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CD56"" natural killer (NK) cells play an important role in the pathenesis of graft-vs. -host
disease (GVHD) and immune defense in the early period aftellayeneic hematopoietic
stem cell transplantation. Extracorporeal photopheresi$ECP) as an immunomodulating
therapy has been widely used for GVHD treatment. However, thmechanism of action
of ECP still remains to be elucidated, particularly the inence of ECP on NK cells.
Thirty-four patients with steroid-refractory/resistantacute GVHD (aGVHD) Il and
moderate to severe chronic GVHD (cGVHD) received ECP therapPatient samples
obtained during intensive and long-term treatment were arngzed. Immunomonitoring
with respect to cell phenotype and function was performed orrested peripheral blood
mononuclear cells (PBMCs) using multiparametric ow cytoratry. NK activity in terms
of cytokine release was analyzed by intracellular cytokingtaining after co-culture with
K562 cells. Moreover, the proliferative capacity of NK cal] CD4C, and CD8C T cells
was determined by carboxy uorescein succinimidyl ester (ESE) staining. Clinically, 75%
of aGVHD and 78% of cGVHD patients responded to ECP therapy. bteover, our
data show that aGVHD, cGVHD patients and healthy donors (HDspresent distinct
NK patterns: aGVHD patients have a higher frequency of CD88B NK subsets with
stronger NKG2D and CD62L expression, while CD56CD16° NK cells with higher
expression of CD57 and CD11b stand out as a signature popul&n for cGVHD. ECP
therapy could signi cantly decrease CD56"CD16 NK cells with shifting the quality
from a cytotoxic to a regulatory pattern and additionally mmre CD56%™M NK cells
via upregulation of CD57 in complete responding aGVHD patigs. Moreover, ECP
could keep the anti-viral and anti-leukemic effects intacvia maintaining specialized
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Ni et al. Immunomodulation of CD56" NK Cells by ECP

anti-viral/leukemic CD5FNKG2CCCD56%™ NK cells as well as remaining the quality
and quantity of cytokine release by NK cells. The proliferae capacity of effector cells
remained constant over ECP therapy. In conclusion, ECP repsents an attractive option
to treat GVHD without compromising anti-viral/leukemic éécts. Shaping of CD5@"
NK cell compartment by downregulating the cytotoxic subsetwhile upregulating the
regulatory subset contributes to the mechanisms of ECP thepy in aGVHD.

Keywords: GvHD, ECP, immunomodulation, natural killer cells, anti-viral effect, anti-leukemia effect
INTRODUCTION Review Boards. Written informed consent was obtained from
all patients.

Extracorporeal photopheresis (ECP) is being widely used fr th

treatment of T cell-mediated diseases e.g., graft-vd.dissase ECP Treatment

(GVHD) with established clinical bene ts1j. ECP therapy ECP therapy was performed with a Therakos UVAR XTS
can rebalance the destroyed immune system in the case ghd a CELLEX Photopheresis System involvingx vivo
GVHD by (a) direct induction of alloreactive T cell apoptosis,exposure of leukapheresed peripheral blood mononuclear
(b) downregulation of proin ammatory cytokines, () sele® cells (PBMCs) to ultraviolet-A light in the presence of 8-
modulation of tra cking patterns of alloreactive T cells, dn methoxypsoralen (8-MOP) and reinfusion of the treated cells
(d) increase of dierent regulatory cells such as €D4nd to patients. aGVHD patients received intensive semiweekly
CDE" regulatory T cells, regulatory B cells, and myeloid-dative treatment in the rst 12 weeks, followed by biweekly treatrne
suppressor cell25). Nevertheless, the mechanism of action ofcGVHD patients received either semiweekly treatment
ECP still needs to be further elucidated, particularly wiglgard  followed by a biweekly treatment or a biweekly treatment

to natural killer (NK) cells. upfront ECP therapy was administered until reaching the
CD58" NK cells are important innate immune cells that are pest response.

the rst lymphocyte subset which reconstitutes after allogje
hematopoietic stem cell transplantation (allo-HSCT) andwhs  Clinical Evaluation
provides a temporal bridge of protection from opportunistic Clinical assessment of aGVHD and cGVHD was undertaken
infections and prevention of cancer relapse during the trensi  according to the current guidelines §-21). Response to ECP
period of T-cell de ciency post-transplantatioi{8). Therefore, treatment was de ned as complete response (CR), partial
the early rapid reconstitution of CDQB NK cells is of crucial response (PR)’ stable disease (SD), and no response (NR) CR
importance for the post-transplantation outcomes. This hasrbe \as de ned as the resolution of all reversible manifestatio
reported by several studies documenting CB58IK cells in PR was de ned as the improvement of clinical symptoms of
correlation to a better survival and less transplantatiolt@d  the involved organ concomitant with a reduction of steroid
mortality (9—12) In_addition, clinical data illustrated that a low dose. SD was de ned as the reduction of steroid dose with
frequency of CD58' NK cells is associated with the developmentsjight improvement of clinical symptoms. NR was de ned as the
of GVHD (12, 13) This theory was further con rmed by arecent absence of improvement of clinical Symptoms_
study showing that ECP could reduce GVHD by upregulating
CD56”" NK cells (L4). However, since CD36 NK cells are the - Cell Preparation
most e cient cytokine producers5), theoretically they can also peripheral blood was drawn from the patients before the ECP
contribute to the induction and exacerbation of GVHD thl‘dulg treatment. Bu y coats from Consenting hea|thy donors (HDs)
releasing of proin ammatory cytokines like interfera(lFN-g)  \ere obtained from the Heidelberg blood bank after overnigh
and tumor necrosis factor (TN&) (16-18). The question arises storage. PBMCs were isolated by gradient centrifugation
therefore how and to which extent ECP induced CB5BIK cells  followed by washing twice with phosphate bu ered saline (PBS)
m|ght Contribute to the ContrOI Of GVHD and th|S iS the aim of (S|gma) AfterwardS, Ce”s were Stored in ||qu|d nitroge'ih t
our current study. immunomonitoring. A standard resting process was performed
to restore the function and the antigenic expression of cdls a
previously described2@). Briey, cells were resuspended at 2

