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Low-dose interleukin-2 (IL-2) expands regulatory T cells
(T, and natural killer (NK) cells after stem cell transplan-
tation (SCT) and may reduce graft-versus-host disease
(GVHD). We hypothesized that ultra-low dose (ULD) IL-2
could serve as an immune-modulating agent for stem cell
donors to prevent GVHD following SCT. However, the
safety, dose level, and immune signatures of ULD IL-2 in
immune-competent healthy subjects remain unknown.
Here, we have characterized the phenotype and func-
tion of T, and NK cells as well as the gene expression
and cytokine profiles of 21 healthy volunteers receiving
50,000 to 200,000 units/m?/day IL-2 for 5 days. ULD
IL-2 was well tolerated and induced a significant increase
in the frequency of T_ with increased suppressive func-
tion. There was a marked expansion of CD56P9" NK
cells with enhanced interferon-y (IFN-y) production.
Serum cytokine profiling demonstrated increase of IFN-
v induced protein 10 (IP-10). Gene expression analysis
revealed significant changes in a highly restricted set of
genes, including FOXP3, IL-2RA, and CISH. This is the first
study to evaluate global immune-modulating function
of ULD IL-2 in healthy subjects and to support the future
studies administrating ULD IL-2 to stem cell donors.
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INTRODUCTION

Interleukin-2 (IL-2) was originally discovered as a T cell growth
factor more than 30 years ago."* It was the first human cytokine
used to boost immune responses in hematologic malignancies
and solid tumors®* but with limited clinical benefit and significant

toxicity when used in high doses.”® Subsequent in vivo and in vitro
studies have established a role for IL-2 in promoting the develop-
ment and proliferation of antigen-specific T cells, regulatory T cells
(Tregs), and natural killer (NK) cells.’ The dual effects of IL-2 on
T, and NK cell have sparked interest in the potential of this cyto-
kine to treat autoimmune disease and graft-versus-host disease
(GVHD) after stem cell transplantation (SCT).*!* Kennedy-Nasser
and Bollard ef al.'""? conducted a clinical protocol of ultra-low dose
IL-2 (ULD IL-2: 100,000 to 200,000 IU/m?) early following alloge-
neic SCT and found a threefold expansion of T, with no signs of
GVHD. Koreth et al.”* reported major responses in patients with
steroid refractory chronic GVHD given low-dose IL-2 (LD IL-2:
300,000 to 3,000,000 IU/m?). Recent data further support the use
of LD IL-2 to control GVHD by beneficially favoring proliferation,
thymic export, and resistance to apoptosis of T, in vivo.'"* We
hypothesized that ULD IL-2 could serve as an immune-modulat-
ing agent for stem cell donors and transplant recipients, expanding
both T, and NK cells, to prevent GVHD. However, the biologi-
cal effects of ULD IL-2 in healthy humans are unknown and the
optimal dose of the IL-2 for expansion of T e and NK cells has not
been established. Therefore, we studied the immunobiology of T,
and NK cells following administration of three different doses of
ULD IL-2 to healthy volunteers. In addition, the dynamic molecu-
lar and proteomic changes in response to ULD IL-2 were analyzed
to identify the underlying pathways involved in IL-2-mediated
homeostasis in immune competent individuals.

RESULTS

ULD IL-2 is well tolerated by healthy volunteers
Twenty-one healthy volunteers (mean age 33; range 22-57, female
n =9, male n = 12) were enrolled in the study receiving either:
50,000 IU/m?/day (n = 6), 100,000 IU/m?*/day (n = 9), and 200,000
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IU/m?*/day (n = 6) of ULD IL-2. All subjects tolerated ULD IL-2
with minimal adverse events, including grade 1 injection site
reactions (Table 1). No IL-2-related liver or renal toxicities were
observed during or after administration. All adverse events com-
pletely resolved shortly after the last dose of IL-2. Absolute white
blood cell counts were significantly increased at day 4 after initia-
tion of IL-2 (Supplementary Figure Sla; P = 0.001) associated
with an increase in absolute numbers of neutrophils, monocytes,
and eosinophils (Supplementary Figure S1b, ¢ and data not
shown; P = 0.002, P = 0.008, and P = 0.006, respectively), whereas
lymphocyte counts remained unchanged (Supplementary Figure
S1d; P = 0.249). A subsequent lymphocyte subset analysis dem-
onstrated no significant changes in absolute numbers of CD3™"
T cells, CD4% T cells, CD19% B cells, and NK cells. Absolute CD8™"
T cell counts were slightly decreased at day 4, but this was not
statistically significant (P = 0.06) (Supplementary Figure Sle-h).

