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Abstract 27 

Leukemia stem cells (LSCs) promote the disease and seem resistant to therapy and immune 28 

control. Why LSCs are selectively resistant against elimination by cytotoxic CD8+ T cells 29 

(CTLs) is still unknown. In this study, we demonstrate that LSCs in chronic myeloid leukemia 30 

(CML) can be recognized and killed by CD8+ CTLs in vitro. However, Tregs, which 31 

preferentially localized close to CD8+ CTLs in CML bone marrow (BM), protected LSCs from 32 

MHC-class I dependent CD8+ CTL-mediated elimination in vivo. BM Tregs in CML were 33 

characterized by the selective expression of tumor necrosis factor receptor 4 (Tnfrsf4). 34 

Stimulation of Tnfrsf4-signaling did not deplete Tregs but reduced the capacity of Tregs to 35 

protect LSCs from CD8+ CTL-mediated killing. In the BM of newly diagnosed CML patients, 36 

TNFRSF4 mRNA levels were significantly increased and correlated with the expression of the 37 

Treg-restricted transcription factor FOXP3. Overall, these results identify Tregs as key 38 

regulator of immune escape of LSCs and TNFRSF4 as a potential target to reduce the function 39 

of Tregs and boost anti-leukemic immunity in CML. 40 

 41 

 42 

 43 

 44 

 45 

 46 

 47 

 48 

 49 

 50 

 51 

 52 
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 53 

Introduction 54 

 55 

BCR-ABL1 Tyrosine kinase inhibitors (TKI) have revolutionized the clinical management of 56 

chronic myeloid leukemia (CML) patients. These TKIs remarkably improved the prognosis of 57 

CML patients as indicated by the induction of durable complete cytogenetic hematologic 58 

responses in the majority of patients and even deep molecular remissions in a proportion of 59 

patients (1–3). Only half of the latter patients can permanently discontinue TKI therapy and 60 

maintain a treatment-free remission (4). This is due to the insufficient action of TKIs on 61 

quiescent, self-renewing leukemia stem cells (LSCs) in the bone marrow (BM) of the patients. 62 

Such persistent LSCs can maintain the disease and are responsible for relapse of the disease 63 

upon drug discontinuation (5). 64 

 65 

Immunotherapy may be a potential approach to eradicate such TKI-insensitive cells/LSCs in 66 

CML patients. Leukemia cells including LSCs are sensitive to lysis by T cells and NK cells. 67 

The relevance of allo-reactive CD8+ T cells in the control of leukemia has impressively been 68 

documented in leukemia patients receiving allogenic hematopoietic stem cell transplantation 69 

(aHSCT)(6–8) or in patients receiving donor lymphocyte infusions after relapse (7, 9, 10). 70 

However, the contribution of the endogenous adaptive immune system to the pathophysiology 71 

of leukemia is less evident. Recent studies using highly sensitive detection methods for the 72 

BCR-ABL1 transcript demonstrated that residual leukemic cells and CML LSCs can be 73 

detected even in patients who are in a molecular remission after TKI discontinuation (11, 12). 74 

These findings suggest that the host immune system may contribute to the control of these 75 

residual cells and prevent CML progression/relapse in these patients.  76 

 77 
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Compared to the majority of solid tumors, CML cells have a low mutational burden resulting 78 

in the generation of only a limited number of neo-antigens that may be detected by specific 79 

cytotoxic CD8+ T cells (CTLs) (13). As yet, endogenous CD4+ and CD8+ T cell responses 80 

directed against leukemia-specific (LSA) and leukemia-associated antigens have been detected 81 

in chronic phase CML patients (14–17). Especially LSA derived from the junctional region of 82 

BCR-ABL1, which represent CML-specific neo-antigens, but also aberrantly expressed self-83 

proteins such as WT-1, PR and hTERT have been shown to be immunogenic and to elicit 84 

specific T cell responses in vitro and in vivo (14, 16, 17). However, despite the expression of 85 

major histocompatibility complex I and II (MHC class I and II) and co-stimulatory ligands on 86 

LSCs which allow their interaction with CD4+ and CD8+ T cells (18–20), activated CTLs fail 87 

to eliminate LSCs in vivo and rather promote their expansion (18, 19, 21). This raises the 88 

hypothesis that the BM microenvironment may harbor immunosuppressive mechanisms that 89 

prevent the immune control of LSCs. 90 

 91 

Regulatory T cells (Tregs) are essential for the maintenance of immune tolerance and are a 92 

crucial component of the BM microenvironment during homeostasis and in leukemia (22, 23). 93 

Numbers and frequencies of Tregs in peripheral blood and BM are increased in CML patients 94 

at diagnosis (23–26). Furthermore, Tregs are reduced especially in patients who achieved a 95 

complete cytogenetic response (27). Similarly, a successful maintenance of treatment-free-96 

remission is associated with reduced numbers of Tregs (28–30). How Tregs are involved in the 97 

development of CML and immune escape of LSCs is, however, still unknown. 98 

 99 

In this study, we analyzed the contribution of BM Tregs in the pathogenesis of CML. We show 100 

that regulatory T cells protect LSCs from elimination by cytotoxic CD8+ CTLs and that this 101 

process can be successfully inhibited by activation of Tnfrsf4-signaling on Tregs. Overall, this 102 
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study reveals TNFRSF4 as a potential target to reduce the function of Tregs and improve anti-103 

leukemic immunity against LSCs. 104 

 105 

Results 106 

 107 

Thymic-derived Tregs with an activated immunophenotype accumulate in the BM of 108 

CML mice. 109 

We first analyzed spatial distribution of BM Tregs in respect to CTLs as well as Treg numbers 110 

and phenotype in a murine retroviral transduction/transplantation CML model (31). In the BM 111 

of CML and naïve mice, Tregs were widely distributed, did not form clusters and were 112 

preferentially localized near to CTLs as analyzed by immunohistochemistry (IHC) (Figure 1A-113 

D).  114 

FACS analysis revealed that absolute numbers of Tregs and the frequency of Treg cells among 115 

CD4+ T cells in the BM of CML mice were significantly increased compared to BM of naive 116 

mice (Figures 1E, S1A, B). In addition, the frequency of Treg cells among CD4+ T cells 117 

correlated with leukemia burden (Figure 1F). The apoptosis rate of CD4+ T cells in the BM of 118 

CML mice was substantially higher in BM of than naïve control mice. However, the apoptosis 119 

rate was similar in Tregs and conventional CD4+ T cells (Tconv) (Annexin V+ cells; Tregs 120 

CML: 23.87±3.67 and Tconv CML: 22.81±7.45) and thus cannot explain the increased 121 

frequency of Tregs in total CD4+ T cells (Figure 1G). In contrast, Ki-67 staining indicated an 122 

enhanced proliferation of Treg cells (Figure 1I). To determine the cellular origin of Tregs in 123 

CML, we stained for Helios and neuropilin-1, two markers which allow to discriminate Tregs 124 

which develop in the thymus (tTregs) and Tregs which arise by conversion from conventional 125 

CD4+Foxp3- T cells in peripheral tissues (pTregs) (32). The BM of CML mice harbored a 126 

greater proportion of tTregs (Figure 1J). In addition, Tregs in the BM of CML mice had an 127 
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activated effector phenotype (eTregs) compared to controls as indicated by an increased 128 

expression of CD44 and lack of CD62L expression on the cell surface (Figure 1K). 129 

The accumulation of eTregs was further confirmed by assessing markers which are 130 

characteristically increased in expression during the differentiation from naive/resting Tregs 131 

(nTregs) into eTregs and which mediate their immunosuppressive function such as the 132 

transcription factor Foxp3 and the surface molecules cytotoxic T-lymphocyte-associated 133 

protein 4 (Ctla-4), glucocorticoid-induced TNFR-related protein (Gitr), glycoprotein-A 134 

repetitions predominant (Garp) and transforming growth factor b1 (Tgf-b1) (Figure 1L-O). 135 