SUBJECTS. MATERIALS. AND METHODS 1P cells/ml with complete medium [CM: RPMI medium

’ ' 1640 (Gibco) containing 10% fetal bovine serum (FBS) (Sipma
Su bjeCtS after thawing. Afterwards cells were rested at@75% CQ for
Thirty-four patients su ering from steroid-refractory/réstant 18 hours in a horizontal position.
acute GVHD (aGVHD) Il and moderate to severe chronic

GVHD (cGVHD) from the University Hospitals Heidelberg and Cell Line
Greifswald in Germany as well as Chaim Sheba Medical Center K662, a highly undi erentiated human erythroleukemic cetidi
Israel were included. The study was approved by the Institiaio was maintained in CM at 3TC, 5% CQ. Medium was changed
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every 3 days to passage cells. Mycoplasma contaminati@& (SEB) (Sigma) for NK cells and T cells, respectively. Cell
was checked by polymerase chain reaction (PCR) befopoliferation was analyzed after 3 and 7 days culture for NK cells
each experiment. and T cells, respectively.

Stimulation of NK Cells Statistical Analysis
5 10 rested PBMCs were co-cultured with 510% K562 cells  Analysis was undertaken using SPSS version 24 (IBM) for

in the presence of CD107a antibody at 87 5% CQ in a 96-  windows software. One-way ANOVA with Bonferropbst-hoc
U-bottom plate for 6 hours. After the rst hour incubation, 1 test was performed to assess the dierences of the marker
m of 100X monensin (Biolegend) and Brefeldin A (Biolegend)expression and the cytokine release pattern among HDs, patient
were added into each well. PBMCs alone group was served @gh aGVHD and cGVHD within the ve di erent NK subsets.
negative control. Di erences between two di erent time points and two di erent
groups were determined by Wilcoxon signed-rank test and

Multlpa_rameter FlO_W Cytometry . Mann-Whitney U test, respectively. A-value < 0.05 was
The quality and quantity of expression of dierent markers .o «idered to be statistically signi cant.

were determined by multiparametric ow cytometry. Samples
were stained by di erent combinations of antibodies against
CD3, CD4, CD8, CD11b, CD14, CD16, CD19, CD27, CD56RESULTS

IFN-g, and TNFa. Detailed information of antibody is Shown pyient “characteristics and clinical response to ECP therapy
in Supplementary Table 1 7-Amino actinomycin D (7AAD)  4re symmarized irTables 1 2. Sixteen patients with steroid-

or I\!ea_lr-ln_frared (NEAR-IR) was used for I|_ve/dead Ce”refectory/resistant aGVHD (6 men and 10 women aged 23-68
discrimination. Fluorescence minus one, unstimulatedd an years) and 18 patients with cGVHD (11 men and 7 women
auto uorescence controls were included in order to place theaged 32-70 years) were treated by ECP. The median time from
gate more accurately. To reduce the variation, samples fro'@VHD onset to commencing ECP was 33.5 days for aGVHD
the same patient at di erent time points have been analyzetarange: 7-373 days) and 363.5 days for cGVHD (range: 14—
on the same day. The Fc receptors were blocked by blockir}g240 days). The median number of ECP cycles was 11 (range:
bu er A [50% uorescence-activated cell sorting bu er (FACS) 5-34 cycles) and 37 (range: 4-90 cycles) for aGVHD and
C 50% human serum] or blocking bu er B (50% perm bu er cGVHD patients, respectively. 75% (12/16) of the patients with

C 50% human serum) prior to surface marker staining OraGyHp and 78% (14/18) of those with cGVHD responded
intracellular cytokine staining, respectively. All acdfitss were to the ECP treatment. Only two patients with aGVHD had

performed on a LSRIl device (BD Biosciences) and the dat ,megalovirus (CMV) reactivation after the rst 2-3 ECP

were analyzed by FAC_:S Diva software _(BD BiOSCienC_est}eatment while still on 2 mg/kg per body weight steroids. As
The cellular division index was determined by FIOWJoCOerL 10 healthy donors (5 men and 5 women aged 2066
software (TreeStar). years) have been analyzed in our study. Three of them wekstest

Surface Marker Staining positive for CMV.

