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Abstract:  51 

Despite the curative potential of allogeneic hematopoietic stem cell transplantation for 52 

acute myeloid leukemia (AML), its efficacy is limited by intrinsic resistance of cancer cells to 53 

donor-derived T-cell cytotoxicity. Using a genome-wide CRISPR screening, we identified the  54 

SOCS1-JAK1-STAT1 pathway as a mediator of AML susceptibility to T cells. SOCS1 55 

knockdown in AML cells sensitized them to killing by allogeneic double-negative T cells and 56 

conventional T cells, whereas SOCS1 overexpression in AML cells induced resistance to T-cell 57 

anti-leukemic activity. Mechanistically, SOCS1 protected AML cells from T-cell killing by 58 

antagonizing IFNγ-JAK1-induced ICAM-1 expression. Furthermore, AML patients with lower 59 

SOCS1 expression experienced better overall survival, especially those with a lower exhausted 60 

CD8
+
 T-cell score. Thus, this study reveals SOCS1 and its downstream mediators as a potential 61 

targetable pathway to enhance T cell-based immunotherapy for AML. 62 

Significance: 63 

Our investigation of the SOCS1 pathway in AML and T-cell interactions provides 64 

insights into the clinical inefficacy of JAK inhibitors for AML, suggests SOCS1 as a promising 65 

clinical prognostic marker for adoptive T-cell therapy, and demonstrates the potential of 66 

targeting SOCS1 and its downstream mediators to enhance the efficacy of T cell-based 67 

immunotherapies.   68 
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INTRODUCTION 69 

Despite the emergence of molecularly targeted therapies (1), allogeneic hematopoietic 70 

stem cell transplantation (allo-HSCT) remains an effective treatment option for patients with 71 

high-risk acute myeloid leukemia (AML), and its therapeutic benefit highlights the importance of 72 

T cell-mediated immunity in leukemia clearance (2,3). Recently, immune-cell based therapies, 73 

particularly chimeric antigen receptor (CAR)-T cell therapy, have achieved significant clinical 74 

success in treating B-cell malignancies and multiple myeloma (4). However, as seen in patients 75 

treated with allo-HSCT, relapses occur in a significant proportion of patients after CAR-T 76 

therapy (5,6). The intrinsic-resistance mechanisms by which leukemic cells evade T-cell 77 

immunity, leading to disease relapse, are not completely understood (7,8). Investigating the 78 

interactions between leukemic cells and T cells has the potential to reveal underlying cancer-79 

resistance mechanisms and provide strategies to reduce disease relapse.  80 

CD3
+
CD4

-
CD8

- 
double-negative T cells (DNTs) constitute 1%-5% of peripheral 81 

lymphocytes in humans (9,10). Previously, we demonstrated that ex vivo expanded DNTs from 82 

healthy donors are effective at targeting allogeneic AML cells without alloreactivity against 83 

healthy tissue, primarily through MHC-independent mechanisms involving NKG2D and 84 

DNAM-1 (9,10). Furthermore, the feasibility, safety, and potential efficacy of allogeneic DNTs 85 

were demonstrated in a phase I clinical trial with high-risk AML patients who relapsed after allo-86 

HSCT (11). However, four out of ten patients in the phase I trial failed after DNT therapy 87 

regardless of dosing (11). Additionally, we have found that ~30% of primary AML samples 88 

resist DNT-mediated cytotoxicity through unclear mechanisms (9). A better understanding of 89 

cytotoxic pathways during AML and DNT interactions may help identify targetable molecules 90 
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and clinical biomarkers to improve DNT therapy and potentially other T cell-based treatments 91 

for AML. 92 

Suppressors of cytokine signaling (SOCS) family proteins consist of eight members that 93 

are key negative regulators of Janus kinase–signal transducer and activator of transcription 94 

(JAK-STAT) pathways (12,13). Cytokines typically activate specific JAK proteins, which 95 

phosphorylate corresponding STAT molecules, resulting in phosphorylated STAT (pSTAT) 96 

nuclear translocation and changes in transcriptional activity within the cell (12,13). These signals 97 

can be antagonized by an individual or combination of SOCS members through distinct 98 

mechanisms (12,13). SOCS1 is a direct inhibitor of multiple JAK family proteins and involved in 99 

numerous interferon and interleukin signaling pathways (12–14). Although SOCS1 is generally 100 

recognized as a tumor suppressor and is frequently repressed in AML and other cancers through 101 

hypermethylation (15,16), high levels of SOCS1 have been associated with high-risk AML 102 

mutations and tumor protection against cytokine-mediated growth inhibition (17,18). Likewise, 103 

abnormally increased JAK-STAT signaling has been well characterized in human leukemias 104 

(12,19), yet JAK inhibitors have demonstrated limited efficacy in treating AML patients (20–22). 105 

Whether these observations relate to the influence of SOCS1 in AML susceptibility to T-cell 106 

immunity is currently unknown.  107 

In this study, we uncovered a mechanism that mediates the resistance of AML cells to T-108 

cell killing, using DNTs as a surrogate and Tconv cells for validation. We discovered that during 109 

the interactions between AML and T cells, SOCS1 expression in AML increases leukemia blast 110 

resistance to T cell-mediated cytotoxicity by limiting JAK1 activation and subsequent 111 

intercellular adhesion molecule-1 (ICAM-1) upregulation. This data provides a mechanism to 112 
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explain the clinically and immunologically significant role of SOCS1 in AML and demonstrate 113 

the potential of adoptive T-cell therapy with SOCS1 inhibitors.  114 
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RESULTS  115 

Intrinsic SOCS1 expression level in AML regulates its susceptibility to T-cell killing 116 

To systematically explore genes and pathways crucial for AML-intrinsic resistance to T 117 

cell-mediated killing, we performed a genome-wide CRISPR screen using Cas9
+
 OCI-AML2 118 

cell line cultured with or without DNTs (Supplementary Fig. S1A and Supplementary Fig. S1B). 119 

The remaining live OCI-AML2 cell line after the co-culture were isolated and sent for next-120 

generation sequencing to identify sgRNAs that were enriched or depleted in AML cells co-121 

cultured with DNTs, relative to the untargeted AML control group. By comparing the number of 122 

sgRNA to those in AML cells cultured alone, sgRNAs targeting the essential genes for AML 123 

survival without the influence of DNTs were excluded. Consistently across triplicates, the targets 124 

of sgRNAs that were enriched in DNT-targeted AML cells represented genes that conferred 125 

susceptibility to T-cell killing and vice-versa (Fig. 1A and Supplementary Figs. S1C-S1E). From 126 

the screen, a SOCS1-specific pathway was identified in AML (Fig. 1A and Supplementary Table 127 

S1) which involved SOCS1 and its potential target pathway, IFNGR-JAK1-STAT1 (Fig. 1B) 128 

(12–14). Notably, knockout (KO) of SOCS1, IFNGR, JAK1, or STAT1 did not affect AML cell 129 

viability based on the transduced, untargeted AML group (Supplementary Fig. S1F). 130 

 There is limited understanding of the role of SOCS1 expression in AML cells regarding 131 

patient survival, especially in the context of AML and T-cell interactions. Thus, we first tested 132 

whether genetically inhibiting SOCS1 in AML cells could render them more susceptible to T 133 

cell-mediated cytotoxicity by knocking down SOCS1 in KG-1a cells (Supplementary Fig. S2), 134 

an AML cell line known to be highly resistant to T-cell killing (23,24). Compared to scramble 135 

controls, SOCS1 knockdown (SOCS1
KD

) KG-1a cells were effectively killed by DNTs (Fig. 1C, 136 

top). Similar results were seen with mixed CD4
+
 and CD8

+
 Tconv cells (Fig. 1C, bottom), 137 
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suggesting the expression of SOCS1 in AML is important for T cell-mediated cytotoxicity in 138 

vitro. Importantly, SOCS1
KD

 in primary AML blasts (Supplementary Fig. S3; n=3) increased 139 

their susceptibility to DNT-mediated cytotoxicity (Fig. 1D). To examine the role of SOCS1 in 140 

regulating AML susceptibility to T cells in vivo, mice were engrafted with control or SOCS1
KD 

141 

KG-1a cells followed by treatment with DNTs or vehicle control (Fig. 1E). DNTs were unable to 142 

reduce the engraftment of control KG-1a cells, as previously observed (23,24), but significantly 143 

decreased the engraftment of SOCS1
KD

 KG-1a cells (Fig. 1F). This demonstrates that inhibiting 144 

SOCS1 expression in AML cells increases their susceptibility to T-cell immunity, including 145 

otherwise T cell-resistant AML cells. 146 

To further explore the importance of SOCS1 expression in AML, we tested whether 147 

SOCS1 overexpression (SOCS1
OE

) in DNT-susceptible AML cell lines (24) would render them 148 

resistant to T cells. Overexpression of SOCS1 in OCI-AML2 and MV4-11 (Supplementary Fig. 149 

