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ABSTRACT
Downregulation of MHC class I (MHCI) molecules on tumor 
cells is recognized as a resistance mechanism of cancer 
immunotherapy. Given that MHCI molecules are potent 
regulators of immune responses, we postulated that the 
expression of MHCI by tumor cells influences systemic 
immune responses. Accordingly, mice- bearing MHCI- 
deficient tumor cells showed reduced tumor- associated 
extramedullary myelopoiesis in the spleen. Depletion 
of natural killer (NK) cells abrogated these differences, 
suggesting an integral role of immune- regulatory NK cells 
during tumor progression. Cytokine- profiling revealed an 
upregulation of TNF-α by NK cells in tumors and spleen 
in mice- bearing MHCI expressing tumors, and inhibition 
of TNF-α enhanced host myelopoiesis in mice receiving 
adoptive transfer of tumor- experienced NK cells. Our study 
highlights a critical role of NK cells beyond its identity as a 
killer lymphocyte and more importantly, the potential host 
responses to a localized tumor as determined by its MHCI 
expression.

INTRODUCTION
Cancer is an inflammatory disease that 
affects systemic hematopoietic responses. 
Tumor- derived factors can drive myelopoi-
esis resulting in the accumulation of imma-
ture myeloid cells to support tumor growth 
and interference with antitumor immune 
responses.1 2 Moreover, the frequency of 
peripheral blood granulocyte–monocyte 
progenitors (GMPs) correlates with tumor 
progression and predict worse survival.3

Natural killer (NK) cells are not only impli-
cated in the surveillance and eradication of 
cancer but also in the cross- talk with myeloid 
cells, including dendritic cells, to favor anti-
tumor immune responses.4 As means of 
immune evasion, the downregulation of 
tumor MHC class I (MHCI) can result in resis-
tance to immune checkpoint inhibition, but 
at the same time, potentially implicate suscep-
tibility to NK cell- mediated killing.5–7 NK cells 
have demonstrated therapeutic efficacy in the 

setting of adoptive transfer in acute myeloid 
leukemia, with clinical responses correlating 
to the persistence of infused NK cells in 
peripheral blood and in the bone marrow.8–10

Given the apparent role of MHCI in shaping 
host NK cell responses, this study sought to 
explore the influence of tumor MHCI expres-
sion not only on NK cell functions but also 
on the immunological and hematological 
responses in tumor- bearing hosts.

METHODS
Detailed methods are listed in online supple-
mental information.

In vivo experiments
At day 0, 0.2×106 wild- type (WT) or B2M- 
knockout (KO) 4T1 cells were injected into 
the mammary fat pad of Balb/cAnNCrl mice. 
For RMA/S, RMA, and B16F10, tumor cells 
were injected subcutaneously on day 0 into 
the right flank of C57BL/6 mice at 1×106, 
0.1×106 and 0.1×106 cells, respectively. For 
NK cell depletion in C57BL/6 mice, anti- 
NK1.1 was administered intraperitoneally on 
day −1 and once per week post tumor inoc-
ulation. Tumors and spleen were collected 
and analyzed on day 14 for B16F10 and day 
21 for 4T1, respectively. In vivo studies were 
approved by the Swedish board of Agricul-
ture (8525- 2020, 6197- 2019).

KEY MESSAGES
 ⇒ Enhanced extramedullary myelopoiesis in the 
spleen is prominent in mice- bearing MHC class I- 
expressing tumors.

 ⇒ Tumor- experienced natural killer cells contribute to 
myelopoiesis via the production of TNF-α.
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Figure 1 Tumor MHCI expression and NK cells drive extramedullary myelopoiesis in the spleen. Tumor and spleen tissues 
were harvested from RMA- bearing and RMA/S- bearing C57BL/6 mice 15 days post tumor inoculation. (A) Progression of RMA 
and RMA/S (MHCI- deficient) syngeneic tumors in untreated mice or NK cell- depleted mice. One- way ANOVA with multiple 
comparisons at individual time points was used to test for significance. Frequencies of (B) common myeloid progenitor (CMP) 
and (C) common lymphoid progenitor (CLP) within lineage- negative live cells (Lin- cells) in spleen of RMA and RMA/S tumor- 
bearing mice. (D) CMP to CLP ratio in spleen of RMA and RMA/S tumor- bearing mice with or without NK cell depletion. 
Frequencies of (E) megakaryocytic- erythroid progenitor (MEP), (F) granulocyte- monocyte progenitor (GMP) and (G) LSK 
(lineage-, Sca1+, cKIT+) cells within Lin- cells in spleen of RMA and RMA/S tumor- bearing mice (A–G), n=4 per group. (H) PCA 
analysis of NK cell cytokine production profile based on flow cytometry of samples isolated from RMA and RMA/S- bearing 
mice. (I) Annotated pie charts for cytokine production profiles of NK cells residing in different locations of RMA and RMA/S- 
bearing mice. Frequencies of <5% are not shown. (J) frequencies of TNFα-producing NK cells within RMA and RMA/S tumors. 
(K) Frequencies of TNFα-producing NK cells in the spleen of RMA- bearing and RMA/S- bearing mice (D–G), n=5 per group. All 
data are presented in tukey’s boxplots except for (A, H, I). *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. ANOVA, analysis of 
variance; MHCI, Major Histocompatibility Complex (MHC) class I; ns, non- significant; NK, natural killer.
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Colony formation assay and myeloid output assay
Colony formation unit (CFU) with splenocytes were 
performed accordingly to a previously reported study.11 
Cells from colony cultures were harvested for phenotypic 
analysis by flow cytometry.

