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Abstract 34 

Acute-Graft-versus-Host disease (aGvHD) is a life-threatening 35 

complication after allogeneic stem-cell-transplantation. It is mediated by 36 

alloreactive T cells whose trafficking to aGvHD target organs is 37 

orchestrated by chemokines.  38 

We here asked whether CCL17 and its corresponding receptor CCR4 are 39 

involved in aGvHD development and severity. We applied an experimental 40 

mouse model of aGvHD in CCR4/CCL17 knockout mice and analyzed gut 41 

biopsies of GvHD patients. 42 

We show that the absence of CCR4 in transplanted T cells induced 43 

significantly less severe aGvHD. This was accompanied by reduced 44 

expression of Gata3. Mechanistically, only CD4+, but not CD8+CCR4-/- T 45 

cells protected from aGvHD. We next identified dendritic cells in the small 46 

intestine to produce CCL17, which selectively recruited CD4+ T cells. IL-4 47 

production by intestinal CD4+ T cells promoted proliferation of CD8+ T 48 

cells. In line, we detected an upregulation of CCL17 and Gata3 in human 49 

aGvHD samples.  50 

Our results indicate that local CCL17 production in aGvHD target organs 51 

recruits T cells, reinforcing local tissue damage and immune cell 52 

recruitment. We identified the JAK1/2-inhibitor ruxolitinib to dampen 53 

CCL17-expression, thereby reducing GvHD severity.  54 

We here dissect a to date unknown role of the CCL17-CCR4 axis in 55 

aGvHD, which might help to develop novel therapeutic strategies. 56 

 57 
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Introduction 59 

 60 

Allogeneic hematopoietic stem cell transplantation (alloHSCT) is the only 61 

curative treatment for many hematological malignancies. However,  62 

serious life-threatening complications, such as acute Graft-versus-Host 63 

disease (aGvHD), limit its success. AGvHD is mediated by allo-reactive 64 

donor T cells and occurs in up to 50% of patients undergoing alloHSCT, 65 

with approximately 15% of patients developing severe steroid-refractory 66 

aGvHD 1. The latter is currently associated with high mortality rates and 67 

limited available treatment options. The recent approval of the JAK1/2 68 

inhibitor ruxolitinib for both steroid-refractory acute and chronic GvHD has 69 

expanded the armamentarium for this difficult-to-treat patient population 70 
2,3, the demand for additional preventative or therapeutic strategies 71 

remains high.  72 

Prior to transplantation, patients receive cytotoxic conditioning therapy to 73 

dampen their immune system and facilitate stem cell engraftment. 74 

However, conditioning also induces tissue damage in healthy organs and 75 

barrier sites, resulting in the release of damage-associated molecular 76 

patterns (DAMPs), such as adenosine-tri-phosphate (ATP), interleukin-33 77 

(IL-33), uric acid, and high mobility group box 1 protein (HMBG-1). Innate 78 

immune cells are among the first to respond to conditioning-induced 79 

injury4. They migrate into secondary lymphoid organs upon activation and 80 

facilitate the priming of allogeneic donor T cells, which then infiltrate GvHD 81 

target organs (skin, liver, and GI tract) and promote further tissue 82 

damage5. 83 

Chemokines are essential for orchestrating immune cell trafficking under 84 

homeostatic and pathological conditions. In doing so, they are involved in 85 

developmental and maturation processes; wound healing; and the 86 

initiation, maintenance, and regulation of robust immune responses6,7. 87 

Several pro-inflammatory chemokines and their receptors have been 88 

implicated in aGvHD, which is characterized by extensive immune cell 89 

migration 8. For example, CCL5 and CXCL10 have been shown to mediate 90 

T-cell infiltration into lymphoid tissues and target organs9,10. Conversely, 91 

blockade of the chemokine receptor CCR5 confers protection against 92 

GvHD in patients following reduced-intensity alloHSCT 11. These data 93 
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suggest a promising therapeutic potential for targeting chemokines and 94 

their receptors in aGvHD. 95 

The CCL17-CCR4 axis has not been explored in aGvHD. Previous studies 96 

have demonstrated that CCL17 is relevant to various autoimmune 97 

diseases and is associated with the pathogenesis of intestinal 98 

inflammation and murine sclerodermatous chronic GvHD 12–15. CCR4 is a 99 

high-affinity receptor for CCL17 and CCL22, and is predominantly 100 

expressed on T helper (TH) 2, skin-homing T cells, and regulatory T cells 101 

(Tregs) 16,17. CCR4+ T cells contribute to tissue damage after solid organ 102 

transplantation and in diabetes 18,19. 103 

Therefore, we propose that CCL17/CCR4-guided T cell migration may 104 

also play a role in GvHD, particularly in intestinal aGvHD. Here, we provide 105 

evidence that the expression of CCR4 by allogeneic donor T cells and 106 

CCL17 in the recipient indeed correlates with aGvHD severity in mice. Our 107 

data suggest that the CCL17-CCR4 axis may represent a novel 108 

therapeutic strategy for the prevention and treatment of aGvHD and could 109 

also aid in optimizing treatment for steroid-refractory GvHD. 110 
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Methods 112 

