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SUMMARY

T-bet and FOXO1 are transcription factors canonically associated with effector and memory

T cell fates, respectively. During an infectious response, these factors direct the development

of CD8™ T cell fates, where T-bet deficiency leads to ablation of only short-lived effector

cells, while FOXO1 deficiency results in selective loss of memory. In contrast, following
adjuvanted subunit vaccination in mice, both effector- and memory-fated T cells are compromised
in the absence of either T-bet or FOXOL. Thus, unlike responses to challenge with Listeria
monocytogenes, productive CD8" T cell responses to adjuvanted vaccination require coordinated
regulation of FOXO1 and T-bet transcriptional programs. Single-cell RNA sequencing analysis
confirms simultaneous T-bet, FOXO1, and TCF1 transcriptional activity in vaccine-elicited, but
not infection-elicited, T cells undergoing clonal expansion. Collectively, our data show that
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subunit vaccine adjuvants elicit T cell responses dependent on transcription factors associated
with effector and memory cell fates.

In brief

In T cells responding to infection, T-bet directs the formation of effector cells but not
memory, while FOXO1 directs that of memory but not effectors. However, lvanova et al.
show that following adjuvanted vaccine administration, effector and memory T cell formation
is compromised in the absence of T-bet or FOXO1.
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INTRODUCTION

The primary goal of vaccination is the generation of protective long-term immune memory.
This is optimally achieved by the use of live attenuated vaccines, which generate durable
and potent cellular and humoral immunity.1~* However, not all organisms can be properly
and safely attenuated, and those that can are often plagued by production and storage

issues, adverse reactions, and potential reversion to virulence. In contrast, subunit adjuvanted
vaccines have relatively few manufacturing/virulence liabilities but often elicit an adaptive
response with reduced breadth and durability. Thus, a better understanding of adjuvant-
elicited responses is needed for developing vaccine strategies that generate more robust and
durable adaptive responses.
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A common justification for study of the adaptive immune response in animal models

of infection, such as Listeria monocytogenes (LM), lymphocytic choriomeningitis virus
(LCMV), or vaccinia virus (VV) is its application to subunit vaccine development

and design. However, a growing body of evidence sup ports divergent mechanistic
underpinnings for infection-elicited vs. adjuvant-elicited cellular immunity. This is
exemplified in interleukin-27 (1L-27), a cytokine required for maximal adjuvant-elicited
cellular responses®® but often restrictive of T cell responses to infectious challenge.”:8
Similar differential dependencies have been observed for IL-15, glycolysis vs. oxidative
phosphorylation metabolism,® and even B cells.?

In the present study, we reveal that one of the major reasons for this disconnect between
adjuvant-elicited T cell (Tvac) immunity and infection-elicited T cell (Tinf) immunity is
a fundamentally different utilization of T-bet, TCF1, and FOXO1, transcription factors
canonically associated with either effector or memory cell fates. TCF1 has become the
transcription factor most closely associated with formation of less differentiated stem
cell-like memory T (Tscm) cells.20-13 Unlike terminally exhausted T cells, TCF1Mi

Tscm cells have maximal self-renewing capacity, longevity, and therapeutic potential
because of their ability to replenish the pool of TCF1!° cells in response to checkpoint
blockade therapies.1014.15 production of T cells expressing high TCF1 is therefore
recognized as a major goal of immunotherapeutic regimens. Similarly, FOXO1 is broadly
dedicated toward enforcement of an undifferentiated state and suppression of pathways
associated with active proliferation.1® In multiple cell types, FOXO1 suppresses gene
expression associated with activation, proliferation, and effector differentiation,17-18-22
competing directly against the activities of factors such as mTor and cMyc and their
consequent augmentation of aerobic glycolysis.23 FOXO1 has numerous direct effects on
mitochondria, primarily for maintaining mitochondrial homeostasis.2* Conversely, T-bet
is directly wired into glycolytic metabolism and terminal differentiation, and its elevated/
sustained expression is necessary for transcriptional and metabolic commitment to short-
lived effector cells.2>26 The predominance of either FOXO1 or T-bet is thought to be
largely controlled by the inflammatory cues surrounding the T cells during their initial
phases of clonal expansion.2” Signaling through inflammatory cytokine receptors, as

