no late aGvHD or cGvHD [n=6]) were utilized 
[previously described7,15,16]) (Online Supplementary Table S1). 
Total RNA was extracted from sorted NK subpopulations 
using the RNeasy Mini Kit (QIAGEN, Valencia, CA, USA) for 
nanoString (nanoString, Seattle).  

Evaluation of NKreg cell suppression 
CD4+ T cells were isolated using the EasySep™ Human CD4+ 
T Cell Isolation Kit and CD8+ T cells were isolated using the 
EasySep™ Human CD8+ T Cell Isolation Kit (StemCell Tech-
nologies, Vancouver, BC, Canada). The T cells were stained 
using Cell Proliferation Dye eF450 (eBioscience, Missis-
sauga, ON, Canada), and activated via the ImmunoCult™ 
Human CD3/CD28 T Cell Activator (StemCell Technologies, 
Vancouver, BC, Canada). Healthy donor PBMC samples were 
enriched for total NK cells using the NK Cell Enrichment 
Kit (StemCell Technologies, Vancouver, BC, Canada). 
CD56brightCD16- and CD56dimCD16+ NK cells were sorted using 
sterile Beckman Coulter Astrios FACS sorting, and co-cul-
tured with allogeneic activated CD4+ or CD8+ T cells for 96 
hours (h). Treg cells were obtained from our collaborators 
(MKL) after expansion, as previously described (protocol F).17  
In order to determine if the suppressive capacity of NKreg 
cells on CD4+ T cells is contact dependent the above 
procedures were followed using a 96-well transwell plate 
(Corning, Corning, NY, USA). Additionally, supernatant from 
a 96-h 1:1 NKreg versus CD4+ T-cell suppression assay was 
cultured with fresh allogeneic activated CD4+ T cells for 72 
h and then analyzed.  
In order to determine if the suppressive mechanism of NKreg 
cells is reliant on NKp44, NKp46, or GPR183 receptors the 
above assay preparation/analysis procedures were followed 
with addition of the soluble antagonists: 1 ug/mL Ultra-
LEAF™ Purified anti-human NKp4610 (BioLegend, San Diego, 
CA, USA), 1 ug/mL Ultra-LEAF™ purified anti-human 
NKp4410 (BioLegend, San Diego, CA, USA), and 25 nM 
NIBR18918 (Sigma Aldrich, Oakville, CA, USA).  

Evaluation of NKreg cell induction of apoptosis and killing 
In order to investigate NK-cell induction of CD4+ T-cell 
apoptosis, the suppression assay co-cultured cells were 
harvested after 96 h, and the FITC Annexin V apoptosis de-
tection kit (BioLegend, San Diego, CA, USA) was utilized. 
Further, this kit was utilized to determine the cytolytic ef-
fect of NKreg cells towards MOLT-4 (ATCC® CRL1582™), and 
Jurkat, Clone E61 (ATCC® TIB152™) cell lines. 
In order to investigate general NK-cell killing, NKreg cells and 
CD56dim NK cells were co-cultured with D-luciferin K562 
cells (Gold Biotechnology, St Louis, MO, USA) for 24 h. 

Statistical analysis 
Refer to the Online Supplementary Appendix.  
The study was approved by the Canadian Ethics Review 
Board (H18-00022 and H16-00533).  

Haematologica | 108 March 2023 
762

ARTICLE - Characterization of NKreg cells in cGvHD M. Lauener et al.



Results 
Identification of cell populations in hematopoietic stem 
cell transplantation patients associated with chronic 
graft-versus-host disease   
A previous analysis of a pediatric cohort (n=241) from the 
PBMTC 1202/ABLE1.0 study found that patients at day 100 
after HSCT who later developed cGvHD had decreased 
CD56brightCD3- NK-cell numbers, similar to our previously 

described research in adult cohorts.6,8 Using the identical 
strict criteria of biological significance limited to significant 
P value, ROC AUC of ≥0.60, and effect ratio of either ≤0.75 
or ≥1.3 after a Bonferroni correction, further immunophe-
notypic evaluation was performed on the CD56brightCD3- NK 
populations from the PBMTC/ABLE cohort. Of samples 
taken before the onset of cGvHD at day 100, we found a 
lack of cGvHD to be associated with CD56brightCD3- NK 
cells which were further characterized by being perforin- 

