vaccines

npj

ARTICLE

www.nature.com/npjvaccines

W) Check for updates

Co-adjuvanting DDA/TDB liposomes with a TLR7 agonist
allows for IgGG2a/c class-switching in the absence of Thl cells
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Class-switching to IgG2a/c in mice is a hallmark response to intracellular pathogens. T cells can promote class-switching and the
predominant pathway for induction of IgG2a/c antibody responses has been suggested to be via stimulation from Th1 cells. We
previously formulated CAF®01 (cationic liposomes containing dimethyldioctadecylammonium bromide (DDA) and Trehalose-6,6-
dibehenate (TDB)) with the lipidated TLR7/8 agonist 3M-052 (DDA/TDB/3M-052), which promoted robust Th1 immunity in newborn
mice. When testing this adjuvant in adult mice using the recombinant Chlamydia trachomatis (C.t.) vaccine antigen CTH522, it
similarly enhanced IgG2a/c responses compared to DDA/TDB, but surprisingly reduced the magnitude of the IFN-y+Th1 response
in a TLR7 agonist dose-dependent manner. Single-cell RNA-sequencing revealed that DDA/TDB/3M-052 liposomes initiated early
transcription of class-switch regulating genes directly in pre-germinal center B cells. Mixed bone marrow chimeras further
demonstrated that this adjuvant did not require Th1 cells for IgG2a/c switching, but rather facilitated TLR7-dependent T-bet
programming directly in B cells. This study underlines that adjuvant-directed IgG2a/c class-switching in vivo can occur in the
absence of T-cell help, via direct activation of TLR7 on B cells and positions DDA/TDB/3M-052 as a powerful adjuvant capable of
eliciting type I-like immunity in B cells without strong induction of Th1 responses.
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INTRODUCTION

Vaccines inducing strong cell-mediated immune responses are
desired for protecting against major diseases caused by intracel-
lular pathogens'. A cell-mediated immune response is character-
ized by strong expansion of T cells of the Th1 lineage and the
production of antibodies (Abs) class-switched to the IgG subclass
lgG2a/c. 1gG2a/c activates Fcy receptors distinct from those of
other IgG subclasses® and thus has distinct roles in protection
against both bacterial®* and viral diseases®”.

Th1 responses can be directly measured by assaying IFN-y
secretion from re-stimulated CD4 T cells. IFN-y stimulates 1gG2a/c
Ab responses and inhibits the production of IgG1 in mice®-'°, and
Th1-inducing conditions such as viral infections or Thi-
promoting adjuvants elicit high IgG2a/c responses''~'3. Thus,
whilst in humans there is no clear association of Th1 responses
with a particular antibody subclass, IgG2a/c levels or ratios of
lgG2a/c to IgG1 are often used to indicate Th1 responses in
mice'*'6,

The transcription factor T-bet (Tbx27) is a master regulator of
Th1 immunity'”. Conventionally associated with CD4 T cells, T-bet
can also be expressed by NK cells and CD8 T cells. A recent body
of literature also describes T-bet expression in a subset of B cells in
aged mice'®, in certain autoimmune diseases'®, and in viral
infections in mice and humans?°. In addition, certain immunos-
timulators such as TLR7 and TLR9 agonists have been described to
induce upregulation of T-bet expression in B cells in vitro>?' and
the induction of T-bet expression in B cells is required for class-
switching to 1gG2a/c>?2. Whilst IgG2a/c responses can be

promoted by Th1 cells, it is possible that also IFN-y produced by
other immune cells could facilitate class-switching to this subclass
or that the switching could occur completely independent of
IFN-y*.

Previously, we formulated the Th1-inducing adjuvant CAF®01;
cationic liposomes formed by dimethyldioctadecylammonium
(DDA lipids, stabilized with the Mincle receptor agonist trehalose
dibehenate (TDB)?*. Based on results indicating that the TLR7/8
agonist 3M-052 is also able to induce Th1 responses®2® we
formulated a combination adjuvant, hypothesizing that 3M-052
could act in synergy with DDA/TDB to increase Th1 responses
further and thus find use against diseases requiring strong cell-
mediated immunity for protection. This adjuvant (named
CAF®08b) effectively elicited Th1 responses in neonatal mice
and protected against respiratory syncytial virus (RSV)?”. In adult
mice, however, we found that DDA/TDB/3M-052, despite
increasing IgG2a/c titers, reduced the magnitude of the IFN-y-
producing Th1 cell response compared to DDA/TDB alone.
Mechanistically, DDA/TDB/3M-052 turned on a type | immune
transcriptional program directed by T-bet expression in both
murine and human B cells. In vivo studies in mice revealed that
T-bet expression occurred at the pre-germinal center (GC) stage
and led to 1gG2c class-switching without help from Th1 cells.
Thus, I9G2a/c class-switching can occur both in a Th1-dependent
and -independent manner and high levels of vaccine-induced
IgG2a/c antibodies are not necessarily indicative of a high-
magnitude Th1 response in vivo.
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Fig. 1 Liposomes containing a TLR7 agonist increase CTH522-induced 1gG2c antibody responses. Mice were vaccinated subcutaneously
with 2 pug of the recombinant protein antigen CTH522 either alone in the presence of the indicated cationic liposomal adjuvant. Mice were
immunized twice, 3 weeks apart, and sacrificed 3 weeks after the second immunization. a Serum antigen-specific total IgG, IgG1, and IgG2c
responses, displayed as a sum of absorbances (Abs sum). b IgG1 expression on antigen-specific B cells from draining lymph nodes was
measured by gating on activated class-switched B cells (B220+IgD-IgM-) binding CTH522 coupled to a fluorophore. Adjuvants tested were
cationic DDA liposomes containing either TDB (DDA/TDB), 3M-052 (DDA/3M-052), or both (DDA/TDB/3M-052). DDA/TDB/3M-052 was tested
with three different doses of 3M-052 (H, M, L -corresponding to a dose of 10, 2, or 0.4 ug, respectively). The experiment was performed once.
Each point represents individual mice (bars indicate mean + SEM). Statistically significant differences between groups are indicated by *, **,
and *** (one-way ANOVA with Tukey’s correction for multiple group comparison, using the DDA/TDB group as reference and significance

levels of p <0.05, p <0.01, and p < 0.001, respectively).

RESULTS

Incorporating 3M-052 into DDA/TDB liposomes directs the
antibody response toward the IgG2c subclass

We sought to develop a strong Th1-promoting vaccine by co-
adjuvanting the Th1/Th17-inducing adjuvant CAF®01 (DDA/TDB)
with the TLR7/8 agonist 3M-0522°26, 3M-052 was formulated in
DDA/TDB by the lipid film rehydration method, leading to highly
stable cationic liposomes with size, polydispersity index (PDI), and
zeta potential comparable to CAF01%’. This combination adjuvant,
CAF®08b (DDA/TDB/3M-052), was tested with a lead vaccine
antigen candidate, CTH52228, targeting Chlamydia trachomatis for
which Th1 responses are important for protection®. Initially, as an
indicator for Th1 responses, the ability to promote IgG2c class-
switching was tested and compared to that obtained when
formulating the antigen in DDA/TDB liposomes alone. There were
no significant differences in the total antigen-specific IgG
responses, as indicated by the sum of absorbances, between the
adjuvanted groups (Fig. 1a). DDA/TDB liposomes promoted a
balanced 1gG2c/IgG1 ratio (Fig. 1a). Additional incorporation of
3M-052 into the adjuvant (DDA/TDB/3M-052) skewed this ratio
towards IgG2c (Fig. 1a). Particularly the DDA/TDB/3M-052_H
formulation containing the highest amount of 3M-052 (10 pg/
dose), gave significantly lower IgG1 responses than DDA/TDB
(p <0.001), whilst IgG2c titers were higher (p < 0.01). Incorporation
of doses of 3M-052, 2 ug (DDA/TDB/3M-052_M), or 0.4 ug (DDA/
TDB/3M-052_L), resulted in similar IgG1 responses to DDA/TDB,
but higher 1gG2c responses (p < 0.05). Similarly, DDA liposomes
only containing 3M-052, but lacking the Mincle agonist TDB,
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elicited significantly lower IgG1 responses, but higher IgG2c
responses, than DDA/TDB (p < 0.05) (Fig. 1a). We examined if
incorporation of 3M-052 would direct class-switching away from
IgG1 by analyzing antigen-specific B cells in the draining lymph
nodes, using fluorophore-labeled CTH522 antigen and gating on
activated class-switched (IgD-IgM-) B cells binding the probe.
Similar numbers of antigen-specific B cells were found in the DDA/
TDB/3M-052 and DDA/TDB groups, but in the latter on average
50% of antigen-specific B cells were IgG1 positive, while in all
DDA/TDB/3M-052 groups, the 1gG1 frequencies were significantly
lower (p < 0.05) (Fig. 1b). Thus, incorporating the TLR7 agonist 3M-
052 into DDA/TDB liposomes skewed IgG subclass antibody
responses towards more IgG2c at the expense of IgG1, which is
suggestive of a Th1 response.

