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Cross-presentation is the process by which professional APCs load peptides from an extracellularly derived protein
onto class | MHC molecules to trigger a CD8" T cell response. The ability to enhance this process is therefore relevant
for the development of antitumor and antiviral vaccines. We investigated a new TLR2-based adjuvant, Small Molecule
Immune Potentiator (SMIP) 2.1, for its ability to stimulate cross-presentation. Using OVA as model antigen, we
demonstrated that a SMIP2.1-adjuvanted vaccine formulation induced a greater CD8" T cell response, in terms of
proliferation, cytokine production and cytolytic activity, than a non-adjuvanted vaccine. Moreover, using an OVA-
expressing tumor model, we showed that the CTLs induced by the SMIP2.1 formulated vaccine inhibits tumor growth in
vivo. Using a BCR transgenic mouse model we found that B cells could cross-present the OVA antigen when stimulated
with SMIP2.1. We also used a flow cytometry assay to detect activation of human CD8" T cells isolated from human
PBMCs of cytomegalovirus-seropositive donors. Stimulation with SMIP2.1 increased the capacity of human APCs, pulsed
in vitro with the pp65 CMV protein, to activate CMV-specific CD8™ T cells. Therefore, vaccination with an exogenous
antigen formulated with SMIP2.1 is a successful strategy for the induction of a cytotoxic T cell response along with

antibody production.

Introduction

Although vaccination is one of the most successful public
health interventions, there are still no efficacious vaccines for the
prevention of many old as well as emerging infectious diseases.
The increased life-expectancy of the human population world-
wide adds further urgency to the development of new vaccines
together with the improvement of existing vaccines.'

CD8™ T cells play a critical role in host defense against viral
infection and certain cancers,” and thus the development of vac-
cines that elicit a robust CD8™ T cell response is an area of great
interest. Subunit vaccines do not usually induce CD8" T cell
immunity. Protein components in vaccine formulations are cap-
tured by APCs and presented to CD4™ T cells by class I MHC
molecules, thus eliciting an adequate humoral response but a
poor cytotoxic response. Activation of CD8" T cells by extracel-
lularly delivered (exogenous) antigens requires the induction of
cross-presentation, a mechanism by which peptides derived from

extracellularly derived antigens are presented by APCs on Class I
MHC molecules, leading to activation of CDS8™' T cells.>*

Different approaches have been pursued to successfully intro-
duce proteins into the Class I MHC processing pathway, includ-
ing conjugation of the antigen to antibodies that target dendritic
cells (DCs), and by ex vivo manipulation of DCs.”® These
approaches suffer from difficulties in manufacturing, as well as
the high costs.

A promising strategy is the use of adjuvants, molecules that are
added to vaccine formualtions in order to modulate the immune
response and ultimately increase protection. Although many
experimental adjuvants have been evaluated in animal models,
until 10 y ago only squalene-based oil in water emulsions and
aluminum-based salt adjuvants had been licensed for inclusion in
human vaccines." These adjuvants are effective at eliciting
humoral responses, but fail to stimulate CD8" T cell immunity.

Alternative vaccine adjuvants aimed at eliciting both antibody
and cellular responses are based on the activation of receptors of
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the innate immune system, such as TLRs. Engagement of TLRs
with either natural or synthetic agonists, results in a robust activa-
tion of innate immune cells and leads to the production of proin-
flammarory cytokines.”® Many pre-clinical studies support the
safety of TLRs agonists in vaccine formulations as well as their
ability to increase adaptive immune responses.”'® TLR agonists
have also been shown to enhance therapeutic vaccination against
cancer and chronic viral infections.*'""'* Indeed, vaccines con-
taining the adjuvant AS04, made by the alum-absorbed TLR4
agonist monophosphoryl lipid A (MPL), have been approved for
human use in 2005.""°

Here we explored the ability of SMIP2.1, a novel synthetic
lipopeptide-based TLR2 agonist, to induce cross-presentation by
both mouse and human APCs. Using iz vitro and in vivo experi-
ments we showed that SMIP2.1 can activate the innate immune
system via a TLR2-dependent mechanism, induce the matura-
tion of APCs, and elicit a strong antibody response against influ-
enza and tetanus toxoid antigens.

In mice, TLR2 agonists can induce an antigen-specific CD8*
T cell response, especially when linked to the zlntigen.lé’18 Here,
we show that SMIP2.1 is also a good inducer of a CTL response
when mixed with the antigen as aqueous suspension using either
mice or human cells. Mice that received OVA-specific OT-I
TCR transgenic cells by adoptive transfer showed increased
CD8™" T cell proliferation, cytokine production, and cytotoxic
activity upon inclusion of SMIP2.1 in the OVA vaccine formula-
tion. We investigated which APCs populations could be the tar-
get for SMIP2.1-induced cross-presentation and showed that
both CD8a™ and CD8a™ DCs could cross-present. While it is
already known that DCs can cross-present exogenous antigens,
the role of B cells in this process is less clear.'”?' Using transnu-
clear B cells that express a BCR specific for OVA, we demon-
strated for the first time that B cells can cross-present OVA upon
TLR2 stimulation. Likewise, upon stimulation with SMIP2.1,
human PBMCs were able to cross-present the CMV pp65 pro-
tein to human CMV (HCMYV)-primed CD8' T cells.

This study shows that SMIP2.1 could assist in the generation
of antigen specific CTL along with the robust activation of
CD4™ T cells, and thus could be exploited in the design of effec-

tive adjuvants for antitumor and antiviral vaccines.