Both Helios positive and negative T
by ULD IL-2

We first analyzed the phenotype of T, and NK cells to evalu-
ate whether ULD IL-2 has an impact on lymphocyte subset com-
position. The proportion of FoxP3*CD4* T was significantly
expanded in all dose cohorts at day 4 (P < 0.0001; Figure 1a). In the

are expanded
gs

Table 1 Characteristics of healthy volunteers

Number of subjects 21

Mean age (range) 33 (22-57)

Sex, n
Female 9
Male 12

Race, n
African American 4
Asian 3
White 14

Dose cohort, n
50,000 IU/m? day 6
100,000 IU/m?/day 9
200,000 IU/m?/day 6

Adverse events, grade (CECAE v4.0), n
Injection site reaction I 19
Injection site reaction 1I 1
Fatigue I 14
Nausea I 4
Anorexia I 3
Headache I 2
Myalgia I 2
Chills I 1
Fever I 1
Flu-like symptoms I 1
Irritability I 1
Vomiting I 1
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T e subset analysis, the proportion of Helios™ T, was increased
by day 2 (P = 0.004; Figure 1b), followed by Helios™ T, that
showed an increase first on day 3 (P = 0.01; Figure 1c). Both sub-
setsof T significantly expanded, peaking at day 4 and remaining
higher than baseline at least until day 7. Expansion of Hehos+TrE .
was primarily observed in the 100,000 and 200,000 IU/m? IL- 2
dose cohorts, whereas healthy donors treated with 50,000 IU/m?
showed modest Helios™T, g Mobilization (Figure 1d). In vivo
proliferation of Helios™ T, wgs Was confirmed by changes in Ki67
expression preferentially in the 100,000 and 200,000 IU/m?
dose cohorts but not observed in 50,000 IU/m? dose cohort
(Figure 1e). HLA-DR expression was significantly increased in
FoxP3*T . specifically in the Helios*T, s SUDset, peaking at day
3 which 1mphes functional activation of T, rege ILA-DR induction
was more prominent in 200,000 IU/m? cohort compared to the
50,000 or 100,000 IU/m? cohorts (Figure 1f).

CD56" 9t NK cells are preferentially expanded by
ULD IL-2

In concordance with the T, data, the proportion of CD56"" NK
cellsamong total circulating NK cells increased at day 7 (P < 0.0001;
Figure 2a), whereas the more mature CD564"NKG2ATKIR™ and
CD56%"KIRTCD57% NK cell subsets remained around baseline
(data not shown). The Ki67 proliferation marker further verified
a significant in vivo proliferation of NK cells at day 4 (Figure 2b)
especially within the subset of CD56™" NK cells compared to
CD56%"NKG2ATKIR™ and CD564"KIR*CD57" NK cell popu-
lations (P < 0.0001; Figure 2c). Expansion of CD56"" NK cell
subset was dose dependent with the most prominent expansion
observed at dose level of 200,000 I[U/m? (Figure 2d).

T.... and NK cell function are augmented by ULD IL-2
To determine if IL-2-inducible T e and NK cell retain their func-
tions, we next evaluated the in vitro T, suppression capacity and
NK cell cytokine production comparing in paired samples from the
same subject before and after IL-2 administration. Conventional
T cells (T : CD3TCD4*tCD25""CD127"¢") equally expressed
CD154 following stimulation with anti-CD3/CD28-coated beads
in pre- and post-IL-2 samples (P = 0.86) suggesting ULD IL-2 did
not affect T cell receptor-mediated activation of T___(Figure 3a).
The suppressive capacity of T __on CD154 activation of autologous
T, .. was significantly 1ncreased in post-IL-2 samples at a T e Teons
ratio 1:1 (P = 0.02; Figure 3b). NK cell functional analysis demon-
strated significantly increased IFN-y production following cytokine
stimulation of CD56"¢" NK cells post-IL-2 compared to pre-IL-2
(P = 0.009; Figure 3c), whereas no such effect was observed fol-
lowing stimulation with K562 cells. No difference was observed for
CD107a expression by CD56%™ NK cells following coculture with
K562 or cytokine stimulation when comparing samples collected
before and after IL-2 injection (P = 0.75; Figure 3d). These findings
indicate that ULD IL-2 not only expanded but also preferentially
augmented the function of T, and CD56"*" NK cell.