Incorporating 3M-052 into DDA/TDB liposomes abrogates Th1
responses

Since incorporating 3M-052 into DDA/TDB shifted the humoral
immune response towards IgG2c, we anticipated a robust Th1
response by the combination adjuvant. However, contrary to our
hypothesis, IFN-y levels in supernatants from splenocytes re-
stimulated with CTH522 were significantly lower in all groups
containing the 3M-052 adjuvant than in the DDA/TDB adjuvanted
group (p < 0.01) (Fig. 2a). Notably, the high dose of 3M-052 (DDA/
TDB/3M-052_H) completely abrogated the systemic IFN-y produ-
cing Th1 responses compared to DDA/TDB alone (Fig. 2a), despite
providing the highest 1gG2¢/IgG1 ratio (Fig. 1a). Th17 responses
were also completely abrogated when incorporating 3M-052 in
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Fig. 2 Adjuvanted CTH522-induced IgG2a/c responses do not correlate with Th1 responses. CB6F1 mice were vaccinated subcutaneously
with 2 ug of the recombinant protein antigen CTH522 either alone in the presence of the indicated cationic liposomal adjuvant. Adjuvants
tested were cationic DDA liposomes containing either TDB (DDA/TDB), 3M-052 (DDA/3M-052), or both (DDA/TDB/3M-052). DDA/TDB/3M-052
was tested with three different doses of 3M-052 (H, M, L -corresponding to a dose of 10, 2, or 0.4 ug, respectively). Mice were immunized twice,
3 weeks apart, and sacrificed 3 weeks after the second immunization. a T helper cell responses in the spleen were measured by re-stimulation
with antigen and measuring secreted IFN-y, IL-17, IL-5, and IL-13. b T-cell responses in draining lymph nodes were measured by intracellular
staining of the indicated cytokines by flow cytometry. The cells were gated as CD4+CD44+ ¢ T follicular helper (TFH) cell responses measured
by flow cytometry by gating on CD4+B220-PD-1+CxCR5+ cells. d Lack of correlation between IFN-y producing T cells (Th1) and IgG2c
responses. Spearman correlation is calculated with two-tailed test. Groups consisted of 4 (antigen alone) or 8 (antigen + adjuvants) mice. The
experiment was performed once. Each point represents individual mice (bars indicate mean + SEM). Statistically significant differences
between groups are indicated by *, **, and *** (one-way ANOVA with Tukey's correction for multiple group comparison, using the DDA/TDB
group as reference and significance levels of p <0.05, p <0.01, and p < 0.001, respectively).

DDA/TDB and Th2 responses, measured by IL-5 and IL-13
secretion, were significantly reduced (Fig. 2a). Similar reductions
in splenic CD4 Th1 and Th17 cell responses were measured by
intracellular cytokine staining (ICS) (Supplementary Fig. 1) and
local Th1 responses in the draining lymph nodes (LNs), measured
by ICS, were also significantly lower when DDA/TDB was
combined with the high dose of 3M-052 adjuvant (DDA/TDB/
3M-052_H; p<0.05) (Fig. 2b). Similarly, frequencies of IL-17A
producing T cells in draining LNs were lower in all groups
receiving formulations containing 3M-052 compared to those
obtained with DDA/TDB (p < 0.001). Since incorporating 3M-052
reduced Th responses of all major subsets, but provided similar or
higher IgG2c antibody responses, we investigated the induction of
T follicular helper cells (Tfh), using the DDA/TDB/3M-052_H
formulation. Interestingly, despite reducing Th1/17 responses
compared to DDA/TDB (Supplementary Fig. 2A), DDA/TDB/3M-
052_H significantly increased Tfh responses (p <0.001) (Fig. 2c)

Published in partnership with the Sealy Institute for Vaccine Sciences

and, in line with effective Tfh cell help, the IgG2c response
obtained by incorporating 3M-052 in DDA/TDB was long-lived and
significantly higher than in the DDA/TDB alone group at 3 months
post-immunization (p <0.05) (Supplementary Fig. 2B). Overall,
incorporation of the 3M-052 adjuvant in DDA/TDB liposomes
elicited a strong IgG2c-skewed antibody response but abrogated
Th1/2/17 responses in a 3M-052 dose-dependent manner. Thus,
the levels of IFN-y producing Th1 cells did not correlate with IgG2c
responses (Fig. 2d).

3M-052 induces early transcriptional changes in the draining
lymph nodes

To investigate in more detail how the incorporation of 3M-052
influenced the induction of immune responses, we performed
single-cell RNA-seq on cells from draining LNs in mice vaccinated
with CTH522 in DDA/TDB or DDA/TDB/3M-052_M. To allow for

npj Vaccines (2023) 189
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Fig.3 3M-052 adjuvantation of CTH522 induces early transcriptional changes in the draining lymph nodes. Mice were vaccinated s.c. with
CTH522 in DDA/TDB or DDA/TDB/3M-052_M twice (given 6 weeks apart) and LNs were investigated 2 days after the last immunization. A
naive control group was given tris-buffer. The cells from the LNs of three mice were pooled and single-cell RNA sequenced. a Schematic
overview of the experiment, b Number of cells in each data file, ¢ UMAP of integrated data file, d Frequency plot of the different cell
populations from the different treatments, e, f The three B-cell clusters (B cells 1, B cells 2, and B cells 3) were re-clustered, e UMAP of the B-cell
subsets, f Dotplot of a subset of the differentially expressed genes found when comparing cluster 1, 2, and 3 to cluster 0.

broad profiling of immune signatures early after recall, we
sampled LNs at 2 days after the last of two immunizations given
6 weeks apart (Fig. 3a). Low-quality cells were filtered out, and a
transcriptome dataset with 9771 cells was obtained (Fig. 3b). To
determine how the incorporation of 3M-052 in DDA/TDB
influenced draining lymph node immune signatures, we per-
formed unsupervised clustering and identified 16 clusters (Fig. 3¢):
three B-cell clusters (Cd19, Ighd, Ighm), two CD8+ T clusters
(Cd3g,Cd8a), two CD4+ T cells clusters (Cd3g,Cd4), effector Tregs
(Foxp3, Ikzf2, Ctla4, Kirg1, Gzmb, Icos), central Tregs (Foxp3, lkzf2,
Ctla4, Sell, Bcl2), y& T cells (Tcrg-C4, Tcrg-C2, Trdc) and three Cd45-
(Ptprc-) stromal cell populations. Separating the clusters into
treatment types revealed that draining LNs from mice vaccinated
with DDA/TDB/3M-052_M had a higher frequency of B cells
compared to in the DDA/TDB group and naive mice (32% versus
12% and 9%, respectively) (Fig. 3d). In contrast, the frequencies of
the T-cell populations were similar between the three groups.
Subclustering of the B-cell populations revealed 6 distinct
clusters. B cells in naive mice and the DDA/TDB group were mainly
found in cluster 0, whilst those in the DDA/TDB/3M-052_M group
were found in three distinct clusters (1, 2, and 3) (Fig. 3e).
Compared to cluster 0, cluster 1 was enriched for transcripts
associated with early plasmablast formation (Ly6c2 and Zbp1)*°.
Notably, this cluster also contained several types of | IFN
regulating genes, including Ifit1, Ifit3, Usp18, and Isg15, which
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are all activated downstream of TLR7>' (Fig. 3f). Compared to top
cluster 0, cluster 2 had reduced expression of genes associated
with follicular B cells (e.g., Cd55 KIf2, Ighm) and also had
upregulated Ly6c2, whilst cluster 3 had strong upregulation of a
number of genes associated with class-switching and GC
responses (Apex1, Myc, Nme2, Ncl, Npm1, Ddx21). (Fig. 3f). Overall,
these data demonstrated that incorporation of 3M-052 in DDA/
TDB liposomes led to strong B-cell activation and expansion in the
draining LNs. Furthermore, the upregulation of genes downstream
of TLR7 in draining LN B cells suggested that 3M-052 delivered in
DDA/TDB liposomes directly targets B cells in the draining LNs.