Results

Identification of a new TLR2 agonist

A series of high-throughput screens on a chemical library of
1.8 million compounds were performed. Briefly, the TLR2
expressing human B cell line RI-I and monocytic cell line THP-1
were screened in arrayed, 1536 well format in single point
(10 pM in DMSO) using TNFa as a readout (data not shown).
Compounds able to stimulate these leukocyte cell lines were
counter-screened using mouse lymphocytes as well as HEK293
clones stably transfected with the luciferase gene under control of
transcription factor NF-kB and different human TLRs (data not
shown). This strategy resulted in the identification of a group of
triacetylated lipopeptides active only on both human and mouse
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TLR2 which differed in the amino acid component and in the
length of the acyl chain. This class of lipopeptide bears a triacy-
lated cysteine glycerol core, similar to the known TLR2 agonist
Pam3CSK4, but differs in the serine and lysine amino acid resi-
dues.”* A representative of this class of lipopeptides is shown in
Figure 1A as SMIP2.1. The dipeptide portion of SMIP2.1 is
composed of a-aminobutyric acid and glutamic acid. Alpha-ami-
nobutyric acid can be substituted with alanine with no apparent
loss of activity. Glutamic acid, which is at the C-terminus of the
lipopeptide, can tolerate even a wider range of chemical modifi-
cations. SMIP2.1, as expected, is able to stimulate HEK293
NFkB-luciferase reporter cell lines stably transfected with human
or mouse TLR2 (Fig. 1B). SMIP2.1 also stimulated TNFa
secretion by human MoDCs whereas the addition of an anti-
TLR2 blocking antibody inhibited this effect (Fig. 1C). To fur-
ther confirm the TLR2 dependency of activation in mouse cells,
BM-DCs derived from TLR2 KO, MyD88 KO, and WT
C57Bl/6 mice were stimulated with SMIP2.1. No IL-6 release
was detected in the supernatants of TLR2 KO and MyD88 KO
BM-DCs (Fig. 1D). Together, these results suggest that
SMIP2.1 is a TLR2 agonist, active on both human and mouse
receptors. Since SMIP2.1 differs from Pam3CSK4 only at the
solvent exposed region of the ligand in the TLR1/2 co-crystal
structure while conserves the hydrophobic acyl chains critical for
TLR1/2 heterodimerization,™ it is likely that these 2 molcules
share a similar binding conformation.

We then examined whether SMIP2.1 could function as an
adjuvant in vivo using 2 vaccines against tetanus and influenza.
In animals immunized with either of these 2 vaccines, inclusion
of SMIP2.1 in the vaccine formulation significantly increased the
relevant antigen specific antibody titer (Fig. 1E and F).

SMIP2.1 induces cross-presentation in vivo

In order to test the potential of SMIP2.1 to induce cross-pre-
sentation of soluble antigens, we assessed its effects on antigen-
induced expansion of CDS8" T cells 77 vivo. We used TCR trans-
genic OT-1 CD8™ T cells, which recognize an OVA-derived pep-
tide and have been extensively used in many experimental
settings to investigate cross-presentation.

We adoptively transferred CFSE-labeled OT-1 CD8" T cells
into Ly5-congenic mice and 24 hours later we immunized the
recipients with PBS, OVA alone or OVA formulated with
SMIP2.1. After 48 h proliferation of OT-I in draining LNs was
evaluated by flow cytometry. We used the extent of OT-1 CD8"
T cell expansion as a measure of OVA cross-presentation and
observed increased proliferation of OT-I cells in mice immunized
with OVA in the presence of SMIP2.1 (on average 48.9% divid-
ing OT-I cells) compared to OVA alone (24.5% dividing OT-I
cells) (Fig. 2A). When we immunized recipient mice with the
OVA,s7 264 peptide, that is able to bind directly MHC class 1
molecules on DCs without intracellular antigen processing, no
increased proliferation of OT-I cells induced by SMIP2.1 was
observed (data not shown). This suggests that the increased T cell
proliferation in mice immunized with OVA and SMIP2.1 is not
due to the effect of the adjuvant on the up-regulation of co-stim-
ulatory molecules or the maturation of DCs.
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Figure 1. Activity of a new synthetic compound on human and mouse TLR2. (A), Structure of SMIP2.1 (IUPAC Name=(4R)-4-[(25)-2-[(2R)-3-{[(2R)-2,3bis
(dodecanoyloxy)propyllsulfanyl}-2-hexadecanamidopropanamido]butanamido]-4-carbamoylbutanoic acid). (B) Luciferase expression in HEK293-cells sta-
ble transfected with FLAG-tagged human TLR2 (dotted lines) or with HA-tagged mouse TLR2 (solid lines) and a NF-kB-luciferase reporter gene after stim-
ulation with different doses of SMIP2.1. Pam3CSK4 was used as positive control for activation of TLR2 HEK293 transfectants. (C) Human MoDCs were
stimulated for 24 hours with different concentration of SMIP2.1 in the absence or in the presence of a blocking anti-TLR2 antibody. Secretion of TNFa in
the supernatants was measured as indicator of the lipopeptide activity. (D) BM-DCs from the indicated mice were stimulated for 24 hours with different
concentrations of SMIP2.1. Secretion of IL-6 in the supernatants was measured as indicator of the lipopeptide activity. Group of 6 BALB/c mice were
immunized intramuscularly at 0, 21 and 35 d with vaccines containing 1 pg of TT antigen (E) or with 0.2 g of HIN1 Solomon Flu subunit antigen (F)
with the addition of the indicated concentration of SMIP2.1. 2 weeks after the third immunization sera were pooled and antigen specific antibody titers

were measured by ELISA.

We then tested the ability of SMIP2.1 to enhance cross-pre-
sentation in normal C57Bl/6 mice immunized 3 times (at days
1, 21, 35) with PBS or OVA in the presence or absence of
SMIP2.1. Priming of CTLs induced by cross-presentation of
OVA protein to naive CD8™ T cells was evaluated by monitoring
the percentage of K*-OVA,s, 564 tetramer positive peripheral
blood CD8" T cells 7 d after the 1st (data not shown) and the
2nd immunization. While no significant expansion of antigen-
specific CD8" T cells was seen in mice immunized with OVA
alone, the addition of TLR2 agonist SMIP2.1 increased the fre-
quency of OVA-primed CD8™ T cells (Fig. 2B).
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Mice were sacrificed 7 d after the 3rd immunization, and sple-
nocytes were re-stimulated ex vivo with PBS alone or with the
OVAss7 64 peptide. We compared the ability of splenic CD8"
T cells to respond to antigenic stimuli by measuring intracellular
IFNy and TNFa production by flow cytometry (Fig. 2C).
Splenic CD8™ T cells of mice immunized with OVA adjuvanted
with SMIP2.1 showed strong cytokine production when re-stim-
ulated 7z vitro.