Statistics
Unless stated otherwise, data were analyzed using 
Graphpad Prism software by either Student’s t- test (two 
groups) or one- way ANOVA with multiple comparisons.

RESULTS AND DISCUSSION
Tumor MHCI expression and NK cells drive extramedullary 
myelopoiesis in the spleen
Recent studies demonstrated that tumor clones with 
high MHCI expression display low oncogenicity but high 
metastatic potential.12 13 Given that tumor MHCI expres-
sion affects immunogenicity and the immune microen-
vironment,14 this study sought to investigate if tumor 
MHCI expression influence hematopoietic responses in 
tumor- bearing hosts. The RMA and TAP- deficient RMA- S 
lymphoma models are widely used to study tumor MHCI 
and NK cells interactions.15 The progression of RMA/S 
tumors was significantly higher in the absence of host NK 
cells. In contrast, depletion of NK cells in RMA- bearing 
mice resulted in reduced tumor progression, suggesting 
a potential role of NK cells to support the progression of 
MHCI- positive tumors (figure 1A).

Given that tumor progression drives extramedullary 
myelopoiesis in the spleen,1 frequencies of hematopoi-
etic progenitors were analyzed. Comparing mice- bearing 
RMA to mice- bearing RMA/S tumors, the frequencies 
of CMP (common myeloid progenitor) and CMP:CLP 
(common lymphoid progenitor) ratio was significantly 
higher in mice- bearing RMA tumors even though the 
frequencies of CLP between these two groups were not 
significantly different. Notably, the differences in myelo-
poiesis between RMA- bearing and RMA/S- bearing mice 
were abrogated in NK cell- depleted mice (figure 1B,C,D). 
Furthermore, RMA- bearing mice show a higher frequency 
of MEP (megakaryocytic- erythroid progenitors) than 
RMA- bearing NK depleted- mice or RMA/S- bearing 
mice (figure 1E). Notably, since erythroid progenitors 
have considerable immune- suppressive capacities of T 
cells,16 17 NK cell depletion may impair antitumor T cell 
responses through enrichment of MEPs. No significant 
changes were observed in the frequencies of GMP and 
LSK (Lineage-, Sca- 1+, cKIT+ cells) (figure 1F,G). To the 
best of our knowledge, this study is the first to report an 
association between tumor MHCI expression and cancer- 
associated myelopoiesis.

Exposure to tumor cells alters the composition of cyto-
kines produced by host NK cells and several of these cyto-
kines are recognized to influence hematopoiesis.18–20 We; 
therefore, hypothesized that the cytokine- profile of NK 
cells is involved in the observed hematopoietic alterations. 
Principal component analysis of the intracellular cytokine 

FACS (Fluorescence- Activated Cell Sorting) staining 
revealed that splenic NK cells share greater homology 
to tumorous NK cells as compared with those in bone 
marrow and peripheral blood (figure 1H). Compared 
with mice- bearing RMA/S tumors, higher frequencies 
of TNF-α producing splenic and tumorous NK cells was 
observed in mice- bearing RMA tumors (figure 1I,J,K). 
Since TNF-α produced by activated CD4 T cells has been 
shown to induce myelopoiesis,21 it is plausible that also NK 
cells follow a similar underlying mechanism to contribute 
to myelopoiesis.

