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IL-7 Restores Lymphocyte Functions in Septic Patients

Fabienne Venet,”>" Anne-Perrine Foray,* Astrid Villars-Méchin,* Christophe Malcus,*
Francoise Poitevin-Later,* Alain Lepape,” and Guillaume Monneret*"

Septic syndrome is the leading cause of mortality for critically ill patients worldwide. Patients develop lymphocyte dysfunctions
associated with increased risk of death and nosocomial infections. In this study, we performed preclinical experiments testing the
potential of recombinant human IL-7 (rhIL-7) as a lymphostimulating therapy in sepsis. Circulating IL-7 and soluble IL-7 receptor
a-chain (soluble CD127) concentrations were measured in plasma, whereas cellular CD127 expression was evaluated on circu-
lating CD4* and CD8* lymphocytes from septic shock patients and healthy volunteers. Lymphocyte proliferation, IFN-y produc-
tion, STATS phosphorylation, and B cell lymphoma 2 induction were measured ex vivo in response to T cell stimulation in the
presence or not of rhIL-7. We show that IL-7 pathway (plasmatic IL-7 concentration and cellular and soluble CD127 expressions)
is not overtly altered and remains activable in septic patients. Most importantly ex vivo treatment of patients’ cells with rhIL-7
significantly improves lymphocyte functionality (CD4" and CD8" lymphocyte proliferations, IFN-y production, STAT5 phosphor-
ylation, and B cell lymphoma 2 induction after stimulation). To our knowledge, this constitutes the first report of rhIL-7 ability to
restore normal lymphocyte functions in septic patients. These results support the rational for initiating a clinical trial testing rhIL-

7 in septic shock. The Journal of Immunology, 2012, 189: 5073-5081.

eptic syndrome is the leading cause of mortality for crit-

ically ill patients worldwide although an enormous effort

has been expended during the past 20 y to find new ther-
apies that decrease the mortality of this syndrome (1). It is now
largely demonstrated that septic patients develop severe immune
alterations (innate and adaptive), which intensity and duration are
correlated with increased risk of death and nosocomial infections
(1). Thus, immune-stimulating therapies are now considered in the
treatment of sepsis (2).

Sepsis-induced lymphocyte alterations share many similarities
with immune dysfunctions described in patients with chronic viral
infections such as HIV (3-5). In particular, severe lymphopenia
due to increased apoptosis, decreased T cell proliferation, and
cytokine production after stimulation as well as increased per-
centage of CD4*CD25" regulatory T cells (Treg) have been de-
scribed in both clinical contexts. In HIV infection, innovative im-
munorestorative therapies such as recombinant human IL-7 (thIL-7)
are currently tested as adjunctive treatment in phase I and II
clinical trials.
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IL-7 is a 25-kDa glycoprotein secreted by stroma cells and other
epithelial cells. IL-7 is a nonredundant cytokine for T and B cell
development and function. IL-7 activity is mediated via its bind-
ing to a receptor (IL-7R) constituted of two chains: the a-chain
(CD127) and the common cytokine receptor y-chain. This re-
ceptor is expressed continuously on most resting human T cells
with high levels on naive and central memory cells and lower
levels on Treg (6). In healthy volunteers, rhIL-7 therapy induces
B cell lymphoma 2 (BCL2) upregulation and sustained increased
in peripheral blood CD4" and CD8* T cell numbers. Conse-
quently, this T cell expansion caused a significant broadening of
circulating TCR repertoire diversity independently of subject’s
age (7). Interestingly, rthIL-7 therapy is associated with a reduction
in the circulating proportion of Treg (7).

In chronic viral infection, rhIL-7 treatment has proven to be safe,
well tolerated and to result in potent immunorestorative effects (4).
In sepsis, three studies in mice have described beneficial effects
of rhIL-7 treatment on mortality and sepsis-induced immune
dysfunctions (8-10).

The objective of the current study was thus to perform an ex vivo
preclinical study of rhIL-7 therapy in septic shock patients. We first
tested whether parameters of IL-7 pathway were altered in patients
in comparison with controls. In a second set of experiments,
patients’ lymphocyte response to rhIL-7 treatment was tested
ex vivo. These experiments should provide the preliminary results
necessary to the initiation of a clinical trial testing rhIL-7 in septic
shock.

Materials and Methods

Patients

Septic patients belong to a global study on intensive care unit (ICU)-induced
immune dysfunctions approved by our Institutional Review Board for ethics
(“Comité de Protection des Personnes”) and registered at Ministere
Francais de la Recherche et de I’Enseignement (no. DC-2008-509). The
study group consisted in 70 septic shock patients according to the diag-
nostic criteria of the American College of Chest Physician/Society of
Critical Care Medicine (Table I) (11). The onset of septic shock was de-
fined as the beginning of vasopressor therapy. EDTA-anticoagulated blood
was collected at two time points after diagnosis: day 1-2 and day 3-4.
Mortality was defined as death occurring within 28 d after the onset of
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shock. Secondary ICU-acquired infections were defined according to Eu-
ropean definitions of European Centre for Disease Prevention and Control.

Reference values and control samples for functional assays were ob-
tained from a cohort of 55 healthy volunteers after informed consent was
given.

