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Abstract

The transcription factor Eomesodermin (EOMES) promotes IL-10 production of CD4* T-cells, which has
been linked to immunosuppressive and cytotoxic activities. We detected EOMES-expressing CD4* T-
cells in lymph node samples of patients with chronic lymphocytic leukemia (CLL) or diffuse large B-cell
lymphoma. This was in line with an observed expansion of EOMES-positive CD4* T-cells in leukemic Ep-
TCL1 mice, a well-established model of CLL, and upon adoptive transfer of TCL1 leukemia in mice.
Transcriptome and flow cytometry analyses revealed that EOMES does not only drive the transcription
of IL-10, but rather controls a unique differentiation program in CD4* T-cells. Moreover, EOMES was
necessary for the accumulation of a specific CD4* T-cell subset that expresses IFNy and IL-10, as well
as inhibitory receptors, like PD-1 and LAG3. T-cell transfer studies in leukopenic Rag2”- mice showed
that EOMES-deficient CD4* T-cells were inferior in controlling TCL1 leukemia development compared
to wildtype T-cells, even though expansion of Eomes”- CD4* T-cells was observed. We further showed
that control of TCL1 leukemia was driven by IL-10 receptor-mediated signals, as //10rb-deficient CD4*
T-cells showed impaired anti-leukemia activity. Altogether, our data suggest that IL-10 producing PD-

17 CD4* T-cells contribute to CLL control in an EOMES- and IL-10R-dependent manner.
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Introduction

Despite abundant data characterizing CD4* T-cells and their subsets in B-cell Non-Hodgkin lymphoma
(B-NHL) (1), and in particularly chronic lymphocytic leukemia (CLL) (2-6), their role in disease
development and progression is poorly understood. Besides well-known T helper (Th) cell subsets (5),
interleukin (IL-)10 producing, FOXP3" conventional CD4* T-cells, named type 1 regulatory (Tr1) cells,
are gaining attention in mouse models as well as patients harboring chronic inflammatory conditions
such as inflammatory bowel disease (7-10). Tr1 cells were initially described as IL-10-induced cells that
produce IL-10 and IFNy and harbor cytotoxic activity, but also express several co-inhibitory receptors
such as programmed cell death protein-1 (PD-1).

In B-NHL, an increased expression of PD-1 in blood-derived CD4* T-cells was reported for diffuse large
B-cell ymphoma (DLBCL) (1, 11) as well as for CLL (4, 12, 13). In a preclinical study, a blocking antibody
against the PD-1 ligand 1 (PD-L1) showed high activity in controlling CLL progression in the Ep-TCL1
mouse model (14). These findings were the basis for clinical trials using immune checkpoint inhibitors
targeting the PD-1/PD-L1 axis, which lead to varying but in general disappointing clinical results with
none of the included CLL patients achieving remission in response to therapy and only a subgroup of
patients, harboring a more aggressive Richter’s transformation, benefitting from this treatment
(NCT02332980) (15). It was hypothesized that the lack of clinical success of PD-1 blockade in CLL was
due to the fact that tumor infiltrating T-cells in CLL have a lower expression of PD-1 in comparison to
other B-NHL entities, including DLBCL (11). In DLBCL, PD-1 expression was shown to correlate with
better survival (16, 17). However, immune checkpoint blockade resulted in an overall response rate of
only about 10% in DLBCL patients (NCT02038933) (18).

Recently, the transcription factor Eomesodermin (EOMES) has been shown to promote IL-10
production in Tgl cells (7-9). EOMES belongs to the T-box transcription factor family, which is
expressed in many organs including the immune system (19). Redundantly with its paralogue T-BET,
EOMES has been shown to promote IFNy production and cytotoxicity in natural killer (NK) cells (20-

22), as well as in CD8* (21-23) and CD4* T-cells (7, 8, 21, 24, 25). EOMES has also a non-redundant role
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in promoting maturation of the classical NK cell subset (26), and in the accumulation of central memory
(22, 27) and exhausted, PD-1 expressing CD8* T-cells (28). Co-expression of PD-1 and EOMES of CD8*

T-cells was confirmed by us in a mouse model of CLL (29).

In contrast to NK cells and CD8* T lymphocytes, very few CD4" T-cells express EOMES without
immunological challenge (30). However, we and others have shown that EOMES can be upregulated
in CD4* T-cells upon activation, which affects their differentiation into helper cell lineages. To this end,
it has been shown that EOMES promotes IFNy expression by Thl T-cells (31-33) and inhibits
differentiation of Th17 (8, 33, 34) and FOXP3* regulatory T-cells (Treg) (30).

In cooperation with other factors like PR domain zinc finger protein 1 (BLIMP1), EOMES is a driver of
IL-10 production in Tgl T-cells in mice (7) as well as humans (8). Whether EOMES only promotes //10
expression by Tr1 cells or is a lineage-defining transcription factor is still unclear (35).

