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Single sentence summary: Tumor-associated NK cells induce myeloid-derived suppressor cells 

to suppress anti-tumor T cell responses  

  



Abstract 

Apart from their killer identity, natural killer (NK) cells have integral roles in shaping the 

tumor microenvironment. Through immune gene deconvolution, the present study revealed 

an interplay between NK cells and myeloid-derived suppressor cells (MDSCs) in non-

responders of immune checkpoint therapy. Given that the mechanisms governing the 

outcome of NK-myeloid cell interactions remain largely unknown, we sought to investigate 

the crosstalk between NK cells and suppressive myeloid cells. Upon contact with tumor-

experienced NK cells, monocytes and neutrophils displayed increased expression of MDSC-

related suppressive factors along with increased capacities to suppress T cells. These changes 

were accompanied by impaired antigen presentation by monocytes and increased ER stress 

response by neutrophils. In a cohort of patients with sarcoma and breast cancer, the 

production of IL-6 by tumor-infiltrating NK cells correlated with S100A8/9 and Arginase-1 

expression by MDSCs. At the same time, NK cell-derived IL-6 was associated with tumors 

with higher major histocompatibility complex (MHC) class I expression which we further 

validated with b2m-KO tumor mice models. Similarly in syngeneic WT and IL-6 KO mice 

models, we then demonstrated that the accumulation of MDSCs was influenced by the 

presence of such regulatory NK cells. Inhibition of the IL6/STAT3 axis alleviated 

suppression of T cell responses, resulting in reduced tumor growth and metastatic 

dissemination. Taken together, these results characterize a critical NK cell-mediated 

mechanism that drives the development of MDSCs during tumor immune escape. 
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Introduction 1 

Throughout the years, mechanisms of tumor immune escape have been extensively studied to 2 

improve the success of cancer immunotherapy. In several studies, and across different types 3 

of cancer, accumulation of CD8 T cells within the tumor microenvironment (TME) is a key 4 

determinant of responsiveness to immune checkpoint inhibition (1, 2). Tumor progression per 5 

se is commonly associated with immune tolerance accompanied by the accumulation of 6 

immunosuppressive immature myeloid cells (3, 4). These are referred to as myeloid-derived 7 

suppressor cells (MDSCs), which suppress anti-tumor CD8 T cell responses across several 8 

different cancers (5-8). For instance, in breast cancer, tumor progression is associated with 9 

the expansion of MDSCs in the bone marrow, and their depletion results in reduced tumor 10 

progression (9). As recently reviewed, the biology of MDSCs is still elusive taking into 11 

consideration its versatile adaptation to different pathological contexts (10).  12 

 13 

The main function of NK cells is to surveil and eradicate virus-infected and transformed 14 

cells. However, the plasticity of NK cell functions and phenotypes depend on the context and 15 

location where the cells reside. NK cells are known to produce several cytokines such as 16 

GM-CSF, and IL-10 (11-14), potentially influencing the fate of myeloid cell differentiation 17 

within the TME (15-18). Although the effect of myeloid cells on NK cell functions has been 18 

widely studied, less is known of how NK cells influence the function of myeloid cells during 19 

this bi-directional intercellular interplay (19-24). A recent study demonstrated that NK cells 20 

influence the differentiation of dendritic cells (DC) by downregulation of HLA-DR in non-21 

small cell lung cancer (NSCLC) (25). However, how NK cells drive the development of 22 

MDSCs is not clear. 23 

 24 
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Our present study reports a unique inflammatory gene signature that correlated with higher 25 

NK cell abundance in non-responders to immune checkpoint blockade. Upon tumor exposure 26 

in vitro, NK cells acquired a regulatory phenotype to induce MDSCs derived from both 27 

monocytes and neutrophils through the IL-6/STAT3 axis. Moreover as demonstrated in vitro 28 

co-cultures, tumor-associated NK cells enhanced the ER stress responses of neutrophils, 29 

sustaining their capacity to inhibit CD8 T cell responses. We demonstrate that NK cells 30 

disrupt the antigen presentation by monocytes to impact tumor recognition by tumor-31 

infiltrating lymphocytes (TILs). Our findings identify a non-canonical mechanism in which 32 

tumor-associated NK cells display an influential role in MDSC-mediated immune 33 

suppression in the TME.  34 
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Results 35 

A unique Inflammatory gene signature correlates with an NK cell signature in non-36 

responders to immune checkpoint blockade 37 

To date, many transcriptomics studies have been performed on patient cohorts receiving 38 

treatment with immune checkpoint inhibitors (ICIs). Yet, there is a paucity of factors to 39 

coherently predict responsiveness to therapy. An early study reported an immune suppressive 40 

gene signature characterized by a set of upregulated inflammatory genes and downregulated 41 

genes for antigen presentation and adaptive response (26). Based on this gene expression 42 

profile, we devised an alternative inflammatory gene signature by filtering for immune-43 

related genes from the upregulated gene set (table S1).  44 

 45 

Batch-correcting a pool of three distinct patient cohorts undergoing anti-PD-1/PD-L1 46 

(Programmed cell death protein-1/Programmed death-ligand 1) therapy for gene expression 47 

analysis, we observed a general trend that genes within the inflammatory signature were 48 

increasingly expressed in patients with higher scores of an established NK gene signature 49 

(27) (Fig. 1A and Fig. S1A). Next, we evaluated if there was a correlation between the 50 

inflammatory and NK signature scores with clinical outcomes within the three individual 51 

cohorts. In the first cohort of patients with esophageal cancer in which samples were 52 

collected pre- and on-treatment with atezolizumab (GSE165252), the inflammatory gene 53 

expression score was increased (P=0.0313 in responders, P=0.0046 in non-responders) upon 54 

treatment in a within-subjects comparison (Fig. S1B). Only in the non-responder group, a 55 

correlation between inflammatory and NK cell scores in both baseline samples and on-56 

treatment samples was observed. A higher greater correlation of NK and inflammatory scores 57 

were observed in on-treatment samples as compared with baseline samples (Fig. 1B and 1C). 58 

Similarly, in the next cohort of patients with melanoma and receiving pembrolizumab 59 
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treatment (GSE78220), a stronger positive correlation of NK and inflammatory scores in non-60 

responders as compared with responders to treatment was observed (Fig. 1D). Further 61 

substantiating our observations, the third cohort of mixed tumors (GSE93157) was analyzed 62 

in which patient responses to anti-PD-1 therapy were classified based on the RECIST criteria. 63 

A positive correlation between NK and inflammatory gene signatures was observed only in 64 

the progressive disease (PD) group and not in the stable disease (SD) or the complete/partial 65 

response group (CR/PR) (Fig. 1E). Using the ssGSEA(Single-sample gene set enrichment 66 

analysis) algorithm, the NK cell gene signature used herein showed a strong correlation 67 

(P<0.0001) with two other reported NK cell gene signatures in all three respective patient 68 

cohorts, indicating that our findings were not limited to a specific NK cell signature (Fig. 69 

S1C to 1E) (28, 29).  70 

 71 

To further substantiate the role of NK cells in non-responders of immune checkpoint 72 

blockade, we analyzed a publicly available single cell transcriptomic dataset in which a 73 

cohort of patients with breast cancer were grouped based on T cell expansion in response to 74 

anti-PD1 therapy (30). Within the originally defined myeloid population, unsupervised 75 

clustering to further profile various macrophages and monocytic subsets was performed. A 76 

subset of CD68 negative myeloid cells that co-express S100A8 and S100A9 (cluster 6) was 77 

identified (Fig. 1F). Within the NK cell population, we identified three clusters (NK1, NK2 78 

and NK3) (Fig. S1F). Several correlations between NK and CD68low/neg myeloid subsets were 79 

observed only in patients with no T cell expansion (Fig. 1G and H). In comparing these three 80 

clusters, the NK1 cluster correlated with increased myeloid abundance and also showed high 81 

CD69 and NKG2A, and low granzyme B, perforin, and CD16 expression (Fig. S1F). Taken 82 

together, these observations highlight the clinical relevance to further investigate the 83 
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mechanisms and cell types underlying this correlation between NK cells and inflammation in 84 

the context of tumor immune escape. 85 

 86 

Tumor-experienced NK cells acquire a distinct CD69+, Perforin- phenotype with 87 

immune regulatory functions 88 

Since NK cells with regulatory features have been reported to reside in both tumor and non-89 

tumor tissues (13, 31), we sought to first determine if NK cells experience distinct phenotypic 90 

changes upon exposure to tumor or non-tumor cells. By spectral flow cytometry, we defined 91 

subsets of NK cells based on maturity and observed a distinct upregulation of CD69 and 92 

downregulation of Perforin in tumor-experienced NK cells as compared to unstimulated 93 

control or NK cells exposed to non-tumor HepaRG cells (Fig. 2A and B). Downregulation of 94 

CD16 was observed together with transcriptional regulators such as EOMES and IKAROS in 95 

these co-cultured NK cells (Fig. 2C). Using the same co-culture conditions, FACS-sorted NK 96 

cells were analyzed by RNA sequencing to uncover transcriptional reprogramming 97 

concomitant with the observed immune suppression. Pathway enrichment analysis revealed 98 

that genes differentially upregulated in tumor-experienced NK cells were associated with 99 

genesets regulating immune activation and differentiation (Fig. 2D). Genes upregulated 100 

included inflammatory cytokines such as EBI3 (IL-35), TNF, IFNG and CSF2 (Fig. S2A to 101 

C). Additionally, when compared to control NK cells, tumor-experienced NK cells also 102 

expressed higher amounts of CD274 and TNFRSF9 (encodes for PD-L1 and 4-1BB 103 

respectively) which was previously reported in CD73 positive immune regulatory NK cells  104 

(13) (Fig. S2C). Given that we previously reported that CD69+ NK cells and monocytic 105 

MDSCs predict worse prognosis in an advanced melanoma cohort receiving anti-PD1 106 

treatment (32), the present study highlights that CD69 is also upregulated in tumor-107 



experienced NK cells, suggesting that CD69 denotes NK cells with regulatory roles within 108 

the tumor microenvironment. 109 

 110 

Tumor-experienced NK cells induce suppressive monocytes with defective antigen 111 

presentation to CD8 T cells 112 

To investigate whether tumor-experienced NK cells influence the phenotype and function of 113 

myeloid cells, NK cells were either pre-cultured with patient-derived tumor cell lines (tumor-114 

experienced) or not (control NK cells) and thereafter purified and co-cultured with 115 

autologous monocytes. Compared to monocytes alone, an increase in the expression of HLA-116 

DR was observed upon co-culture with control NK cells. In contrast, compared to monocytes 117 

co-cultured with control NK cells, a decrease in HLA-DR expression was observed in 118 

monocytes upon co-culture with tumor-experienced NK cells (Fig. 3A). When monocytes 119 

were cultured with NK cells pre-cultured with non-tumor cells, an increase in HLA-DR 120 

expression was observed (Fig. S3A and 3B). Upon co-culture with tumor-experienced NK 121 

cells, monocytes upregulate CD73 (P=0.0417), arginase-1 (ARG-1) (P=0.0475) and PD-L1 122 

(P=0.0004) as compared to monocytes cultured alone (Fig. 3B to D). On the other hand, PD-123 

L1 was not upregulated on monocytes cultured with NK cells pre-cultured with non-tumor 124 

cells (Fig. S3C). Similar to tumor-experienced NK cells, tumor-supernatant cultured NK cells 125 

reduced HLA-DR expression on myeloid cells (Fig. S3D). Compared with monocytes 126 

cultured with tumor-experienced NK cells, the frequencies of CD163/CD206 double negative 127 

and double positive monocyte populations were lower and higher when cultured with tumor 128 

supernatant NK cells respectively (Fig. S3E and 3F).  129 

 130 

Given that the downregulation of HLA-DR is characteristic of monocytic-MDSC (M-MDSC) 131 

phenotype (33), the suppressive capacity of FACS-sorted HLA-DRlow NK cell experienced 132 



monocytes was evaluated (Fig. S3G). The proliferation of autologous CD8 T cells was only 133 

suppressed by monocytes pre-cultured with tumor-experienced NK cells (Fig. 3E and 3F). To 134 

test if these suppressive factors were responsible for the inhibition of T cell proliferation, 135 

selective inhibitors were added to T cell suppression assays. Whereas inhibition of CD73 and 136 

ARG-1 (NOHA treatment) did not rescue T cell proliferation, the inhibition of PD-L1 137 

(Atezolizumab) alleviated the suppression of T cell proliferation (Fig. 3G and S3H).  138 