Taken together, these data demonstrate that inclusion of
SMIP2.1 in the vaccine formulation led to expansion of the
number of functionally active antigen-specific CD8" T cells.
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Figure 2. SMIP2.1 induces cross-presentation in vivo. (A), Congenic Ly5 CD45.1" mice, injected in the tail vein with CFSE-labeled OT-1 CD8* T cells, were
immunized with PBS or OVA (10 pg/mouse) alone or adjuvanted with SMIP2.1 (10 p.g/mouse). Proliferation of adoptively transferred cells was assessed
after 3 d in draining LNs by flow cytometry, gating on viable CD3", CD8", CD45.2™, CFSE'" CD8" T cells. Upper panels show flow cytometry analysis for
one mouse in each group. The percentage of proliferating CD8™ T cells (mean = SD) in each group is reported in the lower graph. Data are representa-
tive of 3 independent experiments (B-D), C57BI/6 mice were immunized 3 times with PBS or OVA (25 pg/mouse) alone or adjuvanted with SMIP2.1
(10 pg/mouse). (B) 7 d after the first immunization OVA specific frequency of CD8" T cells was measured in the blood by K®/OVA,s;_»¢4 tetramer stain-
ing. Upper panels show flow cytometry analysis for one mouse in each group. The percentage of tetramer™ CD8" T cells (mean + SD) in each group is
reported in the lower graph. Data shown are representative of 2 independent experiments. (C) 7 d after the third immunization splenocytes were stimu-
lated for 6 h with OVAsnrex. Peptide (3 wg/ml) or PBS, as negative control, then fixed and stained for intracellular IFNy and TNFa. (D) Total anti-OVA
1gG serum titers were measured by ELISA 2 weeks after the third immunization. **P < 0.01; *** P < 0.001.

Moreover, as previously shown for tetanus and influenza vaccine
antigens, we demonstrated that SMIP2.1 could induce high titers
of OVA-specific total IgG 2 weeks after the 3rd immunization
(Fig. 2D).

SMIP2.1 induces antigen-specific CTL activity in vivo

We next evaluated whether antigen-specific CD8" T cells,
induced by immunization with OVA plus SMIP2.1, were
cytolytic. We used an 7z vive cytotoxicity assay in C57Bl/6
mice immunized with either PBS or OVA in the presence or
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absence of SMIP2.1. Seven days after immunization, mice
were injected i.v. with two CFSE-labeled splenocytes popula-
tions, loaded with either the OVA;s7 564 peptide or an irrele-
vant control peptide, and mixed in a ratio of 1:1 prior to
injection. The SIINFEKL-loaded splenocytes were labeled
with 1 pM CFSE (CFSEMsh target population), while the
control splenocytes, loaded with an irrelevant peptide, were
labeled with 0.1 uM CESE (CFSE™™  cell population).
Twenty-four hours after target cells administration, survival of
CFSE-labeled cells in the spleen of injected animals was
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assayed by flow cytometry and OVA-specific killing was calcu-
lated as described in Materials and Methods.

Cyrtolytic activity toward SIINFEKL-coated target cells was
increased when mice were immunized with OVA and SMIP2.1
compared to when immunized with OVA alone (Fig. 3A).
OVA-specific CTL activity correlated with the expansion of the
OVA-specific CD8" T lymphocyte population, as demonstrated
by the increase in the percentage of peripheral blood K°-
OVA,s7_564 tetramer positive CD8™ T cells (Fig. 3B).

We next assessed whether CD8™" T cells elicited by immuniza-
tion with OVA and SMIP2.1 could recognize and kill OVA-
expressing tumor cells. We therefore evaluated the ability of mice
immunized with OVA and SMIP2.1 to reject E.G7-OVA tumor
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cells. Mice were immunized twice with PBS, OVA protein alone
or formulated with SMIP2.1 at 10 or 100 pg/mouse. Seven days
after the second immunization, mice were inoculated subcutane-
ously with OVA-expressing E.G7 tumor cells and tumor growth
was monitored. Forty-seven days after inoculation with E.G7-
OVA tumor cells, 80% of non-vaccinated and OVA-immunized
mice died (20% survival). Mice immunized with OVA in combi-
nation with 10 pg of SMIP2.1 showed increased survival as only
3 out of 10 animals developed tumors (70% of survival)
(Fig. 3C). The group of mice immunized with a higher dose
(100 g) of SMIP2.1 showed complete protection against tumor
growth (100% of survival). The same amount of SMIP2.1 with-
out antigen did not induce any protection (data not shown). We
conclude that in a prophylactic setting immunization with OVA
plus SMIP2.1 inhibits tumor growth.

SMIP2.1 induces antigen deposition

The mechanisms by which adjuvants enhance immunogenic-
ity of the co-administered antigens have been explored previ-
ously. In some cases adjuvanticity has been linked to an increased
antigen deposition in the LN, thus prolonging antigen availabil-
ity and presentation iz vivo.”> To explore the mechanisms that
underlie the action of TLR2 agonists as vaccine adjuvants, we
considered the possibility that SMIP2.1 increases antigen deposi-
tion in the draining LNs. Mice were immunized with fluores-
cent-labeled OVA in the presence or absence of SMIP2.1. After
24 hours draining LNs were collected to assess antigen deposi-
tion. We analyzed various tissues by confocal microscopy and
found that mice immunized with OVA and SMIP2.1 showed
increased deposition of OVA compared to mice immunized with
OVA alone (Fig. 4A). We then evaluated the effect of SMIP2.1
on antigen uptake by specific cell types in the draining LNs, ana-
lyzing by FACS the presence of fluorescent-OVA in CD8a™