After 10 min blocking at 4C, 5 1P rested PBMCs were stained

with di erent antibodies for 20 min at 4C in the dark. Distinct NK Cells Pattern

Based on CD56 and CD16 expression, we could de ne ve
Intracellular Cytokine Staining dierent NK cell subsets, as shown ifigure 1A. Of note,
Brie 2 5 1(;3 rested cells were stained with NEAR- HDs, patients with aGVHD and cGVHD dISpIayed distinct
IR for 30min at 4C in the dark. Thereafter, cells were patterns of these ve dierent subsetsFigure 1B depicts
stained with surface marker antibodies, followed by xationrepresentative dot plots among HDs, aGVHD, and cGVHD
and permeabilization according to the Miltenyi Foxp3patients. Patients suering from steroid-refractory/resist
x/perm buer instruction. A 15min blocking step was aGVHD were characterized by a higher frequency of C1956

performed prior to the intracellular antibody staining [30mi NK cells when compared with HDs and patients with

room temperature (RT)]. cGVHD (Figure 10). Moreover, this signature population
) ) _ of aGVHD, CD58"CD16 NK cells, can be signi cantly
Assessment of Proliferation Function downregulated by ECP treatment in patients achieving coreplet

Freshly thawed PBMCs were washed and resuspended withsponse Kigure 1D) but not in patients with PR and NR
1ml PBS containing 5% FBS in 15ml tubes. M of (Supplementary Figure L In contrast, CD58™CD16° and
5mM carboxy uorescein succinimidyl ester (CFSE) solutionCD56 CD16° NK cell subsets were prominent in patients
(Biolegend) was directly added into the cell suspensionvi@th with cGVHD (Figure 1C). Especially, a signi cant increase of

by 5min incubation at RT in the dark. The reaction was stoppedCD56 CD16° NK cells was observed in the cGVHD cohort.

by adding 5ml cold CM and cells were washed twice with 5ml To further characterize these di erent NK cell subsets, the
CM. After staining, 2 1P CFSE-labeled cells were seeded int@xpression of cell surface markers and cytokine prole upon
each well and stimulated with either 100 ng/ml interleukif- K562 stimulation were examined-igure 2). In patients with
(IL-15) (R&D systems) or fng/ml staphylococcal enterotoxin aGVHD at baseline pre-ECP treatment, we observed a decreased
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TABLE 1 | aGVHD patients' characteristics and clinical response to EP.

# Pat. Primary Type of Stem cell CMV status Prophylaxis for aGVHD Organ CMV ECP
disease transplantation source D/R GVHD grade involved reactivation response
1 CLL MUD PBSC —I- AT&MMFCTAC 1] gut - ST
2 FL MUD PBSC —I- ATE&MMFCTAC i-v gut - CR
3 AML MMUD PBSC —I- ATE&MMFCTAC 1] gut - PR
4 AML Haplo PBSC - MMFCTAC L] gut - ST
5 CLL MUD PBSC c/C ATGCMMFCTAC 1] gut - NR
6 TPLL MMUD PBSC - AT&MMFCTAC 1] gut - NR
7 CML MMUD PBSC /- ATG CsACMMF 1l gut - CR
8 AML MUD PBSC —I- AT@&MMFCTAC 1] gut - CR
9 AML MRD PBSC c/C CsACMMF 1l gut - PR
10 CLL MUD PBSC —I- AT&MMF 1] gut - PR
11 FL MRD PBSC -C CsACMMF \% gut c* PR
12 MDS MRD PBSC c/C MMFCTAC s v gut, skin Cc* PR
13 AML MUD PBSC —I- ATE& CsACMMF L] gut - PR
14 AML MRD PBSC c/Cc CsACMMF L] gut - PR
15 CMML MRD PBSC c/C CsACMMF /v gut - CR
16 CTCL MUD PBSC c/C ATGCTAC 1] gut - PR

aGVHD, acute GVHD; ECP, Extracorporeal photopheresis; # Pat., Patienumber; CLL, Chronic Lymphocytic Leukemia; FL, Folicular Lymphoma; ML, Acute Myeloid Leukemia;
TPLL, T cell Prolymphocytic Leukemia; CML, Chronic Myelogenous Legeknia; MDS, Myelodysplastic Syndromes; CMML, Chronic Myelomonocytic Leukeiaj CTCL, Cutaneous T cell
Lymphoma; MUD, Matched unrelated donor; MMUD, Mismatched unrelated donorHaplo, Haploidentical Stem Cell Transplantation; MRD, matched related donoPBSC, Peripheral
blood stem cell; CMV, Cytomegalovirus; D, Donor; R, Recipient; —, wative; C, positive; ATG, Anti-thymocyte globulin; MMF, Mycophenolate mofetil; TAC, Tacioius; CsA, Cyclosporine
A; ST, Short treatment; CR, Complete response; PR, Partial response;R| No response;” means after the rst 2-3 ECP treatment still under 2 mg/kg body weight steroids.

expression of the maturation markers CD57 and CD11b orand ST, which suggests that ECP can promote the maturation of

NK cell subsetsHigure 2A). By contrast, signi cantly higher CD56'"MCD16 and CD56™CD16° NK cells in patients with

expression of these maturation markers was detected on NEGVHD with favorable outcome.