Importantly, these phenotypic changes observed in the BM of CML mice were not observed in 136 

lymphoid organs such as the spleen (Figures S1C-H).  137 

 138 

Tregs in the BM of CML mice display an activated and immunosuppressive gene 139 

expression signature.  140 

Next, we performed an RNA sequencing (RNA-Seq) analysis on Tregs isolated from BM of 141 

naïve and CML mice. In the principal component analysis (PCA) analysis, Tregs isolated from 142 

naive mice clustered together (Figure 2A). In contrast, Tregs derived from the BM of CML 143 

mice showed a certain degree of heterogeneity in terms of gene expression (PC2). Independent 144 

of this heterogeneity, Tregs derived from CML mice clearly separated from naïve Tregs (PC1). 145 

RNA-Seq analysis identified 639 genes which were differentially expressed between the two 146 

groups (Figure 2B, Supplementary Table 1). 460 genes were upregulated, and 179 genes were 147 

downregulated. Gene ontology (GO) analysis assigned the 639 differently expressed genes 148 

mainly into 12 different GO categories (Figure 2C). The differentially expressed genes were 149 

primarily involved in signaling pathways related to cell metabolism, cell cycle, negative 150 

regulation of T cell proliferation and cytokine production. Overall, these results indicate a BM-151 

specific accumulation of eTregs in CML mice. 152 

 153 
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Depletion of Tregs eliminates LSCs and leads to long-term survival of CML mice. 154 

To study the functional relevance of Tregs in CML development in vivo, we depleted Tregs in 155 

Foxp3DTR CML mice by administration of diphtheria toxin (DT) (33). Foxp3DTR CML mice 156 

with comparable leukemia burden (37±8 BCR-ABL1-GFP+Gr-1+ granulocytes (L-Gr-1+ 157 

cells)/μl blood) were randomized to control treatment with vehicle or DT for Treg depletion 158 

thirteen days after leukemia transplantation (Figure 3A). DT treatment resulted in the reduction 159 

of L-Gr-1+ cells in peripheral blood and long-term survival (Figure 3B and data not shown). 160 

In contrast, PBS-treated Foxp3DTR CML mice all died within 30 days. No residual BCR-ABL1-161 

GFP+ cells could be detected in blood, spleen and BM of DT-treated Foxp3DTR CML mice by 162 

FACS 90 days after transplantation (data not shown). These findings indicate that LSCs were 163 

either eliminated or effectively controlled by the depletion of Tregs. To determine residual 164 

disease with the most sensitive assay, we transplanted BM cells of surviving primary DT-165 

treated Foxp3DTR CML mice into lethally irradiated secondary BL/6 recipients. All secondary 166 

recipients survived up to 90 days without any signs of leukemia (Figure 3C). 167 

To address whether LSCs are indeed affected by depletion of Tregs in our model in more detail, 168 

leukemia bearing Foxp3DTR mice were treated as described above with DT and animals were 169 

sacrificed 21 days after leukemia induction. DT treatment successfully reduced/depleted Tregs 170 

in the BM of CML mice. (Figure 3D). Leukemia burden as indicated by smaller spleen size, 171 

lower numbers of L-Gr-1+ cells in blood and leukemic lin- and progenitor cells in the BM was 172 

lower in DT CML mice compared with control CML mice (Figures 3E-H). Furthermore, Treg 173 

depletion significantly reduced LSC numbers and resulted in fewer BCR-ABL1-GFP+ colonies 174 

formed in methylcellulose from lin- BM cells (Figures 3I, J). To functionally investigate 175 

whether leukemia-initiating cells had been eradicated, we transferred BM cells from primary 176 

CML into lethally irradiated secondary recipient mice. All secondary recipients transplanted 177 

with BM from PBS-treated primary CML developed the disease and succumbed to it with a 178 

median latency of approximately 32 days. In contrast, secondary recipients receiving BM from 179 
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Treg-depleted primary CML mice survived long-term without signs of leukemia as analyzed 180 

by FACS of peripheral blood, BM and spleen 90 days after transplantation (Figure 3K and 181 

data not shown). Similar results on the immunophenotype of Tregs in the BM and the 182 

contribution of Tregs to leukemia development were obtained in a blast crisis CML model 183 

(Figure S2). Overall, these results indicate that Treg depletion in a therapeutic setting 184 

contributes to the elimination of leukemia-initiating cells in vivo in mice. 185 

 186 

CD8+ CTLs selectively eliminate CML LSCs by secretion of perforin in vitro and in vivo. 187 

Next, we determined whether Tregs directly regulate LSCs in CML or whether they constrain 188 

anti-leukemic CD8+ T cell immunity and thereby promote immune escape of LSCs. Therefore, 189 

we first addressed whether CD8+ CTLs from the BM of CML mice have the capacity to 190 

recognize and kill LSCs. We co-incubated FACS-purified LSCs with CD8+ CTLs derived from 191 

the BM of CML-bearing mice overnight followed by plating in methylcellulose. Co-incubation 192 

of LSCs with CD8+ CTLs resulted in the generation of significantly fewer colonies in primary 193 

platings (Figure 4A and Figure S3A). The effect on fewer colony formation was maintained 194 

in re-plating experiments performed in the absence of CD8+ CTLs. Killing of LSCs by CD8+ 195 

CTLs was dependent on MHC I expression on LSCs (Figure S3B). In contrast, CD8+ CTLs 196 

isolated from the BM of naïve did not affect clonogenicity of LSCs (data not shown). Overall, 197 

these data suggest that BM CD8+ CTLs have the capacity to kill LSCs in vitro. 198 

  199 

The accepted hallmark of a fully active CD8+ CTL remains its perforin killing machinery, even 200 

though they exhibit both Fas ligand (FasL)-based and perforin-based lytic activities (34). To 201 

investigate if BM CD8+ CTLs reduce LSCs through perforin-mediated killing in CML, we co-202 

incubated LSCs in the presence of CD8+ CTLs derived from the BM of perforin-proficient and 203 

-deficient CML mice. In contrast to co-incubation with perforin-proficient CD8+ CTLs, co-204 

incubation with perforin-deficient CML CD8+ CTLs did not reduce colony formation (Figure 205 
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4B). Similarly, the exposure of LSCs to the granzyme B inhibitor I prior to co-culture with 206 

CD8+ CTLs protected LSCs from CD8+ CTLs -mediated killing in vitro (Figure S3B). 207 

Importantly, the clonogenic potential of normal lineage-negative c-kit+sca-1+ hematopoietic 208 

stem/progenitor cells (LSKs) derived the BM of naïve BL/6 mice was not affected by co-209 

incubation of LSKs with CD8+ CTLs from CML mice (Figure S3C).  210 

 211 

Lastly, we induced CML in BL/6 and perforin-deficient mice (BL/6 CML and Prf-/- CML, 212 

respectively, Figure 4C). 15 days after leukemia induction, mice were sacrificed, and BM and 213 

spleens were analyzed. Prf-/- CML mice had an increased leukemia burden as indicated by 214 

bigger spleen size, higher numbers of BCR-ABL1-GFP+ leukemia splenocytes (L-splenocytes) 215 

and of BCR-ABL1-GFP+ lineage-negative (L-lin-) cells in the BM compared to BL/6 CML 216 

mice (Figures 4D-F). Similarly, we found a strong increase in LSC numbers in the BM of Prf-217 

/- CML mice (Figure 4G). LSCs can be further sub-divided into long-term (LT-)LSCs, 218 

leukemia multipotent progenitors (L-MPPs) and leukemia progenitor cells (L-HPC-1s and L-219 

HPC-2s) using the markers CD150 and CD48 (18, 35). Phenotypic LSC subsets analysis 220 

revealed that the increase of LSCs in Prf-/- CML mice was in great part mediated by a significant 221 

accumulation of L-HPC-2 cells and more importantly of disease-initiating and -maintaining 222 

