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ABSTRACT
Persistence of an immunosuppression, affecting both the innate and adaptive arms of the immune system,
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plays a role in sepsis patients’ morbidity and late mortality pointing to the need for broad and effective
immune interventions. MVA-hIL-7-Fc is a non-replicative recombinant Modified Vaccinia virus Ankara
encoding the human interleukin-7 fused to human IgG2 Fc fragment. We have shown in murine sepsis
models the capacity of this new virotherapy to stimulate both arms of the immune system and increase
survival. Herein, an exploratory study in nonhuman primates was performed following a single intravenous
injection of the MVA-hIL-7-Fc used at the clinical dose to assess its safety and biological activities. Four
cynomolgus macaques were followed for 3 weeks post-injection (p.i), without observed acute adverse
reactions. Circulating hIL-7-Fc was detected during the first 3-5 days p.i with a detection peaking at 12 h
p.i. IL-7 receptor engagement and downstream signal transduction were detected in T cells demonstrating
functionality of the expressed IL-7. Expansion of blood lymphocytes, mainly CD4 and CD8 naive and central
memory T cells, was observed on day 7 p.i. together with a transient increase of Ki67 expression on
T lymphocytes. In addition, we observed an increase in circulating B and NK cells as well as monocytes
were albeit with different kinetics and levels. This study indicates that a vectorized IL-7-Fc, injected by
intravenous route at a relevant clinical dose in a large animal model, is active without adverse reactions
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supporting the clinical development of this novel virotherapy for treatment of sepsis patients.

Introduction

Interleukin-7 (IL-7) plays a critical role in the development and
function of lymphoid cells. This cytokine is involved in regulating
the development of T, B, natural killer (NK) and dendritic cells. In
addition, it plays a role in homeostasis of mature lymphocyte
subsets by inducing cell proliferation and promoting cell
survival.' IL-7 signal is transduced by the IL-7 receptor,
a heterodimer composed of two chains of IL-7 Ra (CD127) and
the common vy chain of IL-2, IL-9, IL-15 and IL-21.2 Whereas Y
chain is expressed by most hematopoietic cells, IL-7 Ra is nearly
exclusively expressed on lymphoid cells. IL-7 Ra is expressed on
naive T-cells, downregulated upon activation of IL-7-mediated
signaling and re-expressed in memory T-cells.>* This leads to
activation of JAK1/3, which activates many downstream signaling
pathways mainly including STATS5, PI3 and SRC kinases.

Given its ability to prevent lymphocyte apoptosis, induce
lymphocyte proliferation and improve lymphocyte function,
IL-7 has been tested as a molecular adjuvant in multiple
vaccines,” but also as a host directed therapeutic (HDT) in
diseases associated with lymphopenia and lymphocyte
exhaustion. Numerous clinical trials have shown that IL-7
therapy is well tolerated with no severe toxicities reported.
They have confirmed the capacity of recombinant soluble

hIL-7 to restore T lymphocytes in cancer patients,® ® patients
with chronic HIV infection,”'® bacterial sepsis'™'* or
COVID-19.77%

In preclinical nonhuman primate models, particularly of
simian immunodeficiency virus (SIV) infection, recombinant
simian and human IL-7 proteins improve immune reconstitu-
tion and increase the number of circulating CD4 and CD8
T cells."®"” IL-7 treatment has been described to counteract
IFN-a treatment-induced lymphopenia.®® It enhances CD4
reconstitution following autologous CD34+ selected stem cell
transplantation in monkeys.”' The soluble cytokine has also
been shown to increase not only peripheral naive T cells, but
also central memory T cells in SIV infected and aged
primates.>***?

Due to its short circulating half-life, multiple successive
injections of high amounts of soluble recombinant IL-7 protein
have typically been used in the above-mentioned studies. Viral-
based delivery vectors may offer an alternative to the injection
of soluble cytokines and bypass some limitations observed with
such formulations. Viral vectors have been extensively used in
the development of gene therapies and vaccines.** They can
deliver the engineered genes to a variety of organs and related
cells, resulting in robust in vivo production of the encoded
proteins. Those are directly engineered by the host’s cell
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machinery typically in a native form. In addition, viral vectors
can directly stimulate the immune system by engaging innate
immune-pathways and therefore contribute to immune
restoration. Some IL-7-encoding viral vectors have been eval-
uated in preclinical models as prophylactic or therapeutic
vaccines.”>?” In these vaccines, the encoded IL-7 is used as
an adjuvant to increase vaccine-encoded immunogen-specific
immunity. In these settings, dosage of the expressed IL-7
(concentration and duration) and specific pathways engaged
by the cytokine as well as effects on immune cell populations
have not been described to our knowledge in nonhuman pri-
mates. More globally, the use of IL-7-vectors in the develop-
ment of HDT is not reported in NHP.