A B

C

Figure 1. Immune cell populations in hematopoietic stem cell transplantation patients associated with chronic graft-versus-
host disease. CD56bright and CD56dim NK-cell immunophenotypic expression for each group of hematopoietic stem cell transplan-
tation (HSCT) patients (chronic graft-versus-host disease [cGvHD], acute GvHD [aGvHD], and controls) at day 100 before and at 
the onset of cGvHD and the differential expression between controls and GvHD subjects. (A) Regulatory NK (NKreg) cell subpopu-
lations of HSCT patients at day 100 before the onset of cGvHD compared to HSCT patients without cGvHD. (B) NKreg cell sub-
populations of HSCT patients at the onset of cGvHD compared to HSCT patients without cGvHD. (C) Correlation of 
CD56brightperforin- NKreg cells with other immune cell populations. For the cell subtype contrast, significance identified as P<0.05 
and effect ratio >5 or <0.2. For the group contrast, significance identified as P<0.05 and effect ratio >2 or <0.5. In order to test 
for differential expression between CD56bright and CD56dim NK cells of each gene, a paired t test on samples from each group was 
performed. In order to test for group differences of each gene, a Student’s t test on samples from each cell subtype was per-
formed. GvHD, n=44; no GvHD, n=190. 
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(effect ratio [ER]=0.67; P=0.007; AUC=0.63), CD335+ 
(ER=0.67; P=0.004; AUC=0.64), and close to meeting our 
criteria for Granzyme B- (ER=0.54; P=0.03; AUC=0.59) (Fig-
ure 1A). A second analysis performed at cGvHD onset 
compared patients with cGvHD to time-matched samples 
of patients that had no cGvHD (onset of cGvHD<4 months 
linked to non-cGvHD controls at 3 months, onset >4 
months to ≥8 months to 6 month controls, and cGvHD 
onset >8 months to 12 month non-cGvHD controls). The 
samples taken at the onset of cGvHD showed that 
CD56brightCD3- NK cells were perforin- (ER=0.51; P=2.3x10-7; 
AUC=0.64), CD335+ (ER=0.61; P=3.7x10-5; AUC=0.64), or 
Granzyme B- (ER=0.41; P=2.2x10-6; AUC=0.69) (Figure 1B). 
Since the association of a lack of cGvHD was most sig-
nificant with a subpopulation that was perforin-, a regres-
sion analysis evaluated CD56brightCD3-perforin- NK cells 
against all markers and found a significant correlation 
with CD56brightCD3-Granzyme B- NK cells (Pearson average 
correlation [PAC]=0.78; P<1x10-17) and inverse relationship 
with CD56dimperforin+ and CD56dimGranzyme B+ NK cells 
(PAC=-0.76; P<1x10-17 and PAC=-0.79; P<1x10-17, respectively) 
(Figure 1C). Based on these findings, we concluded that 
perforin negativity is most significantly associated with 
the NKreg subpopulation important in suppressing cGvHD. 

Comparison of transcriptome expression by CD56bright to 
CD56dim NK cells in hematopoietic stem cell 
transplantation patients 
In order to further evaluate for additional markers associ-
ated with a lack of cGvHD and the CD56brightCD3- NK-cell 
population, we performed transcriptome analysis in a rep-
resentative cohort of patients from the larger 
ABLE/PBMTC cohort. This was measured by nanoString on 
PBMC samples at day 100 after HSCT in immune-tolerant 
patients (n=6) that had neither late aGvHD nor cGvHD. In 
this patient set, we compared the expression of CD56bright 
to CD56dim NK cells (Online Supplementary Table S2, col-
umn 1; Figure 2A). We confirmed that the CD56bright NK 
cells had low expression of perforin and Granzyme B, and 
increased expression NKp46. Additional significant 
markers associated with this population were character-
ized by overexpression of Granzyme K (ER=16.2), IL-7R 
(ER=27.8), GPR183 (ER=19.1), RANK (ER=12.1), GM-CSFR 
(ER=7.9), TCF7 (ER=6.8), IL23A (ER=6.8), and others. We 
also found a significant lack of expression of select genes 
in CD56bright NK cells compared to CD56dim NK cells 
(ER≤0.2), including FcRγ (FCGR3A/B; ER=0.04), CCL4 
(ER=0.04), LILRB1 (ER=0.06), and others (Online Supple-
mentary Table S2; Figure 2A). 
In order to investigate for markers that had expression 
most closely within induction of immune tolerance we 
evaluated whether the CD56bright:CD56dim NK-cell ex-
pression ratio is altered in patients with GvHD. We fo-
cused on the CD56bright population for transcriptome 