LT-LSCs (Figures 4H-L). Animals transplanted with BM from Prf-/- CML mice in secondary 223 

transplantation experiments succumbed to the disease significantly faster than mice 224 

transplanted with BM from BL/6 control CML mice (Figure 4M). Overall, these data suggest 225 

that cytotoxic CD8+ T cells can recognize and eliminate CML LSCs. 226 

 227 

Tregs protect LSCs from CD8+ CTL-mediated killing in vitro and in vivo. 228 

To prove that Tregs in the BM constrain anti-leukemic CD8+ T cell immunity in CML, 229 

Foxp3DTR CML mice were treated 13 days after CML induction with either PBS, DT, a 230 

depleting αCD8 mAb (PBS/αCD8) alone or in combination (DT/aCD8) (Figure 5A). 231 
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Depletion of CD8+ T cells alone did not affect leukemia load in the spleen (Figure 5B). 232 

Similarly, numbers of L-lin- cells, L-c-kithigh cells and LSCs in the BM were comparable to 233 

PBS-treated control CML mice after CD8+ T cell depletion (Figures 5C-E). In line with the 234 

findings depicted in Figure 2, Treg depletion by DT administration considerably reduced 235 

leukemia load and LSC numbers in the BM (Figures 5C-E, Figure S4A). In contrast, 236 

DT/aCD8 treatment restored leukemia burden and LSC numbers in BM to comparable levels 237 

as PBS and αCD8/PBS-treated CML mice. These findings were confirmed functionally by 238 

secondary transplantation experiments (Figure 5F).  239 

Similarly, co-culture experiments revealed that CD8+ CTLs fail to eliminate LSCs in vitro in 240 

the presence of Tregs derived from the BM of CML but not from naïve mice (Figure S3D). In 241 

addition, co-incubation with CML Tregs alone did not alter the clonogenic potential of LSCs 242 

in vitro.  243 

 244 

Lastly, we investigated whether BM CD8+ CTLs from DT-treated CML mice are more potent 245 

in eliminating LSCs in vitro. Thus, we co-cultured LSCs with BM CD8+ CTLs from naive mice 246 

and PBS- or DT-treated CML mice overnight followed by plating in methylcellulose. Co-247 

incubation of CD8+ CTLs from DT-treated CML mice even further reduced the clonogenic 248 

potential of LSCs than CD8+ CTLs from PBS-treated CML mice (Figure 5G). In addition, the 249 

expression of genes related to the capacity of CD8+ CTLs to lyse and kill LSCs such as GrzmA 250 

and GrzmB were significantly increased in CD8+ CTLs derived from DT-treated CML mice 251 

compared to CD8+ CTLs from PBS-treated CML mice (Figures 5H-J). These data suggest that 252 

Tregs in the BM indirectly promote immune escape of LSCs through modulation of CD8+ CTL 253 

activity. 254 

 255 

Tregs in CML are activated by antigens presented on MHC class II-expressing LSCs. 256 
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The expression of cognate antigens triggers the differentiation of tTregs (36–38). To determine 257 

whether leukemia cells and especially LT-LSCs have the capacity to interact with and activate 258 

Tregs via MHC class II/TCR interaction, we assessed the expression of MHC class II on LSC 259 

subsets and more differentiated leukemia and progenitor cells by FACS. MHC class II was 260 

strongly expressed on LSC subsets including LT-LSCs. In contrast, leukemia progenitor and 261 

fully differentiated L-Gr-1+ cells had reduced levels of MHC class II expressed on the cell 262 

surface (Figure S4B). These results indicate that especially LSCs possess the capacity to 263 

interact and activate tTregs in our CML mouse model.   264 

To address whether a lack of MHC class II on LSCs affects Treg activation and consequently 265 

disease development in our CML model, we transplanted MHC class II (H2) -proficient and -266 

deficient BCR-ABL1-GFP-transduced LSKs into non-irradiated Foxp3DTR mice. Even though 267 

H2-/- and BL/6 LSCs did not differ in their potential to form colony in primary and secondary 268 

replating experiments in vitro (Figure S4C), leukemia developed significantly slower in H2-/- 269 

CML mice compared to BL/6 CML mice as indicated by considerably lower levels of L-Gr-1+ 270 

cells in peripheral blood (Figure 6A). Eighteen days after leukemia induction, CML mice of 271 

both groups were sacrificed, and spleen and BM were analyzed. Spleen size was significantly 272 

smaller in H2-/- CML mice compared to controls, indicating a lower leukemia burden in these 273 

mice (Figure 6B). Phenotypic analysis of lin- BM cells by FACS further revealed significantly 274 

fewer L-lin- and L-c-kithigh cells and a 7-fold reduction of LSCs in H2-/- CML mice (Figures 275 

6C-E), a finding that was functionally confirmed by colony assays of lin- BM cells in vitro 276 

(Figure 6F). To verify that the decrease in LSCs detected by FACS analysis and in colony 277 

forming assays in vitro represents a reduction in cells that can induce leukemia in vivo, we 278 

secondarily transplanted BM cells from primary BL/6 and H2-/- CML mice into lethally 279 

irradiated secondary BL/6 recipient mice. Mice that received BM from BL/6 leukemia mice 280 

developed a more severe course of the disease and died with a median latency of 29 days. In 281 
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contrast, mice which were transplanted with BM cells from primary H2-/- CML mice survived 282 

long-term without any signs of leukemia (Figure 6G).   283 

Analysis of the activation state of Tregs in the BM of primary BL/6 and H2-/- CML mice 284 

revealed fewer eTregs in the BM of CML mice in the absence of MHC class II expression on 285 

LSCs. Importantly, the frequency of eTregs in these mice was comparable to the eTreg 286 

frequency in the BM of naive mice (Figure 6H, I). The reduced activation of Tregs in H2-/- 287 

CML was complemented by a significant increase in the frequency and absolute numbers of 288 

CD8+ T cells (Figure 6J, K). 289 

 290 

CD8+ CTL depletion renders H2-/- CML mice susceptible to disease development.  291 

Based on these results, we speculated that blockade of CD8+ CTL activity or depletion of CD8+ 292 

T cells would render H2-/- CML mice susceptible to CML development. To test this hypothesis, 293 

we depleted CD8+ CTLs in H2-/- CML mice by repetitive treatment with an aCD8 mAb (Figure 294 

6L). While IgG-treated control H2-/- CML mice were protected from CML development and 295 

survived long-term, CD8+ CTL depletion completely restored the competence of H2-/- CML 296 

mice to develop leukemia and resulted in death of the mice approximately 20-30 days after 297 

transplantation (Figure 6M, N). To further determine the effect of CD8 blockade on LSCs in 298 

H2-/- CML, aCD8 mAb- or control IgG-treated H2-/- CML mice were sacrificed 16 days after 299 

CML induction and BM was analyzed. CD8+ CTL depletion significantly increased leukemia 300 

burden as demonstrated by an elevated number of L-lin- cells and LSCs as assessed 301 

phenotypically by FACS and functionally by colony formation assays and secondary 302 

transplantation of BM into secondary recipients (Figure 6O-R). These results indicate that 303 

Tregs are activated by antigens presented on MHC class II-expressing leukemia cells and LSCs.  304 

 305 

Stimulation of Tnfrsf4-signaling reduces the capacity of Tregs to protect LSCs from CD8+ 306 

CTL- mediated killing in CML. 307 
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Next, we determined whether immune-related surface receptors which were up-regulated in 308 

CML BM could be used to selectively target Tregs. Among the most up-regulated genes, our 309 

RNA-seq analysis identified five immune-related surface receptors (Tnfrsf1b, Tigit, Tnrsf4, 310 

Tnfrsf8, and Tnfrsf9, Supplementary Table 1). Because Tnfrsf1b and Tnfrsf9 have a reported 311 

role in the regulation of normal hematopoietic stem cells (39) and myeloid differentiation of 312 

early hematopoietic progenitor cells (40, 41), we focused our subsequent analysis on Tigit, 313 

Tnrsf4 and Tnfrsf8. FACS analysis revealed that besides CD4+Foxp3+ Tregs also a fraction of 314 