Tumor-experienced NK cells enhance systemic myelopoiesis
To investigate if tumor- experienced NK cells contribute to 
myelopoiesis, non- tumor- bearing mice were infused with 
RMA tumor- experienced NK cells (figure 2A). Similar to 
results obtained in RMA- bearing mice, the splenic ratio of 
CMP:CLP was significantly higher in mice receiving NK 
cells accompanied with increased proportions of imma-
ture monocytic (Ly6Chigh) cells and polymorphonuclear 
(Ly6G+) cells (figure 2B,C,D). To address if TNF levels 
influence myelopoiesis, NK cells were coadministered 
with the TNF inhibitor etanercept. In spleen, a significant 
reduction in CMP:CLP ratio, Ly6G+ and Ly6Chigh myeloid 
cells were observed compared with mice treated with NK 
cells alone (figure 2B,C,D). Likewise, CMP:CLP ratio 
within the bone marrow was elevated in mice infused 
with tumor- experienced NK cells which was significantly 
reduced in etanercept- treated mice (figure 2E). Similarly, 
NK cell infusion alone increased the frequency of Ly6G+ 
and Ly6Chigh myeloid cells and etanercept- treated mice 
had similar frequencies of these myeloid cells compared 
with control mice (figure 2F,G). In a separate experiment, 
etanercept treatment alone did not significantly change 
CMP and CLP frequencies. However, frequencies of LSK 
cells, GMP, and MEP in spleen and bone marrow was 
altered (online supplemental figure 1A–J). Nonetheless, 
etanercept did not significantly influence myelopoiesis 
with minor differences on Ly6G+and Ly6Chigh myeloid 
cells within both the bone marrow and spleen (online 
supplemental figure 1K to N).

To address if NK cell- induced myelopoiesis is mediated 
by NK cells pre- exposed to MHCI- expressing RMA but 
not to MHCI- deficient RMA/S cells, a separate experi-
ment was conducted in which differential hematopoietic 
responses were observed (figure 2H). A significant reduc-
tion of CMP/CLP ratio was observed in bone marrow but 
not in spleen of mice infused with RMA/S- experienced NK 
cells compared with mice infused with RMA- experienced 
NK cells (figure 2I). Nonetheless, frequencies of Ly6Chigh 
and Ly6G+myeloid cells were reduced in both spleen and 
bone marrow on infusion of RMA/S- experienced NK 
cells compared with mice infused with RMA- experienced 
NK cells (figure 2J and K). Collectively, differentially stim-
ulated NK cells influence systemic hematopoiesis, where 
infusion of NK cells pre- exposed to MHCI- expressing 
target cells favor the generation of immature myeloid 
cells.
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Melanoma and breast cancer show strong association 
between tumor MHCI expression and enhanced splenic 
myelopoiesis
To corroborate our findings, we further investigated if 
NK cells influence myelopoiesis in other solid tumors. 

Even though tumor progression was not significantly 
different, CMP/CLP ratios, frequencies of Ly6G+and 
Ly6Chigh myeloid cells were significantly reduced in 
the spleen of NK cell- depleted mice- bearing B16F10 
tumors (online supplemental figure 2A–D) and EO771 

Figure 2 Infusion of tumor- experienced NK cells enhances systemic myelopoiesis without the presence of a tumor. 
(A) Experimental design of transfer of tumor- experienced NK cells into naïve C57BL/6 mice. Bone marrow and spleen tissues 
were analyzed 7 days after NK cell infusion. (B) CMP:CLP ratio, (C) frequencies of Ly6G+myeloid cells and (D) Ly6Chigh myeloid 
cells within the spleen of mice 7 days after receiving NK cell infusion and etanercept (et) treatment. (E) CMP:CLP ratio, 
(F) frequencies of Ly6G+myeloid cells and (G) Ly6Chigh myeloid cells within the bone marrow of mice 7 days after receiving 
NK cell infusion and etanercept (et) treatment. (B–G) n=5 naïve, 8 untreated with NK cell infusion, 5 with NK cell infusion and 
etanercept treatment given at 3 mg/kg body weight on days 0, 3, and 6. (H) Experimental design and heatmap overview of fold 
changes in various hmatopoietic progenitors compared with naïve mice. (I) CMP/CLP ratio within bone marrow and spleen of 
mice infused with RMA- experienced NK cells (RMA- NK) or RMA/S- experienced NK cells (RMA/S- NK) compared with untreated 
C57BL/6 mice. (J) Frequency of Ly6Chigh myeloid cells of total CD45+ cells within bone marrow and spleen of mice infused 
with RMA- NK or RMA/S- NK compared with untreated C57BL/6 mice. (K) frequency of Ly6G+ myeloid cells of total CD45+ 
cells within bone marrow (left panel) and spleen (right panel) of mice either infused with RMA- NK or RMA/S- NK compared 
with untreated C57BL/6 mice. (I–K) One- way ANOVA with multiple comparisons was used to test for significance with sample 
size of n=4 per group. All data are presented in tukey’s boxplots except for figure A and H. *p<0.05, **p<0.01, ***p<0.001 and 
****p<0.0001. ANOVA, analysis of variance; CMP:CLP, common myeloid progenitor:common lymphoid progenitor; NK, natural 
killer; ns, non- significant.
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tumors (online supplemental figure 2E–H). To inves-
tigate if the observed effects on myelopoiesis by tumor 
MHCI expression extend beyond lymphoma into other 
cancers, CRISPR was used to KO B2M in B16F10 mela-
noma and 4T1 mammary carcinoma cells prior to tumor 
inoculation. In both models, an initial delay in tumor 
progression was observed by B2M- KO tumors but no 
significant differences in tumor size was observed after 
14 days (online supplemental figure 3). Compared 
with mice- bearing B2M- KO tumors, mice- bearing WT 