As investigations of EOMES and IL-10-producing CD4* T-cells in B-NHL, in particularly CLL and DLBCL,
are scarce, we quantified EOMES-expressing CD4* T-cells in samples of CLL and DLBCL patients and the
Ep-TCL1 mouse model of CLL. Using isolated cells of Eomes-GFP reporter mice, we characterized the
transcriptional profile of EOMES* CD4* T-cells and elucidated the regulatory role of EOMES for this
profile, identifying IL-10 as a main target in these cells that depends on EOMES. By performing co-
transfer experiments of CD4* T-cells and Eu-TCL1 leukemia cells in immunodeficient mice, we further

unravelled the importance of EOMES and IL-10 in CD4* T-cells in controlling leukemia development.
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100 Methods

101  Patient samples

102 Patient samples were obtained after approval of study protocols by local ethics committees from the
103 Department of Internal Medicine IIl of the University Clinic UIm and the Department of Medicine V of
104  the University Clinic Heidelberg according to the declaration of Helsinki, and after obtaining informed
105 consent of patients. Patients met standard diagnosis criteria for CLL or DLBCL, respectively. Patient
106  characteristics such as age, mutational state and Binet stage are provided in Supplementary Tables 1-
107 3. Healthy, age-matched controls were obtained from Biomex GmbH (Heidelberg, Germany) after
108 informed consent.

109

110  Tumor models and adoptive CD4* T-cell transfer

111  Adoptive transfer of mouse leukemic cells was performed by i.p. or i.v. transplantation of 1-2*10” Ep-
112  TCL1 splenocytes into C57BL/6 N or J wildtype (WT) animals. Splenocytes were enriched in CD19* cells
113 using EasySep™ Mouse Pan-B Cell Isolation Kit (Stemcell Technologies, Vancouver, Canada) yielding a
114  purity above 95% of CD5* CD19* cells. For CD4* co-transfer experiments, CD4* T-cells were isolated
115  from splenocytes using EasySep™ Mouse CD4* T Cell Isolation Kit resulting in a purity of about 95%
116  CD4* T-cells of total T-cells. Rag2”- mice (DKFZ central animal facility) were i.v. transplanted with 2*10°
117  CD4* T-cells or PBS as control. The following day, 1*108 purified TCL1 leukemic cells were transferred
118 i.v. into recipients.

119  Adoptive transfer of naive CD4* T-cells was performed as previously described (30). In brief, Rag2”~
120  recipient mice received 4*10° FACS-sorted CD4* CD45RB"e" T-cells by i.p. injection. Three weeks post
121 transfer, mice were sacrificed and spleens analyzed.

122 All animal experiments were carried out according to institutional and governmental guidelines
123 approved by the local authorities (Regierungsprasidium Karlsruhe, permit numbers: G36/14, G98/16,
124  G123/14, and Regierungsprasidium Freiburg, permit number: 35-9185.81/G-13/73).

125
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Statistical analysis
Samples of different groups were compared using non-parametric Mann-Whitney test. Comparison of
matched samples was performed using Wilcoxon matched-pairs signed rank test Values of p < 0.05

were considered statistically significant.
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130  Results

131 EOMES-expressing PD-1* CD4* T-cells are present in B-NHL patients

132 CLL is associated with elevated numbers of CD4* and CD8* T-cells in blood (5, 36, 37), and increased
133 expression of inhibitory molecules in T-cells has been reported in several studies for CLL (4, 13, 37) as
134  well as DLBCL patients (1, 11). To explore the relevance of T-cell accumulation for disease progression,
135 we first quantified PD-1 expressing CD4* T-cells in blood samples of patients with CLL or DLBCL, which
136 represent an indolent and more aggressive B-NHL, respectively, in comparison to healthy controls (HC).
137  Confirming previously published data, we detected higher percentages of PD-1-expressing CD4* T-cells
138 in both patient groups in comparison to age-matched healthy controls (Figure 1A, C), as well as higher
139  absolute numbers of these cells in CLL, but not DLBCL samples (Figure 1B, D).

140  Malignant B-cells in CLL (38) and DLBCL proliferate and expand in secondary lymphoid organs, which
141  are also the sites of T-cell activation (39). Along this line, we have recently noted that the phenotype
142 of peripheral blood T-cells and lymphoid organ-derived T-cells is distinct in CLL (37). Therefore, we
143 analyzed lymph node (LN) samples of CLL and DLBCL patients and detected a substantial proportion of
144 CD4* T-cells that express PD-1 in most samples (mean: 61% in CLL and 69% in DLBCL) with a high
145  variability of the percentages ranging from 8 to 95% (Figure 1E; gating strategy: Supplementary Figure
146  1). We further observed that approximately 20% of all CD4* T-cells in CLL and DLBCL LN samples co-
147  expressed PD-1 and the transcription factor EOMES (Figure 1F).