Figure 3. SMIP2.1 induces antigen-specific CTL activity in vivo.
(A and B), C57BI/6 mice were immunized with PBS or OVA (25 g/
mouse) alone or adjuvanted with SMIP2.1 (10 pwg/mouse). (A), After
7 days, syngeneic splenocytes loaded with 2 different concentrations of
CFSE and pulsed with either OVAgnrexe peptide (CFSE™M) or an irrele-
vant control peptide (CFSE'Y) were injected i.v. into recipient mice at a
ratio of 1:1. Twenty-four hours later, the CTL response was assessed in
draining LNs by measuring the presence of CFSE"" target cells using flow
cytometry. Upper panels show flow cytometry analysis while the graph
at the bottom shows the percentage of specific lysis of fluorescent target
cells in the different groups calculated as described in the Material and
Methods section. (B), A peripheral blood sample was obtained from
mice prior to infusion of cells. Cells were stained with KP/OVAys7_264 tet-
ramer to measure the frequency of OVA specific CD8" T cells. The per-
centage of KP/OVAzs7_264 tetramert CD8' T cells in mice immunized
with PBS was subtracted from the other groups. (C), C57BI/6 mice were
immunized twice with PBS or OVA (25 pwg/mouse) alone or adjuvanted
with SMIP2.1 at the indicated concentration. Seven days after the second
immunization, mice were implanted s.c. with OVA-expressing E.G7 tumor
cells and mice were monitored for tumor growth. The graph shows the
percentage of tumor-free mice along 47 d after tumor cells implantation.
Mice were euthanized when moribund. Representative data of 3 inde-
pendent experiments are shown. Statistical analysis was performed vs

OVA immunized group: *P < 0.05; *** P < 0.001.
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Figure 4. SMIP2.1 increases antigen deposition in the draining LN. (A), C57BIl/6 mice were immunized with PBS or
OVA A555 (25 pg/mouse) alone or adjuvanted with SMIP2.1 (100 p.g/mouse) and draining LNs were collected 24 h
later. 8 wm thick cryosections of draining LNs were stained for CD169 (green) and CD45R (blue) and observed
under a confocal microscope. The picture (63x magnification) shows the OVA antigen deposition (red) only in mice
immunized with OVA and SMIP2.1. Bar represents 20 wm. (B), Groups of 3 mice were immunized with PBS or OVA
A647 (25 g/mouse) alone or adjuvanted with SMIP2.1 (100 pg/mouse). Draining LNs were collected 24 h later
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DCs (CD11b"¢", CD11c", CD8a~, MHCII*), CD8a* DCs
(CD11b"&",  CD11c*, CD8a", MHCII"), macrophages
(Cd11b*, F4/80Mseh), inflammatory monocytes (CD11bMsh,
CD11c™, Ly6C™" and B cells (CD11b~, CD11c™, MHCII™).
In agreement with the confocal microscopy results, SMIP2.1
induced an increase in the total number of OVA-positive cells for

all cellular subtypes analyzed (Fig. 4B).

SMIP2.1 increases cross-presentation in both CD8a+
and CD8«a- DCs

Based on the expression of the CD8a marker, 2 major popu-
lations of DCs with different functions can be identified in mice.
CD8a* CD11c¢" DCs have been suggested to possess the unique
ability to cross-present antigens”®*® whereas among human cells
CD141" (BDCA3") DCs were described as the most efficient at
cross—presenting.29’30 However, evidence exists that both murine
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SMIP2.1 stimulates
cross-presentation in B cells

Among APCs, DCs have the unique ability to cross-present,®
while the role of B cells in CD8" T cell cross-presentation has
been more controversial. B cells are generally regarded as not
being as effective as DCs for T cells priming. However, the ability
of B cells to efficiently process™ 34 and present antigens to CD4"
T cells*®?® suggest that B cells might also possess the ability to
cross-present antigens.

A complication in testing whether B cells can cross present
antigens to CD8" T cell arises from the low frequency of naive B
cells specific for a given antigen, making antigen recognition and
receptor-mediated uptake a rare event for polyclonal B cells. To
assess the potential of SMIP2.1 to enhance cross-presentation of
B cells, we used OBI RAG ™'~ mice, generated by somatic cell
nuclear transfer. These mice have a single population of B cells
with a BCR that specifically recognizes an OVA epitope.”’”
Purified CD19™ B cells from the OB1 mouse were cultured with
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Figure 5. SMIP2.1 increases cross-priming of OT-(l)cells in vitro. CD8a™"
CD11c* and CD8«a~ CD11c* DCs were purified by cell sorting from the
spleen of C57BI/6 mice and incubated with medium or OVA (10 ng/ml)
alone or in the presence of SMIP2.1 (10 M) for 4 hours. After washing,
DCs were co-cultured with purified OT-I CD8" T cells for 60 hours and
proliferation of CD8" OTI T cells was measured by *H thymidine incorpo-
ration. Data in the graph indicate counts per min (CPM) and are
expressed as mean =+ SD of triplicate wells. Values of CPM from each
cell population incubated with medium alone were subtracted from val-
ues of CPM in all the other conditions.

medium alone or with SMIP2.1 for 20 hours. The B cells were
then washed and loaded with soluble OVA protein for 4 hours
before being added to CFSE-labeled CD8* OT-I T. Upregula-
tion of the activation marker CDG69 and proliferation of the OT-
I cells was assessed as an indication of CD8" T cell activation.
While unstimulated OBI B cells pulsed with OVA induced a
modest up-regulation of CD69, stimulation of OBI B cells with
SMIP2.1 prior to OVA loading rendered B cells able to induce a
significant upregulation of CDG69 on CD8" OT-1 T cells
(Fig. 6A). In addition, TLR2-activated OBI B cells greatly
enhanced proliferation of CD8" OTI T cells (Fig. 6B). There-
fore we conclude that B cells can present exogenous processed
antigens to CD8™ T cells when activated through TLR2.