well as ongoing TCR engagement, increases the activity of phosphatidylinositol 3-kinase
(PI3K)/Akt activity, which phosphorylates FOXO1, driving its export from the nucleus.28
These same signals augment mTor activity and consequent aerobic glycolysis, which
contributes many metabolic intermediates necessary to fuel clonal expansion.1® Along with
costimulatory signals (e.g., CD28 and CD27) and cytokine signaling (IL-2 and IL-15),
mTor increases T-bet expression!® and prolonged cMyc stability,2%30 which supports

the enormous biomass demands of the proliferating effector T cell. In contrast, reduced
inflammatory cues allow persistent FOXO1 expression and loss of cMyc activity, mediating
exit from clonal expansion and formation of long-term memory. The influence of these
molecular signals, along with asymmetric allocation of metabolic and transcription factors
during cell division,31:32 bifurcates the response into cells dedicated to either effector or
memory, properly aligning cell fate and function.

In contrast to these published data, we show here that a productive CD8* T cell response to
adjuvant administration requires the transcriptional influence of T-bet, TCF1, and FOXO1,
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with TCF1/FOXO1 facilitating a durable commitment to proliferation and T-bet necessary
for maximal T cell memory. Our data identify unprecedented roles of these factors in CD8*
T cell expansion and memory formation and continue to illustrate that Tvac immunity
utilizes a host of pathways, factors, and cytokines distinct from their use in T cells
responding to infection.

A memory phenotype predominates in vaccine adjuvant-elicited CD8" T cells

In response to infection with LM expressing ovalbumin (OVA) protein, the majority of Tinfs
differentiate into KLRG1*CD127~ short-lived effector cells (SLECs) while giving rise to a
smaller subset of CD127*KLRG1~ memory precursor effector cells (MPECs) (Figures 1A
and 1B).33 In contrast, subunit immunization (vaccine) against OVA with either single34

or combined adjuvant (poly(1:C)/aCD40),3 results in a Tvac response predominated by
MPECs, not SLECs (Figures 1A and 1B).5:3¢ In conjunction with CD127, the majority

of Tvacs also expressed high levels of TCF1 (Figures 1C and 1D).37:38 TCF1, FOXO1,

and CD127, necessary for generation and maintenance of memory T cells,17:3940 were
expressed significantly higher on a percell basis in Tvacs compared with Tinfs (Figures
1E-1J). Although some variation in the frequency of TCF1" was observed, depending

on the adjuvant utilized, this phenotype applied to Tvacs elicited by a broad range of

single adjuvants, including poly(1:C), monophosphoryl lipid A (MPLA), Pam3Cys, CpG,
and even alum (Figure S1). Using adoptive transfer of a small number of congenically
marked, CellTrace Violet (CTV)-labeled OT1 T cells (T cell receptor [TCR] transgenic T
cells that are OVA specific) into vaccinated or LM-OVA-challenged mice, we observed that
high TCF1 expression was apparent in Tvacs even in the earliest cell divisions (Figures

1K and 1L). Interestingly, Tvacs divided synchronously relative to Tinfs (Figure 1K),

with the cells dividing 1-3 times by 36 h (Figure 1K, red), 3-6 times by 48 h (Figure