Human subjects 113 

This study was conducted in accordance with the Declaration of Helsinki, 114 

and approval was obtained from the Institutional Ethics Committee of the 115 

University of Bonn (#175/20). Endoscopic and histological examinations 116 

of patients undergoing alloHSCT at the University Hospital of Bonn were 117 

performed according to clinical routine. CCL17 antibody (goat anti-CCL17, 118 

Sigma Aldrich, #C1497) and Gata3 antibody (Biocare, #L50-823) were 119 

used for immunohistochemistry. Representative parts of the sections were 120 

selected for immunohistochemical analysis in a semi-quantitative manner 121 

using ImageJ Version 2.1.0/1.53c (http://imagej.net). Patient 122 

characteristics are listed in Supplementary Table 1. 123 

Mice and transplantation model 124 

All animal experiments were approved by the Landesamt für Natur, 125 

Umwelt und Verbraucherschutz Nordrhein-Westfalen (LANUV). Six-to 126 

twelve-week-old Balb/c mice received total body irradiation (9 Gy, 2 split 127 

doses, time between each dose was at least 4 h) the day before 128 

transplantation. Bone marrow (BM) cells from C57BL/6 donor mice 129 

(matching age and sex) were T cell-depleted using CD90.2 beads 130 

(Miltenyi, #130-121-278). Splenic T cells were isolated using the CD3e 131 

MACS (Miltenyi, #130-094-973) from either wildtype (wt) or CCR4-/- 132 

animals (C57BL6/ background, matched in age and sex). T cell purity was 133 

always >90%. Balb/c mice received either 5 × 106 BM cells alone (no 134 

GvHD control) or together with 6 × 105 T cells for aGvHD induction. In 135 

mixed T-cell transplantation experiments, CCR4-/- and wt CD4+ and CD8+ 136 

T cells were mixed in a physiological 3:2 ratio. 137 

When indicated, ruxolitinib treatment was administered as previously 138 

described20. Briefly, mice were fed either ruxolitinib (Selleckchem, 139 

#S1378, 75 mg/kg, dissolved in 0.1% Carboxy-Methyl-Cellulose (CMC)) 140 

or vehicle twice daily beginning on the day of irradiation. Mice were 141 

sacrificed on day 3 after transplantation. Organs were harvested and the 142 

small intestines were analyzed for chemokine expression by real-time 143 

quantitative PCR(qPCR). 144 

The contribution of CCL17 was investigated using either C57BL/6 (age 8-145 

12 weeks) or CCL17-/- recipient mice (on a C57BL/6 background). The 146 

mice received total-body irradiation 24 h before transplantation. BM and T 147 
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cells were isolated as previously described. Recipient mice received 5 × 148 

106 BM cells and 1 × 106 T cells from Balb/c donor mice. 149 

Isolation of dendritic cells and in vitro stimulation 150 

Splenic immune cells were isolated from explanted organs of C57BL/6 151 

mice. The organs were minced, and single-cell suspensions were washed. 152 

Dendritic cells (DC) were isolated using CD11c microbeads (Miltenyi, 153 

#130-125-835), according to the manufacturer´s instructions. DC were 154 

cultured in RPMI 1640 medium supplemented with 10% FBS, 1% P/S for 155 

24h in the presence of IL-33 (Peprotech, #210-33, final concentration 156 

100ng/ml). When indicated, ruxolitinib (Selleckchem, #S1378) was added 157 

before IL-33 stimulation at a final concentration of 1µM or 10µM. 158 

Chemokine secretion was investigated by analyzing the supernatants with 159 

the LEGENDplex Mouse Proinflammatory Chemokine Panel (BioLegend 160 

#740007) according to the manufacturer’s instructions. 161 

 162 

Quantitative reverse transcriptase polymerase chain reaction 163 

Mice were sacrificed at the indicated time points and tissues were snap-164 

frozen in liquid nitrogen. Alternatively, cells were harvested from in vitro 165 

culture. RNA was extracted using RNAzol (Sigma Aldrich, #R4533) and 166 

cDNA was synthesized using the RevertAid First Strand cDNA Synthesis 167 

Kit (Thermofisher, #18091050) according to the manufacturer’s 168 

instructions. Quantitative real-time PCR (qPCR) was performed using 169 

specific primers (0.2µM concentration and SYBR Green PCR Master Mix 170 

(Applied Biosystems, #4309155) on the Mastercycler RealPlex2 171 

(Eppendorf). Data were normalized to GAPDH expression and analyzed 172 

using the ΔΔCT method. Primer sequences are listed in Supplementary 173 

Table 2.  174 

 175 

Murine CCL17 expression 176 

For immunohistochemistry, tissues were embedded in Tissue Tek O.C.T. 177 

compound (Plano, #R1180-X) and cut into 5 µm slices. The slides were 178 

stained with antibodies against CD11c (clone N418) and DAPI. 179 

To assess the expression of CCL17, areas were drawn and measured 180 

along the whole tissue comprising the mucosa, including villi and crypts, 181 

excluding the submucosa and muscularis propria. CCL17 expression 182 

areas within the whole tissue were measured and normalized to the whole 183 
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tissue in mm²). Images were acquired using a ZEISS LSM710 Observer 184 