S4) significantly increased their resistance to DNT and Tconv cell anti-leukemic effects in an 150 

overnight killing assay (Fig. 1G). SOCS1
OE

 OCI-AML2 cells, which express CD4 151 

(Supplementary Fig. S5A), also exhibited resistance to anti-CD4 CAR (CAR4)-DNTs and 152 

CAR4-CD8
+
 T cells (Supplementary Figs. S5B-D). Of note, we did not observe changes in the 153 

level of T-cell cytotoxicity against control compared to SOCS1
OE

 OCI-AML2 cells in a short 2-154 

hour assay (Supplementary Fig. S6), suggesting that SOCS1-mediated effects occur through a 155 

slower kinetic mechanism. Consistent with this finding, DNTs failed to reduce AML engraftment 156 

in mice infused with SOCS1
OE

 MV4-11 cells, while effectively reducing the AML engraftment 157 

level in the control group (Fig. 1H and Fig. 1I). Notably, overexpressing or knocking down 158 

SOCS1 did not alter the sensitivity of AML cell lines and primary AML samples to daunorubicin 159 

or venetoclax (Supplementary Fig. S7A and Supplementary Fig. S7B), common therapeutic 160 
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approaches for AML (1,2), suggesting that SOCS1 specifically influences the sensitivity of AML 161 

cells to immune cell-mediated anti-leukemic activity. 162 

To assess whether SOCS1 levels can predict the susceptibility of AML cells to T cells, 163 

we studied the correlation between SOCS1 gene expression in AML cell lines and primary AML 164 

blasts and their susceptibility to DNT-mediated cytotoxicity. SOCS1 expression level negatively 165 

correlated with the susceptibility of AML cells to DNT-mediated cytotoxicity (Fig. 1J). 166 

However, the expression of other SOCS family members, such as SOCS3 and CISH (13), did not 167 

show any correlation (Supplementary Fig. S8A), nor were they significant hits from the CRISPR 168 

screen (Supplementary Fig. S8B). Collectively, these data demonstrate that SOCS1 expression 169 

level determines and predicts the susceptibility of AML cells to T cells in vitro and in vivo. 170 

JAK1 activity, but not expression level, correlates with AML resistance to T-cell killing 171 

From the CRISPR screen, the JAK1-STAT1 axis was the top target candidate to explain 172 

previous SOCS1 effects (Fig. 1A) (14). To examine the impact of JAK1 inhibition, AML cell 173 

lines were transduced with shRNAs against JAK1 (Supplementary Fig. S9A) or treated with a 174 

JAK1 inhibitor, itacitinib, followed by co-incubation with T cells. Although no changes in 175 

growth kinetics and viability were observed in almost all cases between control and JAK1-176 

inhibited AML in vitro (Supplementary Fig. S9B and Supplementary Fig. S9C), reduced levels 177 

of T cell-mediated killing were observed against JAK1-silenced AML cell lines, OCI-AML2 and 178 

MV4-11 (Fig. 2A), and itacitinib-treated AML cell lines (Fig. 2B) and primary AML blasts (n=5; 179 

Fig. 2C). Furthermore, knocking down JAK1 in MV4-11 cells rendered them resistant to the 180 

anti-leukemic activity of DNTs in an in vivo AML xenograft model (Fig. 2D and Supplementary 181 

Fig. S10). JAK1
KD

 MV4-11 cells harvested from mouse femurs continued to be more resistant to 182 

T cells than their control counterparts in an ex vivo cytotoxicity assay (Fig. 2E).  183 
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Despite our results indicating that JAK1 promotes the susceptibility of AML cells to T 184 

cells, the JAK1 expression level in AML cells was inversely correlated with their susceptibility 185 

to DNTs (Supplementary Fig. S11A). The AML cell line that is most resistant to DNTs, KG-1a 186 

(23,24), expressed the highest level of JAK1 (Supplementary Fig. S11A). Additionally, JAK1 187 

expression level did not correlate with AML patient survival (Supplementary Fig. S11B). To 188 

determine if JAK1 activity, rather than its expression level, predicts the susceptibility of AML 189 

cells to T cells, we measured the phosphorylation level of STAT1, the major downstream 190 

molecule of JAK1 (12,13). We found that the fold increase in pSTAT1 level in AML cells after 191 

co-culture with DNTs correlated with their susceptibility to DNT-mediated cytotoxicity (Fig. 2F 192 

and Supplementary Figure S12). Overall, these results support the contention that the activity of 193 

JAK1-STAT1 signaling, rather than JAK1 expression levels per se, is important in regulating the 194 

susceptibility of AML cells to T cell-mediated killing.  195 

T-cell effector function against AML is dependent on the SOCS1-JAK1 axis 196 

To examine whether SOCS1 effects depend on JAK1-STAT1 activity in AML and T-cell 197 

interactions, DNTs were co-cultured with SOCS1
OE

, SOCS1
KD

, or control AML cells followed 198 

by pSTAT1 staining (Supplementary Fig. S12). The expression of pSTAT1 in SOCS1
OE

 AML 199 

cells was significantly lower than that of the control in the presence of DNTs (Fig. 3A). In line 200 

with this, the level of pSTAT1 was significantly higher in SOCS1
KD

 KG-1a cells in the presence 201 

of DNTs relative to the control (Fig. 3B).  202 

Given that IFNγ is a known activator of the JAK1-STAT1 pathway (25), we treated AML 203 

cells with recombinant IFNγ (rIFNγ) or vehicle control and assessed pSTAT1 levels and AML 204 

susceptibility to DNTs. As previously reported, rIFNγ increased pSTAT1 levels (Supplementary 205 

Fig. S13) (25) and sensitizes AML cells to DNT-mediated cytotoxicity (9). We also 206 
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demonstrated that IFNγ-mediated sensitization of AML cells to DNTs is JAK1-dependent, as 207 

knocking down JAK1 abrogated the effect of IFNγ on DNT-mediated cytotoxicity against AML 208 

cells (Supplementary Fig. S14).  209 

To determine whether SOCS1 increases AML resistance to T cells by acting on the 210 

JAK1-STAT1 pathway, SOCS1
OE

 AML cells were stimulated with rIFNγ. In SOCS1
OE

 AML 211 

cells, rIFNγ was less effective at inducing pSTAT1 expression, confirming that SOCS1 inhibits 212 

the JAK1-STAT1 pathway in AML cells (Fig. 3C). Consistent with this, overexpression of 213 

SOCS1 reduced the sensitization of AML cells to T cells through the JAK1 pathway activated by 214 

rIFNγ (Fig. 3D), while SOCS1 knockdown enhanced these effects (Fig. 3E) compared to their 215 

respective controls. Of note, treatment with rIFNγ induced minimal changes in AML viability 216 

relative to control cells regardless of their SOCS1 expression levels (Supplementary Fig. S15), 217 

suggesting that rIFNγ is priming AML cells to T-cell mediated cytotoxicity rather than directly 218 

inducing AML cell death. We also found a significant inverse correlation between the degree of 219 

rIFNγ-mediated sensitization to DNTs and SOCS1 expression in AML cell lines and primary 220 

AML blasts (Fig. 3F). It is important to note that no significant changes were detected in IFNγ 221 

concentration in the supernatants of DNTs co-cultured with SOCS1
OE

 and JAK1
KD

 AML cells 222 

relative to their respective controls (Supplementary Fig. S16), suggesting that SOCS1 and JAK1 223 

expression do not affect IFNγ production. Notably, similar to IFNγ, TNFα and IFNα, which also 224 

activate JAK1 (25,26), do not induce AML cell death (Supplementary Fig. S17A) but sensitize 225 

AML cells to DNT killing in a SOCS1-dependent manner (Supplementary Fig. S17B-D). 226 

Altogether, these findings demonstrate that the specific interplay between SOCS1 and JAK1 227 

activation in AML cells modifies the sensitivity of AML to T-cell killing. 228 

ICAM-1 is crucial for the SOCS1-JAK1 axis to alter AML sensitivity to T-cell killing 229 
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To elucidate the cytotoxic mechanisms regulated by the SOCS1-JAK1 pathway, 230 

SOCS1
OE

 AML cells were compared with controls stimulated with rIFNγ to activate JAK1 and 231 

stained for cytotoxic molecules known to be involved in DNT and Tconv-cell anti-leukemic 232 

functions (9,24,27,28). Among these molecules, ICAM-1 expression was most drastically 233 

increased on AML cells and subsequently reduced by SOCS1 overexpression (Fig. 4A and 234 

Supplementary Fig. S18). Notably, ICAM-1 was one of the top susceptibility genes from the 235 