CD8+ CTLs, CD4+Foxp3 - T cells, L-Gr-1+ cells and LSCs express Tigit in the BM of CML 315 

mice (Figure S4C, D). In contrast, Tnfrsf8, alias CD30, was absent on protein level on all cell 316 

populations analyzed including CD4+ Foxp3+ Tregs (data not shown). Tnfrsf4 could not be 317 

detected on the surface of CD8+ T cells, L-Gr-1+ cells and LSCs, while a substantial fraction of 318 

CD4+Foxp3+ Tregs and a minor fraction of CD4+Foxp3- T cells expressed Tnfrsf4 in the BM 319 

of CML mice (Figure 7A, B). These data suggest that Tnfrsf4 may serve as a target to 320 

selectively eliminate/inactivate Tregs in CML without directly affecting CD8+ CTL-mediated 321 

immunity and leukemia cells. To proof this concept, we co-cultured LSCs and CD8+ CTLs from 322 

CML BM in the presence and absence of CML Tregs and an agonistic Tnfrsf4 antibody 323 

followed by plating in methylcellulose. The agonistic Tnfrsf4 antibody OX86 has been shown 324 

to mediate Tnfrsf4 forward signaling on Tregs leading to their functional inactivation in vitro 325 

and in vivo (42–44) and has also been demonstrated to deplete Tnfrsf4-expressing Tregs in 326 

other solid tumor models (45). CD8+ CTLs reduced colony formation of LSCs independent of 327 

the presence of the antibody. In contrast, addition of the antibody to the co-culture of LSCs, 328 

Tregs and CD8+ CTLs reduced colony formation of LSCs to comparable levels as co-cultures 329 

of LSCs and CD8+ CTLs. Colony formation of LSCs was not affected by addition of the 330 

antibody into the monoculture (Figure 7C).  331 

 332 
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To demonstrate the in vivo relevance of our findings, BL/6 CML mice were treated with either 333 

control IgG or an agonistic Tnfrsf4 antibody starting at day 12 day after CML induction and 334 

disease development was monitored. Tnfrsf4 antibody treatment reduced L-Gr-1+ cells in the 335 

peripheral blood and significantly prolonged survival of CML mice with 60% of mice surviving 336 

long-term (Figure 7D, E). Mechanistically, Tnfrsf4 antibody treatment significantly increased 337 

the CD8/Treg ratio in BM without depletion/reducing Treg numbers (Fig. 7F, G) which 338 

resulted in reduced leukemia and reduced numbers of BM LSCs (Fig. 7H-J). Overall, these 339 

data indicates that blockade of TNFRS4-signaling on Tregs promotes anti-leukemic immunity 340 

and promotes elimination of CML LSCs by CD8+ CTLs.  341 

 342 

 343 

Tregs protect primary human CD34+CD38- CML stem/progenitor cells from CD8+ CTL-344 

mediated killing in vitro. 345 

To validate the significance of our findings for human CML, we addressed whether cytotoxic 346 

CD8+ T cells can kill CD34+CD38- CML stem/progenitor cells derived from newly diagnosed 347 

chronic phase CML patients and whether this effect can be reverted in the presence of Tregs 348 

(Table S2). Therefore, we first co-incubated FACS-purified CML stem/progenitor cells 349 

overnight with FACS-purified CD8+ CTLs derived from the same patients at an effector to 350 

target ratio of 1:1, followed by plating in methylcellulose. Like our results obtained with mice, 351 

co-incubation with CD8+ CTLs reduced the clonogenic potential of primary CML 352 

stem/progenitor cells in a granzyme-dependent manner (Figures 8A, B, Table S2). 353 

Importantly, addition of Tregs to the culture of CD8+ CTLs and CML stem/progenitor cells 354 

prevented elimination of CML stem/progenitor cells by CD8+ CTLs (Figure 8C). In contrast, 355 

co-culture of LSCs with Tregs did not affect their clonogenic potential. Overall, these data 356 

indicate that Tregs in the BM protect LSCs from elimination by CD8+ CTLs in CML.  357 

 358 
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Tregs are increased in BM of newly diagnosed CML patients and are located close to 359 

CD8+ CTLs. 360 

In line with previous findings (23), analysis of BM sections from a limited number of CML 361 

patients and healthy donors by IHC demonstrated that Treg numbers tend to be increased in 362 

CML BM (Figure 8D). Tregs were widely distributed in the BM parenchyma in CML and 363 

healthy conditions (Figure 8E and Figure S5A). While a comparable frequency of about 30% 364 

Tregs were found close to normal CD34+ stem/progenitor cells and CD8+ CTLs in the healthy 365 

donor BM (Figure S9B-D), the majority of Tregs in BM of CML patients were close to CD8+ 366 

CTLs (58,44 ± 6.53%) but not CD34+ CML stem/progenitor cells (18,33 ± 3.87%) (Figure 7F-367 

H) 368 

 369 

TNFRSF4 mRNA expression is increased in the BM of CML patients. 370 

To demonstrate a role for TNFRSF4 in CML, we analyzed mRNA expression of TNFRSF4 and 371 

Treg-associated genes such as FOXP3 and TGFB1 in the BM of 66 newly diagnosed chronic 372 

phase CML patients and 73 healthy controls using a publicly available microarray dataset 373 

(GSE13159). We found the expression of TNFRSF4, FOXP3 and TGFB1 mRNA significantly 374 

increased in BM samples from CML patients compared to controls (Figures 8I-K). Importantly, 375 

the expression of FOXP3 mRNA strongly correlated with TNFRSF4 and TGFB1 in the BM of 376 

CML patients but not in healthy donor control BM (Figures 8L, M and Figure S5E, F). FACS 377 

analysis of the BM from a limited number of newly diagnosed CML patients revealed that a 378 

significant fraction of CD4+CD127loCD25+ BM Tregs express the TNFRSF4 on the surface 379 

whereas TNFRSF4 was absent on CD8+ T cells and CML stem/progenitor cells (Figure 8N 380 

and Figure S5G).  381 

 382 

 383 

Discussion 384 
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 385 

Leukemia can only be eradicated long-term by targeting disease-initiating and -maintaining 386 

LSCs (5, 46). Despite the clinical success of TKIs in the treatment of CML patients, quiescent, 387 

TKI-resistant LSCs remain in the BM in a majority of patients and can cause relapse of the 388 

disease after drug discontinuation or through the acquisition of mutations (5). For these patients, 389 

immunotherapy might be a potential therapeutic option. However, LSCs also seem resistant to 390 

elimination by activated CD8+ CTLs in vivo and various immune effector mechanisms 391 

contribute to the expansion of LSCs rather than to their elimination (18, 19, 47, 48). Why LSCs 392 

are selectively resistant against elimination by CD8+ CTLs is still unknown. 393 

In the present study, we describe Tregs in the BM as an important mediator of immune escape 394 

of LSCs in CML. During homeostasis, Tregs are enriched in the BM and are thought to provide 395 

an immune-privileged niche, protecting hematopoietic stem and progenitor cells (HSPCs) from 396 

immune destruction (22). In addition, Camacho et al. recently demonstrated that BM Tregs 397 

regulate hematopoiesis indirectly through modulation of stromal cell function (49).  In CML, 398 

numbers and frequencies of Tregs in peripheral blood and BM are increased in patients at 399 

diagnosis and correlate with a poor prognosis (Sokal score) (23–26). In addition, Treg numbers 400 

further increase in accelerated phase and blast-crisis CML patients compared to chronic phase 401 

CML patients (25). In line with these findings, we document that Tregs are increased in CML 402 

BM in frequency and absolute numbers in a murine CML model. Depletion of Tregs in a 403 

therapeutic setting through short-term administration of DT in Foxp3DTR mice resulted in 404 

activation of CD8+ CTLs, elimination of LSCs and long-term survival. In addition, co-culture 405 

of Tregs from the BM of CML mice but not from BM of naïve mice with LSCs and CD8+ CTLs 406 

prevented the killing of LSCs in vitro. The results obtained in mice were confirmed in 407 

comparable experiments using Treg, CML stem/progenitor cells and CD8+ CTLs from newly 408 

diagnosed CML patients and suggest a similar role of Treg in the protection of LSCs from CD8+ 409 

