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Despite new therapeutic options, treatment of steroid-refractory chronic graft-versus-host

disease (SR-cGVHD) remains challenging as organ involvement and clinical manifestations

are highly variable. In previous trials of low-dose interleukin-2 (LD IL-2), we established

the safety and efficacy of LD IL-2 for the treatment of SR-cGVHD. In the present report,

we combined five phase 1 or 2 clinical trials conducted at our center to investigate

organ-specific response rate, coinvolvement of organs, predictors of organ-specific

response, and its possible association with immune response. For the 105 adult patients

included in this report, the overall response rate after 8 or 12 weeks of LD IL-2 was 48.6%

and 53.3%, including late responses in patients who continued treatment for extended

periods. Skin was the most frequent organ involved (84%). The organ-specific response

rate was highest in liver (66.7%) followed by the gastrointestinal tract (62.5%), skin

(36.4%), joint/muscle/fascia (34.2%), and lung (19.2%). In multivariable analysis, shorter

time from diagnosis of cGVHD to IL-2 initiation, shorter time from transplant to IL-2

initiation, and fewer prior therapies were associated with overall response as well as skin

response. For immunologic correlates, the ratio of regulatory T cells:conventional T cells

(ie, CD4Treg:CD4Tcon) ratio at 1 week was significantly higher in patients with overall and

skin response; skin response was significantly associated with lower number of total CD3

T cells, CD4Tcon cells, and CD8 T cells and a higher number of B cells. For lung responders,

terminal effector memory cell counts were lower within all T-cell populations compared

with nonresponders. Organ-specific mechanisms of injury should be investigated, and

organ-specific targeted therapies need to be developed.

Introduction

Chronic graft-versus-host disease (cGVHD) is a major cause of late morbidity and impaired quality of life
for many survivors after allogeneic hematopoietic cell transplantation (alloHCT). cGVHD has a wide spec-
trum of clinical presentations affecting multiple target tissues, prominently including the skin, mouth, eyes,
gastrointestinal (GI) tract, liver, lung, joints, musculoskeletal, and fasciae. cGVHD invariably results from
impaired immune tolerance to recipient tissues after alloHCT. The mechanisms leading to diverse clinical
manifestations are complex, however, and involve multiple phases and multiple immune cell types, includ-
ing coordinated immune responses between T and B cells.1-7
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Key Points

� For 105 patients
enrolled in 5 trials, the
overall response rate
after 8 or 12 weeks’
LD IL-2 was 48.6%
and 53.3% with
continued therapy.

� Skin involvement was
the most frequent
(84%); the organ-
specific response rate
was highest in liver
(66.7%) and lowest in
lung (19.2%).
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Of multiple mechanisms involved in developing cGVHD, we
previously described impaired reconstitution of regulatory T cells
(CD4Treg) in patients with cGVHD and hypothesized that preferen-
tial augmentation of CD4Treg may enhance immune tolerance
resulting in control of cGVHD.7,8 Interleukin-2 (IL-2) is the primary
homeostatic regulator of CD4Treg differentiation, proliferation, and
survival, and we therefore conducted multiple phase 1 or 2 clinical
trials evaluating the ability of low-dose (LD) IL-2 to enhance
CD4Treg function in patients with steroid-refractory cGVHD (SR-
cGVHD).9-13 These clinical trials showed that daily subcutaneous
IL-2 administered at a dose of 1 3 106 IU/m2 per day is safe and
well tolerated for prolonged periods. Importantly, this regimen con-
sistently induced preferential Treg expansion for the duration of IL-2
therapy and produced an objective clinical response in 50% to
60% of adults with SR-cGVHD.9-12 In these trials, clinical response
was assessed based on the global cGVHD score, and the size of
each study was limited and insufficient to evaluate organ-specific
response and its association with immune reconstitution. In the cur-
rent study, we combined all 5 clinical trials conducted at our insti-
tute to evaluate organ-specific response rates, coinvolvement of
target organs, predictors of organ-specific response, and possible
association with immune reconstitution. Because cGVHD is a com-
plex disease with highly variable clinical manifestations, injury to spe-
cific tissues and organs may be mediated by distinct as well as
common immunologic pathways, and therapeutic agents may selec-
tively affect different sites of disease.