CRISPR screen, as shown in Figure 1A. 236 

A recent study demonstrated the importance of ICAM-1 in determining the susceptibility 237 

of AML cells to T-cell killing, but the mechanisms involved in the regulation of ICAM-1 were 238 

unclear (28). To explore the connection between SOCS1 and ICAM-1 expression, ICAM-1 239 

levels were measured on SOCS1
OE

 OCI-AML2 and MV4-11 and SOCS1
KD

 KG-1a cells after co-240 

culture with Tconv cells and DNTs. The magnitude of ICAM-1 upregulation induced by T cells 241 

(Fig. 4B) and CAR4-T cells (Supplementary Fig. S19) was significantly lower in SOCS1
OE

 242 

AML cells and significantly greater in SOCS1
KD

 KG-1a cells (Fig. 4C) relative to respective 243 

controls. A similar reduction in T cell-mediated ICAM-1 expression was observed in JAK1-244 

silenced AML cells (Supplementary Fig. S20). Furthermore, we detected significantly higher 245 

expression of ICAM-1 on control MV4-11 cells compared to SOCS1
OE

 MV4-11 cells in the bone 246 

marrow (BM) of MV4-11-engrafted mice treated with DNTs (Fig. 4D), which may explain why 247 

DNTs can effectively lower AML engraftment in the control group compared to the SOCS1
OE

 248 

group. In addition, a significant inverse correlation between IFNγ-induced ICAM-1 upregulation 249 

and SOCS1 expression in AML cell lines and primary AML blasts were observed (Fig. 4E). 250 

Thus, these results demonstrate that SOCS1 inhibits ICAM-1 upregulation induced by JAK1 251 

signaling. 252 
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To investigate the functional significance of SOCS1 regulation on ICAM-1 expression in 253 

AML and T-cell interactions, SOCS1
KD

 and control KG-1a cells were co-incubated with DNTs 254 

in the presence of neutralizing antibodies against ICAM-1 or an isotype control. The sensitizing 255 

effects of SOCS1 silencing were abrogated by anti-ICAM-1 antibodies (Fig. 4F). Moreover, we 256 

tested the impact of JAK1-signaling activation via rIFNγ in ICAM-1
KO

 OCI-AML2 cells and its 257 

control (Supplementary Fig. S21). ICAM-1
KO

 abrogated the effect of JAK1 signaling on the 258 

sensitization of OCI-AML2 cells to DNTs (Fig. 4G). Consistent with this, neutralizing antibodies 259 

against ICAM-1 effectively reduced the rIFNγ-induced JAK1 sensitizing effects in AML cell 260 

lines (Fig. 4H) and 4 out of 5 primary AML blasts (Fig. 4I) to T cell-mediated cytotoxicity. The 261 

antibody showed minimal effects on the viability of AML in the absence of T cells 262 

(Supplementary Fig. S22). Additionally, the degree of ICAM-1 upregulation significantly 263 

correlated with an increased level of AML sensitivity caused by JAK1 pathway activation (Fig. 264 

4J). Similarly, the sensitization effects of AML by SOCS1
KD

 and JAK1 activation via rIFNγ  265 

were effectively abrogated by using a neutralizing antibody against lymphocyte function-266 

associated antigen-1 (LFA-1; Supplementary Fig. S23A and Supplementary Fig. S23B), a high 267 

affinity ICAM-1 receptor highly expressed on DNTs and other effector cells (27,29–32). Taken 268 

together, these findings demonstrate the relationship between the activity of the SOCS1-JAK1 269 

axis and ICAM-1 expression on AML cells to alter T-cell effector function against AML. 270 

SOCS1 inversely correlates with AML patient survival without affecting disease burden 271 

To establish the clinical relevance of SOCS1, we examined large patient cohorts with de 272 

novo AML. In The Cancer Genome Atlas (TCGA) AML cohort (n=161 cases), we found that 273 

patients with lower than median SOCS1 expression exhibited significantly better survival 274 

compared to those with higher than median SOCS1 levels (Fig. 5A). This was also observed in 275 
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select TCGA solid tumor types, such as kidney renal clear cell carcinoma and lower grade 276 

glioma (Supplementary Fig. S24A). An additional AML cohort, the Princess Margaret Cancer 277 

Center (PMCC) cohort (n=287 cases), independently validated the prognostic relevance of 278 

SOCS1 (Fig. 5B) regardless of whether patients were censored at the time of allo-HSCT 279 

(Supplementary Fig. S24B), which indicates that survival trends were not due to differences in 280 

treatment intensity. As seen with JAK1, ICAM-1 and IFNG levels could not be linked to patient 281 

survival (Supplementary Fig. S25A and Supplementary Fig. S25B), and ICAM-1 levels remained 282 

similar in SOCS1
high 

and SOCS1
low

 patient groups (Supplementary Fig. S25C). This continues to 283 

indicate that the activity of the JAK1-STAT1 signaling pathway regulated by SOCS1 is of 284 

greater importance for immune-susceptibility in AML and patient survival rather than the basal 285 

expression of ICAM-1 or IFNG. This may be partly contributed by the transient expression of 286 

inducible ICAM-1 (Supplementary Fig. S25D) and the pleiotropic effect of IFNγ harboring both 287 

anti- and pro-tumorigenic effects (33–35).  288 

 Consistent with our observation that SOCS1 expression does not affect AML cell 289 

proliferation in vitro (Supplementary Fig. S26), disease burden was not significantly different 290 

between SOCS1
high

 and SOCS1
low

 patient groups in the PMCC cohort (Fig. 5C). The lack of 291 

SOCS1 activity on AML proliferation was further supported by similar in vivo BM engraftment 292 

levels of SOCS1
OE

 and SOCS1
KD

 AML cells compared with their respective controls (Fig. 5D). 293 

Furthermore, patients achieving complete remission or experiencing primary induction failure 294 

after standard-of-care chemotherapy have similar SOCS1 levels at baseline (Supplementary Fig. 295 

S27), providing more evidence that the survival benefit of SOCS1 is not due to affecting AML 296 

responsiveness to chemotherapy as observed in Supplementary Figure S7. Supportive of our 297 

findings that SOCS1 affects AML susceptibility to T cell-mediated killing, bulk RNA-298 
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sequencing revealed significant depletion of general immune response pathways in SOCS1
OE

 299 

AML (Fig. 5E, Supplementary Table S2, and Supplementary Table S3). This suggests that 300 

SOCS1 activity in AML cells is important for sustaining anti-AML immunity in patients.  301 

Re-analysis of a legacy single-cell RNA-sequencing dataset encompassing 214,417 BM 302 

cells from 42 patients with newly diagnosed AML (36), indicated the occurrence of a higher 303 

number and an increased strength of inferred cellular interactions in SOCS1
low

 cells relative to 304 

SOCS1
high

 cells (Fig. 5F). Specifically, higher overall interactions were predicted between 305 

hematopoietic stem cells (HSCs) and CD8
+
 and CD4

+
 Tconv cells in SOCS1

low
 BM cells (Fig. 306 

5G), in which annotated “HSCs” showed high expression of genes associated with quiescent 307 

leukemic stem cells, consistent with their malignant status (Supplementary Fig. S28). Further in 308 

silico modeling of cellular crosstalk in SOCS1
low

 BM cells also suggested higher CD4
+
 effector 309 

memory and lower CD4
+
 regulatory T-cell interactions through HLA class II molecules on HSCs 310 

(Supplementary Fig. S29), all of which may influence CD8
+
 T-cell effector function.  311 

Given the increased level of T-cell interactions among SOCS1
low

 BM cells, we further 312 

assessed the impact of T-cell activity in the context of SOCS1 expression within the PMCC 313 

cohort. SOCS1
low

 patients (Supplementary Fig. S30) with a lower exhausted CD8
+
 T-cell score 314 

(34), indicating the presence of functional T cells, experienced improved survival (Fig. 5H, left). 315 

However, this was not observed in SOCS1
high

 patients (Fig. 5H, right), suggesting an influence 316 

of SOCS1 expression on T-cell efficacy. Overall, these data support that T cell-mediated 317 

immunity contributes to the prolonged survival observed in AML patients with lower SOCS1 318 

expression. 319 

DISCUSSION  320 



16 

 

In this study, we discovered that SOCS1 in AML cells regulates their susceptibility to T-321 

cell killing by dampening JAK1 signaling and reducing inducible ICAM-1 levels (Fig. 5I). 322 

Clinically, low SOCS1 correlates with a better AML patient survival without directly affecting 323 

disease burden, particularly in patients whose BM-infiltrating CD8
+
 T cells exhibited a lower 324 

exhaustion score. These results highlight the significance of the SOCS1 pathway in regulating T-325 

cell mediated anti-leukemic activity and the beneficial role of T cells in the improved survival 326 

observed among SOCS1
low

 AML patients. 327 

Cancer immune-resistance continues to be one of the main challenges that hinder the 328 

success of cancer immunotherapy (7). Several studies have turned to in vitro and in vivo CRISPR 329 

screens to systematically pinpoint genes required for T cells to effectively engage cancer cells 330 