CTLs mediated killing in humans.  410 
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Our study describes the distribution and the spatial localization of Tregs in the BM during 411 

homeostasis and in CML. Tregs were widely distributed throughout the BM parenchyma in 412 

mice and humans. In human CML, the majority of Tregs were localized close to CD8+ CTLs 413 

and not close to CD34+ CML stem/progenitor cells. Similarly, a big proportion of Tregs were 414 

in close proximity to CD8+ CTLs in the BM of CML mice. Overall, our findings suggest that 415 

Tregs in CML BM preferentially interact with CD8+ CTLs and regulate their function instead 416 

of interacting directly with CML stem/progenitor cells, findings, which are supported by 417 

functional data generated in this study. 418 

Tregs in CML BM were activated, thymic-derived and over-expressed receptors such as Ctla-419 

4, Gitr, Garp and Tgf-b1 on the surface which have been previously reported to mediate their 420 

activity and immunosuppressive function in various cancer entities (50). Given that TCR 421 

stimulation is required for activation and acquisition of suppressive function in Treg cells (36–422 

38), the activated profile of BM Tregs in our study suggests that antigen stimulation may play 423 

an important role in the activation and accumulation of Treg cells in CML BM. In line with this 424 

hypothesis, we found that MHC class II expression on LSCs promoted the activation and 425 

accumulation of eTregs in the BM resulting in immune escape of LSCs from CD8+ CTL-426 

mediated immunity in CML.  In CML patients, leukemia-antigen specificity of CD4+ T cells 427 

has been documented in several independent studies (17, 51–53). However, whether CML-428 

antigen specific Tregs are part of this CD4+ T cell population is still unclear. In general, the 429 

evidence for functional tumor-antigen specific Tregs in cancer is very weak due to the lack of 430 

adequate MHC class II tetramers and antigen-specific Treg cells have only been documented 431 

in few solid tumors and in B acute lymphoblastic leukemia (54–58).  432 

 433 

CML has a lower mutational burden as most solid tumors and has therefore a lower number of 434 

neoantigens that can be recognized by specific CD8+ CTLs (59), suggesting that LSCs in 435 
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myeloid leukemia may have a low degree of immunogenicity.  Similarly, the frequency of 436 

CML-specific CD8+ CTLs at diagnosis in humans is rather low (14, 60). Here, we document 437 

for the first time that CML LSCs can be recognized and killed by antigen-specific BM CD8+ 438 

CTLs through perforin/granzyme-mediated lysis, even though only a minority of the BM CD8+ 439 

CTLs are leukemia-specific.  440 

In contrast,  CD8+ CTLs may also contribute to the expansion of LSCs as documented in earlier 441 

studies (18, 19, 47, 48).  This discrepancy may be explained by differences in the activation 442 

status of the specific T cells, the effector:target ratio and, as shown in our present study, the 443 

presence of  Tregs (18, 19, 47, 48). For example, the transfer of a large numbers of activated T 444 

cell receptor transgenic T cells leads to a IFNg-dependent expansion of LSCs, whereas the 445 

physiological activation of few CML-specific CD8+ T cells leads to the elimination of LSCs 446 

(19).  447 

 448 

Tregs are an important regulator of homeostasis in the BM and provide an immune privilege 449 

niche for HSCs (49, 61). Due to the crucial role of Tregs in the regulation of BM 450 

microenvironment unselective targeting of Tregs would seriously affect normal hematopoiesis. 451 

To identify surface markers that can be selectively targeted on Tregs in the BM of CML mice, 452 

we performed an RNA-Seq analysis of BM Tregs from CML and naïve mice. In line with our 453 

phenotypic observations, Tregs in the BM of CML mice had an enhanced expression of genes 454 

related to Treg differentiation and function, cell cycle, inflammation and immunosuppression. 455 

We identified the TNFRSF4 as a cell surface receptor which was highly overexpressed on CML 456 

Tregs at mRNA level. Activation of TNFRSF4 forward signaling by the agonistic antibody 457 

OX86 did not deplete Tregs but reduced the immunosuppressive function of Tregs and thereby 458 

inhibited the capacity of BM Tregs to protect LSCs from elimination by CD8+ CTLs. TNFRSF4 459 

agonists are currently being investigated alone or in combination with other immunotherapies 460 

for the treatment of various tumor entities. TNFRSF4 agonists are currently being investigated 461 
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alone or in combination with other immunotherapies for the treatment of various tumor entities 462 

(50). Consequently, the efficacy of an agonistic TNFRSF4 antibody to modulate T cell-463 

immunity and to eliminate LSCs in CML patients could be directly addressed in patients who 464 

did not obtain a deep molecular remission as well as in patients who relapsed after TKI stop. In 465 

summary, our study identifies Tregs as a central regulator of immune escape of LSCs and 466 

TNFRSF4 as a potential target to modulate the Tregs and promote anti-leukemic immunity in 467 

CML.  468 

 469 

 470 

Methods 471 

 472 

Antibodies for flow cytometry 473 

Mouse: αLy-6A/E-PerCP-Cy5.5 (Sca-1, clone D7; 1:600, Cat# 108123, RRID:AB_893619), 474 

αCD117-APC-Cy7 (c-kit, clone 2B8; 1:300, Cat# 105838, RRID:AB_2616739), αLy6G/C- PE 475 

(clone RB6-8C5, 1:400, Cat# 108408, RRID:AB_313373), αCD19-APC-Cy7 (clone 6D5, 476 

1:300, Cat# 115530, RRID:AB_830707), αCD4-BV650 (clone RM4-5, 1:600, Cat# 100555, 477 

RRID:AB_2562529), αCD150-PE (clone TC15-12.F12.2, 1:200, Cat# 115903, 478 

RRID:AB_313682), αCD48-AlexaFluor700 (clone HM48-1, 1:100, Cat# 103426, 479 

RRID:AB_10612755), αCD16/32-PE-Cy7 (clone 93, 1:400, Cat# 101307, RRID:AB_312806), 480 

αCD4-PE-Cy7 (clone GK1.5, 1:600, Cat# 100421, RRID:AB_312706), αCD8-AlexaFluor700 481 

(clone 53-6.7, 1:800, Cat# 100729, RRID:AB_493702), αCD4-APC-Cy7 (clone GK1.5, 1:600, 482 

Cat# 100414, RRID:AB_312699), αCD8-PE-Cy7 (clone 53-6.7, 1:600, Cat# 100721, 483 

RRID:AB_312760), αCD25-PerCP-Cy5.5 (clone PC61, 1:300, Cat# 102030, 484 

RRID:AB_893288), αHelios-AlexaFluor647 (clone 22F56, 1:40, Cat# 137208, 485 

RRID:AB_10552902), Armenian hamster IgG-AlexaFluor647 (clone HTK888; 1:1667, Cat# 486 

n/a, RRID:n/a),  αCD8-PerCP-Cy5.5 (clone 53-6 .7, 1:600, Cat# 100734, RRID:AB_2075238), 487 
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αCD62L-PE (clone MEL-14; 1:800, Cat# 104407, RRID:AB_313094), αCD62L-Pacific Blue 488 

(clone MEL-14; 1:200, Cat# 104423, RRID:AB_493381), αCD44-APC-Cy7 (clone IM7; 489 

1:200), αI-A/I-E-APC-Cy7 (clone M5/114.15.2; 1:200, Cat# 103028, RRID:AB_830785), rat 490 

IgG2b κ-APC-Cy7 (clone RTK4530; 1:200, Cat# 400624, RRID:AB_326566), Annexin V-491 

AlexaFluor647 (1:100, Cat# 640911), Annexin V-PE (1:200, Cat# 640908), αCD8-PE (clone 492 

53-6.7, 1:600, Cat# 100708, RRID:AB_312747), αLy-6C/G-APC (clone RB6-8C5, 1:200, Cat# 493 