Reagents

Anti—-CD3-CD28-CD2 coated beads (T cell activation/expansion kit hu-
man) were purchased from Miltenyi Biotec (Auburn, CA). PE and PE—
cyanine7-conjugated anti-CD3, Alexa Fluor 647-conjugated anti-phosphory-
lated STATS, PE-conjugated anti-BCL2, and isotypic controls as well as
protein transport inhibitor (GolgiPlug) were purchased from BD Biosciences
(San Jose, CA). Allophycocyanin-conjugated anti-CD8, PE-conjugated anti-
CD4, allophycocyanin-conjugated anti-CD4, PE-cyanine7—conjugated anti-
CD8, PE-conjugated anti—IFN-y as well as anti-human CD127 Abs (clone
R34.34) and isotypic controls were purchased from Beckman Coulter
(Hialey, FL). rhIL-7 as well as goat anti-human CD127 polyclonal Abs
and recombinant human CD127-Fc chimera were purchased from R&D
Systems (Minneapolis, MN).

Quantification of plasma CD127 and IL-7 concentrations

A soluble CD127 (sCD127) ELISA test was designed as described pre-
viously (12). Briefly, 96-well plates were coated overnight with mouse
anti-human CD127 mAb (Beckman Coulter). Plates were blocked with
BSA for 1 h, washed, and then samples were incubated for 1 h. Bound
sCD127 was detected following a 1-h incubation with biotinylated goat
anti-human CD127 polyclonal Abs (R&D Systems) and streptavidin-HRP.
Reactions were developed using the tetramethylbenzidine microwell per-
oxidase substrate (BioMérieux, Marcy 1’étoile, France) and visualized with
a plate reader at 450 nm. Sample concentrations were also extrapolated from
standard curves of recombinant human CD127-Fc chimera (R&D Systems).

Plasmatic IL-7 concentration was measured using a multiplex ELISA
(Bio-Rad, Hercules, CA) by using the manufacturer’s recommendations.

Cell isolation and culture

PBMCs were isolated by Ficoll-Paque PREMIUM (GE Healthcare,
Waukesha, WI) density gradient centrifugation. Cells were washed three
times in sterile PBS (bioMérieux) and resuspended in complete culture
media. (RPMI 1640 medium with HEPES [Eurobio, Courtaboeuf, France]
supplemented with 2 g/l sodium bicarbonate 7.5% [Institut de bio-
technologies Jacques Boy, Reims, France], 2 mM L-glutamine [Lonza,
Basel, Switzerland], 10% human AB plasma [Etablissement Frangais du
Sang, Gerland, Lyon, France], 20 U/ml penicillin and 20 pg/ml strepto-
mycin [Sigma-Aldrich, St. Louis, MO], and 2.5 pg/ml fungizone [Bristol-
Myers Squibb, Rueil-Malmaison, France].)

The number of cells per well was adjusted to 1 X 10° cells/ml. Cells
were stimulated with anti-CD2-CD3-CD28 Abs coated beads (ratio beads/
cells = 4:1) and/or with rhIL-7 (100 ng/ml).

Tritiated thymidine incorporation

T cells proliferation was analyzed by detecting *H-labeled methyl-thymidine
incorporation (20 pCi/well) (PerkinElmer, Boston, MA). 3H-labeled methyl-
thymidine was added 24 h before harvesting cells on a fiberglass filter
using an automated cell harvester (PerkinElmer). Incorporated radioactivity
was measured in a direct beta counter (PerkinElmer). Assays were carried
out in triplicate.

Flow cytometry

HLA-DR expression on circulating monocytes (mHLA-DR), percentage of
Treg (CD4*CD25""CD127'°%) as well as CD127 expression on CD4* and
CD8* T cells were monitored as described previously (13, 14). CD4* and
CD8" T cell proliferation was analyzed by monitoring decreased fluores-
cence after cell labeling with CFSE (Molecular Probes, Grand Island, NY)
at a concentration of 10 pM and after cell culture during 5 d. STAT5
phosphorylation in T cells was analyzed by intracellular staining after
overnight TCR stimulation and 15-min incubation with rhIL-7. BCL2 ex-
pression in T cells was analyzed by intracellular staining after 2-d incubation
with TCR stimulation and rhIL-7. IFN-y production by CD8" T cells was
analyzed by intracellular staining after 4 h incubation with GolgiPlug, TCR
stimulation and rhIL-7. The samples were run on a FACSAria II flow
cytometer and analyzed using FACSDiva software (BD Biosciences).

Statistics

Results are presented as box-plots with individual values in Figs. 1-3 and
as means and SEM in Figs. 4-7. Comparisons between groups were

made using the nonparametric Mann—Whitney U test. The nonparametric
Wilcoxon paired test was used to assess variations between time points
in septic patients or between cell culture conditions in the ex vivo experi-
ments. Statistical analyses were performed using Prism software (version
4.03; GraphPad Software, La Jolla, CA). A p value <0.05 was considered
as statistically significant.

Results
Plasmatic IL-7 concentration is slightly increased after septic
shock

Plasmatic IL-7 concentration was measured in septic shock patients
at days 1-2 and 3—4 (n = 24) in comparison with healthy controls
(n =26). We observed that circulating IL-7 level was increased in
septic shock patients at day 1-2 and at day 3—4 in comparison with
controls (Fig. 1A). However, these levels remained relatively low
(<10 pg/ml) and no significant differences were observed between
survivors (n = 15) and nonsurvivors (n = 9; Fig. 1B) or between
patients developing or not a nosocomial episode (n =4 and n = 20,
respectively; Fig. 1C).