To restore immune-homeostasis, particularly in immune-
depressed sepsis patients, we have developed a novel IL-
7-based virotherapy”® using the non-replicative Modified
Vaccinia virus Ankara (MVA). This powerful and safe viral
platform harbors an intrinsic capacity to stimulate innate
immunity.”*! The generated recombinant MVA, MVA-hIL
-7-Fc, encodes the human IL-7 fused to the human IgG2-Fc to
increase in vivo half-life of the cytokine.”” In naive and sepsis
mouse models, we have shown that a single intravenous injec-
tion of MV A-hIL-7-Fc results in long-lasting IL-7-Fc detection
in blood.”® When compared with the hIL-7-Fc soluble counter-
part protein, the MVA-hIL-7-Fc was shown to typically display
broader, more robust, and longer-lasting immune activities
including a superior increase of total and activated B, T, NK
and myeloid cells and of functional T-cells producing multiple
cytokines in both spleens and lungs of treated mice.”® The
MVA-hIL-7-Fc confers a significant survival advantage in
both the cecal-ligation-puncture and Candida albicans sepsis
models.*®

Here, we evaluated MV A-hIL-7-Fc at a relevant clinical
dose in a large animal model. Since human IL-7 is known to
be active in monkey,”'® cynomolgus macaques were treated
with a single intravenous (IV) injection of the recombinant
MVA and clinical, hematological and biochemical parameters
were assessed to obtain preliminary safety data. The pharma-
cokinetics and functionality of the expressed hIL-7-Fc were
analyzed. In addition, effect of MV A-hIL-7-Fc on the absolute
circulating lymphocyte count was evaluated, particularly on
CD4 and CD8 naive and memory T cell populations. This
exploratory proof-of-activity study represents the first evalua-
tion a vectorized IL-7 in nonhuman primates.

Material and method
Animals and ethics

The study was performed at the Biomedical Primate Research
Center (BPRC, Rijswijk, The Netherlands). The BPRC is accre-
dited by the American Association for Accreditation of
Laboratory Animal Care (AAALAC) and is compliant with
European directive 2010/63/EU for animal experiments
which guidelines have been followed. The present study was
approved by the central Dutch authorities for animal experi-
ments (Centrale Commissie Dierproeven, CCD), dossier num-
ber AVD5020020209404 (CCD.028). The study protocol was

approved prior to start by the local animal welfare body of
BPRC (Instantie voor Dierwelzijn, IvD), dossier number
CCD.028C.

Four healthy adult female cynomolgus macaques
(Macaca fascicularis) with weight over 5kg were selected
from BPRC breeding colonies. Animals were socially housed
in pairs, they were offered a daily diet consisting of monkey
food pellets (Hope Farms, Woerden, The Netherlands), fruit
and vegetables of the season and bread. Drinking water was
available ad libitum via automatic water systems. Animal
handling and biosampling was performed under
a combination of ketamine (ketamine hydrochloride, keta-
mine 10%; Alfasan Nederland B.V., Woerden, NL, 100 mg/
mL, 10 mg/kg) and medetomidine (medetomidine hydro-
chloride, Sedastart®; AST Farma B.V., Oudewater, The
Netherlands, 1 mg/mL, 0.05mg/kg). After procedure, ani-
mals received atipamezole hydrochloride (Sedastop®,
ASTFarma B.V., Oudewater, The Netherlands, 5mg/mL,
0.25 mg/kg) allowing a quick recovery from their sedation.

MVA-hIL-7-Fc treatment

MVA-hIL-7-Fc engineering, production and characterization
were previously described.”® Briefly, MVA-hIL-7-Fc is based
on the highly attenuated Modified Vaccinia virus Ankara
(MVA) encoding for the fusion of the human IL-7 sequence
and the sequence of the human IgG2 Fc. The recombinant
MVA was generated in primary Chicken Embryo Fibroblasts,
purified, and titrated. The maximal expected clinical dose to be
used in the future FIM trial is 10° pfu MVA-IL7-Fc. Based on
FDA guidelines,”” the animal equivalent dose for monkeys was
calculated at 5.107 pfu/kg. Hence, sedated animals received
a single intravenous injection via the vena saphena of 5.10”
pfu/mL of MVA-hIL7-Fc in buffer (Tris 10 mM, saccharose
5%, Sodium glutamate 10 mM, Sodium chloride 50 mM, pHS).