148 Hence, EOMES-expressing PD-1* CD4* T-cells are present in CLL and DLBCL patients.

149

150 Leukemia development in the Eu-TCL1 mouse model is associated with an accumulation of EOMES*
151  PD-1* CD4* T-cells

152  To further investigate the role of EOMES-expressing CD4* T-cells in B-NHL, we analyzed the presence
153  ofthesecellsinthe Eu-TCL1 (TCL1) mouse model of CLL. Interestingly, analysis of age- and sex-matched
154  leukemic TCL1 mice and wildtype (WT) littermates revealed a higher abundance of PD-1* CD4* T-cells

155 in the spleen of TCL1 mice (Figure 2A, Gating strategy Supplementary Figure 2A). Of note, the majority


https://doi.org/10.1101/2020.03.09.983098

bioRxiv preprint doi: https://doi.org/10.1101/2020.03.09.983098; this version posted March 9, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

156 of these PD-1* cells also expressed EOMES (Figure 2B) as well as the inhibitory receptor LAG3
157 (Supplementary Figure 2B). To overcome long latency of CLL development in this mouse model,
158 leukemic splenocytes of TCL1 mice were retrieved and adoptively transfered into syngeneic WT mice
159 (TCL1 AT), as previously described (6, 37, 40). Upon leukemia development in the TCL1 AT model, we
160  observed an accumulation of antigen-experienced CD4* T-cells (Supplementary Figure 2C) that show
161  signs of activation as measured by CD69 (Supplementary Figure 2D). Moreover, a higher frequency of
162 PD-1-expressing CD4* T-cells (Figure 2C) was detected, which showed a high co-expression rate of
163 EOMES (Figure 2D) as well as LAG3 (Supplementary Figure 2E). Interestingly, the frequency of EOMES*
164 PD-1* CD4" T-cells was higher in aging Eu-TCL1 mice compared to the younger mice of the TCL1 AT
165 (Figure 2B, D), which is in line with our previous data showing that EOMES* CD4* T-cells accumulate
166  with age (30).

167  Altogether, CLL development in the Eu-TCL1 and TCL1 AT models is associated with an enrichment of
168 EOMES-expressing PD-1* CD4* T-cells and therefore, these models are useful tools to investigate the
169 role of this cell type in CLL.

170

171 EOMES is indispensable for CD4* T-cell mediated control of leukemia development in TCL1 AT mice

172 In order to decipher the role of EOMES* PD-1* CD4* T-cells in CLL development, we transferred CD4* T-
173 cellsinto Rag2” mice, which lack mature B- and T-cells (41). Subsequently, the mice were transplanted
174  with TCL1 leukemia cells, as previously described (6, 37, 40). We detected an expansion of CD4* T-cells
175 in Rag2” mice, which was similar with or without leukemia cell transfer (Supplementary Figure 3A).
176  We further observed that CD4* T-cells controlled leukemia progression, as indicated by lower CD5*
177  CD19* CLL cell counts in blood (Figure 3A) as well as lower weight and leukemia cell content per spleen
178  compared to mice without T-cell transfer (Supplementary Figure 3B-C). Of interest, CD4* T-cells from
179 leukemia-bearing Rag2”- mice showed a higher frequency of PD-1-positive cells (Supplementary Figure
180 3D) as well as EOMES* PD-1* CD4* T-cells (Supplementary Figure 3E) in comparison to non-leukemic

181 control mice.
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182  To analyze the role of EOMES in controlling CLL progression, we next transplanted wildtype (WT) or
183 Eomes knock-out (Eomes”) CD4* T-cells, expressing fluorescent reporter proteins for Foxp3 (RFP) and
184 1110 (GFP), into Rag2” mice followed by adoptive transfer of TCL1 leukemia cells. Analysis of CLL
185 progression in these mice showed that Fomes’- CD4* T-cells failed to control CLL development as
186  evidenced by higher numbers of CD5* CD19* CLL cells in blood (Figure 3A) as well as higher spleen
187  weights (Figure 3B). We further monitored CD4* T-cell expansion in these mice over time and observed
188 higher T-cell numbers in recipient mice of Eomes” CD4* T-cells compared to WT T-cells (Figure 3C).
189 However, in the spleen of these animals, a lower absolute number of CD4* T-cells per spleen (Figure
190  3D)as well as per CLL cell (Figure 3E) was noted in the Eomes™ in comparison to the WT group. In line
191 with this, Fomes” T-cells in the spleen showed a lower proliferation rate based on KI-67 staining
192 compared to WT T-cells (Figure 3F).

193  Tosum up, CD4* T-cells lacking EOMES show an impaired control of TCL1 leukemia progression in Rag2
194  / mice in comparison to EOMES-proficient T-cells. Although Eomes” CD4* T-cells are more highly
195  abundantin blood compared to WT T-cells, they proliferate less and are significantly lower in numbers
196  in the spleen of these mice, which might explain the reduced leukemia control in the Eomes™ group.
197

198 EOMES positive CD4* T-cells express inhibitory receptors

199  To gain mechanistic insights into how EOMES regulates CD4* T-cell differentiation and function, we
200  performed comparative transcriptome analyses of GFP* EOMES* and GFP- EOMES™ CD4* T-cells from
201  Eomes-GFP reporter mice (Fomes”®) (42). Moreover, we obtained gene expression data of GFP*
202  versus GFP- CD4* T-cells isolated from EomesA™S™ knock-out mice, in which one Eomes allele is
203  disrupted by GFP insertion and the other allele is deleted using a T-cell-specific cre recombinase.
204  Deletion of the floxed exons of Eomes in these mice was confirmed by RNA sequencing (Supplementary
205 Figure 4). To expand EOMES-expressing cells for these analyses, we transferred naive CD25 CD45RB"&"
206  CD4*T-cells isolated from Eomes*/°* reporter or Eomesd™% knock-out donor animals into Rag2”" mice

207 as previously described (30), and three weeks later, sorted GFP* and GFP- CD4"* T-cell populations from

10
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208  both Eomes™”° and Eomesi™°"* donor mice for RNA sequencing (see Figure 4A for experimental
209  setup).