Methods

Clinical trials

Five single-center phase 1 or 2 clinical trials conducted at the Dana-
Farber Cancer Institute from 2008 through 2017 were aggregated
(#NCT00529035, #NCT01366092, #NCT01937468, #NCT
02318082, and #NCT02340676). Each study investigated the safety
and efficacy of LD IL-2 therapy for the treatment of SR-cGVHD. The
initial treatment period was 12 weeks for #NCT01366092 and
8 weeks for the other 4 trials. #NCT01937468 and #NCT02340676
combined LD IL-2 with donor Treg infusion and extracorporeal photo-
pheresis (ECP), respectively. Upon completion of the initial treatment
period, patients with clinical benefit (complete response/partial
response [PR], stable disease with minor response) could continue
daily IL-2 indefinitely. Detailed information of these trials is presented
in supplemental Table 1.

Clinical assessments

cGVHD assessments using either 2005 or 2014 (depending on
each trial) National Institutes of Health consensus criteria14-17 were
undertaken at baseline, at completion of either 8 or 12 weeks of
IL-2 therapy, every 12 to 16 weeks during extended therapy, and
after discontinuation of IL-2. Response definitions are provided in
the supplemental Materials.

Flow cytometric analysis of lymphocyte subsets

Phenotypic analyses of lymphocyte subsets were performed at
baseline; 1, 2, 3, 4, 6, and 8 weeks after starting IL-2 therapy; and
every 3 to 6 months while receiving extended-duration IL-2. Detailed
methods are provided in the supplemental Materials.

Statistical analyses

Logistic and Cox regression analyses were performed to investigate
clinical factors that were associated with response and overall sur-
vival (OS), respectively. Immunologic parameters were analyzed pri-
marily descriptively and compared by using the Wilcoxon rank sum
test for group comparison. Principal component analysis (PCA) was
performed to reduce dimension for highly correlated immune param-
eters. More detailed information is provided in the supplemental
Materials.

Results

Patient characteristics

A total of 123 adult patients with SR-cGVHD were enrolled on five
IL-2 clinical trials from 2008 through 2017. Fourteen patients were
not evaluable for response and thus excluded from the study. Four
patients were enrolled on multiple trials, and only the first enrollment
for these patients was included. Baseline clinical and transplant
characteristics of the 105 patients included in this study are pre-
sented in Table 1. The median age at study enrollment was 54
years (range, 22-76 years), 61% were male, median time from
cGVHD onset to study enrollment was 1.7 years (range, 0.1-11.8
years), median number of prior therapies was 3 (range, 1-9), and
median number of sites involved was 4 (range, 1-7). Forty-seven
(45%) patients had prior acute GVHD. The median cGVHD global
score at baseline was 6 (range, 2-10); 8.6% had mild, 60% moder-
ate, and 31.4% severe cGVHD.

Organ-specific response

Overall response assessed at the end of either 8 or 12 weeks of
LD IL-2 therapy (EOT) was PR 48.6%, stable disease 43.8%
(21.9% with minor response and 21.9% with mixed response), and
progressive disease 7.6% (Figure 1). The median global score was
5 (range, 0-9) at EOT, and 64% of patients had at least 1 score
improvement. Fifty-nine patients (56.2%) with clinical benefit elected
to continue extended-duration IL-2 therapy, and the majority of these
patients (51%) exhibited continued improvement at various sites
with decreasing global score during extended therapy. For all
patients who received extended therapy, the median global score
was reduced to 4 (range, 0-8). One patient with PR achieved com-
plete response, and 5 additional patients achieved PR, resulting in
an overall response rate of 53.3%.