Evaluation of clinical, hematologic and biochemical
parameters

Body temperature, body weight, heart rate and breathing rate
were measured at all blood collected time points. Blood was
collected in EDTA tubes by venipuncture before MVA injec-
tion and 2, 4, 6, 12hours, 1, 2, 3, 4, 5, 7, 14, 21 days post-
injection. Collected blood volume was adapted to the type of
analysis at each time point to respect ethical limits.

Clinical chemistry and hematologic analysis were per-
formed on sera collected before and 6 hours, 1, 2, 7, 14, 21
days post MVA injection. Clinical chemistry (ALAT, ASAT,
Albumin, Alkaline phosphatase, Bilirubin, Cholesterol,
Chloride, Creatinine, a-Glutamyl Transferase, Glucose, LDH,
Bicarbonate, Calcium, Sodium, Iron, Potassium, Phosphate,
C-reactive protein, Total protein, Urea) was analyzed on
a Cobas Integra-400+ (Roche, Almere, The Netherlands).
Hematologic analysis (Absolute Leukocyte Counts (White
Blood Cell, Lymphocytes, Neutrophils, Monocytes,
Eosinophil, Basophil), Erythrocyte count and associated para-
meters, Mean Corpuscular Volume, Hemoglobin, Hematocrit,
Platelets count and associated parameters were conducted on
Sysmex Sf-3000 (Goffin Meyvis, The Netherlands).



Determination of hiL-7-Fc serum concentration and
pharmacokinetics analysis

For pharmacokinetics analysis, serial blood samples were
collected before and 2, 4, 6, 12hours, 1, 2, 3, 4, 5, 7 days
after MVA-hIL-7-Fc injection. The concentration of hIL-
7-Fc in frozen sera was determined using the human IL-7
DuoSet® ELISA Development System from R&D Systems
according to the provider’s instructions. The hIL-7-Fc con-
centration of each sample was calculated using a standard
curve established with a recombinant hIL-7-Fc protein, the
exact counterpart of the MV A-expressed hIL-7-Fc (produced
on CHO cells by Geneart (Regensburg, Germany)).® The
area under the serum concentration vs. time curve (AUC)
was calculated with Prism 9.0 software (GraphPad Software,
LLC) using the trapezoid rules.

Quantification of circulating cytokines and chemokines

Anti-inflammatory and pro-inflammatory cytokines were
assessed in frozen sera using the U-PLEX Multiplex electro-
chemiluminescence assay from MSD (Meso Scale Discovery)
according to the provider’s instructions. The following cytokines
were tested: GM-CSF, IFN-a2a, IFN-y, IL-1B, IL-4, IL-6, IL-8,
IL-10, IL-12p70, IP-10, MIP-1a, TNF-a and IL-2. Cytokine
concentrations were calculated using standards provided by
MSD. Samples were read on a MESO QuickPlex SQ 120 reader.

Immune cell phenotyping using flow cytometry

PBMCs were obtained by density gradient centrifugation of
heparinized blood samples with Lymphoprep lymphocyte
separation medium (Axis-Shield) and analyzed by flow
cytometry. The following mAb staining panel was used for
surface staining and establish cell subpopulations: CD3-
AF488 (SP34-2; BD), CD4-PerCP-Cy5.5 (1200; BD), CD8-
APC-H7 (SK1; BD), CDI14-Vioblue (M5E2; Miltenyi),
CD16-AF700 (3G8; BD), CD20-BV421 (2H7; BioLegend),
CD28-ECD (CD28.2; IOtest), CD45-BUV395 (D058-1283;
BD), CD95-BV605 (DX2; Biolegend), CDI127-PE
(ebioRDR5; Ebioscience), CD159-PE-Cy7 (Z199; Beckman
Coulter).

T-cells were gated as follows: Granulocytes/Lymphocytes
(by size and granularity), Singlets (by Doublet exclusion),
Time gate (proper acquisition), CD45+ population, CD3
+/CD14- cells, all before gating of CD4 and CD8 subsets.
Naive and memory populations were gated based on CD28/
CD95 expression.

Absolute number of subpopulations were calculated based
on frequencies measured by flow cytometry and absolute num-
ber of lymphocytes measured by hematology analyzer (Sysmex
S£-3000; Gofhin Meyvis, The Netherlands).