IP-10 is increased after ULD IL-2

To determine if ULD IL-2 alters proteomic profiles, 76 cytokines,
chemokines, acute phase proteins, and diabetes panel proteins
were measured in plasma samples (Supplementary Table S1).
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Figure 1 Chronological changes in T subsets after ultra-low dose (ULD) IL-2. (a) %FoxP3*CD4 T,__ were significantly increased and
peaked at day 4 (mean 3.53+£1.17% at cfay 0 versus 5.68+1.56% at day 4; P < 0.0001). (b,c) HeliostFoxP3¥T__ were significantly increased
by day 2 (mean 2.19+1.17% at day O versus 3.51+1.03% at day 2; P = 0.004) followed by Helios"FoxP3*T__(mean 1.36+0.71% at day 0

regs

versus 1.86+1.16% at day 3; P = 0.01). Both subsets of T __significantly expanded, peaking at day 4 and remaining significantly higher than
baseline until day 7. (d) Expansion of HeliostFoxP3*T __was significantly higher when donors received 100,000 and 200,000 1U/m? IL-2 com-

pared to 50,000 IU/m? (P < 0.001 and P = 0.01 at déey54 respectively). (e) Ki67 was significantly induced in Helios*FoxP3*T__ specifically in
100,000 and 200,000 IU/m? IL-2 compared to 50,000 [U/m? (P = 0.03 and P = 0.01 at day 4 respectively). (f) HLA-DR was signif?cantly induced
in HeliosTFoxP3*T___specifically in 100,000 and 200,000 1U/m? IL-2 compared to 50,000 IU/m? (P = 0.008 and P = 0.04 at day 4 respectively).
(g) The representat?ve flow cytometry data showed expansions of FoxP3tCD4 T in both Helios fractions in healthy volunteer receiving ULD
IL-2 (200,000 1U/m?).
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Figure 2 Chronological changes in natural killer (NK) cell subsets after ultra-low dose (ULD) IL-2. (a) CD569" NK cells were significantly
increased at day 7 (9.0+£4.7% at day O versus 12.7+5.8% at day 7; P = 0.001). (b) %Ki67 in NK cell was markedly increased at day 4 (P <
0.0001). (c,d) %Ki67 was significantly induced in CD56s" NK cells compared to CD569"NKG2ATKIR™, and CD569mKIRTCD57% NK populations
(26.4+11.4% Ki67% in CD569" NK, versus 10.1+7.3% in CD56™"NKG2A™ KIR™NK, 6.1+2.9% CD569KIR*CD57% NK at day 4; P < 0.0001) espe-
cially in the cohort of 200,000 IU/m?.
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Figure 3 In vitro functions of T___and natural killer (NK) cells after ultra-low dose (ULD) IL-2. (@) T_ (CD3+CD4+CD25'°‘”CD127h'9h) equally
expressed CD154 through anti- CD3/CD28 coated bead stimulation in pre- and post-IL-2 samples (CD1S4 expression 52.3+17.5% pre-IL-2 T_
versus 52.8+17.9% post-IL-2 T ; P = 0.86). (b) The suppressive capacity of T_on CD154 activation of autologous T was significantly increased
in post-IL-2 samples (% suppressmn 14.0+£6.9% pre-IL-2 versus 19.9+8.8% post IL-2atT T ratio1:1; P=0.02). (c) Slgmﬁcantly increased inter-
feron (IFN)-y productions in post-IL-2 NK cells was observed compared to pre-IL-2 NK cells e especially in the CD56P"9"NK cell subset (mean %IFN-y
production 12.0+£2.1% pre-IL-2 versus 21.0+£4.2% post-IL-2 with IL-12+IL15 and K562 stimulation; P = 0.009). (d) CD107a expression was not
significantly different pre- versus post-IL-2 injections (mean %CD107a expression in CD569™NK cells, 9.6 +3.6% pre-IL-2 versus 9.3+3.7% post-IL-2

with IL-12+IL15 and K562 stimulation; P = 0.75).

Wilcoxon signed-rank test after false discovery rate (FDR) cor-
rection demonstrated a significant increase in circulating level of
IFN-y induced protein 10 (IP-10/CXCL10, a ligand for CXCR3)
from day 2 through 4 (Supplementary Figure S2). In contrast,
circulating levels of other cytokines including IL-2, IFN-y, IL-6,
IL-10, IL-15, and IL-17 remained unchanged. This finding sug-
gests a highly specific biological effect of ULD IL-2.