(37–39). Two in vivo mouse CRISPR screens briefly highlighted SOCS1 as one of the resistance 331 

genes that protect solid tumors and B-cell leukemias from the anti-tumoral activities of T cells 332 

(38) and CAR-T cells (39), respectively. However, clinical and functional investigations were 333 

not performed to determine the involvement of SOCS1 in cancer cell and T-cell interactions in 334 

these studies (38,39). Filling this knowledge gap, our study functionally demonstrates the 335 

importance of SOCS1 in AML cells to shape their susceptibility to Tconv cells and DNTs and 336 

reveals the role of the JAK1-STAT1-ICAM-1 pathway, regulated by SOCS1, in AML and T-cell 337 

interactions. Here, we showed that silencing SOCS1 in a highly T-cell resistant AML cell line 338 

could render these AML cells more susceptible to T-cell anti-leukemic effects in vitro and in 339 

vivo. These findings warrant further exploration of SOCS1 mechanisms in the interactions 340 

between CAR-T cells and a variety of solid or liquid tumor targets to overcome tumor immune 341 

resistance. 342 
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 The pro- and anti-tumorigenic role of SOCS1 in AML remains controversial. Similar to 343 

other leukemias, SOCS1 has been portrayed as a tumor suppressor as SOCS1 gene methylation 344 

and other SOCS1 repression mechanisms cause increased JAK-STAT signaling, contributing to 345 

AML development (16,40). While this suggests that reduced SOCS1 expression supports the 346 

development of AML, we found that there was better survival among AML patients with lower 347 

SOCS1 levels in two independent cohorts. These results are consistent with superior survival of 348 

SOCS1
low

 AML patients in another de novo AML cohort as reported by Hou et al. (17). 349 

However, the mechanisms by which SOCS1 impacts patient survival were not fully understood, 350 

with some studies reporting associations with high-risk AML mutations and protective effects 351 

against cytokine-mediated growth inhibition (17,18). Here, we establish that SOCS1 352 

significantly alters AML susceptibility to T-cell immunity. Interestingly, SOCS1
low

 patients in 353 

the PMCC cohort were predominantly comprised of patients with intermediate- and adverse-risk 354 

characteristics (Supplementary Fig. S30), who have been described to experience no survival 355 

benefits or to even experience a worse prognosis with increased T-cell infiltration, respectively 356 

(34). However, we observed a significant survival benefit in SOCS1
low

 patients with a lower 357 

exhausted CD8
+
 T-cell signature, suggesting that SOCS1 may play an important role in the 358 

presence of more functional T cells, despite the presence of clinically unfavorable cytogenetic 359 

features. In keeping with our data, higher percentages of patient-derived T cells dividing after in 360 

vitro anti-CD3 stimulation at the time of diagnosis have been linked to longer survival in patients 361 

with AML (41), reinforcing the concept that T-cell function contributes to the disease outcome in 362 

response to standard-of-care induction chemotherapy (42). Our results further explored in silico 363 

modeling of cellular interactions from single-cell RNA-sequencing data, which predicted 364 

elevated CD8
+
 and CD4

+
 signaling in specimens with a SOCS1

low
 tumor microenvironment. 365 
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Effective T-cell responses require functional immune synapse formation and are 366 

important for AML patient survival (43). Unfortunately, CD8
+
 T cells from AML patients form 367 

defective immune synapses, leading to the inability to properly engage AML cells (43). Several 368 

studies have demonstrated that the interaction between ICAM-1 and its receptor, LFA-1, is 369 

crucial for T cells, including CAR-Tconv cells and CAR-DNTs, to form immune synapses with 370 

malignant cells and kill them (28,44–46). Consistent with this, Sayitoglu et al. recently reported 371 

that AML cells expressing high levels of ICAM-1 were sensitive to engineered CD4
+
 and 372 

primary CD8
+
 T cell-mediated cytotoxicity (28). Blocking ICAM-1 on AML cells was sufficient 373 

to reduce T-cell killing of AML cells (28), consistent with our findings in DNTs. However, the 374 

molecular mechanisms regulating ICAM-1 expression in AML were not described. Here, we 375 

demonstrated that SOCS1 inhibits JAK1 signaling to prevent ICAM-1 upregulation, and the 376 

degree of ICAM-1 upregulation negatively correlates with SOCS1 expression while positively 377 

correlating with T cell-mediated cytotoxicity. As a result, examining SOCS1 levels in AML 378 

patients may predict the efficacy of T-cell based immunotherapies. 379 

In hematological malignancies, JAK mutations and abnormal activation have been 380 

generally recognized as key disrupting factors in normal hematopoietic processes (19). JAK 381 

inhibitors demonstrate potent anti-leukemic activity in mouse AML models (47). Despite 382 

promising preclinical results, several clinical trials using JAK1/2 inhibitors showed limited 383 

efficacy in patients with AML and other hematological cancers, leading to the termination of 384 

some trials (20–22). Our data demonstrate that inhibiting JAK1 in AML cells can significantly 385 

increase their resistance to T cell-mediated killing by limiting ICAM-1 upregulation. While 386 

JAK1 inhibitors may reduce AML engraftment in vivo, JAK1 inhibition may counteract any 387 
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immune-mediated anti-tumoral effects, thereby contributing to the lack of observed clinical 388 

efficacy of JAK1/2 inhibitors in AML patients.  389 

Our data suggest that activating the JAK1 pathway or inhibiting SOCS1 activity in cancer 390 

cells synergize with T-cell based immunotherapies like adoptive T-cell therapy. For instance, 391 

interferons and Stimulator of Interferon Genes (STING) agonists have been shown to activate 392 

JAK1 and demonstrated direct and indirect anti-tumor activity against AML (25,48) with the 393 

potential of reversing the immune-resistant phenotype of AML blasts from patients who relapsed 394 

after allo-HSCT (35). STING agonists are currently being evaluated in clinical trials for various 395 

cancers with promising results when combined with PD-1 checkpoint inhibitors (49), while 396 

commercially available SOCS1 antagonists have not been developed or clinically tested. Thus, 397 

combining SOCS1 antagonists or JAK1 activators, such as STING agonist, with adoptive T-cell 398 

therapies might be an effective strategy to yield potent anti-cancer effects in AML patients. 399 

 Despite the survival benefit mediated by T-cell immunity in AML patients receiving allo-400 

HSCT, the regulation of interactions between T cells and AML cells remains largely unknown. 401 

Our study identified a SOCS1 pathway as a clinically relevant mediator that dictates how T cells 402 

engage with AML cells through ICAM-1. The study also provides insights into why AML 403 

patients with lower SOCS1 levels have improved survival and supports the components of the 404 

SOCS1 pathway as potential biomarkers to identify patients more likely to respond to T-cell 405 

based therapies or as targets to increase the efficacy of adoptive DNT and Tconv-cell therapy. 406 

  407 
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MATERIALS AND METHODS 408 

Expansion of DNTs and Tconv cells 409 

 Ex vivo expansion of DNTs was previously described (9,10). Briefly, DNTs were isolated 410 

from peripheral blood mononuclear cells (PBMCs) of healthy donors through Ficoll 411 

(Lymphoprep; STEMCELL Technologies) centrifugation followed by CD4
+
 and CD8

+
 depletion 412 

(RosetteSep; STEMCELL Technologies). On day 0-3, DNTs were cultured on anti-CD3 413 

antibody-coated plates (5 mg/mL, OKT3; Miltenyi Biotec; RRID: AB_1036144), followed by 414 

soluble anti-CD3 (0.1 µg/mL) on days 7-20, in RPMI-1640 (ThermoFisher) supplemented with 415 

10% fetal bovine serum (FBS, ThermoFisher) or AIM-V (ThermoFisher) and 250 IU/mL of IL-2 416 

(PROLEUKIN, Novartis Pharmaceuticals). Phenotypic purity of DNTs was examined on days 417 

10 and 14, and DNTs from day 10-20 of cultures were used in the experiments. For Tconv-cell 418 

expansion, PBMCs cultured in RPMI-1640 with 10% FBS were stimulated with ImmunoCult
TM 

419 

Human CD3/CD28 T cell activator (STEMCELL Technologies), in accordance with 420 

manufacturer protocols. CAR4-T cells were generated as previously described (46), transducing 421 

ex vivo DNTs and CD8
+
 T cells on day 3 of expansion using a 2

nd
 generation retroviral CAR 422 

construct. Empty retroviral vectors were used as controls. 423 

Cell lines and primary samples 424 

AML cell lines OCI-AML3 (RRID: CVCL_1844), OCI-AML2 (RRID: CVCL_1619), 425 

KG-1a (RRID: CVCL_1824), MV4-11 (RRID: CVCL_0064), and U937 (RRID: CVCL_0007) 426 

were obtained from American Type Culture Collection. OCI-AML2 and MV4-11 were cultured 427 

in IMDM (ThermoFisher), OCI-AML3 in alpha-MEM (ThermoFisher), and KG-1a and U937 in 428 