 139 

Since MDSCs display defective antigen presentation capacity (7, 34), an HLA-A2 matched 140 

co-culture of NK cell-induced myeloid cells with patient-derived Tumor-infiltrating 141 

lymphocytes (TILs) was designed to test the antigen presentation in the presence of tumor 142 

lysates or previously identified neo-epitopes (35) (Fig. 3H). Antigen-loaded monocytes alone 143 

and monocytes pre-cultured with control NK cells stimulated TILs to produce IFNγ upon re-144 

stimulation with autologous tumor cells. In contrast, the production of IFNγ by TILs was 145 

dampened when co-cultured with antigen-loaded monocytes pre-conditioned with tumor-146 

experienced NK cells (Fig. 3I). Only a minimal IFNγ response (non-significant) was 147 

observed upon exposure to autologous tumor cells when TILs were cultured with monocytes 148 

not loaded with antigens, thereby excluding any potential alloreactive effect due to healthy 149 

donor monocyte stimulation of patient-derived TILs (Fig. S3I). Collectively, these results 150 

show that upon tumor contact, NK cells acquire regulatory functions to potentiate 151 

immunosuppression and dampen the antigen presentation by monocytes. 152 

 153 

Tumor-experienced NK cells enhance survival and proliferation of sXBP1+ suppressive 154 

neutrophils 155 

To explore whether tumor-experienced NK cells also affect the immune biology of 156 

neutrophils, NK cell-neutrophil co-cultures and suppression assays were performed (Fig. 4A). 157 
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Since the viability of neutrophils can be compromised ex vivo, neutrophils were stained for 158 

active caspase-3/7 in the presence or absence of NK cells. Whereas increased viability of 159 

neutrophils was observed in the presence of tumor-experienced NK cells compared to 160 

neutrophils cultured without NK cells (p=0.006), control NK cells did not influence the 161 

viability of neutrophils (Fig. 4B and 4C). In terms of suppressive factors associated with 162 

polymorphonuclear (PMN)-MDSCs, both control and tumor-experienced NK cells induced 163 

the upregulation of COX-2 (Fig. 4D and E). Furthermore, control and tumor-experienced NK 164 

cells induced arginase-1 (ARG-1) expression in neutrophils, but only when cultured with 165 

tumor-experienced NK cells did the frequency of ARG-1 positive neutrophils significantly 166 

increase (Fig. 4D and F). Although neutrophils cultured with tumor-experienced NK cells 167 

had similar amounts of ROS accumulation as compared to neutrophils alone, neutrophils co-168 

cultured with control NK cells showed lower amounts of ROS in contrast to when cultured 169 

with tumor-experienced NK cells (Fig S4A). Compared with control NK cells, under the 170 

influence of tumor-experienced NK cells, neutrophils acquired the ability to suppress CD8 T 171 

cell activation, as measured by the production of IFNγ and expression of the activation 172 

marker CD69 (Fig. 4G and S4B).  173 

 174 

One of the recently established concepts to distinguish PMN-MDSCs from neutrophils is the 175 

activation of ER stress, implicating altered cell function and survival within the TME (36, 176 

37). Although neutrophils showed higher expression of the ER stress response transcription 177 

factor spliced XBP-1 (sXBP-1) upon culture with control and tumor-experienced NK cells, 178 

only when cultured with tumor-experienced NK cell, neutrophils expressed higher amounts 179 

of sXBP-1(Fig. 4H and 4I). Furthermore, the presence of tumor-experienced NK cells 180 

induced the upregulation of the Ki67 proliferation marker, particularly in neutrophils 181 

expressing sXBP-1 (Fig. 4J). Using tunicamycin to induce ER stress, the viability of 182 
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neutrophils was maintained (>60%) under increasing ER stress induction only in the presence 183 

of tumor-experienced NK cells (Fig S4C). Given that ER stress is associated with suppressive 184 

myeloid phenotypes, tunicamycin pre-treatment further enhanced suppression of T cell 185 

activity by neutrophils only in the presence of tumor-experienced NK cells (Fig. 4K). 186 

Through these series of experiments, we demonstrate how the suppressive capabilities of 187 

neutrophils depend on the presence of tumor-experienced NK cells during ER stress. 188 

 189 

Combinatorial analysis of NK cells and MDSCs within patient tumors reveals NK cell-190 

derived IL-6 as a driver for suppressive myeloid phenotypes 191 

To substantiate our in vitro findings, phenotyping of tumor-infiltrating NK cells and myeloid 192 

cells was performed in treatment-naïve tumor resections from patients with breast cancer and 193 

sarcoma (Patient characteristics in  tables S2 and S3). We first validated the abundance of 194 

NK cells in both breast cancer and sarcoma primary tumors (Fig. 5A and S5A). In the breast 195 

cancer cohort, higher frequencies of NK cells correlated with higher proportions of CD15+ 196 

granulocytes and reduced frequencies of CD11c+, HLA-DRhigh myeloid cells. At the same 197 

time, frequencies of NK cells negatively correlated with total CD3+ T cells and PD-1+ CD8 198 

T cells (Fig. 5B). In the sarcoma cohort, frequencies of NK cells positively correlated with 199 

HLA-DRlow CD14+ cells (Fig. S5B). From repository-accessed flow cytometry data (38), NK 200 

cells also negatively correlated with PD-1+ CD8 T cells and total T cells, and concurrently 201 

correlated with either HLA-DRlow or PD-L1+ CD68 myeloid cells in colorectal cancer (CRC) 202 

and glioblastomas (GBM). However, these correlations were not observed in lung cancer 203 

(NSCLC) and renal cancer (RCC) (Fig. S5C).  204 

 205 

With further flow cytometric analysis, cytokines specifically produced by NK cells were 206 

studied in relation to various suppressive myeloid cell markers from sarcoma and breast 207 
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cancer tumor samples. Within the sarcoma cohort, tumor-infiltrating NK cells produced GM-208 

CSF, IL-4, IL-6, IL-10, IFNγ and TNF (Fig. S5D). Subsequent analysis revealed that NK 209 

cell-derived IL-6 correlated with the expression of S100A8/9 and arginase in CD14+ M-210 

MDSCs, and that NK cell-derived IL-10 negatively correlated with the frequency of CD11c+, 211 

HLA-DRhigh myeloid cells (Fig. S5E). In contrast to these findings, no significant correlation 212 

was observed between arginase and S100A8/9 with any of the cytokines produced by T cells. 213 

Instead, a positive correlation between T cell-derived GM-CSF and arginase-positive M-214 

MDSCs was observed (Fig. S5F). We next investigated whether NK cells within breast 215 

cancers similarly produce IL-6. Across various cell types within breast tumors, we identified 216 

both CD14+ myeloid cells and NK cells to be the higher sources of IL-6 in contrast to T cells 217 

and non-immune cells (Fig.5C).Although it has already been established that tumors drive 218 

myeloid cells into immune-suppressive phenotypes, our findings suggest a previously 219 

unidentified mechanism whereby tumor-infiltrating NK cells acquire regulatory properties to 220 

induce MDSCs within the tumor immune landscape.  221 

 222 

Tumor MHC class I expression influences NK cell-derived IL-6 and frequency of 223 

myeloid cells  224 

Given that MHC class I (MHCI) expression greatly influences NK cell responses and that 225 

inflammation and the global downregulation of MHC class I reset NK cell education to 226 

regulate its function (39), we next sought to investigate the likelihood of tumor MHCI 227 

expression influencing NK cell production of IL-6 and the abundance of MDSCs. In the 228 

breast cancer cohort, an association of S100A8/9+ M-MDSCs and IL-6 producing NK cells 229 

was observed in tumors with high MHCI expression (Fig. 5D and E). In vivo after 14 days 230 

post inoculation of B16F10 tumor cells, we validated that the frequency of NK cells 231 

producing IL-6 or IL-10 was higher in wild type (WT) tumors than in b2m-KO B16F10 232 
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tumors lacking MHCI expression (Fig. 5F). At the same time, B16F10 tumors contained 233 

higher frequencies of M-MDSC (P=0.0002) and PMN-MDSC (P=0.0169) when compared 234 

with b2m-KO tumors (Fig. 5G and 5H). In a separate in vivo B16F10 experiment, depletion 235 

of NK cells resulted in reduced frequencies of M-MDSC but not PMN-MDSC (Fig. 5I). 236 

Similarly at 14 days post tumor inoculation, the depletion of NK cells resulted in lower 237 

frequencies of M-MDSC in RMA tumors but not in RMA-S (TAP2-deficient variant) tumors 238 

in C57BL/6 WT mice (Fig. 5J). A higher frequency of IL-6 producing NK cells was observed 239 

in RMA tumors as compared with RMA-S tumors (Fig. 5K and 5L). On the other hand, the 240 

frequency of PMN-MDSC was not altered in mice bearing RMA and RMA-S tumors 241 

(p=0.17) or upon NK cell depletion (p=0.21), suggesting that the PMN-MDSC response may 242 

be regulated by alternative tumor factors in vivo.  243 

 244 

Given the potential influence of NK cells to regulate MDSC frequencies, we next sought to 245 

investigate the potential relationship between NK cells and tumor-associated macrophages 246 

(TAMs). Similar to the frequency of MDSCs, the frequency of macrophages was reduced in 247 

NK cell-depleted B16F10-bearing mice (Fig. S6A). Unlike what was observed in frequencies 248 

of MDSCs, no significant difference was observed in the frequency of macrophages between 249 

wildtype (WT) B16F10 and b2m-KO B16F10 tumors (Fig. S6B). Unlike B16F10 tumors, 250 

which had lower basal expression of MHC class I, RMA tumors had decreased frequencies of 251 

TAMs compared with MHC class I-deficient RMA-S tumors, and depletion of NK cells 252 

increased the frequency of TAMs in RMA-S tumors (Fig. S6D). In addition, RMA-S tumors 253 

showed an increased frequency of M1 macrophages compared with RMA tumors, and 254 

depletion of NK cells resulted in further increased M1 macrophage frequency in RMA-S 255 

tumors (Fig. S6E).  256 

 257 
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To further substantiate these findings, MDSC and macrophage frequencies were analyzed in 258 

the 4T1 and MC38 tumor models. Similar to results obtained in the B16F10 and RMA 259 

models, b2m-KO 4T1 breast tumors showed a reduced frequency of M-MDSCs and an 260 

increased frequency in total macrophages compared with WT 4T1 tumors (Fig. S6F to G). 261 

With regards to the inflammatory state of TAMs, the frequency of M1 macrophages was 262 

higher in b2m-KO B16F10, RMA-S, and b2m-KO 4T1 tumors than in the WT tumors (Fig. 263 

S6C, E, H).  264 

In contrast to the B16F10, RMA, and 4T1 models, no significant differences were observed 265 

in the frequency of M-MDSCs between WT and b2m-KO MC38 tumors. Instead, a reduction 266 

of total TAMs in b2m-KO MC38 tumors was observed. Consistent with the B16F10, RMA, 267 

and 4T1 models, a greater proportion of M1 macrophages was observed in b2m-KO MC38 268 

tumors compared with WT tumors (Fig. S7A-C). Taken together, these results show that 269 

tumor MHC class I expression and the presence of NK cells influence MDSC and 270 

macrophage frequencies in vivo. 271 

NK cell-derived IL-6 increases myeloid iNOS, PD-L1, and arginase expression but does 272 

not impact macrophage polarization  273 

To address whether NK cell-derived IL-6 impacts myeloid cells, intratumoral NK cells were 274 

isolated from WT or IL-6 KO MC38 tumor-bearing mice and cultured with bone marrow-275 

derived monocytes from naive WT mice. Comparing monocytes cultured with WT NK cells 276 

to IL-6 KO NK cells, higher expression of iNOS, PD-L1 and arginase-1 was observed (Fig. 277 

5M). Furthermore, the macrophage marker, F4/80 was upregulated in NK cell-experienced 278 

monocytes as compared to the monocyte alone. However, no significant differences in F4/80 279 

and CD206 expression were observed when comparing monocyte cultured with WT NK cells 280 

and IL-6 KO NK cells, indicating that NK cell-derived IL-6 is unlikely to have a direct effect 281 

on the polarisation of TAM (Fig. S6I). In addition to the observed higher frequency of IL-6 282 
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positive NK cells in WT MC38 tumors, NK cells in WT MC38 tumors also expressed higher 283 

amounts of CD69, TGFβ1 and NKG2A whereasNK cells in B2m-KO tumors expressed 284 

higher amounts of NKG2D (Fig. S7D to 7F). In summary, these results support that NK cell-285 

derived IL-6 increase the expression of iNOS, PD-L1, and arginase by myeloid cells, but 286 

does not impact on macrophage polarization.  287 

 288 

NK cell-derived IL-6 contributes to MDSC-mediated immune suppression and tumor 289 

progression 290 

To further evaluate the contribution of IL-6 producing NK cells to promote tumor 291 

progression, either isolated WT-NK cells or IL6-KO NK cells were co-injected with B16F10 292 

tumor cells into C57BL/6 WT mice. The growth of B16F10 tumors co-injected with WT NK 293 

cells was faster than tumors co-injected with IL6-KO NK cells (Fig. 6A). Although not 294 

significant, the final volume of tumors with WT NK cells was slightly larger than tumors 295 

without exogenous NK cells injection (Fig. 6B). Subsequent flow cytometry analysis 296 

revealed that tumors with WT NK cells had more intratumoral Ly6G+, CD11b+ PMN-297 

MDSCs as compared to tumors without NK cells or with IL6-KO NK cells (Fig. S8A). In 298 

addition, reduced numbers of F4/80high intratumoral macrophages were seen in WT NK cells 299 

as compared to those with IL6-KO NK cells, even though tumors without exogenous NK 300 

cells had similar numbers of these macrophages (Fig. S8B). Moreover, tumors with IL6-KO 301 

NK cells showed slightly reduced proportions of PDL1+ intratumoral F4/80high cells 302 

compared to tumors with WT NK cells or without NK cells (Fig. S8C). 303 

 304 

Next, we sought to determine whether IL-6 production specifically by human NK cells would 305 

similarly affect myeloid function and phenotype. Using siRNA, NK cells with impaired IL-6 306 

production were FACS sorted and used in subsequent experiments (Fig. S9A). Compared 307 
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with control siRNA, IL6 siRNA NK cells showed reduced IL-6 production and the ability to 308 

induce STAT3 activation in monocytes in vitro (Fig. S9B to 9E). In co-cultures with IL6 309 

knockdown-NK cells, monocytes expressed lower amounts of multiple MDSC-associated 310 

markers such as S100A8/9, Arginase-1, PD-L1, and nitric oxide compared than when co-311 

cultured with NK cells transfected with siRNA scrambled control (Fig. 6C and D). Moreover, 312 

