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Abstract

We conducted a multicenter interventional study to assess the efficacy of
Therakos ECP to treat steroid-resistant graft-vs-host disease (SRes-GVHD)
after allogeneic HSCT and to identify biomarkers of GVHD response. A total
of 62 patients were treated for acute SRes-GVHD (n = 37) or chronic SRes-
GVHD (n = 25). Median time to best response was 35 days (range, 28-85) and
90 days (range, 27-240) in acute and chronic SRes-GVHD, respectively. Over-
all, 27 patients (72.9%) with SRes-aGVHD responded to treatment (40.5% CR
and 32.4% PR). The response rate was significantly higher in grade I-II than in
grade III-IV aGVHD (100% vs 50.0%, respectively, P-value = .001). In chronic
SRes-GVHD, 22 patients (88%) achieved a clinical response (24.0% CR and 64%
PR). Response was higher in moderate than in severe SRes-cGVHD (100% vs
75%, P = .096). In both acute and chronic SRes-GVHD patients, the percentage
of peripheral blood CD3*CD4" was higher and CD3"CD8' lower in
responding than nonresponding patients. Acute SRes-GVHD responding
patients presented a higher number of Treg cells (CD4"CD25"CD127°"'") at
day 0 (P =.028) than nonresponding patients, differences that were
maintained over the observation period. Phenotypic analysis of T-cell matura-
tion showed a trend toward reduction in TCD8 naive cells, along with an
increased percentage of TCD8 Mem Efect T cells after starting ECP in
responding patients. None of the studied serum cytokines displayed statisti-
cally significant changes in either acute or chronic SRes-GVHD. ECP is an
effective treatment for patients with SRes-GVHD. Biomarkers could help guide

decision-making on ECP treatment initiation and duration.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.
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1 | INTRODUCTION

Steroid-resistant GVHD (SRes-GVHD) is the leading
cause of early and late allogenic hematopoietic stem cell
transplant (allo-HSCT)-related mortality and morbidity,’
due not only to immune-mediated organ damage caused
by GVHD itself, but also the side effects associated with
immunosuppressive drugs, especially steroids and cal-
cineurin inhibitors (CNI) used as first- or subsequent-line
treatment of this complication.” Systemic immunosup-
pression increases the risk of infection, disease relapse,
and organ toxicity after HSCT.>*

There is no standard treatment for SRes-GVHD.
Available therapies such as mycophenolate mofetil
(MMF), daclizumab, or anti-T lymphocyte globulin
(ATG) have shown limited clinical activity, with response
rates ranging from 20% to 40% and poor long-term sur-
vival. More recently introduced agents such as
ruxolitinib, mesenchymal cells, and ibrutinib have shown
promising results in either acute or chronic SRes-GVHD,
but phase III trial results are still pending.’

Extracorporeal photopheresis (ECP) is an immuno-
modulatory treatment that has demonstrated beneficial
results in retrospective and prospective studies in patients
with steroid-resistant acute (SRes-aGVHD) or chronic
GVHD (SRes-cGVHD).®® One method that has been pro-
posed is to induce alloreactive T-cell depletion and
immunotolerance by generating regulatory T-cells
(Tregs) and tolerogenic dendritic cells (DCs).'*** Owing
to their pathogenic involvement, blood levels of certain
T cell or NK subsets have been described as cellular bio-
markers of GVHD or response to ECP.'""** However, con-
flicting data have been reported on the effect of ECP on
Treg levels in patients with SRes-cGVHD.”'>'* Discrep-
ant results may stem from differences in severity of
GVHD and immunosuppressive treatments used before
or combined with ECP across series.

Considerable research has been conducted to identify
early biomarkers for risk stratification and to predict
GVHD response to ECP in order to inform treatment ini-
tiation and duration."'*'® However, published results
are mostly derived from single institutions, and still await
validation in prospective studies or randomized clinical
trials to bring them from bench to bedside. Some studies
have shown the significant impact of a quality response
(ie, complete response) in terms of improved overall or
disease-free survival.*® It therefore seems pertinent to

investigate whether biomarkers could help early identifi-
cation of SRes-GVHD patients most likely to respond to
ECP treatment.

In the current study, we evaluated the clinical effi-
cacy of Therakos ECP to treat SRes-GVHD following
standard clinical indications predefined by the partici-
pating centers (Spanish Group for Hematopoietic
Transplantation and Cell Therapy, GETH). While often
treated as equivalent to refractory, in our study we
stratified SRes-GVHD into true steroid-refractory (SR-
GVHD), steroid-dependent (SD-GVHD), or steroid-
intolerant (SI-GVHD). Our second aim was to identify
biomarkers predicting clinical response to ECP
through analysis of different peripheral blood immune
populations, including T, B, and NXK cells, before epi-
sodes of clinical GVHD and the kinetic profile of
plasma cytokines related to GVHD.

2 | MATERIALS AND METHODS

2.1 | Study design
A prospective, multicenter, interventional study in line
with routine clinical practice was conducted in five Span-
ish centers from the GETH.

2.2 | Patients
Sixty-two consecutive adult patients with acute or
chronic SRes-GVHD after allo-HSCT were included in
the study between September 2012 and October 2016.
All patients were treated with the Therakos Cellex ECP
system, which combines cell collection, photo-
activation, and reinfusion technologies in an integrated
system, following the manufacturer's recommenda-
tions. The study protocol was written in accordance
with the European Union Directive on Good Clinical
Practice and the current version of the Declaration of
Helsinki. Each participating center obtained study
approval from their respective local Research Ethics
Committees. All patients gave informed consent to par-
ticipate in the study. The study was registered in Clini-
cal Trials (NCT03124056).

Patients were eligible to participate in the study if
they had:
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+ Active grade II-IV aGVHD in the following clinical sit-
uations: (a) SR-aGVHD, defined as GVHD progression
in any organ within 3-5days of standard first-line
treatment with a CNI and high dose methylpredniso-
lone (2 mg/Kg/day) or failure to improve within 7 days
or incomplete response after more than 28 days;
(b) SD-aGVHD, defined as a GVHD flare-up or evi-
dence of progression in the same or newly affected
organ after reduction of full dose methylprednisolone
previously administered for at least 2 weeks;
(c) SI-aGVHD including avascular necrosis, severe
myopathy, uncontrolled diabetes mellitus, systemic
viral or fungal infections, or other significant side
effects as defined by the attending physician.

+ Moderate or severe cGVHD diagnosed <3 years from
allo-HSCT, that was steroid-resistant (SR-cGVHD,
defined as lack of response or disease progression after
administration of at least 1 mg/kg of prednisone or
equivalent, either alone or combined with CNI)
or SD-cGVHD (requiring more than 10 mg prednisone
or equivalent to control GVHD manifestations) or
SI-cGVHD (including avascular necrosis, severe myop-
athy, uncontrolled diabetes mellitus, systemic viral or
fungal infections), as evaluated by the attending
physician.

« White blood cell (WBC) count >1000/mm?, platelets
>25 000/mm?>, and a Karnofsky Performance status
score >50%.

Exclusion criteria were intolerance to methoxsalen, hepa-
rin, or citrate products, active gastrointestinal bleeding,
previous treatment with ECP, pregnancy, or lactation.

2.3 | Treatment and study assessments
The initial treatment schedule was based on GVHD type
(acute or chronic) and was later adapted according to
clinical response.