RPMI-1640 (ThermoFisher). All cultures were supplemented with 10% FBS. Regular 429 

Mycoplasma testing was last performed by qPCR (Charles River Research) in 2023, and cell 430 
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lines were used within 1 month of thawing from frozen vials for experiments. Primary AML 431 

samples cryopreserved in 50% DMSO, 10% FBS, and alpha-MEM were obtained from the 432 

Princess Margaret Leukemia Bank and frozen in liquid nitrogen until use. Only samples with 433 

>30% viability prior to the start of the experiment were used. Patient sample information is 434 

provided in Supplementary Table S4. Race and ethnicity of samples were not available. All cells 435 

were incubated at 37°C, 5% CO2. 436 

Antibodies and flow cytometry 437 

 The following anti-human antibodies and dyes (BioLegend) were used: CD3 (HIT3a; 438 

RRID: AB_314052), CD56 (HCD56; RRID: AB_604101), CD4 (RPA-T4; RRID: 439 

AB_2562052), CD8 (HIT8a; RRID: AB_314115), CD33 (WM53; RRID: 440 

AB_314351/AB_2734264), CD34 (581; RRID: AB_1731862), CD45 (HI30; RRID: 441 

AB_314402), CD54 (HA58; RRID: AB_10900254/AB_10917389), phospho-STAT1 (Tyr107, 442 

A17012A; RRID: AB_2734525), Annexin-V (RRID: AB_1279044), DAPI (Cat#: 422801), and 443 

Zombie Violet fixable dye (Cat#: 423113). Data acquisition was performed using the Attune 444 

NxT Flow Cytometer (ThermoFisher), followed by analysis with FlowJo software (Tree Star; 445 

RRID: SCR_008520). 446 

Flow cytometry-based in vitro cytotoxicity assays 447 

Ex vivo expanded DNTs and Tconv cells were co-cultured with AML cell lines (for 2, 24 448 

hours, or multiple days) or primary AML cells (for 3 or 24 hours) to measure the cytotoxic 449 

activities of T cells. The effector-to-target (E:T) ratios are indicated in the figure legends. AML 450 

viability was determined by Annexin-V (for 2- to 24-hour assays) or DAPI (for multi-day assays) 451 

in CD3
-
CD33

+
 or CD3

-
CD34

+
 gated populations for AML cell lines and CD45

low
CD3

-
CD33

+
 or 452 
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CD34
+
 populations for primary AML samples (Supplementary Fig. S31 and Supplementary Fig. 453 

S32).
 
Percentage specific killing was calculated by 

% 𝐷𝑒𝑎𝑑𝑤𝑖𝑡ℎ 𝑇 𝑐𝑒𝑙𝑙𝑠 − % 𝐷𝑒𝑎𝑑𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑇 𝑐𝑒𝑙𝑙𝑠100 − % 𝐷𝑒𝑎𝑑𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑇 𝑐𝑒𝑙𝑙𝑠  x 100%.  454 

For pre-treatment assays, AML cells were treated with recombinant human IFNγ (50 455 

ηg/mL or specified; BioLegend) or itacitinib (10µM; Selleckchem) for 24 hours and washed with 456 

phosphate-buffered saline (PBS) prior to the killing assay. To assess the effect of JAK1 457 

inhibition, AML cells and DNTs were co-cultured with added itacitinib. For ICAM-1 or LFA-1 458 

blocking assays, anti-CD54 (5 μg/mL, HCD54; BioLegend; RRID: AB_535974), anti-CD18 (5 459 

μg/mL, TS1/18; BioLegend; RRID: AB_2561483), or IgG1 isotype control (BioLegend) were 460 

added to the cytotoxicity assay. The absolute percentage increase in killing was calculated by  461 % 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝐾𝑖𝑙𝑙𝑖𝑛𝑔𝑡𝑟𝑒𝑎𝑡𝑒𝑑 − % 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝐾𝑖𝑙𝑙𝑖𝑛𝑔𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑  to determine treatment effects on T-cell 462 

killing of AML. 463 

Phosphorylated STAT1 intracellular staining 464 

 AML targets were co-incubated with DNTs (for 2 or 24 hours) or treated with rIFNγ (for 465 

10 mins or 24 hours). After, cells were stained with Zombie Violet fixable dye (BioLegend) and 466 

surface anti-human antibodies previously listed. Subsequently, cells were fixed and 467 

permeabilized with fixation buffer (BioLegend) and True-Phos
TM

 perm wash buffer 468 

(BioLegend), respectively. The fixed and permeabilized cells were intracellularly stained using 469 

anti-human phospho-STAT1 (Tyr107, A17012A; BioLegend). 470 

Enzyme-linked immunosorbent assay (ELISA) 471 

 DNTs and AML targets were co-incubated at an E:T ratio of 1:1 for 2 hours. After, the 472 

supernatants were collected and used for ELISA with anti-human IFNγ (B27), as previously 473 

described (9).  474 

Genome-wide CRISPR Screen 475 
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A genome-wide CRISPR/Cas9 KO screen was performed in OCI-AML2 cells stably 476 

expressing Cas9 to identify genes that conferred sensitivity and resistance to DNT-mediated 477 

killing. OCI-AML2 cells were transduced with a Cas9 in a lentiviral vector, Lenti-Cas9-2A-Blast 478 

(RRID: Addgene_73310) (50). A stable population of cells were selected with blasticidin (10 479 

μg/mL) for 6 days. Single-cell clones were obtained by plating in a 96-well plate at a density of 480 

0.4 cell/well, and a clonal population with high Cas9 expression was selected. Cas9
+
 OCI-AML2 481 

cells were transduced with a pooled library (90k library) of 91,320 gRNAs in lentiviral vectors 482 

targeting 17,232 genes at a ratio of 6 gRNAs per gene, similar to previously described (50). 483 

These cells were transduced at a multiplicity of infection of approximately 0.3–0.4 to obtain 484 

coverage of at least 200-fold per gRNA. One day post-transduction, cells were treated with 485 

puromycin (2 μg/mL) for 48 hours to select transduced cells. Cells were then treated with DNTs 486 

at their IC80 (E:T ratio of 1:1) for 18 days. Genomic DNA was then extracted from cell 487 

populations; gRNA sequences were amplified by PCR and sequenced on an Illumina Hiseq2500. 488 

Data were analyzed using MAGeCK method (RRID: SCR_025016). 489 

Gene silencing in AML cell lines 490 

 To silence JAK1 in AML cell lines, shRNA JAK1 sequence 491 

(CGTTCTCTACTACGAAGTGAT) and control vector (CGAGGGCGACTTAACCTTAGG) 492 

were cloned into lentiGuide-Puro (RRID: Addgene_52963) vectors, as previously described 493 

(24,27). These sequences were kindly provided by Dr. Hansen He’s laboratory from University 494 

Health Network (UHN). For SOCS1 silencing in AML cell lines, we used the shRNA eGFP 495 

SOCS1 vector (NM_003745.1) and scrambled control (GeneCopoeia). Lentiviral particles with 496 

the appropriate shRNA were generated in HEK293T cells (Invitrogen; RRID: CVCL_0063) 497 

using pMDG.2 (RRID: Addgene_12259) and psPAX2 packaging plasmids (RRID: 498 
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Addgene_12260). Wild-type (WT) AML cells were transduced, for 48 hours, followed by 499 

puromycin selection for 72 hours at 1 μg/mL for OCI-AML2 and MV4-11. KG-1a cells were 500 

sorted by fluorescence-activated cell sorting to purify SOCS1-silenced GFP
+
 KG-1a cells.  501 

SOCS1 knockdown in primary AML  502 

Lentiviral particles were generated in HEK293T cells using pMDG.2 (RRID: 503 

Addgene_12259), pMDLg/pRRE (RRID: Addgene_12251), and pRsv-Rev packaging plasmids 504 

(RRID: Addgene_12253), concentrated using Lenti-X™ Concentrator (Takara), and resuspended 505 

in HBSS (Gibco) with 25 mM HEPES (ThermoFisher). To transduce primary AML cells, 6-well 506 

plates were coated with RetroNectin® (20 µg/mL in PBS; Takara) and then blocked with 2% 507 

bovine serum albumin (BSA; Sigma) in PBS (W/V). The BSA solution was then aspirated, and 508 

concentrated lentiviral particles in HBBS with 25 mM HEPES were added to each well. To 509 

promote the attachment of lentiviral particles to RetroNectin, the plate was centrifuged at 3,000 510 