CISH, IL-2RA, and FoxP3 expression are preferentially

upregulated by ULD IL-2

Gene expression microarray was performed to identify the
different expression profiles in response to the three doses of
IL-2 administered to healthy donors. The expression profile of
peripheral whole blood before and 4 and 7 days after the first
dose of IL-2 (n = 21) was compared using a paired t-test with
two-tailed P, value less than 0.05 corrected by FDR for multiple
testing. Four days after the first dose of ULD IL-2, only 10 genes
were significantly differentially expressed compared to pre-
ULD IL-2 (Figure 4a; Supplementary Table S2). Nine genes
were significantly upregulated: CISH, FoxP3, IL2RA, CTLSI,
STAT1, GBP1, CASP4, IRF9, IFITM3, whereas only one gene,
ANKRD37, was significantly downregulated. On day 7 after IL-2
administration, 14 genes were differentially expressed including
IL2RA which remained significantly upregulated 3 days after
the last dose of ULD IL-2. Samples from 12 subjects (100,000
and 200,000 IU/m?, n = 6 respectively) were available for further
time-course analysis comparing pre- and day 1, 2, 3, 4, and 7
after the first dose of IL-2. The kinetics of expression profiles
revealed that FoxP3 and IL2RA were significantly upregulated
as early as 2 days through 4 days after the first dose of IL-2 sug-
gesting they represented the most sensitive genes responding to
ULD IL-2 (Figure 4b).

Thirty-three gene sets were significantly enriched with genes
differentially expressed by ULD IL-2 on day 4 (P < 0.005). The
gene sets include both innate and adoptive immunity-related
pathways. Pathways related to hematopoiesis such as Granulocyte-
macrophage colony-stimulating factor signaling and JAK-Stat

Molecular Therapy vol. 22 no. 7 jul. 2014

signaling were also significantly enriched, consistent with the
finding of increased neutrophil and monocyte counts and sug-
gesting ULD IL-2 also targets a broad spectrum of genes out-
side T e and NK cells (Supplementary Table S3). To annotate
functional interpretation of the differentially expressed genes by
ULD IL-2, we used Ingenuity Pathway Analysis software to com-
pare pre- and day 4 post-ULD IL-2 datasets. Genes modified by
ULD IL-2 were significantly enriched in 33 functional categories
(P <0.05) including hematological system development and func-
tion, and immune cell trafficking (Supplementary Table S4). In
canonical pathway analysis, 29 pathways were enriched in the
ULD IL-2 gene set. Gene sets predominantly upregulated by ULD
IL-2 occurred in IL-9 signaling, T helper cell differentiation, and
interferon signaling, suggesting that ULD IL-2 primarily affects
immune-regulating genes. Gene sets predominantly downregu-
lated by ULD IL-2 were found in systemic lupus erythematosus
signaling (Supplementary Table S5).

DISCUSSION
This is the first study to prospectively evaluate the global immune
signatures of ULD IL-2 in healthy volunteers. ULD IL-2 signifi-
cantly expanded T, in immune-competent healthy volunteers
in a similar way to immune-compromised hematopoietic stem
cell transplant recipients and cancer patients.>**-"> We further
characterized T, subset by Helios, a transcription factor which
was previously proposed as a marker of thymus derived T e 16
The proposal has been challenged by serial observations report-
ing Helios may represent the activation or proliferation marker
of ngS” and can be acquired by peripherally induced ngs.18 Most
recent data, however demonstrated that majority of T, were
composed by Helios*T __in human thymus, cord blood, and at
the time of engraftment after allo-SCT favoring the hypothesis
that Helios™T __can be useful marker for thymus-induced T e
in clinical settings."”** In our study, both Helios-positive and
Helios-negative T,_, were equally expanded by ULD IL-2. Ki67
expression supported in vivo proliferation of both Helios™T __and
HLA-DR expression suggested in vivo activation of Helios: T,

egs’
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Figure 4 Genes differentially expressed by ultra-low dose (ULD) IL-2 in healthy volunteers. (@) Functional annotation of ULD IL-2 related genes:
functional relationships are annotated to the genes differentially expressed on day 4 after ULD IL-2 using IPA Ingenuity Path Designer. (b) Time-course
analysis of differentially expressed genes after ULD IL-2: hierarchical clustering of genes differentially expressed after ULD IL-2 is shown in a heatmap.

Days are represented in the columns and probe sets in the rows.