CD8 T cell proliferation was inhibited by monocytes primed with IL-6 proficient NK cells 313 

compared with monocytes primed with IL6 knockdown-NK cells (Fig. 6E).  314 

 315 

Using the zebrafish xenograft model that allows the application of low cell numbers with a 316 

large sample size, the contribution of NK cell-derived IL-6 in immune evasion was 317 

interrogated. After siRNA incorporation and selection, HLA-A2 matched NK cells were 318 

mixed with patient-derived TILs and tumor cells and monitored within the zebrafish larvae 319 

(Figure 6F). Compared with zebrafish engrafted with siControl NK cells, a decrease in the 320 

number of tumor foci in the whole fish larvae was observed in the presence of IL6 321 

knockdown-NK cells (Fig. 6G and H). The accumulation of nitric oxide abundance within the 322 

zebrafish skeleton has previously been reported (40). By using DAF-FM based detection, a 323 

reduction in nitric oxide positive regions was observed in the zebrafish injected with IL6 324 

knockdown-NK cells as compared with si-control NK cells (Fig. 6I). Collectively, these 325 

findings further support that NK cell-derived IL-6 contributes to the immune-suppressive 326 

effect of myeloid cells and ultimately limits the immune-surveillance capacity of T cells 327 

within the TME. 328 

 329 

Inhibition of the IL6/STAT3 axis alleviates NK/MDSC-mediated immune suppression 330 

of anti-tumor T cell responses 331 
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To substantiate our findings from patient samples and syngeneic mouse models, further 332 

investigations on the signal transducers commonly associated with myeloid cell functions 333 

were performed following co-cultures of NK cells and monocytes (Fig. 7A). Upon co-culture 334 

with tumor-experienced NK cells, the activation of phosphorylated STAT3, which is a well-335 

known downstream target of IL-6, was observed in both monocytes and neutrophils (Fig. 7B 336 

and 7C).  337 

 338 

These observations motivated further exploration to target the IL-6/STAT3 axis in vivo to 339 

abrogate NK/MDSC-mediated immune suppression. To block the IL-6/STAT3 axis, the anti-340 

IL-6 receptor antibody Tocilizumab was used in a xenograft setting of adoptive TIL therapy 341 

against melanoma. Similar to the IL6-KO NK cell experiments, allogenic NK cells were co-342 

inoculated with primary human melanoma cells (KADA) during the formation of xenograft 343 

tumors in NSG mice. On day 7, TILs were injected together with monocytes in the presence 344 

or absence of Tocilizumab (Fig. 7D). The presence of NK cells resulted in increased lung 345 

metastases (p=0.0209) which were reduced by the addition of Tocilizumab (p=0.0076) (Fig. 346 

7E and 7F). Additional immunohistochemistry staining also revealed these metastasized cells 347 

expressed human melan-A (Fig. S10). Furthermore, Tocilizumab treatment reduced the tumor 348 

infiltration of human CD14 (huCD14) monocytes (Fig. 7G). The presence of NK cells 349 

resulted in higher frequencies of huCD14 monocytes expressing phosphorylated STAT3 350 

within the tumor which was reduced with the administration of Tocilizumab (Fig. 7H). The 351 

presence of NK cells was furthermore associated with increased PD-L1 and arginase 352 

expression in tumor-infiltrating huCD14 cells. Similar to the alterations of STAT3 activation, 353 

the expression of both arginase and PD-L1 on intratumoral huCD14+ monocytes was reduced 354 

with tocilizumab treatment (Fig. 7I and 7J). To further validate that the engrafted monocytes 355 

had acquired immune-suppressive functions, huCD14+ monocytes were FACS-sorted from 356 
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the tumors and tested for their ability to suppress autologous CD8 T cells. Compared with 357 

CD8 T cells alone, only monocytes harvested from mice with tumor-infiltrating NK cells 358 

without in vivo Tocilizumab treatment showed suppression of CD8 T cell proliferation (Fig. 359 

7K). Taken together, these findings further confirm that the inhibition of the IL-6/STAT3 360 

pathway could alleviate immune suppression and enhance adaptive immune responses, 361 

particularly in tumors with high NK cell abundance. 362 

 363 

364 



Discussion 365 

The investigation of MDSC is a rapidly advancing research area and recent studies have 366 

highlighted their role in tumor progression and response to cancer immunotherapy (32, 41-367 

44). Although the main focus has been to investigate the role of MDSC as inhibitors of T cell 368 

immunity, there is an increasing interest to characterize the interaction between MDSC and 369 

NK cells (45). Earlier studies have explored NK cell-monocyte interactions through similar 370 

co-culture experiments, demonstrating a bi-directional activation that drives the production 371 

inflammatory cytokines. They found NK cells isolated from inflamed sites were better 372 

activators of monocytes as compared to peripheral blood NK cells (24). Considering that the 373 

mechanism underlying such mutual activation remains elusive, another study demonstrated 374 

the role of NKp80-ACIL ligation as a contact-dependent interplay that triggers these 375 

inflammatory responses (23). However, these studies mainly defined monocyte activation by 376 

their ability to produce TNFα and less is known about how NK cells influence myeloid cell 377 

development and immune-regulatory functions. Here, we sought to address some of this 378 

complexity in the context of tumor immune escape.  379 

 380 

Our findings demonstrate how NK cells potentially influence the cellular biology and 381 

suppressive functions of both neutrophils and monocytes within the TME. The present study 382 

proposes two relevant implications. First, the importance of tumor-infiltrating NK cells 383 

should not be neglected even if their abundance may not always correlate with better 384 

prognosis in cancer (46, 47). We demonstrate that the influence of tumor-associated NK cells 385 

resulted in the failure of monocytes in presenting tumor antigens to TILs, accompanied by the 386 

upregulation of MDSC-associated markers such as arginase and S100A8/9. Using zebrafish 387 

and murine xenograft models, the presence of NK cells in the tumor even resulted in 388 

enhanced tumor migration. Given that a tumor can be resistant to NK cell-mediated 389 
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cytotoxicity, there is therefore an apparent risk that high NK cell abundance could contribute 390 

to the further development of immune tolerance. The second implication relates to the 391 

mechanisms underlying the altered cell biology of MDSCs as compared with mature myeloid 392 

cells. These mechanisms are not yet fully elucidated and technically challenging to design 393 

experimental approaches to address (10, 48). Whereas it was demonstrated that PMN-394 

MDSCs activate C/EBP-homologous protein (CHOP) and XBP-1 transcriptional regulators in 395 

response to ER stress, there is still a research gap in understanding how these “stressed” 396 

MDSCs persist within the TME (36, 37). When investigating whether NK cells potentiated 397 

the suppressive functions of neutrophils, we did not observe that ER stress was directly 398 

related to enhanced suppressive functions of these neutrophils. Rather, our findings suggested 399 

that tumor-associated NK cells could aid these XBP-1-positive PMN-MDSCs, 400 

reprogramming their cellular fitness to persist and expand in the TME. Future studies should 401 

consider studying critical interactions between MDSCs and other cell types within the TME. 402 

 403 

Two decades ago, when the concept of MDSCs was not yet established, it was demonstrated 404 

that the balance of IL-4 and IL-6 determines the differentiation of DCs to favor anti-tumor 405 

immune responses (49). Subsequent studies identified several cytokines such as IL-3, IL-6, c-406 

kit ligand, TPO, FLT3L, VEGF, G-CSF, GM-CSF, and M-CSF to potentiate the MDSC 407 

phenotype and function (50-52). More recently, we found that tumor cells induce the 408 

differentiation of MDSCs from monocytes through direct physical contact and through the 409 

production of prostaglandin E2 (53). NK cells can produce cytokines that favor dendritic cell 410 

maturation and function, particularly IL-4, GM-CSF, TNFα and IFNγ (14). Moreover, it was 411 

demonstrated that NK cell-trained DC are better in priming type 17 CD8 T cells (19). A 412 

pivotal study by Böttcher et al. demonstrated how NK cells possess a “helper” identity to 413 

recruit DCs into the TME (27). Clinical investigations have also highlighted the importance 414 
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of dendritic/NK cell interactions concerning the prognosis of patients with neuroblastoma and 415 

melanoma (54, 55). Although the focus of this study was to investigate NK cell interaction 416 

with MDSCs and macrophages in the context of tumor MHC class I expression, further 417 

studies to delineate the influence of tumor MHC class I expression on NK-DC cross talk are 418 

needed. On the contrary, several immune-suppressive roles of NK cells were also identified, 419 

and therefore, the concept of regulatory NK cells could be highly relevant for understanding 420 

the tumor immune biology (13, 56, 57). From a cohort of patients with advanced melanoma 421 

and receiving anti-PD1 therapy, the presence of CD69+ NK cells correlated with a worse 422 

overall and progression-free survival (32). NK cells that lost their cytotoxic activity were also 423 

reported to acquire a pro-metastatic role, contributing to tumor outgrowth (58). In breast 424 

cancer, higher frequencies of CD56bright NK cells were found to correlate with larger tumor 425 

size within tumor tissues (59). Moreover, another study also further demonstrated that NK 426 

cells support the pro-metastatic role of neutrophils mediated by G-CSF in breast cancer (60). 427 

 428 

Here, we report correlations of a unique inflammatory gene signature with an NK cell 429 

signature in non-responders of several immune checkpoint therapy cohorts. Following up on 430 

our previous study, the present work reports a subset of CD69+ and Perforinlow/neg NK subset 431 

that correlated with myeloid cell abundance in patients that are considered non-responders to 432 

anti-PD1 therapy from a published dataset (30). A recent study reported NK cells in lung 433 

tumors were associated with decreased MHC class II expression on DCs, which is consistent 434 

with our observations from NK cell/monocyte co-culture experiments. Furthermore, this 435 

study also reported cytokines being produced by NK cells within lung tumors and adjacent 436 

tissues and found that NK cells residing in normal lung tissues produce high amounts of IL-6 437 

(25). Here, we confirm these results and demonstrate that breast cancer and sarcoma harbor 438 

IL-6 positive NK cells. We furthermore extend these observations demonstrating that the 439 
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frequency of IL-6 positive NK cells is associated with MHC class expression by tumor cells. 440 

However, the underlying trigger that initiates the production of IL-6 by NK cells remains 441 

unknown. Recent studies revealed that defective NK cell cytotoxicity is associated with the 442 

increased production of inflammatory cytokines (61-63). Still, the underlying cellular biology 443 

in which cytokine production is mechanistically influenced by NK cell killing capacity 444 

remains elusive.  445 

 446 

In both patient cohorts and syngeneic mouse models, we found that IL-6 production by NK 447 

cells was elevated in tumors with high MHCI expression. Consistent with our b2m-KO tumor 448 

models, Bunting et al. demonstrated that MHCI expression in melanoma is associated with 449 

the deposition of extracellular proteins that dampens NK cell killing capacities and promote 450 

their production of inflammatory cytokines (62). NK cells within MHC class I-deficient 451 

RMA-S lymphoma tumors were also found to produce higher amounts of IFNγ (63). By 452 

either knocking out B2M in murine tumor cells or depleting the host NK cells, the 453 

frequencies of monocytic-MDSCs in the tumors were also reduced. In addition, we 454 

demonstrated that the prevalence of IL-6 deficient NK cells within the tumor 455 

microenvironment dampens tumor progression in contrast to tumors with WT NK cells. A 456 

recent study reported elevated production of human IL-6 upon tumor inoculation and immune 457 

checkpoint treatment of a humanized PDX model (64). Extending our investigations in 458 

similar xenograft models, targeting IL-6 by tocilizumab treatment or siRNA transfection in 459 

NK cells also reduced MDSC-mediated immune tolerance, further highlighting the role of IL-460 

6 during NK cell to myeloid cell interactions within the TME. 461 

 462 

Ultimately, the activation of MDSCs involve multiple inflammatory stimuli and growth 463 

factors (65). As such, it should be emphasized that IL-6 may not be the only driver for the 464 
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generation of MDSCs during the crosstalk with NK cells. From our transcriptomics analysis, 465 

tumor-experienced NK cells showed higher expression of EBI3, which encodes IL-35 and is 466 

known to cause accumulation of MDSCs and subsequent tumor angiogenesis (66). Moreover, 467 

higher frequencies of GM-CSF and TNFα-producing NK cells were observed in RMA 468 

tumors (63).  469 

 470 

Our study has some limitations. Firstly, the influence of regulatory NK cells on myeloid cells 471 

could be spatially dependent which would require high dimensional spatial profiling 472 

approaches. Furthermore, such studies could incorporate a more comprehensive analysis to 473 

address the role of tumor MHC class I expression not only in relation to how NK cells 474 

influence myeloid cell populations, but also T cells. The second limitation would be the need 475 

for more sophisticated NK cell conditional knockout mice model to further substantiate our 476 

findings. Lastly, the immune profiling of sarcoma and breast tumors was performed with a 477 

limited phenotypic markers. By incorporating more NK cell markers in future immune 478 

profiling studies, we may better associate IL-6 production to any distinct maturation subset of 479 