Liposomes containing 3M-052 induce T-bet upregulation on
pre-germinal center B cells

TLR7 agonists can induce T-bet expression in B cells®. Inspired by
the scRNA-seq data, which revealed early transcripts associated
with GC responses and class-switching in LNs of mice immunized
with DDA/TDB/3M-052_M, we next examined early T-bet expres-
sion 72 h after immunization. At this time point, we noticed a
population of LN B cells displaying B220+CD38+GL7+, previously
referred to as pre-GC B cells*233, in mice immunized with CTH522
formulated in DDA/TDB/3M-052_m, whilst this population was
found in lower frequencies in the DDA/TDB group (p<0.01).
Furthermore, within the DDA/TDB/3M-052_M these had high

Published in partnership with the Sealy Institute for Vaccine Sciences
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Fig. 4 Cationic liposomes containing a TLR7 agonist induce Tbhet expression in pre-germinal center B cells. Mice were injected
subcutaneously with 2 ug of the recombinant protein antigen CTH522 either alone or in the presence of the indicated cationic liposomal
adjuvant and draining lymph nodes collected 3 days later. a Representative staining of CD38+GL7+ pre-germinal center B cells (pre-GC) (pre-
gated on B220+ cells) and their T-bet expression (left panels). Data are depicted as mean + SEM (right panels) and are representative of three
independent experiments. b Differential gene expression of selected genes in isolated B cells from lymph nodes. Green bars display genes
upregulated in the DDA/TDB/3M-052 group compared to the DDA/TDB alone group (pooled samples), while blue bars indicate
downregulated genes. Isolated B cells were pooled from three mice per group and the experiment was performed once. ¢ CxCR3 expression
on pre-GC B cells. Left panels display representative staining and are pre-gated on B220+CD38+4GL7+ cells. The right panel demonstrates
mean + SEM (n = 3 mice per adjuvanted group) and the experiment was performed once. Statistically significant differences between groups

are indicated by ** and *** (two-tailed unpaired t-test, with significance levels of p <0.01 and p < 0.001, respectively.

T-bet expression with on average 20 % being T-bet positive
(significantly higher than the in the DDA/TDB group, p <0.001)
(Fig. 4a). gPCR on isolated B cells at 72 h post-immunization
identified the gene encoding for T-bet (Tbx27) as being
upregulated in mice having received DDA/TDB/3M-052_M com-
pared to DDA/TDB. Other upregulated genes included those
encoding for TLR7, Mx1, and IRF7, all involved in TLR7 signaling or
TLR7-promoted antiviral immunity, while genes encoding for IFN-y
and IFN-yR1 were downregulated in the group having received
DDA/TDB/3M-052_M compared to DDA/TDB (Fig. 4b). In line with
previous studies describing that CxCR3 is upregulated in T-bet+ B
cells®**3>, gPCR and surface staining for CxCR3 also revealed high
expression of this receptor in pre-GC B cells from DDA/TDB/3M-
052 immunized mice (Fig. 4b, ). Thus, 3M-052 stimulated early
B-cell activation and expression of T-bet prior to GC formation.

In vitro stimulation of B cells with DDA/TDB/3M-052

liposomes induces T-bet upregulation and secretion of IgG2c
To investigate whether DDA/TDB/3M-052 liposomes could directly
stimulate B cells to upregulate T-bet and undergo class-switching
to IgG2c, we examined in vitro stimulation of isolated B cells.
Indeed in vitro stimulation of isolated naive B cells with DDA/TDB/
3M-052_M induced T-bet expression and secretion of IgG2c
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(Fig. 5a, b). In contrast, DDA/TDB did not induce T-bet expression
nor IgG2c secretion from direct activation of murine B cells. The
DDA/TDB/3M-052 liposomes also induced significantly higher
T-bet expression in human naive B cells isolated from peripheral
blood compared to DDA/TDB after 24 h of stimulation (Fig. 5¢). We
did not evaluate antibody secretion in the human cultures, as,
there is no clear association of Th1 responses with a particular
antibody subclass in humans. However, human B cells produced
significantly increased levels of a range of cytokines, including IL-6
and TNF-a following 72h stimulation with DDA/TDB/3M-052
compared to DDA/TDB (Fig. 5d). Thus, these findings indicated
that DDA/TDB/3M-052 directly activated both murine and human
B cells.

B-cell-intrinsic TLR7 expression is required for 3M-052-
liposome-induced IgG2c class-switching

As DDA/TDB liposomes containing 3M-052 directly stimulated
murine B cells to class-switch to IgG2c upon in vitro stimulation,
we investigated if T-cell-help or B-cell intrinsic factors were the
most important determinant for IgG2c class-switching in response
to DDA/TDB/3M-052 in vivo. To generate mice in which only B
cells lacked TLR7 expression, RAG2-/- mice received bone marrow
which was either wt, TLR7-/- or a mixture of TLR7-/- and uMT (from
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Fig. 5 Cationic liposomes containing a TLR7 agonist promote Tbet expression and IgG2c secretion in vitro. a Wild type or T-bet-/- splenic
isolated B cells were stimulated in vitro with anti-lgM in combination with cationic (DDA) liposomes containing TDB or TDB+3M-052 and
evaluated for T-bet expression 24 h later. b IgG2c was measured in supernatants after 5 days of B-cell culture with either DDA/TDB or DDA/
TDB/3M-052. ¢ Naive human B cells (CD20+CD27-) were isolated and stimulated in vitro for 24 h before staining for T-bet. d IFN-y, IL-10, IL-6,
CCL3, and TNF-a were measured in supernatants from the in vitro cultures. Data are depicted as mean + SEM of three independent
experiments. Statistically significant differences between the DDA/TDB and DDA/TDB/3M-052 groups are indicated by *, **, and *** (two-tailed
unpaired t-test, with significance levels of p <0.05, p < 0.01, and p < 0.001, respectively).

B-cell-deficient mice). RAG2-/- mice that received TLR7-/- bone
marrow thus lacked TLR7 on both T and B cells. Those mice that
received mixed TLR7-/-;uMT, lacked TLR7 exclusively on B cells (as
all B cells in these mice were from the TLR7-/- mice), whilst TLR7
expression on T cells was intact. In all chimeras, dendritic cells (DC)
had intact TLR7, as dendritic cells are intact in both RAG1-/- mice
and pMT mice (Fig. 6a). Thus, conventional DC-Th1 driven class-
switching to IgG2c3® should thus be indifferent in all the chimeras.
When immunized with CTH522 in DDA/TDB/3M-052_M, all
chimeras indeed induced comparable Th1 responses, as measured
by their ability to produce IFN-y after antigen re-stimulation
(Fig. 6b). All groups also mounted an IgG1 response, while mice
that received wt bone marrow displayed higher IgG2c responses
compared to those receiving TLR7-/- or TLR7-/-;uMT bone marrow
at 1 week after the second immunization (Fig. 6¢). There was also a
tendency towards higher 1gG2c responses in mice that had
received wt bone marrow compared to TLR7-/- or TLR7-/uMT
bone marrow at 3 weeks post the second immunization, although
not statistically significant (p=0.054 and 0.073, respectively).
Thus, a Th1 response was insufficient to elicit optimal class-
switching to 1gG2c in response to DDA/TDB/3M-052_M, whereas
TLR7 was required on B cells to drive preferential lgG2c switching
in vivo.

