bioRxiv preprint doi: https://doi.org/10.1101/2023.02.23.529651; this version posted February 23, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

A novel adjuvant formulation induces robust Th1/Th17 memory and mucosal
recall responses in Non-Human Primates

Joshua S Woodworth®*, Vanessa Contreras?, Dennis Christensen?, Thibaut Naninck?, Nidhal
Kahlaoui?, Anne-Sophie Gallouét?, Sébastien Langlois?, Emma Burban?, Candie Joly?, Wesley
Gros?, Nathalie Dereuddre-Bosquet?, Julie Morin2, Ming Liu Olsen?, Ida Rosenkrands?, Ann-
Kathrin Stein3, Grith Krgyer Wood3, Frank Follmann?, Thomas Lindenstrgm?, Roger LeGrand?,
Gabriel Kristian Pedersen?, Rasmus Mortensen®"

Department of Infectious Disease Immunology, Statens Serum Institut; Artillerivej 5, 2300
Copenhagen, Denmark

2 Université Paris-Saclay, Inserm, CEA, Immunologie des maladies virales, auto-immunes,
hématologiques et bactériennes (IMVA-HB/IDMIT/UMR1184); 92265, Fontenay-aux-Roses &
Kremlin Bicétre, France

3Department of Vaccine Development, Statens Serum Institut; Artillerivej 5, 2300 Copenhagen,
Denmark

*Contact Joshua Woodworth jow@ssi.dk ; Rasmus Mortensen, rim@ssi.dk

Abstract:

After clean drinking water, vaccination is the most impactful global health intervention.
However, development of new vaccines against difficult-to-target diseases is hampered by the
lack of diverse adjuvants for human use. Of particular interest, none of the currently available
adjuvants induce Th17 cells. Here, we develop and test an improved liposomal adjuvant,
termed CAF®10b, that incorporates a TLR-9 agonist. In a head-to-head study in non-human
primates (NHPs), immunization with antigen adjuvanted with CAF®10b induced significantly
increased antibody and cellular immune responses compared to previous CAF® adjuvants,
already in clinical trials. This was not seen in the mouse model, demonstrating that adjuvant
effects can be highly species specific. Importantly, intramuscular immunization of NHPs with
CAF®10b induced robust Th17 responses that were observed in circulation half a year after
vaccination. Furthermore, subsequent instillation of unadjuvanted antigen into the skin and
lungs of these memory animals led to significant recall responses including transient local lung
inflammation observed by Positron Emission Tomography-Computed Tomography (PET-CT),
elevated antibody titers, and expanded systemic and local Th1 and Th17 responses, including
>20% antigen-specific T cells in the bronchoalveolar lavage. Overall, CAF®10b demonstrated an
adjuvant able to drive true memory antibody, Thl and Th17 vaccine-responses across rodent
and primate species, supporting its translational potential.
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INTRODUCTION

Adjuvants are immunostimulating components that are included in vaccines to enhance the
magnitude, phenotype or longevity of the resulting immune responses. With scientific
advancements, the list of licensed vaccines using adjuvants has expanded during the last decade
and now includes subunit vaccines against human papillomavirus, hepatitis B, pandemic
influenza, malaria, shingles disease and SARS-CoV-2. However, since the introduction of alum in
the 1920s, only a handful of new adjuvants have become available for human use (1). This
significantly hampers the development of novel vaccines and there is a recognized need for
diversification in the portfolio of available adjuvants/vaccine platforms (2, 3).

In the ideal scenario, different adjuvants could be used to tailor the immune responses for
specific needs, but the mechanisms by which many of the existing adjuvants work and the
functional responses they induce are only partially understood (1). For instance, few of the
available adjuvants were initially designed to induce robust T cell responses, and it has proven
challenging to specifically direct cellular immune functionalities. Of particular interest, the
existing human adjuvants have not been shown to induce a detectable Th17 response, despite
the growing evidence of a protective role of Th17 cells against both viral and bacterial infections,
such as influenza, Bordetella pertussis and Mycobacterium tuberculosis (Mtb) (4-12). Therefore,
together with increasing the magnitude of cellular immune responses, induction of Th17 cells is
a prime goal for vaccine optimization. Another limitation of some of the most successful current
adjuvants is that active components are derived from natural sources. This can create bottlenecks
for product availability, as seen with QS21 that is dependent on soap bark trees (13) and squalene
that is sourced from shark liver (14). Alternatively, with a greater understanding of immune
signaling pathways and advancements in synthetic chemistry, there is a possibility to design
highly specialized adjuvants that can be manufactured from widely available constituents.

The cationic adjuvant formulation (CAF®) family consists of well-defined stable liposomes that
facilitate co-delivery of antigen and immunostimulator to target cells and slow antigen release
by forming depots at the injection site (15). They consist of all-synthetic components, making the
CAF® platform an ideal starting point for developing the next generation of safe and

immunogenic adjuvants. Furthermore, several CAF® adjuvants are able to stimulate Th17
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responses after subcutaneous immunization in mice (15, 16), a feature not observed for licensed
adjuvants. The first member of the family, CAF®01, consisting of dimethyl-dioctadecylammonium
(DDA) and the Mincle agonist Trehalose-6,6-dibehenate (TDB), has completed 5 clinical trials and
has been shown to induce 5-6 fold higher IgG titers than alum and stable cell-mediated immune
responses for more than 150 weeks in humans (17, 18). However, for some disease targets, a
stronger cell-mediated immune (CMI) response is desirable, and encouraged by the clinical
success of the highly immunogenic AS01® adjuvant in shingles, malaria and TB vaccines (19, 20),
the goal of this study was to develop and test a next generation CAF® adjuvant displaying
increased long-term memory responses, while also introducing vaccine-priming of Th17 cells.
Such an adjuvant would have a broad range of applications, including vaccines for respiratory
infections, where Th17 cells are described to form resident memory T cells and accelerate local
immune responses (21, 22). It would therefore also be the ideal candidate to be co-developed

with the recently introduced tuberculosis vaccine antigen, H107, from our group (23).

Here we introduce a new potent CAF® adjuvant formulation, CAF®10b, that incorporates a TLR9
agonist and is shown to induce robust Th17 responses in both mice and non-human primates
(NHPs). CAF®10b is compared head-to-head in mice and NHPs against three other adjuvants; i)
CAF®01, included as a benchmark adjuvant with clinical data and comparative results to other
human-approved adjuvants (17, 18, 24, 25), ii) CAF®09b, which incorporates the TLR3 agonist
poly(l:C) and is in clinical trials for cancer immunotherapy (26) and iii) a higher-dose formulation
of CAF®09b (CAF®09"). Our study shows that CAF®01 and CAF®10b gave the highest cellular
immune responses in mice, including significant Th1l and Th17 responses. In contrast, CAF®10b
provided the highest Thl and Th17 memory responses in NHPs. Importantly, the CAF®09M
formulation gave the highest peak cellular (Th1) response, but a lower detectable memory
response than CAF®10b, demonstrating that peak cellular immune responses do not necessarily
reflect memory responses. At six months after vaccination, we used in vivo antigen recall to study
functional memory, and here the CAF®10b-induced T cells showed potent systemic expansion
and ability to migrate into local tissues, including the lung mucosa. These immunogenicity data
for CAF®10b are highly encouraging and demonstrate the potential to fill an important gap in

modern vaccine development.
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RESULTS

Incorporation of CpG2006 into DDA/MMG makes stable liposomes that induce Th1/Th17
responses in mice

As a starting point for our efforts to develop a new CAF® formulation with increased CMI
responses, we leveraged previous studies demonstrating a beneficial effect of incorporating
CpG1826 in liposomes composed of dimethyldioctadecylammonium/monomycoloyl glycerol
(DDA/MMBG) in mice (27). As CpG1826 is a weak ligand for human TLR9, we explored the use of
CpG2006, which has already been validated in human clinical trials (28, 29). Using HEK-293 cells
expressing the human TLR9 gene and an NF-kB driven SEAP reporter, we confirmed that CpG2006
stimulated human TLR9 while CpG1826 did not (Fig. 1A). To our surprise, we also found that
CpG2006 stimulated HEK-293 cells expressing murine TLR9.

Given the ability of CpG2006 to activate murine TLR9, we next incorporated CpG2006 into CAF®
liposomes and studied responses in mice. We first confirmed that incorporation of CpG2006 into
the DDA/MMG liposomes significantly reduced systemic inflammation associated with
administering free CpG2006 (Fig. S1A). We next studied the immunogenicity after vaccination.
CB6F1 mice were subcutaneously (SC) immunized two times, three weeks apart, with antigen
adsorbed to DDA/MMG liposomes with increasing CpG concentrations. Immune responses were
analyzed two weeks after the last immunization by measuring IFNy and IL-17 release from
antigen-stimulated splenocytes. We observed that incorporation of CpG2006 increased both Th1
and Th17 responses (Fig. 1B, left), whereas CpG alone did not induce Th17 responses (Fig. S1B).
There was also a clear dose dependency, with the highest dose of CpG (50ug) giving the highest
responses (Fig. 1B, left). In contrast, with CpG1826 we observed the highest responses for the
‘intermediate’ dose of 2ug with lower responses for the 50ug dose, suggesting that overdosing
of CpG is possible in target species where the TLR9 recognition is strong and is consistent with
the tolerogenic effects of high dose CpG in vitro (30). We therefore aimed for an intermediate
immunogenic dose of CpG2006 for the final formulation, to be used in NHPs/humans, and
observed that a 25:5:2 DDA/MMG/CpG2006 ratio resulted in highly stable liposomes (denoted
CAF®10b). Similar to existing CAF® adjuvants, the CAF®10b liposomes had an average size of 250

— 300 nm and a net positive charge (Fig. 1C, right). Importantly, long-term stability studies at 2-
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8°C demonstrated a minimal increase in liposome size and no decline in CpG, DDA, or MMG
concentrations over a nine months period (Fig S2 A-E).

In summary, formulation of CpG2006 with DDA/MMG increases CAF®-induced Thl and Th17
responses in mice.

CAF®10b induces responses similar to CAF®01 in mice and protects against Mtb challenge
Having developed stable CAF®10b liposomes, we next utilized the recently developed TB vaccine
antigen H107 (23) to make head-to-head comparisons against existing CAF® adjuvants in the
mouse model (Fig. 2A). CAF®01 has previously been shown to induce antibody, Thl, and Th17
responses in mice (24) and was chosen for direct comparison to CAF®10b. In addition, two
formulations of CAF®09, DDA/MMG liposomes with ‘low’ and ‘high’ doses of MMG and the TLR3
agonist Poly(l:C), were also included to investigate the relative adjuvant effects of TLR3 agonist
incorporation into DDA/MMG liposomes for comparison (31). The adjuvants CAF®01 and CAF09'°
(CAF09b) are currently in clinical development (15, 18, 26). All CAF® formulations induced H107-
specific antibody responses (Fig. S3). Serum anti-H107 IgG levels were similar amongst all
adjuvants, while isotyping revealed slightly lower 1gG1 levels in CAF10b-immunized mice and
lower 1gG2c levels in CAFO1- and CAFO9M-immunized mice. All H107/CAF® vaccines induced
vaccine-specific CD4 T cells, including IFNy-producing (Th1l) and IL-17A-producing (Th17)
responses (Fig. 2B). CAF®01 and CAF®10b were the most effective at inducing vaccine-specific
Th1/Th17 responses (Fig. 2C,D). In contrast, the CAF®09 formulations were less immunogenic,
inducing significantly lower Th1/Th17 responses (Fig. 2C). To study the functional capacity of the
immune responses, we next took advantage of the murine Mtb infection model, where a
combined Th1/Th17 response is suggested optimal for protection (23, 24, 32, 33). Indeed,
following aerosol challenge with Mtb, H107 adjuvanted with either CAF®01 or CAF®10b provided
the greatest CFU reduction (2.53 log and 2.32 log, respectively, compared to control animals)
(Fig. 2E).