This suggests that IL-7 plasmatic level may be increased in
a homeostatic manner after septic shock. Because circulating IL-7
concentration is mostly regulated by its scavenging rate by T cells,
such increased concentration is not surprising in markedly lym-
phopenic hosts such as septic shock patients (Table I) (4, 15).

CDI27 expression is maintained on CD4* and CD8*
lymphocytes after septic shock

A strong regulation of IL-7 receptor a-chain (CD127) has been
described in various clinical conditions including HIV infection
(16). We thus measured CD127 expression by flow cytometry on
CD4* and CD8" T cells from 20 septic shock patients sampled at
days 1-2 and 34 after the onset of shock in comparison with 30
healthy volunteers (Fig. 2).

No significant differences were observed between patients and
controls at day 1-2 either on CD4" cells (Fig. 2A) or on CD8"
cells (Fig. 2B). At day 34, a slightly decreased CD127 expression
was measured on CD8* T cells from septic patients in comparison
with healthy volunteers (Fig. 2B), but no difference was observed
for CD4" cells (Fig. 2A). In paired samples, a decrease over time
was observed for CD127 expression on CD4* between days 1-2
and 3—4 but not on CD8" cells. To note, absolute numbers of
circulating CD4*CD127* and CD8"CD127" cells were calculated.
As expected considering the marked lymphopenia observed after
septic shock, these parameters were significantly decreased in
septic patients versus healthy volunteers (data not shown).

No significant differences were observed between survivors
(n =12) and nonsurvivors (n = 8) for CD127 expression measured
either on CD4" cells (Fig. 2C) or on CD8* lymphocytes (Fig. 2D).
Similarly, no significant differences were observed between patients
who will develop or not a nosocomial episode (n =4 and n = 16,
respectively; Fig. 2E, 2F). Overall, these results show that CD127
expression is not overtly regulated on circulating lymphocytes
after septic shock.

The plasmatic concentration of the soluble form of CDI27 is
increased in patients with ICU-acquired nosocomial infection
after septic shock

Importantly, plasmatic concentration of sCD127, known to possess
in vitro antagonistic activity on IL-7 (12, 16) was measured in
septic shock patients (n = 33) and healthy volunteers (n = 16).
No significant differences were observed between patients and
healthy controls neither at day 1-2 nor at day 3—4. This is in
contrast with the observation made in HIV infection of a signifi-
cantly increased sCD127plasmatic level (12, 16). Meanwhile, a

€20z Iudy 90 uo Jasn D0A OSIA WHIASNI Ad Jpd 290202 1/9166SE L/€L0S/01/681/4Ppd-ajoe/jounwwif/Bio"1ee"s|eusnol//:dpy wouy papeojumoq



The Journal of Immunology

FIGURE 1. Plasmatic IL-7 concentration in septic
shock patients. Plasmatic IL-7 concentration was mea-
sured in septic patients (n = 24) at day 1-2 (D1-2)
and day 3-4 (D3-4) after the onset of shock in
comparison with healthy volunteers (HV, n = 26) (A),
in survivors (S, n = 15) versus nonsurvivors (NS, n =
9) (B), and in patients who will develop a secondary
infection (NI, n = 4) versus patients remaining free of
any nosocomial episode (NoNI, n = 20) (C). Non-
parametric Mann—Whitney U test was used to com-
pare results between groups.
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significant decrease was measured between these two time points

in patients (Fig. 3A).

No differences were observed between survivors (n = 20) and
nonsurvivors (n = 13), although a significant decrease over time
was observed in both groups of patients (Fig. 3B). Interestingly
and despite the low number of patients in each group, a signifi-
cantly higher concentration was measured in patients who devel-
oped a nosocomial episode (n = 5) in comparison with patients who

Table 1.
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remained free of any secondary infectious challenge (n = 28). This
difference was present both at day 1-2 and at day 3—4 (Fig. 3C).
In total, this first set of observational studies shows that, in
contrast with results observed during chronic viral infections,
parameters of the IL-7 pathway are not markedly modified after
septic shock. This suggests that this pathway remains potentially
activable during sepsis and thus that rhIL-7 could restore normal
lymphocyte functions in patients. To test this hypothesis, we de-

Demographic, clinical, and immunological data for septic shock patients

Clinical data
Age at admission (y)
Gender

SAPS II at diagnosis of shock

SOFA score
Comorbidities

Initial infection

Type of infection

Site of infection

Mortality

Secondary infections
Immunological data

CD3*CD4" T lymphocytes

Treg (%)

mHLA-DR (%)

Male

0
=]

Bacilli Gram
Cocci Gram*
Fungi
Others
Community-acquired
Hospital-acquired
Pulmonary
Abdominal
Others
Nonsurvivors
Occurrence

D3-4
D34
D34

73 [62-80]
44 (63)
58 [47-67]
11 [8-13]
23 (33)
47 (67)
19 27)
19 (27)
5(7)

11 (16)
43 (61)
27 (39)
24 (34)
17 (24)
29 (41)
24 (34)
14 (20)

355 [190-530]
10 [8-14]
41 [19-70]

Blood samples were obtained from 70 septic shock patients after the onset of shock. For clinical parameters, categorical data
are presented as number of cases and percentages respective to the total population in parentheses. Continuous data as well as
biological parameters are presented as medians and interquartile ranges [Q1-Q3] in brackets. The following leukocyte subsets
were analyzed at day 3—4 after the onset of shock: number of circulating CD3*CD4* T lymphocytes per microliter, percentage
of CD4*CD25™¢"CD127°" Treg measured among CD3*CD4* T lymphocytes and percentage of monocytes expressing HLA-
DR among total monocytes (nHLA-DR). Normal values from our laboratory for age-matched individuals are 500-1250 CD4™*

T cells/nl, 5-7% Treg, and >90% mHLA-DR.