tumors showed higher splenic myelopoiesis as evidenced 
by higher frequencies of GMP and CMP progenitors 
accompanied with high GMP:CLP and CMP:CLP ratios 
in both B16F10 (figure 3A,B,D,E) and 4T1 models 
(figure 3F,G,I,J). Similar to the RMA model, no signifi-
cant changes were observed in the frequencies of CLP 
within the spleen (figure 3C,H). Unlike the RMA model 
(data not shown), spleen weights were prominently lower 
in mice- bearing B2M- KO compared with mice- bearing 
WT tumors (figure 3K,L) which is anticipated since 

Figure 3 B16F10 and 4T1 tumor models show stronger association between tumor MHCI expression and enhanced 
myelopoiesis with splenomegaly. Frequencies of (A) CMP, (B) GMP and (C) CLP within lineage- negative live cells (Lin- Cells) in 
spleen of B16F10 tumor- bearing mice. (D) Ratio of GMP to CLP and (E) ratio of CMP to CLP in spleen of B16F10 tumor- bearing 
mice. Frequencies of (F) common myeloid progenitor CMP, (G) GMP and (H) CLP within lineage- negative live cells (Lin- cells) 
in spleen of 4T1 tumor- bearing mice. (I) Ratio of GMP to CLP and (J) ratio of CMP to CLP in spleen of 4T1 tumor- bearing mice. 
(K) Weight of spleen isolated from B16F10 tumor- bearing mice. (L) weight of spleen isolated from 4T1 tumor- bearing mice (A–E 
and K). Bone marrow and spleen tissues were harvested from B16F10 WT and B16F10 B2M- KO- bearing C57BL/6 mice 14 
days post- tumor inoculation, n=6 per group (F–J and L). Bone marrow and spleen tissues were harvested from 4T1 WT and 4T1 
B2M- KO- bearing BALB/c mice 21 days post tumor inoculation, n=7 per group. (M) Representative image obtained from colon 
formation assay under 10X objective. Scale bar denotes 100 µm. (N) Number of colonies formed by splenocytes isolated from 
WT or B2M- KO tumors after 10 days of in vitro culture. (O) Percentage of GR- 1+myeloid cells from cells harvested from colony 
formation assay. (J–L) n=9 per group. *p<0.05, **p<0.01 and ***p<0.001. CLP, common lymphoid progenitor; CMP, common 
myeloid progenitor; GMPs, granulocyte–monocyte progenitors; KO, knockout; ns, non- significant; MHCI, MHC class I; NK, 
natural killer; WT, wild- type.
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cancer- driven myelopoiesis affects splenomegaly.22 In a 
CFU, splenocytes isolated from mice- bearing WT tumors 
formed significantly more colonies and contained higher 
frequency of immature myeloid cells than those isolated 
from mice- bearing B2M- KO tumors (figure 3M,N,O). 
Taken together, we demonstrate in different tumor 
models in both mice of C57BL/6 and BALB/c strains 
that tumor MHCI expression is associated with the host 
extramedullary myelopoiesis which is dependent partly 
on tumor progression and NK cells.

Evidently, the expression of MHCI enhances tumor 
immunogenicity and responsiveness to immune check-
point therapy.7 23 Other factors such as tumor mutational 
burden and the tumor microenvironment are also consid-
ered important for objective therapeutic response.24 
While cancer- associated myelopoiesis is predominantly 
driven by a variety of tumor- derived growth factors such 
GM- CSF, G- CSF, IL- 6, and IL- 1β,2 25 26 this study demon-
strates that the sensitivity of tumors to NK cell- mediated 
rejection alters the production of immune- regulatory 
cytokines produced by NK cells contributing to changes 
in myelopoiesis. Moreover, in the context of CMV infec-
tion, differential stimulation of NK cells contributes to the 
extramedullary expansion of TER119+ erythroid progeni-
tors.27 While this study uncovers a novel regulatory role of 
NK cells, other tumor- derived factors may also contribute 
in part to the differential myelopoiesis responses associ-
ated with tumor MHCI expression. From a translational 
perspective, strategies to increase tumor MHCI expression 
could potentially influence NK cell- dependent myelopoi-
esis that may be worthwhile investigating in future studies. 
Further investigating NK cell- dependent myelopoiesis in 
patients with hematological malignancies could be highly 
relevant for the development of improved therapeutics 
and identification of potential biomarkers. Such findings 
could possibly extend to other pathological disorders 
beyond cancer.
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