In summary, CAF®10b induced similar Th1/Th17 responses as CAF®01 in mice and provided
robust protection against murine Mtb aerosol challenge, when administered with the H107

antigen.
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CAF®10b induces robust antibody responses in non-human primates

To assess the translational potential of CAF®10b, we sought to directly compare specific cellular
and humoral immunogenicity of previous CAF® platform adjuvants in NHPs. In parallel to the
mouse studies, the H107 antigen was combined with either CAF®10b, CAF®01, or the ‘low’ or
‘high’ formulations of CAF®09 (Fig.3). CAF®01 served as a benchmark in these studies as it has
previously been combined with several antigens, including the tuberculosis vaccine antigen H56
and the chlamydia antigen CTH522 in NHP immunization studies (25, 34, 35). The vaccines were
given as a two-dose intramuscular immunization regimen with four weeks spacing in cynomolgus
macaques (Fig. 3). CMI and humoral immune responses were determined via blood samples
taken at baseline prior to immunization and at multiple time points after immunization, including
6 months after the final immunization (Fig. 3). Overall, all four CAF® adjuvants were well-
tolerated; a transient increased body temperature on the day after each immunization, typically
0-2°C, was observed for immunized NHPs, but otherwise did not vary relative to controls (Fig.
S4A). Similarly, overall weight changes were not different in the immunized groups (Fig. S4B), and
complete blood counts taken bi-weekly over the study’s course did not show measurable
differences in their white blood cellular composition (Fig. S4C,D).

All adjuvants induced H107-specific IgG in the serum of NHPs after the first immunization, which
was further boosted after the second immunization (Fig. 4A). Peak anti-H107 IgG responses were
achieved 2 weeks after the booster for all groups (wk6), wherein median H107/CAF®10b and
H107/CAF09" induced greater than 2-fold higher IgG relative to H107/CAF®01 with increases of
0.323 log and 0.374 log arbitrary units, respectively (Fig. 4B). The median serum anti-H107 IgG
levels induced by CAF®10b and CAF09"' remained consistently higher than CAF®01 and CAF®09'°
at all time points investigated (Fig. 4A). Cumulative IgG responses confirmed induction of
significant responses versus non-immunized control animals over the 30-week period of the
study (Fig. 4C). Serum H107-specific IgA was detected after the second immunization in animals
immunized with CAF®01, CAF®09", and CAF®10b (Fig. 4E,F). However, the kinetics of sustained
antibody responses varied, and when integrated over 30 weeks, only H107 adjuvanted with

CAF®09" and CAF®10b demonstrated a significant IgA response (Fig. 4F).
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Overall, all CAF® platform adjuvants investigated induced vaccine-specific antibody responses,
with CAF®09" and CAF®10b displaying both the highest peak and sustained antigen-specific IgG
and IgA responses.

CAF®10b induces long-term Thl and Th17 responses in NHPs

A major focus of this study was to investigate the CMI-inducing capacity of these adjuvants,
including Thl and Th17 responses. We prioritized sensitive IFNy/IL-17 ELISpots over flow
cytometry for the post-vaccination responses, for maximizing the chances of detecting Th17
responses that are rarely present in blood (36, 37). Therefore, we used stimulation of PBMCs in
sensitive ELISpot assays to assess the induction of H107 vaccine-specific T cells producing IFNy
(Th1) and IL-17A (Th17) cells in the blood before and after immunization. Antigen stimulation
revealed systemic IFNy responses in all vaccine adjuvant groups, with the peak response detected
two weeks after the final immunization (six weeks post first immunization), after which there was
a contraction of responses (Fig. 5A). At peak, CAF®09" and CAF®10b showed the highest vaccine-
specific IFNy responses, with all animals (5/5) displaying spot-forming cells (SFC) counts above
those of any control animal (Fig. 5A, right). Interestingly, at 30 weeks post first immunization,
only the group of H107/CAF®10b-immunized animals had a significant detectable IFNy ELISpot
response, demonstrating sustained long-term CMI memory. Similar to IFNy, IL-17A ELISpot
results demonstrated vaccine-specific responses with similar kinetics, with individual animals in
all immunization groups demonstrating vaccine specific IL-17A responses two weeks after the
final immunization (Fig. 5B, left). However, 30 weeks post immunization, only the H107/CAF®10b
group had a durable long-term Th17 memory response, with 4/5 animals still displaying IL-17A
SFC counts above those of any control animal (Fig. 5B, right).

We noted that CAFO9" induced the highest initial vaccine-specific IFNy response, accompanied
by a low, transient IL-17A response. In contrast, CAF®10b was able to induce both sustained IFNy
and IL-17A responses. Type | interferons can have inhibitory effects on Th17 induction (38-41)
and TLR3 signals via TIR-domain-containing adapter-inducing interferon-f (TRIF) (42). Therefore,
we hypothesized that induction of the type | interferon pathways by Poly(l:C) could be
responsible for the diminished Th17 response of the CAF®09" formulation. Indeed, stimulation

of human monocytic THP-1 cells with an integrated type | interferon response factor (IRF)-driven
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luciferase reporter (THP1-Dual cells) with CAF®01, CAF®10b, or DDA/MMG liposomes alone did
not induce type | interferons (Fig. 5C). In contrast, treatment with CAF®09 liposomes induced IRF-
elements in a Poly(l:C) dose-dependent manner (i.e. CAF®09" > CAF®09'°, Fig. 5C), consistent with
the suppression of Th17 responses observed in vivo (Fig. 5B).

In summary, intramuscular immunization of NHPs with CAF®10b led to robust induction of both
Th1 and Th17 responses. These responses were detected in circulation at least 6 months after
intramuscular administration.

In vivo antigen delivery recalls local and systemic memory responses Finally, to further assess
the quality, capacity, and potential of the vaccine-induced adaptive memory responses, we
investigated local and systemic recall of CMI and antibody responses in vivo after antigen recall.
Six months after the final immunization, H107 protein and an irrelevant control protein (CTH522
(43)) were given intradermally at distal sites on each animal’s upper back. Concurrently, H107
was given into the airways via bronchoscope instillation into the caudal right lung. Skin sites were
monitored for delayed-type hypersensitivity (DTH) responses, where only a few immunized
animals displayed minimal local redness and light swelling at the H107 injection sites (Fig. S5A).
In contrast, sequential '8F-Fluorodesoxyglucose (*¥F-FDG) positron emission tomography with
computed tomography (PET-CT) scanning of selected animals before and after instillation
demonstrated pulmonary recall responses in the right lungs of H107/CAF®10b-immunized NHP,
but not in contralateral lungs or in control animals (Fig. 6B). Such responses were detectable as
early as three days after instillation and were resolved by day seven post recall, demonstrating a
short-lived local inflammatory response to antigen recall (Fig. 6B, Fig. S5B). Despite the
intradermal antigen injection sites also being within the PET-CT scanning area, no local skin
inflammatory responses were detected in these animals, consistent with a lack of observed DTH
(Fig. S5A).

Eight days after antigen administration, all vaccine groups were assessed for local (skin/lung) and
systemic recall responses. Antigen recall increased serum H107-specific 1gG significantly in all
vaccine groups, demonstrating a systemic booster response to antigen recall (Fig. 6C). Serum
H107-specific IgA was also increased in the groups having received CAF®01, CAF®10b and
CAF®09", but not CAF®09'° (Fig. 6C), consistent with the pattern of antigen-specific IgA after
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immunization (Fig. 4b). In contrast, vaccine-specific IgG, but not IgA, was detected in
bronchoalveolar lavage (BAL) fluid of all H107/CAF®-immunized groups compared to controls
(Fig. S5C). Vaccine-specific antibodies were also assayed locally in the skin, however equal H107-
specfic IgG levels were detected in the biopsies taken at both the H107 and control protein sites,
and therefore likely only reflected the systemic serum levels.

Systemic vaccine-specific CMI responses were also highly expanded by in vivo antigen recall.
Notably, ELISpot analysis of PBMCs demonstrated a significant 19.6-fold median expansion
(interquartile range 11-50, p=0.0116) in H107-specific IFNy-producing (Thl) cells in
H107/CAF®10b-immunized NHPs (Fig. 6E). IL-17A-secreting (Th17) cells were also greatly
expanded in H107/CAF®10b animals (p=0.0435) confirming the presence of recallable memory
Th17 cells following immunization (Fig. 6F). Systemic memory Th1l and Th17 responses were also
expanded, in H107/CAF®01 and H107/CAF®09' animals. However, consistent with the lack of
Th17 cells after initial H107/CAF®09" immunization (Fig. 5B), only Th1 responses were expanded
in H107/CAF®09" animals (Fig. 6F).

Comparing the skin-infiltrating cells at the H107 and control protein sites of injection by flow
cytometric analysis demonstrated vaccine-specific CD4 T cell recall responses (Fig. 6G). Ex vivo
H107 stimulation of skin biopsy-derived cells followed by intracellular cytokine staining (ICS) for
production of IFNy, TNFa, IL-2, IL-17, and/or IL-13 (Fig. 6G) showed a specific recruitment of
H107-specific CD4 T cells to only the H107 injection site for all vaccine groups, with the highest
frequency of H107-specific CD4 T cells found in the H107/CAF®09hi and H107/CAF®10b cohorts
(Fig. 6G, for gating strategy see Fig. S6A). Local pulmonary cellular recall was also assessed by ICS
of cells collected from BAL of the right lungs eight days after antigen instillation. Here as well,
CDA T cells specific for H107 were found in all immunized groups, with the percentage of H107-
specific CD4 T cells highest for those previously immunized with H107/CAF®10b (Fig. 6H). Upon
H107 restimulation ex vivo, the primary CD4 T cell-produced cytokines observed in the BAL were
the Th1 cytokine IFNy, TNFa and IL-2, with a notable population of IL-17-producing Th17 cells and
a lesser population producing IL-13 (Fig. 6H). Notably, H107-specific cytokine production by ICS
was not observed for CD8 T cells in the skin, BAL, or PBMC, supporting that the antigen-specific

CMI responses induced by these CAF®-adjuvated H107 vaccines and measured by ELISpot and ICS
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were Th1/Th17 CD4 T cells (Fig. 6G,H; Fig. S6B-D). We found no significant correlation between
H107-specific responses in the blood prior to antigen recall and subsequent CD4 T cell responses
in the BAL, suggesting that the systemic CD4 T cell memory does not predict in vivo recall in the
lung (Fig. S6E). Instead, there was a positive correlation between H107-specific CD4 T cells in the
blood and BAL after recall, indicating that local and systemic recall responses are related
(r=0.5748, p=0.013, Fig. 6E). Finally, a combined Boolean gating and principle component analysis
(PCA) of cytokine expression profiles of these post-recall H107-specific CD4 T cells, demonstrated
a site-specific phenotypic distinction between PBMCs and BAL (Fig. 6l). The biplot loadings
showed that while the PBMC were differentiated by TNF+IL-2+ and IL-2+ CD4 T cells, the BAL cells
were characterized by IFNy+ and IFNy+TNF+ CD4 T cells, reflecting an effector/effector memory

phenotype (44).

In summary, the in vivo antigen administration 6 months after immunization demonstrated
robust systemic and local recall responses at the sites of instillation revealing the relative memory
CD4 T cell response of each CAF® vaccine formulation. Overall, CAF®10b displayed the highest

recall responses with significant expansion of both Th1 and Th17 cells.

DISCUSSION

Difficult-to-target diseases, for which conventional approaches are incomplete or have failed,
pose special challenges to vaccine design. Thus, development of improved vaccines against such
targets, likely depends on vaccine platforms with diverse immune signatures. Since the
delineation of Thl and Th2 cells in the 1980s (45), several other T cell subsets have been
identified, including Th17 cells that were described in 2005 (46, 47). Now, almost two decades
later, current licensed adjuvants induce antibodies, Th1 and Th2 cells, but not Th17 cells, despite
their implication in protection against major pathogens like influenza (10, 12), chlamydia (48),
Klebsiella pneumoniae (49), group A streptococci (50, 51) and tuberculosis (5, 52). Notably, in
experimental settings, immunizations that induce Th17 responses have been limited to mucosal
delivery, including for live viral vectored vaccines and BCG (Bacillus Calmette Guérin) (7, 53-55).
With the goal of closing this gap, our study introduces CAF®10b as a new liposomal adjuvant that
induces strong humoral and cellular responses in both mice and NHPs with robust Th1/Th17

memory after intramuscular injection. Consisting of all-synthetic components, this adjuvant is
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compatible with large-scale manufacturing from readily available substrates, mitigating potential
availability issues as seen with some of the existing adjuvants derived from natural sources (13,
14).