210  Comparing EOMES* versus EOMES T-cells from Eomes*/®? reporter mice (Figure 4A, comparison 1),
211  we identified a signature transcriptome of EOMES* CD4* T-cells with 1,395 differentially expressed
212  genes (Figure 4B; Supplementary Figure 5A; Supplementary Table 4). In contrast, only 77 genes (Figure
213 4B; Supplementary Figure 5A; Supplementary Table 4) were dependent on the presence of EOMES, as
214  they were differentially expressed between EOMES* GFP* cells from Eomes*°” reporter mice and
215  EOMES GFP* cells from EomesA™/°™ knock-out mice (Figure 4A, comparison 2). Intersecting these two
216  sets of differentially expressed genes (Figure 4A, comparison 1, 2) we identified a small number of 37
217 genes (Supplementary Figure 5A; Supplementary Table 4) as being dependent on the transcriptional
218 activity of EOMES. While this small difference can be partially attributed to a high variability of data
219 among the three samples of Eomes knock-out origin, a heatmap of the differentially expressed genes
220  in the two comparisons shows that most of the transcriptional signature of Eomes*°* CD4* T-cells is
221 not dependent on EOMES (Figure 4B).

222  As previously shown (30), both EOMES* and EOMES  CD4"* T-cells expressed Th1l-like transcripts, such
223 as Tbx21, Ifng and Cxcr3 (Supplementary Figure 5B). In line with the redundant functions of EOMES
224  and T-BET in Th1 differentiation (32), the Th1-like profile was EOMES-independent as these genes were
225  also expressed in GFP* CD4* T-cells of EomesA™% knock-out mice (Supplementary Figure 5B). Neither
226  Th2-, Th17-, or other Th-, nor Treg-associated genes were expressed by GFP* cells of Eomes°*
227 reporter or EomesA”°"f knock-out mice (Supplementary Figure 5B), respectively, suggesting that these
228  CDA4" T-cell fates are not regulated by EOMES.

229  Gene set enrichement analysis (GSEA) identified similarities of the transcriptional profile of EOMES*
230 CD4* T-cells with human Tg1 cells (8) (Supplementary Figure 5C) which is indicative for shared
231  functional properties of these two cell populations.

232

11
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233 Interestingly, the identified signature of EOMES" CD4* T-cells contained several transcripts of co-
234 inhibitory receptors, like LAG3, PD-1 (encoded by the Pdcd1 gene), and TIGIT which were upregulated
235 in EOMES* CD4* T-cells (Figure 4C), as similarily reported for exhausted CD4* T-cells in chronic viral
236 infections (43). We further validated the increased expression of PD-1 and LAG3 in EOMES" versus
237 EOMES CD4" T-cells by flow cytometry (Figure 4D). Of note, also EOMES  CD4* T-cells expressed these
238 inhibitory receptors, albeit to a significantly lower frequency of cells.

239  As EOMES* CD4* T-cells showed a low gene expression of Cd44 (Figure 4C), we investigated whether
240 EOMES-expressing CD4* T-cells can be defined by the expression of PD-1 and low expression of CD44
241 (CD44"). Adoptive transfer of WT or Eomes” CD4* T-cells in Rag2”" mice revealed a lower frequency
242 of the PD-1* CD44'" CD4* T-cell population in the Eomes knock-out setting (Figure 4E). This finding was
243 reproduced after co-transplantation of WT and Eomes”- CD4* T-cells into the same recipients (Figure
244  4E). Whereas PD-1* CD44" was suitable to identify EOMES* CD4* T-cells in T-cell transfer experiments
245 in Rag2” mice, this population was not distinct in aged mice (Supplementary Figure 5D), suggesting
246  that this marker combination is not suitable to identify EOMES* CD4* T-cells under more physiological
247  conditions.

248 In summary, EOMES drives the expression of a small gene signature in CD4* T-cells, which includes PD-
249 1 and several other co-inhibitory receptors.