In vitro function assay demonstrated that T, recovered from
treated subjects were capable of suppressing autologous T__ acti-
vation, confirming that ULD IL-2 indeed augmented their bio-
logical activity. Our findings further support the fact that IL-2
is critically important for T _homeostasis.”” The mechanism of
selective T, expansion by ULD IL-2 may be explained by two
scenarios®: preferential IL-2 consumption by T _  induces cyto-
kine deprivation-mediated apoptosis in T__**; and/or that highly
sensitive intrinsic IL-2R signaling provides T, survival advan-
tages over T, cell within thymic or peripheral tissues where
available IL-2 is normally limited.*

NK cell subset analysis revealed increased Ki67 expression
within the CD56"#" NK cell compartment following ULD IL-2,
rather than within the more differentiated NK cell subsets such
as CD56%"NKG2ATKIR ™ and CD56%"KIR*CD57% NK cells.?”®
In vitro analysis further demonstrated that expanded CD56>sh
NK cells retained functionality, as they produced IFN-y. CD56" s
NK cells are considered more immature than CD56%™ NK cells
and are known to express the high affinity IL-2 receptor.”” In pio-
neering work by Fehniger et al.,* LD IL-2 significantly expanded
CD56™ig NK cells in patients with acute myeloid leukemia. The
mechanism of selective expansion of this particular NK cell sub-
set was hypothesized to result from enhanced differentiation
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from bone marrow progenitors residing in secondary lymphoid
tissues.**® A recent in vivo model demonstrated the preferential
accumulation of immature NK cells at the site of inflammation in
tumor-bearing and chronically infected mice.”*** IFN-y produced
by NK cell is known to promote antimicrobial immunity through
the maturation of dendritic cells and the induction of T helper cell
type 1 (T, 1) responses.”** Therefore, CD56""¢" NK cells induced
by ULD IL-2 may have a beneficial effect to promote antimicrobial
immunity, although the exact role of CD56"" NK cells in antitu-
mor activity is unclear.

Most recently, a crosstalk between T, and NK cell in the
context of IL-2 biology has been reported in several mouse mod-
els.?>*% Sitrin et al.** proposed that T __function asa cytokinesink,
depriving NK cell of IL-2. Gasteiger et al.*? also demonstrated that
T, restrain the expansion and maturation of immature NK cell
in an IL-2-dependent manner. The immune-phenotypic changes
observed in our study suggest a similar crosstalk between T,
and CD56" NK cell. Importantly, our in vitro function analysis
showed cytokine production and cytotoxicity were not impaired
in NK cells isolated after ULD IL-2 administration from PBMC,
which also contained expanded T e Further research in T - NK
cell crosstalk in healthy individuals is needed to clarify the path-
ways involved.
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In order to investigate underlying pathways of ULD IL-2 for
this distinct immune-phenotype, we performed a comprehen-
sive cytokine profiling in serum and gene expression microarrays
in PBMC. Strikingly, cytokine analysis found only a significant
increase in the level of IP-10 (or CXCL10), a chemokine known
to be induced by IFN-y acting as a chemoattractants for mono-
cytes, T cells (including T,1 cells) and NK cells via CXCR3
receptor. IP-10 (CXCL10) is a biomarker associated with various
diseases including tuberculosis, autoimmune disease, hepatitis
C, and solid organ transplantation.’””*® Recent data suggest that
IP-10 (CXCL10) is an important chemoattractant for NK cells,
sustaining antitumor effects of IL-2 in a mouse model.* Thus,
ULD IL-2 administration induces a very specific type 1-related
immune effect in vivo. Similarly, striking was the finding that
gene expression profiling identified only a highly restricted set
of 10 transcriptomes differentially expressed after administra-
tion of ULD IL-2, considerably fewer than the results of microar-
ray analysis reported in melanoma patients receiving high-dose
IL-2.424 Notably, the selective coinduction of FoxP3 and IL2RA as
early as 2 days after ULD IL-2 was a unique feature in our study
and compatible with the immune-phenotype profiles of expand-
ing T defined by IL2RA (CD25)"" and FoxP3* cells. CISH,
known to be upregulated by IL-2 in vitro was another distinct
gene significantly upregulated after ULD IL-2. CISH is a cytokine
inducible SRC homology 2 (SH2) domain protein and belongs to
a member of the suppressor of cytokine signaling (SOCS) family
which plays an important role in the negative feedback of human
cytokine signal transduction. Polymorphisms of CISH gene are
associated with the susceptibility to various infectious diseases
including bacteremia, malaria, and tuberculosis.** STAT1, IRF9,
GBP1, and IFITM3 are all associated with IFN-y and gene set
enrichment analysis identified that ULD IL-2 activated pathways
in the domain of IRF by cytosolic pattern recognition receptors, T
helper cell differentiation, and interferon signaling suggesting an
activation of type 1-related immune response. In contrast, ULD
IL-2 was associated with significant downregulation of genes
enriched in systemic lupus erythematosus signaling, suggesting
a potential immune-modulating function of ULD IL-2 in auto-
immune disease. This gene expression profile pattern implies that
ULD IL-2 has two paradoxical but complementary functions: to
promote innate and adoptive immunity by IFN-v signaling and to
induce immune suppressive function through FOXP3+TregS. These
functions help to maintain the homeostasis of the immune sys-
tem in response to infectious pathogens, while preventing resul-
tant excessive autoimmunity.* Our data are limited to analyze the
net effect of ULD IL-2 in whole blood gene expression profile of
healthy donors. Gene expression profiles in sorted T, NK cells,
and other immune cell compartments would provide further
insights of the differential effects of ULD IL-2 in future study.