Inspired by data from the mouse model (27), we initiated our search for an improved adjuvant
for human use by assessing the potential of CpG2006 as an add-on to the CAF® platform (15).
Consistent with previous results (27, 56), we confirmed that CpG2006 activates human TLR9 and
that highly stable CAF®10b liposomes could be formed by formulating CpG2006 with DDA/MMG.
Although CpG alone did not induce Th17 cells, we found that CpG2006 activated murine TLR9
and that the incorporation of CpG2006 within CAF®10b liposomes increased the CAF®-driven
Th1/Th17 responses in mice, while simultaneously greatly reducing the systemic inflammatory
effects of CpG2006 alone. When combined with the TB vaccine antigen H107 (23), this CAF®10b-
induced Th1/Th17 phenotype was associated with increased protection against murine Mtb
challenge compared to CAF09® formulations (26, 31) that induced a more strict Thl response.
While this demonstrates the functional capacity of CAF®10b-induced immunity to protect against
an airway pathogen, it also adds to the accumulating support for a protective role of vaccine-
induced Th17 cells against TB (5, 7, 23, 52, 53, 55).

To better assess the translational potential of CAF®10b for human use, we turned to the NHP
model and compared the specific humoral and cellular responses to previous CAF® formulations,
CAF®01 and CAF®09. Here we observed that two intramuscular injections with H107/CAF®10b
led to strong serum IgG responses that were sustained at approximately 2-fold (0.323 log) higher
than for CAF®01. This is remarkable, as CAF®01 has already been shown to induce 5-6 fold higher
IgG titers than alum in a head-to-head clinical trial (17). In addition, we also observed induction
of serum IgA responses, which could be important for certain viral targets, as serum IgA has
shown superior capacity to neutralize SARS-CoV-2 virus (57, 58).

While antibodies play an important role in immunity against many pathogens, control of some
disease targets also benefits from a potent cellular Th1l response. These include bacterial and
viral pathogens like chlamydia (59), TB (24), SARS-CoV-2 (60), RSV (61, 62), and influenza (63)
where effective pathogen control is associated with a Th1 phenotype, in contrast to Th2 cells that

associate with disease severity (60, 63-66). We were therefore intrigued to find that CAF®10b
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induced a robust Thl memory response that was detectable in circulation six months after
intramuscular injection. Interestingly, CAF®09" induced slightly higher peak Th1l responses, but
after six months, this had contracted to baseline levels, highlighting that peak responses do not
necessarily predict systemic memory. This is conflicting with models where the cellular memory
pool is formed as a subset of the effector response, which has been described for effector
memory CD4 T cells (67) and memory CD8 T cells (68, 69). However, central memory CD4 T cells
are generated as an independent subpopulation of the effector response (67) and the
discrepancy between peak and memory responses could therefore be explained by differential
imprinting of the central memory T cell pool. Although our study was not designed to answer this
guestion, our findings stress the importance of performing long-term experiments to assess true
vaccine memory.

In addition to Th1 cells, we also found a substantial and persistent Th17 response in NHPs
vaccinated with CAF®10b, and to a lesser degree with CAF®01 and CAF®09%. This is to our
knowledge the first report of an adjuvant that induces a robust Th17 response in NHPs after
intramuscular administration. Intriguingly, the IL-17 response for CAF®10b was detectable at
termination of the study (26 weeks after the last immunization), which is consistent with previous
data from the mouse model, showing that vaccine-induced Th17 cells are maintained as a
phenotypically stable subset (70). In contrast to that observed with CAF®10b, we did not find
detectable Th17 responses for CAF®09". CAF® liposomes, containing either TDB or MMG, are
described to drive Th1/Th17 responses via stimulation of the C type lectin receptor, Mincle, which
leads to induction of proinflammatory cytokines like IL-1B, IL-6, TNF-a and TGF-f (15). However,
a recent report showed that CAF®09 administration drives expression of type-I IFN related genes
in mice (71), and in this study we also observed that CAF®09 activated IRF in human THP-1
reporter cells in a dose dependent manner (CAF®09" > CAF®09'°), whereas CAF®01 and CAF®10b
had no effect. These data suggest that poly(l:C), included in CAF®09, suppresses Th17 responses
through induction of type | IFNs, in a dose dependent manner, as has been described in settings
of autoimmunity and bacterial infection (39-41). Recognizing that Th17 cells have stem cell-like

features, with some studies reporting superior long-term survival capacity over Th1l cells (72-74),
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this could also be part of the explanation for why CAF®10b induced greater T cell memory
responses than CAF®09", despite showing similar peak Th1 responses.

Effective vaccine-memory is characterized by the capacity to mount a rapid recall response to
challenge in relevant tissues. As a functional approach to studying immune memory, we applied
an in vivo antigen recall model to investigate antigenic challenge, where unadjuvanted antigen
was delivered into the skin and lungs of NHPs six months after vaccination. Here we observed
significant recall responses systemically and locally, including dramatically increased H107-
specific 1gG in the serum and presence in the lungs (BAL) for all adjuvants tested. Blood CMI
responses were also dramatically expanded for all vaccine groups. Local CMI responses were
specifically localized to H107-injected skin sites, and H107-specific CD4 T cells were found in the
BAL of all immunized groups (although with lesser statistical confidence for CAF®01 and CAF®09'°
versus control). Interestingly, in vivo antigen recall responses were evident for CAF®01 and
CAF®09-immunized animals even though such CMI memory responses were undetectable in
PBMCs 30 weeks after immunization, demonstrating the sensitivity of the recall assay for
identifying subtle memory responses. Notably, the relative hierarchy of the given responses (e.g.
IgG, Th1, Th17) was not changed by the antigen recall, i.e. CAF®10b had the highest memory Th17
response pre- and post-recall, while CAF®09M-immunized animals did not have a significant Th17
response above control animals. In general, we found the strongest systemic and local CMI recall
responses in the CAF®10b-adjuvanted vaccine group, although the antibody responses were
similar to those observed with the CAF®09"-adjuvanted vaccine.

Of specific interest in this study, we observed a striking expansion of Th17 cells after antigen
recall, measured by both ELISpot and flow cytometry. This is in line with mouse data for CAF®01
showing that systemic vaccination leads to a small pool of Th17 cells that significantly expand in
response to mucosal infection by either vaginal Chlamydia trachomatis (48) or aerosol Mtb (75).
While these data form conclusive evidence that vaccine-induced Th17 cells respond to local
antigen recognition in NHPs, they also highlight the antigen recall approach as a sensitive means
to amplify and detect Th17 cells that can otherwise can be underrepresented in blood samples
(36, 37). We were therefore intrigued to see that the inflammation induced by the antigen recall

was highly localized and short-lived (<7 days), which supports the use of this approach in humans
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to study local vaccine responses. Such studies could focus on lung sampling, similar to
experimental studies investigating pulmonary BCG instillation (76), or sampling of the upper
airway mucosa, as has recently been used to study local responses to SARS-CoV-2 (77). The latter
approach being a non-invasive alternative to performing multiple bronchoscopies, would likely
be more feasible in early clinical studies of new vaccine candidates or larger head-to-head studies
comparing different vaccine candidates.

Head-to-head studies are costly to perform, even in the pre-clinical setting. This also explains why
most adjuvant studies are performed in mice. However, in this study we conducted parallel head-
to-head experiments in both mice and NHPs, observing notably different hierarchies of the
adjuvant-mediated responses. For example, while the Th1/Th17 responses induced by CAF®01
were relatively the greater than the CAF®09'°M in mice, this was not so in NHPs, indicating
differences in the immune recognition between these two species. Similarly, CAF®09 has
previously been shown to induce greater cellular and humoral responses than CAF®01 in cattle
(78). These species-specific differences could in part be driven by differential expression of
pattern recognition receptors and/or differential sensitivity to different immunostimulants, as
has been reported for Mincle-ligands (79) and CpGs (80). Therefore, even though we observed
that some aspects of the adjuvant responses were consistent across mice and NHPs (e.g. the
diminished Th17 responses of CAF®09), the species-specificity of our data underscores the
importance of broad species testing of vaccines in preclinical settings and when evaluating
candidates for further clinical development. In that regard, the relative consistency of CAF®10b
to induce robust Thl and Th17 responses in mice and NHP maybe prove a benefit in future
translations studies across these species.

Overall, we have developed a new liposomal adjuvant, CAF®10b, that is optimized for human
immunogenicity by stabile incorporation of an agonist that specifically activates human TLR9.
With strong antibody responses, robust Th1/Th17 memory induction after intramuscular
injection, and significant mucosal recall responses in NHPs, CAF®10b has inherent potential to fill
an important gap in the existing pipeline of vaccine adjuvants. Based on these properties, we

have initiated GMP manufacturing of CAF®10b in preparation for clinical testing.
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MATERIALS AND METHODS

Antigen and Adjuvant production and characterization. The H107 fusion protein is composed of
eight Mtb antigens, of which ESAT-6 is repeated four times: PPE68-[ESAT-6]-Espl-[ESAT-6]-EspC-
[ESAT-6]-EspA-[ESAT-6]-MPT64-MPT70-MPT83. Recombinant H107 protein was produced and
purified as in accordance with established methods (23). Briefly, the DNA construct was codon-
optimized for expression in E. coli and inserted into the pJ411 expression vector (ATUM, Menlo
Park, CA, US). H107 contained a His-tag at the N-terminal end (MHHHHHH-). After transformation
into E. coli BL21 (DE3) (Agilent, DK), protein expression was induced with 1 mM isopropyl R-d-1-
thiogalactopyranoside in 3-liter cultures, and the H107 protein was purified from inclusion bodies
by metal chelate chromatography followed by anion-exchange chromatography. Preparations
were sterile filtered in 20mM Glycine, pH9.2.

Control recall protein, CTH522 (43) (composed of Chlamydia trachomatis-specific antigens) was
produced and supplied by Vaccine Development at Statens Serum Institut according to GMP in
20 mM Glycine, pH 9.2 as previously described (17).

CAF® adjuvants were prepared as previously described for CAF®01 and CAF®09'"° (CAF®09b) (81).
CAF09" was produced analogously, but with double concentration of MMG and Poly(l:C).
CAF®10b was produced as previously described (27), but using CoG ODN 2006 (InVivoGen or
BianoScience, Gera, Germany) with the sequence 5'-tcgtcgttttgtcgttttgtcgtt-3.

Adjuvants were characterized for particle size and polydispersity index (PDI) by dynamic light
scattering (photon correlation spectroscopy technique). Surface charge was analyzed by
measuring the zeta potential (laser-Doppler electrophoresis). For the size measurements, the
samples were diluted 10 times, whereas for the zeta potential measurements, the samples were
diluted 100 times in milli-Q water. The measurements were performed at 25°C by using a
Zetasizer Nano ZS (Malvern Instruments, Worcestershire, UK) equipped with a 633 nm laser and
173° detection optics. Malvern DTS v.6.20 software was used for data acquisition and analysis.
DDA and MMG content was measured by HPLC using an Ultimate 3000 HPLC with a Corona Veo
Charged Aerosol Detector (Thermo Fisher Scientific, Waltham, MA, USA). Chromeleon software
version 7.2 SR5 was used for data acquisition and analysis. CpG content was measured in a 96

well plate using Ribogreen™ fluorescence staining kit from Thermo Fisher and a SpectraMax i3
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plate reader (Molecular devices, San Jose, CA, USA). CpG content was measured in a 96 well plate
using Ribogreen™ fluorescence staining kit from Thermo Fisher and a SpectraMax i3 plate reader
(Molecular devices, San Jose, CA, USA). Differential Scanning Calorimetry Analysis of the
liposomes was determined using a MicroCal PEAQ-DSC version 1.61 (Malvern Panalytical Nordic
AB, Naerum, Denmark) for data acquisition and analysis. Stability was measured for up to 9
months.