1K, green), and 5-8 times by 60 h (Figure 1K, orange). Infection-elicited cells actually
decreased their TCF1 expression even before they divided for the first time, resulting in
reduced TCF1 expression compared with naive T cells (Figure 1L, TCF1 0 divisions). In
contrast, Tvacs rapidly upregulated TCF1, maintaining that expression over all cell divisions
identified in the first 60 h (Figure 1L). Surprisingly, Thet expression was similarly elevated
in Tvacs over Tinfs for the majority of divisions analyzed (Figure 1L), providing our first
glimpse of Tvacs coordinating their expression of transcription factors with canonically
opposed fate designations. As predicted from their phenotype on day 7, the differences in
memory/effector-associated protein expression were even more apparent in Tvacs at late
time points after vaccination/challenge, with representation of CD127+* KLRG™ T cells
increasing further relative to Tinfs on day 36 (Figure 1M). In line with their elevated
CD127 expression, almost all Tvacs co-expressed TCF1 and CD127 (Figure 10), again with
significantly more TCF1 (Figures 10 and 1P), FOXO1 (Figures 1Q and 1R), and CD127
(Figures 1S and 1T) on a per-cell basis even compared with TCF/FOX01/CD127" Tinfs.
Elevated expression of these markers is strongly associated with long-lived memory T cell
survival, suggesting that T cells derived from subunit vaccination might better survive the
“crash” in T cell numbers typically observed following the peak of a primary response,
ultimately forming a more stable memory pool than that observed after LM challenge.
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Because the actual numbers of T cells generated can vary significantly between the two
challenges, we normalized each challenge to its own peak and then determined the fold
contraction in memory T cells from the peak of the response. This revealed a significantly
higher number of memory (CD127*TCF1*) cells retained after vaccination compared with
infection (Figure 1U). This increased retention was observed even when evaluating memory
T cells more than 100 days post vaccination/challenge (Figure 1V), when vaccine-elicited T
cells demonstrated elevated cytokine production (Figure 1W) and target Killing (Figure 1X)
relative to their infection-elicited counterparts. Collectively, we conclude that Tvacs adopt
amemory T cell phenotype and fate as early as a single division after vaccination; this
phenotype predominates into extended memory time points and corresponds to an increased
propensity for survival and host-protective effector functions.

Optimal Tvac frequency and phenotype require the memory fate-associated transcription
factors TCF1 and FOXO1

Because the peak of the T cell response to infection is dominated by an effector response,
the number of T cells in the primary response is minimally affected by the absence of
TCF1.41 Given their memory phenotype, we hypothesized that TCF1 might have more
influence on the primary Tvac response compared with Tinfs. To evaluate this, we utilized
OT1 T cells with a conditional deletion of TCF1 (zcf/Vfl CD4-Cre, TCF1 knockout [KO])*2
in co-transfer experiments with congenically distinct wild-type (WT) OT1 cells. Naive
transfer recipients were either vaccinated or challenged with LM-OVA, and 7 days later,
WT and TCF1 KO OT1 T cell responses were measured for their magnitude and evaluated
for phenotype. A small difference between total numbers of WT and TCF1 KO OT1 was
observed after LM-OVA infection (Figures 2A—2C),37 but this failed to meet statistical
significance. In contrast, there was a significant impact on the total number of Tvacs in
TCF1 KO vs. WT OT1s 7 days after vaccination (Figures 2A-2C). This loss in Tvac
numbers was accompanied by a reduction in the per-cell expression of CD127 in Tvacs but
not in Tinfs (Figure 2D). TCF1 deficiency results in a reduced memory T cell pool,37 which
we also observed for Tvacs and Tinfs (Figures 2E-2G), although a more substantial impact
was observed for Tvacs (Figure 2G). This was again accompanied by reductions in the
expression of CD127 (Figure 2H) and Eomes (Figure 21). We conclude from these data that
expression of the memory fate-associated transcription factor TCF1 plays an unexpected role
in conferring maximal CD8* T cell responses, primary and memory, to subunit vaccination
compared with infectious challenge.

We noted that TCF1-deficient T cells expressed reduced levels of FOXO1 (Figure 2J), a
transcription factor important for development and maintenance of memory T cells and
known for sustaining TCF1* memory-like cells during chronic infection.*® We therefore
evaluated its role in Tvac responses using foxoIfl mice#3 crossed to OT1 mice expressing
the Cre-recombinase gene driven by the distal promoter of Lck (dLck-Cre).#4 As before,
WT and FOXO1 KO OT1 cells were co-transferred into congenically distinct recipient mice
that were either vaccinated or challenged with LM-OVA. Two features of the response of
FOXO1 KO cells to either LM challenge or vaccine are noteworthy. First, although Tinf
FOXO1 KO T cells were almost exclusively an effector (CD127~, TCF1™) phenotype, more
than half of the responding FOXO1 KO Tvacs continued to express TCF1 (Figures 3A, 3B,

Cell Rep. Author manuscript; available in PMC 2023 October 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

lvanova et al.