For pSTATS5 and Ki67 analysis, blood cells were incubated
with surface antibodies, before permeabilization with PerFix
EXPOSE (PFE, Beckman Coulter, Brea, CA), following the
manufacturer’s instructions. Intracellular staining was per-
formed with pSTAT5-AF647 (47/STAT5; BD), Ki67-BV711
(B56; BD) antibodies.
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Anti-hIL-7-Fc neutralization assay

PB-1 cells, murine pre-B cell line dependent on IL-7 for
growth, are classically used in IL-7 proliferation-based bioas-
says to estimate the concentration of anti-IL-7 neutralizing
antibodies in serum and plasma samples.** Serial dilutions of
decomplemented NHP sera were mixed with a recombinant,
soluble hIL-7-Fc (exact counterpart of the MVA-expressed
hIL-7-Fc, Geneart, Regensburg, Germany).*® Thereafter, PB-1
cells were added and incubated for 3 days at 37°C. As controls,
cells were also incubated in complete medium alone to deter-
mine the background (blank) or with rhIL-7-Fc without serum
to determine the 100% proliferation level (uninhibited con-
trol). Cell proliferation was assessed with MTS/PMS CellTiter
96° Aqueous Non-Radioactive (Promega) and optic density
was measured at 490 nm with a plate reader (Tecan, Spark).
For each serum, the neutralization titer was defined as the
dilution allowing to neutralize 50% (ND50) or 90% (ND90)
of the signal obtained with uninhibited control.

Results

Intravenous injection of MVA-hIL-7-Fc induces an early
transient inflammation

Our previous study performed in mice had established that the
IV route resulted in the most favorable pharmacokinetics and
immune activities of the MV A-hIL-7-Fc when compared with
the more classical intramuscular and subcutaneous routes.”®
To investigate the safety of the MVA-hIL-7-Fc when injected
once by the IV route at the animal equivalent dose based on the
foreseen clinical dose, we first analyzed the evolution of clin-
ical, hematological and biochemical parameters in blood. No
major adverse reaction was reported, no flu-like syndrome was
detected. Body temperature, weight, heart and breathing rates
stayed overall either stable or displayed minor increases which
remained in the range of normal values observed in healthy
animals (Supp. Figure S1). A transient increase of heart rate
was observed only at the first time point and was attributed to
sedation procedure.”” Globally, cellular homeostasis was not
modified following injection of MVA-hIL-7-Fc (Figure 1(a)).
Compared to baseline levels, a small increase of white and red
blood cell counts was observed during the first 24 h p.i. (<1,75
and 1.15 folds in mean, respectively). Numbers return to base-
line within 48 hours and remained within normal reference
range over the experiment. A limited increase of platelet
count was observed (2- to 3-fold) 2 weeks p.i. but remained
in normal range except for one animal at 1 time point, in
agreement with what has been reported in the literature follow-
ing any viral infection.

To document the early inflammatory response induced by
injection of MV A-hIL-7-Fc, levels of biochemical markers and
inflammatory cytokines were measured in blood at different
time points p.i. Conventional biomarkers associated with
inflammation such as transaminase (ASAT but not ALAT),
lactate dehydrogenase (LDH) and C-reactive protein (CRP)
showed a sharp transient rise in the first 24 hours p.i in all 4
animals although levels rapidly returned to baseline levels
(Figure 1(b)). Levels of GM-CSF, IFN-a2a, IFN-y, IL-1p, IL-
2, IL-4, IL-6, IL-8, IL-10, IL-12p70, IP-10, MIP-1a and TNF-a



100

e2133914-4 (&) C-A. COUPET ET AL.
a. White blood Red blood Platelet
40 cell count 10 cell count 800 count
30 8 600
< 5 ]
%S 20 S 6 % 400
: =P e® E‘Z’z
10 &Zﬁ 4 200
0 2 0
T T T T T r T T L § T T
012 7 14 21 012 7 14 21 012 7 14 21
Days post-injection Days post-injection Days post-injection
- ALAT 360 ASAT 5050 LDH 15 CRP
200 300
2000 100
_, 150 - 5 o
S 5 200 S 2
5 100 S =] g
1000 50
0 0 0 ——a—o
T i b T T T 1 b T T T T 1 h T 1
012 21 012 7 14 21 12 01 2 7 14 21
Days post-injection Days post-injection Days post-i |nject|on Days post-injection
. IFN IP-10 MIP1 IL-6
10000 ,Y 100000 - 10000 o 10000 g
1000
1000 10000 o 1000
e o= 33 ry
ZE < E T E © E 100
£2 100 g2 ge =2
1000 % 100 10
" ‘—*\é 1 i,

01 2 3 45 7 14
Days post-injection

01 2 3 4 5 7 14 21
Days post-injection

21

0 1 2 3 4 5 he
Days post-i |nject|on

012345 7 1w =
Days post-injection

Figure 1. MVA-hIL-7-Fc induces an early transient inflammation. Nonhuman primates (n=4) were injected with 5.10” pfu/kg of MVA-hIL-7-Fc by intravenous route.
Hematological parameters, biochemical parameters and inflammatory cytokine production were measured in blood for 3 weeks. (a) Counts of white and red blood cells
and platelets. (b) Blood levels of biochemical markers associated with inflammation (Alanine-Amino-Transferase (ALAT), Aspartate-Amino-Transferase (ASAT), lactate
dehydrogenase (LDH), C-reactive protein (CRP). (c) Serum measurement of inflammatory cytokines (IFNy, IP-10, MIP1a and IL-6). Each colored line represents one
animal. Grey zones represent the range of normal values observed in healthy animals (historical data from BPRC).