Mouse studies

Mice. Six-to-eight week old female CB6F1 (H2"9) mice were obtained from Envigo (Netherlands).
Mice were randomly assigned to cages upon arrival and acclimatized at least one week to the
animal facility. During the course of the experiment, mice had access to irradiated Teklad Global
16% Protein Rodent Diet (Envigo, 2916C) and water ad libitum. Mice were housed under
Biosafety Level (BSL) Il or lll conditions in individually ventilated cages (Scanbur, Denmark) and
had access to nesting material (enviro-dri and soft paper wool; Brogaarden) as well as enrichment
(aspen bricks, paper house, corn, seeds, and nuts; Brogaarden). Statens Serum Institut’s Animal
Care and Use Committee approved all experimental procedures and protocols. All experiments
were conducted in accordance with the regulations put forward by the Danish Ministry of Justice
and Animal Protection Committees under license permit no. 2019-15-0201-00309 and in
compliance with the European Union Directive 2010/63 EU.

Immunizations. Mice were immunized subcutaneously (SC) at the base of the tail two times with
three-week intervals in a volume of 200 ul. Recombinant antigen was diluted in Tris-HCL buffer +
2% glycerol (pH 7.2) to a concentration of 2 ug and formulated in CCAF®01 (250/50ug DDA/TDB),
CAF®10b(250/50/20ug DDA/MMG/CpG2006), CAF®09'° (250/50/12.5ug DDA/MMG/polyl:C), or
CAF®09" (250/100/25ug DDA/MMG/polyl:C).

Preparation of single-cell suspensions. Spleens were aseptically harvested from euthanized
mice. forced through 70-um cell strainers (BD) with the plunger from a 3 mL syringe (BD). Cells
were washed twice in cold RPMI or PBS followed by 5 minutes centrifugation at 1800 rpm. Cells
were finally resuspended in supplemented RPMI medium containing 10% fetal calf serum (FCS)

as previously described (34). Cells were counted using an automatic Nucleocounter (Chemotec)
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and cell suspensions were adjusted to 2x10° cells/well for ELISA and 1-2x10° cells/well for flow
cytometry. and serum collection.

Cytokine ELISAs. Splenocytes were cultured in the presence of 2 ug/mL recombinant protein
antigen for 3 days at 37°C. Supernatants were harvested and analyzed for levels of IFNy and IL-
17A using enzyme-linked immuno-sorbent assay (ELISA) as previously described (70). Briefly,
Microtiter plates (96-well; Maxisorb; Nunc) were coated with 1 pg/mL capture antibodies (IFNy:
clone R4-6A2, BD Pharmingen; or IL-17A: clone TC11-18H10.1, Biolegend) diluted in carbonate
buffer. Free binding sites were blocked with 2% (w/v) skimmed milk powder (Natur Drogeriet,
Matas, Denmark) in PBS. Culture supernatants were diluted in PBS with 2% Bovine Serum
Albumin (BSA, Sigma-Aldrich) incubated overnight in plates. IFNy was subsequently detected
using a 0.1 ug/mL biotinylated rat anti-murine Ab (clone XMG1.2; BD Pharmingen) and
recombinant IFNy (BD Pharmingen) as a standard. IL-17A was detected using 0.25 pg/mL
biotinylated anti-mouse IL-17A (BiolLegend, clone: TC11-8H4) and recombinant IL-17A
(BioLegend). Streptavidin HRP (BD Pharmingen, CA, US) diluted 1:5000 in PBS 1% BSA was used
to detect bound biotinylated detection antibodies. The enzyme reaction was developed with
3,3',5,5’- tetramethylbenzidine, hydrogen peroxide (TMB Plus; Kementec), stopped with 0.2 M
H.>SO4 solution and plates read at 450 nm with 620 nm background correction using an ELISA
reader (Tecan Sunrise).

Intracellular Cytokine Staining (ICS). Splenocytes stimulated ex vivo with 2 pug/mL H107 protein
antigen in the presence of 1 ug/mL anti-CD28 (clone 37.51) and anti-CD49d (clone 9C10-MFR4.B)
for 1 hour at 37°C, 5% CO; followed by the addition of Brefeldin A to 10 pug/mL (Sigma Aldrich;
B7651-5mg) and 5 hours of additional incubation at 37°C, after which the cells were kept at 4°C
until staining. Cells were stained with surface markers diluted in 50% brilliant stain buffer (BD
Horizon; 566349) using anti-CD4-BV510, anti-CD8-PerCP-Cy5.5, anti-CD44-BV786 at 4°C for
20min, before fixation and permeabilization using the Cytofix/Cytoperm kit (BD Biosciences) as
per manufacturer’s instructions, followed by intracellular staining for anti-CD3-BV650, anti-IFNy-
PE-Cy7, anti-IL-2-APC-Cy7, anti-TNF-PE, anti-IL17-BV421. Cells were characterized using a BD
LSRFortessa and the FSC files were manually gated with FlowJo v10 (TreeStar). Non-stimulated

cells were used to set gate boundaries for cytokine markers.
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Serum Collection and Assays. Blood was collected via cardiac puncture and serum isolated by
centrifugation.

H107-specific antibody detection was performed by ELISA. Maxisorb Plates (Nunc) were coated
overnight at 4°C with H107 (0.1 pg/ml) and then blocked for with 2% BSA in PBS for 2hrs at room
temperature. Sera were diluted 30X followed by three-fold serial dilutions and incubated 2hr at
room temperature 4°C on plates. Total 1gG was detected with horse radish peroxidase (HRP)-
conjugated goat anti-mouse 1gG (Invitrogen) diluted 1:32000. 1gG1 was detected with HRP-
conjugated goat anti-mouse IgG1 (Southern Biotech) diluted 1:16000. IgG2c was detected with
HRP-conjugated rabbit anti-mouse IgG2c (Southern Biotech) diluted 1:5000. The enzyme reaction
was developed with 3,3’,5,5’- tetramethylbenzidine, hydrogen peroxide (TMB Plus; Kementec),
stopped with 0.2 M H2SO4 solution and plates read at 450 nm with 620 nm background correction
using an ELISA reader (Tecan Sunrise).

The Mouse U-plex kit for the cytokines IL-12p70, IL-6, TNFa, MCP-1 was performed according to
the manufacturer's instructions (Meso Scale Discovery) to measure cytokine concentrations in
serum. The plates were read on the Sector Imager 2400 system (Meso Scale Discovery) and
calculation of cytokine concentrations in unknown samples was determined by 4-parameter
logistic non-linear regression analysis of the standard curve.

Aerosol infection and bacterial counting. Ten weeks after the first immunization, mice were
challenged with Mtb Erdman (ATCC 35801 / TMC107). Mtb Erdman was cultured in Difco™
Middlebrook 7H9 (BD) supplemented with 10% BBL ™ Middlebrook ADC Enrichment (BD) for two-
three weeks using an orbital shaker (~110 rpm, 37°C). Bacteria were harvested in log phase and
stored at -80°C until use. Bacterial stocks were thawed, sonicated for five minutes, resuspended
with a 27G needle, and mixed with PBS to the desired inoculum dose. Using a Biaera exposure
system controlled via AeroMP software, mice were challenged by the aerosol route with virulent
Mtb Erdman in a dose equivalent to 50-100 CFUs. To determine vaccine efficacy, Mtb CFU were
enumerated in lungs of aerosol infected mice. Left lung lobes were homogenized in 3 mL MilliQ
water containing PANTA™ Antibiotic Mixture (BD, cat.no. #245114) using GentleMACS M-tubes

(Miltenyi Biotec). Lymph nodes were forced through 70-um cell strainers (BD Biosciences) in 1
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mL PANTA solution. Tissue homogenates were serially diluted, plated onto 7H11 plates (BD), and

grown for 14 days at 37°C and 5% CO2. CFU data were log-transformed before analyses.

Non-Human Primate (NHP) studies

NHPs. Cynomolgus macaques (Macaca fascicularis), aged 27-30 months (16 females and 14
males) and originating from Mauritian AAALAC certified breeding centers, were used in this
study. All animals were housed in IDMIT facilities (CEA, Fontenay-aux-roses) under BSL-2
containment (Animal facility authorization #092-032-02, Prefecture des Hauts de Seine, France)
and in compliance with European Directive 2010/63/EU, the French regulations and the
Standards for Human Care and Use of Laboratory Animals, of the Office for Laboratory Animal
Welfare (OLAW, assurance number #A5826-01, US). The protocols were approved by the
institutional ethical committee ‘Comité d’Ethique en Expérimentation Animale du Commissariat
a I'Energie Atomique et aux Energies Alternatives’ (CEtEA no. 44) under statement number
A19 027. The study was authorized by the ‘Research, Innovation and Education Ministry’ under
registration number APAFIS #720-201505281237660 v3.

NHP Immunizations and sampling. The 25 Cynomolgus macaques were randomly divided into
five experimental groups with 5 animals in each. The different vaccine prime-boost regimens for
the five groups are illustrated in Figure 3. Animals were sedated with ketamine hydrochloride
and medetomidine hydrochloride (10 mg/kg body weight intramuscularly). H107 (20 ug per
animal) was administered by the intramuscular (IM) route with adjuvant CAF®01 (625/125ug
DDA/TDB), CAF®10b(625/125/50ug DDA/MMG/CpG2006), CAF®09'° (1250/250/62.5ug
DDA/MMG/polyl:C), or CAF®09" (1250/500/125ug DDA/MMG/polyl:C) in 10mM Tris + 4%
glycerol, pH 7.0 to a total volume of 0.5mL, at weeks 0 and 4. Control animals received 0.5mL
phosphate buffered saline, pH 7.0. All animals were sampled for blood 2 weeks before the first
vaccination and at weeks 0, 2, 4, 6, 8, 10, 12 and 30 (Fig. 3).

In vivo antigen recall in NHPs. During the antigen recall part of the study, six months post the
final immunization (see Fig. 3), Purified H107 protein (50 pg per animal in 0.15mL) was
administrated by intratracheal route (IT) using endoscope, directly inserted into the trachea until

the bifurcation of caudal right lung (accessory lobe and caudal lobe). In parallel, purified H107
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and control protein antigen (CTH522; composed of unrelated Chlamydia trachomatis-specific
antigens) were administrated by intradermal (ID) route consisted of two intradermal injections
of 0.1 mL, each containing 20 pug protein antigen per injection the right (H107) or left (control
antigen) side of the back of the animal. In vivo recall antigens were diluted in 10mM Tris +
4%glycerol, pH 7.0. Pre-medication was performed using alpha-2 agonist atropine sulfate
(0.04mg/kg) before anesthesia of the animals to reduce bronchospasm and mucus production
during endoscopic exam. Animals were then sedated using ketamine hydrochloride (5 mg/kg,
IM) associated with medetomidine hydrochloride (0.05mg/kg IM). After bronchoscopy
administration and sampling, animals are injected with Atipamezol hydrochloride (0.25mg/kg) to
induce recovery from anesthesia. The animals were sampled for blood at days 0, 3 and 8. On day
8, bronchoalveolar lavage (BAL) was also performed using 50 mL sterile saline, and skin biopsy
were performed at injection sites. Blood cell counts, hemoglobin and hematocrit were
determined from EDTA-treated blood using an HMX A/L analyzer (Beckman Coulter).

Dermal scoring (skin induration, DTH) was performed at days 0 and 8 post boost. Dermal scoring
of the dosing site included observations and graded scoring for erythema, edema, bleeding,
scabbing, fissuring and/or ulceration. Skin biopsies were gathered using 8mm? punches and put
in PBS after fatty tissue was removed. Briefly, skin biopsies were washed using RPMI 37°C and
incubated overnight at 37°C in enzymatic solution (RPMI Glutamax+ 5%FCS+1%ATB+DNase
0.02mg/L) with 4 mg/mL Collagenase D. After incubation, supernatant was collected, aliquoted,
and stored at -80°C for antibody ELISA assays. The remaining tissue was dissociated and washed
before harvesting cells for stimulation for ICS assays.