SAPS 11, Simplified Acute Physiologic Score II calculated at inclusion in the protocol; SOFA score, Sequential Organ
Failure Assessment score measured after 24 h of ICU stay.
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veloped ex vivo functional assays with purified mononuclear cells
from septic shock patients incubated with rhIL-7.

rhiL-7 restores ex vivo sepsis-induced decreased cell
proliferation

Lymphocyte proliferation was measured after TCR stimulation of
PBMC:s extracted from septic shock patients (n = 10) and healthy
volunteers (n = 10) and cultured in presence or not of rhIL-7.
Proliferation was evaluated by tritiated thymidine incorporation.

Septic patients presented with a significantly decreased prolif-
eration in response to TCR stimulation in comparison with healthy
volunteers (Fig. 4A). Importantly, cell incubation with rhIL-7 sig-
nificantly increased this proliferative response in patients whereas
no significant effect was measured in healthy volunteers (Fig. 4A).
This is illustrated by the significant difference of rhIL-7-induced
fold increase in cell proliferation observed between patients and
healthy controls (Fig. 4B).

rhIL-7 restores ex vivo sepsis-induced decreased CD4* and
CDS8" T cell proliferations

To decipher whether this rhIL-7-induced cell proliferation was
affecting selectively CD4" and/or CD8" cells, PBMCs extracted
from septic patients (n = 7) and healthy volunteers (n = 4) were

stained with CESE before culture in presence of TCR stimulation
and rhIL-7.

We observed that both CD4* (Fig. 5A, 5C) and CD8" (Fig. 5B)
T cell proliferations were decreased in patients versus controls.
This decrease was significant for CD4™ T lymphocytes (Fig. 5A).
Most importantly, incubation with rhIL-7 significantly increased
CD4* lymphocyte proliferation to a level that was not different
from that of healthy volunteers (Fig. SA). A similar trend was
observed for CD8" T cells (Fig. 5B). Interestingly, the number of
CD4" cell divisions after rhIL-7 stimulation was increased in
septic shock patients to a level similar to control values (Fig. 5D).
Similar results were observed for CD8" cells (data not shown).
Representative examples of CFSE stainings of CD4* T cells from
one septic shock patient and one healthy control are shown in
Fig. 5C. These results suggest that rhIL-7 is efficacious in re-
storing both CD4* and CD8* T cell dysfunctions after septic
shock.

rhiL-7 restores ex vivo sepsis-induced decreased IFN-y
lymphocyte production

Another aspect of sepsis-induced lymphocyte dysfunctions is a
reduction in IFN-vy production by lymphocytes. We thus measured
by flow cytometry intracellular IFN-y production by CD8" T cells
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in patients (n = 12) and controls (n = 10) after TCR stimulation
and incubation with rhIL-7.

We observed that TCR-induced IFN-y production was signifi-
cantly reduced in patients versus controls (Fig. 6). Most impor-
tantly, incubation of patients’ cells with rhIL-7 significantly
increased this cytokine response to a level that was not different
from healthy controls. Representative examples of flow cytometry
stainings are shown in Fig. 6B. These results show that rhIL-7 is
efficacious in restoring CD8" T cell dysfunctions after septic shock.

rhiL-7 efficiently activates parameters of its intracellular
pathway in septic shock patients

A key signaling molecule for IL-7 is STATS (signal transducer and
activator of transcription 5), which is phosphorylated following
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recruitment of CD127. Beside, one significant consequence of
CD127 signaling is the maintenance of cell survival by increasing
BCL2 protein expression. We thus investigated the expressions of
these molecules in response to TCR stimulation and/or rhIL-7 in
septic patients (n = 10) and controls (n = 10).