In SRes-aGVHD, ECP was initiated with three treat-
ments during the first week, followed by two treatments
per week from weeks 2 through 12. In each session,
1500 mL of blood was processed using the Therakos
Cellex photopheresis system following the standard
instructions provided by Therakos Inc (Therakos Inc.
THERAKOS CELLEX Photopheresis System: Operator's
Manual. In. Vol Rev. 5.0-14 604 152 014). In case of dis-
ease progression after 2 weeks of treatment or lack of
response after 6-8 weeks, treatment was withheld and
alternative therapies were considered by the physician.
In the event of partial (PR) or complete response (CR),
treatment frequency was reduced according to the follow-
ing schedule: two treatments/week from week 2 through

week 12; one treatment every 2 weeks from week 13 until
total discontinuation of steroid treatment.

In SRes-cGVHD, ECP was initiated using three treat-
ments during the first week, followed by two treatments
every 2 weeks from weeks 2 to 12. In patients with no
prior progression, the first evaluation was made at week
12, except for sclerodermic SRes-cGVHD, in which case
evaluation was made after 28 weeks. The same blood vol-
ume was processed and the procedure detailed above for
aGVHD was followed in each session. In case of clear
progression after 1 month of treatment or lack of
response at the first evaluation at week 12, treatment was
withheld and alternative therapies were considered by
the physician. If the patient achieved a partial (PR) or
complete response (CR) in week 12, two treatments were
applied every month for three additional months after
suppression of steroid treatment. Tapering during treat-
ment with ECP was guided by GVHD manifestations, at
the discretion of the treating physician.

At the start of ECP all patients were receiving immu-
nosuppressive (IS) therapy with prednisone and a CNIL.
All other IS therapy except MMF was discontinued before
starting ECP. Tapering of immunosuppressors during
ECP treatment was guided by GVHD manifestations at
the discretion of the attending physician.

Diagnostics and grading of patients with aGVHD
were based on modified Glucksberg criteria,”**' while in
SRes-cGVHD patients followed NIH Consensus Group
2005 criteria.*?

Acute GVHD response criteria:

If no previous progression had occurred, evaluation
was scheduled after day 28 after ECP onset without addi-
tional systemic immunosuppressants. Complete response
was defined as resolution of all target organ symptoms.
Partial response was defined as an improvement at any
organ stage by at least one stage without increasing in
any other target organ stage. All other treatment out-
comes were classified as nonresponse/progression.
Patients who died before response assessments were con-
sidered nonresponders.

For chronic GVHD response assessments the NIH
Consensus Group 2006 criteria were used.>’

Response assessment was carried out by the same
trained physician in each center to minimize criteria
variability.

2.4 | Sample extraction

Aiming to identify early biomarkers of response to ECP,
we obtained samples pre-ECP and on days +7, +14, and
421 in aGVHD, and pre-ECP and on days +15, 430,
+45, and +60 in SRes-cGVHD. Sample collection was as
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follows: 2 x 4.5 mL whole blood were collected in blood
collection tubes with sodium heparin anticoagulant, were
processed on the day of collection at each participant cen-
ter to obtain mononuclear cells (MNC) following the
same protocol, and were stored frozen until transporta-
tion to the centralized processing laboratory at the Hospi-
tal Clinico Universitario of Valencia, along with patients'
clinical data.

2.4.1 | Analyses of lymphocyte subsets and
dendritic cells

The samples were defrosted at 37°C on the day of
cytometric analysis. Subsequently, one or two washes
were carried out with phosphate-buffer saline (PBS) and
the sample was resuspended in it. From the total sample,
100 pL was pipetted into each tube with the appropriate
combination of antibodies according to the study
populations, using manufacturer recommended amounts
of antibody (BD Biosciences, San José, California). They
were incubated in the dark for 15 minutes. Cells were
then washed, resuspended in 200 pL of 1% paraformalde-
hyde in PBS, and run within 2 h with a FACSCanto II
(BD Biosciences, San José, California) using FACSDiva
software vs 1.8 (BD Biosciences, San José, California),
then analyzed with Infinicyt vs 1.8 (Cytognos). Lympho-
cytes were selected by SSC-A vs FSC-A gating and den-
dritic cells were selected by gating SSC-A vs FSC-A and
CD123" vs HLA-DR. The following monoclonal anti-
bodies and combinations were used in the procedure (BD
Biosciences):

1. CD3-FITC, CD16-PE, CD19-PerCP, CD4 PE-Cy7,
CD56-APC, CD8-APC-Cy7: T, B, NK lymphocytes.

2. CD4-FITC, CD123-PE, CD25 PE-Cy7, CD127-APC,
HLA-DR Pacific Blue: Treg lymphocytes and dendritic
cells.

3. CD45 RA-FITC, CCR7-PE, CD4-PerCP, CD62L PE-
Cy7, CD3-APC, CD8-APC-Cy7: lymphocyte
subpopulations.

Cytokine measurement in plasma was assessed using
peripheral blood obtained from patients, centrifuged
immediately and stored at —80°C. Cytokine determina-
tions were performed by normal or high sensitivity
ELISA (R&D Systems, Minneapolis, Minnesota). The fol-
lowing parameters were used in the analysis:

1. BAFF: Quantikine Human BAFF/BLyS/TNFSF13B
ELISA (assay range: 62.5-4000 pg/mL)

2. IFN-gamma: Quantikine Human IFN-gamma ELISA
(assay range: 15.6-1000 pg/mL)

3. IL-10: Quantikine Human IL-10 ELISA (assay range:
0.8-50 pg/mL)

4. TNF-alfa: Quantikine Human TNF-alfa ELISA (assay
range: 15.6-1000 pg/mL)

5. IL-6: Quantikine Human IL-6 ELISA (assay range:
0.2-10 pg/mL pg/mL)

The control group consisted of 10 healthy blood donors.

2.5 | Statistical analysis

Analyses were conducted in R version 4.0.0 (A language
and environment for statistical computing. R Foundation
for Statistical Computing, Vienna, Austria. Available: at
https://www.R-project.org/). For categorical variables,
frequencies of groups were compared using chi-square
test. For each cell population, changes across time were
compared with pre-ECP levels using Wilcoxon signed
rank test for two paired samples. In each cell population,
numbers were compared between groups (patients vs
healthy donors; responding patients vs nonresponding
patients) using the Mann-Whitney test. Two-sided exact
P-values were calculated whenever possible and P-values
<.05 were considered statistically significant. Overall sur-
vival (OS) was defined as time from ECP onset to time of
death from any cause. The probability of OS was esti-
mated using the Kaplan-Meier method. The OS curves
for different groups of patients were compared using the
log-rank test.

In the analysis of each cell population type, only
patients with valid values at the beginning of the protocol
(day 0) were considered and presented in the results
section as figures. All results are expressed as percentages
of the lymphocyte count. Changes over time in the mean
level (with the SE of the mean) for each cell population
are also presented in the results section as figures, adding
the number of valid values for each time point, the
P-value associated with the comparison with the pre-ECP
level (day 0) (in black) and the P-value associated with
the comparison with healthy blood donor levels in the
control group (in gray).