250

251 EOMES drives IL-10 production and IL-10 receptor expression in CD4* T-cells

252  In addition to the high expression of inhibitory receptors by EOMES* CD4* T-cells, we identified three
253  cytokines among the upregulated genes (//10, Il1b, Tnfsf13b), of which //10 showed an EOMES-
254  dependent expression (Figure 5A; Supplementary Table 4), which is in agreement with previous reports
255 (7, 8). We further observed a significantly higher expression of the IL-10 receptor alpha and beta chain
256  genes, /l10ra and 1/10rb, in GFP* versus GFP~ CD4* T-cells of Eomes*/®"? reporter mice (Figure 4A,
257  comparison 1), which was less pronounced in the Fomes4/°"? knock-out mouse line (Figure 5A),

258 suggesting that expression of these genes might be EOMES-dependent.

12
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259  Transplantation of T-cells into Rag2”" mice, confirmed that the majority of IL-10-producing CD4* T-cells
260 co-express EOMES (Figure 5B). Importantly, most IL-10-producing cells also co-expressed IFNy (Figure
261 5C) which was dependent on EOMES but not on microenvironmental factors, as similar results were
262  seen after transfer of WT and Eomes”- CD4* T-cells in separate and the same Rag2” hosts (Figure 5C,
263 D).

264  |IL-10 has been shown to exert tumor-supporting (44) as well as anti-tumoral functions (45). To analyze
265  whether IL-10 was also produced by PD-1* CD4" T-cells in the setting of TCL1 leukemia, we
266  subsequently analyzed IL-10 and IFNy production in the TCL1 AT mouse model. Indeed, we observed
267 an increased percentage of CD4* T-cells that produce IL-10 after transfer of TCL1 leukemia which was
268 consiberably higher compared to unchallenged mice (Supplementary Figure 6). In addition, we
269 confirmed a higher production of IFNy of CD4" T-cells in this transfer model, as previously described
270 by us (5). Transfer of CD4* T-cells into Rag2”- mice showed that lack of EOMES in CD4* T-cells ablated
271  the expression of IL-10 also in the TCL1 leukemia setting (Figure 5E) and caused a reduced production
272  of IFNy in PD-1* CD4" T-cells after ex vivo stimulation (Figure 5F).

273 In sum, these results confirm that EOMES drives IL-10 production in CD4* T-cells, and show that CLL
274  development strongly enhances IL-10 and IFNy production in CD4* T-cells.

275

276  IL-10R signaling maintains moderate EOMES expression in CD4* T-cells and allows them to control
277 CLL

278  Since EOMES* CD4* T-cells showed increased expression of IL-10 receptor genes (//10ra and /l10rb,
279 Figure 5A), we investigated the role of IL-10R-mediated signaling in EOMES* PD-1* CD4* T-cells and its
280 impact on control of TCL1 leukemia. Either //10rb** (WT) or /l10rb”- CD4* T-cells were injected into
281  Rag2’ mice followed by transplantation of TCL1 leukemia. Of interest, //10rb-deficient CD4* T-cells
282 showed a reduced control of CLL as measured by CD5* CD19* CLL counts in blood over time (Figure
283 6A). Accordingly, mice that received I/10rb”" T-cells had a higher spleen weight in comparison to control

284 mice receiving WT T-cells (Figure 6B). To evaluate whether a reduced expansion of //10rb”- CD4* T-cells
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285 contributes to the diminished CLL control, T-cell counts were monitored in blood over time. Three and
286 four weeks after transfer of leukemic cells, a higher number of I/10Rb”" versus WT CD4* T-cells was
287  seen in blood (Figure 6C). CD4* T-cell counts in spleen showed a trend towards a higher number of
288  [l10rb”" CD4* T-cells compared to WT T-cells per spleen (Figure 6D), which is likely a reflection of the
289 bigger spleen sizes in the //10rb” group, as the number of CD4* T-cells per CLL cell was reduced in these
290 mice in comparison to the WT group (Figure 6E). Nevertheless, proliferation of CD4* T-cells, as
291 measured by KI-67, did not differ between the two groups (Figure 6F). Hence, IL-10R-mediated
292 signaling in CD4* T-cells is required for their efficient control of CLL development which is not primarily
293  due to an impact on T-cell expansion.

294  IL-10Ra signaling was shown to be dispensable for the differentiation of Tg1l T-cells, but not for the
295  function of this cell type (46). Similarly, we investigated the effect of //10Rb” on EOMES* PD-1* CD4*
296 T-cells. Intriguingly, loss of //10rb signaling in CD4* T-cells resulted in a higher percentage of PD-1-
297  expressing cells (Figure 6G). Moreover, the expression level of PD-1 was significantly higher in 1/10rb”"
298  CD4* T-cells compared to WT T-cells (Figure 6H), with almost all //10rb”- CD4* T-cells expressing high
299 levels of PD-1, whereas WT CD4* T-cells showed similar percentages of cells with high or intermediate
300 PD-1 expression (Figure 6l). Furthermore, //10rb”- CD4* T-cells showed a higher frequency of EOMES*
301 PD-1* CD4" T-cells than WT T-cells (Figure 6J). Finally, //10rb deficieny resulted in a reduced capacity of
302  these T-cells to produce IFNy after ex vivo stimulation (Figure 6K).