expressions differing in the late aGvHD (n=6) or cGvHD 
(n=6) patients. We found that there was a lower ratio for 
IL7R in the late aGvHD group (ER=25.5), and even lower in 
the cGvHD group (ER=20.8). Additional markers decreased 
in either late aGvHD or cGvHD in the CD56bright:CD56dim 

ratio included GPR183, Granzyme K, RANK, GM-CSFR, 
TCF7, IL-23A, and others. Ratios that increased in patients 
with either late aGvHD or cGvHD included FcRγ 
(FCGR3A/B), CCL4, LILRB1, and others (Online Supplemen-
tary Table S2, columns 2 and 3).  

Evaluation for transcriptome expression in CD56bright NK 
cells associated with a lack of late acute and chronic 
graft-versus-host disease 
In order to determine if any of the markers identified in 
the transcriptome were characteristic of a subpopulation 
of CD56bright NK cells most closely associated with a lack 
of cGvHD, we evaluated CD56bright NK cells in HSCT pa-
tients with no GvHD compared to patients that developed 
cGvHD. We found the CD56bright NK cells in the no GvHD 
group to overexpress interferon regulatory factor 1 (IRF1) 
(ER=1.4, P=0.03), and tumor necrosis factor (TNF) (ER=2.1, 
P=0.03) (not shown in the Online Supplementary Table S1, 
column 4 due to ER being less than 5) and the CD56bright 

NK cells in the cGvHD group compared to no late aGvHD 
or cGvHD group to overexpress IL13RA1 (ER=5.4, P=0.05) 
(Figure 2B).  

Confirmation of transcriptome differences by surface 
and intracellular expression in CD56bright NK cells 
Based on the immunophenotypic characterization of the 
larger populations and the confirmation by nanoString, we 
hypothesized that a subpopulation of CD56bright NK cells 
that are perforin- and Granzyme B- (NKreg) may have the 
greatest ability to act as a cGvHD suppressor. However, 
isolation of this population based on cytoplasmic perforin 
and granzyme staining results in non-viable cells. There-
fore, we aimed to determine the optimal cell surface-ex-
pression approach to isolate the NKreg population based 
on the candidates identified in the nanoString analysis. 
Our selected markers were significantly associated with 
a lack of GvHD development in the CD56bright NK-cell sub-
set and expressed on the cell surface. Using these criteria, 
we selected the following markers: CD56, IL-7R, GPR183, 
GM-CSFR, CD62L, and CD16. We also investigated CXCR3 
expression based on previous data which showed this 
marker to be highly expressed by CD56bright NK cells as-
sociated with immune tolerance.6 
We verified that expression of Granzyme K, GPR183, IL-
7R, CXCR3, and CD62L was present in the CD56bright NK-
cell population. Additionally, we confirmed the CD25, 
NKp44, and NKp46 expression (Online Supplementary 
Figure S1), and lack of KIR expression (Online Supplemen-
tary Figure S2) among the CD56bright NK cells. In contrast, 
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the CD56dim NK cells show RNA and protein expression 
of KIR, Granzyme B, and perforin. However, unlike the 
transcriptome findings, GM-CSF showed minimal protein 
expression among the CD56bright NK cells. When investi-
gating the optimal cell-surface marker combination for 
sorting the NKreg cells we found that the greatest purity 
(>95%) for perforin- Granzyme B- NK cells (Online Sup-
plementary Figure S3) was in a CD56bright and CD16- NK-
cell population. In contrast, the CD56brightCD16+ subset is 
>70% perforin+ Granzyme B+. The other investigated 
markers (IL-7R, GPR183, GM-CSFR, and CD62L) in com-
bination with CD56 did not result in consistent isolation 
of pure (>95%) perforin-, Granzyme B- NKreg cells. There-
fore, we define the NKreg subpopulation as CD56brightCD16- 
NK cells and utilized these isolated cells for all NKreg 
functional evaluations. 