SMIP2.1 stimulates cross-presentation in human cells
in vitro

To test if SMIP2.1 could induce cross-presentation also in
human cells, we set up a cell-based 77 vitro model. In this model
the cross-priming of human PBMCs from HCMV seropositive
donors by HCMV-derived recombinant pp65, was evaluated
using flow cytometry to detect intracellular cytokine production
by CD8" T cells. HCMV is a highly prevalent herpes virus:
CD8" T cell responses to HCMV antigens are detectable in
most HCMV-seropositive donors.”® PBMCs from HCMV sero-
positive donors were therefore stimulated with a library of pp65
peptides to expand the HCMV-specific memory CD8" T cell
population in the presence of exogenous IL-2. The population of
HCMV-specific CD8" T cells was expanded approximately 2-
fold (from 0.8% to 2.1% of the total CD8" T cell population,
data not shown) and was then restimulated with autologous
PBMCs loaded with HCMV pp65 with or without SMIP2.1.
After 4 hours of stimulation, cells were fixed, permeabilized and
stained with CD3, CDS8, IFN+y antibodies and HCMV-tetramers
to detect IFNy production by HCMV-specific CD8" T cells.
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Figure 6. SMIP2.1 increases cross-presentation by OBI B cells in vitro.
Isolated OBI B cells were incubated for 20 h with medium (Unstimu-
lated) or SMIP2.1 (10 wg/ml). After washing, B cells were loaded
with OVA (100 pwg/ml) for 4 h and then co-cultured with purified
CFSE labeled CD8" OT-I T cells. (A), Surface expression of CD69 by
OT-1 cells was analyzed by flow cytometry after 20 hours. Histograms
of flow cytometry data are shown in the upper panel while mean
values for the percentage of CD69 positive cells from 3 samples in
each condition are reported in the lower panel. (B), After 52 hours,
proliferation of OT-l cells was assessed by flow cytometry detection
of CFSE. Histograms of flow cytometry data are shown in the upper
panel while mean values for the percentage of CFSE®" cells from 3
samples in each condition are reported in the lower panel. Error

bars indicate SD. **P < 0.01; *** P < 0.001.
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APCs pulsed with the pp65 protein and stimulated with
SMIP2.1 cross-presented pp65 more efficiently than APCs
pulsed with pp65 alone (Fig. 7), as demonstrated by their ability
to induce a larger fraction of IFNy producing HCMV-specific
CD8™' T cells.

Discussion

Failure to stimulate a CTL response is a major limitation of
subunit vaccines. Exogenous proteins in vaccine formulations are

poor inducers of CD8" T cell immunity, as they are captured by
APCs and presented primarily to CD4" T helper cells, leading
to a good humoral immune response but poor cellular CD8* T
cell immunity. Therefore, identification of vaccine adjuvants that
can enhance Class I MHC presentation of purified soluble anti-
gens to CD8" T cells would be valuable in the development of
vaccines against viral targets or cancer, for which the induction of
a CTL response is critical.

Here we demonstrated that a soluble protein can be directed
into the Class I MHC antigen-restricted processing and presenta-
tion pathway by the use of SMIP2.1, a TLR2-based adjuvant.

Indeed, combination of OVA with
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ther of those analogs, nor of other available
TLR2 agonists. Future work comparing
the effect of TLR2 agonists with different
chemical structures on cross-presentation
will definitely contribute to a better under-
standing of the mechanism of action of this
class of adjuvants.

The mechanisms by which adjuvants
can enhance the immunogenicity of vac-
cine antigens have not been completely elu-
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cidated. Formation of antigen depots may
be one of the biological processes associ-
ated with adjuvanticity. Adjuvants would
thus enhance an immune response through
prolonging the persistence of antigens 77
vivo. Indeed, we found that in mice immu-
nized with OVA, SMIP2.1 increases the
number of APCs (CD8a~ DCs, CD8a™
DCs, macrophages, inflammatory mono-

cytes and B cells) that take up antigen and

Figure 7. SMIP2.1 induces cross-presentation in human cells in vitro. PBMCs from a HCMV seropos-
itive donor were pulsed in vitro as indicated for 2 hours, washed and co-cultured for 4 hours with
an expanded HCMV specific CD8" T cell population from the same donor. Production of IFNy by
CD8™ T cells was quantified by intracellular staining and flow cytometry. Dot plot analysis (A) and
the percent of CD3 ", CD8™, pp65 HCMV tetramer ™ IFNy™ T cells (B) are shown.

migrate to LNs. We can then speculate
that this increased uptake results in
enhanced  cross-presentation by both
CD8a™ and CD8a™ DCs populations as
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observed in the in vitro assays and it may
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also account for the increased immune response against the dif-
ferent antigens we tested 7 vivo.

It has been described that only CD8a™ CD11ct DCs can
3940 and most of the adjuvants that can
stimulate cross-presentation act exclusively on this popula-
tion,*"1¢ which represents only 20% of the conventional DCs in

cross-present in mice

mouse spleen.”” The ability of SMIP2.1 to activate cross-presen-
tation also in the CD8a™ subset offers the advantage of acting
on a larger cell population.

The role of B cells in priming CD8" T cells in vivo has
been difficult to evaluate because of the dominant role of DCs
in cross-presentation and the lack of appropriate animal mod-
els. We took advantage of OB1 BCR transnuclear mice that
specifically recognize an epitope of the OVA protein, in order
to assess the function of B cells in T cell cross-priming. When
crossed with a RAG-deficient background, OB1 mice have a
single population of B cells, all of which are specific for the
OVA antigen. Since B cells express several TLRs on their sur-
face, including TLR2,42 we analyzed the ability of SMIP2.1
stimulated OBI B cells to cross-present the OVA antigen cap-
tured via BCR. We clearly observed that TLR2 engagement
results in induction of the ability of B cells to powerfully
cross-present OVA in vitro to OVA specific T cells. Alchough
TLR2 engagement can potentially induce up-regulation of co-
stimulatory molecules in B cell, we can exclude that this effect
could be responsible of the increase in T cell proliferation. In
fact, presentation of OVAjs;_ 564 peptide by OBI1 cells results
in maximal proliferation of OT-I cells (data not shown),
excluding that co-stimulation is a limiting factor in the activa-
tion of these cells. To the best of our knowledge this is the
first time that engagement of TLR2 in B cells is shown to acti-
vate antigen cross presentation in these cells. Although our
results will need to be confirmed in an in vivo model, this
finding expands our knowledge of the adjuvant properties of
SMIP2.1. Indeed, in addition to its ability to enhance anti-
body production, SMIP2.1 can also directly target B cells to
help primary CD8" T cell expansion. We think that by using
a rational chemical approach to engineer TLR2 agonists the
function of these molecules can be modified so to obtain the
desired effect on the immune response.