303 Takentogether, our data suggests that EOMES regulates IL10R signaling in CD4* T-cells and that EOMES

304  andIL10R are necessary to efficiently limit CLL progression.
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305 Discussion

306  An altered frequency of CD4* T-cell subsets in B-NHL patients is widely described (1, 3, 5, 6). Among
307 these subsets, particularly IL-10-expressing Tregs were of interest during investigations, as they are
308 thought to mediate immunosuppressive functions and thus contribute to disease progression (6). By
309 analyzing blood samples of CLL and DLBCL patients, we observed a higher proportion of PD-1-
310 expressing CD4* T-cells in both patient groups compared to healthy controls thus confirming published
311 data (1, 4, 11-13). Moreover, we noted a population of EOMES* PD-1* CD4* T-cells in LN samples of CLL
312  as well as DLBCL patients. In the follicles of secondary lymphoid organs, tight interactions of T- and
313 malignant B-cells take place, which lead to activation and, in case of persistent exposure to antigens,
314  to T-cell exhaustion (37, 47) which might contribute to the observed phenotype of T-cells in CLL and
315  DLBCLLNSs.

316  CD4* T-cells expressing high amounts of the degranulation marker protein CD107a and effector
317 molecules like perforines and granzymes were found in blood of B-NHL patients (48-50). Moreover,
318 CD4* T-cells that were co-cultured with autologous B-cells, either from CLL patients or healthy controls,
319 had the capacity to kill autologous B-cells (48). Similar to our approach, co-transfer of naive, tumor-
320  specific CD4* T-cells in a transplantation mouse model of B16 melanoma significantly prolonged
321  survival of mice, which was further enhanced by anti-CTLA-4 treatment (51). A cytotoxic activity of
322  these CD4" T-cells was suggested as they acquired an effector phenotype with high cytokine
323 production (51). Similar results were obtained in Rag2”* mice, indicating that CD4* T-cell-mediated
324  tumor control was independent of endogenous B- and T-cells (51), which is in line with our data in the
325  TCL1 AT mouse model of CLL.

326  In our study, EOMES was shown to be essential for the control of leukemia progression. EOMES is a
327  transcription factor that is crucial in memory formation of CD8* T-cells (27), but not necessary to induce
328  their effector function during viral infections (21). In contrast, high EOMES expression was shown to
329 result in terminal differentiation of CD8* T-cells (28). Here, we provide evidence that EOMES is

330 indispensable for CLL control by CD4* T-cells most likely due to its role in their effector function, which
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331 is in line with reports demonstrating EOMES-dependency for granzyme B production of cytotoxic CD4*
332 T-cells (24, 25, 52).

333 Besides its role in regulating cytotoxic activity of CD4* T-cells, the importance of EOMES in the
334  generation of Tgl T-cells was recently shown (7, 8). Tzl T-cells do not constitutively express FOXP3,
335 produce the immunosuppressive cytokine IL-10, express co-inhibitory receptors such as PD-1, and are
336  abletosuppress the function of effectorimmune cells (10). The expression of IL-10 and other cytokines
337  andtheir receptors, in combination with increased expression levels of inhibitory receptors are shared
338  features of CD4" EOMES' T-cells in B-NHL and Tg1 cells.

339 In line with published data demonstrating that EOMES regulates IL-10 expression (7, 8, 53), our data
340  inthe TCL1 mouse model of CLL show that IL-10 production of CD4" T-cells is dependent on EOMES. In
341 addition, IL-10 receptor expression is higher in EOMES-positive than -negative CD4" T-cells, which is in
342  accordance with data of CD8* T-cells (53). Since IL-10-driven signaling via p38 MAPK was shown to be
343 important to maintain IL-10 production in Trl CD4* T-cells (46), we investigated the role of IL-10R
344  signaling in CD4* T-cells. Intriguingly, //10rb”- CD4* T-cells showed a reduced CLL control alongside with
345  a high expression of PD-1 as well as EOMES. This increase in PD-1 and EOMES expression was
346  accompanied by areduction in IFNy production, suggesting that IL-10R signaling is additionally involved
347 in the regulation of the effector activity of CD4* T-cells. This is in line with published results for CD8* T-
348  cells, showing that overexpression of EOMES resulted in an increased expression of exhaustion
349  molecules such as CD244, Havcr2 as well as 1/110ra, implicating a role for IL-10-mediated signaling in
350 regulating T-cell exhaustion (54). Moreover, during murine chronic viral infections, CD4* T-cells
351 upregulate EOMES as well as inhibitory receptors that are associated with T-cell exhaustion (43).
352  Studies in such infection models as well as from murine and human cancer showed that the expression
353 level of PD-1 in CD8"* T-cells determines their state of exhaustion and potential for reinvigoration by
354 PD-1 blockade (55). Very similar to these data, we detected CD4* T-cells with intermediate or high PD-

355 1 expression in the TCL1 mouse model. Interestingly, loss of IL-10R signaling in these cells resulted in
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356 an accumulation of PD-1" cells with reduced IFNy production and impaired CLL control. This suggests
357 that IL-10-mediated signals are important to maintain CD4* T-cell effector function.