Evaluation of regulatory CD56brightCD16- NK-cell ability to 
suppress T-cell proliferation 
A major characteristic of Treg cells is that they suppress T-
cell function,19 which is necessary to suppress the devel-
opment of GvHD. The evaluation of CD56brightCD16- NKreg 

cell’s ability to suppress allogeneic CD4+ T cells found the 
NKreg cells to strongly suppress T-cell proliferation, particu-
larly at the 1:1 (approximately 96% suppression) ratio (Figure 
3A). In contrast, the CD56dimCD16+ NK cells have minimal 
suppressive capacity (Figure 3B). The suppressive capacity 
of Treg cells was comparable to that of NKreg cells (Figure 
3C). Interestingly, the NKreg cells suppress CD4+ T-cell pro-
liferation significantly stronger than CD8+ T-cell prolifer-
ation at the 1:1 ratio (7.67% suppression of CD8+ T-cell 
proliferation, compared to 94% of CD4+ T-cell proliferation) 
(Figure 4). NKreg cells also did not significantly suppress Treg 

A B

Figure 2. Differences between CD56bright and CD56dim NK cells that are associated with a lack of graft-versus-host disease (GvHD) 
and differences in gene expression between CD56bright NK cells in hematopoietic stem cell transplantation (HSCT) patients who 
developed GvHD versus those who were immune-tolerant (no late acute GvHD or chronic GvHD) measured on samples from day 
100 post HSCT. CD56bright and CD56dim NK cell gene expression for HSCT patients (cGvHD, and no late aGvHD or cGvHD) at day 100 
post HSCT and before the potential onset of cGvHD. (A) Gene expression of CD56bright NK cells as compared to CD56dim NK cells 
among HSCT patients that did not develop late aGvHD or cGvHD. (B) Gene expression of CD56bright and CD56dim NK cells among 
HSCT patients that developed cGvHD as compared to those who did not develop late aGvHD or cGvHD. For the cell subtype 
contrast and group contrast, significance identified as P<0.05 and effect ratio >5 or <0.2. In order to test for differential expression 
between CD56bright and CD56dim NK cells of each gene, a paired t test on samples from each group was performed. In order to 
test for group differences of each gene, a Student’s t test on samples from each cell subtype was performed. Late aGvHD, n=6; 
cGvHD, n=6; no GvHD, n=6.
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cell proliferation at the 1:1 ratio compared to the Treg control 
(126% proliferation, SD=44.6, P=0.42) (Figure not shown).  

Evaluation of the cytolytic ability of CD56brightCD16- NKreg 
cells 
NKreg cells were found to not be cytotoxic towards K562 
cells, but CD56dimCD16+ NK cells lysed the target (Online 
Supplementary Figure S4). Additionally, NKreg cells did not 
induce apoptosis of CD4+ T cells, but CD56dimCD16+ NK cells 
induced substantial apoptosis of CD4+ T cells (Figure 5). 
Further, as expected, NKreg cells did not result in significant 
(P>0.05) killing of leukemic cells at the 10:1 (10.5% apopto-
sis of Jurkat cells, SD=4.95; 6% apoptosis of MOLT-4 cells, 
SD=0) or 1:1 (9% apoptosis of Jurkat cells, SD=4.36; 3% 
apoptosis of MOLT-4 cells, SD=0) ratios (Figure not shown). 

Evaluation of cell-cell contact dependence for 
CD56brightCD16- NKreg cell suppression 
In order to evaluate whether NKreg cells suppress through 
cell-cell contact, NKreg cells were co-cultured with alloge-
neic CD4+ T cells in a transwell plate to prevent direct 
contact between the two cell types, but still allow 
transfer of soluble factors through the permeable mem-
brane. In this environment, there was found to be a sig-
nificant decrease in the suppressive effect of the NKregs 

(91% of CD4+ T cells continued to proliferate at the 1:1 
ratio) (Figure 6). In confirming that suppression was not 
through a soluble factor secreted by NKreg cells, we found 
no suppression of CD4+ T-cell proliferation when co-cul-
turing with the NKreg suppression assay supernatant (On-
line Supplementary Figure S5).  