NK cells. 480 

 481 

To conclude, tumor resistance to cancer immune therapy can be ascribed to an inflamed yet 482 

poorly immunogenic microenvironment with the accumulation of tumor-associated NK cells 483 

and myeloid cells. Here, we provide multiple lines of evidence supporting the notion of 484 

tumor-associated NK cells indirectly suppressing cytotoxic T cells by causing the 485 

accumulation of myeloid suppressor cells within the TME. These findings highlight that the 486 

prevalence of NK cells in the tumor may not always be favorable. Consequently, NK cell 487 

functions should therefore be extensively characterized to dissect their roles in the 488 

microenvironment for each cancer type and between individual patients. Future efforts should 489 
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consider modulating NK cells to prevent production of immune inhibitory factors, such as IL-490 

6, or alternatively to produce factors that favor the development and recruitment of DCs. 491 

Understanding the functional plasticity of tumor-associated regulatory NK cells may inspire 492 

additional therapeutic avenues for the treatment of solid tumors.  493 
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Materials and Methods 494 

Study design 495 

The present study was designed with the main objective of unravelling the capacity of 496 

regulatory NK cells to induce MDSCs. In particular, we focused on performing experiments 497 

that were specifically designed to demonstrate how tumor-experienced NK cells influence 498 

myeloid cell functions both in vitro and in vivo. Additionally, our study sought to be human-499 

centred with the use of patient-derived xenografts, publicly available transcriptome datasets 500 

and flow cytometric analysis of freshly collected patient tissues. For murine and zebrafish 501 

studies, the co-investigators were blinded to the allocation of groups during data acquisition 502 

and subsequent analysis. Animals were randomized to minimize housing cage effects. 503 

Experimental and humane endpoints were determined by existing animal ethical permits 504 

approved for the present study. 505 

 506 

Applicable to the use of both human and animal materials, data exclusion was determined 507 

based on the quality of samples collected, considering factors such as cell count and viability. 508 

In addition, failed experiments such as poor tumor engraftment in animals or low transfection 509 

efficiency of IL-6 knockdown in human primary NK cells were also excluded from 510 

downstream analysis. Despite that statistical methods were not used to predetermine sample 511 

size, sample sizes were decided based on prior experience on similar studies or pilot 512 

experiments. Sample sizes were ensured to achieve a greater than 95% probability of 513 

identifying effects by appropriate statistical analysis and at the same time, minimizing 514 

excessive usage of animals and human materials under ethical considerations. Sample sizes 515 

and choice of statistical tests are indicated in the figure legends and at the “Statistical 516 

analysis” section. 517 

Study Approval 518 
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Tumor resections were obtained from patients with breast cancer at Stockholm South General 519 

Hospital (Södersjukhuset) and Karolinska University Hospital. Tumor resections and 520 

peripheral blood were collected from patients with sarcoma at Karolinska University 521 

Hospital. Prior to resection, informed consent was given, and the collection of patient 522 

samples was approved by the ethical review board of Karolinska Institutet (2013/1979-31, 523 

2016/957-31, 2017/742-32, and 2020-07099) and in accordance with the Declaration of 524 

Helsinki. Size of patient cohorts was dependent on the availability of tumor samples. 525 

Peripheral blood samples were obtained from purchased anonymized by-products of blood 526 

donations from healthy adult donors at the Karolinska University Hospital Blood Bank. 527 

Murine studies were conducted in accordance with approved animal ethical permits by the 528 

Swedish Board of Agriculture (11159-2018, 6197-2019) and by the Institutional Animal Care 529 

and Use Committee (IACUC, #221714) of A*STAR.  530 

 531 

Processing of fresh tissue resections for tumor cell lines and TILs 532 

Whole tumors were digested and processed with Tumor Dissociation Kit (Miltenyi Biotec). 533 

Tumor cells were then isolated by negative selection (Tumor Cell Isolation Kit, Miltenyi 534 

Biotec). Adherent cells were passaged at least five times before being used for experiments. 535 

All cell lines were maintained in RPMI1640 or in DMEM (Thermo Fisher Scientific) 536 

supplemented with 10% FBS (Thermo Fisher Scientific). To obtain TILs after tumor 537 

dissociation, cell suspensions were cultured in AIMV medium (Thermo Fisher Scientific) 538 

supplemented with 2.5% human AB serum and 3000 IU/ml of IL-15 (Peprotech). After 7 539 

days, irradiated PBMCs were added at a ratio of 200:1 as feeder cells. Cultures were 540 

maintained with 500 IU/ml of IL-15 and functional grade antibody against CD3 (OKT3, 541 

Thermo Scientific). TILs were harvested after ten days for subsequent experiments. 542 
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Expansion cytokines were removed from cultures for at least 48 hours prior to any 543 

downstream experiments. 544 

 545 

Tumor cell lines and chemicals 546 

A summarized list of cell lines is provided as table S4. KADA and ANRU were previously 547 

established from primary melanoma tumor resections (35). BKT01 was established from 548 

breast cancer case 29 (Supplementary table 2). SK024 and SK051 were established from 549 

sarcoma cases 20 and 21 respectively (Supplementary table 3). All patient-derived cell lines 550 

were propagated and maintained in DMEM supplemented with 10% FBS whereas murine 551 

tumor cell lines Differentiated HepaRG (Biopredic) was maintained in hepaticult basal 552 

medium (Stem Cell technologies). SNU-475 (ATCC), HUH7 (JCRB), RMA, RMA-S and 553 

B16F10 (ATCC) were maintained in RPMI supplemented with 10% FBS. The generation of 554 

B16F10, 4T1 and MC38 cells with a knockout of B2M was established as previously 555 

described (63). List of purchased inhibitors with their respective experimental purposes are 556 

provided in table S5. 557 

 558 

Isolation of peripheral blood mononuclear cells 559 

Human peripheral blood mononuclear cells were collected through Ficoll density gradient 560 

centrifugation (GE Healthcare). Primary NK cells were isolated by negative selection 561 

following the manufacture protocol (Miltenyi Biotec, Human NK cells isolation kit), 562 

consistently yielding 95-99% purity based on flow cytometry analysis of CD3 negative and 563 

CD56 positive cells. Isolated NK cells were cultured in X-vivo 20 medium (Lonza) 564 

supplemented with 10% heat-inactivated human AB serum and 100 IU/mL of IL-2 565 

(Proleukin) for 48 hours before subsequent co-culture experiments. Autologous monocytes 566 

were isolated by CD14-positive selection kit (Miltenyi Biotec). Based on reference protocol, 567 



neutrophils were purified from fresh blood using the dextran sedimentation method after 568 

Ficoll density gradient centrifugation (67). In brief, 3% dextran (Sigma Aldrich) was added to 569 

red blood cell fraction after Ficoll separation to allow red blood cells to sediment within 30 570 

minutes. Remaining white blood cells were subsequently washed with HBSS prior and 571 

analyzed for purity by flow cytometry. 572 

 573 

In vitro generation of tumor-experienced NK cells  574 

Isolated NK cells were cultured for 48-72 hours at 1:1 ratio with human tumor cell lines 575 

listed in supplementary table 4. After NK-tumor co-culture, tumor-experienced NK cells 576 

were sorted by flow cytometry based on CD45 expression for downstream experiments with 577 

either autologous neutrophils or monocytes. For controls, NK cells were either cultured alone 578 

in 10%FBS-RPMI media (control NK cells), tumor-supernatant or with non-tumor HepaRG 579 

cells. 580 

 581 

Flow cytometry 582 

Single-cell suspensions of PBMCs and tissue samples were washed with FACS buffer (5% 583 

FBS in PBS) before staining with antibody mixes ( table S6 and S7) in the presence of 584 

Human Fc Block (BD Biosciences). For conventional flow cytometry, all samples were 585 

acquired on a Novocyte (ACEA Biosciences). Spectral flow cytometry was acquired on 586 

Cytek Aurora (Cytek Biosciences) (Phenotyping panel provided in table S8). All data were 587 

analyzed with FlowJo software (Tree Star). Intracellular staining of NK cell-derived IFNγ, 588 

IL-10, IL-4 and GM-CSF in patient samples was performed with respective cytokine 589 

catch/detection kits according to manufacturer’s protocols (Miltenyi Biotec). After overnight 590 

incubation with the cytokine catch reagents, cells were treated overnight with Golgi-stop and 591 

Golgi-Plug (BD Biosciences) prior to the staining of surface markers and other intracellular 592 



cytokines (IL-6 and TNFα). For the staining of phosphorylated proteins, cells were harvested 593 

after three days of NK cell-monocyte cultures or from dissociated xenograft tumor tissues. 594 

Staining was carried out with Cytofix/Phosflow buffer (BD Biosciences) according to 595 

manufacturer’s protocols. Human NK cells were gated as negative for CD3 and positive for 596 

CD56. Annotated pie charts were generated by SPICE software developed by National 597 

Institutes of Health (NIH). 598 

 599 

IL-6 RNA interference on primary isolated NK cells  600 

Pre-designed siRNA constructs for IL-6 and control were obtained from Santa Cruz 601 

Biotechnology. Freshly isolated NK cells (0.5x106) were cultured overnight in serum-free 602 

AIMV media (Thermo Fisher Scientific) prior to transfection using Fuse-It-siRNA (IBIDI) 603 

according to the manufacturer’s protocol. Three days later, the production of IL-6 was 604 

validated in NK cells stimulated with PMA/ionomycin. Since the transfection reagent can be 605 

detected by near-infrared fluorescence, transfected NK cells were FACS-sorted for 606 

downstream co-culture experiments with autologous monocytes. Of note, given the variable 607 

knockdown efficiency of IL-6 (fig. S6C) between donors, only NK cells from experiments 608 

with successful IL-6 knockdown were used in subsequent co-culture analysis. 609 

 610 

Suppression Assay 611 

CD8+ T cells were isolated by negative selection based on the manufacturer’s protocol 612 

(Human CD8 T Cell Isolation Kit, Miltenyi Biotec). Isolated CD8+ T cells were labelled with 613 

1 μM CFSE (BioLegend) and stimulated with 12 μl of CD3/CD28 beads (Thermo Fisher 614 

Scientific) per million cells and 50 IU/ml IL-2 for 48 hours before suppression assay. For the 615 

suppression assay, either monocytes or neutrophils were co-cultured with autologous 616 



activated CD8+ T cells at a suppressor to responder ratio of 1:10 in X-VIVO 20 media with 617 

10% hAB serum. FACS analysis was performed after 48 hours of co-culture. 618 

Antigen Presentation Assay 619 

The evaluation of antigen presentation by allogenic, HLA-A2-phenotyped myeloid cells was 620 

adopted from a previous study using previously identified neo-epitopes derived from ANRU 621 

and KADA (35). In brief, control or tumor-experienced NK cells were first co-cultured with 622 

monocytes (1:10 ratio) for 48 hours prior to antigen priming with tumor lysate or 1μg/ml of 623 

neo-epitopes (MYLIP: KADA epitope; NUP210: ANRU). After 2 hours of priming with 624 

either KADA or ANRU-derived antigens, NK-monocytes cultures were washed and 625 

resuspended with either KADA or ANRU TILs (NK: Monocyte: TILs, 1:10:100) for an 626 

additional 48 hours. Subsequently, autologous tumor cells were added to the cultures (1:1 627 

TIL: Tumor cell) for 4 hours of restimulation to test for IFNγ response by flow cytometry.  628 

 629 

In vivo experiments  630 

Male C57BL/6 mice at 7-week-old (Janvier labs and InVivos) were used for B16F10, MC38, 631 

RMA and RMA-S experiments. For B2m-KO B16F10 and MC38 tumor models, 0.1x106 632 

B16F10 cells or 1x106 MC38 cells were resuspended in 50µl phosphate buffered saline 633 

(PBS) and injected subcutaneously into the right flank. For the B2m-KO 4T1 tumor model, 634 

0.2x106  4T1 cells were injected into the mammary fat pad of 5-7 week-old female 635 

Balb/cAnNCrl mice (SCANBUR). For the RMA and RMA-S models, 0.1x106 and 1x106 636 

cells were injected subcutaneously into the right flank respectively. Anti-NK1.1 neutralizing 637 

antibody (35mg/kg body weight, Custom produced by Mabtech) was intraperitoneally 638 

injected one day before tumor injection and then once per week (day 6 and 13). For 639 

experiment evaluating IL-6-KO NK cells, splenocytes were harvested from either WT or IL6-640 

KO C57BL/6 mice (Jackson Laboratory) for murine NK cell isolation. From splenocytes, 641 



murine NK cells were first isolated by negative selection-based commercial NK isolation kit 642 

(Miltenyi), followed by a second round of positive selection by using DX5 microbeads 643 

(Miltenyi). At day zero, 0.1x106 B16F10 cells were subcutaneously co-injected together with 644 

0.5 x106 WT or IL6-KO NK cells into the right flank of WT mice. In all tumor models, tumor 645 

growth was measured over time and the mice were sacrificed using a lethal dose of CO2 after 646 

either experimental or humane endpoint was reached. Unless described otherwise in figure 647 

legend, experimental endpoints for B16F10 and RMA/RMA-S studies was 14 days post 648 

tumor inoculation while endpoints for MC38 and 4T1 were 18 days and 21 days post tumor 649 

inoculation respectively. 650 

 651 

In-house bred NOD-scid-gamma (NSG) mice were 8-12 weeks old males. All mice were 652 

injected with 5x106 melanoma cells (KADA cell line) subcutaneously into the right flank on 653 

day 0 suspended in 50% Matrigel (Corning) and 3000IU of IL-2. All mice then received an 654 

intravenous injection of 5x106 TILs (autologous to tumor cells) together with 1x106 655 

monocytes on day 7. Groups 3 (G3) and 4 (G4) were injected with 1x106 NK cells 656 