and corresponding ZEN Black software. 185 

Cytokine measurement 186 

Blood was collected on day 7 after transplantation via a puncture of the 187 

tail vein. Serum was obtained and the Th1/Th2 Cytokine 11-Plex Mouse 188 

ProcartaPlex™ Panel (Invitrogen, EPX110-20820-901) was used 189 

according to the manufacturer’s instructions to quantify cytokine levels. 190 

Histological examination 191 

Seven days after alloHSCT, sections of the small intestine, large intestine, 192 

and liver were collected, fixed in 4% paraformaldehyde (PFA) and stained 193 

with hematoxylin/eosin (HE). Acute GvHD was scored blinded to the 194 

treatment groups according to a previously published histopathology 195 

scoring system33. 196 

Flow cytometry 197 

T cells were isolated from the gut as previously described 21. Briefly, the 198 

small intestine was removed from feces and washed in a mixture 199 

containing HBBS + 2%FCS + 0.5 M Dithiothreitol (DTT). Tissue was 200 

digested with 2mg/ml Collagenase in RPMI+ 2% FCS for one hour at 37°C 201 

in an incubator (5% CO2). The homogenized sample was rinsed through 202 

a 70 µm mesh and the cell suspension was stained with the respective 203 

antibodies listed in supplementray Table 2. For cytokine measurement, 204 

cells were re-stimulated as described below and measured with a BD 205 

FACSCanto II flow cytometer. Subsequently, data were analyzed using 206 

FlowJo Software v10.7.1 (Treestar, Ashland, USA). 207 

Transwell assay 208 

Splenic T cells were isolated by CD3e MACS kit (Miltenyi #130-094-973) 209 

from mice injected with 0.2 µg α-GalCer (1 nmol; Axxora, #ALX-306-027) 210 

24h before. 600 µl of RPMI 1640 medium supplemented with 10% FBS, 211 

1% P/S containing CCL17 (800ng/ml, R&D Systems, #529-TR), when 212 

indicated, was added to a well of a 24 well plate and a 6.5 mm Transwell® 213 

Polycarbonate Membrane insert with a 5.0 µm pore (Costar #3421/Sigma 214 

# CLS3421-48EA) was added to each well. One hundred microliters of T-215 

cell suspension (1 × 106 /ml) was carefully added to the insert without 216 

touching the membrane. cells were incubated for six hours at 37°C and 217 

5% CO2. After carefully removing the inserts, the migrated cells were 218 

collected from each well, quantified, and characterized by flow cytometry. 219 

Therefore, cells collected from the lower chamber were stained with FACS 220 
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antibodies. Cells were counted for 90 s using a BD FACSCanto II flow 221 

cytometer.  222 

T cell differentiation and intracellular staining 223 

Naïve CD4+ or CD8+ T cells were isolated using a MACS system and the 224 

respective isolation kits (Miltenyi, #130-104-453 and # 130-096-543) 225 

according to the manufacturer’s protocol. For T cell proliferation, cells were 226 

seeded in RPMI 1640 medium supplemented with 10% FBS, 1% P/S, and 227 

0.1% β-mercaptoethanol in the presence of αCD3/CD28 beads 228 

(Thermofisher, #11456D). The stimulants for Th differentiation, 229 

stimulation, and staining are listed in Supplementray Table 2. For Th 230 

polarization, cells were seeded in supplemented RPMI 1640 medium, and 231 

cytokines were added as described in Supplementary Table 2. When 232 

indicated, CCL17 (800ng/ml, R&D Systems, #529-TR) was added during 233 

the differentiation process. For analysis, cells were re-stimulated 234 

(Supplementary Table 2) for 4 h and stained for intracellular expression of 235 

either IL-4 or FOXP3 after fixation and permeabilization using the Fixation 236 

Buffer (BioLegend, # 420801), the Intracellular Staining Perm Wash Buffer 237 

(BioLegend, # 421002), or the Foxp3/Transcription Factor Staining Buffer 238 

Set (eBioscience, #00-5523-00). 239 

Statistical analysis 240 

Data were analyzed using GraphPad Prism Version 9.4.0. Grubb´s test 241 

with α=0.05 was performed to identify outliers. The Student´s t-test was 242 

performed to compareing two groups. When comparing more groups, an 243 

ordinary one-way ANOVA with Šídák's multiple comparison test was used. 244 

Error bars represent standard deviation. p value below 0.05 was 245 

considered depicted significant and is depicted as *. P values <0.01 are 246 

depicted as ** and <0.001 as ***. Survival experiments were analyzed 247 

using the Mantel-Cox test.  248 
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Results  250 

Murine GvHD depends on CCR4 expression on allogeneic donor T 251 

cells  252 

Chemokine receptors orchestrate T-cell migration in aGvHD. Studies 253 

elucidating the role of CCR5 and CXCR110,11, for example, have led to the 254 

development of therapeutic approaches to prevent aGvHD22, but data on 255 

the relevance of CCR4 in aGvHD are scarce. Previous studies highlighting 256 

the importance of CCR4 and CCL17 in intestinal inflammation13 and 257 

alloreactivity19 have suggested that the CCR4/CCL17 axis could also be a 258 

promising target for the treatment of aGvHD. 259 

In this study, we employed an established mouse model23 for experimental 260 

aGvHD, which is based on an MHC mismatch (C57BL/6  BALB/c). To 261 

elucidate the role of CCR4 in GvHD initiation, we transplanted recipients 262 

with wt BM and either CCR4+/+ (wt) or CCR4-/- T cells (Fig. 1A, left). While 263 

wt mice showed typical signs of GvHD, such as loss of weight, diarrhea, 264 

and loss of fur, we observed prolonged survival in mice that received 265 

CCR4-/- T cells compared withto wt T cells (Fig. 1A, p=0.0158 and 266 

Supplementary figure 1A). In line with these findings, histopathological 267 

GvHD scores of the liver and the small and large intestines were also 268 

reduced (Fig1. B + C, large intestine (LI, p=0.0484), small intestine (SI, 269 

p=0.0174), and liver (LIV, p=0.0126)). In addition, recipients of CCR4-/- T 270 

cells displayed decreased serum levels of pro-inflammatory cytokines 271 

such as IL-13, IL-12p70, INFγ, and GM-CSF (Fig. 1D). These data show 272 

for the first time that CCR4 deficiency in donor T-cells reduces the risk of 273 

GvHD. 274 

 275 

CCR4+ CD4+ T cells drive intestinal aGvHD 276 

CCR4 is expressed by T helper 2 (TH2) cells24. We analyzed the RNA 277 

expression levels of signature transcription factors for Th subsets in the 278 

terminal ileum of mice that received either wt or CCR4-/- T cells and found 279 

that only Gata3, the key transcription factor for TH2 cells, was differentially 280 