Overall, skin was the most frequently involved site (84%) followed by
joint/muscle/fascia (JMF; 75%), eyes (64%), mouth (50%), lung
(45%), liver (17%), GI tract (15%), and genital tract (5%). Of 79
patients with JMF involvement, 77 had coinvolvement with skin, and
JMF was inversely correlated with liver involvement (r 5 –0.38) (Fig-
ure 1B). Five organ sites were evaluated for response: skin, JMF,
lung, GI tract, and liver. Mouth and eyes were also assessed; how-
ever, because protocols permitted concurrent topical treatments,
responses to these sites were not included. Organ-specific response
rate was the highest in liver (66.7%) and lowest in lung (19.2%).
Response rate was 36.4% for skin, 34.2% for JMF, and 62.5% for
GI tract (Figure 1C). Of 77 patients who had both skin and JMF
involvement, 34 (44%) responded in skin and/or JMF: 19 responded
in both sites, 8 in skin only, and 7 in JMF only. Of 11 patients who
had both skin and liver involvement, 4 responded at both sites, and
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4 responded in liver only. Overall, 1 patient responded at 4 sites,
5 at 3 sites, 22 at 2 sites, and 29 responded at 1 site. As expected,
overall response encompasses almost all site-specific responses
except a few mixed site responses (Figure 1D).

In multivariable logistic regression analysis, shorter time to initiation
of therapy (odds ratio [OR], 4.12 for ,2.5 vs $2.5 years from
alloHCT [P 5 .0025]; OR, 4.6 for ,1.6 vs $1.6 years from
cGVHD onset [P 5 .0015]) and fewer prior therapies (OR, 5.29 for
,4 vs $4; P 5 .002) were associated with overall response. Simi-
larly, shorter time from alloHCT (OR, 3.8; P 5 .01) and from
cGVHD (OR, 2.8; P 5 .044), and fewer number of prior therapies
(OR, 5.06; P 5 .01), were also associated with skin response
(Table 2). Other baseline factors, including cGVHD severity at
enrollment, were not associated with overall or skin response. When
responses to difficult-to-treat organs (ie, lung, liver, GI tract) were
combined, number of prior therapies was associated borderline with
response (OR, 3.45; P 5 .056).

cGVHD symptom scores

Four of the 5 trials collected patient-reported cGVHD symptom
scores (ie, Lee symptom scale18); the first trial (#NCT00529035)
did not have this information collected. Paired pretreatment to post-
treatment analysis was performed for each of the 7 subscales of
these cGVHD symptom scores. For the entire cohort, skin and mus-
cle symptom scores showed a significant improvement (median
score from 5 to 3 for skin [P 5 .001]; median score from 6 to 4.5
for muscle [P 5 .015]), and the sum of all scores decreased signifi-
cantly from a median of 28.7 at baseline (interquartile range, 18-42)
to 21 (interquartile range, 13-33; P 5 .0025) at EOT (supplemental
Figure 1). The response rate on the Lee symptom scale (defined
as a $7 point reduction from baseline in total symptom score on
the scale, with higher scores indicating worse symptoms) was there-
fore 40%. Improvement was noted regardless of organ-specific or
overall response status. In addition, 39% of patients experienced
reduction in the steroid dose at EOT, and 79% and 86% of patients
who were on the extended follow-up experienced steroid dose
reduction at 6 months and 1 year, respectively. Summary of predni-
sone dose and percent change at each time point and frequencies
of all concurrent therapies are presented in supplemental Table 2.
In our initial studies, concurrent immune suppressive therapies were

Table 1. Baseline characteristics

Characteristic Value

Total 105 (100%)

Age at enrollment, y 54 (22,76)

Time from HSCT to study entry, y 2.7 (0.5, 12.1)

Time from cGVHD to study entry, y 1.7 (0.1, 11.8)

No. of prior treatments 3 (1, 9)

No. of sites involved 4 (1, 7)

Global score at enrollment 6 (2, 10)

Sex

Female 41 (39%)

Male 64 (61%)

ECOG PS at study enrollment

0 6 (5.7%)