358 Genome-wide assosciation studies (GWAS) showed that single nucleotide polymorphisms (SNPs) in
359 proximitiy of the EOMES gene, which is located at chromosome 3p24.1, are associated with a higher
360 risk of CLL (rs9880772) (56, 57), DLBCL (rs6773363) (58) as well as Hodgkin’s Lymphoma (rs3806624)
361 (59). The higher likelihood of B-NHL in individuals carrying these SNPs was thought to be caused by a
362  deregulated immune function, which could at least partially be explained by the reduced control of
363 CLL development in the absence of CD8* T-cells. Alongside, preclinical data in mouse models (60), as
364  well asdata of a phase 1 basket trial (NCT02009449) using pegylated IL-10 for treatment of solid cancer
365 demonstrated that IL-10 helps to maintain CD8* T-cell mediated tumor control and improves patients’
366  responses to PD-1 blockade (45).

367 In summary, this report highlights the presence of EOMES-expressing PD-1" CD4* T-cells in LNs of CLL
368  and DLBCL patients as well as in the TCL1 mouse model of CLL. Our data in this animal model clearly
369  show that EOMES is crucial for CD4* T-cell-mediated disease control. As EOMES regulates IL-10
370  production, we further demonstrate a role for IL-10-mediated signaling in EOMES-expressing CD4* T-
371 cells, which mediate effector activity and thus control of leukemia.

372
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556  Figure legends:

557 Figure 1: EOMES-expressing PD-1* CD4* T-cells are abundant in B-cell Non-Hodgkin lymphoma

558 patients

559  A-D) Blood samples of CLL and DLBCL patients were stained for flow cytometry. A) Representative
560 contour plots as well as percentage, and B) absolute numbers of PD-1* CD4* T-cells per pl blood of CLL
561 patients and age-matched healthy controls (HC). C) Representative contour plots as well as
562 percentage, and D) absolute numbers of PD-1* CD4* T-cells per pl blood of of DLBCL patients and HC.
563 E-F) Single-cell suspensions from lymph node samples of CLL as well as DLBCL patients were analyzed
564 by flow cytometry. E) Representative contour plots as well as percentage of PD-1* out of CD4* T-cells.
565 F) Representative contour plots as well as frequency of EOMES* PD-1"* cells out of CD4* T-cells.

566  All graphs show mean = SEM. Each dot represents data of an individual patient. Statistical analysis was
567 performed using Mann-Whitney test. *p<0.05, **p<0.01.

568

569 Figure 2: PD-1* CD4" T-cells are enriched in the Ep-TCL1 mouse model of CLL and co-express EOMES
570  A)-B) Splenocytes of hemizygous Eu-TCL1 (TCL1) leukemic mice and WT littermates at a median age of
571 65 weeks were analyzed by flow cytometry. A) Representative histogram as well as percentage of PD-
572 1* out of CD4* T-cells. B) Representative flow cytometry plots and frequency of EOMES* PD-1* cells of
573  CDA4' T-cells. C)-D) Leukemic cells of TCL1 mice were transplanted into syngenic WT mice (TCL1 AT) and
574  splenocytes were analyzed by flow cytometry, 4 weeks after transfer of cells. Representative histogram
575  or flow cytometry plots, and quantification of the frequency of C) PD-1* out of CD4* T-cells, as well as
576 D) EOMES* PD-1* out of CD4"* T-cells.

577  All graphs show mean + SEM. Each dot represents data of an individual mouse. Statistical analysis was
578 performed using Mann-Whitney test. **p<0.01, ***p<0.001.

579

580  Figure 3: EOMES is crucial for CLL control by CD4* T-cells
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581 Rag2” mice were transplanted i.v. with PBS or 2 x 10° CD4* T-cells of WT or Eomes”" origin on day -1
582  and the following day with 1 x 10° leukemic cells from Ep-TCL1 mice, and analyzed at indicated
583 timepoints by flow cytometry. A) Absolute numbers of CD5* CD19* CLL cells in peripheral blood are
584  shown over time. B) Spleen weight at endpoint, 4 weeks after transfer of leukemic cells. C) Absolute
585 numbers of CD4* T-cells cells in peripheral blood are depicted over time. D) Number of CD4* T-cells per
586  spleen, as well as E) number of CD4* T-cells per CD5* CD19* CLL cell are shown. F) Percentage of KI-67*
587  out of CD4* T-cells.

588  All graphs show mean * SEM. In B) and D)-F), each dot represents data of an individual mouse.
589 Statistical analysis was performed using Mann-Whitney test. *p<0.05, **p<0.01, ***p<0.001.