Figure 3. Evaluation of CD56brightCD16- NKreg cell abil-
ity to suppress CD4+ T-cell proliferation. Suppressive 
effect of (A) CD56brightCD16- regulatory NK (NKreg) cells, 
(B) CD56dimCD16+ NK cells, and (C) Treg cells towards 
allogeneic CD4+ T cells. On the histograms, the x-axis 
displays the cell proliferation dye (CPD) eF450 and 
the y-axis displays the cell count. (D) Suppressive 
capacity of CD56brightCD16- NKreg cells, CD56dimCD16+ 
NK cells, and Treg cells towards allogeneic CD4+ T 
cells at the 1:1, 1:2, 1:4, and 1:8 ratios as compared to 
the activated CD4+ T-cell control (mean +/- standard 
deviation). *P<0.05, ***P<0.0005. Statistical analyses 
for suppression experiments were performed using 
Microsoft Excel version 2110 and a two-tailed t test 
– two-sample assuming unequal variance. The data 
is from a single experiment representative of 5 ex-
periments for the NK-cell vs. CD4+ T-cell assays, and 
2 experiments for the Treg cell vs. CD4+ T-cell assay. 

A

B

C

D
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Evaluation of GPR183R, NKp46, and NKp44 dependence 
for CD56brightCD16- NKreg cell suppression 
Based on the transcriptome study results and previous 
studies,10 we investigated the role of the GPR183, NKp44, 
and NKp46 receptors in the NKreg suppressive mechanism. 
We blocked GPR183R using the antagonist NIBR189 and 
NKp44 and NKp46 using blocking monoclonal antibodies. 
We found no significant difference in NKreg cell suppressive 
capacity when GPR183R, NKp44, or NKp46 were blocked in 
solution (Online Supplementary Figure S6). 

Discussion 
Previous large patient population correlative studies have 
found CD56bright NKreg cells to be the consistent cell popu-
lation associated with lack of cGvHD and development of 
immune tolerance. In this study, we further characterized 
the NKreg population through immunophenotypic, transcrip-
tomic, and functional analysis as a NKreg subpopulation, 
identifying CD56brightperforin- cells to have the most signifi-
cant association both before and at the onset of cGvHD, 
with Granzyme B- cells strongly correlating with the per-
forin- group. Within a smaller cohort of HSCT patient 
samples, transcriptome analysis identified additional 

markers that may be characteristic of this distinct CD56bright 
NK subpopulation associated with the suppression of 
GvHD. Based on these findings, we determined that we 
could sort CD56+ and CD16- NK cells to obtain a high purity 
of the NKreg subpopulation for manipulation in vitro. The 
identified NKreg population is similar to Treg cells in its strong 
cell-cell contact-dependent suppression of CD4+ T cells. 
However, NKreg cells do not appear to suppress Treg cells or 
CD8+ T cells, suggesting that NKreg cells selectively regulate 
T-cell subsets, differentiating their function from Treg cells 
which strongly suppress both CD4+ and CD8+ T cells.20 This 
finding may correlate to NK cells contribution to the graft-
versus-leukemia affect in HSCT patients, which is strongly 
mediated by CD8+ T cells.21 As expected, the NKreg cells did 
not result in significant killing of leukemic cells. Further, 
the NKreg cells exhibited a lack of cytotoxicity towards CD4+ 
T cells and K562 cells, differentiating their function from 
CD56dimCD16+ NK cells, which significantly lysed both target 
cell populations.  
Contrary to others, our studies show there to be no signifi-
cant difference in NKreg cell suppressive capacity when the 
NKp44 or NKp46 receptors were blocked in solution. How-
ever, these studies utilized CD56bright NK cells expanded 
with low-dose IL-2, which may activate and mature the 
cells towards the cytolytic CD56bright population.22 Our ana-

Figure 4. Evaluation of CD56brightCD16- NKreg cell ability 
to suppress CD8+ T-cell proliferation. Suppressive ef-
fect of (A) CD56brightCD16- regulatory NK (NKreg) cells to-
wards allogeneic CD8+ T cells compared to the CD8+ 
T-cell control. On the histograms, the x-axis displays 
the cell proliferation dye (CPD) eF450 and the y-axis 
displays the cell count. (B) Proliferation of CD8+ or 
CD4+ T cells after 96-hour co-culture with allogeneic 
CD56brightCD16- NKreg cells at the 1:1 ratio as compared 
to the activated CD8+ or CD4+ T-cell controls (mean 
+/- standard deviation). *P<0.05, ***P<0.0005. Statis-
tical analyses for suppression experiments were per-
formed using Microsoft Excel version 2110 and a 
two-tailed t test – two-sample assuming unequal vari-
ance. The data is from a single experiment represen-
tative of 3 experiments. 