To our knowledge, we show for the first time that TCR stimu-
lation was associated with a significantly decreased induction
of STATS phosphorylation (Fig. 7A, 7B) and BCL2 expression
(Fig. 7C) in patients compared with healthy volunteers. Most
importantly, cell incubation with rhIL-7 was able, by itself and
after TCR stimulation, to significantly increase the expression
of these molecules in patients and controls (Fig. 7). This shows
that IL-7 intracellular pathway is mobilizable in septic patients
although its activation is not adequate after TCR stimulation alone.
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FIGURE 4. Lymphocyte proliferation is restored by rhIL-7 in septic shock patients. Mononuclear cells were isolated from peripheral blood of septic
shock patients (gray columns, n = 10) and healthy volunteers (open columns, n = 10). Cells were cultured for 5 d in the presence or not of anti-CD2/CD3/
CD28 Ab-coated beads (TCR Stim, ratio of beads/cells = 4:1) and rhIL-7 (100 ng/ml). Cell proliferation was evaluated by [3H]thymidine incorporation. (A)
Results are presented as mean = SEM of proliferative response evaluated for each cell culture condition and each experiment as the ratio versus non-
stimulated cells response. (B) Results are presented as individual values of rhIL-7-induced proliferation evaluated for each experiment as the ratio of the
proliferative response induced by TCR stimulation alone or in the presence of rhIL-7. Nonparametric Mann—Whitney U test was used to compare results
between groups. Nonparametric Wilcoxon paired test was used to evaluate evolution over time within a group.
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nuclear cells were isolated from pe-
ripheral blood of septic shock patients
(gray columns, n = 7) and healthy vol-
unteers (open columns, n = 4). Cells
were stained with CFSE and cultured
for 5 d in the presence or not of anti-
CD2/CD3/CD28 Ab-coated beads (TCR
Stim, ratio of beads/cells = 4:1) and
rhIL-7 (100 ng/ml). Cell proliferation
was evaluated by flow cytometry (de-
creased CFSE fluorescence intensity).
Results are presented as mean = SEM o
of percentages of proliferating cells
(i.e., with a decreased CFSE fluo-
rescence intensity in comparison with
nonstimulated cells). (A) CD4* T cell
proliferation. (B) CD8" T cell prolif-
eration. (C) One representative exam-
ple of a CFSE staining after culture in
one septic shock patient and one
healthy volunteer is presented. Non-
parametric Wilcoxon paired test was
used to evaluate evolution over time
within a group. (D) Numbers of CD4* D 10;
T cell divisions in septic shock patients
and healthy controls after stimulation
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Discussion

Severe sepsis and septic shock represent the first cause of mortality
in ICU (17). Septic syndromes induce alterations of the immune
response that have, for long, been solely considered as an over-
whelming proinflammatory syndrome. However, the failure of
numerous clinical trials testing anti-inflammatory drugs to show
any improvement in mortality has led to the re-evaluation of our
understanding of severe sepsis and septic shock pathophysiology.
In line, it is now globally accepted that, in parallel with a tre-
mendous proinflammatory response leading to shock and organ
dysfunctions, septic patients develop an immunosuppressive phase
associated with immune dysfunctions (2, 3). Importantly, it has
recently been shown that, in patients, these dysfunctions are not
only observed at the systemic level but also locally in organs
therefore illustrating the importance of this compensatory mech-
anism (18). In addition, observational clinical studies have linked
the intensity and duration of these sepsis-induced immune dys-

functions with increased risk of death and of secondary nosoco-
mial infections (3). Consequently, clinical trials testing immuno-
stimulating drugs are now initiated in septic patients (2).
Sepsis-induced immune alterations affect both innate and adap-
tive immune responses (3, 19). So far, most work has been devoted
to the study of the innate part of these sepsis-induced immune
dysfunctions. Conversely, far less work has been dedicated to the
study of lymphocyte alterations although a link between a reduced
delayed-type hypersensitivity response (predominantly mediated
by T cells and a hallmark of immune suppression) in ICU patients
and increased risk of nosocomial infections and death has been
described more than 30 y ago (20). Indeed, sepsis-induced lym-
phocyte dysfunctions make up 1) a dramatic lymphopenia af-
fecting every lymphocyte subsets associated with major apopto-
sis, 2) functional alterations such as decreased proliferation and
cytokine production in response to stimulation, 3) phenotypic alter-
ations such as increased coinhibitory receptor (CTLA-4 and pro-
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FIGURE 6. IFN-y production by CD8* T lym-
phocytes is restored by rhIL-7 in septic shock
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grammed cell death-1 [PD-1]) and decreased costimulatory re-
ceptor (CD80 and CD86) and CD3 expressions, 4) decreased
TCR diversity, and 5) increased percentage of circulating CD4*
CD25" Treg (3, 21). These lymphocyte dysfunctions are likely
illustrated in patients by viral reactivations normally solely oc-
curring in immunocompromised hosts (CMV and herpes simplex
virus). Importantly, they are associated with deleterious outcome
after septic shock (22, 23). Therefore immunostimulating ther-
apies able to restore these lymphocyte dysfunctions would rep-
resent an innovative therapeutic strategy in septic shock.
Interestingly, sepsis-induced lymphocyte dysfunctions share
many similarities with cell alterations observed in patients with
chronic viral infections. In particular, HIV-infected patients also
present with a marked decrease in circulating CD4™ T cell number,
functional alterations such as decreased lymphocyte proliferation
after stimulation, phenotypic alterations such as increased coin-
hibitory receptor expression (i.e., PD-1), decreased TCR diversity
and increased percentage of circulating Treg (5). Interestingly,
in this clinical context, rhIL-7 is currently tested as an adjunctive
therapy in phase I and II clinical trials to restore these lym-
phocyte dysfunctions. As of 2011, at least 15 ongoing studies of
rhIL-7 therapy were underway. Investigators are seeking to use
rhIL-7 to enhance viral clearance in the setting of chronic viral
infections (hepatitis B virus, hepatitis C virus, and HIV). rhIL-7 is
also being tested for its capacity to augment immune reconstitu-
tion following chemotherapy and/or bone marrow transplantation
and in the setting of idiopathic CD4" lymphopenia. Finally, trials
have been initiated to test rhIL-7 efficacy as a vaccine adjuvant
in aged populations and to determine whether this molecule will
augment the efficacy of tumor vaccines and adoptive T cell ther-

apy for cancer. Thus far, this agent has been well tolerated, in-
ducing only mild constitutional symptoms and no evidence of
the capillary leak syndrome observed with rhIL-2 therapy. In
each of the studies, patients treated with rhIL-7 show diversifi-
cation of their TCR repertoire and increases in circulating CD4*
and CD8* T cell numbers stable for weeks to months after
completion of rhIL-7 therapy. Interestingly, some of these trials
showed treated patients experience substantial decreases in the
relative frequency of Treg within the peripheral T cell pool (6).