(autologous to monocytes) on day 0 together with tumor cells. Groups 2 (G2) and 4 (G4) 657 

were treated with 0.1 mg of Tocilizumab. Additional doses of tocilizumab (0,1mg) were 658 

given every 7 days intraperitoneally. Mice were sacrificed after 25 days for lung and primary 659 

tumor specimens for subsequent analysis (Figure 7D). 660 

 661 

For tumor tissues, single cell suspensions were obtained for FACS analysis and human CD14 662 

cell sorting using ARIA III fusion FACS sorter (BD). Sorted human CD14 cells were then 663 

used for subsequent suppression assay with autologous CD8 T cells as per described earlier.  664 

 665 

Immunofluorescence 666 
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Fresh mouse lung tissues were embedded in OCT (VWR) and stored at -80°C. Lung tissues 667 

were cut into 10 µm thick sections. Slides were fixed in 4% paraformaldehyde (Merck) for 20 668 

minutes and then blocked in 5% Bovine Serum Albumin (BSA, Sigma) in 0.1% Triton X100 669 

(Sigma) PBS (Gibco) overnight at room temperature. HLA-ABC antibody (BD Pharmingen) 670 

and CD45 antibody (Abcam) were diluted to 1:200 in 1% BSA-PBS and added onto the 671 

slides at 4°C for overnight incubation. Alexa 555 donkey anti-rabbit IgG H+L antibody 672 

(Thermo Fisher Scientific), Alexa 647 donkey anti-mouse IgG H+L antibody (Thermo Fisher 673 

Scientific) and YO-PRO-1 (Thermo Fisher Scientific) were diluted to 1:400 in 1% BSA-674 

DPBS. After rinsing in 0.1% Tween 20-DPBS for three times, sections were incubated with 675 

secondary antibodies and YO-PRO-1 at room temperature for 1 hour. Slides were then 676 

washed with 0.1% Tween 20-DPBS for three times. Slides were then mounted using 677 

fluoroshield with DAPI (Sigma) and covered by thin microscope coverslip for imaging under 678 

confocal microscopy. Up to three sections obtained from different z-stacks per lung specimen 679 

was analyzed under 5X objectives on Zeiss LSM800 confocal microscope. Using IMARIS 680 

software (Bitplane, Oxford Instruments), human tumor cells in the lungs were identified as 681 

HLA-ABChigh and CD45- cells with a minimum diameter of 15μm. 682 

 683 

Zebrafish Xenograft Tumor Model 684 

KADA tumor cells were added in a pre-defined mixture (NK: Myeloid cells: TILs: Tumor 685 

cells; 1:10:100:100). TILs were pre-labelled (Red Dye) with Dil Stain whereastumor cells 686 

were labelled (Far-Red Dye) with DiD Cell labelling solution (Thermo Fisher Scientific). 687 

Experimental setup is illustrated in figure 6D. Zebrafish embryos at the age of 24 hpf (hours 688 

post fertilization) were incubated in water containing 0.2 mmol/L 1-phenyl-2-thio-urea (PTU, 689 

Sigma). At 48-hpf prior to microinjection, zebrafish embryos were dechorionated and 690 

anesthetized with 0.04 mg/mL of tricaine (MS-222, Sigma). The microinjection of human 691 
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cell mixture was performed by infusing 5nL (Approximately 500 cells in total) into the yolk 692 

sac of each larvaes using an Eppendorf microinjector (FemtoJet 5247, Eppendorf and 693 

Manipulator MM33-Right, Märzhäuser Wetziar). Successfully injected larvae were 694 

transferred into PTU aquarium water containing DAF-FM (5μM) at 33°C for 48 hours 695 

incubation before fixation with 4% paraformaldehyde (PFA) for image acquisition. 696 

 697 

Fluorescent image acquisition and analysis 698 

3D Images of zebrafish larvae were acquired by both Thunder Imaging System (Leica 699 

Microsystems) under 4X objectives and on Zeiss LSM800 confocal microscope under 10X 700 

objective. Batch quantification of different treatment groups were done using IMARIS 701 

software. (Bitplane, Oxford Instruments)  702 

 703 

RNA sequencing of sorted NK cells 704 

After co-culture with HepaRG or SNU475 cell lines for three days, purified NK cells were 705 

FACS-sorted by CD45 expression for subsequent bulk RNA sequencing. In brief, the sorted 706 

NK cells were frozen in in TRIzol (Thermo Fisher) and total RNA was extracted by acid 707 

guanidinium thiocyanate-phenol-chloroform extraction followed by a Qiagen RNeasy Micro 708 

clean-up procedure. RNA was quantified using RiboGreen (Thermo Fisher) and analyzed on 709 

Agilent Bioanalyser for quality assessment. cDNA libraries were prepared using 2 ng of total 710 

RNA using the Smart-seq2 protocol (68) with the following modifications: 1. Addition of 20 711 

µM TSO; 2. Use of 200 pg cDNA with 1/5 reaction of Illumina Nextera XT kit. The length 712 

distribution of the cDNA libraries was monitored using a DNA High Sensitivity Reagent Kit 713 

on the Perkin Elmer Labchip. All samples were subjected to an indexed paired-end 714 

sequencing run of 2x151 cycles on an Illumina NovaSeq 6000 S4 flow cell, targeting 15 715 

million reads per sample. Batch-corrected, normalised log2RPKM values (log2RPKM data 716 



provided in table S9) were then processed for subsequent differential gene expression 717 

analysis on Partek Flow software (Partek) and geneset enrichment analysis performed on 718 

Cytoscape Cluego. 719 

 720 

Transcriptomic analysis of public datasets 721 

For the application of NK cell and inflammatory gene signatures, transcriptome data from 722 

immune checkpoint therapy patient datasets were downloaded from the NCBI Gene 723 

Expression Omnibus (GEO) database (GSE78220, GSE93157 and GSE165252). Three 724 

different NK gene signatures were obtained from previous studies (27-29). The inflammatory 725 

gene signature was originally derived from Buzzeo et. al. 2007 (26) For the inflammatory 726 

gene signature in supplementary table 1, genes upregulated as reported in the original study 727 

were selected and then filtered for immune-related genes based on the nCounter Pancancer 728 

730-Immune Panel. Subsequently, a second round of manual filtering was done to select for 729 

genes involved in innate immunity. Genes related to T and NK cell activation were excluded 730 

from the inflammatory signature to avoid overlapping genes with any of the NK cell gene 731 

signatures for subsequent correlation analysis. Gene descriptions in supplementary table 1 732 

were obtained from STRING consortium (accessed from: string-db.org). Gene signature 733 

scoring in each sample was quantified by a single-sample gene set enrichment analysis 734 

(ssGSEA) algorithm, performed by “GSVA” R package (69).  735 

 736 

The anti-PD1 breast cancer single cell transcriptomics dataset was download from: 737 

http://biokey.lambrechtslab.org (30). With default setting on Partek Flow (Partek), raw count 738 

data was normalized prior to PCA, uMAP and tSNE dimensional reduction analysis. Myeloid 739 

cells were identified based on the original author’s annotations before subclustering by the 740 

unsupervised louvain method for downstream differential gene expression analysis. NK cells 741 

http://biokey.lambrechtslab.org/


were manually annotated by the expression profile of KLRD1+, CD3E-, CD3D- and CD3G- 742 

within the original author’s (T and NK) cluster. Similarly, the manually annotated NK cluster 743 

was then subdivided by the Louvain method into three subsets for gene expression analysis. 744 

 745 

Statistical Analysis 746 

Correlation matrixes were generated with custom R scripts and package “Corrplot”. Kaplan-747 

Meier analysis and log-rank test were conducted by R package "survminer" and "survival." 748 

All other experimental data were plotted and tested for significance using Prism 8.0 749 

(GraphPad Software) as described in figure legends unless stated otherwise. P values below 750 

0.05 were considered significant. Unless stated otherwise, all data presented are biological 751 

replicates with error bars representing the SD of the mean.  752 

 753 

Supplementary materials 754 

Figs. S1 to S10 755 

Tables S1 to S9 756 

MDAR Reproducibility Checklist 757 

Data file S1  758 
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Figure Legends 1084 

 1085 

Figure 1. A unique inflammatory gene signature correlate with NK cell signature in 1086 

non-responders to immune checkpoint blockade 1087 

(A) Hierarchical clustering heatmap showing genes within the inflammatory signature with 1088 

increasing NK score in a batch corrected pool of three cohorts of 128 patients (See Fig S1A for 1089 

details) receiving immune checkpoint therapy. (B) Correlation of NK and inflammatory gene 1090 

signature scores grouped based on pre-defined responders and non-responders to therapy in the 1091 

esophageal tumor cohort (GSE165252) on baseline samples (n=32). (C) Correlation of NK and 1092 

inflammatory gene signature scores grouped based on pre-defined responders and non-1093 

responders to therapy in the esophageal tumor cohort (GSE165252) for on-treatment samples 1094 

(n=29). (D) Correlation of NK and inflammatory gene signature score grouped based on pre-1095 

defined responders and non-responders to therapy in a pembrolizumab melanoma cohort 1096 

(GSE78220, n=28). (E) Correlation of NK and inflammatory gene signature score grouped 1097 

based on the RECIST response criteria in the mixed tumor cohort (GSE93157, n=65). PD: 1098 

Progressive Disease, CR: Complete Response, PR: Partial Response and SD: Stable Disease.(B 1099 

to E) NK gene signature (Bottcher et al. 2018) was used for correlation analysis. Pearson 1100 

correlation was performed for all correlation analysis. ns=non-significant, *P<0.05, **P<0.01 1101 

and ****P<0.0001. (F) UMAP projections of myeloid subsets defined in tumors from a public 1102 

dataset of patients with breast cancer  and receiving anti-PD1 therapy in which patients (n=29) 1103 

were grouped based on the presence of clonal expansion of T cells in response to therapy. 1104 

Unsupervised clustering of myeloid cells was performed with the Louvain method. (G) UMAP 1105 

projections of myeloid subsets with normalized expression of 6 distinct myeloid genes defining 1106 

various macrophages and monocyte subsets. (H) Spearman Correlation matrix showing the 1107 
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relationship between the abundance of various myeloid and NK cell subsets in patient tumors 1108 

with or without T cell clonal expansion in response to anti-PD1 therapy. 1109 

 1110 

  1111 



Figure 2. Tumor-experienced NK cells acquire a CD69+, perforin- phenotype with 1112 

transcriptional reprogramming for immune-regulatory function. 1113 

(A) uMAP projection of various defined NK cell subsets and expression of CD69 and perforin 1114 

based on relative fluorescence intensity on spectral flow cytometry. (B) Frequencies of CD69+, 1115 

Perforin (PRF)- NK cells after co-culture. (C) Heatmap showing percentage of NK cells 1116 

positive for various phenotypic markers after co-culture. (A-C) NK cells (n=5) were either co-1117 

cultured for 72 hours with HepaRG (Non-tumor experienced, nNK) or SNU475 (Tumor-1118 

experienced, tNK) compared to control (cNK). (D) Transcriptional signature of tumor-1119 

experienced NK cells (n=4) is associated with immune regulatory pathways. Comparative gene 1120 

ontology (GO) immune processes enrichment analysis for the upregulated genes expressed 1121 

(p<0.05, Fold change>1.5) in tumor-experienced NK cells as compared to either non tumor-1122 

experienced NK (nNK) and control (cNK). Node size is proportional to the adjusted p value 1123 

for GO term enrichment. Node color is set according to the relative enrichment of the GO term 1124 

in either comparison of tNK versus cNK (Red) or tNK versus nNK (Dark Blue); varying shades 1125 

of purple indicates a relative proportion of genes contributing to the enriched gene sets. The 1126 

leading GO terms were annotated with a larger font.  1127 
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Figure 3. Tumor-experienced NK cells induce suppressive monocytes with defective 1130 

antigen presentation to CD8 T cells. 1131 

(A) Percentage of HLA-DRhigh  monocytes after three days co-culture with control NK cells 1132 

(cNK) or tumor-experienced NK cells (tNK) (n=9). Friedman test with multiple comparisons 1133 

was used to test for significance. (B) Percentage of CD73+ monocytes after three days of co-1134 

culture with cNK cells or tNK cells. (C) Percentage of arginase-1 (ARG-1)+ monocytes after 1135 

three days of co-culture with cNK cells or tNK cells. (D) Percentage of PD-L1+ monocytes 1136 

after three days of co-culture with cNK cells or tNK cells. (B to D) Different symbol colors 1137 

represent the various tumor cell lines used to generate tNK cells as shown in legend (n= 5 1138 

monocytes alone, 5 cNK and 26 tNK cells generated from 5 different cell lines). Friedman test 1139 

with multiple comparisons were used to test for significance. Refer to table S4 for information 1140 

of various tumor cell lines. (E) Representative CFSE histogram showing dividing CD8 T cells 1141 

responders in the presence or absence of CD14+ myeloid suppressors induced by tNK cells.  1142 

(F) Proliferation of CD8 T cells in the presence of differentially conditioned monocytes (n=5). 1143 

(G) Relative fold change in proliferation of CD8 T cells under myeloid cell suppression by 1144 

tNK-experienced monocytes and in the presence of various selective inhibitors (n=5). 1145 