Page 6

and S2A). Thus, while CD127 expression appears to be a proxy for FOXO1 expression

in activated T cells more generally, activated Tvacs maintain some FOXO1-independent
regulation of TCF1. Second, unlike Tinfs, in which FOXO1 deficiency has little impact on
the total number of responding T cells, FOXOL1 is required for maximal Tvac expansion,
having a far greater impact on the frequency of responding T cells than TCF1 deficiency
(Figures 3C and 3D). Indeed, there was a more than 25-fold reduction in the total number
of FOXO1 KO Tvacs (Figures 3C and 3D) that included loss of CD127* (Figure 3C,
closed bars) and CD127~ (Figure 3C, open bars) T cells relative to the WT. This suggests
that FOXO1 is unexpectedly critical for sustaining proliferation and/or survival of clonally
expanding Tvacs. In spite of these differences in the primary response of FOXO1 KO
Tvacs and Tinfs, both failed to form stable memory pools in the absence of FOXO1
(Figure S2B).40 Although TCF1 expression in memory Tvacs was affected surprisingly
little by the absence of FOXO1 (Figures S2C and S2D), this sustained TCF1 expression
was insufficient to maintain CD127 expression (Figure S2E). Collectively, we conclude that
FOXO1 unexpectedly performs critical functions in Tvacs for controlling the magnitude of
the primary T cell expansion and a sustained memory T cell pool, neither of which can be
compensated for by expression of TCF1.

Tvac peak and memory responses are compromised in the absence of T-bet

Having defined the importance of memory-associated transcription factors after adjuvant
administration, we sought to better clarify the role of T-bet (#6x21), a transcription factor
we previously associated with the Tvac response.® We crossed t6x21 /Tl to congenically
marked OT1 x dLck-Cre mice (T-bet KO) and performed co-adoptive transfer experiments
with WT OT1s into vaccinated or LM-OVA-challenged recipients. In accordance with the
antagonistic relationship between T-bet and TCF1,4>4 the frequency of TCF1* cells was
increased in Tvacs and Tinfs in the absence of T-bet (Figure 4A). As expected, there was an
ablation of effector-fated (TCF1"CD1277) cells 7 days after either vaccination or LM-OVA
infection (Figures 4A and 4B). While the number of memory-fated cells (CD127*) was

not significantly affected in the absence of T-bet after LM-OVA challenge, it was greatly
reduced after vaccination (Figures 4B and 4C). In line with their elevated TCF1, FOXO1
expression was also elevated in T-bet KO Tinfs (Figures 4D and 4E). Again counter to Tinfs,
FOXO1 expression was actually reduced in T-bet KO Tvacs (Figures 4D and 4E).

Evaluating WT and T-bet KO OT1s 50 days after initial vaccination/infection (Figure 4F)
revealed no loss of T-bet KO Tinfs relative to the WT (Figures 4G and 4H) but an ~20-fold
reduction in the number of T-bet KO OT1s relative to the WT after vaccination (Figure 4H).
Memory T-bet KO Tinfs continued to express higher FOXO1 than their WT counterparts,
while again FOXO1 expression was significantly reduced in T-bet KO Tvacs compared with
WT (Figures 41 and 4J). Therefore, unique to an adjuvant-elicited response, T-bet displays
an unusual positive regulation of FOXO1 expression and is required for optimal CD8" T cell
memory. Similar to FOXO1, T-bet performs critical functions in Tvacs for controlling the
magnitude of the primary response as well as sustained memory T cell response to subunit
vaccination.
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Inflammation redirects Tvacs into a FOXO1-independent effector cell fate

All proposed models of T cell fate determination include a dominant role of inflammation
in guiding cell fate decisions between effector and memory.25:26:48-51 The infrequency

of effector-phenotype T cells derived from adjuvant administration suggested a reduced
inflammatory environment relative to that found after infectious challenges. Gene set
enrichment analysis (GSEA) from Tvac and Tinf RNA sequencing (RNA-seq) data was
consistent with this hypothesis. Other than the Wnt/B-catenin signaling pathway (predicted
by the high TCF1 expression in Tvacs), numerous inflammatory pathways were greatly
underrepresented in Tvacs compared with Tinfs (Figure 5A).