Cross-presentation has been well-characterized in different
animal models, while few reports address cross-presentation by
human cells. Sub-populations of human DCs have been targeted
through C-type lectin receptors to increase their ability to cross-
present.”>*> Moreover, it has been shown that human CD141"
DCs represent the human counterpart of the murine CD8a™"
DCs, which are the cell type most effective at antigen cross-pre-
sentation.””?**® Our data showed that SMIP2.1 adjuvant
increases cross-presentation in total human PBMCs, although we
could not establish which subpopulation is specifically targeted
by SMIP2.1.

TLR ligands improve vaccine efficacy and a better immune
response is generated when a TLR agonist and antigen are linked
covalently'®**®  or electrostatically.'” However, these 2
approaches may complicate large-scale production of vaccines.
For example, scale-up of chemical conjugation of a soluble
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antigen with a lipopeptide can be challenging because of the dif-
ferent solubility characteristics of these 2 components. SMIP2.1
is a triacetylated lipopeptide, and induces a good immune
response without the need to be coupled covalently to the anti-
gen. Using HEK293 cells stably transfected with TLR2, we
screened a series of TLR2 agonist compound and selected
SMIP2.1 for its favorable physical-chemical characteristics and
suitability of the synthetic path for a scale-up process. However,
this molecule could be further refined to improve some specific
activities including boosting of humoral response and further
enhancement of cross-presentation.

In conclusion, our work shows that a SMIP2.1 adjuvanted
vaccine induces a strong CTL response after a single immuniza-
tion in mice and allows antigen access to the cross-presentation
pathways in different APCs, including B cells. SMIP2.1 is there-
fore a promising adjuvant for the development of vaccines that
aim to enhance a CD8™" T cell response.

Materials and Methods

Stimuli

The palmitoyl3Cys-Ser-Lys4 lipopeptide (Pam3CSK4) was
purchased from Alexis. For the in vivo and in vitro studies
reported in this manuscript, SMIP2.1 was formulated and dosed
as an aqueous suspension. Aqueous suspension formulation was
prepared by probe sonication of the dry powder in PBS. Size of
the particle suspension was monitored by granulometric analysis
(particles size analyzer Beckman Coulter LS13320) to ensure an
average particles size <20 micron.

Cell Culture

All cultured cells were grown at 37°C in a humidified envi-
ronment containing 5% CO,.

Human Embryonic Kidney HEK293 cells expressing FLAG-
tagged humanTLR2 were cultured in complete medium
(DMEM containing 4500 mg/l glucose, 10% heat-inactivated
FCS, 100 U/ml penicillin, 100 pg/ml streptomycin, 2 mM glu-
tamine) supplemented with puromycin (5 wg/ml) and Hygrom-
yein (250 pg/ml).

HEK293 cells expressing HA-tagged mouse-TLR2 were cul-
tured in complete medium supplemented with puromycin
(5 pg/ml) and blasticidin (10 pg/ml).

Mouse cells from lymph nodes (LNs) and spleens were cul-
tured in RPMI 1640 (GIBCO) supplemented with 100 U/ml
penicillin, 100 pg/ml streptomycin, 2mM glutamine (GIBCO),
2 x 107° M 2-mercaptoethanol (Sigma) and 5% heat-inacti-
vated fetal calf serum (Hyclone).

Human primary cell isolation

Human PBMCs were isolated from buffy coats of healthy
donors using Ficoll gradient (Amersham) and cultured in RPMI
1640 (GIBCO) supplemented with 100 U/ml penicillin,
100 pg/ml streptomycin, 2 mM glutamine, 1% of non-essential
amino acids (GIBCO), and 5% heat-inactivated AB human
serum (Euroclone). Buffy coats from healthy donors were
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obtained from the Blood Transfusion Section, Empoli Hospital.
Informed consent was obtained before all blood donations. The
study protocol was approved by the Novartis Research Center
ethical committee and conforms to the ethical guidelines of the
1975 Declaration of Helsinki.

Highly purified monocytes (>98%) were obtained from
PBMCs by a one-step positive selection using MACS ant-
CD14-coated magnetic microbeads (Miltenyi Biotec) according
to the manufacturer’s instructions. Monocyte-derived DCs
(MoDCs) were differentiated from fresh isolated monocytes cul-
turing them with GM-CSF (50 ng/ml) and human recombinant
IL-4 (5 ng/ml) (both from Gentaur) for 5-7 d. MoDC differen-
tiation was verified by staining with anti-CD1a-FITC and anti-
CD14-APC (BD Biosciences) while their phenotypic maturation
was evaluated by surface staining with anti-CD80-FITC and
anti-CD86-APC (BD Biosciences). MoDCs were seeded in 96-
well round bottom plates (1 x 10° cells/well) and stimulated
over night with different concentrations of SMIP2.1. In blocking
experiments, cells were pre-incubated for 20 minutes with
25 wg/ml of ant-TLR2 antibody (BD Biosciences) and then
stimulated with SMIP2.1 overnight.

Production of human TLR2 expressing cells (HEK293-
FLAG-hTLR2-NF-kB-Luc) and mouse TLR2 expressing cells
(HEK293-mTLR2HA-NF-kB-Luc)

HEK293-NF-kB-Luc cells (clone LP58), a cell line stably
transfected with a reporter vector in which the luciferase gene is
under the control of an NF-«kB dependent promoter, were previ-
ously produced by Cell and Molecular Technologies Inc. (CMT)
for Chiron Corporation under a service contract. These cells
were transfected using lipofectamine 2000 (Invitrogen) with
pcDNA3.1-Hygro-FLAG-hTLR2 plasmid encoding for human
TLR2 containing a FLAG epitope at the NH, terminus and a
hygromycin resistance gene for selection or pUNO-mTLR2HA
(Invivogen) plasmid encoding for mouse TLR2 containing a HA
epitope at the C- terminus and a blasticidin resistance gene for
selection. Transfected cells were cultured in the presence of
respective selection antibiotics and individual resistant clones
were picked, expanded and tested for expression of luciferase
upon stimulation with the TLR2 agonist Pam3CSK4.