were measured using a multiplex assay. Only IFN-y, IP-10,
MIP-1a and IL-6 were detected (Figure 1(c)). During the first
hours p.i., elevated levels of these five inflammatory cytokines
were observed but resumed rapidly. At 4h p.i., a mean of 675
pg/mL of IFN-y and 2530 pg/mL of IL-6 were measured, and
concentrations rapidly decreased thereafter to return to base-
line levels within 24-48 hr p.i. Similarly, the peak of IP-10 and
MIP-1a was reached 6 h p.i. (35100 and 1337 pg/mL, respec-
tively) and levels rapidly declined during the following 24-72 h.
Opverall, all measured inflammatory cytokines and biochemical
markers were rapidly induced following MV A-hIL-7-Fc injec-
tion but detected levels promptly returned to baseline within 1

a. hiL-7-Fc production

b. CD127 expression

to 2 days. These data indicate that an intravenous injection of
the hIL-7-Fc-armed MVA induces an early transient inflam-
mation as reported for post-MVA administration or following

viral infections.>*>”

MVA-hIL7-Fc results in production of functional hiL-7-Fc

Pharmacokinetics of circulating hIL-7-Fc was assessed in blood
at different time points after injection of MV A-hIL-7-Fc. The
hIL-7-Fc was rapidly produced with a peak concentration
observed at 12 h p.i. (Figure 2(a)). The mean peak concentra-
tion was calculated at 52,5 ng/mL (ranging from 50,9 to 67,2

c. STAT5 phosphorylation
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Figure 2. MVA-hIL-7-Fc induces the production of functional hIL-7-Fc. (a) Quantification of hIL7-Fc in serum was performed over time after MVA-hIL-7-Fc injection using
a specific ELISA. (b) Expression of IL-7 receptor (CD127) at the surface of T cells (percentage of CD3+ cells) and (c) the level of STAT 5 phosphorylation (mean
fluorescence intensity (MFI) were evaluated in CD3+ T cells by flow cytometry. Each colored line represents one animal.



ng/mL). The cytokine remained detectable up to 3-4 days p.i.
and the mean area under curve (AUC) was calculated at 1256
h*ng/mL.

It is known that IL-7 recognition by its receptor (CD127)
downregulates the surface expression of CD127.>® We evalu-
ated the expression of CD127 at the surface of blood T cells
(Figure 2(b)). From 6h and up to 24h post injection, the
percentage of CD127 expressing T cells decreased from 85%
on DO to 39% on DI (mean decreases). This percentage
returned to baseline 3 days post-injection. These variations
correspond to the timing of circulating IL-7-Fc detection and
strongly suggest that the produced hIL-7-Fc is capable to
engage with its receptor.

Binding of hIL7-Fc to its receptor on T cells results in
phosphorylation of STAT5 (pSTATS5). This was measured by
cytometry over time in blood cells. We observed that the level
of STATS5 phosphorylation peaked 6 h p.i. in CD3+ T cells and
returned to baseline levels in the following days depending on
the animal (Figure 2(c)).

Opverall, these observations indicate that the injection of the
MVA-hIL-7-Fc induces a readily detectable circulating hIL7-
Fc, capable to recognize its receptor and to induce downstream
signaling.

MVA-hIL-7-Fc increases circulating T [ymphocyte counts
together with other blood immune cells (B lymphocytes,
NK cells and monocytes)

We further investigated the role of hIL-7-Fc in stimulating
lymphocyte expansion after MVA-hIL-7-Fc injection. After
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an initial decrease for 2 days representing a priori the migra-
tion of T cells out of the blood compartment as previously
described,”'®*” a marked increase of the absolute lymphocyte
counts (ALC) was detected for all 4 animals (Figure 3(a)). An
ALC of 2,7 to 4,4.10° cell/L was observed at day 7 p.i., repre-
senting 2- to 4-fold increase compared with baseline values.
Number of lymphocytes normalized 2 weeks post injection as
expected due to homeostatic control, but the ALC remained
still superior (mean increase of 49%) at the end of the experi-
ment compared with counts measured before MVA injection.