The immune-modulating properties of ULD IL-2 clearly dis-
tinguish it from “conventional” immunosuppressive agents used
for hematopoietic SCT, solid organ transplantation, and auto-
immune diseases. ULD IL-2 modulates the immune system to
restore its normal homeostasis' rather than generally suppressing
the immune system, with the concurrent risk of infectious com-
plications. Most clinical trials have used considerably higher doses
of IL-2, and there has hitherto been a lack of information on the
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relationship between dose and immune-modulating function of
ULD IL-2 in man. Our study now defines a lower limit of biologi-
cal function of subcutaneously administered IL-2 in the region of
100,000 and 200,000 IU/m?. This should guide dose selection for
ULD IL-2 in future clinical studies. In the setting of hematopoietic
SCT, these results provide the rationale to administer ULD IL-2
in SCT donors to prevent GVHD by increasing T, in the stem
cell graft. Furthermore, promoting CD56"%" NK cell function by
ULD IL-2 may reduce the risk of opportunistic infections. Several
questions will need to be addressed in a future clinical trial:
(i) what is the optimal in vivo expansion and activation of T, and
NK cells required? (ii) How can we maintain in vivo expanded and
activated Tregs and NK cells after adoptive transfer? (iii) What is the
impact of T, and CD56"*" NK cells on antitumor effects? Also
the activation of type 1 immune response-related genes parallel
to immune suppression genes, FoxP3 and CISH in gene expres-
sion microarray analysis may raise the concern of efficacy of ULD
IL-2 primed donor graft in GVHD prophylaxis. Nevertheless,
the safety profile in healthy individuals determined in this study
opens the possibility of administrating ULD IL-2 to donors in set-
tings of well-designed clinical study targeting high GVHD risk
SCT such as haploidentical donor SCT.

MATERIALS AND METHODS

Healthy volunteer study. A phase 1, single-center trial was conducted to
evaluate the safety and tolerability of ULD IL-2 in healthy volunteers from
December 2011 to April 2013 (NIH protocol 11-H-0268: NCT01445561).
Written informed consent including the use of samples for research was
obtained from eligible healthy volunteers in accordance with Declaration
of Helsinki and the Institutional Review Board of the National
Heart, Lung, and Blood Institute, NTH. IL-2 (Aldesleukin, Proleukin;
Prometheus Laboratories, San Diego, CA) was reconstituted in sterile
water for injection, USP and further diluted in 5% dextrose in water, USP
to a concentration of 200 ug/ml. Each daily dose was prefilled in a 0.5-
ml tuberculin syringe. Enrolled subjects received IL-2 by subcutaneous
injection once a day for 5 consecutive days. The study consisted of three
dosing cohorts, 50,000, 100,000, and 200,000 IU/m?* Adverse events were
monitored daily, and both clinical and laboratory toxicity were graded
according to National Cancer Institute Common Terminology Criteria
for Adverse Events (NCI-CTCAE) version 4.03.

Sample collection and storage. Serial blood samples were collected
before and 1, 2, 3, 4, 7, and 28 days after initial IL-2 injection in first two
dose cohorts (100,000 and 200,000 IU/m?). In subsequent cohorts, which
included the 50,000 IU/m? dose level, samples were collected before and 4, 7,
and 28 days after initial IL-2 injection. Peripheral blood mononuclear cells
(PBMC) were isolated by Ficoll-Hypaque density gradient centrifugation
(Organon Teknika, Durham, NC) and cryopreserved in RPMI-1640
(Life Technologies, Gaithersburg, MD) supplemented with 20% heat-
inactivated fetal bovine serum (Sigma-Aldrich, St Louis, MO) and 10%
dimethyl sulfoxide according to standard protocol. Serum was obtained
by centrifugation of peripheral blood collected in serum separating tubes
(SST) (Beckton Dickinson, San Jose, CA). PBMC and plasma samples were
stored in liquid nitrogen and —80 °C freezer respectively until further use.