108412, RRID:AB_313377), αCTLA-4-BV605 (clone UC10-4B9, 1:50, Cat# 106323, 494 

RRID:AB_2566467), Armenian hamster IgG-BV605 (clone HTK888; 1:50, Cat# 400943), 495 

αTGF-b1-PE (clone TW7-16B4, 1:200, Cat# 141403, RRID:AB_10730610) and IgG1 κ -PE 496 

(clone: MOPC-21, Cat# 400113, RRID:AB_326435),  aTNFRSF4-BV421 (clone OX-86, 1:50, 497 

Cat# 119411, RRID:AB_10962569) and rat IgG1 κ-BV421 (clone RTK2071, 1:50, Cat# 498 

400429, RRID:AB_10900998), aTIGIT-PE-Dazzle (clone: 1G9, 1:100, Cat# 142111, 499 

RRID:AB_2687311) and rat IgG1 κ-PE-Dazzle (clone: MOPC-21, 1:100, Cat# 400157, 500 

RRID:AB_10897939), αLy-6A/E-APC (clone D7; 1:100, Cat# 108111, RRID:AB_313348) 501 

were purchased from BioLegend. αCD8a-BUV395 (clone 53-6.7, 1:600, Cat# 563786, 502 

RRID:AB 2732919) and αCD117-BUV395 (clone 2B8, 1:300, Cat# 564011, 503 

RRID:AB_2738541) were purchased from BD Biosciences. αCD34-eFluor450 (clone RAM34; 504 

1:100, Cat# 48-0341-82, RRID:AB_2043837), αKi67-PE (clone SolA15, 1:100, Cat# 14-5698-505 

82, RRID:AB_10854564), Rat IgG2a κ-PE-Cy7 (clone eBR2a; 1:100) and αGITR-PE-Cy7 506 

(clone DTA-1, 1:400, Cat# 25-5874-80, RRID:AB_10544396), aCD30-PE (clone: mCD30.1, 507 

1:10, at# 12-0301-81, RRID:AB_465628) and Armenian hamster IgG (clone: eBio299Arm, 508 

1:10, Cat# 12-4888-83, RRID:AB_470074), Viability dye – e450 (1:4000), aMHC I (clone: 509 

28-14-8, 1:100, Cat#: 16-5999-82, RRID: AB_469197) and Rat IgG2b K Isotype Control (clone: 510 

eBM2a, 1:100, Cat# 16-4724-82, RRID: AB_470164) and viability dye – e506 (1:1000) were 511 

purchased from ThermoFisher. Lineage-positive cells were excluded by MACS-sorting using 512 

biotinylated αCD19 (clone 6D5, 1:300, Cat# 115504, RRID:AB_313639), αCD3e (clone 145-513 
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2C11, 1:300, Cat# 100304, RRID:AB_312669), αLy-6G/C (clone RB6-8C5, 1:300, Cat# 514 

108404, RRID:AB_313369) and αTer119 (clone Ter-119; 1:300, Cat# 116203, 515 

RRID:AB_313704) from BioLegend, followed by a second staining step with streptavidin-516 

Horizon-V500 (1:1000, Cat# 561419, RRID:AB_10611863) from BD Biosciences after the 517 

separation. 518 

Human: aCD34-APC (clone 561, 1:80, Cat# 343607, RRID:AB_2074356) and aCD34-APC-519 

Cy7 (clone 561, 1:100, Cat# 343614, RRID:AB_2571927), aCD45-Pacific-Blue (clone HI30, 520 

1:300, Cat# 304029, RRID:AB_2174123), aCD38-PE-Cy7 (HIT2, 1:50, Cat# 303522, 521 

RRID:AB_893314) and aCD90-PerCP-Cy5.5 (clone 5E10, 1:100, Cat# 328117, 522 

RRID:AB_961312), aCD3-BV786 (clone: OKT3, 1:100, Cat# 317329, RRID:AB_11219196), 523 

aCD4-PE-Cy7 (clone: OKT4, 1:50, Cat# 317414, RRID:AB_571959), aCD25-AF700 (clone: 524 

BC96, 1:200, Cat# 302622, RRID:AB_493755), aCD8a-PerCP-Cy5.5 (clone: CD8, 1:100, 525 

Cat# 300923, RRID:AB_1575079),  aTNFRSF4-PE (clone: Ber-ACT35, 1:30, Cat# 350003, 526 

RRID:AB_10641708) and IgG1 κ -PE (clone: MOPC-21, Cat# 400113, RRID:AB_326435) 527 

were from BioLegend. aCD127-BUV737 (clone: HIL-7R-M21, 1:50, Cat# 612795, 528 

RRID:AB_2870122) was from BD Biosciences.  529 

Lineage-positive cells were excluded by staining using biotinylated aCD2 (clone RPA-2.10, 530 

1:100, 300204, RRID:AB_314028), aCD3 (clone OKT3, 1:100, Cat# 317320, 531 

RRID:AB_10916519), aCD14 (clone HCD14, 1:100, at# 325624, RRID:AB_2074052), 532 

aCD16 (clone 3G8, 1:100, Cat# 302004, RRID:AB_314204), aCD19 (clone HIB19, 1:100, 533 

Cat# 302204, RRID:AB_314234), aCD56 (clone HCD56, 1:100, Cat# 318320, 534 

RRID:AB_893390) and aCD235ab (clone HIR2, 1:100, Cat# 306618, RRID:AB_2565773) 535 

(BioLegend), followed by a second step using streptavidin-Horizon-V500 (1:1000, BD 536 

Pharmingen, Cat# 561419, RRID:AB_10611863). 537 
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Flow cytometric analysis on BM and lineage-negative BM cells, blood cells, splenocytes were 538 

performed following red blood cell (RBC) lysis. Samples were analyzed on a BD Fortessa and 539 

sorting procedures were performed using a BD FACS Aria III (BD Pharmingen). Data were 540 

collected using FACSDiva software (BD Pharmingen) analyzed using FlowJo software 541 

(Treestar). Effective separation after FACS-sorting was assessed by re-analyzing a fraction of 542 

the sorted samples by flow-cytometry analysis (purity after FACS-sorting: 96.2 ± 1.8%). 543 

 544 

Patient samples 545 

BM aspirates from untreated, newly diagnosed CML patients at the Department of Hematology 546 

and Central Hematology Laboratory, Inselspital, Bern University Hospital and University of 547 

Bern, Switzerland, were obtained between 2015-2020. Patient characteristics are listed in 548 

Supplementary Table 2. Patient data were collected and managed using REDCap electronic 549 

data capture tools hosted at the Department for BioMedical Research (62).  550 

 551 

Mice 552 

C57BL/6J (BL/6) mice were purchased from Charles River Laboratories and Foxp3DTR/GFP mice 553 

were obtained from Jackson Laboratories (33). Major histocompatibility class II-/- (H2-/-) mice 554 

were received from the Swiss Immunological Mouse Repository (63). Perforin-/- (Prf-/-) mice 555 

were kindly provided by P. Krebs (Institute of Pathology, University of Bern, Switzerland)(64). 556 

Experiments were performed with age- (6-8 weeks) and sex-matched animals of both genders. 557 

Mice were housed under specific pathogen–free conditions in individually ventilated cages with 558 

food and water ad libitum and were regularly monitored for pathogens. Mice were assigned to 559 

different treatment groups through randomization and all experiments were conducted and 560 

analyzed in a non-blinded fashion.  561 

 562 

Colony-forming assays 563 
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Mouse: 5 x 103 MACS-purified lin- cells were plated in semi-solid methylcellulose as 564 

previously described (19). GFP+ colonies were determined after 7 days with an inverted 565 

fluorescence microscope.  566 

For in vitro co-culture experiments, 103 FACS-purified LSCs were incubated with perforin-567 

deficient or -proficient CD8+ T cells from BM of CML mice at a ratio of 1:1 overnight in RPMI 568 

supplemented with 10% FCS, 1% Penicillin-Streptomycin, 1% L-Glutamine, SCF (100ng/ml) 569 

and TPO (20ng/ml) followed by plating in methylcellulose. Alternatively, LSCs pre-treated 570 

with the granzyme B inhibitor I (100µM, Sigma) for 1h at 37°C were co-incubated with CD8+ 571 