cell subpopulations in patients with cGVHD when compared

to HDS and c|;>atient_s with aG\llHDF_(igurefZAzl. Ft'J\Irlt<herm_ore,_ Shifting the Quality of NK Cells From

we observed a signicant elevation of the activation . ;

marker NKG2D on NK cells in patients with aGVHD. In Cytotoxicity to Regulation by

addition, the immature markers CD27 and CD62L as well agCP_ Treatment i _

the CMV speci ¢ activating receptor NKG2C display a similarFunctional NK cell populations, cytotoxic, regulatory, and

expression on these ve di erent NK subsets among the HDs!0lerant NK cells, were de ned in our study based on the

aGVHD and cGVHD groups with exception of CDYECD16E relat!ve expression of CD27 and CD11lb, as shown in a

NK cells that showed a high expression of CD62L inPrevious study 3. The components of regulatory NK cells

aGVHD patients. (CD27°CD116~ ) and tolerant NK cells (CD27CD11b )
Besides surface marker expression, the anti-tumor functio¥ere Signi cantly increased in patients with GVHD compared

of the NK subsets upon K562 stimulation was evaluatel HDs (Figure 4A). However, the distribution of these

(Figure 2B). CD56'MCD16 subset showed the highest level ofthree functlona_l NK sub_se_ts within these ve dierent

CD107a expression as well as the biggest amount of Z6fd ~ NK subcategories was similar among HDs, aGVHD, and

IFN-g secretion compared to other subpopulations, suggesting®VHD patients  Figures 4B-0) with exception of an

their crucial role in the anti-tumor capacity of the NK cells, increased tolerant NK  cell population in the aGVHD

Interestingly, although the NK cells had less potency toetecr 9roup (Figure 4D). _

cytokines in aGVHD patients, a stronger CD107a expression on To investigate whether the functional NK cell subsets are

CD56"CD16 NK cells could be induced by co-culturing with inuenced by ECP treatment, a comprehensive analysis was
K562 cells Figure 28). performed. Our results show that a signi cant decrease of

cytotoxic CD27 CD11H° NK cells was observed in aGVHD

patients after ECP therapys(pplementary Figure 24, caused
Maturation of NK Cells by ECP Therapy by the dramatic reduction of cytotoxic NK cells within the
After ECP treatment, the qualityF{gure 3A) and quantity CD56" NK cell populations $upplementary Figure 2B
(Figure 3B) of the maturation marker CD57 were upregulated Figures 5A,B. Furthermore, we observed a signicant
in both CD56'MCD16 and CD56™CD16° subsets in patients downregulation only in aGVHD responders while not in non-
with aGVHD achieving CR as compared to patients with PR, NRrespondersKigure 5B). This con rms that this general reduction
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TABLE 2 | cGVHD patients' characteristics and clinical response to EP.

# Pat. Primary Type of Stem cell CMV status Prophylaxis for cGVHD Organ CMV ECP
disease transplantation source D/R GVHD grade involved reactivation response
17 LL MRD PBSC Cl- CsACMTX moderate skin - PR
18 DLBCL MMUD PBSC —/- AT&CsA severe lung - SD
19 AML MRD BM ci/c CsA severe lung - PR*
20 AILT MRD PBSC Cl- MMF moderate skin - SD
21 TPLL MUD PBSC c/C ATGCTAC moderate skin - PR
22 AML MRD PBSC Cl- MMFCSRL severe skin - ST
23 PTCL MUD PBSC Cl- ATGCCsACMMF moderate skin - CR
24 CLL MRD PBSC c/C MMF moderate skin - PR
25 TPLL Haplo BM —I— MMFEETAC severe skin - ST
26 OMF MUD PBSC Ci/C MMFCTAC severe skin - PR
27 CLL MUD PBSC —I- CsACMMF severe skin - PR*
28 ALL MRD PBSC c/C MMF severe skin - SD
29 HL MRD PBSC c/C CsACMMF severe skin - PR
30 BAL MRD PBSC —I- CsA severe extent - SD
31 AML MRD PBSC c/Cc CsA moderate skin - PR
32 AML MUD PBSC —I— AT CsACMMF severe skin - SD
33 MDS MRD PBSC c/C PDN severe skin - PR
34 MCL MRD PBSC —I- CsACMMF severe skin - PR

c¢GVHD, chronic GVHD; ECP, Extracorporeal photopheresis; # Pat., patiemumber; LL, Lymphoblastic Lymphoma; DLBCL, Diffuse Large B cell igphoma; AML, Acute Myeloid
Leukemia; AILT, Angioimmunoblastic T cell Lymphoma; TPLL, T Pyohphocytes Leukemia; PTCL, Peripheral T cell Lymphoma; CLL, Chronicymphocytic Leukemia; OMF,
Osteomyelo brosis; ALL, Acute Lymphoblastic Leukemia; HL, Hodgkis' lymphoma; BAL, Biphenotypic Acute Leukemia; MDS, Myelodysplastic Syndroes; MCL, Mantle cell
Lymphoma; MUD, mismatched unrelated donor; MMUD, matched unrelated doar; MRD, matched related donor; Haplo, Haploidentical Stem Cell Transplantati; PBSC, Peripheral
blood stem cell; BM, Bone marrow; CMV, Cytomegalovirus; D, Donor; RRecipient; —, negative;C, positive; CsA, Cyclosporine A; MTX, Methotrexate; ATG, Anti-thymocyte globulin;
MMF, Mycophenolate mofetil; TAC, Tacrolimus; SRL, Sirolimus; PDNrednisolon; PR, Partial response; SD, Stable disease; PRPartial response but progression afterward; ST, Short
treatment; NR, No response; CR, Complete response.