Immunophenotyping by flow cytometry. PBMC samples from all 21
subjects at all time points were available for analysis. Before use, cells
were thawed and washed in RPMI 1640 supplemented with 10% FCS.
Cells were stained with violet dead cell-exclusion dye (ViViD; Invitrogen,
Molecular Probes, Eugene, OR) and a monoclonal antibody (mAb)
panel designed to identify T, and NK cell subsets. The following mAb
and fluorescent dyes were used CD3-Brillant Violet 605 (clone OKT3),
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CD8-Brilliant Violet 570 (clone RPA-T8), CD31-PECy7 (clone WM59),
CD45RA-APCCy7 (clone HI100), CD57-APC (clone HCD57), CD127-
Brilliant Violet 650 (clone A019D5), KIR3DL1-Alexa Fluor 700 (clone
DX-9), Helios-PE (clone 22F6) from Biolegend, San Diego, CA; ViViD
amine reactive dye (ViViD: LIVE/DEAD fixable violet dead cell stain),
CD14-Pacific Blue (clone TiiK4), CD19-Pacific Blue (clone SJ25-C1)
from Invitrogen; CD27-PECy5 (clone 1A4CD27), NKG2A-PE (clone
2199), KIR2DL2/3-PECy5.5 (clone EB6B), KIR2DL3/3-PECy5.5 (clone
GL183) from Beckman Coulter, Brea, CA; CD4-V500 (clone RPA-T4),
CD16-V500 (clone 3G8), CD45RO-APCH7 (clone UCHLI1), CD56-
PECy7 (clone NCAM16.2), CD95-APC (clone DX2), CD197-Alexa Fluor
700 (clone 150503), HLA-DR PerCPCy5.5 (clone L243), Ki67-FITC
(clone B56) from BD Bioscience (Franklin Lakes, NJ); FoxP3-Alexa Fluor
647 (clone 236A/E7) from eBioscience (San Diego, CA). ngs subsets were
determined within the CD4* T cell population to identify Helios™T, s
CD4 1 FoxP3 Helios™ and Helios™ T, : CD4 1 FoxP3+Helios .16 NK cell
subsets were determined within CD56*CD3™ population using NKG2A,
KIR2DL1, KIR2DL2/3, KIR3DL1, and CD57 to identify CD56",
CD56%"NKG2A'KIR™, and CD56%" KIRTCD57" NK cells.”** Data
acquisition was performed using a Becton Dickinson LSRII Fortessa,
and data were analyzed using FlowJo software (Tree Star, Ashland, OR).
At least 50,000 events per CD4", CD8*1 or CD56TCD3 ™ cell population
were acquired to ensure a sufficient number of cells for statistical analysis.

Tregs and NK cell function assays. Paired PBMC samples before and
4 days after IL-2 administration from the 50,000 and 100,000 IU/m?
cohorts (1 = 12) were used to evaluate the function of T and NK cells
in vitro. PBMCs were labeled with mAbs against CD4, CD25, CD56,
CD127, CD14, CD19, CD3, and propidium iodide (Molecular Probe,
Eugene, OR). T, (CD3TCD41tCD25MsCD127""), conventional T cells
(T, CD3*CD4*CD25"*CD127""), and NK cells (CD56*CD3™) were
sorted in propidium iodide-negative (viable) population on FACS Aria
I cell sorter (BD, Franklin Lakes, NJ). Sorting purity for FoxP3™ cells
in sorted T, was more than 90%. For T, s suppression assay, T were
stained w1th CellTrace Violet (CTV, Life Technologies, Carlsbad, CA)
according to manufacturer’s instruction and were then stimulated with
anti-CD3/CD28-coated beads (Dynabeads; Invitrogen, Carlsbad, CA) at
a bead/TCons ratio of 0.1:1. 20,000 T, were then incubated with T, at
the ratio of 1:1 to 1:2 (responder: suppressor). Anti-CD154 was added
at time of incubation (¢ = 0). After incubation at 37 °C in 5%CO, for
16 hours, cells were acquired on LSRII Fortessa Cytometer (BD). The
proportion of CD154 expression was measured within CTV-labeled
T . and the percentage suppression of CD154 was calculated using
the formula: %Suppression = 100-(a/b x 100) where a is percentage
positive CD154 T_ in the presence of T and b is percentage positive
in the absence of Tregs.44 For NK cell function analysis, sorted NK cells
(0.5-1x10°) were mixed with an equal number of CTV-labeled K562
cells and/or cytokine stimulation (IL-12 10 ng/ml; IL-15 100 ng/ml) and
Brefeldin A (GolgiPlug; BD Bioscience).*” After 6 hours incubation at
37 °C in 5%CO,, cells were stained for extracellular expression of CD3,
CD56, CD57, CD107a, KIR2DL2/3, KIR2DL3/3 as well as with the ViViD
viability dye. Thereafter, cells were permeabilized (Cytofix/Cytoperm
Buffer; BD Biosciences) and stained for IFN-y. Cells were analyzed on a
LSRII Fortessa Cytometer.