3 | RESULTS

A total of 62 adult patients were included in the study.
A complete description of the series characteristics can
be found in Table 1. Most patients included in the
study had SR-GVHD (n = 49, 79%), in both acute
(n = 30, 81.1%) and chronic GVHD (n = 19, 76%)
groups, while only 21% were SD-GVHD (11.3%) or SI-
GVHD patients (9.7%).
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TABLE 1 Characteristics of the study population

Total Acute GVHD group Chronic GVHD group

N (%) 62 (100.0%) 37 (59.7%) 25 (40.3%)
Sex, M/F (%) 42 (67.7%)/20 (32.3%) 26 (70.3%)/11 (29.7%) 16 (64.0%)/9 (36.0%)
Age (years), median (range) 55(18-71) 53 (20-71) 55 (18-71)
Diagnosis (%)

Acute leukemia 28 (45.2%) 16 (43.2%) 12 (48.0%)

Lymphoproliferative malignancies® 22 (35.5%) 12 (32.4%) 10 (40.0%)

Myelodysplastic syndrome (MDS) 9 (14.5%) 7 (18.9%) 2 (8.0%)

Others 3 (4.8%) 2 (5.4%) 1 (4.0%)
DRI

High 42 (67.7%) 25 (67.6%) 17 (68.0%)

Intermediate 18 (29.0%) 11 (29.7%) 7 (28.0%)

Low 2 (3.2%) 1(2.7%) 1 (4.0%)
Type of transplant

Related 32 (51.6%) 17 (45.9%) 15 (60.0%)

Unrelated 30 (48.4%) 20 (54.1%) 10 (40.0%)
HLA (A, B, C, DR) match

Yes 45 (72.6%) 23 (62.2%) 22 (88.0%)

No 17 (27.4%) 14 (37.8%) 3(12.0%)
Haploidentical 2 (3.2%) 2 (5.4%) 0 (0.0%)
Type of conditioning

Myeloablative 18 (29.0%) 11 (29.7%) 7 (28.0%)

Reduced intensity conditioning 44 (71.0%) 26 (70.3%) 18 (72.0%)
GVHD prophylaxis

Tacrolimus plus sirolimus 29 (46.8%) 19 (51.4%) 10 (40.0%)

Cyclosporine plus methotrexate 21 (33.9%) 10 (27.0%) 11 (44.0%)
Others 12 (19.4%) 8 (21.6%) 4 (16.0%)
Previous GVHD treatment lines

1 37 (59.7%) 27 (73.0%) 10 (40.0%)

2 14 (22.6%) 8 (21.6%) 6 (24.0%)

>2 11 (17.7%) 2 (5.4%) 9 (36.0%)
Leucocytes (/mm?) at ECP initiation, median 5850 (800-18200) 5410 (800-14 700) 6860 (1300-18 200)

(range)
Corticosteroid status at study entry

SR-GVHD 49 (79.0%) 30 (81.1%) 19 (76.0%)

SD-GVHD 7 (11.3%) 4 (10.8%) 3 (12.0%)

SI-GVHD 6 (9.7%) 3 (8.1%) 3 (12.0%)
Time from GVHD diagnosis to ECP (days), 67 (4-1038) 26 (4-250) 268 (60-1038)

median (range)

“Non-Hodgkin lymphoma (NHL), Hodgkin lymphoma (HL), Multiple Myeloma (MM), chronic myeloid leukemia (CML) and chronic lymphocytic leukemia
(CLL); SR-GVHD, steroid-refractory GVHD; SD-GVHD, steroid-dependent GVHD; SI-GVHD, steroid-intolerant GVHD.

"DRI: Disease Risk Index. Low: Acute myeloid leukemia (AML) with favorable cytogenetics, CLL, CML, indolent B-cell NHL; Intermediate: AML with
intermediate cytogenetics, Myelodysplastic syndrome (MDS) with intermediate cytogenetics, myeloproliferative neoplasms, MM, HL, Diffuse large B cell
lymphoma/transformed indolent B-NHL, Mantle cell lymphoma (MCL), T-cell lymphoma nodal; High: AML with adverse cytogenetics, MDS with adverse
cytogenetics, T-cell lymphoma extranodal.*®
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Grade 0 Grade 1 Grade 2 Grade 3 Grade 4 TABLE 2 Overall and organ grade
in SRes-aGVHD patients at study entry
Overall 0 (0.0%) 2(5.4%) 15 (40.5%) 9 (24.3%) 11 (29.7%)
Skin 9 (24.3%) 3(8.1%) 5(13.5%) 16 (43.2%) 4(10.8%)
Digestive 7 (18.9%) 16 (43.2%) 5(13.5%) 3(8.1%) 6 (16.2%)
Liver 26 (70.3%) 3(8.1%) 5(13.5%) 2 (5.4%) 1(2.7%)
TABLE 3 Response to treatment by aGVHD overall grade and stage of the affected organ at study entry
Total Total
Overall Grade I and II Grade III and IV Skin Stage I and II Stage III and IV
Total 37(100.0%) 17 (100.0%) 20 (100.0%) 28 (100.0%) 8 (100.0%) 20 (100.0%)
Response 27 (73.0%) 17 (100.0%) 10 (50.0%) 20 (71.4%) 3(37.5%) 17 (85.0%)
Complete 15 (40.5%) 10 (58.8%) 5 (25.0%) 9 (32.1%) 2 (25.0%) 7 (35.0%)
Partial 12 (32.4%) 7 (41.2%) 5(25.0%) 11 (39.3%) 1(12.5%) 10 (50.0%)
NR/progression 10 (27.0%) 0 (0.0%) 10 (50.0%) 8 (28.6%) 5(62.5%) 3 (15.0%)
Digestive Stage I and II Stage III and IV Liver Stage I and II Stage III and IV
Total 30 (100.0%) 21 (100.0%) 9 (100.0%) 11 (100.0%) 8 (100.0%) 3 (100.0%)
Response 20 (66.7%) 15 (71.4%) 5(55.6%) 6 (54.5%) 5(62.5%) 1(33.3%)
Complete 12 (40.0%) 9 (42.9%) 3(33.3%) 3(27.3%) 3(37.5%) 0 (0.0%)
Partial 8 (26.7%) 6 (28.6%) 2 (22.2%) 3(27.3%) 2 (25.0%) 1(33.3%)
NR/Progression 10 (33.3%) 6 (28.6%) 4 (44.4%) 5(45.5%) 3(37.5%) 2 (66.7%)

Abbreviation: NR, nonresponse.

3.1 | SRes-aGVHD patients

3.1.1 | Clinical efficacy

In the time elapsed between diagnosis of SRes-GVHD
and initiation of ECP, some patients had received a
second (n = 8, with MMF, n = 7 or ruxolitinib, n = 1),
third (ATG, n = 1), or fourth (mesenchymal stromal
cell, n = 1) line of treatment. Median time from diag-
nosis of SRes-aGVHD to ECP initiation was 31 days
(range, 4-158 days). The median time to evaluation
was 35 (range, 9-85days), 31 (range, 9-64 days),
33 (range, 28-85 days), and 36 (range, 28-45 days) days
for all patients, and progression, PR and CR groups,
respectively. Median time to response in responding
patients was 35 days (28-85).

Table 2 shows the organ affected and clinical grade at
study entry of the 37 patients treated according to the
SRes-aGVHD protocol. A total of 20 of the 37 SRes-
aGVHD patients had severe (grade III-IV) aGVHD on
inclusion in the study. Two patients classified grade I at
study entry had been grade II with partial response to ste-
roids, but were deemed candidates because of associated
infection (SI-aGVHD).

The median ECP treatment time was 3.0 months
(range, 0.3-23.2 months). No significant ECP-related side
effects were observed in any patient. Overall, 15 patients
(40.5%) achieved CR, 12 (32.4%) had PR, and 10 (27.0%)
had aGVHD progression (Prog). Response rate (complete
or partial) was significantly higher in the milder forms of
aGVHD (grade I-IT) than in the most severe forms (grade
III-IV) (100% vs 50.0%, respectively, P-value = .001)
(Table 3).