RPM for 2 hours at 32℃. Next, viral supernatant was aspirated. Primary AML cells were 511 

resuspended at 5x10
5
 cells/mL in X-VIVO 10 (Lonza) with 20% BIT (STEMCELL 512 

Technologies) supplemented with growth factors (50 ηg/ml, FLT3-L; 10 ηg/mL, IL6; 50 ηg/mL, 513 

SCF; 25 ηg/mL, TPO; 10 ηg/mL, IL3; 10 ηg/mL, G-CSF; PeproTech) and protamine sulfate (5 514 

µg/mL; MP Biomedical). 2x10
6
 cells primary AML cells were added to each virus-coated well to 515 

reach a transduction rate of 20-30%. To promote the interaction between the cells and lentiviral 516 

particles, the plate was centrifuged again at 2000 RPM for 10 mins at room temperature and then 517 

transferred to a 37°C incubator to initiate lentiviral transduction. 24 hours after incubation, cells 518 

were resuspended in fresh media at 1x10
6
 primary AML cells/mL and cultured in a new 6-well 519 

plate.  520 

SOCS1 overexpression in AML 521 
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 To overexpress SOCS1 in AML, we used lentiviral vector EX-K2201-Lv105-10 522 

expressing ORF SOCS1 (NM_003745.2) and a control vector (GeneCopoeia) to generate 523 

lentiviral particles in HEK293T cells. OCI-AML2 and MV4-11 WT cells were transduced for 48 524 

hours, followed by puromycin selection for 72 hours at 1 μg/mL. 525 

CRISPR knockout of ICAM-1 in OCI-AML2 526 

Stable Cas9-expressing OCI-AML2 cell lines were generated as previously described 527 

(24,27). Briefly, Cas9-GFP lentiviral particles were produced in HEK293T cells using pMDG.2 528 

and psPAX2 packaging plasmids. After a 24-48-hour transduction period, Cas9
+
GFP

+
 AML 529 

population was sorted by fluorescence-activated cell sorting. To KO ICAM-1, sgRNA sequence 530 

(CAACTTGGGCTGGTCACAGG) were cloned into the lentiGuide-Puro vectors, as previously 531 

described (24,27). The sequences were kindly provided by Dr. Hansen He’s laboratory. 532 

Lentiviral particles were generated in HEK293T cells using pMDG.2 and psPAX2 packaging 533 

plasmids. OCI-AML2 cells were transduced with lentiviral particles for 48 hours, followed by 534 

puromycin selection for 72 hours at 1 μg/mL.  535 

Real-time PCR 536 

 RNAs from AML cells were isolated using RNeasy Mini Kits (Qiagen), and cDNA was 537 

synthesized from the isolated mRNA using QuantiTect Reverse Transcription Kit (Qiagen) in 538 

accordance with the manufacturer protocols. Real-time PCR was performed on the LightCycler 539 

480 Instrument (Roche) using the LightCycler 480 SYBR Green I Master (Roche). Results were 540 

analyzed using the LightCycler 480 Software version 1.5. Primers for qPCR (Supplementary 541 

Table S5) were obtained from Integrated DNA Technologies. RNA expression was normalized 542 

to HPRT housekeeping gene. 543 

Bulk RNA-sequencing 544 
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 Total RNA from control and SOCS1 overexpressed OCI-AML2 cells were isolated using 545 

RNeasy Mini Kits (Qiagen), and cDNA was synthesized from the isolated mRNA using 546 

QuantiTect Reverse Transcription Kit (Qiagen) in accordance with the manufacturer protocols. 547 

RNA-sequencing libraries were prepared using Illumina Stranded Total RNA prep (ligation with 548 

Ribo-zero Plus kit). Libraries were sequenced as 150-bp paired-end reads in duplicates at ~50 549 

million reads per library using Novaseq 6000 platform at the Princess Margaret Genomic Centre. 550 

Four samples were sequenced in total: two replicates for control OCI-AML2 and 2 replicates for 551 

SOCS1
OE 

OCI-AML2 groups. 552 

 Transcript abundance was quantified from RNA-sequencing reads using Salmon (version 553 

1.4.0). Trimmed sequences were mapped to the human reference genome (GENCODE GRCh38; 554 

RRID: SCR_014966) using STAR (RRID:SCR_004463). Salmon quant.sf files were converted 555 

into a count matrix for subsequent gene-level analysis using the tximport pipeline (RRID: 556 

SCR_016752; version 1.30.0). Differential gene expression analysis between control and 557 

SOCS1-overexpressed OCI-AML2 AML cells was performed using DESeq2 package (RRID: 558 

SCR_000154) in R (version 4.3.1; RRID: SCR_001905). Gene set enrichment analysis was 559 

performed using the clusterProfiler package (RRID: SCR_016884) and Gene Ontology (GO) 560 

gene sets provided by MSigDB (https://www.gsea-msigdb.org/gsea/msigdb/) in R.  561 

Patient cohort analyses  562 

 The Princess Margaret Cancer Centre cohort encompasses 290 BM samples from adult 563 

patients with newly diagnosed, non-promyelocytic AML. NanoString profiling data and clinical 564 

annotation (such as T-cell signatures) were retrieved from a prior publication (34) and are 565 

accessible through GEO Series (GSE134589). The Cancer Genome Atlas RNA-sequencing data 566 

(162 adult AML patients with complete cytogenetic, immunophenotypic and clinical annotation) 567 
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were downloaded from cBioPortal (http://www.cbioportal.org/). Survminer package (RRID: 568 

SCR_021094) in R was used to plot the Kaplan-Meier curves. 569 

Single-cell RNA-sequencing (scRNA-seq analyses 570 

ScRNA-seq data by Lasry et al. (36) (n = 42 patients with newly diagnosed AML) were 571 

retrieved from the Gene Expression Omnibus (GEO; RRID: SCR_005012) repository under 572 

GEO accession no. GSE185381. After quality control filtering and downstream analysis in 573 

Seurat (version 5.0), cells were re-annotated using a curated atlas of BM hematopoiesis with 574 

balanced representation of hematopoietic stem and progenitor cells as well as differentiated cells 575 

(n = 263,159; BoneMarrowMap package in R). BoneMarrowMap (bioRxiv 2023.12.26.573390) 576 

is a large-scale, granular reference atlas of human hematopoiesis, encompassing stem/progenitor 577 

cell populations as well as terminally differentiated populations, leveraging a K-Nearest 578 

Neighbors classifier to predict leukemic states and providing an unbiased annotation approach. 579 

The authors are grateful to Dr. Andy G.X. Zeng and Dr. John Dick (Princess Margaret Cancer 580 

Centre, Toronto, Canada) for granting early access to the reference map. Cellular interactions in 581 

SOCS1
low

 and SOCS1
high

 BM cells, stratified by median SOCS1 expression across the scRNA-582 

seq dataset, were modeled in silico using the CellChat2 package (RRID: SCR_021946) in R with 583 

default settings after selecting HSCs as sender and immune effectors (CD4
+
, CD8

+
, and NK) as 584 

receiver cell populations. 585 

Xenograft model 586 

NOD.Cg-Prkdc
scid

Il2rg
tm1Wjl

/SzJ (NSG; RRID: BCBC_4611) mice (Jackson 587 

Laboratories) were used for all xenograft experiments and maintained by UHN animal facility. 8-588 

12 week-old female mice were sublethally irradiated (225 cGy) one day prior to an intravenous 589 

injection of 1.5x10
6 

MV4-11 or 3x10
6 

cells KG-1a cells. 2x10
7
 DNTs were intravenously 590 

http://www.cbioportal.org/
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injected on days 3 and 7 for the MV4-11 model and days 14, 17, and 20 for the KG-1a model. 591 

10
4
 IU rIL-2 (PROLEUKIN) was given intravenously at the time of DNT infusion and 592 

intraperitoneally one week after the last DNT infusion. Mice were euthanized two weeks after 593 

the last DNT infusion. BM cells from mice were collected by surgically removing the left femur 594 

and flushing the BM contents with a 25G needle and FBS-supplemented RPMI. Next, the BM 595 

engraftment level of AML cells were assessed and analyzed using flow cytometry 596 

(Supplementary Fig. S33). 597 

Statistical analysis 598 

 All graphs and statistical analyses were generated using GraphPad Prism 5 (RRID: 599 

SCR_002798) and R. Log-rank test, Wilcoxon signed-rank test, Student’s t-test, ANOVA, 600 