expressed (Fig. 2A, expression of Tbet, FOXP3 and Rorc (not significant) 281 

and Gata3 (p=0.0491)). Gata3 expression was significantly higher in 282 

recipients of wt than in CCR4-/- T-cells. The data were supported by 283 

increased IL-4 production in intestinal CD4+ T cells from recipients of  T 284 

cells compared to CCR4-/- T cells (Fig. 2B, p=0.0031). 285 
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We subsequently analyzed gut biopsies from patients with suspected 286 

intestinal aGvHD and late-onset aGvHD after alloHSCT for the expression 287 

of GATA3 (Fig. 2C). The median time point at which biopsy was performed 288 

in patients after alloHSCT was 95.46 days [range, 21–222 days] in the 289 

GvHD group and 114.55 days [range, 20–217 days] in the non-GvHD 290 

group (patient characteristics are listed in Supplementary Table 1). 291 

Relative frequencies of GATA3+ cells were significantly higher in patients 292 

with aGvHD grades II-IV compared than in those without GvHD (Fig. 2D, 293 

p=0.0028), thus corroborating our in vivo experiments. 294 

Based on these results, we performed transplantation experiments with a 295 

mixed CCR4+/+/-/- T cell compartment (CD4+ CCR4-/-/CD8+ wt or CD4+ 296 

wt/CD8+ CCR4-/-). Notably, survival was only improved when mice 297 

received CCR4-/- CD4+ T cells, either with CCR4-/- or wt CD8+, but not 298 

when CCR4 was solely lacking in the CD8+ compartment (Fig. 2E, p= 299 

0.0009 and Supplementary figure 1B for weight curves). 300 

CD8+ T cells do not express CCR4 but their proliferation is stimulated 301 

by TH2 cytokines 302 

To further decipher how CCR4+CD4+ T cells contribute to aGvHD 303 

development, we examined T cell composition in the small intestine on 304 

day 7 after transplantation and observed higher frequencies of CD4+ T 305 

cells in recipients of CCR4-/- compared to wt T cells (Fig 3A, p= 0.0038). 306 

Consequently, frequencies of CD8+ T cells were significantly lower (Fig. 307 

3B, p=0.005), coinciding with a decrease in the relative mean fluorescence 308 

intensity of Ki67 in CD8+ T cells, indicating diminished proliferation rates 309 

(Fig. 3B, p=0.0097). In contrast, the relative frequencies of Tregs, NKT 310 

cells, and NK cells did not change (Supplementary Fig. 1C). 311 

These observations prompted us to analyze whether both CD4+ and CD8+ 312 

T cells upregulate CCR4 expression during proliferation. Therefore we 313 

measured the RNA expression of CCR4 in proliferating CD8+ T cells in 314 

vitro. We found that CD8+ T cells did not upregulate CCR4 24 or 72 h 315 

following aCD3/aCD28 stimulation (Fig. 3C, p=0.77 and p>0.99), 316 

suggesting that CD8+ T cells do not express relevant levels of CCR4.  317 

We then assessed CCR4 expression in differentiating TH2 cells and Tregs. 318 

Compared to naïve CD4 T cells, TH2 cells exhibited significant 319 

transcriptional upregulation of CCR4 both 24 and 72 h after the start of 320 

differentiation.(Fig. 3D, p<0.0001 for 24h and p=0.0004 for 72h) Tregs also 321 

showed increased RNA levels of CCR4, albeit to a smaller, but not 322 
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significant extent. These results support our data, indicating that 323 