A

B
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lyses were performed on freshly isolated, unexpanded NKreg 
cells to be more reflective of their in vivo function. Addi-
tionally, we found no significant difference in the NKreg cell 
suppressive capacity when the candidate receptor 
GPR183R was blocked in solution. Further, our nanoString 
study revealed no significant differences in PD-1 and LAG3 
expression of NK cells, thus we also ruled out these im-
mune checkpoints as being important in the NKreg sup-
pressive mechanism. Therefore, like Treg cells,23 the 
contact-dependent mechanism of NKreg suppression is un-
known and requires further study. Other studies have pro-
posed soluble mediators of suppression by cytokine 
induced NKreg cells, though these cells are both phenotypi-
cally and functionally different from the freshly isolated 
NKreg cells we describe.22,24 

Currently, the focus on regulatory mechanisms in cGvHD 
have primarily evaluated the role of Tregs

25 and to a lesser 
extent, Bregs.

26 Thus, strategies to induce immune tolerance 
through augmentation of regulatory mechanisms have also 
focused on increasing the function of Tregs, either by strat-
egies that do not suppress Tregs, such as ruxolitinib,27 or ex-
pansion of Tregs by low dose IL-2 or ECP.9 Our studies 
suggest that NKreg cells may have an early innate-mediated 
tolerogenic stimulus on the development of cGvHD with a 
lack of NKreg cells both before the onset of cGvHD (Figure 
1A) and at the onset of cGvHD (Figure 1B). This may be simi-
lar to physiological settings, such as in placental tolerance 
where CD56bright NK cells are present in the first trimester, 
while only in the second and third trimester are Treg cells 
present.28 Interestingly, the successful cGvHD therapies of 

Figure 5. CD56brightCD16- NKreg 
cell induction of CD4+ T-cell 
apoptosis. Apoptotic CD4+ T 
cells after the 96-hour sup-
pression assay co-culture were 
identified with use of Annexin V 
and 7-AAD flow cytometric 
staining. Conditions tested in-
cluded (A) activated CD4+ T 
cells in the absence of sup-
pressor cells (control), (B) 
CD56brightCD16- regulatory NK 
(NKreg) cells, and (C) 
CD56dimCD16+ NK cells co-cul-
tured with allogeneic CD4+ T 
cells at the 1:1 ratio. With use of 
FSC-A and SSC-A, lymphocytes 
were gated and using CD4 and 
7-AAD staining live and dead 
CD4+ T cells were gated (plots 
not shown). After, Annexin V 
and 7-AAD were plotted. For 
the histogram, Annexin V-
negative and 7-AAD-negative 
(live) CD4+ T cells are shown in 
blue, and Annexin V-positive, 7-
AAD-negative (early apoptotic) 
and annexin V-positive, 7-AAD-
positive (late apoptotic) CD4+ T 
cells are shown in purple. (D) 
The percentage of apoptotic 
CD4+ T cells in the CD4+ T-cell 
control as compared to the 
NKreg and NKdim conditions are 
shown (mean +/- standard 
deviation). NS: not significant. 
Statistical analyses were per-
formed using Microsoft Excel 
version 2110 and a two-tailed t 
test – two-sample assuming 
unequal variance. The data is 
from a single experiment rep-
resentative of 3 experiments. 
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low dose IL-2 and ECP, utilised to augment Treg cells, also 
simultaneously augment CD56bright NK cells, and some 
studies have suggested that the CD56bright NK population 
most closely correlates with suppression of cGvHD.12 More-
over, NKreg cells have been found to be important in the 
suppression of other autoimmune diseases, including solid 
organ transplantation, and rheumatoid arthritis, and are 
part of the suppressive tumor immune microenvironment.29 
Our findings support that in addition to Treg cells and Breg 
cells, NKreg cells should also be considered important as 
part of the regulatory mechanisms that suppress cGvHD. 
As a result of our studies, we have determined an opti-
mized cell sorting approach to isolate NKreg cells, verified 
their in vitro suppressive function which may correlate with 
cGvHD suppression, and outlined additional phenotypic 
and functional characteristics of NKreg cells. With further 
investigation we may decipher the mechanism of NKreg sup-
pression and move forward in optimizing and operational-

izing the expansion of NKreg cells associated with cGvHD 
suppression.  
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