1 69 (65.7%)

2 28 (26.7%)

UNK 2 (1.9%)

HLA typing (A,B,C, DRB1)

Matched, related 32 (30.5%)

Matched, unrelated 63 (60%)

Mismatch, unrelated 10 (9.5%)

Progenitor cell source

BM 5 (4.8%)

BM and PBSC 1 (1%)

PBSC 98 (93.3%)

UNK 1 (1%)

Primary disease

ALL 8 (7.6%)

AML 31 (29.5%)

CLL/SLL/PLL 12 (11.4%)

CML 5 (4.8%)

Hodgkin disease 2 (1.9%)

MDS 20 (19%)

MPD 4 (3.8%)

Mixed MDS/MPD 1 (1%)

Multiple myeloma 2 (1.9%)

Non–Hodgkin lymphoma 18 (17.1%)

Other acute leukemia 1 (1%)

Other 1 (1%)

Conditioning intensity

Myeloablative 55 (52.4%)

Non-myeloablative 49 (46.7%)

UNK 1 (1%)

Prior acute GVHD

None 58 (55.2%)

I 15 (14.3%)

II 24 (22.9%)

III 8 (7.6%)

Table 1. (continued)

Characteristic Value

cGVHD severity at study enrollment

Mild 9 (8.6%)

Moderate 63 (60%)

Severe 33 (31.4%)

Data are presented as median (range) for continuous variables and frequency (%) for
categorical variables.
AML, acute myeloid leukemia; BM, bone marrow; CLL/SLL/PLL, chronic lymphocytic

leukemia/small lymphocytic lymphoma/prolymphocytic leukemia; ECOG PS, Eastern
Cooperative Oncology Group performance status; HSCT, hematopoietic stem cell
transplantation; MDS, myelodysplastic syndrome; MPD, myeloproliferative disorder;
PBSC, peripheral blood stem cell; UNK, unknown.
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maintained at pretreatment levels when LD IL-2 was started to allow
for accurate assessment of toxicities and efficacy associated with
LD IL-2.

Survival outcomes

For the entire cohort, median follow-up among survivors was 69
months (range, 2-145 months) with 41 deaths; 19 (46%) died of
GVHD, 5 of disease recurrence, and 5 of new malignancies (sup-
plemental Table 3). One of these patients died of complications of
disease recurrence and COVID-19. Five-year OS and progression-
free survival (PFS) from study entry was 63% (95% confidence
interval, 52-72) for both (supplemental Figure 2A). Five-year OS
from stem cell infusion was 86% (95% confidence interval, 78-92).
Neither specific organ involvement nor organ-specific response
affected OS or PFS. Five-year OS for patients with lung/GI tract/
liver involvement was 62% vs 64% (P 5 .95) for those without
lung/GI tract/liver (supplemental Table 3; supplemental Figure 2B).
Univariable and multivariable analyses were performed to identify
risk factors for OS. Of all factors considered, only age was

significantly associated with OS (hazard ratio, 2.4 for $50 years vs
,50 years; P 5 .028) (supplemental Figure 2C; supplemental
Table 3).

Immunologic and organ-specific response

Daily LD IL-2 therapy led to a consistent increase in CD4Treg that
peaked 2 to 4 weeks after starting treatment. CD4Treg counts sub-
sequently declined but remained elevated above baseline for the
entire duration of IL-2 therapy in both responders and nonrespond-
ers. Natural killer (NK) cell counts also increased during therapy and
remained elevated after therapy (Figure 2A-B). There were no signifi-
cant differences in absolute CD3 or CD8 T-cell counts between
responders and nonresponders, but CD4 conventional T-cell
(CD4Tcon) counts were significantly lower at 1 week and NK cell
counts were significantly lower at 1 and 2 weeks in responders (Fig-
ure 2B; supplemental Figure 3). At 1 week, percent CD4Treg was
higher (median, 19% vs 12%; P 5 .013) and %CD4Tcon was
lower (median, 81% vs 88%; P 5 .012) in the response group.
As reported previously,9,10 the CD4Treg:CD4Tcon ratio was