CCR4+CD4+ T cells in aGvHD display a TH2 phenotype.  324 

Based on our finding that intestinal CD8+ T cell proliferation is increased 325 

when CCR4+CD4+ T-cells are present (Fig. 3B), we assumed that TH2 cells 326 

might function as important triggers. 327 

For this purpose, we performed in vitro CD8+ T cell proliferation in medium, 328 

which was either harvested from TH2-polarized or naïve CD4 T cell 329 

cultures, and found that the proliferation of CD8+ T cells was increased in 330 

TH2-conditioned medium (Fig. 3E, p=0.0396). Direct addition of IL-4 alone 331 

had similar effects (Fig. 3F, p=0.0344), corroborating our finding that 332 

elevated frequencies of intestinal IL-4+ CD4+ T cells correlated with 333 

increased frequencies of intestinal CD8+ T cells in  T cell recipients.  334 

CD8+ T cell proliferation and migration is not CCR4-dependent, but 335 

CCL17 mediates CD4+ CCR4+ T cell migration in vitro 336 

To further exclude the possibility that increased frequencies of CD8+ T 337 

cells are due to CCR4-dependent migration, we examined the effects of 338 

CCL17, a chemokine ligand for CCR425, on CD8+ T cell migration and 339 

proliferation in vitro. 340 

Using transwell assays, we demonstrated that CCL17 exclusively 341 

orchestrated the migration of CD4+ T cells in a CCR4-dependent manner, 342 

whereas the migration of CD8+ T cells was not CCL17-dependent (Fig. 4A, 343 

migration of wt CD3+ T cells (p=0.0046), wt CD4+ T cells (p=0.0035), and 344 

wt CD8+ T cells (p=0.3423) towards CCL17, Fig. 4B migration of CCR4-/- 345 

CD3+ (p=0.1178), CD4+ (p=0.0662) and CD8+ (p=0.9742) T cells). 346 

Next, we stimulated naïve murine CD8+ T cells with αCD3/CD28 beads in 347 

the presence or absence of CCL17 and analyzed their proliferation; 348 

however, we detected no change (Fig. 4C, p=0.8986), indicating that 349 

CCL17 has no direct effects on CD8+ T cell proliferation. 350 

We also assessed the effect of CCL17 on CD4+ Th differentiation in vitro. 351 

The frequencies of IFNγ+ (Th1), IL-13+ (TH2), and FOXP3+ (Treg) CD4+ T 352 

cells remained similar in the presence and absence of CCL17 (Fig. 4D). 353 

These data suggest that CCL17 selectively orchestrates the migration of 354 

CD4+ CCR4+ T cells, specifically TH2 cells, which upregulate CCR4 upon 355 

proliferation (shown in Fig. 3D). 356 

CCL17 expression by the recipient and not the donor is relevant for 357 

aGvHD 358 
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Based on these results, we aimed to determine the functional role of 359 

CCL17 in experimental murine GvHD. We first transplanted recipient 360 

BALB/c mice with BM and T cells from either CCL17+/+ or CCL17-/- 361 

C57BL/6 donors (Fig. 4E, top). CCL17 deficiency in the graft had no effect 362 

on overall survival, indicating that donor immune cell-derived CCL17 was 363 

not involved in aGvHD pathogenesis (Fig. 4E, p=0.11, Supplementary 364 

figure 1B for weight curves). In turn, when recipient CCL17-/- mice received 365 

BM and T cells from WT donors (Balb/c  C57BL/6; Fig. 4F, top), they 366 

showed significantly reduced aGvHD-related mortality compared to wt 367 

recipients (Fig. 4F, p=0.0069 and Supplementary Figure 1E for weight 368 

curves), indicating that recipient-, and not donor-derived, CCL17 is 369 

involved in GvHD pathogenesis. 370 

CCL17 is upregulated in acute intestinal GvHD in humans 371 

We subsequently analyzed the expression of CCL17 in our cohort of 372 

patients. Indeed, CCL17 was significantly upregulated in intestinal 373 

samples from patients who suffered from GvHD II°–IV°, in contrast to 374 

samples from patients without intestinal GvHD (Fig 4G, p=0.0307), 375 

corroborating our murine findings. 376 

CD11c+ cells are a relevant source for CCL17 in intestinal aGvHD in 377 

vivo 378 

Analysis of CCL17 expression in our experimental mouse model revealed 379 

that RNA expression in the small intestine peaks approximately 3 days 380 

after alloHSCT (Supplementary Figure 1F, p=0.0038). DCs were shown to 381 

be crucially involved in aGvHD initiation26 and relevant sources of CCL17 382 

are produced during intestinal inflammation in the context of Crohn´s 383 

disease27. To investigate whether DCs are also a relevant source of 384 

CCL17 in the context of experimental murine aGvHD, we used CCL17 385 

enhanced green fluorescent protein (eGFP) reporter mice (CCL17eGFP/+)28 386 

as recipients (Balb/c  C57BL/6; Fig. 5A, top left). CCL17 eGFP reporter 387 

mice express enhanced green fluorescent protein (eGFP) under the 388 

control of the CCL17 promoter, which allows for visualization of CCL17-389 

producing cell types. Cryosections of the small intestine of CCL17eGFP/+ 390 

recipients on day 3 post-transplantation were co-stained with CD11c, a 391 

prominent marker for identifying DCs.  392 

We found that CCL17 almost exclusively co-localized with CD11c (Fig 5A, 393 

bottom). In addition, the number of CD11c+ CCL17+ cells was markedly 394 

higher in aGvHD (BMT) mice than in non-GvHD (BM) mice (Fig. 5A top, 395 

p=0.027). Because only recipient-derived cells can express eGFP, these 396 
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data provide evidence that intestinal host DCs are relevant sources of 397 