T cells from BM of CML mice at a ratio of 1:1 overnight followed by plating in methylcellulose. 572 

In addition, LSCs were co-cultured overnight with CD8+ T cells and Tregs pre-treated for 2h 573 

with an Tnfrsf4 antibody (clone OX-86, 30 µg/ml, BioXCell, Cat# BE0031, 574 

RRID:AB_1107592) or control IgG1 antibody (Cat# BE0088, RRID:AB_1107775) at a ratio 575 

of 1:1:1 in triplicates followed by plating in methylcellulose. For each round of serial colony 576 

re-plating, total cells were collected from the methylcellulose, and 104 cells were re-plated into 577 

methylcellulose without any T cells. Colony numbers were assessed with inverted light 578 

microscopy after 7 days for each round of plating (≥30 cells/colony). 579 

Human: 103 FACS-purified CD34+CD38- CML were plated in semi-solid methylcellulose as 580 

previously described ((19), Supplementary Table 2). Colonies were determined after 14 days 581 

with an inverted light microscope. For co-culture experiments, 103 FACS-purified 582 

CD34+CD38- CML stem/progenitor cells (CML also pre-treated with the granzyme B inhibitor 583 

I) were co-incubated with BM CD8+ T cells and/or CD4+CD127loCD25+ Tregs at a ratio of 584 

1:1:1 followed by plating in methylcellulose. For each round of serial colony re-plating, total 585 

cells were collected from the methylcellulose, and 104 cells were re-plated into methylcellulose 586 

without any T cells. Colony numbers were assessed with inverted light microscopy after 14 587 

days for each round of plating (≥30 cells/colony). 588 

 589 
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Leukemia mouse models 590 

Chronic phase CML was induced and monitored as described before (31). Briefly, FACS-591 

purified LSKs from the BM of donor mice were transduced twice on two consecutive days with 592 

a BCR-ABL1-GFP retrovirus by spin infection. 3 x 104 cells were injected intravenously into 593 

the tail vein of non-irradiated syngeneic recipients. 594 

Blast crisis CML was induced as previously described (65). FACS-purified LSKs were 595 

simultaneously transduced with BCR-ABL1-CFP and NUP98-HOX-GFP retrovirus in a 596 

RetroNectin pre-coated plate on two consecutive days.  After two transduction rounds, NUP98-597 

HOX-GFP/ BCR-ABL1-CFP double-positive cells were FACS-purified and injected into 598 

sublethally irradiated recipients (4.5 Gy) to expand the leukemic cells. 5 x 103 NUP98-HOX-599 

GFP/ BCR-ABL1-CFP double-positive cells from primary recipient mice were injected 600 

intravenously into the tail vein of non-irradiated syngeneic recipients. 601 

For Treg depletion, DT (15ng/g, Sigma) was administered intraperitoneally (i.p.) at different 602 

days indicated in the figure legends.  Sterile PBS (Sigma) was used as a control treatment. To 603 

deplete CD8a,b T cells, mice were treated with 75µg murine αCD8a mAb (clone: 53-6.7, 604 

BioXCell, Cat# BE0004-1, RRID:AB_1107671) i.p. at different days indicated in the figure 605 

legends. To compare LSC activity in vivo, 5 x 106 WBM cells from primary CML mice were 606 

injected intravenously into lethally irradiated (6.5 Gy twice with 4 hours interval) secondary 607 

recipient mice. 608 

For Tnfrsf4 antibody treatment experiments, Tnfrsf4 antibody (200µg/mouse, clone, OX-86, 609 

BioXCell, Cat# BE0031, RRID:AB_1107592) was administered intraperitoneally (i.p.). for six 610 

times every second day, starting at day 12. Rat IgG1, k (BioXCell, Cat# BE0088, 611 

RRID:AB_1107775) was used as a control treatment. 612 

 613 

LSC analysis 614 
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The LSC numbers in chronic phase and blast-crisis CML mice were analyzed phenotypically 615 

by FACS analysis as previously described(18, 19). Briefly, LSC subpopulations in BCR-ABL1-616 

GFP+ lin- BM cells were defined as follows: L-HPC-1 (Sca-1+c-kithighCD48+CD150-), L-HPC-617 

2 (Sca-1+c-kithighCD48+CD150+), L-MPPs (Sca-1+c-kithighCD48-CD150-) and LT-LSCs (Sca-618 

1+c-kithighCD48-CD150+). For blast-crisis CML, the disease-initiating cells were defined as 619 

NUP98-HOX-GFP+BCR-ABL1-CFP+lin-Sca-1+c-kithighCD135+CD150- (66). 620 

 621 

Ki67 staining 622 

Ki67 staining was performed with Foxp3/Transcription Factor Staining Buffer Set 623 

(ThermoFisher) according to manufacturer’s protocol. After surface marker staining, cells were 624 

incubated in fixation/permeabilization working solution for up to 18h at 4°C, followed by 625 

washing with permeabilization buffer and intracellular staining with Ki-67 PE antibody for 626 

30min at 4°C. 627 

 628 

High-throughput transcriptome analysis using next generation RNA sequencing (RNA-629 

Seq) 630 

Total RNA was extracted from Tregs derived from the BM of naïve and CML-bearing 631 

Foxp3DTR/GFP mice (n=3/group) using the RNeasy Micro Kit (cat. 74004, Qiagen). Total RNA 632 

quality was determined by a Bioanalyzer using the RNA 6000 Nano Chip (Agilent 633 

Technologies) and quantified by fluorometry using the Quantifluor RNA System Kit (cat. 634 

E3310, Promega) on a Quantus Fluorometer Instrument (Promega).  635 

Library preparation was performed from total RNA using the SMART-Seq v4 Ultra Low Input 636 

RNA Kit for Sequencing (Takara Bio). Libraries were quality-checked on the Fragment 637 

Analyzer using the High Sensitivity NGS Fragment Analysis Kit (Agilent). Samples were 638 

pooled to equal molarity and the pool was quantified by fluorometry, in order to be loaded at a 639 

final concentration of 2pM on the NextSeq 500 instrument (Illumina). Samples were sequenced 640 
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SR76 using the NextSeq 500 High Output Kit 75-cycles (Illumina) and primary data analysis 641 

was performed using the Illumina RTA version 2.4.11 and bcl2fastq v2.20.0.422. 642 

 643 

RNA-Seq data analysis  644 

The RNA-Seq data was assembled by SeqMan NGen software v.15 and analyzed using 645 

ArrayStar software v.15 (DNASTAR, USA). The software allows statistical analyses of 646 

differential gene expression using EdgeR or DESeq2. For our analysis we used DEseq2. The 647 

level of gene expression was assessed after normalization and log2 transformation. The data set 648 

was analyzed by two-way ANOVA. Genes with significant difference in their expression at 649 

FDR-P<0.05 and fold differences ≥1.5 were selected. Data were clustered using standard 650 

Euclidean’s method based on the average linkage and heatmaps were generated according to 651 

the standard normal distribution of the values. 652 

 653 

Gene ontology analysis 654 

Gene ontology (GO) enrichment was assessed using Partek® Genomics SuiteTM software, v.7 655 

(Partek). The list of differently expressed genes was grouped into functional hierarchies. 656 

Enrichment scores were calculated using a chi-square test comparing the proportion of the gene 657 

list in a group to the proportion of the background genes. A value of 3 or higher corresponded 658 

to a significant over-expression (P<0.05).  659 

 660 

qRT-PCR 661 

For qRT-PCR, total RNA was extracted using the Quick-RNA MiniPrep kit (Zymo Research). 662 

Complementary DNA synthesis was performed using 2.5x10-4 units/µl hexanucleotide mix 663 

(Roche), 0.4mM deoxynucleotide mix (Sigma), 1.25 units/µl RNAsin and 4 units/µl reverse 664 

transcriptase (Promega). Gene expression analysis was accomplished for murine Gzma and 665 