Based on these data, we hypothesized that the T-bet/FOXOL transcriptional dependencies
unique to Tvacs were the inadvertent result of the limited durability of inflammation
following adjuvant administration compared with the prolonged inflammatory environment
following infection. The TLR9 agonist CpG is a non-specific inducer of inflammation,

and its use facilitates loss of TCF1 expression and reversal of memory T cell
commitment.48:49.52.53 Adding CpG to our combined adjuvant, the TCF1 expression pattern
reflected the more bimodal expression of TCF1 as seen in Tinfs (Figure 5B). Closer
evaluation revealed that CpG addition had little effect on the total number of CD127*
memory phenotype cells, increasing only the number of effector CD1277/TCF1~ cells
relative to the combined adjuvant alone (Figures 5C and 5D). The similarity of the +CpG
Tvacs to Tinfs was further noted in their reduced TCF1 and FOXO1 expression (Figures

5E and 5F). The influence of CpG on the Tvac phenotype occurred regardless of the base
adjuvant utilized (Figure S3), confirming this as relevant to adjuvant-elicited responses
more broadly. Importantly, addition of CpG substantially rescued the primary FOX0O1 KO
Tvac response (Figure 5G), significantly normalizing the ratio of WT:FOXO1 KO OT1s
(Figure 5H) through expansion of CD127~ effector-like T cells (Figure 51). In contrast, CpG
further exaggerated the ratio of WT:Thet KO T cells at the peak of the response (Figure

5J), somewhat expected given the selective effect of CpG on increasing Thet-dependent
CD1277/TCF1~ effector T cells (Figures 5C and 5D). Importantly, however, there was

no corresponding rescue of the number of T-bet KO memory T cells (Figure 5K). Thus,
addition of CpG only releases Tvacs from the constraints associated with FOXO1 deficiency,
facilitating expansion of FOXO1-independent effector T cells.

Adjuvant-elicited T cells express dual T-bet and FOXO1/TCF1 transcriptional programs

With effector and memory Tvacs compromised in the absence of either FOXOL1 or

T-bet, this suggested cooperative functions for these factors, not their opposition, as
described previously.17:4547 To better understand the transcriptional heterogeneity within
the responding CD8" T cells, we performed single-cell RNA-seq (scRNA-seq) on WT Tvac
and Tinf OT1s isolated from the spleens of mice 7 days after either vaccination or LM
challenge, respectively. Using Seurat to identify cells with closely related transcriptional
profiles, 4 major gene expression clusters were identified (Figures 6A—6C and S4). Cluster
1 was predominantly adjuvant elicited, with a small but significant population derived from
LM challenge (Figure 6C). In contrast, cluster 2 was derived almost exclusively from LM
challenge (Figure 6C). The majority of cells in clusters 3 and 4 were LM derived but still
contained significant numbers of adjuvant-elicited cells (Figure 6C). Using the expression
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of cell-cycle-associated genes as an indicator of proliferation, only clusters 3 and 4 were
actively engaged in clonal expansion (Figures 6B and 6D). Given the phenotype of the

T cells generated by either LM or vaccine at this time point, we anticipated that the
post-proliferative clusters 1 and 2 would show classical transcriptional bearings of memory
(cluster 1, Tvacs) and effector cells (cluster 2, Tinfs), respectively. Indeed, assessment of
each cluster for expression of markers of effector (KLRG1 and Zeb2) or memory (CD127
and TCF1) differentiation was consistent with this prediction (Figures 6E and S4A). By
assessing the gene features defining each cluster more broadly (Figure S4B), we observed
that Tvac cluster 1 and Tinf cluster 2 aligned well with gene sets identified previously

as transcriptionally dedicated to either memory or effector (Figure 6F), respectively. Use
of single-sell regulatory network inference and clustering (SCENIC) to infer transcription
factor activity based on gene expression profile further confirmed these fate designations
in clusters 1 and 2 specific to T-bet, FOXO1, and TCF1 transcriptional activity. Cluster 1
genes showed higher FOXO1, strong TCF1, but low T-bet transcriptional activity, whereas
genes in cluster 2 showed the inverse transcriptional activity relationship (Figures 6G and
S5A). Thus, for terminally differentiated (non-proliferative) cells, these results confirmed
our phenotypic observations for Tvacs and Tinfs at the levels of gene transcription and
transcription factor activity.