early intestinal CCL17 production in vivo.  398 

The JAK1/2 inhibitor ruxolitinib targets CCL17 expression in early 399 

intestinal aGvHD 400 

Having shown that CCR4+ T cells might be harmful drivers of aGvHD, 401 

blocking CCR4 could be a promising strategy for preventing GvHD. 402 

However, CCR4 is also expressed on Tregs, which are known to be 403 

protective against aGvHD1., but CCR4-mediated antibody treatment may 404 

lead to severe colitis due to Treg depletion29, Therefore, targeting CCL17 405 

may be a more successful and feasible approach for the treatment of 406 

GvHD.  407 

In a previous study, we showed severe impairment of DC development, 408 

activation, migration, and cytokine production by the JAK1/2 inhibitor 409 

ruxolitinib30, without investigating its effects on CCL17 production. Since 410 

ruxolitinib has recently been approved for steroid-refractory acute and 411 

chronic GvHD2,3,31, we examined whether CCL17 could be affected by 412 

ruxolitinib treatment in vivo.  413 

We adopted an established treatment protocol20 to our aGvHD model and 414 

administered ruxolitinib daily by oral gavage, starting one day prior to 415 

irradiation (Fig. 5B). We quantified the RNA expression of CCL17 and the 416 

T cell-associated chemokines CCL5 and CXCL10 in the intestine on day 417 

3 after alloHSCT. CCL17 was significantly reduced in ruxolitinib-treated 418 

animals compared to that in vehicle-treated animals, while the effect of 419 

ruxolitinib on CXCL10 and CCL5 expression was less pronounced (Fig. 420 

5C,CCL5 p=0.3267; CXCL10 p=0.0622; CCL17 p=0.0045). 421 

Lastly, we confirmed that IL-33, a prominent alarmin released upon tissue 422 

damage, is a potent stimulus of CCL17 secretion in splenic DCs in vitro. 423 

Upon treatment with ruxolitinib, CCL17 release by DCs in response to IL-424 

33 was significantly reduced (Fig. 5C, p=0.0230).  425 

With these data, we provide additional insights into the 426 

immunosuppressive effects of ruxolitinib in GvHD and offer a therapeutic 427 

possibility to interfere with the CCR4-CCL17 axis in GvHD.   428 
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Discussion 429 

 430 

T cell-mediated tissue damage in target organs is a hallmark of aGvHD. 431 

Many studies have investigated various approaches to manipulate T-cell 432 

activation, proliferation, and function to prevent and treat GvHD. However, 433 

broad immunosuppression, diminished Graft-versus-Leukemia (GvL) 434 

activity, and increased relapse rates are common side effects that are 435 

detrimental to the success of alloHSCT. Interference with T cell migration 436 

has shown promising results in previous studies but has not yet been fully 437 

explored in the context of GvHD. 438 

Here, we demonstrated that the CCR4-CCL17 axis may represent a novel  439 

target for early intervention in acute GvHD. We employed a standard 440 

MHC-mismatched mouse model for experimental aGvHD and investigated 441 

the roles of CCR4 and CCL17 by using genetic knockout mice. Our data 442 

showed that CCR4 expression, specifically on CD4+ donor T cells, 443 

significantly aggravated aGvHD severity and decreased overall survival in 444 

mice. Our findings correlate with the increased expression of GATA3 in 445 

the intestines of these mice as well as in human patients with aGvHD, 446 

accompanied by elevated IL-4 production by gut-infiltrating CD4+ T cells. 447 

Therefore, we hypothesized that CCR4+ CD4+ T cells that migrate into the 448 

intestine are predominantly TH2. 449 

Direct tissue damage in GvHD target organs is mainly facilitated by CD8+ 450 

T cells, which express little to no CCR4, even after stimulation. 451 

Consequently, we found that the frequency of intestinal CD8+ T cells 452 

increased following transplantation of CCR4+/+ compared to CCR4-/- T 453 

cells. These CD8+ T cells also displayed increased expression of the 454 

proliferation marker Ki67, and addition of either TH2-conditioned medium 455 

or IL-4 alone enhanced CD8+ T cell proliferation in vitro. Thus, our data 456 

suggest that the presence of CCR4+ CD4+ TH2 cells in the intestine fosters 457 

CD8+ T cell proliferation and effector functions, thereby promoting aGvHD 458 

pathology. 459 

Our study supports previous evidence that both TH1 and TH2 cells are 460 

potent drivers of aGvHD (37). For example, IL-4 deficiency or the 461 

application of IL-4-blocking monoclonal antibodies protects against 462 

aGvHD 32,33. Elevated IL-13 serum levels were also associated with higher 463 

grade aGvHD 34 as seen in our setting, when reduced IL-13 serum levels 464 
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in mice transplanted with CCR4-/- T cells correlated with less severe 465 

aGvHD. In contrast,  Helminth-induced IL-4 dampens aGvHD 35 and Zeiser 466 

et al. demonstrated that the administration of statins in experimental 467 

aGvHD induced a TH2 phenotype and reduced aGvHD lethality 23, 468 

suggesting a protective effect of TH2 cells. Based on these data and our 469 

own results, we speculate that TH2 polarization may play an ambivalent 470 

role in the context of aGvHD, possibly depending on the exact localization 471 

(e.g., lymphatic organ vs. end organ).  472 

We also detected a decrease in serum levels of TH1-specific cytokines in 473 

mice that received CCR4-/- T cells. These findings support the idea that 474 

both TH-subsets are hyper-activated in aGvHD and that CCR4-deficiency 475 

in donor T cells not only affects TH2-, but also dampens TH1-driven 476 

pathology. Similar observations were made in experimental TH1-477 

dependent models of inflammatory bowel disease (IBD), in which IL-4 478 

exacerbated the disease severity 36. 479 

The existing prophylactic and therapeutic strategies for aGvHD are largely 480 

based on immunosuppression by modulating T-cell proliferation 1. 481 

Disruption of chemokine receptor-mediated T cell function has also shown 482 

promising results 11, but interference with the CCR4 receptor, in particular, 483 