Fisher’s exact test, and linear regression tests were used where applicable. ns = nonsignificant, * 601 

p < 0.05, ** p < 0.01, *** p < 0.001 indicate statistical significance between groups. Error bars 602 

represent ± SEM or ± SD. 603 

Human samples and study approval 604 

Human blood was collected from healthy adult donors and AML patients with written 605 

informed consent in accordance with UHN Research Ethics Board (05-0221-T). Animal use was 606 

approved by UHN Animal Care Committee (AUP: 741) and experiments were performed 607 

according to the Canadian Council on Animal Care Guidelines. 608 

Data availability statement 609 

 The data generated in this study are available within the article and its supplementary 610 

data files. Bulk RNA sequencing data is publicly available at 10.5281/zenodo.14635075. All 611 

other original data generated in this study are available upon reasonable request from the 612 

corresponding author(s).  613 

https://doi.org/10.5281/zenodo.14635075
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Figure 1. Intrinsic SOCS1 expression level in AML regulates its susceptibility to T-cell 836 

killing. 837 

A) Waterfall plot of enriched (susceptibility genes) and depleted (resistance genes) sgRNAs 838 

in OCI-AML2 cells after DNT treatment relative to DNT-untreated control from the 839 

genome-wide Cas9
+
 OCI-AML2 CRISPR screen. Each dot represents a gene, and y-axis 840 

represents relative sgRNA enrichment score determined by NormZ in DNT-treated AML 841 

cells relative to the untreated. Genes (black) that are significantly enriched or depleted 842 

(FDR ≤ 1x10-5
) and are associated with the SOCS1-JAK1-STAT1 signaling pathway are 843 

displayed. 844 

B) Schematic of SOCS1-JAK1-STAT1 signaling pathway based on CRISPR screen hits.(13)  845 

(C and D) (C) KG-1a and (D) primary AML blast (n=3) silenced with shRNAs against 846 

SOCS1 (shSOCS1) or control shRNA were cultured alone or with (C) T cells or (D) 847 

DNTs. 4:1 ratio with multi-day incubation was used for KG-1a and a 24-hour co-848 

incubation with varying ratios were used for primary AML samples. Specific killing of 849 

target cells was determined by flow cytometry and DAPI to measure dead cells. 850 

Percentage specific killing was calculated by 
% 𝐷𝑒𝑎𝑑𝑤𝑖𝑡ℎ 𝑇 𝑐𝑒𝑙𝑙𝑠 − % 𝐷𝑒𝑎𝑑𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑇 𝑐𝑒𝑙𝑙𝑠100 − % 𝐷𝑒𝑎𝑑𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑇 𝑐𝑒𝑙𝑙𝑠  x 100%. 851 

Experiments were done with technical triplicates or duplicates and were performed with 852 

at least two DNT donors. Representative data are shown. Numbers represent the AML 853 

patient ID, and error bars represent SEM. Two-way ANOVA was used for statistics. * p 854 

< 0.05, ** p < 0.01, *** p < 0.001. 855 

(E and F) Sublethally irradiated (225 cGy) NSG mice were intravenously injected with 856 

control or SOCS1-silenced KG-1a, followed by three infusions of DNTs or PBS. (E) The 857 

treatment schedule of the in vivo xenograft mouse model is shown. Bar graphs represent 858 



36 

 

the mean AML BM engraftment levels pooled from two independent experiments (n=6-859 

8/group) of (F) control KG-1a-infused mice (left) and SOCS1-silenced KG-1a-infused 860 

mice (right) with or without DNT infusions. Each symbol represents the AML 861 

engraftment for an individual mouse. Error bars represent SD. Student’s t-test was used 862 

for statistics. ns = nonsignificant, * p < 0.05. 863 

G) Control or SOCS1-overexpressed (SOCS1 OE) AML cell lines (OCI-AML2 and MV4-864 

11) were co-cultured with DNTs or Tconv cells at 0.25:1 or 4:1 ratio, respectively. 865 

Percentage specific killing by T cells was determined by flow cytometry. The experiment 866 

was performed with technical triplicates, and the data shown are representative of three 867 

independent experiments. Errors bars represent SD. Two-way ANOVA was used for 868 

statistics. *** p < 0.001. 869 

(H and I) Sublethally irradiated (225 cGy) NSG mice were intravenously injected with 870 

control or SOCS1-overexpressed MV4-11, followed by two infusions of DNTs or PBS. 871 

(H) Treatment schedule of the in vivo xenograft mouse model is shown. Bar graphs 872 

represent the mean AML BM engraftment levels pooled from two independent 873 

experiments (n=6-10/group) of (I) control MV4-11-infused mice (left) and SOCS1-874 

overexpressed MV4-11-infused mice (right) with or without DNT infusions. Each 875 

symbol represents the AML engraftment for an individual mouse. Error bars represent 876 

SD. Student’s t-test was used for statistics. ns = nonsignificant, ** p < 0.01. 877 

J) Correlation between SOCS1 expression in AML cell lines (n=4) and primary AML blasts 878 

(n=6) determined by qPCR and DNT-specific killing at 2:1 ratio measured by flow 879 

cytometry. Each symbol represents an AML cell line or a primary AML sample. 880 

Numbers represent the AML patient ID. Experiments were done with technical duplicates 881 
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or triplicates and performed with at least two DNT donors. Representative data are 882 

shown. Error bars represent SEM. Linear regression test was used for statistics. 883 

 884 

Figure 2. JAK1 activity, but not expression level, correlates with AML resistance to T-cell 885 

immunity. 886 

A) Control and JAK1-silenced (shJAK1) AML cell lines (OCI-AML2 and MV4-11) were 887 

co-incubated with T cells for 24 hours (DNTs, 0.25:1 ratio; Tconv cells, 4:1 ratio). 888 

Viability of AML cells were measured by flow cytometry. Experiments were done with 889 

technical triplicates. The graphs shown are representative of two independent 890 

experiments. Error bars represent SD. Two-way ANOVA was used for statistics. *** p < 891 

0.001.  892 

(B and C) (B) AML cell lines (OCI-AML2, OCI-AML3, and MV4-11) and (C) primary 893 

AML blasts (150549, 100753, 140176, 130794, and 100857) were pre-treated for 24 894 

hours or treated with a JAK1-inhibitor, itacitinib (10 µM), respectively, or DMSO as 895 

controls. Subsequently, the cells were co-cultured with (B) Tconv cells or (B and C) DNTs 896 

for 24 hours. Percentage specific killing was calculated by Annexin-V staining via flow 897 

cytometry. Experiments were done with technical triplicates or duplicates and performed 898 

with at least two T cell donors. Representative data are shown. Error bars represent (B) 899 

SD and (C) SEM. Two-way ANOVA was used for statistics. *** p < 0.001. 900 

(D and E) Sublethally irradiated (225 cGy) NSG mice were intravenously injected with 901 

control or JAK1-silenced MV4-11, followed by two DNT injections. Bar graphs 902 

represent the mean AML BM engraftment levels pooled from three independent 903 

experiments (n=10-14/group) of (D) control MV4-11-infused mice (left) and JAK1-904 

silenced MV4-11-infused mice (right) with or without DNT infusions. Each symbol 905 
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represents AML engraftment in individual mouse. Error bars represent the SD. Student’s 906 

t-test was used for statistics. ns = nonsignificant, * p < 0.05. (E) Viable AML cells from 907 

mouse femurs were harvested and co-cultured with DNTs ex vivo for 24 hours. 908 

Percentage specific killing was determined by flow cytometry. Error bars represent SEM. 909 

Two-way ANOVA was used for statistics. *** p < 0.001. 910 

F) AML cells were cultured with or without DNTs at a 0.5:1 ratio for 2 hours. The 911 

correlation between the mean fluorescence intensity (MFI) fold change of pSTAT1 912 

expression in AML post co-culture with DNTs and DNT-specific killing measured by 913 

flow cytometry was determined by linear regression. Each symbol represents an AML 914 

cell line or primary AML sample. Numbers represent the AML patient ID. Experiments 915 

were done with technical duplicates and performed with at least two DNT donors. 916 

Representative data are shown. Linear regression test was used for statistics. Error bars 917 

represent SEM.  918 

 919 

Figure 3. T-cell effector function against AML is dependent on the SOCS1-JAK1 axis. 920 

(A and B) (A) SOCS1-overexpressed (SOCS1 OE) AML cells and (B) SOCS1-silenced 921 

(shSOCS1) KG-1a cells were cultured with or without DNTs at 0.5:1 ratio and 922 

intracellularly stained for pSTAT1. The pSTAT1 expression level was determined by 923 

flow cytometry. Experiments were performed with technical duplicates, and the data are 924 

representative of two independent experiments. One-way ANOVA was used for statistics. 925 

Error bars represent SD. ns = nonsignificant, ** p < 0.01, *** p < 0.001. 926 

C) Expression of intracellular pSTAT1 in control or SOCS1-overexpressed (SOCS1 OE) 927 

OCI-AML2 cells treated with varying concentrations of rIFNγ for 24 hours. MFI values 928 

of pSTAT1 detected by flow cytometry is shown. Data shown are representative of two 929 
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independent experiments performed with technical duplicates. Error bars represent SEM. 930 