The association between these gene expression profiles and transcriptional programs altered
substantially when we focused our analysis only on cells actively undergoing clonal
expansion. After filtering out S/G2/M-related genes to eliminate the influence of cell
proliferation on fate designation, cells derived from LM challenge (in either cluster 3 or

4) expressed canonical effector-associated genes but not memory-associated genes (Figure
6H). As with cluster 2, the overall gene expression profile associated with Tinf cells in
clusters 3 and 4 was that of effector and not memory (Figure 61). Although reduced relative
to cluster 2, the transcription factor activity scores for LM-derived cells were consistent
with their “effector score,” with high activity for T-bet, surprisingly detectable but lower
for FOXO01, and absent for TCF1 (Figures 6J and S5B). In sharp contrast, adjuvant-derived
cells in clusters 3 and 4 expressed the same markers of memory as their non-proliferating
counterparts in cluster 1 (Figure 6H). Counterintuitively, their overall pattern of gene
expression aligned more robustly with an effector transcriptional program (Figure 61),
although the Tvac memory score was slightly elevated relative to Tinfs. In confirmation of
their simultaneous expression of memory markers and high “effector” transcriptional score,
Tvacs in clusters 3 and 4 showed clear activity for T-bet, FOXO1, and TCF1 (Figures 6J
and S5B). The coexistence of these transcription factor activities would be unexpected based
on classic definitions of clonally expanding effector T cells but is precisely the transcription
factor activity profile predicted by our analysis of FOXO1 KO, TCF1 KO, and T-bet KO
Tvacs. That numerous other memory/stem-associated factors (Lefl, Eomes, Pou2F1/Octl,
Foxpl, and FoxP4) show SCENIC activity scores differentially skewed toward Tvacs is
additionally noteworthy (Figures 6J and S5B); their activity is generally unexpected in
actively proliferating T cells.
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mRNA-lipid nanoparticle (LNP)-induced cellular responses are Thet/Foxol dependent

Mechanistic principles, such as IL-27/15 dependency and a predominating memory
phenotype, are shared by all adjuvants examined so far.58 To verify the combined FOXO1/
Thet dependency in T cells elicited from a clinically relevant vaccine formulation/platform,
we utilized an mMRNA-LNP encoding whole OVA (OVA-mRNA-LNP). Mice were again
co-transferred with either WT:FOXO1 KO or WT:Thet KO OT1s, followed by immunization
with OVA-mRNA-LNPs. T cell responses in the spleen were harvested 10 days post
immunization because initial experiments determined this to represent the peak of the
response to ovamRNA-LNP (Figure S6). WT OT1 T cells again dominated the response

to ova-mRNA-LNPs (Figures 7A and 7B), with WT:KO ratios similar to those observed in
response to the combined adjuvant (Figure 7C). The data affirm the combined FOXO1/Thet-
dependent mechanistic principles we identified as applicable to adjuvant-elicited responses
more broadly, including that of mMRNA/LNP vaccine formulations.

DISCUSSION

Increasing lines of evidence support the conclusion that immunological mechanisms relevant
to adjuvant-elicited cellular immunity are distinct from those observed in response to
infectious challenge. Our data here revealed an additional mechanistically unique feature

of Tvacs: a cooperative interplay between T-bet and FOXOL1/TCF1. In the current models

of T cell fate determination, the conditions surrounding an infection ultimately contribute

to formation of two distinct and non-overlapping cell types, effector- or memory-fated

cells, dependent on either T-bet or FOXO1/TCF1, respectively. Our results with LM-OVA
infection are consistent with this model. FOXO1 and TCF1 enact control over memory
formation to LM challenge with little influence on effector generation (Figures 2 and 3),
while T-bet deficiency yields the opposite phenotype, severely compromising the primary
expansion of effector cells without long-term memory impact (Figure 4). Our scRNA
transcriptional data also fully support this model, identifying a small number of LM-derived,
non-proliferating memory T cells (cluster 1) and a larger number of proliferating (clusters