correlates with ECP response. In parallel, regulatory NKscelwhich are associated with enhanced e ector function showed
within CD56”1 NK cell subsets were signi cantly increaseddi erent patterns among HDs, aGVHD and cGVHD patients
by ECP therapy Rigure 5C Supplementary Figure 2¢.  (Figure 8A), the multifunctionality of NK cells was constant
However, there were no signi cant changes of tolerant NKduring ECP therapyKigure 8B).

cells Figure 5D, Supplementary Figure 20). Collectively, Since ve dierent NK cell subsets were de ned in our
our data suggest that ECP therapy could shift thestudy, we compared the contribution of these ve subsets ® th
quality of CD56" NK cells from cytotoxic to regulatory anti-tumor function and further assessed whether it would be

NK cells. in uenced by ECP therapy. We found a signi cant improvement
of CD107a expression and IF§l+elease by CD®§ NK cells

Intact Anti-Viral/Tumor Capacity of NK in the aGVHD cohort Figure 9A) as well as secretion of

Cells Under ECP Treatment TNF-a by CD5@" NK cells in cGVHD patients Kigure 9B).

To determine the inuence of ECP therapy on the anti- Apparently, our data suggest that ECP could maintain or even

viraltumor capacity of NK cells, a specialized anti-virator ~ IMProve the functionality of NK cells with respect to the

population, CD56MCD5TNKG2CS NK cells @4), as well ann-vwgl/tumor capabilities via preserving the frequgncy o]

as the quality and quantity of NK activity were monitored CDsg_j CDS?CNKG_Z(’C NK cells and keeping the quality and

during ECP treatment. CD3B"CD57 NKG2CS NK cells were  duantity of the cytokine pro le of the NK cells.

identied in our study following the strategy as shown in . . . .

Figure 6A A stable frequency of CDSB'CD5TNKG2cC  Preserving Proliferative Function of NK and

NK cells during ECP therapy was observed in both aGVHDI Cells After ECP Treatment

(Figure 6B) and cGVHD patientsFigure 6Q). Proliferative capacity as an important cell function was eatdd
The mean uorescence intensity (MFI) re ecting the cytokine in our study. Freshly thawed PBMCs stained with CFSE were

release on a per-cell basis has been the subject of this studiimulated either by IL-15 or SEB to determine the prolifarat

with further interest due to the quality of NK cell response.capabilities of the NK cells and T cells, respectively. NK cells

There was no signi cant alteration of the MFI of CD107a, TIHF- (Figure 104), CD4° T cells Figure 108, and CD& T cells

and IFN-g during ECP therapy in our studyRigure 7A). The (Figure 10Q from aGVHD patients had greater proliferative

frequency of CD107a expression and the cytokine release by Niapacity than HDs and patients with cGVHD. In contrast, NK

cells upon K562 stimulatioin vitro were maintained as well cells but not CD% and CD& T cells from cGVHD patients

(Figure 7B). Of note, even though the multifunctional NK cells showed a lower proliferative potential than HDEigure 10.
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FIGURE 1 | NK subsets in GVHD and effect of ECP on CD5¥' NK subset. NK cells could be de ned as ve different subsets by elative expression of CD56 and
CD16 (A). The representative dot plots(B) and box plots (C) show that the component of NK cells is different among aGVHD atients fi D 16), cGVHD patients § D
18), and HDs (1 D 10). ECP could dramatically decrease the frequency of CDBCD16 NK cells in aGVHD patients with CR(D 4) (D). Dashed line represents the
corresponding median value of frequencies observed in 10 radthy donors.*p < 0.05.