Cytokine analysis. Seventy-six human cytokines, chemokines, acute phase
proteins, and diabetes panel proteins were analyzed using human cytokine
multiplexing panel kits (Bio-Rad, Hercules, CA). All assays were performed
according to Bio-Rad kit protocols. Median fluorescence intensities were
measured on Luminex 100 instrument (Luminex; Bio-Rad). Standard curves
for each cytokine were generated using the premixed lyophilized standards
provided in the kits. Cytokine concentrations in samples were determined
from the appropriate standard curve using a 5 point-regression to transform
mean fluorescence intensities into concentrations using Bio-Plex Manager
software version 6. Each sample was run in duplicate, and the average of the
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duplicate was used as the measured concentration.

Gene expression profiling. Total RNA was extracted from PBMC using
a miRNeasy kit (Qiagen, Valencia, CA). Universal RNA quality and
quantity was estimated using Nanodrop (Thermo Scientific, Wilmington,
DE) and Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA).
RNA was amplified from 300ng of total RNA (Ambion WT Expression
Kit; Affymetrix, Santa Clara, CA). cDNA was reverse transcribed with
biotinylation and hybridized to the GeneChip Human Gene 1.0 ST Arrays
(Affymetrix WTTerminal Labeling Kit; Affymetrix) after fragmentation.
The arrays were washed and stained on a GeneChip Fluidics Station 450
(Affymetrix); scanning was carried out with the GeneChip Scanner 3000
and image analysis with the Affymetrix GeneChip Command Console
Scan Control.

Statistical analysis. The data from immunophenotyping and functional
assays were analyzed with Prism Version 5.04 (GraphPad Sotfware, LaJolla,
CA). Statistical significance was accepted if the P value was <0.05 based
on one-way analysis of variance and Wilcoxon matched-pairs signed rank
test. Affymetrix CEL files were processed with Affymetrix Power Tools for
probeset summarization, normalization, and log2-transformation (RMA
with sketch quantile normalization). Quality assessment was conducted
using R/Bioconductor package “arrayQualityMetrics’* and no outlying
arrays were found. Array hybridization data were found to be significantly
correlated with most probe sets and its effect was removed using linear
regression with R “limma” package.”” Prior to further analysis, probesets
without annotated gene symbol (using the latest NetAffx annotation)
as well as probesets with very low variation (with interquantile range
less than 0.15) were filtered out. In addition, probesets associated with
multiple genes were also removed. In the case of genes associated with
multiple probesets, only one probeset, having the best correlation with
first principal component for those probesets across all the samples, was
selected (in-house developed R function). After all filtering steps, 15,193
genes were left. To determine genes changing expression from day 0
coherently across individuals, the R/Bioconductor package “limma’*
was used. Subject IDs were included in the model to ensure pair-wise
comparison between time points and day 0. P values were adjusted for
multiple testing using Benjamini and Hochberg’s method to estimate the
FDR.* Stringent cutoffs of 5% FDR-adjusted P value and 0.1 log2-fold-
change were used to identify differentially expressed genes. Ingenuity
Pathway Analysis software (Ingenuity Systems, Redwood City, CA) was
used for functional interpretation of gene expression data. Coherent
changes in cytokine concentration were analyzed utilizing in-house
developed web tool with Perl and R used at the backend. Cytokines with
significant response were identified with cutoff of 5% FDR-adjusted P
values from Wilcoxon signed rank test.

SUPPLEMENTARY MATERIAL

Figure S1. Chronological changes in absolute peripheral blood
counts after ULD IL-2.

Figure $2. Changes in serum IP-10 level after ULD IL-2.

Table $1. 76 analytes measured in serum cytokine profiling.

Table $2. Genes differentially expressed after ULD IL-2 in healthy
volunteers.

Table $3. Gene sets significantly enriched with genes differentially
expressed by ULD IL-2 on day 4.

Table $4. Top functional categories of differentially expressed genes.
Table $5. Top canonical pathways of differentially expressed genes.
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