We thus postulated that rhIL-7 could represent an innovative
therapy in septic shock patients. Therefore, we first studied the
regulation of parameters of IL-7 pathway in patients. In a second
set of experiments, ex vivo functional testings were performed to
evaluate rhIL-7 capacity to restore normal lymphocyte functions
in septic patients.

We observed that parameters of the IL-7 pathway (plasmatic IL-
7 concentration, CD127 expression on circulating lymphocytes
and sCD127 level) were not markedly modified after septic shock.
The only significant change was an increase in circulating IL-7
level in patients versus healthy controls. However, because an inverse
relationship between serum IL-7 levels and lymphocyte counts has
been constantly described in various settings of lymphocyte de-
pletion (e.g., in HIV-infected patients), such increase in circulating
IL-7 is not surprising in markedly lymphopenic hosts as septic
shock patients. Moreover, this elevation is not of major importance
since max concentrations measured in patients peaked at 13 pg/ml,
whereas normal values for circulating human IL-7 range from 2 to 8
pg/ml (6).

Interestingly, cell surface and plasmatic concentrations of
CD127 were not significantly different in septic patients versus

€20z Iudy 90 uo Jasn D0A OSIA WHIASNI Ad Jpd 290202 1/9166SE L/€L0S/01/681/4Ppd-ajoe/jounwwif/Bio"1ee"s|eusnol//:dpy wouy papeojumoq



5080

>

[ ] Healthy Volunteers
[ Septic shock patients

1%}
@
o
= 25 p = 0.0005
o
852
< &
g - 15
S ¢
2210
93 p =0.0363
i
3= 5 [
o il |
';: I s |
5 Medium  rhlL-7 TCR stim TCR stim
[8 + rhiL-7
1%
D
o
= 2.4
o ~ 0.0078
8522 P
Of 2
£C 18
s¢ - p= 00499
@ o 16
@E 1.4
F= 12
~ 1
3 LE
m Medium rhiL-7 TCR stim TCR stim

+rhiL-7

B

Cell number

rhIL-7 RESTORES SEPSIS-INDUCED LYMPHOCYTE FUNCTIONS

Healthy Volunteer

i D Medium

] Tcr stim
Septic Shock Patient

B TcR stim + rhiL7

FIGURE 7. STATS5 phosphorylation and BCL2 induction in T lymphocytes are restored by rhIL-7 in septic shock patients. Mononuclear cells were
isolated from peripheral blood of septic shock patients (gray columns, n = 10) and healthy volunteers (open columns, n = 10). (A) Cells were cultured
overnight in the presence or not of anti-CD2/CD3/CD28 Ab-coated beads (TCR Stim, ratio of beads/cells = 4:1) and 15 min in the presence or not of rhIL-7
(100 ng/ml). STATS phosphorylation in T cells was then measured by flow cytometry (pSTATS, intracellular staining). For each experiment and culture
condition, means of fluorescence intensity of pSTATS were normalized by value measured in the control well. (B) One representative example of a pSTATS
staining after culture in one septic shock patient and one healthy volunteer is presented. (C) Cells were cultured 48 h in the presence or not of anti-CD2/
CD3/CD28 Ab-coated beads (TCR Stim, ratio of beads/cells = 4:1) and rhIL-7 (100ng/ml). BCL2 expression in T cells was then measured by flow
cytometry (intracellular staining). For each experiment and culture condition, means of fluorescence intensity of BCL2 were normalized by value measured
in the control well. Results are presented as mean = SEM. Nonparametric Wilcoxon paired test was used to evaluate evolution over time within a group.

healthy controls. This is in contrast with results observed in HIV
infection, as significantly decreased CD127 lymphocyte expression
as well as marked increased concentration of its soluble form have
been observed in patients (12, 16). Interestingly and despite these
alterations, rhIL-7 is effective in restoring lymphocyte dysfunc-
tions in HIV-infected patients (4). Thus, as we did not observe
such alterations of IL-7 pathway in our cohort, we postulated that
rhIL-7 should be all the more effective in restoring normal lym-
phocyte functions after septic shock.

To test this hypothesis, we measured ex vivo the response of
septic patients’ lymphocytes to stimulation in the presence or
absence of rhIL-7. As previously described, we observed that
patients present with significantly decreased lymphocyte prolif-
eration (both of CD4" and CD8* T cells) in response to TCR
stimulation. In addition, IFN-y response was decreased in these
patients as well. Importantly, we describe here two additional sepsis-
induced lymphocyte dysfunctions. To our knowledge, we show
for the first time that STATS5 phosphorylation and BCL2 in-
duction in response to T cell stimulation are significantly altered
after septic shock. This suggests that intracellular TCR activation
pathway is dysfunctional in septic shock patients. Overall, our
experiments recapitulate and enlarge the description of sepsis-
induced lymphocyte dysfunctions in patients.