Th1 cells are not required to induce IgG2c class-switching in
response to DDA/TDB/3M-052 in vivo

The prevailing view is that Th1 cells are the main driver of 1IgG2c
switching. As IgG2c switching in response to DDA/TDB/3M-052_M
required direct activation of TLR7 in B cells and since 1gG2c
switching in vitro could take place in the absence of T cells, we
hypothesized that DDA/TDB/3M-052_M-induced IgG2c class-
switching could occur in the complete absence of Th1 cell help

npj Vaccines (2023) 189

in vivo. To investigate this, we generated mixed bone marrow
chimeras exclusively lacking Th1 cells (ATh1), but retaining the
capacity to provide T-cell help, by transferring a mixture of TCRB-/-
and T-bet-/- cells into RAG2-/- mice, and evaluated IgG2c
switching in response to antigen given in DDA/TDB or DDA/
TDB/3M-052_M. We also made chimeras lacking T-bet in both B
and T cells (T-bet-/-) (Fig. 7a). Mice were immunized with two
doses of CTH522 antigen in combination with either DDA/TDB or
DDA/TDB/3M-052_M adjuvant. All mice were successfully
engrafted with B and T cells (Supplementary Fig. 3A, B) and, as
expected, the ATh1 mice lacked IFN-y-producing T cells, while
their Th17 response was intact in response to DDA/TDB
adjuvanted vaccine, as measured by ICS on splenocytes
(Fig. 7b). The corresponding DDA/TDB/3M-052_M immunized
group lacked both Th1 and Th17 cells (Fig. 7b), in line with the
poor ability of DDA/TDB/3M-052_M to stimulate a Th17 response
(Fig. 2). In the DDA/TDB groups, the ATh1 mice had a higher I1gG1
response than the corresponding wt group, whilst IgG2c levels
were highest in wt mice (Fig. 7c). In mice immunized with DDA/
TDB/3M-052_M, both wt and ATh1 mice displayed IgG2c
responses, while mice lacking T-bet in both B and T cells mounted
no IgG2c response (Fig. 7c). When immunizing with a third vaccine
dose, IgG2c responses were also seen in the DDA/TDB vaccinated
ATh1-group and only the T-bet-/- group (immunized with DDA/
TDB/3M-052_M) completely lacked IgG2c responses (Supplemen-
tary Fig. 3C, D). Overall, these data demonstrated that class-
switching to IgG2c could occur in the complete absence of
Th1 cells, but not when T-bet was lacking on both B and T cells.

DISCUSSION

In this study, we demonstrate that a liposomal adjuvant
incorporating a TLR7 adjuvant can induce high-magnitude IgG2c
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Fig. 6 B-cell TLR7 expression is required for IgG2c switching in response to liposomes containing a TLR7 agonist. Bone marrow chimeras
lacking B-cell-intrinsic TLR7 expression were generated by cell transfer to RAG1-/- mice. The mice were immunized with the CTH522 antigen
formulated in cationic DDA liposomes containing TDB and 3M-052, using a 3M-052 dose of 2 ug (DDA/TDB/3M-052_M). The vaccine was given
in two doses 3 weeks apart. a Overview of the different chimeras. b Number of T cells in the spleen (left panel) and Th1 responses, measured
as IFN-y measured in supernatants after re-stimulation with vaccine antigen (right panel). ¢ Antigen-specific IgG1 and IgG2c responses
measured in serum 1 week after the second immunization. d Antigen-specific IgG1 and IgG2c responses were measured at the end of the
study (3 weeks after the second immunization). Groups consisted of 3-4 mice. The experiment was performed once. Data are depicted as
mean + SEM. Statistically significant differences between groups are indicated by * (One-way ANOVA with Tukey’s correction for multiple
group comparison, using the RAG1-/- (wt) group as reference and significance levels of *p < 0.05).

antibody responses via direct activation of B cells and that these TLR7/8 agonist 3M-052, as both of these immunostimulators
responses do not require efficient Th1 priming in vivo. Strategies promote Th1 immunity*>*3, We found that this adjuvant
to promote Th1 responses by vaccination are desired to protect combination (CAF®08) effectively stimulated Th1 responses and
against intracellular pathogens, such as Mycobacterium tubercu- IgG2c switching in newborn mice?’. However, although DDA/TDB/
losis and Chlamydia trachomatis'. As switching to the lgG2a/c 3M-052 also induced high levels of IgG2c in adult mice, the Th1-
subclass in mice can be stimulated by a Thi-directed immune derived IFN-y responses were much lower than those observed
response®°37, direct measurements of Th1-derived IFN-y are often when giving DDA/TDB liposomes alone, likely illustrating age-
corroborated by, or equated to, measuring IgG2a/c levels or specific responses to combined TLR7 and Mincle stimulation®*,
IgG2a/c to IgG1 ratios as a surrogate for Th1 immunity'5383°, The One possibility for this difference between adult and neonatal
transcription factor T-bet was initially characterized in T cells for its mice could be that the strong Type | IFN response observed early
role in direct Th1 differentiation*® and reduced switching to after immunization in the adult mice was detrimental to the T-cell
IgG2a/c in T-bet deficient mice was associated with insufficient responses, whereas the type | IFN responses may be impaired in
Th1 help*'. Later studies demonstrated that T-bet can also be neonatal mice*. It should be noted that although 3M-052 is an
stimulated in B cells and B-cell-specific T-bet ablation led to agonist for both TLR7 and TLR8, mice do not express a functional
impaired IgG2a/c responses®>*?, While Th1-derived IFN-y may be ~ TLR8 and thus the effects of this pathway could not be

the predominant path to T-bet expression and IgG2a/c switching, determined in the murine model.

this can also be stimulated in the absence of IFN-y signaling®. The 3M-052 immunostimulator is a promising adjuvant capable

Thus, although T-bet is required for IgG2a/c class-switching, the of boosting Th1 responses when formulated in o/w emulsion?,

exact mechanisms guiding this response are not completely liposomes?®, or as a nanosuspension adsorbed to alhydrogel®. In

resolved. these studies, the incorporation of 3M-052 in the different carriers
In search for Thl-inducing adjuvants, we combined a TDB- increased both 1gG2a/c responses and the levels of IFN-y

based cationic liposomal adjuvant (DDA/TDB; CAF®01) with the producing T cells. When incorporated in DDA/TDB liposomes,
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Fig.7 Th1 cells are redundant for IgG2c responses to TLR7-containing adjuvants. Bone marrow chimeras lacking Th1 cells, or lacking T-bet
in both T and B cells, were generated by cell transfer to RAG1-/- mice. The mice were immunized with the CTH522 antigen formulated in
cationic DDA liposomes containing either TDB (DDA/TDB) or TDB and 3M-052 (DDA/TDB/3M-052), using the low dose of 3M-052 (2 pg). The
mice received three doses each 3 weeks apart. a Overview of the different chimeras. b Th1 and Th17 responses measured by intracellular
cytokine staining on splenocytes after immunization with DDA/TDB (left panel) or DDA/TDB/3M-052 _M (right panel) after gating on
CD4+CD44+ cells. ¢ Antigen-specific IgG1 and IgG2c responses measured in serum 1 week after the second immunization with DDA/TDB (left
panel) or DDA/TDB/3M-052_M (right panel). Groups consisted of 3-4 mice. The experiment was performed once. Data are depicted as

mean + SEM.

3M-052 reduced Th1 responses at 3M-052 doses suggested as
optimal®®. However, although DDA/TDB/3M-052 was not effective
at Th1 induction, this adjuvant is promising with respect to the
strong B-cell activation and the potential of strongly activating B
cells without induction of Th1/2/17 responses may be desirable for
particular disease targets, such as HIV**8, DDA/TDB/3M-052 also
induced Tbet-directed elicitation of IgG2c responses, which can
activate Ab-dependent cellular cytotoxicity (ADCC) and comple-
ment*® and control virus infections more effectively than other
IgG isotypes®”. T-bet+ B cells may also mediate antiviral
immunity by other effector mechanisms such as by changing
the anatomical localization of B cells and their expression of
glycosylation enzymes®. In humans, the role of Thet in B cells is
still unclear and not associated with lack of a particular antibody
subclass, although inherited T-bet deficiency was associated with
skewed class-switching, including reduced 1gG2 levels, and lack of
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a distinct CD11chi, FCRL5hi, CD21lo B-cell subset>® Notably, The
DDA/TDB/3M-052 liposomes induced high frequencies of T-bet+
B cells at the pre-GC B-cell stage in mice, as described in other
settings*2. T-bet4 memory B cells were described as self-renewing
and generated multi-lineage effector cells®' and IgG2a/c and
IgG1 secreting cells were transcriptionally distinct®?, had differ-
ential tissue residency and recirculation properties’ and required
different survival signals when differentiated to memory B cells*?.
Thus, the temporal T-bet expression induced by DDA/TDB/3M-052
may tune epigenetic programming and long-term B-cell
responses.