ELISpot Assays. Fresh PBMCs were used for ex vivo stimulation with purified H107 protein or a
pool of overlapping 15-mer peptide with (5-10 amino acid overlap) spanning the H107 antigen
(23) for ELISpot analysis. Briefly, Monkey IFNy ELISpot PRO kit (Mabtech, Cat #3421M-2APT,
Nacka, Sweden) and Monkey IL17A ELISpotPLUS Kit (Mabtech, Cat #3520M-4APW-10) were used
following manufacturer’s instructions with 2x10° freshly isolated PBMC added to each well. For
IL-17A, H107 protein (5ug/mL) was added in duplicate in the culture medium, and plates
incubated ~40hr at +37°C in 5% CO2 atmosphere. For IFNy, in order to reduce non-specific

background that was initially observed in pre-immunization screenings, the H107 peptide pool
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(2pug/mL of each peptide) was used for overnight (~18hr) H107-specific stimulation. Culture
medium was used as negative control, and PMA/ionomycin stimulation as a positive control.
Plates were then washed 5 times with PBS, followed by addition of biotinylated anti-IFNy or anti-
IL-17A antibodies and a 2h incubation at 37°C. Plates were washed 5 times with PBS, and spots
were developed with NBT/BCIP substrate solution. The spots were counted with an Automated
Elispot Reader System ELRO8IFL (Autoimmun Diagnostika GmbH, Strassberg, Germany).

Flow Cytometry. Fresh PBMCs, BAL cells and skin cells were isolated and (1-2 x 10°) were
resuspended in 150 pl of complete medium containing 0.2 pg of each costimulatory antibody
CD28 and CD49d (Fastimmune CD28/CD49d, BD). Stimulation was performed in 96 well/plates
using H107 protein (5ug/mL), ESAT-6 peptide pool (2ug/mL), H107 peptide pool (1ug/mL) (23) or
PMA/lonomycin (as positive control) or culture medium alone (as negative control). Brefeldin A
was added to each well at a final concentration of 10 ug/mL and the plate was incubated at 37°C,
5% CO2 overnight. The cells were then washed, stained with a viability dye (dye (LIVE/DEAD
fixable Blue dead cell stain kit, ThermoFisher), fixed and permeabilized with the BD
Cytofix/Cytoperm reagent. Permeabilized PBMCs and BAL cells were stored at -80°C before the
staining procedure. Permeabilized skin samples were directly stained. Staining procedure was
performed in a single step following permeabilization using anti-IFNy (V50), anti-CD4 (BV510),
anti-TNFa (BV605), anti-IL-13 (BV711), anti-CD154 (FITC), anti-IL-2 (PerCP/Cy5.5), anti-CD8 (PE-
Vio770), anti-IL-17A (Alexafluor 700), CD3 (APC-Cy7). After 30 minutes of incubation at 4°C in the
dark, cells will be washed in BD Perm/Wash buffer. Cells were acquired with an LSR Il (BD) after
the staining procedure. FlowJo software v10 (TreeStar) was used for sample analysis. PCA analysis
was performed using GraphPad Prism v9 software on Boolean gating data normalized to
percentage of the total cytokine positive population per individual animal.

PET-CT. Chest PET-CT was performed at baseline prior to antigen recall (DO) and on days 3 (D3)
and 7 (D7) post recall. Animals were fasted for at least 8 h before each imaging session. All
imaging acquisition was performed using the Digital Photon Counting (DPC) PET-CT system
(Vereos-Ingenuity, Philips) implemented in a BSL-3 laboratory. These sessions were always
performed in the same experimental conditions (acquisition time and animal order) to limit [18F]-

FDG-PET experimental bias. Animals were first anesthetized with ketamine hydrochloride (5
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mg/kg, IM) associated with medetomidine hydrochloride (0.05mg/kg IM), intubated, and then
maintained under 0.5-1.5% isoflurane and placed in a supine position on a warming blanket (Bear
Hugger, 3M) on the machine bed with monitoring of the cardiac rate, oxygen saturation, and
body temperature.

Computed Tomography (CT) was performed 5 minutes prior to PET acquisition for attenuation
correction and anatomical localization. The CT detector collimation used was 64 x 0.6 mm, the
tube voltage was 120 kV, and the intensity was approximately 150 mAs. Chest-CT images were
reconstructed with a slice thickness of 1.25 mm and an interval of 0.63 mm. A whole-body PET
scan (3 bed positions, 3 min/bed position) was performed approximately 45 min post-injection
of 3.5 + 0.4 MBq kg-1 of [18F]-FDG via the saphenous vein. PET images were reconstructed onto
a 256 x 256 matrix using OSEM (3 iterations, 15 subsets). After PET acquisition, animals were
resuscitate using atipamezole hydrochloride (0.25mg/kg).

PET images were analyzed using 3DSlicer software (open-source tool). For segmentation, various
regions of interest (entire lung and separated lung lobes) were semi-automatically contoured
according to anatomical information from CT. A 3D volume of interest (VOI) was interpolated
from several ROIs in different image slices to cover each lung lobe excluding background signal
(heart and liver). For quantification, [18F]-FDG accumulation in the VOIs was given as a
standardized uptake value (SUVmean, SUVmax).

H107-specific Antibody ELISAs in NHPs. An indirect quantitative ELISA was developed to measure
the content of anti-H107 IgG and IgA antibodies in NHP sera and BAL samples. Maxisorb Plates
(Nunc) were coated overnight with purified H107 antigen (0.1ug/ml) at 4°C, and then >1.5 hrs
blocked with 2% BSA at room temperature. Sera were diluted 1:200 (1:20 from control animals)
and thereafter seven 2-fold serial dilutions made. Undiluted BAL and thereafter seven 3-fold
serial dilutions were made. Sample dilutions were added to the plates and incubated overnight
(~16hrs) at 4°C. HRP-conjugate anti-lgG (goat anti-Monkey IgG, Fitzgerald Cat# 43R-IGO20HRP, at
1:5000 dilution) or IgA (polyclonal rabbit anti-human IgA/HRP, Dako, P0216, at 1:2000 dilution)
was added for 1 hr at room temperature and the enzyme reaction was developed with TMB plus
(Kementec) for 15 minutes and stopped with 0.2 M H,SO0s4 solution. Plates were read at 450 nm

with 620 nm background correction using an ELISA reader (Tecan Sunrise). We confirmed the
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specificity of our IgA ELISA and non-cross reactivity toward I1gG using purified human IgG and IgA
(Sigma-Aldrich).

A reference serum pool was established by combining sera from all immunized NHP from study
week eight and arbitrarily assigned a value of 10,000 ELISA-Units (AU). Two-fold serial dilutions
of reference sample was run on each plate. For each sample, titers were calculated from five
parameter logistic curves based on 2-fold dilution curves using the package ‘drc’ in R. Sample titer
values were based on dilutions from the linear portion of the response curve for IgG and IgA
assays. Area under the curve (AUC) calculation was performed in GraphPad Prism v9 after
baseline correction.

Luciferase Assay. THP-1-Dual cells (InVivoGen) were grown under selection media at 37°C
according to manufacturer’s instruction. 10° cells were seeded per well of 96-well flat bottom
plate in triplicate and differentiated for 48hrs with PMA (40ng/ml). PMA was removed and CAF®
adjuvants or varying concentrations added to the cells for overnight incubation at 37°C.
Supernatants were collected and secreted Luciferase activity assayed using QUANTI-Luc™ kit
(InVivoGen) as per manufacturer instructions. The CyQUANT-LDH-Cytotoxicity assay (Invitrogen)
was also perform on supernatants according to manufacturer instructions, confirming that cell
viability was not increased compared to untreated cells. Assays were read using a SpectraMax
iD3 (Molecular Devices).

Statistics and lllustrations. All statistical tests and PCA analyses were calculated using the

statistical Graphpad Prism software v9. Figure illustrations were created using Biorender.com.
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References

1. B. Pulendran, S. A. P, D. T. O'Hagan, Emerging concepts in the science of vaccine adjuvants. Nat
Rev Drug Discov 20, 454-475 (2021).

2. I. Sarkar, R. Garg, S. van Drunen Littel-van den Hurk, Selection of adjuvants for vaccines targeting
specific pathogens. Expert Rev Vaccines 18, 505-521 (2019).

3. M. J. Rodo, V. Rozot, E. Nemes, O. Dintwe, M. Hatherill, F. Little, T. J. Scriba, A comparison of

antigen-specific T cell responses induced by six novel tuberculosis vaccine candidates. PLoS
Pathog 15, 1007643 (2019).


https://doi.org/10.1101/2023.02.23.529651
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.02.23.529651; this version posted February 23, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

4, M. M. Wilk, A. Misiak, R. M. McManus, A. C. Allen, M. A. Lynch, K. H. G. Mills, Lung CD4 Tissue-
Resident Memory T Cells Mediate Adaptive Immunity Induced by Previous Infection of Mice with
Bordetella pertussis. J Immunol 199, 233-243 (2017).

5. K. Dijkman, C. C. Sombroek, R. A. W. Vervenne, S. O. Hofman, C. Boot, E. J. Remarque, C. H. M.
Kocken, T. H. M. Ottenhoff, . Kondova, M. A. Khayum, K. G. Haanstra, M. P. M. Vierboom, F. A.
W. Verreck, Prevention of tuberculosis infection and disease by local BCG in repeatedly exposed
rhesus macaques. Nat Med 25, 255-262 (2019).

6. L. Monin, K. L. Griffiths, S. Slight, Y. Lin, J. Rangel-Moreno, S. A. Khader, Immune requirements for
protective Th17 recall responses to Mycobacterium tuberculosis challenge. Mucosal Immunology
8, 1099-1109 (2015).

7. C. Counoupas, K. C. Ferrell, A. Ashhurst, N. D. Bhattacharyya, G. Nagalingam, E. L. Stewart, C. G.
Feng, N. Petrovsky, W. J. Britton, J. A. Triccas, Mucosal delivery of a multistage subunit vaccine
promotes development of lung-resident memory T cells and affords interleukin-17-dependent
protection against pulmonary tuberculosis. NPJ Vaccines 5, 105 (2020).

8. H. P. Gideon, T. K. Hughes, C. N. Tzouanas, M. H. Wadsworth, 2nd, A. A. Tu, T. M. Gierahn, J. M.
Peters, F. F. Hopkins, J. R. Wei, C. Kummerlowe, N. L. Grant, K. Nargan, J. Y. Phuah, H. J. Borish, P.
Maiello, A. G. White, C. G. Winchell, S. K. Nyquist, S. K. C. Ganchua, A. Myers, K. V. Patel, C. L.
Ameel, C. T. Cochran, S. Ibrahim, J. A. Tomko, L. J. Frye, J. M. Rosenberg, A. Shih, M. Chao, E. Klein,
C. A. Scanga, J. Ordovas-Montanes, B. Berger, J. T. Mattila, R. Madansein, J. C. Love, P. L. Lin, A.
Leslie, S. M. Behar, B. Bryson, J. L. Flynn, S. M. Fortune, A. K. Shalek, Multimodal profiling of lung
granulomas in macaques reveals cellular correlates of tuberculosis control. Immunity 55, 827-
846.e810 (2022).

9. K. Dhume, C. M. Finn, P. Devarajan, A. Singh, J. D. Tejero, E. Prokop, T. M. Strutt, S. Sell, S. L. Swain,
K. K. McKinstry, Bona Fide Th17 Cells without Th1 Functional Plasticity Protect against Influenza.
JImmunol 208, 1998-2007 (2022).

10. A. Omokanye, L. C. Ong, C. Lebrero-Fernandez, V. Bernasconi, K. Schon, A. Strémberg, M. Bemark,
X. Saelens, P. Czarnewski, N. Lycke, Clonotypic analysis of protective influenza M2e-specific lung
resident Th17 memory cells reveals extensive functional diversity. Mucosal Immunol 15, 717-729
(2022).

11. D. G. Eliasson, A. Omokanye, K. Schoén, U. A. Wenzel, V. Bernasconi, M. Bemark, A. Kolpe, K. El
Bakkouri, T. Ysenbaert, L. Deng, W. Fiers, X. Saelens, N. Lycke, M2e-tetramer-specific memory CD4
T cells are broadly protective against influenza infection. Mucosal Immunology 11, 273-289
(2018).

12. K. K. McKinstry, T. M. Strutt, A. Buck, J. D. Curtis, J. P. Dibble, G. Huston, M. Tighe, H. Hamada, S.
Sell, R. W. Dutton, S. L. Swain, IL-10 deficiency unleashes an influenza-specific Th17 response and
enhances survival against high-dose challenge. J Immunol 182, 7353-7363 (2009).

13. C. R. Kensil, U. Patel, M. Lennick, D. Marciani, Separation and characterization of saponins with
adjuvant activity from Quillaja saponaria Molina cortex. J Immunol 146, 431-437 (1991).