Friedman Test was performed to test for significance comparing inhibitors-treated cultures to 1146 

untreated control. (Refer to table S4 for inhibitors) (H) Schematics illustrating the outline of 1147 

antigen-presentation assay using autologous TILs and tumor cells, in the presence of cNK-, or 1148 

tNK-experienced monocytes. (I) Percentage of IFNγ-producing TILs upon autologous tumor 1149 

stimulation in the presence of allogenic antigen-primed monocytes and in the presence or 1150 

absence of cNK or tNK (n>4 per group). Friedman test with multiple comparisons were used 1151 

to test for significance. (F, G and I) Data represented in tukey’s boxplots. ns=non-significant, 1152 

*p<0.05, **p<0.01 and ***p<0.001. 1153 
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Figure 4. Tumor-experienced NK cells enhance the survival and proliferation of sXBP-1155 

1+ suppressive neutrophils. 1156 

(A) Experimental outline of neutrophils co-cultured with tumor-experienced NK cells (tNK) 1157 

or control NK cells (cNK). (B) Representative FACS plot of viable neutrophils after two days 1158 

co-culture with NK cells. (C) Percentage of viable neutrophils after 48 hours of co-culture with 1159 

NK cells (n=8). (D) Representative FACS plot showing the expression of COX-2 and arginase-1160 

1 (ARG1) on CD15+ neutrophils in the presence or absence of NK cells. (E) Frequency of 1161 

COX2+ neutrophils after 48 hours co-culture with NK cells. (F) Frequency of Arginase-1 1162 

(ARG1)+ neutrophils after 48 hours co-culture with NK cells. (G) Frequency of IFNγ-1163 

producing CD8 T cells in a suppression assay with autologous neutrophils and NK cells. 1164 

 (E, F and G) Friedman test with multiple comparisons was used to test for significance (n=6). 1165 

(H) Representative histograms based on the fluorescence intensity of spliced XBP-1 (sXBP-1) 1166 

expressed on CD15+ neutrophils after co-culture with NK cells for 48 hours. (I) Frequency of 1167 

sXBP-1+ neutrophils after 48 hours of co-culture with NK cells (n=6). Friedman test with 1168 

multiple comparisons were used to test for significance. (J) Normalized fold change in the 1169 

expression of Ki67 on sXBP-1+ and sXBP-1- neutrophils after 48 hours of NK cell co-culture. 1170 

Kruskal-Wallis test was used to test for significance (n=6). (K) Relative fold change of IFNγ-1171 

producing CD8 T cells within a suppression assay in the presence of neutrophils-NK cell co-1172 

culture pre-treated with tunicamycin. Kruskal-Wallis test was used to test for significance 1173 

(n=7). (C, J and K) Data is presented in tukey’s box plots. *P<0.05, **P<0.01 and 1174 

***P<0.001. 1175 

 1176 

  1177 

Commented [NSY136]: Redefined tNK and cNK 

Commented [NSY137]: Separated description for panels E 

and F 

Commented [DH138]: Please avoid using red and green 

together in figures, as readers with red-green colorblindness 

will be unable to interpret figures 

Commented [NSY139R138]: Amended 



Figure 5. Combinatorial analysis of NK cells and MDSCs within patient tumors reveals 1178 

NK cell-derived IL-6 as a driver of suppressive myeloid phenotypes 1179 

(A) Frequencies of NK cells within the immune compartment of primary breast cancer 1180 

tumors (n=29).  (B) Spearman correlation matrix for the frequencies of various tumor-1181 

infiltrating immune cells within a breast cancer cohort based on flow cytometric analysis 1182 

(n>17). Significant correlations were denoted with circles with black outlines (P<0.05). (C) 1183 

Production of IL-6 by various immune and non-immune cell types in primary breast tumor 1184 

samples (n=17). (D) Percentage of CD14+, HLA-DRlow MDSCs expressing S100A8/9 within 1185 

tumors comparing cases with high MHCI expression to low MHCI expression classified by 1186 

median. (E) Frequencies of IL-6 producing NK cells within tumors comparing cases with 1187 

high MHCI expression to low MHCI expression classified by median. (D and E) Mann-1188 

Whitney test was used to test for significance (n=19 in total). (F) Production of different 1189 

cytokines by NK cells from B16F10 tumors comparing wild type (WT) B16F10 to B2M-KO 1190 

B16F10 (n=6 mice/group). Two-way ANOVA with multiple comparisons was used to test 1191 

for significance. (G) Representative dot plot for M-MDSC (Ly6C+, CD11bhigh) and PMN-1192 

MDSC (Ly6G+, CD11bhigh) in B16F10 WT and B2M-KO tumors. (H) Frequencies of M-1193 

MDSC and PMN-MDSC in tumors comparing WT B16F10 to B2M-KO B16F10 (n=5 1194 

mice/group).  (I) Frequencies of M-MDSC and PMN-MDSC in WT B16F10 tumors 1195 

comparing mice with or without NK cell depletion (aNK1.1) treatment (n=8 mice/group). (F 1196 

to I) Either WT or B2M-KO B16F10 tumor cells were injected subcutaneously into the right 1197 

flank of C57BL/6 WT mice (See methods for details). (J) Frequencies of M-MDSC in tumors 1198 

comparing RMA to RMA-S and mice with or without NK cell depletion (aNK1.1) treatment 1199 

(n>4 mice/group). (K) Representative dot plot for production of IFNγ and IL-6 by NK cells 1200 

within RMA and RMA-S tumors. (L) Frequencies of IL-6 producing NK cells within tumors 1201 

comparing RMA to RMA-S (n=4 mice/group). Student t-test was used to test for significance 1202 
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between two experimental conditions. (J to L) Either RMA or RMA-S tumor cells were 1203 

injected subcutaneously into the right flank of C57BL/6 WT mice (See methods for details). 1204 

(H to J) One-way ANOVA with multiple comparisons was used to test for significance. 1205 

*P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001. (M) Expression of INOS, PD-L1 and 1206 

Arginase-1 (ARG-1) in healthy C57BL/6 wild type mouse bone marrow-derived monocytes 1207 

after 3 days co-culture with tumor-isolated NK cells from either WT MC38 or B2M-KO 1208 

MC38 tumors. Percentage of positive cells were normalized to monocyte alone control group. 1209 

Student t-test was used to compare cultures using WT-NK cells to those with IL-6 KO NK 1210 

cells (n>3). 1211 

 1212 
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Figure 6. NK cell-derived IL-6 contributes to MDSC-mediated immune suppression and 1214 

tumor progression 1215 

(A) Tumor growth over 15 days post B16F10 co-inoculation with NK cells (WT NK cells, 1216 

n=5 or IL6-KO NK cells, n=5) and without NK cells (Control, n=7). Two-way ANOVA was 1217 

used to test for significance. (B) Final volume at day 15 post tumor inoculation. One-way 1218 

ANOVA with multiple comparison was used to test for significance. (A and B) B16F10 1219 

tumor cells were subcutaneously injected into the right flank of C57BL/6 WT mice either 1220 

alone or co-injected with WT NK cells or NK cells isolated from IL-6KO mice (See methods 1221 

for details). (C) Representative dot plots for S100A8/9 and arginase-1 (ARG) expression in 1222 

myeloid cells after co-culture with either siRNA control NK cells (siControl-NK) or IL-6 1223 

knockdown NK cells(siIL6-NK) in vitro. (D) Fold change expression of S100A8/9, arginase, 1224 

PD-L1 and DAF-FM (nitric oxide probe) within monocytes after co-culture with either 1225 

siRNA control NK cells (siControl-NK) or IL-6 knockdown NK cells (siIL6-NK). Wilcoxon 1226 

signed rank test was used to test for significance for every phenotypic marker. Data presented 1227 

in tukey’s boxplots (n>5). (E) Percentage of dividing CD8 T cells in the presence of NK cells 1228 

and myeloid cells after 48 hours of concurrent bead stimulation. Friedman test with multiple 1229 

paired comparisons were used to test for significance (n=6). (F) Schematic outline of 1230 

zebrafish xenografts microinjected with patient-derived cells.  (G) Representative confocal 1231 

images of zebrafish engrafted with patient-derived melanoma (magenta) and TILs (blue). 1232 

Areas of nitric oxide accumulation are stained by DAF-FM (green). Scale bar denotes 1233 

150mm in length. White boxes highlight the presence of injected tumor cells in both the yolk 1234 

sac and tail of the zebrafish larvae. (H) Number of red fluorescent-labelled tumor regions 1235 

within zebrafish larvaes injecting with different immune cell types (n=35 zebrafish in total).  1236 

(I) Number of green fluorescent-labelled regions (nitric oxide accumulation) within zebrafish 1237 

larvaes injecting with different immune cell types (n=41 zebrafish in total). (F and I) Kruskal 1238 
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Wallis test was used to determine significance between different experimental groups. ns = 1239 

not significant, *P<0.05, **P<0.01 and ****P<0.0001. 1240 

 1241 

  1242 



Figure 7. Inhibition of IL6/STAT3 axis alleviates NK/MDSC-mediated immune 1243 

suppression of anti-tumor responses 1244 

(A) Annotated pie chart for the proportion of phosphorylated signals expressed by monocytes 1245 

after co-culture with control NK cells (cNK) cells or tumor-experienced NK cells (tNK cells) 1246 

(n=6). (B) Frequency of monocytes expressing phosphorylated STAT3 (pS727) after co-1247 

culture with cNK cells or tNK cells. (C) Frequency of neutrophils expressing phosphorylated 1248 

STAT3 (pS727) after co-culture with cNK cells or tNK cells. (B and C) Friedman test with 1249 

multiple comparisons was used to test for significance (n=6). tNK cells here referred to NK 1250 

cells co-cultured three days with KADA melanoma tumor cell line which were then FACS-1251 

sorted for subsequent monocyte co-culture. (D) Schematic illustrating experimental design for 1252 

xenograft model using NSG mice. All mice were subcutaneously injected with KADA tumor 1253 

cells into the right flank on day 0 and TILs together with monocytes on day 7. Mice were 1254 

divided into four groups (G1-G4) where mice in groups G2 and G3 were treated with NK cells 1255 

and mice in groups G2 and G4 were treated with Tocilizumab.  (E) Representative lung 1256 

sections from mice in each group with HLA-ABChigh tumor cells identified based on 1257 

fluorescence intensity and minimum cell diameter of 15um. Scale bar denotes 1mm length.  (F) 1258 

Frequency of HLA-ABChigh tumor cells of total cells identified based on minimum cell 1259 

diameter of 15um (n>8 mice per group, 3 sections per mice). (G) Frequency of intratumoral 1260 

CD14+ human monocytes of total among live cells (n>8). (H) Percentage of intratumoral 1261 

human monocytes expressing phosphorylated STAT3 (pSTAT3) (n>7). (I) Frequency of PD-1262 

L1+ intratumoral human monocytes (n>7). (J) Frequency of arginase-1 (ARG1)+ intratumoral 1263 

human monocytes (n>7 per group). (K) Frequency of dividing autologous CD8 T cells in a 1264 

suppression assay of CD14 human monocytes isolated from tumor xenografts (n>4). (F to K) 1265 

All data is presented in tukey’s box plots. One way ANOVA with multiple comparisons was 1266 

used to test for significance. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001.  1267 
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 1285 
Figure S1. Co-abundance of NK cell and MDSC gene signature may not arise from 1286 

increased tumor infiltration. 1287 

 1288 

(A) Details of NK cell (Bottcher et al. 2018) and inflammatory gene signatures and the 3 1289 

cohorts used for transcriptomics analysis. (B) Relative inflammatory signature score 1290 

comparing tumor samples collected at baseline prior to treatment and on-treatment samples 1291 

within responders and non-responders in an atezolizumab esophageal tumor cohort 1292 

(GSE165252, n= 24). Wilcoxon signed rank test was used for statistical testing. Correlation of 1293 

ssGSEA score between NK signature (Bottcher et al. 2018) with 2 other alternative NK gene 1294 

signatures analysed in (C) cohort A, (D) cohort B and (E) cohort C. (C to E) Pearson 1295 

correlation was performed. ****P<0.0001. (F) UMAP projections of NK cell subsets grouped 1296 

based on the Louvain method to reveal three clusters with normalized expression of selected 1297 

NK cell genes from publicly accessed breast cancer dataset (n=29).  1298 
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 1302 

 1303 
Figure S2. Differential gene expression analysis of NK cells after co-culture with tumor 1304 

or non-tumor cells. 1305 

 1306 

A, Hierarchical heatmap showing the normalised differential expression of inflammatory and 1307 

regulatory factors in tumor-experienced NK (tNK), non-tumor-experienced NK (nNK) and 1308 

control (cNK). Volcano plots showing differentially upregulated genes (with P-value<0.05) in 1309 

(B) comparison of tNK versus cNK and (C) comparison of tNK versus nNK. 1310 

 1311 

  1312 



 1313 
Figure S3. Tumor-experienced NK cells acquire unique immune-regulatory capacity to 1314 

induce suppressive monocytes. 1315 

 1316 

(A) Representative flow cytometric plots showing PD-L1 and HLA-DR expression on CD14+ 1317 

monocytes after three days culture with control NK cells (cNK), non-tumor experienced NK 1318 

cells (nNK) or tumor-experienced NK cells (tNK). Frequencies of (B) HLA-DRhigh monocytes 1319 

and (C) PD-L1+ monocytes after three days culture with differentially stimulated sorted NK 1320 

cells (n=5). Frequencies of (D) HLA-DRhigh myeloid cells, (E) CD206-, CD163- myeloid cells 1321 

and (F) CD206+, CD163+ myeloid cells after co-culture with either tumor supernatant-1322 

stimulated NK cells (sNK) or tumor-experienced NK cells (tNK) after 72 hours (n=3). (B to 1323 