Note: New onset of 5 lung and 2 JMF cases during the therapy were included in the frequency tables. These new
onsets were also included in the organ-specific response rate as non-responders.
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significantly higher in responders compared with nonresponders at
1 week (Figure 2C). Using previously defined CD4Treg:CD4Tcon
threshold values, 40% of nonresponders and 70% of responders
had a ratio .0.06 (median value) at baseline (P 5 .004), and
40.4% and 75% of nonresponders and responders, respectively,
had a ratio $0.2 at 1 week (P 5 .0004) (Figure 2D); these findings
indicate that the baseline and week 1 ratios are highly predictive of
the overall response. Within CD4Treg, percent naive cells was sig-
nificantly lower (P 5 .0004) and percent effector memory (EM) cells
was higher in the response group at 1 week (median, 44% vs
28%; P 5 .06), and percent terminal effector memory (TEMRA)
was significantly lower after week 8 through 1 year (Figure 2E).
Also, percent EM CD8 T cells was significantly higher at various
time points in the response group (supplemental Figure 3E).

Absolute immune cell counts according to the skin response are
presented in Figure 3A and supplemental Figure 4. Absolute lym-
phocyte (supplemental Figure 4A), CD31, CD4Tcon, and CD81

T-cell counts were lower in skin responders up to 9 months after
IL-2 therapy, whereas B-cell (CD191) counts were consistently
higher, although the difference was not statistically significant (sup-
plemental Figure 4B). Consistent with absolute cell counts, percent
B cells was higher in the response group throughout 1-year follow-
up, particularly 1 week after starting IL-2 therapy (median 12% vs
4%; P 5 .001) (supplemental Figure 4D). As in overall response,
CD4Treg and NK cell expansion was similar in skin responders and
nonresponders (Figure 3; supplemental Figure S4C). Major T-cell
populations were highly correlated with total CD3 T cells throughout
the study period but not with B cells (Figure 3B). We thus per-
formed PCA, including CD3, CD4Treg, CD4Tcon, CD8, and
CD191. The correlation among these major populations is also
shown in component pattern analysis from the PCA. All T-cell popu-
lations were clustered at a high first principal component (PC1)
score, whereas CD191 was located perpendicularly at a high sec-
ond component (PC2) score. In the PCA, PC1 had high and even
loadings of T-cell populations, whereas PC2 was almost entirely
explained by CD191. As such, PC1 was lower (0.06, 0.04, 0.02 at
week 0, 1, 2, and 4, respectively; P 5 .07) and PC2 was higher
(P 5 .0002 at week 1) in skin responders compared with nonres-
ponders after IL-2 therapy (Figure 3C), which is consistent with the
absolute counts shown in Figure 3A.

As in the overall response, percent CD4Treg was higher (P 5 .03),
percent CD4Tcon was lower (P 5 .03), and the CD4Treg:CD4Tcon
ratio was higher at 1 week in skin responders (P 5 .02) (Figure 4A).

Although the CD4Treg:CD4Tcon ratio increased significantly from
baseline in both groups, the increase from baseline in responders
was significantly higher compared with nonresponders (P 5 .0095).
Furthermore, a higher proportion of skin responders had CD4Treg:
CD4Tcon ratio values above the threshold at baseline and at 1 week
(40% vs 75% at baseline, P 5 .0046; 32.7% and 65.2% at week 1,
P 5 .01, in nonresponders and responders, respectively). A similar
observation was noted in the CD4Treg:CD8 ratio. Both skin res-
ponders and nonresponders had a significant increase in the
CD4Treg:CD8 ratio at 1 week after IL-2 therapy (P , .001), but the
increase in responders was significantly higher compared with that in
nonresponders (P 5 .02). This observation is different from the over-
all response as CD8 cell counts are lower in skin responders than in
nonresponders.