14. A. Mendes, J. Azevedo-Silva, J. C. Fernandes, From Sharks to Yeasts: Squalene in the Development
of Vaccine Adjuvants. Pharmaceuticals (Basel) 15, (2022).

15. G. K. Pedersen, P. Andersen, D. Christensen, Immunocorrelates of CAF family adjuvants. Semin

Immunol 39, 4-13 (2018).

16. J. Schick, J. Schafer, C. Alexander, S. Dichtl, P. J. Murray, D. Christensen, U. Sorg, K. Pfeffer, U.
Schleicher, R. Lang, Cutting Edge: TNF Is Essential for Mycobacteria-Induced MINCLE Expression,
Macrophage Activation, and Th17 Adjuvanticity. J Immunol 205, 323-328 (2020).

17. S. Abraham, H. B. Juel, P. Bang, H. M. Cheeseman, R. B. Dohn, T. Cole, M. P. Kristiansen, K. S.
Korsholm, D. Lewis, A. W. Olsen, L. R. McFarlane, S. Day, S. Knudsen, K. Moen, M. Ruhwald, I.
Kromann, P. Andersen, R. J. Shattock, F. Follmann, Safety and immunogenicity of the chlamydia


https://doi.org/10.1101/2023.02.23.529651
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.02.23.529651; this version posted February 23, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

vaccine candidate CTH522 adjuvanted with CAFO1 liposomes or aluminium hydroxide: a first-in-
human, randomised, double-blind, placebo-controlled, phase 1 trial. Lancet Infect Dis 19, 1091-
1100 (2019).

J. T.van Dissel, S. A. Joosten, S. T. Hoff, D. Soonawala, C. Prins, D. A. Hokey, D. M. O'Dee, A. Graves,
B. Thierry-Carstensen, L. V. Andreasen, M. Ruhwald, A. W. de Visser, E. M. Agger, T. H. Ottenhoff,
I. Kromann, P. Andersen, A novel liposomal adjuvant system, CAF01, promotes long-lived
Mycobacterium tuberculosis-specific T-cell responses in human. Vaccine 32, 7098-7107 (2014).
A. M. Didierlaurent, B. Laupeze, A. Di Pasquale, N. Hergli, C. Collignon, N. Gargon, Adjuvant system
ASO1: helping to overcome the challenges of modern vaccines. Expert Rev Vaccines 16, 55-63
(2017).

D. R. Tait, M. Hatherill, O. Van Der Meeren, A. M. Ginsberg, E. Van Brakel, B. Salaun, T. J. Scriba,
E. J. Akite, H. M. Ayles, A. Bollaerts, M. A. Demoitié, A. Diacon, T. G. Evans, P. Gillard, E. Hellstrém,
J. C. Innes, M. Lempicki, M. Malahleha, N. Martinson, D. Mesia Vela, M. Muyoyeta, V. Nduba, T.
G. Pascal, M. Tameris, F. Thienemann, R. J. Wilkinson, F. Roman, Final Analysis of a Trial of
M72/AS01(E) Vaccine to Prevent Tuberculosis. N Engl J Med 381, 2429-2439 (2019).

M. C. Amezcua Vesely, P. Pallis, P. Bielecki, J. S. Low, J. Zhao, C. C. D. Harman, L. Kroehling, R.
Jackson, W. Bailis, P. Licona-Limdn, H. Xu, N. lijima, P. S. Pillai, D. H. Kaplan, C. T. Weaver, Y. Kluger,
M. S. Kowalczyk, A. Iwasaki, J. P. Pereira, E. Esplugues, N. Gagliani, R. A. Flavell, Effector T(H)17
Cells Give Rise to Long-Lived T(RM) Cells that Are Essential for an Immediate Response against
Bacterial Infection. Cell 178, 1176-1188.e1115 (2019).

D. Christensen, R. Mortensen, |. Rosenkrands, J. Dietrich, P. Andersen, Vaccine-induced Th17 cells
are established as resident memory cells in the lung and promote local IgA responses. Mucosal
Immunology 10, 260-270 (2017).

J. S. Woodworth, H. S. Clemmensen, H. Battey, K. Dijkman, T. Lindenstrgm, R. S. Laureano, R.
Taplitz, J. Morgan, C. Aagaard, |I. Rosenkrands, C. S. Lindestam Arlehamn, P. Andersen, R.
Mortensen, A Mycobacterium tuberculosis-specific subunit vaccine that provides synergistic
immunity upon co-administration with Bacillus Calmette-Guérin. Nat Commun 12, 6658 (2021).
N. P. Knudsen, A. Olsen, C. Buonsanti, F. Follmann, Y. Zhang, R. N. Coler, C. B. Fox, A. Meinke, U.
D'Oro, D. Casini, A. Bonci, R. Billeskov, E. De Gregorio, R. Rappuoli, A. M. Harandi, P. Andersen, E.
M. Agger, Different human vaccine adjuvants promote distinct antigen-independent
immunological signatures tailored to different pathogens. Sci Rep 6, 19570 (2016).

R. Billeskov, E. V. Tan, M. Cang, R. M. Abalos, J. Burgos, B. V. Pedersen, D. Christensen, E. M. Agger,
P. Andersen, Testing the H56 Vaccine Delivered in 4 Different Adjuvants as a BCG-Booster in a
Non-Human Primate Model of Tuberculosis. PLoS One 11, e0161217 (2016).

S. K. Mgrk, M. Kadivar, K. F. Bol, A. Draghi, M. C. W. Westergaard, S. K. Skadborg, N. Overgaard,
A. B. Sgrensen, |. S. Rasmussen, L. V. Andreasen, C. W. Yde, T. Trolle, C. Garde, J. Friis-Nielsen, N.
Ngrgaard, D. Christensen, J. V. Kringelum, M. Donia, S. R. Hadrup, I. M. Svane, Personalized
therapy with peptide-based neoantigen vaccine (EVX-01) including a novel adjuvant, CAF®09b, in
patients with metastatic melanoma. Oncoimmunology 11, 2023255 (2022).

K. Karlsen, K. S. Korsholm, R. Mortensen, S. M. Ghiasi, P. Andersen, C. Foged, D. Christensen, A
stable nanoparticulate DDA/MMG formulation acts synergistically with CoG ODN 1826 to enhance
the CD4* T-cell response. Nanomedicine (Lond) 9, 2625-2638 (2014).

C. L. Cooper, H. L. Davis, M. L. Morris, S. M. Efler, M. A. Adhami, A. M. Krieg, D. W. Cameron, J.
Heathcote, CPG 7909, an Immunostimulatory TLR9 Agonist Oligodeoxynucleotide, as Adjuvant to
Engerix-B® HBV Vaccine in Healthy Adults: A Double-Blind Phase I/1l Study. Journal of Clinical
Immunology 24, 693-701 (2004).

T. E. Witzig, G. A. Wiseman, M. J. Maurer, T. M. Habermann, I. N. Micallef, G. S. Nowakowski, S.
M. Ansell, J. P. Colgan, D. J. Inwards, L. F. Porrata, B. K. Link, C. S. Zent, P. B. Johnston, T. D.


https://doi.org/10.1101/2023.02.23.529651
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.02.23.529651; this version posted February 23, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Shanafelt, C. Allmer, Y. W. Asmann, M. Gupta, Z. K. Ballas, B. J. Smith, G. J. Weiner, A phase | trial
of immunostimulatory CpG 7909 oligodeoxynucleotide and 90 yttrium ibritumomab tiuxetan
radioimmunotherapy for relapsed B-cell non-Hodgkin lymphoma. Am J Hematol 88, 589-593
(2013).

30. C. Volpi, F. Fallarino, M. T. Pallotta, R. Bianchi, C. Vacca, M. L. Belladonna, C. Orabona, A. De Luca,
L. Boon, L. Romani, U. Grohmann, P. Puccetti, High doses of CpG oligodeoxynucleotides stimulate
a tolerogenic TLRO-TRIF pathway. Nature Communications 4, 1852 (2013).

31. K. S. Korsholm, J. Hansen, K. Karlsen, J. Filskov, M. Mikkelsen, T. Lindenstrgm, S. T. Schmidt, P.
Andersen, D. Christensen, Induction of CD8+ T-cell responses against subunit antigens by the
novel cationic liposomal CAF09 adjuvant. Vaccine 32, 3927-3935 (2014).

32. J. M. Pitt, E. Stavropoulos, P. S. Redford, A. M. Beebe, G. J. Bancroft, D. B. Young, A. O'Garra,
Blockade of IL-10 signaling during bacillus Calmette-Guérin vaccination enhances and sustains
Th1, Th1l7, and innate lymphoid IFN-y and IL-17 responses and increases protection to
Mycobacterium tuberculosis infection. J Immunol 189, 4079-4087 (2012).

33. C. Desel, A. Dorhoi, S. Bandermann, L. Grode, B. Eisele, S. H. Kaufmann, Recombinant BCG AureC
hly+induces superior protection over parental BCG by stimulating a balanced combination of type
1 and type 17 cytokine responses. J Infect Dis 204, 1573-1584 (2011).

34. P. A. Darrah, R. M. DiFazio, P. Maiello, H. P. Gideon, A. J. Myers, M. A. Rodgers, J. A. Hackney, T.
Lindenstrom, T. Evans, C. A. Scanga, V. Prikhodko, P. Andersen, P. L. Lin, D. Laddy, M. Roederer,
R. A. Seder, J. L. Flynn, Boosting BCG with proteins or rAd5 does not enhance protection against
tuberculosis in rhesus macaques. NPJ Vaccines 4, 21 (2019).

35. E. Lorenzen, V. Contreras, A. W. Olsen, P. Andersen, D. Desjardins, |I. Rosenkrands, H. B. Juel, B.
Delache, S. Langlois, C. Delaugerre, C. Joubert, N. Dereuddre-Bosquet, C. Bébéar, B. De Barbeyrac,
A. Touati, P. F. McKay, R. J. Shattock, R. Le Grand, F. Follmann, J. Dietrich, Multi-component prime-
boost Chlamydia trachomatis vaccination regimes induce antibody and T cell responses and
accelerate clearance of infection in a non-human primate model. Front Immunol 13, 1057375
(2022).

36. P.Ogongo, L. B. Tezera, A. Ardain, S. Nhamoyebonde, D. Ramsuran, A. Singh, A. Ng'oepe, F. Karim,
T. Naidoo, K. Khan, K. J. Dullabh, M. Fehlings, B. H. Lee, A. Nardin, C. S. Lindestam Arlehamn, A.
Sette, S. M. Behar, A. J. Steyn, R. Madansein, H. N. Klgverpris, P. T. Elkington, A. Leslie, Tissue-
resident-like CD4+ T cells secreting IL-17 control Mycobacterium tuberculosis in the human lung.
J Clin Invest 131, (2021).

37. U. Shanmugasundaram, A. N. Bucsan, S. R. Ganatra, C. Ibegbu, M. Quezada, R. V. Blair, X. Alvarez,
V. Velu, D. Kaushal, J. Rengarajan, Pulmonary Mycobacterium tuberculosis control associates with
CXCR3- and CCR6-expressing antigen-specific Thl and Th17 cell recruitment. JC/ Insight 5, (2020).

38. L. Zhang, S. Yuan, G. Cheng, B. Guo, Type | IFN promotes IL-10 production from T cells to suppress
Th17 cells and Th17-associated autoimmune inflammation. PLoS One 6, €28432 (2011).

39. B. Guo, E. Y. Chang, G. Cheng, The type | IFN induction pathway constrains Th17-mediated
autoimmune inflammation in mice. J Clin Invest 118, 1680-1690 (2008).

40. M. L. Shinohara, J. H. Kim, V. A. Garcia, H. Cantor, Engagement of the type | interferon receptor
on dendritic cells inhibits T helper 17 cell development: role of intracellular osteopontin. Immunity
29, 68-78 (2008).

41. V. Wu, A. A. Smith, H. You, T. A. Nguyen, R. Ferguson, M. Taylor, J. E. Park, P. Llontop, K. R.
Youngman, T. Abramson, Plasmacytoid dendritic cell-derived IFNa modulates Th17 differentiation
during early Bordetella pertussis infection in mice. Mucosal Immunol 9, 777-786 (2016).