3 and 4) and non-proliferating (cluster 2) effector cells. Contrary to this paradigm, Tvacs
require FOXO1/TCF1 and T-bet for optimal primary and memory T cell accumulation,
indicating that Tvacs coordinate cooperative, not opposing, functions for T-bet and FOXO1/
TCF1. Our scRNA-seq data again provided support for this model specific to adjuvant-
elicited responses; non-proliferating Tvacs occupy essentially one population of canonical
memory-fated T cells, while proliferating Tvacs display simultaneous transcriptional activity
of T-bet, FOXO1, and TCF1, facilitating effector and memory transcriptional programs. This
unusual integration of master regulators for effector and memory cell fates appears to be
necessary to support clonal expansion in the absence of durable inflammation because, when
added, it frees Tvac effector T cell generation from the regulatory control of FOXOL1 (Figure
5).

The phenotype of CD8* T cells after subunit vaccination is highly reminiscent of that
observed from T cells responding to vaccination with peptide-pulsed dendritic cells
(ppDCs).49:52 While these investigators evaluated the roles of different cytokines involved in
the inflammatory response that reversed a memory fate, they did not investigate transcription
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factor dependencies of the T cells in the presence or absence of inflammation.52:54 Other
studies have shown that ppDC-elicited T cells expressed high levels of TCF1 but again

only mechanistically investigated the role of inflammatory cues in manipulating this TCF1Ni
phenotype.#® Our data extend these conclusions regarding the role of inflammation in
effector cell generation in two important ways. First, previous studies made the assumption
that effector and memory cell precursors generated under any condition (high or low
inflammation) were transcriptionally identical to one another. Our data reveal that the
response generated in the absence of inflammatory cues is unexpectedly co-dependent on
FOXO1 and T-bet. Second, inflammatory cues free the expanding T cells from their FOXO1
dependency, allowing generation of the FOXO1-independent effectors traditionally observed
in response to infectious challenge.

How Tvacs successfully integrate T-bet and FOXO1 transcriptional programs to support
generation of primary and memory T cell pools has yet to be determined. In line with
previous findings on the role of T-bet in suppressing CD127 and TCF1,2% Tvacs and Tinfs
expressed higher levels of CD127 and TCF1 in the absence of T-bet. Interestingly, however,
the absence of T-bet differentially affected FOXO1 expression in Tvacs and Tinfs. FOXO1
expression was increased in T-bet KO Tinfs, consistent with literature reports on their
counter-regulation.17:18:55 |n contrast, FOXO1 was actually reduced in T-bet KO Tvacs,
suggesting that the link between T-bet expression and Tvac memory maintenance may be
the result of a previously undetected positive regulatory loop, direct or indirect, between
T-bet and FOXO1. More careful epigenetic analysis of these two factors are required, and
specifically in the context of adjuvanted vaccination, to clarify the unexpected cooperative
association between these two factors.

Similar to FOXO1, and perhaps for similar mechanistic reasons, TCF1 expression is also
differentially regulated between Tinfs and Tvacs. Whereas naive T cells express TCF1

in a FOXO1-independent manner,18 expression of TCF1 in activated T cells generally
relies on FOXO1 for its expression.18:39:56 |n contrast, ~50% of FOXO1 KO Tvacs
expressed TCF1 after subunit vaccination, indicating some means of FOXO1-independent
regulation of TCF1 expression in activated T cells. That Wnt/b-catenin was the only
“inflammatory” pathway over-represented in Tvacs vs. Tinfs in GSEA suggests that Tvacs,
like naive T cells, somehow manage to utilize Wnt signaling mediators to regulate TCF1.
However, this FOXO1-independent TCF1 expression was insufficient to compensate for the
absence of FOXOL1 in terms of memory formation, somewhat surprising given the similar
transcriptional programs enacted by TCF1 and FOX01.37:39:56 This again indicates the
critical importance of FOXO1 as the primary memory-associ ated transcription factor in the
Tvac response. This is supported by the minimal impact of TCF1-deficiency on the Tvac
response (3- to 4-fold) compared with FOXO1 deficiency (20- to 30-fold). FOXO1 regulates
genes like 7/7ra (encodes CD127) and se// (encodes CD62L), which promote Tinf memory
formation and maintenance by increasing their survival and homing to lymphoid organs.5’
While TCF1 KOs continued to express CD127 unabated, FOXO1 KO Tvacs did not