Moreover, ECP therapy did not hamper neither NK cellT cells leading to GVHD but also in a higher incidence of
(Figure 10A) nor T cell proliferative capacityHigures 10B, G. opportunistic infections %, 26). Thus, therapeutic strategies
to accelerate immune reconstitution after allo-HSCT miglet b
DISCUSSION a reasonable way for both GVHD treatment and prevention
of infections.
In corollary to our previous studiess( 25), we further focused ECP therapy with promising clinical outcome constitutes
on NK cells to investigate their role in ECP therapy foran e ective immunomodulatory therapy for GVHD. In our
GVHD patients. In the current study, we could show thatseries, 75% of aGVHD and 78% of cGVHD patients obtained
(a) the heterogeneous NK cell population presents distinctlinical response. Notably, our previous studies indicateak t
patterns among HDs and patients with aGVHD and cGVHD.ECP therapy could support the immune recovery after allo-
(b) A higher frequency of CD3 NK subset with stronger HSCT 6, 25). Therefore, ECP represents an attractive strategy
NKG2D and CD62L expression was found in patients withto treat GVHD.
aGVHD when compared to those with cGVHD and HDs. In  NK cells are known to be the rst and predominant donor-
aGVHD patients achieving CR, ECP therapy could not onlyderived lymphocytes to reconstitute after allo-HSGS 12, 24,
(c) decrease signi cantly CD86CD16 NK cells with shifting 27). The role of NK cells in the development and the prevention
the property from cytotoxic to regulatory NK subsets but alsoof GVHD is paradoxical. NK cells might enhance in ammation
(d) mature the CD568™ NK cells through up-regulation of by secretion of TNFa and IFN-g and thus promote GVHD
CD57. Most important, ECP could keep the intact anti-viralbut on the other hand sustain homeostasis through targeted
and anti-leukemic e ects via (e) maintaining specializediant killing of activated alloreactive T cells and antigen preent
viral/leukemic CD5%NKG2CCCD56'™ NK cells as well as (f) cells to control GVHD 28 29). The heterogeneity within the
preserving the quantity and quality in terms of the MFI of NK subset might further contribute to these con icting e ext
cytokines, polyfunctionality and proliferative capacity dfNells  during GVHD. According to the expression of CD56 and
under ECP treatment. CD16, we identied ve dierent NK cell populations with
Immune reconstitution after allo-HSCT is a complex processdi erentimmunophenotype and function. Moreover, our results
The unbalanced or the delayed and incomplete immunehow that the composition of NK cells is explicitly divergent
reconstitution could result in not only expansion of allooti@e among HDs, aGVHD, and cGVHD patients, suggesting that
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FIGURE 3 | Effect of ECP on maturation of CD58™ NK cells. Both the MFI of CD57 on CD56™ NK cells (A) and the frequency of CD5F CD569™M NK cells (B)
were upregulated in aGVHD patients with CRn(D 3, excluding patient #8 due to the limited cell number of samfe) but not in patients with PRif D 8) and NRCST (
D 3, excluding patient #5 due to the limited cell number of samie) after ECP treatment. The increasing ratio of the percemge was been calculated as followed:
[(percentage of T2 — percentage of T1) 100]/percentage of T1. The increasing ratio of the MFI was calilated as followed: [(MFI of T2 — MFI of T1) 100]/MFI of T1.
*p < 0.05.

di erent NK subsets are involved in the pathogenesis of aGVHDand B (MICA and MICB) as well as UL-16 binding proteins
and cGVHD. (ULBP1-4), are extensively induced in skin, gut, and livenimiy

In patients su ering from steroid refractory/resistantaG\t;l  aGVHD, these ligands could recruit the activated cytokine-
we observed a dramatically increased in the CI936K subset producing NKG2¥ CD56" NK cells into the target tissues
compared to HDs and cGVHD patients, where CI¥9BNK cells  to directly damage cells3@). In turn, the proin ammatory
constitute the majority of the NK cells. The origin of CO%6 cytokines released by the injured tissue could cause inedeas
NK cells is still a hot debate. CDBBNK cells descending from secretion of TNFa and IFN-g in situ by activated CD58!
common lymphoid progenitors or common myeloid progenitors NK cells creating an ampli cation loop that leads to further
are considered to be the immature precursors of CHB8\K  deterioration of GVHD by direct cell damage or indirect T cell-
cellsin a linear-di erentiation model30, 31). In the early period mediated tissue damagég 39, 40). This might explain our
post-HSCT, a high frequency of CD%BNK cells re ects a better observation of a dramatic reduction of CD%6NK cells with
immune reconstitution 9, 12, 32). This provides a biological decreasing NKG2D expression in aGVHD patients undergoing
explanation for a previous report indicating that ECP therapyECP therapy in association with a favorable clinical outcome.
could increase the CD86 NK cells in responding GVHD This observation seems to be in conict with a recent
patients during the early ECP treatment phase)( On the ECP study performed in GVHD patients reporting that an
other hand, CD58™ NK cells could upregulate CD56 after early increase of CDB6 NK cells is a dominant e ect and
activation, suggesting a proportion of CO%6ENK cells might be  predicts response to ECP4). However, the discrepancy between
activated NK cells rather than immature precursdi$,(33). Both  this study and our data might be explained by a longer
theories regarding the origin of CD8 NK cells are supported immunomonitoring time span of patients under ECP therapy
by our observation in aGVHD patients that CDBBNK cells  in our study. As described, CD%8' NK cells display a mature
express high levels of immature marker CD62L,(34) and also  phenotype and majorly contribute to immune defense and
activation receptor NKG2D35). GVHD-reducing e ect in contrast to CD58' subsets 44, 41,