42. H. Oshiumi, M. Matsumoto, K. Funami, T. Akazawa, T. Seya, TICAM-1, an adaptor molecule that
participates in Toll-like receptor 3—-mediated interferon-B induction. Nature Immunology 4, 161-
167 (2003).


https://doi.org/10.1101/2023.02.23.529651
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.02.23.529651; this version posted February 23, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

43, A.W. Olsen, F. Follmann, K. Erneholm, I. Rosenkrands, P. Andersen, Protection Against Chlamydia
trachomatis Infection and Upper Genital Tract Pathological Changes by Vaccine-Promoted
Neutralizing Antibodies Directed to the VD4 of the Major Outer Membrane Protein. J Infect Dis
212, 978-989 (2015).

44, R. A. Seder, P. A. Darrah, M. Roederer, T-cell quality in memory and protection: implications for
vaccine design. Nat Rev Immunol 8, 247-258 (2008).

45, T. R. Mosmann, H. Cherwinski, M. W. Bond, M. A. Giedlin, R. L. Coffman, Two types of murine
helper T cell clone. I. Definition according to profiles of lymphokine activities and secreted
proteins. J Immunol 136, 2348-2357 (1986).

46. C. L. Langrish, Y. Chen, W. M. Blumenschein, J. Mattson, B. Basham, J. D. Sedgwick, T. McClanahan,
R. A. Kastelein, D. J. Cua, IL-23 drives a pathogenic T cell population that induces autoimmune
inflammation. J Exp Med 201, 233-240 (2005).

47. S. Jiang, C. Dong, A complex issue on CD4(+) T-cell subsets. Immunol Rev 252, 5-11 (2013).

48. N. Nguyen, S. Guleed, A. W. Olsen, F. Follmann, J. P. Christensen, J. Dietrich, Th1/Th17 T cell
Tissue-Resident Immunity Increases Protection, But Is Not Required in a Vaccine Strategy Against
Genital Infection With Chlamydia trachomatis. Front Immunol 12, 790463 (2021).

49, K. Chen, J. P. McAleer, Y. Lin, D. L. Paterson, M. Zheng, J. F. Alcorn, C. T. Weaver, J. K. Kolls, Th17
cells mediate clade-specific, serotype-independent mucosal immunity. Immunity 35, 997-1009
(2011).

50. B. Wang, T. Dileepan, S. Briscoe, K. A. Hyland, J. Kang, A. Khoruts, P. P. Cleary, Induction of TGF-
betal and TGF-betal-dependent predominant Th17 differentiation by group A streptococcal
infection. Proc Natl Acad Sci U S A 107, 5937-5942 (2010).

51. R. Mortensen, D. Christensen, L. B. Hansen, J. P. Christensen, P. Andersen, J. Dietrich, Local
Th17/IgA immunity correlate with protection against intranasal infection with Streptococcus
pyogenes. PLoS One 12, e0175707 (2017).

52. S. A. Khader, G. K. Bell, J. E. Pearl, J. J. Fountain, J. Rangel-Moreno, G. E. Cilley, F. Shen, S. M. Eaton,
S. L. Gaffen, S. L. Swain, R. M. Locksley, L. Haynes, T. D. Randall, A. M. Cooper, IL-23 and IL-17 in
the establishment of protective pulmonary CD4+ T cell responses after vaccination and during
Mycobacterium tuberculosis challenge. Nat Immunol 8, 369-377 (2007).

53. E. Van Dis, K. M. Sogi, C. S. Rae, K. E. Sivick, N. H. Surh, M. L. Leong, D. B. Kanne, K. Metchette, J.
J. Leong, J. R. Bruml, V. Chen, K. Heydari, N. Cadieux, T. Evans, S. M. McWhirter, T. W. Dubensky,
Jr.,, D. A. Portnoy, S. A. Stanley, STING-Activating Adjuvants Elicit a Th17 Immune Response and
Protect against Mycobacterium tuberculosis Infection. Cell Rep 23, 1435-1447 (2018).

54, M. T. Orr, E. A. Beebe, T. E. Hudson, D. Argilla, P. W. Huang, V. A. Reese, C. B. Fox, S. G. Reed, R.
N. Coler, Mucosal delivery switches the response to an adjuvanted tuberculosis vaccine from
systemic TH1 to tissue-resident TH17 responses without impacting the protective efficacy.
Vaccine 33, 6570-6578 (2015).

55. N. Aguilo, S. Alvarez-Arguedas, S. Uranga, D. Marinova, M. Monzén, J. Badiola, C. Martin,
Pulmonary but Not Subcutaneous Delivery of BCG Vaccine Confers Protection to Tuberculosis-
Susceptible Mice by an Interleukin 17-Dependent Mechanism. The Journal of Infectious Diseases
213, 831-839 (2015).

56. S. Bauer, C. J. Kirschning, H. Hacker, V. Redecke, S. Hausmann, S. Akira, H. Wagner, G. B. Lipford,
Human TLR9 confers responsiveness to bacterial DNA via species-specific CpG motif recognition.
Proc Natl Acad Sci U S A 98, 9237-9242 (2001).

57. D. Sterlin, A. Mathian, M. Miyara, A. Mohr, F. Anna, L. Claér, P. Quentric, J. Fadlallah, H. Devilliers,
P. Ghillani, C. Gunn, R. Hockett, S. Mudumba, A. Guihot, C. E. Luyt, J. Mayaux, A. Beurton, S.
Fourati, T. Bruel, O. Schwartz, J. M. Lacorte, H. Yssel, C. Parizot, K. Dorgham, P. Charneau, Z


https://doi.org/10.1101/2023.02.23.529651
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.02.23.529651; this version posted February 23, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Amoura, G. Gorochov, IgA dominates the early neutralizing antibody response to SARS-CoV-2. Sci
Transl Med 13, (2021).

58. L. Sun, S. Kallolimath, R. Palt, K. Stiasny, P. Mayrhofer, D. Maresch, L. Eidenberger, H. Steinkellner,
Increased in vitro neutralizing activity of SARS-CoV-2 IgA1l dimers compared to monomers and
IgG. Proc Natl Acad Sci U S A 118, (2021).

59. D. C. Gondek, A. J. Olive, G. Stary, M. N. Starnbach, CD4+ T cells are necessary and sufficient to
confer protection against Chlamydia trachomatis infection in the murine upper genital tract. J
Immunol 189, 2441-2449 (2012).

60. A. T. Tan, M. Linster, C. W. Tan, N. Le Bert, W. N. Chia, K. Kunasegaran, Y. Zhuang, C. Y. L. Tham,
A. Chia, G. J. D. Smith, B. Young, S. Kalimuddin, J. G. H. Low, D. Lye, L. F. Wang, A. Bertoletti, Early
induction of functional SARS-CoV-2-specific T cells associates with rapid viral clearance and mild
disease in COVID-19 patients. Cell Rep 34, 108728 (2021).

61. W. H. Alwan, W. J. Kozlowska, P. J. Openshaw, Distinct types of lung disease caused by functional
subsets of antiviral T cells. J Exp Med 179, 81-89 (1994).

62. Y. W. Tang, B. S. Graham, T cell source of type 1 cytokines determines illness patterns in
respiratory syncytial virus-infected mice. J Clin Invest 99, 2183-2191 (1997).

63. K. Chen, J. K. Kolls, T cell-mediated host immune defenses in the lung. Annu Rev Immunol 31, 605-
633 (2013).

64. M. B. Graham, V. L. Braciale, T. J. Braciale, Influenza virus-specific CD4+ T helper type 2 T
lymphocytes do not promote recovery from experimental virus infection. J Exp Med 180, 1273-
1282 (1994).

65. S. Ashenafi, G. Aderaye, A. Bekele, M. Zewdie, G. Aseffa, A. T. N. Hoang, B. Carow, M. Habtamu,
M. Wijkander, M. Rottenberg, A. Aseffa, J. Andersson, M. Svensson, S. Brighenti, Progression of
clinical tuberculosis is associated with a Th2 immune response signature in combination with
elevated levels of SOCS3. Clinical Immunology 151, 84-99 (2014).

66. S. Notarbartolo, V. Ranzani, A. Bandera, P. Gruarin, V. Bevilacqua, A. R. Putignano, A. Gobbini, E.
Galeota, C. Manara, M. Bombaci, E. Pesce, E. Zagato, A. Favalli, M. L. Sarnicola, S. Curti, M. Crosti,
M. Martinovic, T. Fabbris, F. Marini, L. Donnici, M. Lorenzo, M. Mancino, R. Ungaro, A. Lombardi,
D. Mangioni, A. Muscatello, S. Aliberti, F. Blasi, T. De Feo, D. Prati, L. Manganaro, F. Granucci, A.
Lanzavecchia, R. De Francesco, A. Gori, R. Grifantini, S. Abrignani, Integrated longitudinal
immunophenotypic, transcriptional and repertoire analyses delineate immune responses in
COVID-19 patients. Sci Immunol 6, (2021).

67. M. Pepper, M. K. Jenkins, Origins of CD4(+) effector and central memory T cells. Nat Immunol 12,
467-471 (2011).

68. R. S. Akondy, M. Fitch, S. Edupuganti, S. Yang, H. T. Kissick, K. W. Li, B. A. Youngblood, H. A.
Abdelsamed, D. J. McGuire, K. W. Cohen, G. Alexe, S. Nagar, M. M. McCausland, S. Gupta, P. Tata,
W. N. Haining, M. J. McElrath, D. Zhang, B. Hu, W. J. Greenleaf, J. J. Goronzy, M. J. Mulligan, M.
Hellerstein, R. Ahmed, Origin and differentiation of human memory CD8 T cells after vaccination.
Nature 552, 362-367 (2017).

69. B. Youngblood, J. S. Hale, H. T. Kissick, E. Ahn, X. Xu, A. Wieland, K. Araki, E. E. West, H. E. Ghoneim,
Y. Fan, P. Dogra, C. W. Davis, B. T. Konieczny, R. Antia, X. Cheng, R. Ahmed, Effector CD8 T cells
dedifferentiate into long-lived memory cells. Nature 552, 404-409 (2017).

70. T. Lindenstrgm, J. Woodworth, J. Dietrich, C. Aagaard, P. Andersen, E. M. Agger, Vaccine-induced
thl7 cells are maintained long-term postvaccination as a distinct and phenotypically stable
memory subset. Infect Immun 80, 3533-3544 (2012).

71. J. Zimmermann, S. T. Schmidt, R. Trebbien, R. J. Cox, F. Zhou, F. Follmann, G. K. Pedersen, D.
Christensen, A Novel Prophylaxis Strategy Using Liposomal Vaccine Adjuvant CAFO9b Protects
against Influenza Virus Disease. Int J Mol Sci 23, (2022).


https://doi.org/10.1101/2023.02.23.529651
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.02.23.529651; this version posted February 23, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

I. Kryczek, E. Zhao, Y. Liu, Y. Wang, L. Vatan, W. Szeliga, J. Moyer, A. Klimczak, A. Lange, W. Zou,
Human TH17 cells are long-lived effector memory cells. Sci Trans/ Med 3, 104ra100 (2011).

P. Muranski, Z. A. Borman, S. P. Kerkar, C. A. Klebanoff, Y. Ji, L. Sanchez-Perez, M. Sukumar, R. N.
Reger, Z. Yu, S. J. Kern, R. Roychoudhuri, G. A. Ferreyra, W. Shen, S. K. Durum, L. Feigenbaum, D.
C. Palmer, P. A. Antony, C. C. Chan, A. Laurence, R. L. Danner, L. Gattinoni, N. P. Restifo, Th17 cells
are long lived and retain a stem cell-like molecular signature. Immunity 35, 972-985 (2011).

J. S. Bowers, M. H. Nelson, K. Majchrzak, S. R. Bailey, B. Rohrer, A. D. Kaiser, C. Atkinson, L.
Gattinoni, C. M. Paulos, Th17 cells are refractory to senescence and retain robust antitumor
activity after long-term ex vivo expansion. JCI Insight 2, 90772 (2017).

T. Lindenstrgm, A. Moguche, M. Damborg, E. M. Agger, K. Urdahl, P. Andersen, T Cells Primed by
Live Mycobacteria Versus a Tuberculosis Subunit Vaccine Exhibit Distinct Functional Properties.
EBioMedicine 27, 27-39 (2018).