Patients with JMF largely overlapped with skin, and JMF responders
showed similar results in absolute T and B cells and the
CD4Treg:CD4Tcon ratio, which were similar in JMF responders and
nonresponders. Still, a higher proportion of JMF responders had
CD4Treg:CD4Tcon ratio values above the threshold at baseline and
week 1 (44.7% vs 75% at baseline; P 5 .023; 32.6% vs 65% at
week 1 [P 5 .028] in nonresponders and responders, respectively).
In addition, the CD4Treg:CD8 ratio was significantly higher in JMF
responders at weeks 1 and 2, and the CD4Treg:NK ratio was sig-
nificantly higher at week 2 after starting LD IL-2 (Figure 4B).

Because there is no correlation between skin and lung involvement,
and the response between these 2 sites is largely non-overlapping,
we also examined immunologic response to LD IL-2 in patients with
lung cGVHD. Overall, major T-cell populations showed a distinct
pattern between lung responders and nonresponders. Absolute
T-cell counts were lower in lung responders starting 4 weeks after
LD IL2 although the difference was significant only at a few time
points (supplemental Figure 5) owing to the limited number of
patients with lung response. Absolute NK cell counts were lower in
lung responders and significantly lower at week 8. There was no
significant difference in CD4Treg:CD4Tcon ratio. Within CD4Treg,
CD4Tcon, and CD8 T-cell populations, we also examined the frac-
tion of cells that exhibited different levels of maturation: naive, central
memory (CM), EM, and TEMRA. Consistent with the pattern seen in
the major T-cell population, the TEMRA subset was significantly
lower in lung responders compared with nonresponders starting
week 4 in major T cell populations (Figure 5A). Furthermore, for
lung responders, percent TEMRA CD4Treg cells was significantly
lower at 8 weeks, 3 and 6 months, and 1 year after IL-2 therapy

Table 2. Multivariable logistic regression analysis for overall and organ-specific cGVHD response

Response to Contrast

Multivariable logistic

OR 95% CI P

Overall response Years from transplant to study ,2.5 vs $2.5 4.12 1.64-10.3 .0025

No. of prior therapies ,4 vs $4 5.29 1.83-15.3 .002

Years from cGVHD to study ,1.6 vs $1.6 4.60 1.79-11.8 .0015

Skin Years from transplant to study ,2.5 vs $2.5 3.80 1.38-10.4 .0096

No. of prior therapies ,4 vs $4 5.06 1.44-17.7 .011

Years from cGVHD to study ,1.6 vs $1.6 2.8 1.03-7.6 .044

JMF No. of prior therapies ,4 vs $4 2.63 0.86-8.02 .089

Lung/GI tract/liver No. of prior therapies ,4 vs $4 3.45 0.97-12.3 .056
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(0.0056, 0.0094, and 0.03, respectively; P 5 .01). Percent CM
CD4Treg cells (Figure 5B) was significantly higher at baseline, 4
and 8 weeks, 3 and 6 months, and 1 year after starting IL-2 therapy
(0.035, 0.03, 0.004, 0.0047, and 0.014; P 5 .02) and percent
naive CD4Treg was lower, particularly at 2 weeks after IL-2 therapy
(P 5 .04). Within CD4Tcon, percent TEMRA CD4Tcon was signifi-
cantly lower in lung responders at 6 and 9 months after LD IL-2

therapy (P 5 .018 and .039) and percent naive CD4Tcon was
lower during therapy but was not statistically significant.