Two-way ANOVA was used for statistics. ** p < 0.01, *** p < 0.001. 931 

D) Control and SOCS1-overexpressed OCI-AML2 cells were stimulated with varying 932 

concentrations of rIFNγ for 24 hours, washed, then co-cultured with DNTs at 1:1 ratio or 933 

Tconv cells at 4:1 ratio for 2 hours. Percentage specific killing was determined by flow 934 

cytometry. Data shown are representative of two independent experiments, and 935 

experiments were performed with technical triplicates. Error bars represent SEM. Two-936 

way ANOVA was used for statistics. ** p < 0.01, *** p < 0.001. 937 

E) Control and SOCS1-silenced (shSOCS1) AML cells were pre-treated with or without 938 

rIFNγ (50 ηg/mL), washed, then co-cultured with DNTs at 4:1 (for KG-1a) and 2:1 (for 939 

primary AML) E:T ratios. Percentage increase in specific killing was calculated by 940 

comparing treated and untreated groups. Experiments were performed with technical 941 

triplicates or duplicates with at least two DNT donors. Representative data are shown. 942 

Error bars represent SD. Student’s t-test was used for statistics. * p < 0.05, ** p < 0.01. 943 

F) AML cell lines (n=4) and primary AML blasts (n=4) were treated with or without rIFNγ 944 

(50 ηg/mL), washed, then co-cultured with DNTs. Linear regression was performed 945 

between percentage increase in specific killing measured by flow cytometry and SOCS1 946 

expression levels detected by qPCR. Each symbol represents an AML cell line or primary 947 

AML sample. Numbers represent the AML patient ID. Experiments were done with 948 

technical duplicates and performed with at least two DNT donors. Representative data are 949 

shown. Error bars represent SEM. Linear regression test was used for statistics. 950 

 951 
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Figure 4. ICAM-1 is crucial for the SOCS1-JAK1 axis to alter AML sensitivity to T-cell 952 

killing. 953 

A) Control and SOCS1-overexpressed OCI-AML2 cells were stimulated with or without 954 

rIFNγ (50 ηg/mL) and stained for various markers. MFI fold change of molecules on 955 

untreated and treated AML cells was determined with flow cytometry. Graph shown is 956 

representative of two independent experiments. 957 

(B and C) (B) SOCS1-overexpressed AML cell lines, (C) SOCS1-silenced KG-1a, and 958 

control AML cells were co-incubated with DNTs or Tconv cells for (B) 24 and (C) 48 959 

hours. Subsequently, the expression of ICAM-1 on AML cells were determined by flow 960 

and MFI fold change between AML cells with or without T cells were calculated. 0.25:1 961 

(DNT) and 2:1 (Tconv cell) E:T ratios were used for SOCS1-overexpressed AML, and 4:1 962 

ratio was used for SOCS1-silenced AML. Data are representative of at least two 963 

independent experiments, and experiments were performed with technical triplicates. 964 

Error bars represent SD. Two-way ANOVA was used for statistics. *** p < 0.001. 965 

D) MV4-11 cells harvested from the BM of DNT-treated mice in Figure 1H were stained for 966 

ICAM-1. MFI values of ICAM-1 expression on AML cells were measured by flow 967 

cytometry. Each symbol represents an individual mouse. Error bars represent SD. The 968 

results shown are the summary of two independent experiments (n=6-8/group). Student’s 969 

t-test was used for statistics. *** p < 0.001. 970 

E) AML cell lines (n=4) and primary AML blasts (n=8) were treated with or without rIFNγ 971 

(50 ηg/mL) for 24 hours. Linear regression was performed between MFI fold change in 972 

ICAM-1 with or without rIFNγ treatment determined by flow cytometry and SOCS1 973 

expression levels detected by qPCR. Each symbol represents an AML cell line or primary 974 
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AML sample. Numbers represent the AML patient ID. Experiments were done with 975 

technical duplicates. Representative data are shown. Error bars represent SEM. Linear 976 

regression test was used for statistics.  977 

F) Control and SOCS1-silenced KG-1a cells were co-cultured with DNTs at a 4:1 E:T ratio 978 

for two days, in the presence of ICAM-1 neutralizing antibody (5 µg/mL) or isotype 979 

control. Specific killing and increase in specific killing between control and SOCS1-980 

silenced AML cells were determined by flow cytometry. Experiments were performed 981 

with technical triplicates. Graphs shown are representative of two independent 982 

experiments. Error bars represent SD. One-way ANOVA (left) and Student’s t-test (right) 983 

were used for statistics. *** p < 0.001. 984 

G) Control and ICAM-1
KO

 OCI-AML2 cells were treated with or without rIFNγ (50 ηg/mL), 985 

washed, then co-incubated with DNTs at a 1:1 E:T ratio. Percentage increase in specific 986 

killing between untreated and treated AML cells was determined by flow cytometry. Data 987 

shown are representative of two independent experiments performed with technical 988 

duplicates. Error bars represent SD. Student’s t-test was used for statistics. * p < 0.05. 989 

(H and I) AML cells were treated with or without rIFNγ (50 ηg/mL) for 24 hours, washed, 990 

then co-incubated with T cells in the presence of ICAM-1 neutralizing antibody (5 991 

µg/mL) or isotype control. (H) AML cell lines were co-cultured at 1:1 (for DNTs) and 992 

4:1 (for Tconv cells) E:T ratio. (I) Primary AML blasts were co-incubated with DNTs at 993 

2:1 E:T ratio. Percentage increase in specific killing following rIFNγ treatment was 994 

determined by flow cytometry. Experiments were performed with technical triplicates or 995 

duplicates with at least two DNT donors. Representative data are shown. Error bars 996 
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represent SD. (H) Two-way ANOVA and (I) Student’s t-test were used for statistics. ns = 997 

nonsignificant, *** p < 0.001. 998 

J) AML cells were treated with or without rIFNγ (50 ηg/mL), washed, then co-cultured with 999 

DNTs. The correlation between MFI fold change in ICAM-1 and percentage increase in 1000 

specific killing between untreated and treated AML cells measured by flow cytometry 1001 

was determined by linear regression. Each symbol represents an AML cell line or 1002 

primary AML sample. Numbers represent the AML patient ID. Experiments were done 1003 

with technical duplicates and performed with at least two DNT donors. Representative 1004 

data are shown. Error bars represent SEM. Linear regression test was used for statistics. 1005 

 1006 

Figure 5. SOCS1 inversely correlates with AML patient survival without affecting disease 1007 

burden. 1008 

(A and B) Kaplan-Meier estimates of overall survival stratified by median SOCS1 1009 

expression in AML patients from the (A) TCGA-LAML and (B) PMCC cohort. Log-rank 1010 

test was used for statistics.  1011 

C) Percentage BM AML blasts (n=175/287, left) and number of AML blasts (n=174/287, 1012 

right) in patients from the PMCC cohort stratified by median SOCS1 expression. 1013 

Boxplots are shown. Wilcoxon signed-rank test was used for statistics. ns = 1014 

nonsignificant. 1015 

D) Sublethally irradiated (225 cGy) NSG mice were intravenously injected with SOCS1-1016 

silenced KG-1a (left), SOCS1-overexpressed MV4-11 (right), or respective control AML 1017 

cells. AML cells from the BM of KG-1a-engrafted and MV4-11-engrafted mice were 1018 

harvested after 35 days and 21 days, respectively. Bar graphs represent the mean AML 1019 

BM engraftment levels. Each symbol represents the AML engraftment for individual 1020 
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mouse. Error bars represent SD. The results shown are the summary of two independent 1021 

experiments (n=8-10/group). Student’s t-test was used for statistics. ns = nonsignificant. 1022 

E) Gene set enrichment analysis was performed on differentially expressed genes (adjusted 1023 

p-value < 0.05) between control and SOCS1-overexpressed OCI-AML2 cells. Top 16 GO 1024 

gene sets with adjusted p-values and normalized enrichment scores are shown. Fisher’s 1025 

exact test was used for statistics.  1026 

(F and G) In silico modeling of inferred cellular interactions in SOCS1
high

 and SOCS1
low

 1027 

BM cells (F) overall and (G) predicted cross-talk between CD4
+
 T cells, CD8

+
 T cells, 1028 

and HSCs  using the Lasry et al. AML dataset and CellChat2 in R (36). Green rectangles 1029 

highlight the interaction between CD4
+
 T cells and HSCs, and blue rectangles highlight 1030 

the interaction between CD8
+
 T cells and HSCs. 1031 

H) Kaplan-Meier estimates of overall survival in PMCC patients with low or high SOCS1 1032 

expression, determined in Figure 5B, stratified by median exhausted CD8
+
 T-cell score 1033 

(34). Log-rank test was used for statistics. 1034 

I) Schematic of the SOCS1 pathway to suppress the IFNγ-JAK1-mediated upregulation of 1035 

ICAM-1 and subsequent T-cell killing of AML. 1036 
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