M. Davids, A. Pooran, C. Hermann, L. Mottay, F. Thompson, J. Cardenas, J. Gu, T. Koeuth, R.
Meldau, J. Limberis, P. Gina, S. Srivastava, B. Calder, A. Esmail, M. Tomasicchio, J. Blackburn, T.
Gumbo, K. Dheda, A Human Lung Challenge Model to Evaluate the Safety and Immunogenicity of
PPD and Live Bacillus Calmette-Guérin. Am J Respir Crit Care Med 201, 1277-1291 (2020).

A. H. E. Roukens, C. R. Pothast, M. Kénig, W. Huisman, T. Dalebout, T. Tak, S. Azimi, Y. Kruize, R. S.
Hagedoorn, M. Zlei, F. J. T. Staal, F. J. de Bie, J. J. M. van Dongen, S. M. Arbous, J. L. H. Zhang, M.
Verheij, C. Prins, A. M. van der Does, P. S. Hiemstra, J. J. C. de Vries, J. J. Janse, M. Roestenberg, S.
K. Myeni, M. Kikkert, M. Yazdanbakhsh, M. H. M. Heemskerk, H. H. Smits, S. P. Jochems, Prolonged
activation of nasal immune cell populations and development of tissue-resident SARS-CoV-2-
specific CD8(+) T cell responses following COVID-19. Nat Immunol 23, 23-32 (2022).

A. Thakur, A. Andrea, H. Mikkelsen, J. S. Woodworth, P. Andersen, G. Jungersen, C. Aagaard,
Targeting the Mincle and TLR3 receptor using the dual agonist cationic adjuvant formulation 9
(CAF09) induces humoral and polyfunctional memory T cell responses in calves. PLoS One 13,
0201253 (2018).

A. J. Smith, S. M. Miller, C. Buhl, R. Child, M. Whitacre, R. Schoener, G. Ettenger, D. Burkhart, K.
Ryter, J. T. Evans, Species-Specific Structural Requirements of Alpha-Branched Trehalose Diester
Mincle Agonists. Front Immunol 10, 338 (2019).

T. L. Roberts, M. J. Sweet, D. A. Hume, K. J. Stacey, Cutting edge: species-specific TLR9-mediated
recognition of CpG and non-CpG phosphorothioate-modified oligonucleotides. J Immunol 174,
605-608 (2005).

J. Davidsen, I. Rosenkrands, D. Christensen, A. Vangala, D. Kirby, Y. Perrie, E. M. Agger, P.
Andersen, Characterization of cationic liposomes based on dimethyldioctadecylammonium and
synthetic cord factor from M. tuberculosis (trehalose 6,6'-dibehenate)-a novel adjuvant inducing
both strong CMI and antibody responses. Biochim Biophys Acta 1718, 22-31 (2005).

Acknowledgments: We thank Peter Andersen for his discussions and contribution to study

design. We thank Rune Fledelius Jensen for preparation of CAF® adjuvants, Vivi Andersen for

H107 protein production, and Sara Knudsen for technical support of antibody data analysis. We

thank the entire Animal facility staff at SSI for their technical expertise, skills and efforts. We

thank the staff of the animal facility of IDMIT, particularly J. Lemaitre, B. Delache, M. Pottier,

JM. Robert and Francis Relouzat, the staff of FlowCytech laboratory, particularly, M. Gomez-


https://doi.org/10.1101/2023.02.23.529651
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.02.23.529651; this version posted February 23, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Pacheco, the Immunology and Infectiology teams particularly, L. Bossevot, M.Galpin-Lebreau,
M. Leonec and L.Moenne-Loccoz, and R. Marlin, C. Bouillier and I. Mangeot from IDMIT for their
technical expertise, skills and efforts. The Infectious Disease Models and Innovative Therapies
research infrastructure (IDMIT) is supported by the “Programmes Investissements d’Avenir”
(PIA), managed by the ANR under references ANR-11-INBS-0008 and ANR-10-EQPX-02-01. We

thank the Fondation Dormeur Vaduz for the donation of instruments relevant to this project.

Funding: This work was supported in part by National Institutes of Health/National Institute of

Allergy and Infectious Diseases Grant RO1AI1135721.

Author contributions:

Conceptualization: JSW, RM, DC, TL, GKP

Methodology: ISW, VC, AG, TN, NB, MLO, IR, RLG, GKP, RM
Resources: DC, IR, GKW

Investigation: JSW, VC, TN, NK, AG, SL, EB, CJ, WS, JM, MLO, AS, TL
Formal Analysis: JSW, VC, TN, AG, WS, GKW, GKP, RM
Visualization: JSW, VC, TN, AS, GKW, GKP, RM

Funding acquisition: RM, FF

Project administration: JSW, VC, RLG, RM

Supervision: FF, TL, RLG, GKP, RM

Writing — original draft: JSW, RM

Writing — review & editing: VC, DC, TN, GKW, FF, GKP

Competing interests: JSW, DC, GKP and RM are co-inventors of a patent covering the use of
CAF®10b and derivatives. All rights have been assigned to Statens Serum Institut (SSI).
DC was employed by SSI during the time of the study, but is now employed by Croda
Pharma that, among others, develops and produces immunostimulators, adjuvants and

delivery systems for vaccines.


https://doi.org/10.1101/2023.02.23.529651
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.02.23.529651; this version posted February 23, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

A B C
® | ofs.
* hTLR9 @b mTLR - 4. CPG2006 CpG1826 CAF® liposome stability
! g
3 3 o IFNy | . )
= CpG2006 ﬁr.mb: S ZP 400 Size
= CpG182s _ 30 * LA E L 80 2300] | 4 .
2 2 E | Y v,z 60 :fgg
8 2% = * CAF10b = 40 o
& = = . fi 20
3 B 2 91 poi
¥y 1 g 5 . ;o _os
=10 = L ) g6
0. X 3 e
0 0 0 DDA/MMG/CpG2006 Y 15700
| | . SO Ve SO 1S 25:5:2 Days

AN &
P CpG ¥  +CpG
S +CpG (Hg) S PG (Hg)

CpG concentration
Figure 1. Incorporation of CpG2006 in CAF® generates stable liposomes that induce Th1/Th17 responses
in mice. (A) HEK-Blue reporter cells expressing human TLR9 (left) or murine TLR9 (right) were stimulated
in vitro with decreasing concentrations (100, 10, 1 ug/ml) of CpG2006 (grey bars) or CpG1826 (black bars)
for 17 hrs and supernatants assayed by SEAP for HEK-Blue detection QUANTI-Blue™ (shown as ODegss). The
experiment was performed twice. (B) DDA/MMG liposomes were combined with various amounts of
CpG2006 (left) or CpG1826 (right), adsorbed with protein antigen, and used to immunize CB6F1 mice 2x
SC. Two weeks later, PBMCs stimulated ex vivo with protein antigen were assessed by ELISA for secretion
of IFNy (blue) and IL-17A (red). Symbols indicate meantSD. (C) The depicted CAF®10b adjuvant was
assessed for zeta potential (ZP) (left), particle size (top right) and polydispersity index (bottom right) over

25 days.
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Figure 2. CAF® induction of Thl and Th17 responses in mice. (A) CB6F1 mice were immunized with the
H107 antigen adsorbed to different CAF® adjuvants as depicted. (B-D) Splenocytes taken 2 weeks after
the last immunization were stimulated ex vivo with H107. (B) ICS analysis, showing representative dot
plots of CD4 T cells following ICS assay from each vaccine group. Number shown depicts % cytokine
positive CD4 T cells (live, lymphocytes, CD3+, CD8-, CD4+). (C,D) ELISAs for IFNy (B) and IL-17A (C)
secretion from H107-stimulated splenocytes. (E) Bacterial load in the lungs of control and H107/CAF®-
immunized mice 4 weeks after aerosol Mtb infection. (C-E) Symbols display individual mice; Bars represent
median, IQR, min. and max values. P values, one-way ANOVA with Tukey’s posttest.
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Figure 3. CAF® adjuvant comparison in Non-Human Primates. Cynomolgus macaques were immunized
with the H107 antigen adsorbed to different CAF® adjuvants as depicted. Animals were monitored for
baseline, initial, and memory immune responses in the blood (serum, PBMC). In the antigen recall phase,
animals were administered non-adjuvanted H107 protein antigen into the lung and skin and the systemic
(serum, PBMC) and local (skin, BAL) recall responses assessed.
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Figure 4. 1gG and IgA responses are influenced by vaccine composition. H107-specific IgG (A-C) and IgA
(D-F) antibody levels in the serum measured by ELISA before and after H107/CAF® immunization of Non-
human primates. (A,D) Immunizations are indicated by dotted lines. Symbols represent median +IQR. AU,
arbitrary units. (B,E) Peak responses at week 6. (C,F) Responses integrated over the 30-week time course
calculated as area under the curve after baseline subtraction (AUC) are depicted. (B,C,E,F) Bars represent
median % IQR, min. and max. Symbols, individual animals. P values from One-way ANOVA with Dunnett’s

post-hoc test of log-transformed data.
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Figure 5. CAF® adjuvant induction of Thl and Th17 responses differ in NHP. (A,B) PBMCs from immunized
Non-human primates assessed by ELISpot before and after immunizations. PBMCs were stimulated ex vivo
with for H107-specific (A) IFNy and (B) IL-17A production. Symbols and lines indicate individual animals
(left panels). Memory responses at 30 weeks post first immunization corrected for pre-immunization
baseline SFC and plotted for each H107/CAF® immunized group (A,B right panels). Bars represent median
1 IQR, min. and max. Symbols, individual animals. P values shown from Mann-Whitney U tests. Kruskal-
Wallis test (A) p=0.038 (B) p=0.1253 (C) PMA+lonomycin-differentiated THP1-Dual™ cells stimulated
overnight with serial 2-fold dilutions for various CAF® liposome formulations, from 25 to 3.125 pg/mL
DDA, were assessed for induction of IRF-driven secreted luciferase as a fold increase versus untreated
cells. Bars, meanzSD of triplicates, representative data from two similar experiments.
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Figure 6. In vivo antigen delivery recalls local and systemic memory responses. Six months after the final
immunization, non-human primates were given an in vivo antigen recall in the skin and lungs with H107, or a
control protein, as shown in (A). (B) PET-CT scans of the selected Control (n=3) and H107/CAF®10b-immunized
(n=5) animals depicting local lung inflammatory responses 3 days after H107 antigen recall, as standardized
uptake value (SUV) > 1.6. (C) The SUV maximum fold change relative to pre-recall (day 0) for the antigen-
receiving lung lobes at 3 and 7 days after antigen recall for the NHPs assessed by PET-CT. (D) Serum H107-
specific 1gG (left) and IgA (right) antibody levels as measured by ELISA before (pre) and post in vivo antigen
recall of H107/CAF®-immunized Non-human primates. Symbols represent meantSD. AU, arbitrary units. (E,F)
PBMCs from control and H107/CAF®-immunized NHPs were assessed by ELISpot assay pre- and post in vivo
antigen recall. PBMCs were stimulated ex vivo for H107-specific (E) IFNy and (F) IL-17A production. (G) The
percentage of CD4 T cells isolated from skin biopsies collected from control antigen (Ctrl Ag) and H107 ID
injection sites that express IFNy, TNFa, IL-2, IL-17, and/or IL-13 after ex vivo stimulation with H107 protein, as
assessed by intracellular cytokine staining (ICS). (E-G) Symbols and lines, individual animals. P values within
groups from paired T test. (H) Sample contour plots of ICS analysis of CD4 T cells isolated from the BAL of a
representative H107/CAF®10b-immunized animal 8 days after in vivo antigen (left), and the resultant summary
data of the total % H107-specific cytokine-expressing BAL CD4 T cells. Bars represent median = IQR, min. and
max. Symbols, individual animals. P values from Mann-Whitney U tests. Kruskal-Wallis test p=0.0097 (I)
Principle component analysis (PCA) of H107-specific CD4 T cells from BAL (red) and PBMC (blue) for IL-17 and
combinatorial IFNy/TNFa/IL-2 expression. PC1 and PC2 loading axes shown. Symbol, individual H107/CAF®-
immunized animals.
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