has not been investigated in aGvHD thus far. Vorinostat, a histone 484 

deacetylase (HDAC) inhibitor, was found to be effective in preventing 485 

aGvHD 37 by modulating DC cytokine production and balancing circulating 486 

T cell subsets towards a more anti-inflammatory setting (TH1/TH17 ↓, Tregs 487 

↑)38. Interestingly, it has been shown that it also downregulates CCR4 488 

expression on T cells 39, which may mechanistically explain its mode of 489 

action and is in line with our data showing GvHD improvement when CCR4 490 

is absent in T cells. 491 

Importantly, interference with the CCR4 receptor must be carefully 492 

examined. In ulcerative colitis, adoptively transferred CCR4-deficient Tregs 493 

fail to inhibit T cell proliferation due to delayed migration 40. In turn, 494 

treatment of adult T-cell lymphoma with the CCR4 antibody 495 

mogamulizumab can cause colitis mimicking GvHD, which is suspected to 496 

be due to Treg depletion 29. Therefore, the protective capacity of Tregs should 497 

be considered when targeting CCR4 in GvHD.  498 

Instead, modulating chemokine, and not chemokine receptor, expression 499 

may be a more elaborate approach. CCL17, a potent ligand of CCR4, has 500 

previously been implicated in intestinal inflammation. For example, in IBD, 501 

CCL17 counteracted Treg-mediated protection 13 and CCL17 deficiency 502 
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enhanced allograft survival after solid organ transplantation 28. We show 503 

that CCL17 expression is upregulated in biopsies of patients with acute 504 

intestinal GvHD, and CCL17 expression in recipient but not in donor cells 505 

correlated with increased aGvHD lethality in our mouse model. We further 506 

identified recipient-derived CD11c+ DCs as the most relevant source of 507 

CCL17 in the intestine of mice following alloHSCT. Interestingly, 508 

pharmacological interventions known to improve experimental GvHD, 509 

such as statins 23, repress CCL17 expression by DCs 41 and the protective 510 

effect of statins is less pronounced in TH2-independent models. Therefore, 511 

protection from GvHD by statins may be at least partially explained by the 512 

modulation of CCL17-mediated TH2 cell trafficking to the GI tract 23. 513 

Furthermore, we showed that IL-33, one of the early alarmins released 514 

upon conditioning-induced tissue damage, could stimulate CCL17 515 

production in DCs in vitro. Although the ambivalent role of IL-33 has been 516 

extensively discussed in the context of T cell activation via the suppression 517 

of tumorigenicity 2 (ST2) in aGvHD 42,43, its direct effects on DC biology in 518 

aGvHD have not been defined. Some data also suggest that IL-33 can act 519 

as a chemoattractant for TH2 cells44. 520 

Recently, the JAK1/2 inhibitor, ruxolitinib, was approved for the treatment 521 

of steroid-refractory GvHD. We have previously shown that ruxolitinib 522 

suppresses DC activation and function20,45 and its pleiotropic 523 

immunosuppressive effects have been reported in multiple studies 30,30,45–524 
48. Here, we show that ruxolitinib also inhibits IL-33-induced CCL17 525 

secretion by DCs in vitro and reduces CCL17 expression in the intestines 526 

of mice immediately after alloHSCT. These results may not only add to the 527 

understanding of how ruxolitinib specifically combats GvHD, but also 528 

provide a basis for future designs of targeted therapies.  529 

Conclusion 530 

We propose that the early release of IL-33 upon conditioning-induced 531 

tissue damage in the GI tract stimulates CCL17 secretion by host-derived 532 

dendritic cells. CCR4+ donor T cells, predominantly of the TH2 phenotype, 533 

subsequently infiltrate the intestines as a GvHD target organ and promote 534 

the expansion of CD8+ T cells. The initial upregulation of CCL17 secretion 535 

may be suppressed by the JAK1/2 inhibitor, ruxolitinib, thereby indirectly 536 

disrupting the CCR4-CCL17 axis. Overall, our data shed light on the role 537 

of CCR4 and CCL17 in acute GvHD and present versatile opportunities 538 
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for targeting chemotaxis as a prophylactic and therapeutic treatment 539 

strategy. 540 

  541 
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Figure 1. Transplantation of CCR4-/- T cells ameliorates experimental aGvHD. (A) Balb/c mice were irradiated
and received bone marrow from C57BL6/N donor animals. Survival was analyzed and recipients of CCR4-/- T cells,
in comparison to wt T cells, showed significantly prolonged survival (p=0.0158). Schematic figure created using
biorender.com. (B) Representative sections of small intestine (SI), large intestine (LI) and liver (LIV) were isolated
on day 7 after alloHSCT from mice transplanted with CCR4-/- or WT T cells. (C) Histopathologic changes (large
intestine (p=0.0484), small intestine (p=0.0174) and liver (p=0.0126)) show GvHD specific pathology in recipients of
wt T cells. (D) Serum cytokine levels were measured and compared between recipients of wt and CCR4-/- T cells.
Cytokine levels for IL-6 (p=0.1075), IL-13 (p=0.0241), IL-4 (p=0.3794), IL-12p70 (p=0.0178), INFγ (p=0.0193) and
GM-CSF (p=0.0247) were altered between both groups.
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Figure 2. Transplantation of CCR4-/- reduces intestinal Th2 cells and lack of CCR4 only in the CD4
compartment mediates protection from GvHD
(A) Mice transplanted with WT or CCR4-/- T cells were sacrificed at day 7 after alloHSCT. RNA was isolated from
whole small intestine. Levels of Tbx21 (p=0.9894), Foxp3 (p=0.1228) Gata3 (p=0.0491) and Rorc (p=0.6236) were
quantified. (B) Leukocytes harvested seven days after alloHSCT were re-stimulated and IL-4 secretion was
measured via FACS. Pooled statistical analysis from 2 independent experiments is shown;( p=0.0031). (C) Gut
biopsies from patients without or with aGvHD °III were stained for GATA3. Arrows indicate Gata3-positive cells. (D)
Percentage of Gata3-positive/all cells was calculated and decreased in patients withouth GvHD (no GvHD samples
n=9, GvHD samples n=12; p=0.0073). (E) Mice received conditioning regimen and were transplanted with a
physiological 3:2 mixture of CD4 and CD8 T cells, which were either proficient or deficient for CCR4. Mice
transplanted with CD4 T cells lacking CCR4 showed prolonged survival. (CD4+ wt/ CD8+ wt vs. CD4+ CCR4-/-/ CD8+