Discussion

Based on the critical role of CD4Treg in the maintenance of immune
tolerance and the observation that patients with cGVHD had lower
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Number of subjects (N) at each time point is the same in every figure. *P , .05, **P , .01. ***P , .005. m, month; NR, nonresponder; R, responder.
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numbers of CD4Treg,8 LD IL-2 was developed as a therapy for
SR-cGVHD with the rationale that preferential in vivo expansion of
CD4Treg and restoration of a favorable CD4Treg:CD4Tcon ratio
would enhance immune tolerance and improve clinical manifesta-
tions of cGVHD. Indeed, in a series of 5 clinical trials, we showed
safety and efficacy of daily LD IL-2 in the treatment of SR-cGVHD
with a combined overall response rate of 53% in adults.9-13 Limited
experience in pediatric patients suggests that clinical responses

may be higher in this population.11 The clinical response rate in
adults with SR-cGVHD is comparable to that of other emerging
agents. For example, response rates with ibrutinib, a Bruton’s tyro-
sine kinase inhibitor, range from 67% to 69%,19,20 65% to 72%
with belumosudil (a rho-associated coiled-coil–containing protein
kinase-2 inhibitor21,22), and 49% to 77% with ruxolitinib (a JAK2
inhibitor).23 Although similar, these response rates are not exactly
comparable as inclusion criteria varied among these studies, and
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best response rate during an unspecified observation period can be
much higher than the overall response rate at a specific time point.
Nevertheless, one common observation is that complete responses
are relatively rare with all these agents. This suggests that targeting
one pathway may not be sufficient to control SR-cGVHD, and
development of combination therapies for targeting complementary
pathways is needed. Although individual agents may be more effec-
tive in combination with steroids,24 targeting different cGVHD path-
ways may also be important when these agents are tested as
frontline therapy for newly diagnosed cGVHD. The development of
specific organ-targeted therapies may also be beneficial, but this
will depend on additional progress to define mechanisms responsi-
ble for organ-specific injury in cGVHD.

In the current study, we aggregated all five IL-2 clinical trials that we
conducted at our center between 2008 and 2017 to investigate
organ-specific response and its immunologic correlates. We found
that initiating therapy early with fewer prior therapies is beneficial to
overall response. Of sites investigated, skin is the most predominant
site of disease, which is consistent with previous reports describing
clinical manifestations of cGVHD.23 As in overall response, shorter
time to initiating therapy and fewer number of prior therapies were
associated with response to skin cGVHD. For the entire cohort, sur-
vival outcome was excellent (2-year OS, 84% from study entry;

5-year OS and PFS, 62% from study entry; 5-year OS, 79% from
cGVHD onset and 86% from stem cell infusion). Neither specific-
organ involvement nor overall or organ-specific response was asso-
ciated with OS. This result is consistent with the finding reported in
the phase 3 ruxolitinib study.23 In that study, OS values in the ruxoli-
tinib and control arms are completely superimposable, although this
result warrants a longer follow-up. This survival outcome can be
compared with the 82% 2-year OS in a recently reported phase 2,
rho-associated coiled-coil–containing protein kinase-2 inhibitor trial,21

71% 2-year OS in the follow-up study of ibrutinib,20 76% 2-year OS
in a real-world experience of ibrutinib,25 approximately 73% 2-year
OS in the phase 3 ruxolitinib study,23 and 77% and 83% in reports
of real-world experience with ruxolitinib.26,27

Daily LD IL-2 led to rapid expansion of peripheral CD4Treg in all
patients, with no significant changes in CD4Tcon or CD8 T cells.
As reported previously,9-13 a higher CD4Treg:CD4Tcon ratio at
1 week was associated with overall response. This result was due
to both higher CD4Treg and lower CD4Tcon in patients with clinical
responses at this time point. CD56bright NK cells also constitutively
express a high-affinity IL-2 receptor, and LD IL-2 also leads to
expansion of this NK cell subset in all patients.28,29 Our analysis of
this larger cohort found that nonresponders had higher levels of
peripheral NK cells at 1 and 2 weeks after starting LD IL-2.
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Although NK cells have not been shown to play an important role in
the development of cGVHD, CD56bright NK cells have predomi-
nately regulatory functions. By competing for exogenous IL-2, prefer-
ential expansion of this NK subset may impair the ability of CD4Treg
to expand and promote immune tolerance.30