Since DDA/TDB/3M-052-induced IgG2c levels did not correlate
with Th1 responses, we investigated the mechanism behind B-cell
activation and IgG2c switching. scRNA-seq analysis revealed that
incorporation of 3M-052 in DDA/TDB led to early upregulation of
interferon stimulating genes in draining LN B cells, consistent with
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a recent study showing that alum-3M-052 led to an elevated
antiviral type | IFN response in ILCs and NK cells>3. Transcriptional
analysis also demonstrated stimulation of class-switch regulating
genes in a cluster of B cells in the DDA/TDB/3M-052 group.
Further, DDA/TDB/3M-052 liposomes directly stimulated
B220+CD38+GL7+ pre-GC B cells via TLR7 to initiate T-bet
expression, thereby circumventing the need for Th1 cell-derived
IFN-y. Thus, although complete T-bet deficiency abrogated IgG2c
switching, the lack of T-bet selectively in T cells did not. These
observations are consistent with a recent study showing that
IgG2c produced in response to influenza infection does not
require T-bet expression in T cells®, confirming that there are
other mechanisms of IgG2c switching than Th1 induction.
Concurrently, we confirm that isolated B cells can be directly
stimulated with TLR7 agonists in vitro to produce IgG2c in a
T-independent manner (Fig. 5) in line with other in vitro
studies®>>. In vivo, IgG2c switching in response to T-dependent
antigens can be promoted by Th1-derived IFN-y, but possibly also
by IFN-y from B cells®®. However, examples where IFN-y was not
required for IgG2a responses have also been described, e.g., for.
virus-like particles expressing TLR9 ligands that induced normal
IgG2a levels in IFN-y-deficient mice?®. Overall, several pathways
may facilitate IgG2a/c switching, with the main requirement being
the ability to promote T-bet-directed programming in B cells®’.

In summary, cationic liposomes containing the lipidated TLR7
agonist 3M-052 directly stimulated B-cell activation leading to
early class-switching and robust IgG2c Ab responses. This process
required T-bet expression, but not Th1 cells. Together with the
lack of correlation between Th1 responses and IgG2c switching,
this implies that the nature of the adjuvant dictates whether
lgG2c/a responses are informative on Th1 responses and that
IgG2c responses cannot be used as a reliable general indicator of
Th1 immunity. The studies thus highlight DDA/TDB/3M-052
liposomes as a unique adjuvant system for directly activating
type | immunity in B cells with little induction of Th1/2/17
responses, which could prove useful in settings where strong
effector T-cell responses are undesired, such as in vaccines against
HIV infection.

METHODS

Mice

CB6F1 mice were ordered from Harlan Laboratories (The Nether-
lands). C57BL/6J, B6.129S1-TIr7tm1Flv/) (TLR7-/-), B6.129S2-
Ighmtm1Cgn  (UMT),  B6.129S6-Tbx21tm1GIm/)  (T-bet-/-),

Terbtm1Mom/J (TCRB-/-) and B6(Cg)-Rag2tm1.1Cgn/J (RAG2-/-)
mice were ordered from Jackson laboratories (USA). 6-14 week
old female mice were used in all experiments. Bone marrow
chimeras were generated by transferring bone marrow from the
indicated strains (50/50) into RAG2-/- mice intravenously and
allowing the mice to rest for 2 months prior to immunization. All
mice were housed in the animal facilities at Statens Serum Institut,
Denmark. Mouse studies were conducted in accordance with the
regulations set forth by the National Animal Protection Committee
and in accordance with European Community Directive 86/609.
The experiments performed have been approved by the govern-
mental Animal Experiments Inspectorate under licenses 2014-15-
2934-01065 and 2017-15-0201-01363. Mice were euthanized by
CO2 (80%)/02 (20%), after anaesthetization with Zoletil-mix
(Zolazepam, Tiletamin, Xylazin, and Butorphanol). Humane experi-
mental endpoints included weight loss >20% and signs of distress,
including hunched posture, lethargy, unthrifty or stained hair coat,
dehydration, dyspnea, hypothermia, and neurological signs.

Blood donors

Peripheral blood from human study participants was collected
after written informed consent, according to Boston Children’s
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Hospital Institutional Review Board-approved protocol (protocol
number 307-05-0223). The mean age of the participants was 29.4
years. All blood samples were de-identified prior to transfer to the
lab. Blood samples were anti-coagulated with 15 U/ml pyrogen-
free heparin sodium (American Pharmaceutical Partners) and
processed within 4h (typically ~1-2h). The number of study

participants used for each experimental approach is described in
the text.

Antigens and adjuvants

C. trachomatis antigen CTH522 (MOMPextVD4) was recombinantly
produced as previously described®®. Cationic liposomes contain-
ing dimethyldioctadecylammonium (DDA) bromide + trehalose
6,6'-dibehenate (TDB) (DDA/TDB liposomes—CAF01) and DDA/TDB/
3M-052 were produced in house (Statens Serum Institut,
Copenhagen, Denmark) as described?*?7,

Immunizations

Mice were immunized subcutaneously (s.c.) at the base of the tail
with 2 ug recombinant CTH522 antigen (SSI) in a volume of 200 pl
TRIS/trehalose buffer (isotonic, pH 7.4) per immunization. Adjuvant
doses were as follows: TDB liposomes (dose 250 pg/50 ug (DDA/
TDB)) and TDB + 3M-052 liposomes (dose of 250 ug/50 ug (DDA/
TDB)) with incorporation of 3M-052 in doses of 0.4 ug (DDA/TDB/
3M-052 _L), 2 pug (DDA/TDB/3M-052 _M), or 10 ug (DDA/TDB/3M-
052_H). Control mice (antigen alone) received antigen in 200 pl
TRIS-buffer.

Organ preparation

LNs and spleens were filtered through a 70 um nylon mesh (BD
Biosciences). The cells were washed and prepared as previously
described®® and re-suspended in cell culture medium (RPMI-
1640 supplemented with 5x10-°M 2-mercaptoethnaol, 1%
pyruvate, 1% HEPES, 1% (v/v) premixed penicillin-streptomycin
solution (Invitrogen Life Technologies), T mM glutamine, and 10%
(v/v) fetal calve serum (FCS). The cells were adjusted to 2 x 10°
cells/well (MSD/ cytokine ELISA) or 1-2x10° cells/well (Flow
cytometry). Single-cell suspensions were created by homogeniz-
ing organs through a 100 um nylon filter (Falcon). Cell suspensions
were centrifuged (700 X g, 5 min) and washed twice in RPMI-1640.
Cell pellets were re-suspended in RPMI-1640 (Gibco Invitrogen)
supplemented with 5x 107> M 2-mercaptoethanol, 1 mM gluta-
mine, 1% pyruvate, 1% penicillin-streptomycin, 1% HEPES, and
10% FCS (Gibco Invitrogen).

Murine in vitro naive B-cell stimulation

B cells were isolated using the Easysep™ pan-B-cell isolation kit
(Stemcell Technologies). 4-10° B cells/100 ul were incubated in
cRPMI with 10% FCS and stimulated with DDA/TDB (final
concentration of 50 ug/ml DDA and 10 ug/ml TDB) or DDA/TDB/
3M-052 (final concentration of 50 ug/ml DDA, 10 ug/ml TDB and
2 pug/ml 3M-052 in the presence of 12 pl/ml Affinipure F(ab’)2
Fragment Goat anti-Mouse IgM, p Chain Specific (Jackson
Immunoresearch). The cells were stimulated for 24 h for analysis
of T-bet by flow cytometry (T-bet PE (4B10), Invitrogen) or 5 days
for analysis of IgG2c secretion in the supernatant by ELISA.