In vitro activity on human and mouse TLR2 stable cells

For the luciferase reporter gene assay, HEK293-FLAG-
hTLR2-NF-kB-Luc cells or and HEK293-mTLR2HA-NF-kB-
Luc cells (25 x 10° cells/well) were seeded into 96-well flat bot-
tom plates in 90 pl of complete medium in the absence of selec-
tion antibiotics. After overnight incubation, cells were stimulated
in duplicates with different concentrations of stimuli (10 wl/
well) for 6 hours.

Subsequently, medium was discarded and cells were lysed with
20 wl of Passive Lysis Buffer (Promega) for 20 min at room tem-
perature and Luciferase levels were measured by addition of
100 pl/well Luciferase Assay Substrate (Promega) using the
LMax 11384 microplate reader (Molecular Devices). Relative
luminescence units (RLU) from each sample (average of 2) were
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divided by the RLU of the control sample (PBS or DMSO) and
expressed as fold induction (FI).

Preparation of Bone-marrow derived dendritic cells
(BM-DCs)

BM-DC:s were obtained by culturing bone marrow cells from
C57/BL6, TLR2-knockout (KO) and Myd88 KO mice (Orien-
tal Bioservice), with mouse recombinant GM-CSF (5 ng/ml)
and IL-4 (10ng/ml) (both from Gentaur) for 7 d. Differentiation
of BM-DCs was confirmed by anti-CD11c staining. BM-DCs
were seeded into 96-well round bottom plates (2 x 10° cells/
well) and stimulated over night with escalating doses of SMIP2.1.

Measurements of cytokine production

All cytokine measurements in the supernatants of cultured
cells were performed using Mesoscale Assay 7-spot (MSD Tech-
nology) to detect human or mouse cytokines following man-
ufacturer’s instructions.

Mice and immunizations

Females 8 weeks old BALB/c, C57Bl/6, OT-I and B6-Ly5.2
(Charles River) mice were used for immunogenicity studies
approved by the institutional animal welfare committee. Animals
were immunized intra-muscularly in both quadriceps muscle
with Dulbecco’s PBS (DPBS 1x, GIBCO) alone, 10 or 25 g of
OVA protein (EndoGradeTM Ovalbumin, Hyglos), 0.2 pg of
HINTI Solomon Flu subunit antigen or 1 pg of Tetanus Toxoid
(T'T), dissolved in DPBS or in the presence of SMIP2.1. A total
volume of 50 pl was injected per leg. Six to ten mice per group
were used in different experiments. Mice were immunized at
days 0, 21 and 35. Blood samples for antibody titer analysis were
collected 2 weeks after the second and the third immunization,
and serum prepared by centrifugation. For K’/OVA,s7_544 tetra-
mer analysis, blood was collected 1 week after each immunization
in a tube with heparin.

In vivo proliferation of OVA-specific T cells

CD8" T cells were separated from spleen and total LNs of
OT-I mice by a positive selection using a CD8a™ T cell isolation
kit (Miltenyi Biotec) accordingly to manufacturer instructions.
The efficiency of enrichment was routinely 85-95%, as deter-
mined by flow cytometry. Cells were incubated with CFSE at
0.5 wM for 15 min at room temperature (RT) in the dark and
CFSE staining was quenched by the addition of 5 ml of FBS.
Cells were then washed extensively with PBS and injected intra-
venously into B6-Ly5.2mice (1 x 10° in 100 ul/mouse). After
1 day, mice were immunized as indicated. Proliferation of adop-
tively transferred OT-I cells in the inguinal LNs was quantified
48 h after the immunization by determining the number of
CFSE"™ OT-I cells by flow cytometry after staining with anti-
CD3 PE, anti CD8-V500, anti-CD44 APC (BD PharMingen)
and anti-CD45.2 Alexa 700 (eBioscience).

Tetramer analysis of OVA-specific CD8" T cells

Peripheral blood samples, collected from the saphenous vein
at the indicated time points, were stained with APC-conjugated
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Kb/OVA257,264 tetramers (Beckman Coulter), anti-CD8 PE
Texas Red, ant-CD3 PerCP Cy5.5, anti-CD4 V500, anti-
CD44 V450 (BD PharMingen) for 30 min at RT. Samples were
lysed and fixed with iTAG MHC tetramer lyse and fixative
(Beckman Coulter). Cells were analyzed by flow cytometry col-
lecting a minimum of 2.5 x 10 events.

In Vivo Killing Assay

A single-cell suspension of splenocytes from naive B6-Ly5.2
mice was prepared, and red cells were lysed. Cells were split into
2 aliquots and labeled with either high (1 pM) or low (0.1 pM)
concentration of CESE. Cells were then suspended at a concen-
tration of 1 x 107 cells/ml in complete RPMI containing 10 g/
ml OVA,s7_564 peptide (CFSE"®") or an irrelevant control pep-
tide derived from HCMV pp65protein (CFSE'*™) and incubated
for 30 min at 37°C. After three washes in PBS the 2 labeled cells
were mixed at a 1:1 ratio in PBS (1 x 107 cells/ml). 100 ul of
cell suspension was delivered intravenously into the tail vein of
C57Bl/6 mice that had been immunized 7 d before as indicated.
Twenty-four hours after target cell implant, mice were eutha-
nized and splenocytes were stained with CD45.2 Alexa 700. The
percentage of CFSE" and CESE"" cells in the CD45.2™ popu-
lation was measured by flow cytometry and the CFSE"®"/CFSE-
% ratio was calculated. Specific lysis in each group was assessed
according to the formula: [1 — (CFSE"®"/CESE'*" ratio of mice
immunized with adjuvant/mean of CFSE"®"/CESE"" ratio of
mice immunized with PBS)] x 100, as described by Ingulli.*’