Consistent with the analysis of overall response, skin responders
had higher CD4Treg:CD4Tcon and CD4Treg:CD8 ratios at 1 week
after starting LD IL-2. A similar observation was noted for JMF res-
ponders, but the magnitude of the difference was less. Interestingly,
skin responders had lower lymphocyte and CD3 T-cell counts
before starting LD IL-2, and this difference persisted throughout the
follow-up period. Levels of both CD4Tcon and CD8 T cells were
lower at baseline in skin responders, but absolute levels of CD4Treg
were similar at baseline, increased in all patients, and were not

associated with clinical response. In contrast, B-cell counts were
higher at baseline in responders, and this difference also persisted
throughout the follow-up period. These observations emphasize the
complexity of the immune responses that contribute to tissue dam-
age in cGVHD and in this case highlight the potential role of auto-
reactive B cells that develop in the setting of prolonged B-cell
lymphopenia.5,31

Because few patients presented with both skin and lung involve-
ment, clinical responses in these 2 sites did not overlap. Although
the smaller number of patients with lung involvement limited the sta-
tistical power of our analysis, we noted a distinct pattern of immune
reconstitution in lung responders. In particular, TEMRA within
CD4Treg, CD4Tcon, and CD8 T-cell populations was lower in the
lung responders compared with nonresponders after 4 weeks of
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the therapy. Also, percent CM CD4Treg was higher in responders
and percent naive CD4Treg was lower at various time points. The
impact of these differences on Treg function or distribution to sites of
lung injury are not clear, and further studies will be needed to better
understand the biologic implications of these phenotypic differences.

Although we analyzed aggregated data on 105 patients from 5 clini-
cal trials, sample size still limited our ability to elucidate organ-
specific responses and its impact on immunologic response. In our
study, the predominant cGVHD site is skin followed by JMF.
Because JMF involvement largely overlapped with skin, it was not
possible to clearly distinguish organ-specific responses between
these 2 sites. We were also unable to evaluate eyes and mouth
because our studies permitted concurrent topical therapies. Lung
responses showed unique features of immune reconstitution, but
this finding requires validation in a larger study. The number of
patients with GI tract, liver, and genital tract involvement was too
small for any meaningful analysis. Lastly, the study was based on
early-phase nonrandomized studies at a single center, and some of
the studies included additional therapies such as ECP and Treg
infusions. In both ECP lead-in and Treg infusion trials,11,12 immune
reconstitution was not affected by these additional therapies (sup-
plementary materials). In patients who received ECP before IL-2,
organ-specific responses were either sustained or 1-point improved
after addition of LD IL-2. Larger studies focusing on tissue-specific
responses that include multiple sites are needed to confirm the
results of this analysis.

Although the biology of cGVHD is now better understood, and new
agents are emerging, clinical responses remain suboptimal. Forty
percent to 50% of patients do not respond to individual agents, and
few patients with SR-cGVHD achieve complete responses to
second-line therapy. Because the immunologic pathways targeted
by new agents are very different, it may be possible to improve clini-
cal responses by combining agents. For example, LD IL-2, which
selectively targets CD4Treg, could be combined with ibrutinib, ruxo-
litinib, or belumosudil, which each specifically inhibits different sig-
naling pathways in B cells or effector T cells. The observation that
LD IL-2 is most effective when used earlier in the course of cGVHD
and after fewer failed therapies suggests that Treg-based therapies
may be more effective in suppressing the initial development of
cGVHD. This is consistent with previous studies showing that
delayed recovery of Treg 3 months after transplant is associated
with subsequent development of cGVHD.32 Thus, LD IL-2 therapy
may be more effective when used for cGVHD prevention or in com-
bination with corticosteroids as primary therapy for cGVHD before
extensive fibrosis and tissue damage have developed. Developing
rationale combinations that target different pathways and various
sites of disease as well as treatment earlier in the development of

cGVHD will hopefully lead to more effective and more complete
responses and reduce reliance on long-term maintenance therapy
with corticosteroids. Because LD IL-2 therapies are now also being
evaluated in many autoimmune diseases, the results of these studies
may be relevant to much larger populations of patients.
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