F) Paired t-test was used for statistical testing. (G)  Experimental outline of CD8 T cell 1324 

suppression assay using autologous monocytes FACS-sorted based on HLA-DR expression. 1325 

(H) Effects of atezolizumab on CD8 T cell proliferation within a suppression assay in the 1326 

presence of cNK-monocytes or tNK-monocytes. Paired t-test was used to test comparisons 1327 

between comparing untreated cultures and Atezolizumab (10ug/mL) treated cultures (n=4). (I) 1328 

Percentage of IFNg-producing TILs with or without 4 hours of tumor cell restimulation in the 1329 

presence of allogeneic monocytes and NK cells. Friedman test with multiple comparison was 1330 

used for statistical testing.   1331 



 1332 
Figure S4. Tumor-experienced NK cells enhance the suppressive capacity of 1333 

neutrophils. 1334 

 1335 

(A) Percentage of CellROXhigh neutrophils after 48 hours of co-culture with NK cells (n=6). 1336 

(B) Percentage of CD69% CD8 Responder T cells in the presence of neutrophils and NK cells 1337 

in a suppression assay (n=8). (C) Percentage of viable XBP-1+ neutrophils after 48 hours of 1338 

co-culture with NK cells in the presence of increasing doses of tunicamycin (n=5). (A to C) 1339 

Friedman test with multiple comparisons was used to test for statistical testing.   1340 



 1341 
Figure S5. Positive correlation of NK cells and suppressive myeloid phenotypes in 1342 

several types of solid tumors 1343 

 1344 

(A) Frequencies of NK cells within the immune compartment of primary tumors from a cohort 1345 

of sarcoma patients (n=19). (B) Spearman correlation between frequencies of NK cells and 1346 

HLA-DRlow, CD14+ monocytes in primary tumors of the sarcoma cohort (n=19). (C) 1347 

Correlation for NK cells, T cells and suppressive CD68+ myeloid cells in colorectal cancer 1348 

(CRC), glioblastoma (GBM), non-small cell lung cancer (NSCLC) and renal clear cell 1349 

carcinoma (RCC) based on a repository-accessed flow cytometry data (n>20). (D) Left; 1350 

Representative dot plot for IL-6+ NK cells and their expression of CD56 and IFNg in patient 1351 

tumors. Right; Frequencies of NK cells producing various cytokines measured by intracellular 1352 

flow cytometry staining (n>22). Correlation matrix for the relationship between (E) NK cell-1353 

derived cytokines (F), T cell-derived cytokines and the phenotype of monocytic-MDSCs 1354 

(n=18). Spearman estimates with a p-value less than 0.05 were indicated by circular symbols 1355 

with black outlines.  1356 

  1357 



 1358 
Figure S6. Tumor MHCI expression alters the proportion of M1 macrophages within 1359 

the tumor microenvironment.  1360 

 1361 

Frequencies of total TAMs (F4/80+ cells over total CD45+ immune cells) in comparisons of 1362 

(A) NK cell depleted B16F10 model and (B) MHC-deficient (B2m-KO) tumor model. (C) 1363 

Proportion of M1 macrophages (MHCIIhigh, CD11c+) comparing WT B16F10 tumors to 1364 

B2m-KO tumors (n>6). Frequencies of (D) total TAMs and (E) M1 macrophages in 1365 

comparison of RMA and RMAS tumors with or without NK cell depletion (n>4). 1366 

Frequencies of (F) M-MDSCs and (G) total TAMs comparing WT 4T1 to B2m-KO 4T1 1367 

tumors (n>7). (H) Proportion of M1 macrophages comparing WT 4T1 to B2m-KO 4T1 1368 

tumors (n>7). (I) Expression F4/80 and CD206 in healthy bone marrow-derived monocytes 1369 

after three days co-culture with tumor-isolated NK cells from either WT MC38 or B2M-KO 1370 

MC38 tumors. Student t-test was used to compare cultures using WT-NK cells to those with 1371 

IL-6 KO NK cells (n>3). 1372 

  1373 



 1374 
Figure S7. Differential NK cell phenotype in MC38 tumors is influenced by tumor 1375 

MHCI expression. 1376 

 1377 

Frequencies of (A) M-MDSCs and (B) total TAMs comparing WT MC38 to B2m-KO MC38 1378 

tumors. (C) Proportion of M1 macrophages comparing WT 4T1 to B2m-KO 4T1 tumors 1379 

(n=6 per group). Representative dotplots for (D) IL-6 over NKG2A and (E) TGF1 over 1380 

NKG2D expression on NK cells within WT MC38 tumors and B2m-KO MC38 tumors. (F) 1381 

Frequencies of intratumoral NK cells expressing various phenotypic markers comparing WT 1382 

(n=4) to B2m-KO MC38 tumors (n=5). (A to F) Paired t test was used for statistical testing. 1383 

 1384 
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 1386 
Figure S8. Altered myeloid cell frequencies within tumors with IL6-KO NK cells. 1387 

 1388 

Absolute (A) Ly6G+, CD11b+ myeloid cells and (B) F480hi cell counts per million live cells 1389 

in B16F10 tumors (control, n=6) or with co-inoculated NK cells (WT-NK or IL6-KO NK, 1390 

n=5).  1391 

(C) Percentage frequencies of PDL1+ F480hi cells in B16F10 tumors (control, n=6) or with 1392 

co-inoculated NK cells (WT-NK,n=8 or IL6-KO NK, n=7). (A to C) One-way ANOVA with 1393 

multiple comparisons was used to statistical testing. (Sample size, n=6 for B16F10 control, 1394 

n= 5 for B16F10+ WT NK and n=5 for B16F10+ IL6-KO NK) ns= non-significant, *P<0.05, 1395 

**P<0.01 and ***P<0.001. 1396 
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 1398 

 1399 
Figure S9. IL-6 derived from NK cells modulates STAT3 activity in myeloid cells. 1400 

 1401 

(A) Schematic illustration of experimental outline for IL-6 knockdown in NK cells by 1402 

siRNA. (B) Representative dotplot showing percentage of IL-6 positive NK cells 48 hours 1403 

post transfection of siRNA. (C) Percentage of IL-6 positive NK cells 48 hours post 1404 

transfection of siRNA. (n=5) (D) Representative dotplot showing percentage of STAT3 1405 

(pS727) positive myeloid cells after co-culture with control NK cells or si-IL6 NK cells for 1406 

72 hours. (E) Percentage of STAT3 positive myeloid cells after co-culture with control NK 1407 

cells or si-IL6 NK cells for 72 hours. (n=6) (C and E) Wilcoxon matched pairs-signed rank 1408 

was used to statistical testing. *p<0.05.  1409 



1410 
Figure S10. Expression of human Melan-A in melanoma tumor cells within lungs of NSG 1411 

mice. 1412 

 1413 

 1414 

  1415 



Table S1. List of genes used in Inflammatory gene signature 1416 

 1417 

  

Gene 

Name Function 

1 CTSG Cathepsin G; Serine protease with trypsin- and chymotrypsin-like specificity. Cleaves 

complement C3. Has antibacterial activity against the Gram-negative bacterium 

P.aeruginosa, antibacterial activity is inhibited by LPS from P.aeruginosa, Z-Gly-Leu-

Phe- CH2Cl and phenylmethylsulfonyl fluoride; Belongs to the peptidase S1 family 

2 IL18R1 Interleukin-18 receptor 1; Within the IL18 receptor complex, responsible for the binding 

of the proinflammatory cytokine IL18, but not IL1A nor IL1B (Probable). Contributes to 

IL18-induced cytokine production, either independently of SLC12A3, or as a complex 

with SLC12A3 (By similarity); CD molecules 

3 CXCL16 C-X-C motif chemokine 16; Acts as a scavenger receptor on macrophages, which 

specifically binds to OxLDL (oxidized low density lipoprotein), suggesting that it may 

be involved in pathophysiology such as atherogenesis (By similarity). Induces a strong 

chemotactic response. Induces calcium mobilization. Binds to CXCR6/Bonzo; Belongs 

to the intercrine alpha (chemokine CxC) family 

4 TLR4 Toll-like receptor 4; Cooperates with LY96 and CD14 to mediate the innate immune 

response to bacterial lipopolysaccharide (LPS). Acts via MYD88, TIRAP and TRAF6, 

leading to NF-kappa-B activation, cytokine secretion and the inflammatory response. 

Also involved in LPS-independent inflammatory responses triggered by free fatty acids, 

such as palmitate, and Ni(2+). Responses triggered by Ni(2+) require non-conserved 

histidines and are, therefore, species-specific. Both M.tuberculosis HSP70 (dnaK) and 

HSP65 (groEL-2) act via this protein to stimulate NF-kappa-B expression. 

5 TLR5 Toll-like receptor 5; Participates in the innate immune response to microbial agents. 

Mediates detection of bacterial flagellins. Acts via MYD88 and TRAF6, leading to NF-

kappa-B activation, cytokine secretion and the inflammatory response. 

6 CD14 Monocyte differentiation antigen CD14; Coreceptor for bacterial lipopolysaccharide. In 

concert with LBP, binds to monomeric lipopolysaccharide and delivers it to the 

LY96/TLR4 complex, thereby mediating the innate immune response to bacterial 

lipopolysaccharide (LPS). Acts via MyD88, TIRAP and TRAF6, leading to NF-kappa-B 

activation, cytokine secretion and the inflammatory response. 

7 CKLF Chemokine-like factor; May play an important role in inflammation and regeneration of 

skeletal muscle. Partly inhibited by interleukin 10 

8 IL4R  Interleukin-4 receptor subunit alpha; Receptor for both interleukin 4 and interleukin 13. 

Couples to the JAK1/2/3-STAT6 pathway. The IL4 response is involved in promoting 

Th2 differentiation. The IL4/IL13 responses are involved in regulating IgE production 

and, chemokine and mucus production at sites of allergic inflammation. In certain cell 

types, can signal through activation of insulin receptor substrates, IRS1/IRS2 

9 NCF4 Neutrophil cytosol factor 4; Component of the NADPH-oxidase, a multicomponent 

enzyme system responsible for the oxidative burst in which electrons are transported 

from NADPH to molecular oxygen, generating reactive oxidant intermediates. It may be 

important for the assembly and/or activation of the NADPH-oxidase complex 

10 CSF3R Granulocyte colony-stimulating factor receptor; Receptor for granulocyte colony-

stimulating factor (CSF3), essential for granulocytic maturation. Plays a crucial role in 

the proliferation, differientation and survival of cells along the neutrophilic lineage. In 

addition it may function in some adhesion or recognition events at the cell surface; CD 

molecules 



11 TNF Tumor necrosis factor; Cytokine that binds to TNFRSF1A/TNFR1 and 

TNFRSF1B/TNFBR. It is mainly secreted by macrophages and can induce cell death of 

certain tumor cell lines. It is potent pyrogen causing fever by direct action or by 

stimulation of interleukin-1 secretion and is implicated in the induction of cachexia, 

Under certain conditions it can stimulate cell proliferation and induce cell differentiation. 

Impairs regulatory T-cells (Treg) function in individuals with rheumatoid arthritis via 

FOXP3 dephosphorylation. 

12 NFKBIA NF-kappa-B inhibitor alpha; Inhibits the activity of dimeric NF-kappa-B/REL complexes 

by trapping REL dimers in the cytoplasm through masking of their nuclear localization 

signals. On cellular stimulation by immune and proinflammatory responses, becomes 

phosphorylated promoting ubiquitination and degradation, enabling the dimeric RELA to 

translocate to the nucleus and activate transcription. 

13 TOLLIP Toll-interacting protein; Component of the signaling pathway of IL-1 and Toll-like 

receptors. Inhibits cell activation by microbial products. Recruits IRAK1 to the IL-1 

receptor complex. Inhibits IRAK1 phosphorylation and kinase activity. Connects the 

ubiquitin pathway to autophagy by functioning as a ubiquitin- ATG8 family adapter and 

thus mediating autophagic clearance of ubiquitin conjugates. The TOLLIP-dependent 

selective autophagy pathway plays an important role in clearance of cytotoxic polyQ 

proteins aggregates. 

14 IL17RA Interleukin-17 receptor A; Receptor for IL17A. Receptor for IL17F. Binds to IL17A 

with higher affinity than to IL17F. Binds IL17A and IL17F homodimers as part of a 

heterodimeric complex with IL17RC. Also binds heterodimers formed by IL17A and 

IL17F as part of a heterodimeric complex with IL17RC. Receptor for IL17C as part of a 

heterodimeric complex with IL17RE. Activation of IL17RA leads to induction of 

expression of inflammatory chemokines and cytokines such as CXCL1, CXCL8/IL8 and 

IL6; CD molecules 

15 IRAK2 Interleukin-1 receptor-associated kinase-like 2; Binds to the IL-1 type I receptor 

following IL-1 engagement, triggering intracellular signaling cascades leading to 

transcriptional up-regulation and mRNA stabilization. 

16 MYD88 Myeloid differentiation primary response protein MyD88; Adapter protein involved in 

the Toll-like receptor and IL-1 receptor signaling pathway in the innate immune 

response. Acts via IRAK1, IRAK2, IRF7 and TRAF6, leading to NF-kappa-B activation, 

cytokine secretion and the inflammatory response. Increases IL-8 transcription. Involved 

in IL-18-mediated signaling pathway. Activates IRF1 resulting in its rapid migration into 

the nucleus to mediate an efficient induction of IFN-beta, NOS2/INOS, and IL12A 

genes. 