590

591 Figure 4: EOMES drives inhibitory co-receptor expression in CD4" T-cells

592  Naive CD25 CD45RB"&" CD4* T-cells of Eomes-GFP reporter mice (Eomes*°*), as well as of mice with
593  a T-cell-specific deletion of Eomes in combination with a GFP reporter (Eomes®”°?) were transferred
594  into Rag2” mice, and three weeks after adoptive transfer, RNA sequencing of sorted, splenic CD4* T-

595  cell subsets was performed. A) Strategy of RNA sequencing analysis of GFP* and GFP" cells of Eomes*/®*

AT/GFP +/GFP

596  (comparison 1) as well as Eomes mice, depicting also the comparison of GFP* cells from Eomes
597  and Eomes®"/°*" mice (comparison 2). B) Heatmap of all differentially expressed genes. C) Heatmap
598 showing differentially expressed, exhaustion-associated surface receptor genes (selected as
599  differentially expressed in exhausted T-cells (43) filtered by surface expression (GO:0009986)). D)
600  Representative flow cytometry plots of PD-1 and LAG-3 expression in EOMES* and EOMES™ CD4* T-cells
601 and quantification of data. D) Flow cytometric analysis showing representative graphs and
602  quantification of the frequency of the CD44" PD-1* population after transfer of Eomes** or Eomes *-
603  CD4* T-cells into different or the same Rag2”" hosts.

604 Gene expression in heatmaps in C) and D) was row-normalized. Each dot represents data of an

605 individual mouse. Lines in D) link data of EOMES and EOMES" cells from the same animal. Statistical
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606 analysis was performed using Mann-Whitney test. Comparison of matched samples was performed
607 using Wilcoxon matched-pairs signed rank test. *p<0.05, ***p<0.001, ****p<0.0001.

608

609 Figure 5: EOMES drives IL-10 production in CD4" T-cells

610  Cells for analyses were prepared as described in Figure 4. A) RNA sequencing of sorted, splenic CD4*
611  T-cell subsets was performed. Depicted heatmaps focus on differentially expressed genes related to
612 GO terms cytokine activity (GO:005125) and cytokine receptor activity (G0:0004896). B)
613 Representative plot with quantification showing IL-10 production by EOMES* and EOMES™ CD4* T-cells
614 3 weeks post transfer into Rag2” hosts as analyzed by intracellular flow cytometry after stimulation
615  with PMA/ionomycin ex vivo. C-D) Eomes** or Eomes”- CD4* T-cells were transferred into C) separate,
616 or D) the same Rag2” hosts and stimulated as described in B). Eomes** and Eomes” cells were
617 distinguished by expression of the congenic marker CD45.1. Graphs show representative expression of
618 IL-10 and IFNy, as well as quantification of IL-10-producing CD4* T-cells. E-F) Rag2” mice were
619  transplanted with CD4* T-cells of WT or Eomes” origin on day -1 and the following day with leukemic
620  cells of Eu-TCL1 mice, and analyzed by flow cytometry. F) Intrinsic production of IL-10-GFP out of PD-
621 1* CD4* T-cells shown as representative histogram and quantification. G) Splenocytes were stimulated
622  ex vivo with PMA/ionomycin and cytokine expression was analyzed by intracellular flow cytometry.
623  The graph shows percentage of IFNy-producing cells out of PD-1* CD4"* T-cells.

624  Gene expression in heatmaps in A) was row-normalized. Each dot represents data of an individual
625  mouse. Lines in B) link data of EOMES and EOMES* cells from the same mouse. E)-F) show mean +
626  SEM. Statistical analysis was performed using Mann-Whitney test. Comparison of matched samples
627  was performed using Wilcoxon matched-pairs signed rank test. *p<0.05, **p<0.01, ***p<0.001.

628

629 Figure 6: IL-10R signalling controls CLL development by altering EOMES expression of CD4* T-cells
630 Rag2”" mice were transplanted with PBS or CD4* T-cells of WT or /L10Rb” origin on day -1 and the

631 following day with leukemic cells of Eu-TCL1 mice, and analyzed by flow cytometry. A) Absolute
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632 numbers of CD5" CD19* CLL cells in peripheral blood are shown over time. B) Spleen weight at
633 endpoint, 4 weeks after transfer of leukemic cells. C) Absolute numbers of CD4* T-cells cells in
634  peripheral blood are depicted over time. D) Number of CD4* T-cells per spleen, as well as E) number of
635  CD4' T-cells per CD5* CD19* CLL cell are shown. F) Percentage of KI-67* cells out of CD4* T-cells. G)
636  Frequency of PD-1" of CD4* T-cells depicted as representative histogram and quantification. H) MFI of
637 PD-1 of PD-1-expressing CD4* T-cells. 1) PD-1* T-cell subsets based on high (PD-1") or intermediate (PD-
638 1) expression of PD-1 were quantified, and percentages of subsets out of total PD-1* CD4* T-cells are
639 depicted. J) Representative graph and frequency of EOMES* PD-1* CD4* T-cells. K) Splenocytes were
640  stimulated ex vivo with PMA/ionomycin and cytokine expression was analyzed by intracellular flow
641 cytometry. Percentage of IFNy-producing cells out of PD-1* CD4* T-cells.

642  All graphs show mean £ SEM. In B) and D-K), each dot represents data of an individual mouse. Statistical
643 analysis was performed using Mann-Whitney. *p<0.05, **p<0.01, ***p<0.001. MFI = median

644  fluorescence intensity.
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Figure 6
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