Gzmb using self-designed primers and SYBR green reaction (Roche; Gzma, FV: 666 
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CACTGTAACGTGGGAAAGAG, RV: GTGAAGGATAGCCACATTTCTG; Gzmb, FV: 667 

CTGCTAAAGCTGAAGAGTAAGG, RV: GCTCAACCTCTTGTAGCGT). Samples were 668 

measured in duplicates or triplicates including non-template controls using a QuantStudio 3 669 

Real-Time PCR system (Applied Biosystems). Relative quantification of gene expression was 670 

normalized against a reference gene (Gapdh or ACTB) and calculated as an exponent of 2 671 

(2ΔCt). 672 

 673 

Immunhistochemistry 674 

Human: To study the distribution of FOXP3+ Tregs and their spatial proximity to CD34+ and 675 

CD8+ cells, FFPE tissues from 10 CML and 4 control BM core biopsies were analyzed. Sections 676 

were cut to 2 um thickness and IHC double stainings of full slides were performed for both 677 

FOXP3/CD8 and FOXP3/CD34 (anti-human FOXP3, eBioscience, 1:200, Cat# 14-4777-80, 678 

RRID:AB_467555; anti-human CD8, 1:100, Cat# M7103, RRID:AB_2075537; anti-human 679 

CD34, 1:50, Cell Marque, Cat# 134M-16, RRID:AB_1159227) using a Leica BOND RX 680 

automated immunostainer (Leica Biosystems). A counting field of 1,2mm2 was randomly 681 

selected and FOXP3+ Tregs were counted at 20x magnification in CML and control BM 682 

biopsies (HD). Close proximity between FOXP3+ Tregs and CD8+ or CD34+ LSPCs was 683 

defined as a distance of less than or equal to two cell nuclei. Since FOXP3+ Tregs were observed 684 

at a low frequency in control BM biopsies and to enable a sufficient comparison between 685 

control BM and CML biopsies, control BM biopsies with less than 5 FOXP3+ Tregs (counted 686 

in 1,2mm2) were additionally screened longitudinally for additional Tregs that could be 687 

included into the final analysis.  688 

Mouse: The distribution of FOXP3+ Tregs and their spatial proximity to CD8+ cells was 689 

analyzed using FFPE tissues from 8 CML and 9 control murine BM core biopsies. Sections 690 

were cut to 2.5 µm thickness and IHC double stainings of full slides were performed for 691 

FOXP3/CD8 (rat anti-mouse FOXP3, clone FJK-16s, eBioscience, 1:00, Cat# 14-5773-80, 692 
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RRID:AB_467576; rat anti-mouse CD8, clone 4SM15, 1:100, eBioscience Cat# 14-0808-80, 693 

RRID:AB_2572861) using a Ventana Discovery ULTRA automated immunostainer (Roche 694 

Diagnostics). A counting field of 1,2mm2 was randomly selected and FOXP3+ Tregs were 695 

counted at 20x magnification in CML and control BM biopsies. Close proximity between 696 

FOXP3+ Tregs and CD8+ cells was defined as a distance of less than or equal to two cell nuclei. 697 

To illustrate the distribution pattern of FOXP3+ cells in human and murine control and CML 698 

BM core biopsies, whole slides were analyzed using QuPath (software version 0.1.2)(67). 699 

 700 

Statistics 701 

Statistical analysis was performed using GraphPad Prism 7.04 (GraphPad Software). Statistical 702 

tests applied to determine significance for each experiment are detailed in the corresponding 703 

figure legend. Data are represented as mean ± SEM and assumed to distribute normally. For 704 

Treg depletion experiments, leukemia load was determined in the blood when disease was 705 

established, and mice were randomized using GraphPad software random number generator to 706 

the different treatment groups based on disease burden. Data were analyzed using Student’s t-707 

test (two-sided), one-way ANOVA followed by Tukey’s or Dunnett’s post-test (two-sided) and 708 

two-way ANOVA followed by Sidak’s post-test (two-sided). Significant differences in Kaplan-709 

Meier survival curves were determined using the log-rank test. Human data from the microarray 710 

dataset were checked with column statistics for normal distribution and analyzed with Student’s 711 

t-test (two-sided). Correlations were determined using Spearman correlations (two-sided). All 712 

P-values were considered as significant when P<0.05. All experiments were at least performed 713 

twice in independent experiments. 714 

 715 

Study approval 716 
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Animal experiments were approved by the local experimental animal committee of the Canton 717 

of Bern and performed according to Swiss laws for animal protection (KEK 75/17, 78/17, 718 

BE56/20 and BE59/20). 719 

Analysis of BM samples was approved by the local ethical committee of the Canton of Bern, 720 

Switzerland (KEK 122/14 and 2019-01627). Written informed consent was collected from all 721 

patients who donated BM. 722 

 723 

Materials Availability 724 

All unique reagent generated in this study are available from the corresponding author without 725 

restriction. 726 

 727 

Data and Code Availability 728 

All RNA-seq data compiled for this study are made publicly available on the Gene Expression 729 

Omnibus (GEO) website (http://www.ncbi.nlm.nih.gov/geo/) under the accession number 730 

GSE174190. This study does not include the development of new code.  731 
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 913 

Figure 1: Thymic-derived effector Tregs accumulate in the BM of CML mice. (A) 914 

Distribution of Foxp3+ Tregs in CML BM (day 14, scale bar 200µm, n=8 mice). (B, C) 915 

Distribution of Foxp3+ Tregs in the BM of (B) CML mice (n=8) and (C) naïve mice (n=9) in 916 

respect to CTLs (scale bar 50µm; Foxp3: brown; CD8: red). Black circles: Foxp3+ cells; Red 917 

circles: CTLs close to Tregs. (D) Frequency of Tregs located close to CTLs in the BM naïve 918 

and CML mice (naive: n=9 mice; CML: n=8 mice). Close proximity was defined as a distance 919 

of  ≤ two cell nuclei; t-test. (E) Frequency of BM Tregs within total CD4+ T cell population in 920 

naive (n=11) and CML (n=14) Foxp3DTR mice; t-test. (F) Correlation between frequencies of 921 

Tregs (within total CD4+ T cells) and L-Gr-1+ cells in the BM of Foxp3DTR CML mice (n=14); 922 
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Pearson correlation (two-sided). (G) Viability of Tregs and Tconv from naive and Foxp3DTR 923 

CML mice (naive: n=5 mice; CML: n=9 mice); t-test (H, I) Proliferation of (H) BM Tregs and 924 

(I) Tconv from naive and Foxp3DTR CML mice (naive: n=5 mice; CML: n=5 mice). (J) 925 

Representative histogram for Helios+ thymic-derived Tregs (tTregs) and Helios- peripheral-926 

induced Tregs (pTregs) in the BM of naïve (n=11) and CML Foxp3DTR mice (n=8). Pre-gated 927 

on CD4+ Foxp3-GFP+ Tregs. Staining: beige (naïve) and black (CML), isotype: green; t-test. 928 

(K) Representative Zebra-Plot for naive/resting Tregs (nTregs) and effector Tregs (eTregs) in 929 

the BM of naïve (n=5) and CML Foxp3DTR mice (n=5); t-test. (L) MFI Foxp3 expression 930 

(GFP+), ΔMFI of (M) Ctla-4, (N) Gitr and (O) Tgf-b1 on CD4+ Foxp3-GFP+ Tregs in the BM 931 

naïve (n=4) and CML Foxp3DTR mice (n=4-8); t-test. ΔMFI=staining-isotype. Data are 932 

displayed as mean±SEM. * P<0.05, ** P<0.01, *** P<0.001 and **** P<0.0001.  933 

 934 

 935 

 936 

Figure 2: NGS RNA sequencing analysis of Tregs derived from the BM of naïve and CML 937 

mice. (A) Principal component analysis (PCA), (B) Heatmap of differentially expressed genes 938 

and (C) Gene ontology (GO) analysis of Tregs derived from BM CML and naïve Foxp3DTR 939 

mice (n=3 mice/group) upon transcriptomic analysis.  940 
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