CD568" NK cells are believed to have a strong cytokinet?). Indeed, a higher expression of dierentiation markers
production capacity with a weakly cytolytic potential 36, CD11b and CD57 on CD58" NK cells than on CD58' NK
37). Since the NKG2D ligands, MHC class I-related Chains Acells con rmed their mature phenotype in our study. Recently,
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FIGURE 4 | Characterization of functional NK subsets. Based on the exssion of CD11b and CD27, NK cells could be de ned as three funtional subsets:
CD11b€CD27 cytotoxic NK cells, CD11°= CD27C regulatory NK cells and CD11b CD27 tolerant NK cells. Although the frequency of these three sigets is
different among HDs 1 D 10), aGVHD ( D 14, excluding patient #5 and #8 due to the limited cell numbepf samples) and cGVHD1f D 13, excluding patient #17,
#18, #21, #22, and #25 due to the limited cell number of sampls) groups (A), the component of cytotoxic (B), and regulatory(C) NK cells is similar in ve
subpopulations among three different groups except the t@rant NK cells(D). *p < 0.05.

preclinical data showed that alloreactive T cells could impaiknown to survive at low levels of IL-153%). Reasonably, we
the reconstitution and maturation of donor NK cells through assume that priming of CD%8 NK cells by ECP therapy in
competition for the critical survival/di erentiation cytaoke IL-  the early treatment phase is a prerequisite for sequential steps
15, switching NK cells toward early immature NK cells that ar of NK cell di erentiation. Apart from this, our previous study
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FIGURE 5 | Effect of ECP on functional NK subsets. ECP could reduce sigrtantly the total cytotoxic NK cells while keeping the totategulatory and tolerant NK cells
stable in aGVHD patientA). However, within the CD5@" NK subsets, a dramatically decrease of cytotoxic NK cell§B) in conjunction with an increase of regulatory
(Continued)
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FIGURE 5 | NK cells (C) has been observed in aGVHD patient with response under ECP éapy. (D) The effect of ECP therapy has not been observed on CDS¥!
tolerant NK cells. The responder group includes the patiestwith CR 1 D 3, excluding patient #8 due to the limited cell number of samie) and patients with PR D
8). The non-responder group includes the patients with NRn(D 1, excluding patient #5 due to the limited cell number of samle) and patients with STif D 2).

*p < 0.05.

FIGURE 6 | Effect of ECP on CD56MCD57C NKG2CC NK cells. (A) shows the analysis strategy of CD58MCD57C NKG2CC NK cells. This specialized
anti-viral/relapse subset could be preserved after long-ten ECP treatment in both aGVHD(B) and cGVHD (C) patients.

FIGURE 7 | Effect of ECP on the quality and quantity of NK cell functionpon K562 stimulation. ECP therapy has no negative effect orhe quality of NK cell function
in terms of MFI of marker expressior{A) as well as the quantity of CD107 expression and the cytokinestease by NK cells(B). Fourteen patients with aGVHD,
excluding patient #5 and #8 due to the limited cell number of amples, and 13 patients with cGVHD, excluding patient #17, #8, #21, #22, and #25 due to the limited
cell number of samples, were analyzed. The dashed lines repsent the mean value of 10 healthy donor controls.
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FIGURE 8 | Effects of ECP on the multifunctional NK cells. The polyfutional NK cells were analyzed using Boolean gating strateg¥he pattern of multifunctional NK
cells was different among HDs1f D 10), aGVHD i D 14, excluding patient #5 and #8 due to the limited cell numbeof samples) and cGVHD1{ D 13, excluding patient
#17, #18, #21, #22, and #25 due to the limited cell number of saples) patients(A). After long-term ECP treatment, the polyfunctional NK cedlcould keep stable (B).

indicated that ECP promotes the NK cell di erentiation via cells and monocytes or via suppression of Th17 célt 47).
losing immature receptor CD62L5). In addition, the signi cant  This pleiotropic nature of NK cells might be likely responsible
increase of the density of CD57 on CD¥B NK cells and for the variable and even con icting roles in the development
the frequency of CDS7YCD56'™ NK cells further support our of GVHD. Of note, ECP could shift the NK cells from a
theory of NK cell dierentiation by ECP, since acquisition cytotoxic to a regulatory/tolerant phenotype, especiallyhimit
of CD57 on NK cells is an irreversible process for NK celthe CD56" subset. This shaping e ect might partly contribute to
maturation (¢3-46). the induction of NK cells48) and CD56" NK cells (14) by ECP
Most interesting data emerge from the dissection of theherapy as well.
components of NK cells based on the expression of CD11b and In the case of cGVHD, CD56 NK cells stand out as a
CD27. Signi cant increases of regulatory (CI¥2D116°= )  signature NK subset. Previous studies have shown that the
and tolerant (CD27 CD11b ) NK cells were observed in GVHD existence of CD56 NK cells is associated with chronic viral
patients, suggesting NK cells could have immunoregulatorinfection e.g., human immunode ciency virus and hepatitis
properties under certain conditions. Those regulatory NKicel C, where NK cells display an impaired functionality with an
could control the in ammation via either induction of other exhausted phenotype3(, 49-53). In line with these studies,
regulatory cells such as regulatory T cells, tolerogenicldén CD56 CD16° NK cells in ¢cGVHD patients highly express
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FIGURE 9 | Effect of ECP on the contribution of NK subsets to GVL effecfThe contribution of ve different NK subpopulations with therespect to CD107a expression,
TNF-a and IFN-g secretion was investigated in both aGVHDN(D 14, excluding patient #5 and #8 due to the limited cell numbeof samples)(A) and cGVHD patients
(n D 13, excluding patient #17, #18, #21, #22, and #25 due to the Inited cell number of samples)B). ECP therapy could improve CD107a expression and IFN-
secretion by CcD56MCD16%=  NK cells in aGVHD patientgA), while improve TNFa secretion by CD56MCD16= NK cells in cGVHD patientgB). *p < 0.05.