Human in vitro naive B-cell stimulation

Peripheral blood mononuclear cells (PBMCs) were isolated from
heparinized whole blood by Ficoll density gradient centrifugation.
Naive B cells were isolated by negative selection. Non-naive B cells
(CD27+B cells, T cells, NK cells, monocytes, dendritic cells,
granulocytes, platelets, and erythroid cells) were labeled with a
cocktail of biotinylated CD2, CD14, CD16, CD27, CD36, CD43, and
CD235a Abs and magnetically labeled with Anti-Biotin MicroBeads
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for depletion (Naive B Cell Isolation Kit I, human, Miltenyi Biotec,
Auburn, CA). To improve purity, the isolated naive B-cell fraction
was subsequently labeled with CD19 microbeads (Miltenyi Biotec)
for positive selection, resulting in highly pure naive B-cell
populations. Isolated B-cell populations were plated in round-
bottom 96-well plates (Corning, Tewksbury, MA, USA) in 100 pL of
RPMI-1640 media (Invitrogen; Carlsbad, CA, USA) supplemented
with 10% FBS (HyClone, VWR), and stimulated with formulations
prepared in an additional 100 uL of media to achieve 1:100 final
formulation dilution, and cells were incubated at 37°C in a 5%
CO2 incubator. After 24 h, supernatants were assayed for secreted
cytokines by multiplexing bead array, using a customized kit
HCYTOMAG-60K (EMD Millipore, Billerica, MA, USA) on a FLexmap
3D instrument (Luminex Corp.; Austin, TX, USA). Cells were
analyzed for T-bet expression on an LSRFortessa (Becton), using
anti-T-bet (v450, clone 04-46, BD).

T-cell cytokine profiling

Cytokine responses were measured in supernatants from spleno-
cyte cultures stimulated in vitro with CTH522 antigen (2 pg/ml) in
cell culture medium for 72 h at 37°C and 5% CO2°%. The Mouse
V-plex (custom cytokine: IFN-y, IL17, IL-5, IL-13) assay was
performed according to the manufacturer’s instructions (Meso
Scale Discovery). 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

ELISA for antibody responses

Maxisorb Plates (Nunc) were coated with 0.05 ug/well CTH522 or
polyclonal goat anti-mouse IgG (Southern-Biotech), diluted 1:1000,
overnight at 4°C. Individual mouse sera were analyzed in
duplicate. After blocking, serum was added in PBS with 2% BSA,
starting with a 30-fold dilution for antigen-specific IgG or IgG
subclasses. For analysis of total 1gG2c secreted by in vitro
stimulated murine B cells, the supernatant was added in 10-fold
dilutions, starting from undiluted sample. HRP-conjugated sec-
ondary antibodies, goat anti-mouse IgG (Zymed), IgG2c (Invitro-
gen), or IgG1 (Southern Biotech), were diluted in PBS with 1% BSA.
After 1 h of incubation, antigen-specific Abs were detected using
TMB substrate as described by the manufacturer (Kem-En-Tec
Diagnostics). ELISA data were plotted as the sum of absorbances
as described previously®®, as a simple method to visualize
antibody responses.

Flow cytometry

One million cells were stained in PBS + 1% FBS. For ICS, cells were
stimulated for 1 h in the presence of CTH522 antigen and 1 pg/ml
of costimulatory antibodies CD28 (BD Pharmingen, clone: 37.51)
and CD49d (BD Pharmingen, clone: 9C10 (MFR4.B)). Brefeldin A
was added at a concentration of 200 pg/ml to each sample and
was subsequently incubated at 37 °C for 5 h and kept at 4 °C until
staining. Cell suspensions were Fc-blocked with anti-CD16/CD32
antibody (BD Pharmingen, clone 2.4G2, 1:100 dil.) for 10 min. at
4 °C. Cocktails of antibodies against the following surface proteins
were used: IgG1 PE (A85-1, 1:1000, BD 550083), B220 PerCP-Cy5.5
(RA3-6B2, 1:500, BD 561101), B220 APC (RA3-6B2, 1:500, BD
553092), B220 FITC (RA3-6B2, 1:500, BD 553087), IgD BV786 (11-
26 c.2a, 1:300, BD 563618), GL7 eFluor450 (GL7, 1:300, eBioscience
48-5902-82), CD4 BV786 (GK 1.5. 1:600, BD 563331), IL-2 APC-Cy7
(JES6-5H4, 1:100, BD 560547), IFN-y PE (XMG1.2, 1:200, BD 554412),
TNF-APC (MP6-XT22, 1:200, BD 554420), IgM AF647 (polyclonal,
F(ab)2), 1:300, Southern Biotech 1022-31), CD4 BV510 (RM4-5),
CD3 BV650 (17A2), CD44 AF700 (IM7), CD38 PE-Cy7 (90), GL7 FITC
(GL7), CD4 BV785 (GK1.5, 1:400, Biologend 100559), CD8 BV421
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(53-6.7, 1:200, Biolegend 100738), IL-2 APC (JES6-5H4, 1:200,
eBioscience 17-7021-82), IFN-y PE-Cy7 (XMG1.2, 1:200, eBioscience
25-7311-82), TNF-a PE (MP6-XT22, 1:200, eBioscience 12-7321-82),
IL-17 PerCP-Cy5.5 (eBio17B7, 1:200, eBioscience 45-7177-82),
CxCR3 PerCP-Cy5.5. (CXCR3-173, 1:200, eBioscience 45-1831-82)
(eBioscience), CD44 FITC (IM7, 1:600, eBioscience 11-0441-85),
T-bet PE (4B10, 1:200, eBioscience 12-5825-82). A live/dead marker
was used to exclude dead cells in the antigen-specific B-cell panel
and genital tract ICS panel (Fixable Viability Dye eFluor™ 780 or
eFluor506, eBioscience). Antigen-specific B cells were measured by
including CTH522 coupled to AF488 as a probe (conjugated by
Life technologies at a coupling ratio of 3 moles dye/mole). Cells
were analyzed on a BD Fortessa or FACSCanto (BD Biosciences)
flow cytometer.

qPCR

B cells from the draining lymph nodes were magnetically isolated
by negative selection (STEMCELL). The purity of the isolated B cells
was =95 % as determined by flow cytometry. RNA purification
from murine B cells for gPCR was carried out with RNeasy Mini Kit
(Qiagen) and subsequently further purified and concentrated with
RNeasy MinElute R Cleanup Kit (Qiagen). The quantity and purity
of the isolated RNA were measured with NanoDrop 2000
Spectrophotometer (Thermo Scientific). ¢cDNA synthesis was
carried out with the RT2 First Strand kit. gPCR was performed
with the RT2 Profiler PCR Array using the specific Mouse Innate
and Adaptive Immune Responses array (Qiagen) and a Light-
Cycler® 96 (Roche). Relative gene expression was normalized to
five housekeeping reference genes and differential gene expres-
sion was calculated as log2 fold-change in gene expression.

Single-cell RNA sequencing

For each vaccine group, cells from the LN of three mice were
pooled and run on the 10x Chromium (10x Genomics) following a
library preparation with Chromium Next GEM Single-cell 3’
Reagent Kit v.3.1 (10x Genomics). Libraries were sequenced on
the NovaSeq 6000 with the NovaSeq 6000 SP reagent kit v1.5
(llumina). BCL files were converted to FASTQ files with bcl2fastq
(Nlumina) and data were then processed through Cellranger (10x
Genomics, v6.1.2) and aligned to the mm10 genome. The raw
transcript count matrix generated from alignment was loaded into
R (v4.3.0) using the Seurat (v.4.3.0) package®'%2. A Seurat object
was created (min.cells = 3, min.features = 200). Data were filtered
(nFeature_RNA >300 & nFeature_RNA <3000 & percentmt<5),
normalized (NormalizeData function from Seurat), and variable
features were identified (FindVariableFeatures, selection.-
method = vst). Doublets were filtered out using DoubletFinder
(v2.0.3)%3. The three samples were integrated (FindintegrationAn-
chors, IntegrateData from Seurat), scaled (ScaleData), and
dimension-reduced by PCA (RunPCA). The first 13 PCs were used
to construct an SNN network and a graph-based clustering
approach. Louvain algorithm was applied to identify cell clusters
with the resolution set to 0.7. UMAP was constructed (RunUMAP),
and differentially expressed markers for each cluster were found
(FindAlIMarkers, min.pct=0.25, logfc.threshold=0.25, test.use =
wilcox). The three B-cell clusters were subset and re-clustered
(normalized, variable features were identified, integrated, scaled
and PCA transformed). The first 13 PCs were used to construct the
UMAP (resolution = 0.5).