Median follow-up of the series from treatment initia-
tion was 12.8 months. The median time to additional
therapy in the PR group (n = 12) was 45 days (36-128). A
total of 17 patients (45.9%) died during study follow-up,
with an estimated median OS of 27 months (Figure 1A).
Four deaths were related to underlying hematological
disease, while the rest were attributed to aGVHD, in most
cases (85%) directly linked to a fatal infectious episode.
Patients who achieved CR had longer survival (median of
over 47 months) than those who achieved partial or no
response (median of 12.3 months) (P = .031) (Figure 1B).
Patients with SD-aGVHD or SI-aGVHD (n = 7) had lon-
ger survival than patients with SR-aGVHD (n = 30), but
the difference did not reach statistical significance (P-
value = .090) (Figure 1Sa). Better survival was also
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FIGURE 1 Overall survival in patients treated for SRes-aGVHD: global (with 95% CI), A, and according to best response; B, Complete
response (CR), partial response (PR) and progression (Prog). Analysis was performed with the Kaplan-Meier method and comparison done

by the log-rank test

observed in patients with a lower grade of aGVHD at
study entry, with differences approaching statistical sig-
nificance (P = .077) (Figure 1Sb).

3.1.2 | Biomarker identification

Analysis of evolution of T-cell populations and serum
cytokines in SRes-aGVHD patients

Figures 2, 2S, 3S, and 4S show the changes over time in
different T and NK cell subsets in all SRes-aGVHD
patients.

The percentage of CD3"CD4" cells saw a statistically
significant increase on day +7 compared with day 0
(P = .018), maintaining this level until day +21
(P = .037). Throughout this period, the values were statis-
tically lower than those of healthy donors (dashed line)
(P < .001 for all analyzed time points) (Figure 2A).

The %CD3"CD8" cells decreased gradually through
across the same period with a statistically significant
decrease on day +21 (P = .001) compared with day O.
Throughout this period, values up to day +21 were signifi-
cantly higher than those of healthy donors (dashed line)
until day 15 (P = .001) (Figure 2B). The CD37CD4"/
CD3"CD8" ratio showed a general increase through the
observed period, reaching statistical significance on day +21
(P = .003) compared to the initial value. Despite this,
throughout the entire period proportions were lower than
those of healthy donors (dashed line) (P < .001) (Figure 2C).

The percentage of Treg cells (CD4"CD25"CD127°%")
decreased gradually until day +21. All values were statisti-
cally lower than those of healthy donors (dashed line)
from day 7 (P = .004) (Figure 2D).

Analysis of the NK cells subsets showed no statistically
significant differences with respect to basal levels
(Figure 2S). Phenotypic analysis of T-cell maturation
showed a trend for reduction of TCD4naive and TCD8naive
cells, stable levels for TCD4MemCentral and TCD8Mem-
Central cells along with increased percentage of TCD4
MemEfect and TCD8MemEfect T cells, suggesting a matu-
ration change in T-cell profile (Figure 3S).

None of the studied serum cytokines showed statisti-
cally significant changes during the first month of treat-
ment (Figure 4S).

Analysis of evolution of cell populations and serum
cytokines comparing ECP response groups in SRes-
aGVHD patients

Figures 3, 5S, 6S, and 7S show changes in mean level
(with the SE of the mean) in the two ECP response
patient groups (CR + PR vs no response [NR]) for each
cell population and time point analyzed. The small
sample size of nonresponding patients must be taken
into account in all comparisons. In all analyses, we
included patients with a valid cell population value at
day 0.

For %CD3"CD4%, the values of the patients who
achieved a response (CR + PR) were higher than nonre-
sponders during the whole follow-up, with the greatest
difference observed on day +7 (P = .047) (Figure 3A).
The median percentage of CD3"CD4" cells increased sig-
nificantly in patients with a response on day +7
(P = .029) and day +14 (P = .043) compared with pre-
ECP level (day 0).

For %CD3"CD8™ cells, values in responding patients
were lower than in nonresponding ones and decreased

85U80]7 SUOWILIOD BAIIERD 8|qedl|dde a3 Aq peusenob aJe e YO ‘8sn Jo se|nJ Joj Areiqi8UIIUO 43I UO (SUORIPUOD-PUB-SWLBIW0D A8 |IMAeJq 1 BUl|UO//:SANY) SUORIPUOD Pue SWB 18U} 89S *[5202/TT/LT] uo Arigi]aulluo AB[1M ‘PRES 8 oueIN|N 0PIARS Aq 8TETZ80/Z00T 0T/I0p/w00 A8 | AUl juo//Sdny Woiy pepeojumod ‘G ‘TZ0Z ‘TOTT860T



704 .4 Journal of AMAT ET AL.
—l—Wl LEY— Clinical Apheresis .44

(A) cD3*cp4” (B) cp3'cps” FIGURE 2 Evolution of, A,
+ +. + +.
o % oo i B i - Y Q - n=22 n=19 n=16 n=20 CD37CD4 ; B, CD3"CD8 ’C’
© ] p<0.001 p<0.001 p<0.001 p<0.001 CD3"CD4"/CD3"CD8"; and D, Treg
@ Q - cell (CD47CD25"CD127°°"") (mean
o - o 1 + SEM) in SRes-aGVHD patients during
A I YT ey e W B = p=0-193. ] the analyzed period of 21 days
9 4 1 S - p=0.001
p=0.020  p=0.004  p=0.001  p=0.120
© J n=22 n=19 n=16 n=20 qd ¢------ Sr-rmoomSorosnrs
T T T 1 T T T 1
do d7 d14 d21 do d7 d14 d21
Time (days) from starting ECP Time (days) from starting ECP
(C) cD3’cD4’/CD3"CD8” (D) Treg cell (CD4*CD25°CD127"°%)
:' 5 . ittt *-—————- - —————- * g T e e ; S T *
| p<0.001  p<0.001  p<0.001  p<0.001 p=0.052  p=0.004  p=0.006  p=0.005
- N
# [ ol
> <] , SR BN
& I 1 _-p=0.003 . I I 1
© | —p=0.087 0 | "
- = =0.338 v =0.
o I p=0.09 p p=0.524 p=0.494
© ] p=22 n=19 n=16 n=20 o J n=2 n=18 n=15 n=19
e I T T ] = I T T 1
do d7 d14 d21 do d7 d14 d21
Time (days) from starting ECP Time (days) from starting ECP
(A) cb3'co4” (B) cb3*cog’ FIGURE 3 Evolution of, A,
9 - g - CD3*CD4™; B, CD3*CD8"; C,
5 I I CD3"CD4"/CD3"CD8"; and D, Treg
= g4 oo . I cell (CD4"CD25"CD127°% ) (mean
=4 n=3 vwo
& R + SEM) in SRes-aGVHD patients
® KA ® 9+ T TS I comparing responding (CR + PR) and
v n=18 . e nonresponding (NR) for the analyzed
& . ® "~ n=12 e periodof 21 days
o — CR+PR --- NR g == eREBR S5 NR
T T T 1 T T T 1
do d7 d14 d21 do d7 d14 d21
Time (days) from starting ECP Time (days) from starting ECP
(C) cD3'cp4’/cD3 cDs” (D) Treg cell (CD4°CD25°CD127'""")
v _ O =
= ™
o _| I I I o n=17
- - n=16 n=12 n%le [
= n=18 g ® _ n=15 n=11 n=15
R 92 o
e o I P o
e _w e I
n=4 n=3 n=4 I- ——————— I —————————————— I
8 _ =3 -1 n=4 n=3 n=4 n=4
— CR+PR -~ NR o | — CR+PR --- NR
r T T ! e M T T 1
do d7 d14 d21 do d7 d14 d21
Time (days) from starting ECP Time (days) from starting ECP
continuously during the whole follow-up, with a statisti- For the CD3*CD4"/CD3"CD8™ ratio, the values of
cally significant difference on day +21 (P = .001) responding patients (CR + PR) were higher than
(Figure 3B). nonresponding patients during the whole follow-up, the
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greatest difference being observed on day +7 (P = .008)
(Figure 3C). Responding patients saw a continuous rise,
with significant differences on day +21 (P = .005) com-
pared to pre-ECP level (day 0), while in nonresponding
patients, growth began as late as day +21.