Increase in ALC was mostly due to increase in T-cells
(Figure 3(b)). Concomitant with the ALC increase, the percen-
tage of CD3+ T cells initially decreased before peaking at D7
representing then between 25% and 31% of blood cells (corre-
sponding to increases ranging from +10% to +215% compared
with baseline values). An increase of NK cells was also observed
following a similar kinetics in all 4 animals (i.e. at first
a transient reduction followed by an increase) but most sig-
nificantly in 2 of them. For these 2 animals, the percent of NK
cells sharply increased thereafter (up to 8-fold at D7 p.i.) and
decreased continuously up to D21 at which time point values
remain still above baselines. The effect of MV A-hIL-7-Fc on
B cells was more variable and delayed. After an initial transient
reduction B cell percentage slowly normalized within 1 week
and increased continuously until the end of follow up (+34% in
mean compared with baseline values). For all animals, after
a transient decrease observed at 6 h p.i., the percent of mono-
cytes continuously increased up to D4-D5 p.i., before slowly
diminishing thereafter up to D21 to mostly return to baseline
levels.
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Figure 3. MVA-hIL-7-Fc increases circulating T lymphocytes together with other blood immune cells (B lymphocytes, NK cells and monocytes). (a) Absolute Lymphocyte
Count (upper panel) in blood was measured over time after MVA-hIL-7-Fc injection. Grey zone represents the normal values range observed in healthy animals
(historical data from BPRC). Counts of lymphocytes are compared to baseline values (before injection at D0) and fold changes of lymphocyte are represented (lower
panel). Dotted lines indicate —50%, 0%, +50% and 100% change from baseline. Each colored line represents one animal. (b) The percentages of T, B, NK cells and
Monocytes in blood were evaluated by flow cytometry. Each colored line represents one animal.
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were evaluated by flow cytometry. Mean values + SD of four animals are represented over time. Dotted lines indicate baseline values.

Overall, these data indicate that a single injection of
MVA-hIL-7-Fc increases numbers and/or percentages of
different circulating immune cells albeit with distinct
kinetics. For some cell types (B and NK cells) and for
some animals, the observed increase lasted up to the end
of follow-up (D21 p.i.).

MVA-hIL7-Fc increases absolute counts of CD4 and CD8
T cells, both naive and central memory populations, and
triggered an increase of T cell proliferation

We further analyzed which of the CD4 or CD8 subpopulation
of T cells was increased following injection of MV A-hIL-7-Fc.



As shown in Figure 4(a), both CD4 and CD8 T cells increased
overall to a similar level albeit increases tended to be higher for
the CD8 population. The peak increase was seen 7 days p.i., at
which time the number of CD4 and CD8 lymphocytes reached
1,25.10° and 1,1.10° cells/L, respectively, corresponding to
2,61-fold for CD4 and 2,76-fold for CD8 T cells increases
compared with baseline values. The ratio CD4/CD8 did not
change at any of the analyzed time-points.

Analysis of the evolution of naive and memory T cell sub-
populations within the CD4 or CD8 T cell compartment
revealed that the number of all CD4 and CD8 subpopulations
transiently decreased during the first 24 h post injection but the
memory compartment was more impacted than the naive one.
Specifically, at this early time point, percentages of decrease
compared to baseline values were for the CD4 cell compart-
ment 63% for TCM, 73% for TEM, 43% for TN and, respec-
tively, of 85%, 66%, 59% for the CD8 T cell compartment.
Thereafter, cell number started to increase typically from D2
and to D7 at which time the peak increase was seen for all cell
populations (with some variation according to cell types and/or
animals). Specifically, at 7 days p.i. the mean number of naive
and central memory CD4 T cells reached up-to 4.10%/L and
8.10%/L, respectively (representing increases of 121% and 145%,
respectively, compared with DO values). Even if effector mem-
ory CD4 T cells reached only a mean concentration of 0,1.10%/L
in mean for 3:4 animals, this level represents an increase of
220% compared with DO values. The last animal displayed
a sharp increase of EM CD4 T cells reaching 1,1.10%/L (390%
compared with DO values). Like CD4 T cells, peak increases of
all CD8 cell subpopulations were observed at D7, with mean
numbers of 3,8.108, 2,2.10% and 4,5.10%/L, respectively, for the
naive, central memory and effector populations (representing,
respectively, increases of 137%, 167% and 193% compared with
DO values). The 4th animal (same as described above) dis-
played an important increase of EM CD8 T cells up to
12,1.10%/L (362% compared with DO values).

The increase of T cell numbers was associated with prolif-
eration of the cells. We measured the well-known proliferation
marker Ki67 by flow cytometry (Figure 4(b)). An increase in
both the percentage of Ki67 positive T cells and the level of
Ki67 expression was observed for both CD4 and CD8 T cells 4
days after injection of MVA-hIL7-Fc. Specifically, increases of
18% for CD8 and 11% for CD4 T cells expressing Ki67 were
observed.