Statistical analysis

Differences between adjuvanted groups were analyzed by One-
way ANOVA, with Dunnett’s multiple comparisons test (using the
DDA/TDB group as reference). Comparisons of the two groups
employed a two-tailed unpaired t-test. Prism 7 software
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(GraphPad v7.04) was used for all statistical analyses. For scRNA-
seq the Seurat (v.4.3.0) package was used.

DATA AVAILABILITY

All data supporting the findings of this study are available within the paper and its
Supplementary Information. Raw data files are available on request. scRNA-seq data
were deposited into the Gene Expression Omnibus database under accession
number GSE245073.

Received: 16 June 2023; Accepted: 22 November 2023;
Published online: 22 December 2023

REFERENCES

1.

20.

21.

Delany, I, Rappuoli, R. & De Gregorio, E. Vaccines for the 21st century. EMBO Mol.
Med. 6, 708-720 (2014).

. Nimmerjahn, F. & Ravetch, J. V. Divergent immunoglobulin G subclass activity

through selective Fc receptor binding. Science 310, 1510-1512 (2005).

. Weber, S. S., Ducry, J. & Oxenius, A. Dissecting the contribution of IgG subclasses

in restricting airway infection with Legionella pneumophila. J. Immunol. 193,
4053-4059 (2014).

. Uppington, H. et al. Effect of immune serum and role of individual Fcgamma

receptors on the intracellular distribution and survival of Salmonella enterica
serovar Typhimurium in murine macrophages. Immunol. 119, 147-158 (2006).

. Rubtsova, K, Rubtsov, A. V., van Dyk, L. F., Kappler, J. W. & Marrack, P. T-box

transcription factor T-bet, a key player in a unique type of B-cell activation
essential for effective viral clearance. Proc. Natl Acad. Sci. USA 110, E3216-E3224
(2013).

. Markine-Goriaynoff, D. & Coutelier, J. P. Increased efficacy of the immunoglobulin

G2a subclass in antibody-mediated protection against lactate dehydrogenase-
elevating virus-induced polioencephalomyelitis revealed with switch mutants. J.
Virol. 76, 432-435 (2002).

. Johnson, J. L. et al. The transcription factor T-bet resolves memory B cell subsets

with distinct tissue distributions and antibody specificities in mice and humans.
Immunity 52, 842-855 e846 (2020).

. Snapper, C. M. & Paul, W. E. Interferon-gamma and B cell stimulatory factor-1

reciprocally regulate Ig isotype production. Science 236, 944-947 (1987).

. Finkelman, F. D. et al. Lymphokine control of in vivo immunoglobulin isotype

selection. Annu. Rev. Immunol. 8, 303-333 (1990).

. Germann, T. et al. Interleukin-12 profoundly up-regulates the synthesis of

antigen-specific complement-fixing 19gG2a, IgG2b and IgG3 antibody subclasses
in vivo. Eur. J. Inmunol. 25, 823-829 (1995).

. Cribbs, D. H. et al. Adjuvant-dependent modulation of Th1 and Th2 responses to

immunization with beta-amyloid. Int. Immunol. 15, 505-514 (2003).

. Korsholm, K. S., Petersen, R. V., Agger, E. M. & Andersen, P. T-helper 1 and T-helper

2 adjuvants induce distinct differences in the magnitude, quality and kinetics of
the early inflammatory response at the site of injection. Immunology 129, 75-86
(2010).

. Coutelier, J. P., van der Logt, J. T., Heessen, F. W., Warnier, G. & Van Snick, J. IgG2a

restriction of murine antibodies elicited by viral infections. J. Exp. Med. 165, 64-69
(1987).

. Taylor, J. M. et al. Helicobacter pylori lipopolysaccharide promotes a Th1 type

immune response in immunized mice. Vaccine 24, 4987-4994 (2006).

. Smith, K. M. et al. Th1 and Th2 CD4+ T cells provide help for B cell clonal

expansion and antibody synthesis in a similar manner in vivo. J. Immunol. 165,
3136-3144 (2000).

. Firacative, C. et al. Identification of T helper (Th)1- and Th2-associated antigens of

Cryptococcus neoformans in a murine model of pulmonary infection. Sci. Rep. 8,
2681 (2018).

. Miller, S. A. & Weinmann, A. S. Common themes emerge in the transcriptional

control of T helper and developmental cell fate decisions regulated by the T-box,
GATA and ROR families. Immunol. 126, 306-315 (2009).

. Rubtsov, A. V. et al. Toll-like receptor 7 (TLR7)-driven accumulation of a novel

CD11c(+) B-cell population is important for the development of autoimmunity.
Blood 118, 1305-1315 (2011).

. Rubtsova, K. et al. B cells expressing the transcription factor T-bet drive lupus-like

autoimmunity. J. Clin. Invest. 127, 1392-1404 (2017).

Knox, J. J. et al. T-bet+ B cells are induced by human viral infections and dom-
inate the HIV gp140 response. JCI Insight. 2, €92943 (2017).

Liu, N., Ohnishi, N., Ni, L., Akira, S. & Bacon, K. B. CpG directly induces T-bet
expression and inhibits 1gG1 and IgE switching in B cells. Nat. Immunol. 4,
687-693 (2003).

Published in partnership with the Sealy Institute for Vaccine Sciences

J. Zimmermann et al.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41,

42.

43,

44,

45.

46.

47.

48.

49.

50.

npj

Peng, S. L, Szabo, S. J. & Glimcher, L. H. T-bet regulates IgG class switching and
pathogenic autoantibody production. Proc. Natl Acad. Sci. USA 99, 5545-5550
(2002).

Jegerlehner, A. et al. TLRY signaling in B cells determines class switch recombi-
nation to IgG2a. J. Immunol. 178, 2415-2420 (2007).

Davidsen, J. et al. Characterization of cationic liposomes based on dimethyl-
dioctadecylammonium and synthetic cord factor from M. tuberculosis (trehalose
6,6 "-dibehenate)—a novel adjuvant inducing both strong CMI and antibody
responses. BBA-Biomembranes 1718, 22-31 (2005).

Fox, C. B. et al. Adsorption of a synthetic TLR7/8 ligand to aluminum oxyhydr-
oxide for enhanced vaccine adjuvant activity: a formulation approach. J. Cont.
Release 244, 98-107 (2016).

Smirnov, D., Schmidt, J. J,, Capecchi, J. T. & Wightman, P. D. Vaccine adjuvant
activity of 3M-052: an imidazoquinoline designed for local activity without sys-
temic cytokine induction. Vaccine 29, 5434-5442 (2011).

van Haren, S. D. et al. CAFO8 adjuvant enables single dose protection against
respiratory syncytial virus infection in murine newborns. Nat. Commun. 13, 4234
(2022).

Abraham, S. et al. Safety and immunogenicity of the chlamydia 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).

Gondek, D. C, Olive, A. J,, Stary, G. & Starnbach, M. N. 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).

Wrammert, J., Kallberg, E., Agace, W. W. & Leanderson, T. Ly6C expression dif-
ferentiates plasma cells from other B cell subsets in mice. Eur. J. Immunol. 32,
97-103 (2002).

Moynagh, P. N. TLR signalling and activation of IRFs: revisiting old friends from
the NF-kappaB pathway. Trends Immunol. 26, 469-476 (2005).

Hahn, W. O. et al. cGAS-mediated control of blood-stage malaria promotes
Plasmodium-specific germinal center responses. JCI Insight 3, 94142 (2018).
Taylor, J. J,, Pape, K. A. & Jenkins, M. K. A germinal center-independent pathway
generates unswitched memory B cells early in the primary response. J. Exp. Med.
209, 597-606 (2012).

Piovesan, D. et al. c-Myb regulates the T-bet-dependent differentiation program
in B cells to coordinate antibody responses. Cell Rep. 19, 461-470 (2017).
Barnett, B. E. et al. Cutting edge: B cell-intrinsic T-bet expression is required to
control chronic viral infection. J. Immunol. 197, 1017-1022 (2016).

Pulendran, B. et al. Distinct dendritic cell subsets differentially regulate the class
of immune response in vivo. Proc. Natl Acad. Sci. USA 96, 1036-1041 (1999).
Stevens, T. L. et al. Regulation of antibody isotype secretion by subsets of
antigen-specific helper T cells. Nature 334, 255-258 (1988).