Responding patients presented higher numbers of
Treg cells (CD4"CD25"CD127'°% ") at day 0 (P = .028),
and the differences were maintained during the observa-
tion period in these patients (Figure 3D).

Analysis of the NK cell subsets showed no statistically
significant differences from basal levels (Figure 5S). Phe-
notypic analysis of T-cell maturation revealed a trend
toward reduction of TCD4naive and significant reduction
of TCD8naive cells, along with increased percentages of
TCD4MemEfect and TCD8MemEfect T cells through
days +14 to +21 from starting ECP, in both responding
patient groups (CR + PR vs NR), suggesting treatment-
induced maturation changes in T-cell profile (Figure 6S).

None of the studied serum cytokines (TNF-alfa, IL-10,
IFN-gamma, IL-6, and BAFF) showed statistically signifi-
cant changes between responding and nonresponding
patients during the first month of treatment (Figure 7S)
though the low number of samples analyzed precluded
meaningful conclusions.

3.2 | SRes-cGVHD patients

At a median of 647 days (250-994) after diagnosis of
chronic GVHD, all patients (n = 25) had received systemic
corticosteroids alone (n = 15) or in combination with a
CNI (n = 10). Among patients included in the chronic
SRes-GVHD group of our study, six patients had received
a second line (cyclosporin, n = 3; MMF, n = 2; mesenchy-
mal stromal cell, n = 1), five patients a third line
(sirolimus, n = 3; ruxolitinib, n = 2), and four patients a
fourth line of treatment (sirolimus, n = 2; rituximab,

n = 1; ibrutinib, n = 1). Prior to enrollment in our study,
CNI and MMF were the only agents not discontinued.

Among the 25 patients treated according to the SRes-
cGVHD protocol, at study entry 1 patient (4%) had mild
(previously graded moderate which become intolerant to
steroids), 12 patients (48%) had moderate, and 12 patients
(48%) had severe SRes-cGVHD, respectively. Regarding
the affected organs, 24 (96.0%) had mucosal/cutaneous,
10 (40.0%) scleroderma, 9 (36.0%) genital, 4 (16.0%)
hepatic, 3 (12.0%) fasciitis, 2 (8.0%) pulmonary, and 1 had
(4.0%) intestinal involvement.

Median ECP treatment duration was 7.8 months
(range, 0.3-16.2 months). No treatment-derived side
effects were observed in patients except for mild pain
during venous insertion of the apheresis catheter in seven
patients (11%). No patient had apheresis catheter-related
hemorrhage or thrombosis. Overall, 6 patients (24.0%)
achieved CR, 16 (64.0%) had PR, and 3 (12.0%) had dis-
ease progression at the end of the treatment. The percent-
age of patients with response (complete or partial) was
higher in the moderate SRes-cGVHD group than the
severe one (100% vs 75%, P = .096) (Table 4).

Median time to best response was 90 days (range,
27-240 days) for patients who achieved PR and 92 days
(range, 90-173 days) for those reaching CR.

Median follow-up of the series was 14.3 months. Four
patients (16%) died during follow-up, two, due to infec-
tious events and two to progression of the underlying dis-
ease, with an estimated median OS of over 47 months
(Figure 4A). Patients achieving CR had longer survival
than those who had PR or NR (light gray) (Figure 4B).

During follow-up, 3 of the 19 patients with resistance
(15.8%) and 1 of the 6 patients with dependence or con-
traindication (16.7%) died. None of the 13 patients in the
mild/moderate group died, compared to the 4 deaths
observed among the 12 patients of the severe
group (33.3%).

TABLE 4 Response to treatment by overall cGVHD grade and affected area
Total Response Complete Partial Progression
Total 25 (100.0%) 22 (88%) 6 (24.0%) 16 (64%) 3 (12%)
Mild-Moderate 13 (100.0%) 13 (100%) ((100(100.0%) 3(23.1%) 10 (76.9%) 0 (0.0%)
Severe 12 (100.0%) 9 (75%) 3 (25%) 6 (50%) 3 (25%)
Mucosal/cutaneous 24 (100.0%) 21 (87.5%) 5(20.8%) 16 (66.7%) 3 (12.5%)
Scleroderma 10 (100.0%) 10 (100%) (100.0%) 1 (10%) 9 (90%) 0 (0.0%)
Genital 9 (100.0%) 6 (66.7%) 2(22.2%) 4 (44.4%) 3(33.3%)
Hepatic 4 (100.0%) 4 (100%) 1 (25%) 3(75%) 0 (0.0%)
Fasciitis 3 (100.0%) 3 (100%) 0 (0.0%) 3 (100%) 0 (0.0%)
Pulmonary 2 (100.0%) 2 (100%) 1 (50%) 1 (50%) 0 (0.0%)
Intestinal 1 (100.0%) 1 (50%) 1 (50%) 0 (0.0%) 1 (50%)
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3.2.1 | Analysis of T-cell subsets and serum A decrease in the CD3"CD4" cell percentage was

cytokines in SRes-cGVHD patients

Figures 5, 9S, 10S, and 11S show the evolution over time
of different T and NK cells subsets in all SRes-cGVHD
patients.

Figure 5 shows changes over time for each T-cell sub-
set in SRes-cGVHD patients.

observed compared to the initial value, but without
reaching statistically significance. The values were lower
than in healthy donors (dashed line) throughout this
period, with statistically significant differences at each
time point (P < .001) (Figure 5A).

%CD3"CD8" levels remained very stable, with a
modest increase at day +30. The values were above
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healthy donors (dashed line) throughout the period, with
statistically significant differences only on day +30
(P = .035) (Figure 5B).

A fall in the CD3"CD4"/CD3"CD8" ratio could be
observed at day +30 compared to the initial value, but
the differences were not statistically significant. Through-
out this period, values were lower than in healthy donors
(dashed line) with statistically significant differences over
the entire time (Figure 5C).

A decrease in the Treg cell (CD4"CD25"CD127'°%/7)
percentage was observed with respect to the initial value,
with statistically significant differences on day -+45
(P = .003). Throughout this period, values were lower
than in healthy donors (dashed line) with statistically sig-
nificant differences throughout the whole period
(Figure 5D).

Analysis of the NK cell subsets did not show statisti-
cally significant differences compared with basal levels
(Figure 9S). Phenotypic analysis of T-cell maturation
found no statistically significant differences with respect
to basal levels either (Figure 10S).

None of the studied serum cytokines levels showed
statistically significant changes during follow-up
(Figure 11S). BAFF serum levels and the BAFF/CD19
ratio show a progressive increase, peaking on day +45
(Figures 11Sa and 11Sb).

3.2.2 | Analysis of T-cell subset and serum
cytokine evolution comparing ECP response
groups in SRes-cGVHD patients

Figures 12S, 13S, 14S, and 15S show the changes in the
mean level (with the SE of the mean) in the two ECP
response patient groups (CR and PR vs NR) for each cell
population and time point analyzed.