Determination of antigen-specific antibody titer by ELISA

Serum anti-Ovalbumin specific total IgG were measured in
individual mice by ELISA using a standard reference serum. Anti
HINI Solomon Flu or anti-TT specific total IgG titers were
measured by ELISA performed on pooled sera from each experi-
mental group and using a standard reference serum. For the
OVA IgG ELISA, Maxisorp plates (Nunc) were coated with
50 pg/ml of OVA in carbonate buffer over-night at 4°C. For
HINTI Solomon Flu or TT IgG, plates were coated with 2 g/
ml of subunit HIN1 Solomon Flu or 1 pg/ml of TT antigens in
PBS overnight at 27-30°C. Plates were blocked for 1 h at 37°C
with 100 pl of PBS 1% BSA. Serum samples and serum standard
were serially diluted in PBS, 1% BSA, 0.05% Tween-20 and
transferred into antigen coated-blocked plates. Antigen-specific
IgGs were detected with alkaline phosphatase-conjugated goat
anti-mouse IgG (Southern Biotech) and the substrate 4-Nitro-
phenyl phosphate disodium salt hexahydrate (SIGMA). Anti-
body titer was calculated using a 4-parameter interpolation fit as
the reciprocal of the dilution of each serum sample.

E.G7 tumor challenge experiments

C57Bl/6 mice were immunized twice as indicated in the
Figure 3C. Seven days after the second immunization, mice were
subcutaneously inoculated in the right flank with 2.5 x 10’ E.
G7-OVA cells (ATCC) in 100 wl of PBS. Mice were monitored
every 2-3 d for tumors growth. Moribund tumor bearing-mice
were euthanized in accordance with Animal Care guidelines.
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Confocal analysis of LN cryosections

OCT-embedded LN was sectioned transversely at 8 pm,
mounted onto Superfrost glass slides, and quickly air dried. Slides
were fixed in a 4% formaldehyde solution on ice and blocked
with PBS, 3% BSA and 1% saponin. Slides were then stained
with anti-CD169 FITC (Serotec) and anti-CD45R Alexa700,
mounted with ProLong gold antifade reagent (Invitrogen), and
imaged by a LSM 710 microscope (Zeiss).

Preparation of LN single cell suspension and flow cytometry

Draining LNs were harvested, cut into small fragments and
digested with collagenase D (2 mg/ml, Roche) and DNase I
(0.5 mg/ml, Sigma) in RPMI 1640 (Gibco) medium for 30 min
at 37°C. Digested fragments were filtered through a 70 pm
nylon mesh (Becton Dickinson), before staining with fluores-
cently labeled antibodies and FACS analysis. Cells were stained
with combinations of the following antibodies: anti-Ly6C-FITC,
anti-CD11b-PE-Cy7, ant-CD11c-APC, F4/80 PacificBlue,
anti-CD11c-APC-AlexaFluor750 (all from eBioscience). Flow
cytometry was performed on FacsCanto or FACS LSRII instru-
ments using DIVA software (Becton Dickinson) and data were
then analyzed using Flowjo software (Treestar Inc.).

OT-IT cell proliferation in vitro by [°’H] Thymidine
incorporation

CD11c DCs were isolated from spleens of C57Bl/6 mice by
positive cell sorting using FACS Aria sorter. Sorted DCs were
plated at 2.5 x 107 cells/well in a 96 well plate with medium or
OVA (10 pg/ml) alone or in the presence of SMIP2.1 (10 wM)
for 4 hours. DCs were then washed twice with PBS and mixed at
a ratio of 1:5 (DC:T cells) with isolated OT-I transgenic CD8at
T cells from spleen and LNs (Miltenyi Biotec). Cells were then
incubated for 54 hours, pulsed with [*H] Thymidine (Amersham
Biosciences) at 0.5 wCi/well for additional 18 hours, and har-
vested onto filter plates (Packard Instruments). [3H]Thymidine
incorporation was determined using a Top Count NXT f3
counter (Packard Instruments).

OT-IT cell proliferation in vitro by CESE proliferation
assay

B cells were purified by negative selection from the spleen of
an OBI mouse using anti-mouse CD43 Dynabeads (Untouched
B Cells kit from Invitrogen). B cells were resuspended at 2 x 10°
cells/ml and incubated with medium alone or SMIP2.1 at
10 pg/ml for 24 hours. Cells were then washed with PBS, plated
in a 96 well plate at 5 x 10% cells/well in the presence or absence
of OVA (100 wg/ml) for 4 hours. After two washes with PBS, B
cells were incubated in a ratio 1:5 (B:T) with CD8" OT-1 T cells
labeled with 0.5 wM CFSE (Molecular Probes), as previously
described. After 72 hours, cells were stained with Live/dead Yel-
low dead cells kit (Invitrogen), anti-CD3 PerCP-Cy5.5 and anti-
CD8 APC. OT-I proliferation was assessed by flow cytometry by
determining the number of CFSE"" cells.
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Experiments with human PBMCs

PBMCs were assayed for the presence of HCMV specific
CD8" T cells using a panel of HCMV-specific tetramers (Bek-
man Coulter). Positive samples were then cultured with a mix of
peptides derived from pp65 protein (JPT Peptide Technologies)
at a concentration of 3 pg per peptide. Proliferating T cells were
expanded for 14 d by addition of recombinant hIL-2 (50 U/ml)
at days 4, 7 and 10. At day 14, autologous PBMCs were plated
in a 96 well plate at 5 x 10° cells/well in complete medium and
loaded with pp65 protein (Miltenyi Biotec) at 50 wg/ml with or
without SMIP2.1 (15 pwM). After 2 hours, cells were washed
twice and co-cultured over-night with the expanded HCMYV spe-
cific CD8™ T cells population in a ratio of 1:1 in the presence of
Brefeldin A (Sigma). Cells were then fixed, stained for intracellu-
lar cytokine production with anti-CD3 V450, anti-CD8 APC,
anti-IFNvy PerCP-Cy5.5 and CMV-specific tetramer PE, and
analyzed by flow cytometry.

Statistical analysis
All data are presented as mean +/— SD. Where not present,
samples were analyzed in pool. Student’s t test was used for

statistical evaluation and a p-value below 0.05 was considered
significant.
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