Most importantly, in these ex vivo experiments, cell incubation
with rhIL-7 significantly restored every sepsis-induced lymphocyte
alterations. Indeed, rhIL-7 significantly increased lymphocyte re-
sponse to stimulation as measured by cell proliferation, IFN-y

production, STATS phosphorylation or BCL2 expression in septic
patients. Importantly, this restoring effect of rhIL-7 was observed
in survivors as well as nonsurvivors (data not shown). To our
knowledge, these results are the first to show that septic patients’
cells remain responsive to rhIL-7 treatment and that rhIL-7 is
efficacious ex vivo in restoring sepsis-induced lymphocyte dys-
functions. Although performed ex vivo, they suggest that rhIL-7
could represent an innovative therapy in sepsis.

These data are very complimentary to results obtained in mu-
rine models of sepsis (8—10). Indeed, in mice, in vivo treatment
with rhIL-7 was associated with significant improvement in T cell
viability, trafficking and functionality after bacterial as well as
fungal sepsis (8, 10). Importantly, in these experiments, survival
was significantly improved as well. Interestingly and as observed
in the current study, rhIL-7 treatment was associated with resto-
ration of IFN-y production and increased BCL2 expression. More
generally, these animal studies showed that, although targeting
adaptive immune cells, rhIL-7 therapy could impact every aspect
of the immune response, including innate immune cells such as
neutrophils (9). Although not tested in our study, this suggests that
rhIL-7 therapy could efficiently restore both innate and adaptive
immune dysfunctions after sepsis.

Moreover, results observed in ongoing clinical trials in other
pathologies sharing similar immune dysfunctions further support
the potential beneficial effect of rhIL-7 in sepsis. In particular,
beside the improvement of T cell viability and functionality, this
molecule has been shown to improve TCR repertoire diversifica-
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tion, whereas septic patients present with a marked decrease in
TCR repertoire diversity (21). Similarly, the effect of rhIL-7
involves the downregulation of expression of immunoregulatory
receptors such as PD-1, whereas PD-1 expression has been shown
to be increased on circulating cells from septic patients (24).
Importantly, PD-1 knockout mice have been shown to be more
resistant to sepsis than wild-type animals (24). Finally, rhIL-7
therapy also leads to a relative decrease in the frequency of
Treg while an increased percentage of circulating Treg has been
repeatedly shown in septic patients (25).

In total, our results strongly support the hypothesis that rhIL-7
could represent an innovative therapy in the treatment of sepsis as
we show that IL-7 pathway is not significantly altered and is still
functional in septic shock patients and that rhIL-7 treatment sig-
nificantly restores sepsis-induced lymphocyte functions to a normal
response. This supports the rational for the initiation of a clinical
trial testing rhIL-7 in septic shock patients, although the adequate
design of such study still deserves to be precisely determined.

Acknowledgments

We thank Anne Portier and Dr. Caroline Guignant from the Immunology
Laboratory of Hopital E. Herriot-Lyon for help in performing preanalyt-
ical handling of samples and Héléne Vallin, Nathalie Panel, and Marion
Provent (Clinical Research Center, Lyon-Sud) for work on patients’ inclu-
sion and clinical data acquisition. We also thank Angela Crawley and
Jonathan Angel for sharing protocol details regarding sCD127 measurement.

Disclosures
The authors have no financial conflicts of interest.

References

1. Hotchkiss, R. S., C. M. Coopersmith, J. E. McDunn, and T. A. Ferguson. 2009.
The sepsis seesaw: tilting toward immunosuppression. Nat. Med. 15: 496-497.

2. Hotchkiss, R. S., and S. Opal. 2010. Immunotherapy for sepsis—a new approach
against an ancient foe. N. Engl. J. Med. 363: 87-89.

3. Monneret, G., F. Venet, A. Pachot, and A. Lepape. 2008. Monitoring immune
dysfunctions in the septic patient: a new skin for the old ceremony. Mol. Med.
14: 64-78.

4. Mackall, C. L., T. J. Fry, and R. E. Gress. 2011. Harnessing the biology of IL-7
for therapeutic application. Nat. Rev. Immunol. 11: 330-342.

5. Munier, M. L., and A. D. Kelleher. 2007. Acutely dysregulated, chronically
disabled by the enemy within: T-cell responses to HIV-1 infection. Immunol.
Cell Biol. 85: 6-15.

6. Lundstrom, W., N. M. Fewkes, and C. L. Mackall. 2012. IL-7 in human health
and disease. Semin. Immunol. 24: 218-224.

7. Sportes, C., F. T. Hakim, S. A. Memon, H. Zhang, K. S. Chua, M. R. Brown,
T. A. Fleisher, M. C. Krumlauf, R. R. Babb, C. K. Chow, et al. 2008. Admin-
istration of rhIL-7 in humans increases in vivo TCR repertoire diversity by
preferential expansion of naive T cell subsets. J. Exp. Med. 205: 1701-1714.

8. Unsinger, J., C. A. Burnham, J. McDonough, M. Morre, P. S. Prakash,
C. C. Caldwell, W. M. Dunne, Jr., and R. S. Hotchkiss. 2012. Interleukin-7

20.

21.

22.

23.

24.

25.

5081

ameliorates immune dysfunction and improves survival in a 2-hit model of
fungal sepsis. J. Infect. Dis. 206: 606-616.