During the first 45 days responding patients (CR
+ PR) showed higher CD3"CD4" percentages than non-
responders, with a trend toward statistical significance
compared to pre-ECP level (day 0) on day +30 (P = .095)
(Figure 12Sa). Regarding %CD3"CD8", responding
patients (CR + PR) displayed stable, lower percentages
than nonresponding patients throughout the whole
period (Figure 12Sb). %CD3*CD4"/%CD3"CD8" values
in responding patients were above those of
nonresponding ones (Figure 12Sc). Basal Treg cell
(CD4"CD257CD127"% ") cells did not show significant
differences between responders and nonresponders, with
a continuous decline in both groups, statistically signifi-
cant different on day +45 compared to pre-ECP level
(day 0) (P = .003) (Figure 12Sd).

Phenotypic analysis of T-cell maturation showed a
trend toward reduction in TCD8naive cells at day +15,

B s .54 — W LEY-L ™
along with an increased percentage of TCD8MemEfect T
cells across days +15 to +45 after starting ECP in both
responding patient groups (CR + PR vs NR), suggesting
treatment-induced maturation change in T-cell profile
(Figure 14S).

None of the studied serum cytokines (TNF-alfa, IL-10,
IFN-gamma, IL-6, BAFF, and BAFF/CD19) displayed sta-
tistically significant changes between responding and
nonresponding patients during the first 45 days of treat-
ment (Figure 15S). Again, the low number of samples
analyzed precluded meaningful comparison.

4 | DISCUSSION

The present study shows that the Therakos ECP is clini-
cally effective in treatment of both acute and chronic
SRes-GVHD patients and provides detailed data on the
evolution of the most commonly recognized cell and
cytokine biomarkers which may mediate the effect
of ECP.

Overall, 73% of patients with SRes-aGVHD and 88%
of those with SRes-cGVHD responded to ECP treatment.
It should be underlined, however, that at least as regards
SR-aGVHD, partial responses were usually transient and
did not translate into survival improvement. In this set-
ting, tapering and discontinuation of corticosteroids and
other immunosuppressors, which confers significant sur-
vival advantage, is wusually only permitted in
CR. However, given the good safety profile of ECP, it
might serve as a bridge therapy or as part of a combined
therapy, as is being evaluated by other authors.*®*° Of
note, SRes-aGVHD grade at ECP initiation was signifi-
cantly associated with efficacy, with a 59% CR rate being
observed in patients with grade I and II as compared to
25% in patients with grade III and IV. These results seem
inferior to those found in other studies, such as the one
conducted by Greinix et al.?* In that study including
59 patients, the largest series of patients with aGVHD
receiving ECP treatment, 86%, 55%, and 30% of patients
with grade II, grade III, and grade IV aGVHD achieved
CR, respectively. By affected organ, complete response in
SRes-aGVHD was higher for cutaneous involvement
(82%), and somewhat lower for liver and gut involve-
ment (61%) in the same phase II study.*® Differences in
response rates can mainly be explained by variations
in the studied population characteristics, as 27% of the
aGVHD group patients and 60% of the cGVHD group
patients had received two or more lines of treatment
prior to ECP. In addition, the proportion of true steroid-
refractory GVHD (SR-GVHD) at study entry was much
higher in our study, in both acute and chronic GVHD,
than in other studies which had lower or even much
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lower percentages. In general, prognosis with true
steroid-resistant GVHD®?® (progression of GVHD symp-
toms and manifestations while patients are receiving
full dose corticosteroid treatment) is worse than progno-
sis in steroid-dependent patients (GVHD flare-up during
or after tapering of steroid treatment or steroid
intolerance).**

Turning to SRes-cGVHD, in a randomized, standard
therapy-controlled trial Flowers et al reported that ECP
treatment of SRes-cGVHD with cutaneous manifestations
was associated with improvements in total skin score and
quality of life, reduction in corticosteroid use, and a par-
allel improvement in extracutaneous manifestations at
week 12 was greater in the group than in the control arm
(14.5% vs 8.5%) although the difference was not statisti-
cally significant (P value = .48).° In our series, 24% of
patients with SRes-cGVHD achieved CR, a similar out-
come to the study conducted by Apisarnthanarax et al
where 22% reached CR.*®

Likewise, differences in the biomarkers study results
could derive from variations in the treatment protocol or
time points selected to evaluate treatment response, given
that our study focused on the first weeks of treatment in
order to identify early predictors of response while
in Greinix's study response assessment was extended to
the first 3 months of treatment.

The search for biomarkers for diagnosis, risk stratifi-
cation, and prediction of response of GVHD to ECP has
attracted substantial research interest.

In our series, clinical response was associated with a
trend toward normalization in the CD4"/CD8" ratio
owing to rising levels of T CD3"CD4" cells along with
decreasing levels of TCD3"CD8™" cells early after ECP
photochemotherapy initiation in patients with acute
GVHD. A reduction of TCD4naive cells and
TCD4MemCentral cells along with increased TCDS effec-
tor memory T-cell percentage was also observed,
suggesting a maturation T-cell profile change. These fig-
ures are comparable to those reported in previous
studies.”**

With respect to the Treg cells subset, our data showed
different results for SRes-aGVHD and SRes-cGVHD.
Interestingly, in our series basal Treg levels in patients
with SRes-aGVHD were statistically higher in the
responding than the nonresponding group. These levels
were maintained thereafter, but without progressive
increase observed. In contrast, our results in patients
with SRes-cGVHD are more in keeping with those
reported by Gandelman et al’ but are strikingly different
from other published data.** As in our series,
Gandelman et al found that the percentage of CD4™ cells
that were Tregs at study completion did not differ
between patients who responded or not to ECP.

The reason for this discrepancy with other studies is
unclear. It is probably not due to differences in either
clinical or demographic characteristics between patients
in our series. Neither can GVHD type account for this,
since rising Treg levels have been described in both acute
and chronic GVHD. Performing immunophenotypic
rather than functional characterization of Tregs would
not appear to be the reason as other studies did the same.
One potential explanation could be that we limited the
observation period to the first weeks of treatment both in
SRes-aGVHD and SRes-cGVHD in line with our search
for early predictive biomarkers of response. Both higher
basal levels and ECP-induced rising levels are likely to be
predictive of response; this should be confirmed in future
prospective analyses.

Unlike other studies, in our study no cytokine serum
levels show statistically significant differences between
responding and nonresponding patients. This may be
related to the low number of patients included, as well as
the fact that some patients were being treated with cortico-
steroids, which are known to reduce serum levels of sev-
eral cytokines.** Consistent with previous studies showing
rising serum BAFF levels in cGVHD patients,*> our cohort
of SRes-cGVHD patients showed a progressive increase in
serum levels of BAFF and in the BAFF/CD19" ratio®
(Supporting Information) but the low sample size and
high response rate to ECP precluded meaningful compari-
son between responding and nonresponding patients.

Lastly, we could not confirm previously published
observations that an increase'” or decrease in levels of
some NK cell subsets were predictive of ECP response
(Supporting Information).

Despite providing new insight into the relationship
between certain biomarkers and ECP, this study is not
without limitations, such as the small sample size
included in the study and the low number of
nonresponding patients, which hampers comparisons
between responding and nonresponding groups.

In conclusion, we have shown that ECP is an effective
treatment for patients with acute and chronic steroid-
resistant GVHD. Higher response rates were observed in
SRes-aGVHD patients with higher Treg levels at baseline,
early normalization of TCD4" and TCDS8" cell percent-
ages in both SRes-aGVHD and SRes-cGVHD and a trend
toward a more mature phenotypic CD4+ and CD8+ T-
cell profile during the first 3 weeks of ECP treatment in
SRes-aGVHD. These findings help pinpoint a patient sub-
group in whom continuing ECP treatment could be a rea-
sonable strategy, provided that our results are supported
by other prospective studies. On the other hand,
switching to an alternative drug or early addition of a sec-
ond drug could improve outcomes in other patients with
SRes-GVHD after allo-HSCT.