CCR4-/- p=0.0349, CD4+ wt/ CD8+ wt vs. CD4+ CCR4-/-/ CD8+ wt p=0.0001, CD4+ wt/ CD8+ wt vs. CD4+ wt/ CD8+

CCR4-/- p=0.5986, CD4+ CCR4-/-/ CD8+ CCR4-/-vs. CD4+ CCR4-/-/ CD8+ wt p=0.4909, CD4+ CCR4-/-/ CD8+ CCR4-/-vs.
CD4+ wt/ CD8+ CCR4-/-p=0.0351, CD4+ CCR4-/-/ CD8+ wt vs. CD4+ wt/ CD8+ CCR4-/-p=0.0017)
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Figure 3. Only Th2 cells express relevant CCR4 and their cytokines foster CD8+ T cell proliferation
(A) On day 7 after alloHSCT leukocytes were isolated and stained for CD45, TCRβ, CD4 (p=0.0038) and (B) CD8
(p=0.005). Proliferation activity assessed by mean fluorescence intensity (MFI) of Ki67 was determined after
permeabilization of isolated CD8+ T cells from the small intestine on day 7 after alloHSCT (p=0.0097). (C+D) Either
naïve CD4+ or CD8+ were harvested directly after isolation or after 24h or 72h of proliferation in the presence of
αCD3/CD28 beads. RNA was isolated and expression of CCR4 was determined via qPCR with the ΔΔCT method.
Proliferating CD4+ T cells showed a significant upregulation of CCR4 after 24 h (p<0.0001) and 72 h (p=0.0004) in
contrast to CD8+ T cells (p=0.7723 after 24h and p>0.99 after 72h). (E+F) Naïve splenic CD8+ cells were isolated
and cultured in the presence of αCD3/CD28 beads. The proliferation of these cells, measured by their proliferation
index, was enhanced in the presence of Th2 conditioned medium (E);( p=0.0396), or IL-4 (F);(p=0.0344).
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Figure 4. CCL17 only affects recruitment of CD4+ CCR4+ T cells and recipient CCL17 expression is
associated with GvHD in mice and human
(A+B) Transwell migration assay of splenic T cells from either C57BL6/N wild-type mice or CCR4-/-animals was
measured towards a CCL17 (800 ng/ml) gradient. Cells were counted via FACS for 90 seconds. WT CD3+ T cells
(p=0.0046) and CD4+ T cells (p=0.0035) showed significant migration towards CCL17. (C) Naïve CD8+ T cells were
isolated from the spleen of C57BL6/N mice. These cells were co-cultured with αCD3/CD28 beads and CCL17
(800ng/ml) when indicated. Proliferation was measured by CFSE distribution 60 hours later. (p p=0.8986) (C) Naïve
CD4+ T cells were differentiated into Th1, Treg or Th2 cells in the presence (red) or absence of CCL17 (blue).
Representative plots are shown. (D) Survival of BALB/c recipient mice after alloHSCT. Survival is not affected by
CCL17 of donor bonemarrow or T cells; p=0.11. Schematic figure created using biorender.com. (E) CCL17-/-

recipient mice showed prolonged survival compared to CCL17 +/+ recipients, p=0.0069. Schematic figure created
using biorender.com. The data are pooled from 3 independent experiments with at least 3 mice per group. (F)
Samples from gut biopsies of patients with the suspicion of intestinal aGvHD were collected. An experienced
pathologist performed GvHD grading and samples were stained for CCL17 expression. Patients with proven
aGvHD (n=12) show increased CCL17 positive area in representative areas compared to patients without GvHD
(n=9). Representative samples of each group are shown.
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Figure 5. Host dendritic cells produce CCL17 after alloHSCT and ruxolitinib treatment reduces DC-derived
CCL17 in vitro and intestinal CCL17 expression in vivo. (A) CCL17egfp/+ recipient mice underwent alloHSCT.
Mice receiving only bone marrow cells (no aGvHD induction) were compared to those receiving additional T cells
for induction of aGvHD. Quantification of the CCL17 positive area was higher in the GvHD group p=0.027. The
experiment was performed twice. Representative data from one experiment is shown. Schematic figure created
using biorender.com. Representative images of the small intestine stained for CD11c (DC marker) and DAPI are
shown. Note the co-localization of CCL17(eGFP) and CD11c(PE). (B) Irradiated BALB/c mice received bone
marrow cells and additional T cells from C57BL6/N donors. Mice were fed with ruxolitinib until day 3. Mice were
sacrificed and CCL5 (p=0.3267), CXCL10 (p=0.0622) and CCL17 ( p=0.0045) expression was determined via
qPCR using the ΔΔCT method. Pooled data from 2 independent experiments. Schematic figure created using
biorender.com. (C) Splenic DCs were treated with IL-33 for 18 hours, which induced CCL17 secretion (p<0.0001).
(D) The presence of ruxolitinib (1µM) dampend CCL17 levels ( p=0.023). Schematic figure created using
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