Discussion

This exploratory proof-of-concept study demonstrates that
a single intravenous injection of the non-replicative recombi-
nant MVA expressing the human IL-7-Fc cytokine used at
a relevant clinical dose in a large animal model, is active with-
out adverse reactions. Consistent with the results obtained in
murine models,”® a significant expression of hIL-7-Fc was
detected in blood which was associated with an increase of
both circulating CD4 and CD8 T cells. Beyond T lymphocytes,
increase of additional immune cells (B and NK cells, mono-
cytes) was also observed.

To our knowledge our study is the first one reporting early
safety data and biological activities of an IL-7 encoded by
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a viral vector in nonhuman primates. IL-7 has typically been
used as adjuvant to enhance and extend vaccine immunogeni-
city and efficacy. Numerous pre-clinical studies have shown
that IL-7 can enhance vaccine protection by improving immu-
nogen-specific cellular and/or humoral immune responses.’
While most of these studies have used recombinant soluble
IL-7, only a handful of recombinant vaccines directly encoding
the IL-7 cytokine have been described.” For example, the mur-
ine IL-7 gene has been inserted into adenovirus,>® nonlytic
Newcastle disease virus,?> attenuated rabies virus,?” or into
recombinant M. bovis BCG.** In these mouse studies, the
expected role of the encoded IL-7 to increase vaccine-
immunogen specific immunity and efficacy in an adjuvant-
like fashion was successfully demonstrated. These studies did
not document the pharmacokinetics of the produced IL-7 nor
its bioactivity (e.g. impact on immune cell number and activ-
ities). We did not identify published studies in nonhuman
primates with these IL-7 recombinant vaccines.

We observed here that the MVA-encoded hIL-7-Fc was
rapidly produced and detected in blood up to 3-4 days after
a single injection. A few studies using soluble IL-7 have been
described in NHP but in a setting where the cytokine was
injected multiple times hence precluding comparison with
our study.'®'®' In contrast and in some human trials, the
pharmacokinetics and specific biological activities have been
reported following a single injection of a soluble IL-7. In these
studies, IL-7 was detected 24-30h p.i. in serum.®*!"*14?
Recently, a hIL-7 fused to the IgD/IgG4 immunoglobulin
domain was injected once intramuscularly in healthy volun-
teers. Lee et al. report the detection of the hIL-7-HyFc in blood
until 7 days p.i. when the highest dose of the cytokine was
used.” However, despite the very high amount injected (60
ug/kg), only a moderate concentration of IL-7 was measured at
the peak (1,2 ng/mL 4 h p.i.) while very low levels persisted up
to 7 days p.i. (0,2 ng/mL). Interestingly, in their study, authors
report the induction of partially neutralizing anti-IL-7-HyFc
antibodies.>® In our study, we measured the presence of neu-
tralizing anti-hIL-7-Fc antibodies in plasma of MV A-hIL-7-Fc
injected primates but could not detect them up to 21 days p.i.
(last time point of the study) (Supp. Figure S2).

The combination of three elements may have contributed to
the level and persistence of detection of the hIL-7-Fc produced
after injection of the MV A-hIL-7-Fc in primates. First, the role
of the Fc domain which can be recycled due to its interaction
with the neonatal Fc receptor.”* This recycling mechanism is
expected to protect the hIL7-Fc from lysosomal degradation
and thereby prolong its persistence. Second, the large molecu-
lar size of hIL-7-Fc (43 kDa for a monomer, 100kDa molecular
weight for the glycosylated dimer)® makes it less susceptible to
systemic clearance through the kidneys.*> Third and impor-
tantly, the use of a vector as delivery platform was anticipated
to play a key and original role in the pharmacokinetics of the
expressed cytokine. Indeed, following an IV injection of the
MVA virus, different cell types of multiple organs will be
infected and express the engineered payload.**** Hence, the
multiple cells targeted by the MVA are expected to result in
a wide and prolonged cytokine expression directly in vivo.

It is well known that IL-7 signaling downregulates CD127
expression on mature T cells, limiting uncontrolled T-cell
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proliferation.* We have observed in the present study a rapid
declining expression of CD127 on T cells before returning to
baseline 72 h after injection of MVA-hIL-7-Fc. This observa-
tion confirms the capacity of the in vivo produced hIL-7-Fc to
be recognized by its receptor. The delay necessary for CD127
expression to return to baseline level (3 days p.i.) suggests, at
least in the NHP model, that to be effective and stimulate
T cells again a second injection of the MVA-hIL-7-Fc should
be contemplated at Day 3 or later post-primary injection. One
may question the relevance of daily injections of soluble IL-7
reported in some studies, in which lymphocyte expression of
CD127 remains low during the entire course of treatment
(lasting in some instances several weeks).>”!”