85U80]7 SUOWILIOD BAIIERD 8|qedl|dde a3 Aq peusenob aJe e YO ‘8sn Jo se|nJ Joj Areiqi8UIIUO 43I UO (SUORIPUOD-PUB-SWLBIW0D A8 |IMAeJq 1 BUl|UO//:SANY) SUORIPUOD Pue SWB 18U} 89S *[5202/TT/LT] uo Arigi]aulluo AB[1M ‘PRES 8 oueIN|N 0PIARS Aq 8TETZ80/Z00T 0T/I0p/w00 A8 | AUl juo//Sdny Woiy pepeojumod ‘G ‘TZ0Z ‘TOTT860T



AMAT ET AL.

ACKNOWLEDGMENTS

This research was supported by an Investigator-Initiated
Study (IIS) grant from Therakos Mallinckrodt. The
funder had no role in study design, data collection, data
analysis, data interpretation, writing of the manuscript,
or responsibility for the decision to submit for publica-
tion. The authors are grateful to all personnel who work
at the participating centers, in particular to nurses of the
apheresis units for their commitment to the treatment of
these patients.

CONFLICT OF INTEREST
Carlos Solano reports personal fees from Incyte,
Therakos, Terumo BCT, and grants from Astellas and
Pfizer outside the submitted work. Other authors declare
no potential conflicts of interests.

AUTHOR CONTRIBUTIONS

Paula Amat and Andreu Martinez, performed T-cell and
cytokines assays, and collected the data. Lucia Lopez-
Corral, Rosa Goterris, Ariadna Pérez, Olga Lopez,
Inmaculada Heras, Cristina Arbona, Maria Cruz Viguria,
Juan Carlos Hernandez-Boluda, and Carlos Solano
attended the patients. Paula Amat, Francisco Martinez-
Ruiz, Lucia Lopez-Corral, and Carlos Solano analyzed
the data and wrote the manuscript. All reviewed the data
and participated in interpretation.

ETHICS STATEMENT

The study protocol was written in accordance with the
European Union Directive on Good Clinical Practice and
the current version of the Declaration of Helsinki. Each
participating center obtained study approval from their
respective local Research Ethics Committees.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are avail-
able from the corresponding author upon reasonable
request

ORCID

Carlos Solano ‘© https://orcid.org/0000-0003-3702-0817

REFERENCES

1. Holtan SG, Pasquini M, Weisdorf DJ. Acute graft-versus-host
disease: a bench-to-bedsid update. Blood. 2014;124(3):363-373.

2. Mielcarek M, Furlong T, Storer BE, et al. Effectiveness and
safety of lower dose prednisone for initial treatment of acute
graft-versus-host disease: a randomized controlled trial.
Haematologica. 2015;100(6):842-848.

3. Blazar BR, Murphy WJ, Abedi M. Advances in graft-versus-
host disease biology and therapy. Nat Rev Immunol. 2012;12(6):
443-458.

10.

11.

12.

13.

14.

15.

16.

17.

18.

| Journal of 709
1 (linical Apheresis ... ASHA —WI LEyJ—

. Ferrara JL, Levine JE, Reddy P, et al. Graft-versus-host disease.

The Lancet. 2009;373(9674):1550-1561.

. Martin PJ. How I treat steroid-refractory acute graft-versus-host

disease. Blood. 2020;135(19):1630-1638.

. Flowers ME, Apperley JF, van Besien K, et al. A multicenter

prospective phase 2 randomized study of extracorporeal photo-
pheresis for treatment of chronic graft-versus-host disease.
Blood. 2008;112(7):2667-2674.

. Gandelman JS, Song DJ, Chen H, et al. A prospective trial of

extracorporeal photopheresis for chronic graft-versus-host dis-
ease reveals significant disease response and no association
with frequency of regulatory T cells. Biol Blood Marrow Trans-
plant. 2018;24(12):2373-2380.

. Greinix HT, Volc-Platzer B, Kalhs P, et al. Extracorporeal

photochemotherapy in the treatment of severe steroid-
refractory acute graft-versus-host disease: a pilot study. Blood.
2000;96(7):2426-2431.

. Vicent MG, Ramirez M, Sevilla J, et al. Analysis of clinical out-

come and survival in pediatric patients undergoing extracorpo-
real photopheresis for the treatment of steroid-refractory
GVHD. J Pediatr Hematol Oncol. 2010;32(8):589-593.

Peritt D. Potential mechanisms of photopheresis in hematopoi-
etic stem cell transplantation. Biol Blood Marrow Transplant.
2006;12(1):7-12.

Akhtari M, Giver CR, Ali Z, et al. Receiver operating character-
istic curve analysis of circulating blood dendritic cell precursors
and T cells predicts response to extracorporeal photopheresis in
patients with chronic graft-versus-host disease. Transfusion.
2010;50(11):2424-2431.

Magenau JM, Qin X, Tawara I, et al. Frequency of CD4+
CD25hiFOXP3+ regulatory T cells has diagnostic and prognos-
tic value as a biomarker for acute graft-versus-host-disease. Biol
Blood Marrow Transplant. 2010;16(7):907-914.

Clark FJ, Gregg R, Piper K, et al. Chronic graft-versus-host
disease is associated with increased numbers of peripheral
blood CD4+ CD25high regulatory T cells. Blood. 2004;103
(6):2410-2416.

Zorn E, Kim HT, Lee SJ, et al. Reduced frequency of FOXP3+
CD4+ CD25+ regulatory T cells in patients with chronic graft-
versus-host disease. Blood. 2005;106(8):2903-2911.

Bertani G, Santoleri L, Ferri U, et al. Response of steroid-
refractory chronic graft-versus-host disease to extracorporeal
photopheresis correlates with the dose of CD3+ lymphocytes
harvested during early treatment cycles. Transfusion. 2016;56
(2):505-510.

French L, Alcindor T, Shapiro M, et al. Identification of ampli-
fied clonal T cell populations in the blood of patients with
chronic graft-versus-host disease: positive correlation
with response to photopheresis. Bone Marrow Transplant.
2002;30(8):509-515.

Iniesta P, Revilla N, Chen-Liang TH, et al. An early increase
of CD56bright natural killer subset as dominant effect and
predictor of response to extracorporeal photopheresis for
graft-versus-host disease. Transfusion. 2018;58(12):2924-
2932.

Kuzmina Z, Greinix HT, Knobler R, et al. Proportions of imma-
ture CD19+ CD21— B lymphocytes predict the response to
extracorporeal photopheresis in patients with chronic graft-ver-
sus-host disease. Blood. 2009;114(3):744-746.

85U80]7 SUOWILIOD BAIIERD 8|qedl|dde a3 Aq peusenob aJe e YO ‘8sn Jo se|nJ Joj Areiqi8UIIUO 43I UO (SUORIPUOD-PUB-SWLBIW0D A8 |IMAeJq 1 BUl|UO//:SANY) SUORIPUOD Pue SWB 18U} 89S *[5202/TT/LT] uo Arigi]aulluo AB[1M ‘PRES 8 oueIN|N 0PIARS Aq 8TETZ80/Z00T 0T/I0p/w00 A8 | AUl juo//Sdny Woiy pepeojumod ‘G ‘TZ0Z ‘TOTT860T


https://orcid.org/0000-0003-3702-0817
https://orcid.org/0000-0003-3702-0817

710 i Journal of
—l—Wl LEY— Clinical Apheresis .44

19.

20.
21.
22.
23.
24.

25.

26.

27.
28.

29.

30.