. Kasten, K. R., P. S. Prakash, J. Unsinger, H. S. Goetzman, L. G. England,

C. M. Cave, A. P. Seitz, C. N. Mazuski, T. T. Zhou, M. Morre, et al. 2010.
Interleukin-7 (IL-7) treatment accelerates neutrophil recruitment through ydT-
cell IL-17 production in a murine model of sepsis. Infect. Immun. 78: 4714—
4722.

. Unsinger, J., M. McGlynn, K. R. Kasten, A. S. Hoekzema, E. Watanabe,

J. T. Muenzer, J. S. McDonough, J. Tschoep, T. A. Ferguson, J. E. McDunn, et al.
2010. IL-7 promotes T cell viability, trafficking, and functionality and improves
survival in sepsis. J. Immunol. 184: 3768-3779.

. Levy, M. M., M. P. Fink, J. C. Marshall, E. Abraham, D. Angus, D. Cook,

J. Cohen, S. M. Opal, J. L. Vincent, and G. Ramsay. 2003. 2001 SCCM/ESICM/
ACCP/ATS/SIS International Sepsis Definitions Conference. Crit. Care Med. 31:
1250-1256.

. Crawley, A. M., S. Faucher, and J. B. Angel. 2010. Soluble IL-7Ra (sCD127)

inhibits IL-7 activity and is increased in HIV infection. J. Immunol. 184: 4679—
4687.

. Monneret, G., A. Lepape, N. Voirin, J. Bohé, F. Venet, A. L. Debard, H. Thizy,

J. Bienvenu, F. Gueyffier, and P. Vanhems. 2006. Persisting low monocyte human
leukocyte antigen-DR expression predicts mortality in septic shock. Intensive
Care Med. 32: 1175-1183.

. Venet, F, C. S. Chung, H. Kherouf, A. Geeraert, C. Malcus, F. Poitevin, J. Bohé,

A. Lepape, A. Ayala, and G. Monneret. 2009. Increased circulating regulatory
T cells (CD4*CD25"CD127") contribute to lymphocyte anergy in septic shock
patients. Intensive Care Med. 35: 678-686.

. Venet, F., E Davin, C. Guignant, A. Larue, M. A. Cazalis, R. Darbon,

C. Allombert, B. Mougin, C. Malcus, F. Poitevin-Later, et al. 2010. Early as-
sessment of leukocyte alterations at diagnosis of septic shock. Shock 34: 358—
363.

. Crawley, A. M., and J. B. Angel. 2012. The influence of HIV on CD127 ex-

pression and its potential implications for IL-7 therapy. Semin. Immunol. 24:
231-240.

. Hotchkiss, R. S., and I. E. Karl. 2003. The pathophysiology and treatment of

sepsis. N. Engl. J. Med. 348: 138-150.

. Boomer, J. S., K. To, K. C. Chang, O. Takasu, D. F. Osborne, A. H. Walton,

T. L. Bricker, S. D. Jarman, II, D. Kreisel, A. S. Krupnick, et al. 2011. Immu-
nosuppression in patients who die of sepsis and multiple organ failure. JAMA
306: 2594-2605.

. Skrupky, L. P., P. W. Kerby, and R. S. Hotchkiss. 2011. Advances in the man-

agement of sepsis and the understanding of key immunologic defects. Anes-
thesiology 115: 1349-1362.

Meakins, J. L., J. B. Pietsch, O. Bubenick, R. Kelly, H. Rode, J. Gordon, and
L. D. MacLean. 1977. Delayed hypersensitivity: indicator of acquired failure of
host defenses in sepsis and trauma. Ann. Surg. 186: 241-250.

Venet, F., O. Filipe-Santos, A. Lepape, C. Malcus, F. Poitevin-Later, A. Grives,
N. Plantier, N. Pasqual, and G. Monneret. 2012. Decreased T cell repertoire
diversity in sepsis: a preliminary study. Crit. Care Med. In press.

Heininger, A., H. Haeberle, 1. Fischer, R. Beck, R. Riessen, F. Rohde,
C. Meisner, G. Jahn, A. Koenigsrainer, K. Unertl, and K. Hamprecht. 2011.
Cytomegalovirus reactivation and associated outcome of critically ill patients
with severe sepsis. Crit. Care 15: R77.

Kalil, A. C., and D. F. Florescu. 2009. Prevalence and mortality associated with
cytomegalovirus infection in nonimmunosuppressed patients in the intensive
care unit. Crit. Care Med. 37: 2350-2358.

Huang, X., F. Venet, Y. L. Wang, A. Lepape, Z. Yuan, Y. Chen, R. Swan,
H. Kherouf, G. Monneret, C. S. Chung, and A. Ayala. 2009. PD-1 expression by
macrophages plays a pathologic role in altering microbial clearance and the
innate inflammatory response to sepsis. Proc. Natl. Acad. Sci. USA 106: 6303—
6308.

Monneret, G., A. L. Debard, F. Venet, J. Bohe, O. Hequet, J. Bienvenu, and
A. Lepape. 2003. Marked elevation of human circulating CD4*CD25" regulatory
T cells in sepsis-induced immunoparalysis. Crit. Care Med. 31: 2068-2071.

€20z Iudy 90 uo Jasn D0A OSIA WHIASNI Ad Jpd 290202 1/9166SE L/€L0S/01/681/4Ppd-ajoe/jounwwif/Bio"1ee"s|eusnol//:dpy wouy papeojumoq