terminally di erentiated markers and display a low capacityin GVHD patients under ECP therapy5@). No signi cant

of cytotoxicity and cytokine release upon K562 stimulationchanges were observed. Notably, ECP could even enhance the
However, the patients with higher frequency of CD56IK  NK cell-mediated GVL e ect via increase of cytokine release
cells had no viral infection nor virus reactivation, sugijgs by CD5&" NK cells. Furthermore, the proliferation of NK
that cGVHD with a persistent in ammation could drive mature cells providing an expanded pool of e ector cells against the
NK cells toward the unfunctional CD56 NK cells as well. pathogens was not hampered by ECP therapy as well. Summing
However, we did not observe any e ects on CD58K subset up, our data suggest that ECP does not comprise the quantity

by ECP therapy. and quality of NK activity for control of virus reactivatiomd
Although ECP therapy could induce immune tolerance andanti-tumor immunity post-transplant.
rebalance the immune system, there is no clinical reportsvhp Importantly, immunosuppressive medications should be

that ECP is associated with an increased risk of infectiod anconsidered for changes of di erent cell populations and markers
relapse of primary diseasB, 64, 55). In our previous study, we as well. In our study, the major change in immunosuppressive
for the rst time proved that ECP therapy preserves immunitytherapy next to ECP treatment was the reduction of steroids.
against infections and the graft vs. leukemia (GVL) e ectbat This reduction however was not associated with similar cjesn
cellular level%). Based on these ndings, we further investigatedof cell subsets among patients with di erent clinical responses
whether ECP could in uence the function of NK cells, sinceTherefore, we assume that the reduction of steroids migtit no
NK cells mediate important innate immunity that bridges the contribute to the changes of the NK subsets.

T-cell-de cient period after HSCT in order to control the &t Incorporating the results from former studies, the undegdin
infections and eliminate the residual malignant celi§ 66,57).  mechanisms behind the eects of ECP on NK cells are
A  specialized subset of NK cells with asummarized inFigure 11 ECP therapy could directly induce
CD56MCD57NKG2CC phenotype that is highly associated alloreactive T cell apoptosis which results in sparing of IL-15
with anti-viral and GVL e ect was monitored in the current Consequently, this promotes not only the recovery of immune

study. ECP had no negative in uence on the frequency of thiseconstitution with an increase of CD%6 NK cells but also a
subset. Consequently, COBBCD57 NKG2C® NK cells could  di erentiation of NK cells from an immature phenotype CD%6
still functionally mediate the GVL e ect either through seting to a mature state CD%#" followed by further maturation
TNF-a and IFN-g or via NKG2C binding to HLA-E 24). Our  of CD56'™ NK cells. Moreover, ECP could educate CB56
data further con rmed that the production of TNRrand IFN-g  NK cells by shifting their quality from a cytotoxic to a
by NK cells in response to K562 myeloid leukemia cells wasgulatory function.
not a ected by ECP treatment. Similarly, lysosomal-asgedia In conclusion, ECP therapy represents a safe and e ective
membrane protein-1 (CD107a), a sensitive marker of NK atgtivi immunomodulatory treatment for GVHD patients through
(59), was stably expressed by NK cells upon K562 stimulatioits e ects on reconstitution, di erentiation, maturation ah
under ECP therapy. education of NK cells.

The magnitude of immune response is a fundamental
characteristic of NK cell-mediated immune defense. Howeve
the quality of NK cell responses is more crucial for determini ETHICS STATEMENT
their functionality. With respect to this, the MFI re ectinche
cytokine release on a per-cell basis and the polyfunctionafit The study was approved by the local Ethical Committees and alll
NK cells associated with enhanced e ector function weressssié  patients signed consent forms before treatment.
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FIGURE 10 | Effect of ECP on cell proliferative function. The prolifetime capacity of NK cells(A), cbD4aC T cells(B), and cD&C T cells(C) was evaluated using CFSE
staining. None of them could be hampered by ECP therapy. Alhe proliferation assays were performed with 11 samples frormGVHD patients, excluding the samples
from patient #5, #6, #8, #10, and #11 due to the limited cell nmber of samples, nine samples from cGVHD patients, excludgthe samples from patient #17, #18,

#19, #21, #22, #25, #26, #27, and #31 due to the limited cell nunber of samples, and ve HDs.
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FIGURE 11 | Mechanism of action of ECP on NK cells in GVHD. Reconstitutio ECP could induce the apoptosis of alloreactive T cells resting in an elevation of
IL-15 which recoveries the immune reconstitution. Differedration: IL-15 could also promote the differentiation of NK ells from CD5@' subset to CD564M subset. In
turn, CD569M NK cells could kill the alloreactive T cells. Maturation: CGEBYM NK cells could be matured through ECP therapy via upregulath of CD57 and
downregulation of CD62L. Education: ECP could educate CD5¥' NK cells by shifting their quality from a cytotoxic to a regatory function.
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