AMAT ET AL.

Whittle R, Taylor PC. Circulating B-cell activating factor level
predicts clinical response of chronic graft-versus-host disease to
extracorporeal photopheresis. Blood. 2011;118(24):6446-6449.
Glucksberg H, Storb R, Fefer A, et al. Clinical manifestations of
graft-versus-host disease in human recipients of marrow from
HL-A-matched sibling donor. S Transplantation. 1974;18(4):
295-304.

Przepiorka D, Weisdorf D, Martin P, et al. 1994 consensus con-
ference on acute GVHD grading. Bone Marrow Transplant.
1995;15(6):825-828.

Filipovich AH, Weisdorf D, Pavletic S, et al. National Institutes
of Health consensus development project on criteria for clinical
trials in chronic graft-versus-host disease: 1. diagnosis and stag-
ing working group report. Biol Blood Marrow Transplant. 2005;
11(12):945-956.

Greinix HT, Knobler RM, Worel N, et al. The effect of intensi-
fied extracorporeal photochemotherapy on long-term survival
in patients with severe acute graft-versus-host disease.
Haematologica. 2006;91(3):405-408.

Chao NIJ, Holler E, Deeg HJ. Prophylaxis and treatment of
acute GVHD. In Graft-vs.-Host Disease. New York, USA: CRC
Press 3rd ed. Ferrara JLM, Cooke KR, Deeg HJ. 2013. Pgs
495-516.

Apisarnthanarax N, Donato M, Korbling M, et al. Extracorporeal
photopheresis therapy in the management of steroid-refractory
or steroid-dependent cutaneous chronic graft-versus-host disease
after allogeneic stem cell transplantation: feasibility and results.
Bone Marrow Transplant. 2003;31(6):459-465.

Greinix HT, Pohlreich D, Kouba M, et al. Elevated numbers of
immature/transitional CD21— B lymphocytes and deficiency of
memory CD27+ B cells identify patients with active chronic
graft-versus-host disease. Biol Blood Marrow Transplant. 2008;
14(2):208-219.

Silva M, Neto LF, Guimaraes A, et al. Long-term follow-up of lym-
phocyte populations and cellular cytokine production in patients
with chronic graft-versus-host disease treated with extracorporeal
photopheresis. Haematologica. 2005;90(4):565-567.

Seaton ED, Szydlo RM, Kanfer E, et al. Influence of extracorpo-
real photopheresis on clinical and laboratory parameters in
chronic graft-versus-host disease and analysis of predictors of
response. Blood. 2003;102(4):1217-1223.

Aoki M, Marin-Esteban V, Weigl R, et al. Decreased pro-
inflammatory cytokines and increased CCR7 expression on
T-lymphocyte subsets are predictive of response to extracorpo-
real photopheresis in patients with GvHD. Br J Haematol.
2011;154(3):409-413.

Rubegni P, Sbano P, Cevenini G, et al. CD4+ CD25+ lympho-
cyte subsets in chronic graft versus host disease patients under-
going extracorporeal photochemotherapy. Int J Immunopathol
Pharmacol. 2007;20(4):801-807.

31.

33.

34.

35.

36.

37.

38.

Maeda A, Schwarz A, Kernebeck K, et al. Intravenous infusion
of syngeneic apoptotic cells by photopheresis induces antigen-
specific regulatory T cells. J Immunol. 2005;174(10):5968-5976.

. Bladon J, Taylor P. Extracorporeal photopheresis normalizes

some lymphocyte subsets (including T regulatory cells) in
chronic graft-versus-host-disease. Ther Apher Dial. 2008;12(4):
311-318.

Lamioni A, Carsetti R, Legato A, et al. Induction of regulatory
T cells after prophylactic treatment with photopheresis in renal
transplant recipients. Transplantation. 2007;83(10):1393-1396.
Bacigalupo A. Acute graft-versus-host disease. Immunotherapy.
2011;3(12):1419-1422.

Sarantopoulos S, Stevenson KE, Kim HT, et al. Altered B-cell
homeostasis and excess BAFF in human chronic graft-versus-
host disease. Blood. 2009;113(16):3865-3874.

Armand P, Kim HT, Logan BR, et al. Validation and refine-
ment of the disease risk index for allogeneic stem cell trans-
plantation. Blood. 2014;123:3664-3671.

Pavletic SZ, Martin P, Lee SJ, et al. Measuring therapeutic
response in chronic graft-versus-host disease: National Insti-
tutes of Health consensus development project on criteria for
clinical trials in chronic graft-versus-host disease: IV. Response
criteria working group report. Biol. Blood Marrow Transplant.
2006;12(3):252-266.

Maas-Bauer K, Kiote-Schmidt C, Bertz H, et al. Ruxolitinib-
ECP combination treatment for refractory severe chronic graft-
versus-host disease. Bone Marrow Transplant. 2021;56(4):
909-916.

. Modemann F, Ayuk F, Wolschke C, et al. Ruxolitinib plus

extracorporeal photopheresis (ECP) for steroid refractory acute
graft-versus-host disease of lower GI-tract after allogeneic stem
cell transplantation leads to increased regulatory T cell level.
Bone Marrow Transplant. 2020;55(12):2286-2293.

SUPPORTING INFORMATION
Additional supporting information may be found online

in

the Supporting Information section at the end of this

article.

How to cite this article: Amat P, Lépez-Corral L,
Goterris R, et al. Biomarker profile predicts clinical
efficacy of extracorporeal photopheresis in steroid-
resistant acute and chronic graft-vs-host disease
after allogenic hematopoietic stem cell transplant.
J Clin Apher. 2021;36(5):697-710. https://doi.org/
10.1002/jca.21918

85U80]7 SUOWILIOD BAIIERD 8|qedl|dde a3 Aq peusenob aJe e YO ‘8sn Jo se|nJ Joj Areiqi8UIIUO 43I UO (SUORIPUOD-PUB-SWLBIW0D A8 |IMAeJq 1 BUl|UO//:SANY) SUORIPUOD Pue SWB 18U} 89S *[5202/TT/LT] uo Arigi]aulluo AB[1M ‘PRES 8 oueIN|N 0PIARS Aq 8TETZ80/Z00T 0T/I0p/w00 A8 | AUl juo//Sdny Woiy pepeojumod ‘G ‘TZ0Z ‘TOTT860T


https://doi.org/10.1002/jca.21918
https://doi.org/10.1002/jca.21918

	Biomarker profile predicts clinical efficacy of extracorporeal photopheresis in steroid-resistant acute and chronic graft-v...
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Study design
	2.2  Patients
	2.3  Treatment and study assessments
	2.4  Sample extraction
	2.4.1  Analyses of lymphocyte subsets and dendritic cells

	2.5  Statistical analysis

	3  RESULTS
	3.1  SRes-aGVHD patients
	3.1.1  Clinical efficacy
	3.1.2  Biomarker identification
	3.1.2  Analysis of evolution of T-cell populations and serum cytokines in SRes-aGVHD patients
	3.1.2  Analysis of evolution of cell populations and serum cytokines comparing ECP response groups in SRes-aGVHD patients


	3.2  SRes-cGVHD patients
	3.2.1  Analysis of T-cell subsets and serum cytokines in SRes-cGVHD patients
	3.2.2  Analysis of T-cell subset and serum cytokine evolution comparing ECP response groups in SRes-cGVHD patients


	4  DISCUSSION
	ACKNOWLEDGMENTS
	  CONFLICT OF INTEREST
	  AUTHOR CONTRIBUTIONS
	  ETHICS STATEMENT
	  DATA AVAILABILITY STATEMENT

	REFERENCES