Preclinical studies have demonstrated the influence of mul-
tiple injections of recombinant soluble IL-7 on lymphocyte
count in healthy NHP.'*'®" In our study, a single injection
of MV A-hIL-7-Fc markedly modified the absolute lymphocyte
count. The initial decrease in count during the first 48 h,
attributed to early cell trafficking out of the circulation into
tissues and peripheral lymphoid organs, was expected and
previously reported in primate and human.*'®** Consistent
with observations in murine models obtained with MVA-hIL
-7-Fc, we confirmed here in a larger animal species an impor-
tant increase of ALC. Although not formally comparable, it is
interesting to note that this increase reaches same range or
higher than that reported after multiple injections of recombi-
nant IL-7s.51839:46 Importantly, the effect of MVA-hIL-7-Fc
persists in time. The ALC increase was mostly due to increase
of T cells, both CD4 and CD8 lymphocytes and mostly naive
and TCM cells. Increase was associated with an increase of
Ki67-positive T cell proportion as previously reported.™****
The number of B lymphocytes also increased albeit at later
times p.i. Earlier studies in NHP have described a limited
increase of B cell number following multiple injections of
soluble of IL-7."*?! In human trials, recombinant IL-7 treat-
ment increased the B lymphocyte blood count in some
patients.**” IL-7 is known to be a key regulator of the
B lymphopoiesis, promoting the proliferation, survival and
maturation during the pro-B to pre-B cell transition."*® IL-7
also promotes B survival by modulating pro- and anti-
apoptotic factor production and by inducing B regulatory fac-
tor expression at the surface of peripheral T cells."*’ It would
be interesting to further study the effect of the hIL-7-Fc
encoded by the MVA on B-cell subpopulations number and
functions.

Recombinant MVAs in the clinic have typically been admi-
nistered by intramuscular, subcutaneous, or intradermic routes.
The intravenous route has recently been documented by
DeMaria et al.”® who report on good tolerance of the MVA-
BN-brachyury-TRICOM vaccine injected by this route in
advance solid tumor indications. Another preventive MVA-
based vaccine against malaria using the IV route in healthy
volunteers is currently under evaluation (NCT03707353,
NCT03084289, NCT04009096). While a handful of preclinical
studies on recombinant MVAs injected IV in mouse models
have been reported,***> evaluations in nonhuman primates
have not been described. Our study documents for the first
time the evolution of clinical, hematological, and biochemical

parameters after intravenous injection of an armed MVA in
cynomolgus primates. Only a moderate and transient inflamma-
tion was observed during the first 48 h post injection. We
detected an increase of the circulating pro-inflammatory cyto-
kines (IFNy, IP-10, MIP-1q, IL-6, IL-8) and inflammation asso-
ciated biochemical markers (ASAT, LDH, CRP) within the first
6-24h post MVA injection (Figure 1). The MVA vector is
known to be a strong inducer of innate immunity, via interferon
signaling and inflammasome pathways. Studies have described
that these proinflammatory cytokines are produced in vitro and
in vivo in response to MVA in whole blood, PBMCs, primary
human monocytes, and macrophages.””*****! Similar expres-
sion of these pro-inflammatory cytokines has also been observed
in mice after MV A-hIL-7-Fc injection.”® In our study, we clearly
observed, in addition to T and B lymphocytes, an increase of cells
from the innate lineage particularly NK cells and monocytes
likely due to the capacity of the MVA vector itself to stimulate
the innate system.’® The transient increase of monocytes
observed during the first 3 days p.i. reflects the classical response
to inflammation caused by the intravenous injection of the viral
vector.”> MVA is also known to activate and induce proliferation
of NK cells in mice and NHP.”>** In addition, IL-7 may also
contribute to the maturation and the survival of NK cells."*
Additional studies including an experimental group treated by
the empty MVA are warranted to precisely elucidate the role of
the MVA backbone on the effects observed on these cell
populations.

Overall, the MVA-hIL-7-Fc represents an innovative and
safe immunotherapy capable to stimulate both the innate and
adaptive immune systems. The present study underlines parti-
cularly the capacity of the MV A-expressed hIL-7-Fc to increase
numbers of circulating naive and memory CD4 and CD8
T-lymphocytes. It confirms in a large animal model earlier
studies conducted in mice,”® and in ex vivo surrogate human
models using PBMC from bacterial sepsis and COVID-19
patients in ICU as well as from immunosenescent hip fractured
patients.”>>” Taken together, these studies support the clinical
development of MVA-hIL-7-Fc in immunosuppressed
situations.
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