17 IRAK4 Interleukin-1 receptor-associated kinase 4; Serine/threonine-protein kinase that plays a 

critical role in initiating innate immune response against foreign pathogens. Involved in 

Toll-like receptor (TLR) and IL-1R signaling pathways. Is rapidly recruited by MYD88 

to the receptor-signaling complex upon TLR activation to form the Myddosome together 

with IRAK2.  
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Table S2. Characteristics of breast cancer patient cohort 1419 
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 1461 
aNHG, Nottingham histological grade. NA, Information not available. 1462 

  1463 

 
%ER %PR %Ki67 Her2 

status 

NHGa Tumor_size 

(mm) 

Age Nodes 

Status 

1 0 0 75 NEG 3 40 69 NA 

2 99 30 28 NEG 3 24 72 POS 

3 20 0 90 NEG 3 27 89 POS 

4 0 0 80 NEG 3 68 82 POS 

5 0 0 90 NEG 3 50 89 NA 

6 99 0 7 NEG 2 37 56 NEG 

7 95 90 21 NEG 2 70 72 POS 

8 90 80 61 POS 3 21 84 NEG 

9 0 0 70 NEG 3 19 90 NEG 

10 99 0 32 NEG 2 23 81 NEG 

11 99 15 53 NEG 2 16 60 POS 

12 85 5 21 NEG 2 27 73 POS 

13 99 99 25 NEG 3 23 51 NEG 

14 0 0 38 NEG 2 23 81 POS 

15 30 0 95 NEG 3 33 74 POS 

16 100 100 32 NEG 3 15 52 NEG 

17 95 25 62 NEG 3 34 81 NEG 

18 0 0 89 NEG 3 17 78 NEG 

19 0 0 41 NEG 3 29 96 YES 

20 95 5 68 NEG 3 16 53 NEG 

21 100 100 23 NEG 2 16 56 NEG 

22 80 3 39 NEG 3 27 41 NEG 

23 99 99 38 NEG 3 16 68 NEG 

24 100 0 9 NEG 2 29 76 NEG 

25 75 0 15 POS 2 16 71 NEG 

26 95 0 55 POS 3 33 78 NEG 

27 0 0 85 NEG 3 35 41 NEG 

28 100 60 24 NEG 2 19 78 POS 

29 0 0 78 NEG 3 90 85 POS 



Table S3. Characteristics of sarcoma patient cohort. 1464 

 1465 

 1466 

NA, Information not available. 1467 
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Subtype Tumor Size 

(cm) 

Localisation Mitosis/10 

hpf 

Margins Age 

1 Small blue round cell (Ewing-like) Primary 7 Left thigh 60 Wide 54 

2 Dedifferentiated liposarcoma, G2 Recurrent 8 Retroperitoneum NA Marginal 77 

3 High grade chondrosarcoma, partly 

dedifferentiated 

Recurrent 5 pelvis NA Wide 60 

4 Sarcoma of bone, unclear subtype Recurrent 7 Sacrum <10 Intralesional 51 

5 Leiomyosarcoma, G3 Primary 7 Right thigh >20 Marginal 61 

6 Pleomorphic leiomyosarcoma, grade 3 Primary 4 Left breast >20 Wide 79 

7 Angiosarcoma, Grade 3 Metastasis 12 Uterus 10 Marginal NA 

8 Myxofibrosarcoma, G1 Metastasis 7,7 Right inguinal <1 Intralesional 84 

9 Liposarcoma, G1 Metastasis 27 Retroperitoneum NA Marginal 55 

10 Solitary xanthogranuloma (benign) Metastasis 3 Left arm NA NA 2 

11 Leiomyosarcoma, G1 Metastasis 3,5 Right thigh <10 Wide 68 

12 Pleomorphic liposarcoma, G3 Metastasis 11 Abdominal wall >20 Intralesional 93 

13 Undifferentiated Recurrent 7 Abdominal wall >20 Marginal 64 

14 BCOR-sarcoma Primary 18 Left femur NA Intralesional 18 

15 Leiomyosarcoma, G3 Primary 26 Retroperitoneum >20 Marginal 78 

16 Dedifferentiated liposarcoma Primary 15 Abdominal <10 Intralesional 62 

17 Chondrosarcoma Metastasis 4 Right lung NA Marginal 34 

18 Dedifferentiated liposarcoma, G3 Primary 18 Mediastinal >20 Intralesional 79 

19 Solitary fibrous tumor Primary 4,2 Bladder 5 Marginal 55 

20 Malignant Peripheral Nerve Sheath 

Tumor 

 

Recurrent 12 Left thigh >20 Wide 42 

21 Myxofibrosarcoma, G3 Primary 6,5 Right thigh >20 Marginal 81 



Table S4. List of tumor cell lines 1479 

 1480 

Cell line Tissue Origin Description Species 

HepaRG Liver  Commercial bipotent hepatic progenitor cell Human  

SNU475 Liver  Commercial HCC Cell line Human  

HUH7 Liver  Commercial HCC Cell line Human  

SK024 Thigh Established sarcoma (MPNST) cell line Human  

BKT01 Breast  Established primary breast cancer cell line Human  

SK051 Thigh Established primary melanoma cell line Human  

ANRU Skin Established primary melanoma cell line Human  

KADA Skin Established primary melanoma cell line Human  

SK-OV-3 Ovary Commercial ovarian adenocarcinoma Human 

B16F10 Skin Commercial melanoma cell line Murine 

MC38 Colon Commercial colon adenocarcinoma cell line Murine 

4T1 Breast  Commercial TNBC cell line Murine 

RMA Hematopoietic Established lymphoma cell line Murine 

RMA/S Hematopoietic 

Established lymphoma cell line (MHCI deficient 

variant) Murine 

   HCC: Hepatocellular carcinoma, MPNST: Malignant Peripheral Nerve Sheath Tumor, TNBC: 1481 

Triple Negative Breast Cancer 1482 

 1483 

  1484 



Table S5. List of Inhibitors 1485 
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Reagent Effect Company  

Catalog 

number 

Atezolizumab 

(Anti-PD-L1) Neutralisation Selleck A2004 

Anti-CD73 Clone 

7G2 Neutralisation 

Thermo Fisher 

Scientific 41-0200 

NOHA Arginase inhibitor Sigma 399275 

Anti-IL10 Neutralisation Biolegend 501401 

Tocilizumab IL-6R Inhibitor Selleck A2012 

Tunicamycin ER Stress Inducer Sigma  T7765 



Table S6. List of human flow cytometry antibodies and probes 1487 

 1488 

S/N MARKERS CONJUGATE 
CATALOG 

NUMBER 
COMPANY REMARKS 

1 AKT (pS473) 
 PE-CF594 562465  

 BD 

BIOSCIENCES   

2 ARGINASE PACIFIC BLUE 48-3697-82 EBIOSCIENCES   

3 CD11B APC-CY7 557754 
BD 

BIOSCIENCES 
  

4 CD11C PE-CY7 561356 
BD 

BIOSCIENCES 
  

5 CD14 BV785 563698 
BD 

BIOSCIENCES 
  

6 CD15 
PerCP-cy5.5  560828  

BD 

BIOSCIENCES   

7 CD3 BV650 563852 
BD 

BIOSCIENCES 
  

8 CD3 PE-CY5 15-0038-42 EBIOSCIENCES   

9 CD45 BV650 304044 BIOLEGEND   

10 CD45 
PERCP-EFLUOR 

710 
46-0459-42 EBIOSCIENCES   

11 CD56 BV570 318330 BIOLEGEND   

12 CD68 
 PE-CF594 564944  

 BD 

BIOSCIENCES   

13 CD69 BV785 310931  BIOLEGEND   

14 CD8 PE-CY7 25-0088-42 EBIOSCIENCES   

15 CellROX Deep Red APC C10422 
THERMO 

FISHER 
ROS Stain 

16 DAF-FM FITC D23844 
THERMO 

FISHER 

Nitric 

Oxide stain 

17 DR-5 PE 307406 BIOLEGEND   

18 EPCAM BV711 324239 BIOLEGEND   

19 
ERK1/2 Phospho 

(Thr202/Thy204) 
PE-CY7 

369516 
BIOLEGEND 

  

20 FIXABLE LIVE/DEAD AMCYAN L34957 
THERMO 

FISHER  

Dead cell 

marker 

21 FIXABLE LIVE/DEAD APC-CY7 L34975 
THERMO 

FISHER  

Dead cell 

marker 

22 GM-CSF BIOTIN 130-105-760 MILTENYI assay kit 

23 HLA-ABC FITC 560965 
BD 

BIOSCIENCES 
  

24 HLA-DR BV650 564231 
BD 

BIOSCIENCES 
  

25 IFNY PE 130-054-201 MILTENYI assay kit 

26 IL-10 APC 130-090-435 MILTENYI assay kit 

27 IL-4 PerCP-cy5.5 500821 BIOLEGEND  

28 IL-6 PE-CY7 501119 BIOLEGEND   

29 LOX-1 PACIFIC BLUE 358609 BIOLEGEND   



30 NFKB p65 (pS529) 
 BV421  565446 

 BD 

BIOSCIENCES   

31 NKP46 PACIFIC BLUE 
562099 

BD 

BIOSCIENCES   

32 PD-L1 BV785 329736 BIOLEGEND   

33 PD1 APC 17-9969-41 EBIOSCIENCES   

34 PERFORIN PE 308106 BIOLEGEND   

35 S100A8/9 
ALEXA FLUOR 

647 
566010 

BD 

BIOSCIENCES 
  

36 STAT3 (PS727) 
ALEXA FLUOR 

488  558085 

BD 

BIOSCIENCES   

37 STAT5 (PY694) 
ALEXA FLUOR 

647 561320 

BD 

BIOSCIENCES   

38 STREPTAVIDIN FITC 554060 
BD 

BIOSCIENCES 
  

39 TNFA BV785 502948 BIOLEGEND   

40 XBP1 
ALEXA FLUOR 

647 647506 
BIOLEGEND 
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Table S7. List of mouse flow cytometry antibodies and probes 1491 

 1492 

1 FIXABLE LIVE/DEAD AMCYAN L34957 

THERMO 

FISHER 

SCIENTIFIC 

Dead cell 

marker 

2 FIXABLE LIVE/DEAD APC-CY7 L34975 

THERMO 

FISHER 

SCIENTIFIC 

Dead cell 

marker 

3 CD11B PE-CY7 25-0112-82 EBIOSCIENCES   

4 LY6G PACIFIC BLUE 560603 

BD 

BIOSCIENCES   

5 LY6C PE 128007 BIOLEGEND   

6 CD3 PE/Fire700 100272 BIOLEGEND   

7 CD45 

ALEXA FLUOR 

700 103128 BIOLEGEND   

8 IFNY BV785 505837 BIOLEGEND   

9 H2Kb BV421 116525 BIOLEGEND   

10 IL-4 PERCP/CY5.5 504123 BIOLEGEND   

11 IL-6 APC 504507 BIOLEGEND   

12 IL-10 PE-DAZZLE 594 505033 BIOLEGEND   

13 GM-CSF PE-CY7 505411 BIOLEGEND   

14 TNF-A BV605 506329 BIOLEGEND   

15 NK1.1 BV421 108741 BIOLEGEND   

  1493 



Table S8. Human NK cell panel for spectral flow cytometry 1494 

 1495 

S/N MARKER CONJUGATE CATALOG # SUPPLIER 

1 LIVE DEAD BLUE BUV496 L23105 THERMO FISHER 

2 CD62L (L-SELECTIN) APC-FIRE 810 304866 BIOLEGEND 

3 CD19 BUV661 741604 BD BIOSCIENCES 

4 CD158E R718 567046 BD BIOSCIENCES 

5 CD3 BUV661 612964 BD BIOSCIENCES 

6 CD14 BUV661 741603 BD BIOSCIENCES 

7 CD159A (NKG2A) PE-CY7 B10246 

BECKMAN 

COULTER 

8 CD336 (NKP44) APC 325110 BIOLEGEND 

9 CD57 EFLUOR 450 48-0577-42 THERMO FISHER 

10 CD49A APC-FIRE 750 328318 BIOLEGEND 

11 FCER1G FITC FCABS400F MERCK 

12 CD16 BV570 302036 BIOLEGEND 

13 CD159C (NKG2C) BB700 748162 BD BIOSCIENCES 

14 CD337 (NKP30) BV605 325234 BIOLEGEND 

15 CD56 BV650 318344 BIOLEGEND 

16 CD161  BV785 339930 BIOLEGEND 

17 CD69 BUV563 748764 BD BIOSCIENCES 

18 CD366 (TIM3) BUV737 568680 BD BIOSCIENCES 

19 CD45 BUV805 612891 BD BIOSCIENCES 

20 PERFORIN BV510 308120 BIOLEGEND 

21 GRANZYME B BB790 563389 BD BIOSCIENCES 

22 IKAROS BV421 564865 BD BIOSCIENCES 

23 T-BET BV711 644820 BIOLEGEND 

24 KI-67 BUV395 564071 BD BIOSCIENCES 

25 EOMES PE-CY5.5 35-4877-42 THERMO FISHER 

26 TOX EFLUOR 660 50-6502-82 THERMO FISHER 
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