Lefeber, D. J. et al. Thi-directing adjuvants increase the immunogenicity of
oligosaccharide-protein conjugate vaccines related to Streptococcus pneumo-
niae type 3. Infect. Immun. 71, 6915-6920 (2003).

Tomai, M. A, Imbertson, L. M., Stanczak, T. L., Tygrett, L. T. & Waldschmidt, T. J.
The immune response modifiers imiquimod and R-848 are potent activators of B
lymphocytes. Cell Inmunol. 203, 55-65 (2000).

Szabo, S. J. et al. A novel transcription factor, T-bet, directs Th1 lineage com-
mitment. Cell 100, 655-669 (2000).

Szabo, S. J. et al. Distinct effects of T-bet in TH1 lineage commitment and IFN-
gamma production in CD4 and CD8 T cells. Science 295, 338-342 (2002).
Wang, N. S. et al. Divergent transcriptional programming of class-specific B cell
memory by T-bet and ROR alpha. Nat. Immunol. 13, 604-60 (2012).

Pedersen, G. K, Andersen, P. & Christensen, D. Immunocorrelates of CAF family
adjuvants. Semin. Immunol. 39, 4-13 (2018).

van Haren, S. D. et al. Age-specific adjuvant synergy: dual TLR7/8 and mincle
activation of human newborn dendritic cells enables Th1 polarization. J. Immunol.
197, 4413-4424 (2016).

Lau-Kilby, A. W. et al. Type | IFN ineffectively activates neonatal dendritic cells
limiting respiratory antiviral T-cell responses. Mucosal Immunol. 13, 371-380
(2020).

Dowling, D. J. et al. TLR7/8 adjuvant overcomes newborn hyporesponsiveness to
pneumococcal conjugate vaccine at birth. JCI Insight 2, €91020 (2017).
Staprans, S. . et al. Enhanced SIV replication and accelerated progression to AIDS
in macaques primed to mount a CD4 T cell response to the SIV envelope protein.
Proc. Natl Acad. Sci. USA 101, 13026-13031 (2004).

Fouts, T. R. et al. Balance of cellular and humoral immunity determines the level
of protection by HIV vaccines in rhesus macaque models of HIV infection. Proc.
Natl Acad. Sci. USA 112, E992-E999 (2015).

Neuberger, M. S. & Rajewsky, K. Activation of mouse complement by monoclonal
mouse antibodies. Eur. J. Immunol. 11, 1012-1016 (1981).

Yang, R. et al. Human T-bet governs the generation of a distinct subset of
CD11c(high)CD21(low) B cells. Sci. Immunol. 7, eabq3277 (2022).

npj Vaccines (2023) 189



npj

J. Zimmermann et al.

12

51. Kenderes, K. J. et al. T-Bet(+) IgM memory cells generate multi-lineage effector B
cells. Cell Rep. 24, 824-837 €823 (2018).

52. Higgins, B. W. et al. Isotype-specific plasma cells express divergent transcriptional
programs. Proc. Natl Acad. Sci. USA 119, e2121260119 (2022).

53. Lee, A. et al. A molecular atlas of innate immunity to adjuvanted and live atte-
nuated vaccines, in mice. Nat. Commun. 13, 549 (2022).

54. Sheikh, A. A. et al. Context-dependent role for T-bet in T follicular helper differ-
entiation and germinal center function following viral infection. Cell Rep. 28,
1758-175 (2019).

55. Peng, S. L, Li, J, Lin, L. & Gerth, A. The role of T-bet in B cells. Nat. Immunol. 4,
1041 (2003). author reply 1041.

56. Harris, D. P. et al. Reciprocal regulation of polarized cytokine production by
effector B and T cells. Nat. Immunol. 1, 475-482 (2000).

57. Peng, S. L., Szabo, S. J. & Glimcher, L. H. T-bet regulates IgG class switching and
pathogenic autoantibody production. Nat. Rev. Immunol. 2, 306-306 (2002).

58. Olsen, A. W., Follmann, F., Erneholm, K., Rosenkrands, |. & Andersen, P. 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).

59. Knudsen, N. P. H. et al. Different human vaccine adjuvants promote distinct
antigen-independent immunological signatures tailored to different pathogens.
Sci. Rep. 6, 19570 (2016).

60. Hartman, H., Wang, Y., Schroeder, H. W. Jr. & Cui, X. Absorbance summation: a
novel approach for analyzing high-throughput ELISA data in the absence of a
standard. PLoS ONE 13, 0198528 (2018).

61. Stuart, T. et al. Comprehensive integration of single-cell data. Cell 177, 1888-1902
e1821 (2019).

62. Butler, A, Hoffman, P., Smibert, P, Papalexi, E. & Satija, R. Integrating single-cell
transcriptomic data across different conditions, technologies, and species. Nat.
Biotechnol. 36, 411-420 (2018).

63. McGinnis, C. S., Murrow, L. M. & Gartner, Z. J. DoubletFinder: doublet detection in
single-cell RNA sequencing data using artificial nearest neighbors. Cell Syst. 8,
329-337 €324 (2019).

ACKNOWLEDGEMENTS

We appreciate the expert technical assistance provided by Janne Rabech, Rune
Fledelius Jensen, Julia Sid Hansen, and the staff at the experimental animal facilities
at Statens Serum Institut. This work was supported by the European Commission
through contract FP7-HEALTH-2011.1.4-4-280873 (ADITEC) and by NIH U01 Molecular
Mechanisms of Combination Adjuvants (9686 6269). O.L.'s laboratory is supported in
part via NIH/NIAID adjuvant discovery and development contracts 75N93019C00044
and HHSN272201800047C. L.RA. was registered in the EMJMD LIVE (Erasmus
+Mundus Joint Master Degree Leading International Vaccinology Education),

npj Vaccines (2023) 189

co-funded by the EACEA (Education, Audiovisual and Culture Executive Agency) of
the European Commission and received a scholarship from the EACEA.

AUTHOR CONTRIBUTIONS

Conceptualization: GKP., S.D.vH, O.L, and D.C; Investigation: G.KP., MA, LRA, S.G.,,
J.D, RA, JZ, KW, M.A, and RTK., Writing, review, and editing: GK.P,, S.S., J.D, O.L,
SR, J.Z,and D.C, J.Z. and S.D.v.H are considered the co-first author.

COMPETING INTERESTS

GKP, JD, S.G, KW, J.Z. are employed by Statens Serum Institut, which is a non-
profit government research facility, holding patents on the cationic adjuvant
formulations (CAF®). D.C. is currently employed by CRODA Pharma. O.L. and S.D.v.H.
have received a sponsored research agreement from GlaxoSmithKline (GSK). O.L. has
provided expert consulting to GSK and Takeda.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541541-023-00781-0.

Correspondence and requests for materials should be addressed to Gabriel K.
Pedersen.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023, corrected publication 2024

Published in partnership with the Sealy Institute for Vaccine Sciences


https://doi.org/10.1038/s41541-023-00781-0
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Co-adjuvanting DDA/TDB liposomes with a TLR7 agonist allows for IgG2a/c class-switching in the absence of Th1�cells
	Introduction
	Results
	Incorporating 3M-052 into DDA/TDB liposomes directs the antibody response toward the IgG2c subclass
	Incorporating 3M-052 into DDA/TDB liposomes abrogates Th1 responses
	3M-052 induces early transcriptional changes in the draining lymph�nodes
	Liposomes containing 3M-052 induce T-bet upregulation on pre-germinal center B�cells
	In vitro stimulation of B cells with DDA/TDB/3M-052 liposomes induces T-bet upregulation and secretion of�IgG2c
	B-cell-intrinsic TLR7 expression is required for 3M-052-liposome-induced IgG2c class-switching
	Th1 cells are not required to induce IgG2c class-switching in response to DDA/TDB/3M-052 in�vivo

	Discussion
	Methods
	Mice
	Blood�donors
	Antigens and adjuvants
	Immunizations
	Organ preparation
	Murine in�vitro naive B-cell stimulation
	Human in�vitro naive B-cell stimulation
	T-cell cytokine profiling
	ELISA for antibody responses
	Flow cytometry
	qPCR
	Single-cell RNA sequencing
	Statistical analysis

	DATA AVAILABILITY
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