and displayed early effector cell (CD127'°KLRG1°) and effector cell (CD127'°KLRG1M)
phenotypes. Thus, despite the apparently central role of TCF1 in maintaining a more self-
renewing potential in T cells responding to chronic infection or cancer, FOXOL1 is clearly
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the more critical factor dictating long-lived, self-renewing memory in response to acute
infection and adjuvanted subunit vaccines.

That said, TCF1 expression continues to be a reasonable marker for memory-fated T

cells, and the fact that the TCF1N/FOXO1N phenotype for Tvacs is compromised through
increasing degrees of inflammation likely reveals at least one reason why sustained CD8*
T cell immunity has been so difficult to achieve with existing adjuvants. Approved

and experimental adjuvants were developed based on their capacity for generation of
humoral immunity. Although formation of an “antigen depot” is not strictly required for
adjuvant activity, a longer window of antigen availability does increase antibody maturation
by prolonging the germinal center reaction.58:29 However, such depots dramatically
compromise the cellular response,6%:61 drawing in T cells after their expansion within
secondary lymphoid tissues and driving their terminal differentiation and death within the
smoldering, antigen-rich inflammatory environment of the injection site.52 The detrimental
nature of precipitate/emulsion-based adjuvants on the cellular response has been known for
nearly two decades, and yet the pursuit of adjuvants appropriate for immunotherapeutic
application broadly fails to take these results into account and adapt adjuvant screens
accordingly. The results we present here further emphasize the need to develop adjuvants
with limited inflammatory durability because they run the risk of disrupting the unique
capacity of Tvacs to cooperatively integrate memory (FOXO1) and effector (T-bet)
transcriptional programs.

Limitations of the study

Our ability to fully extend these mechanistic conclusions to human immunology is
obviously limited by our exclusive use of a mouse vaccine model system. Additionally,

we intentionally chose to use the model antigen OVA because of its well-established ability
to access antigen cross-presentation pathways. While we cannot extrapolate this degree of
antigen presentation to virus/bacterium-specific antigens, our mechanistic conclusions are
not unduly influenced by uncertainty in antigen presentation. There is no reason to suspect
that T cells specific for other antigens, when engaged by said antigen, would not be subject
to all of the mechanisms delineated in the present work. Indeed, previous assessments by

us and others of the responses to such antigens are consistent with this prediction.62-64
Last, although we made every attempt to perform our mechanistic evaluation against a broad
range of adjuvants, it is possible that ones we have not measured will not conform to the
mechanisms we outlined here. Our use of the mMRNA-LNP vaccine was performed in part to
address this concern, and the fact that these mechanisms apply to a vaccine platform with
such an obvious degree of clinical impact compels its continued investigation in ongoing
adjuvant-related studies.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Ross Kedl (Ross.Kedl@cuanschutz.edu).
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Materials availability—This study did not generate unique reagents. All materials used
are available upon request.

Data and code availability—Data reported in this paper will be shared by the lead
contact upon request. This paper does not report original code. Any additional information
required to reanalyze the data reported in this paper is available from the lead contact upon
request. RNAseq and single-cell RNA-seq data have been deposited at GEO and are publicly
available as of the date of publication. Accession numbers are listed in the key resources
table. Flow cytometeric data have been deposited at the Harvard Dataverse and are publicly
available as of the date of publication. DOIs are listed in the key resources table.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—All experiments involving mice were conducted following protocols approved by the
University of Colorado Institutional Animal Care and Use Committee (IACUC) according
to guidelines provided by the Association for Assessment and Accreditation of Laboratory
Animal Care. WT (C57BL/6J), congenic CD45.1 B6 (B6.SJL-Ptprca Pepch/BoyJ), OVA-
specific TCR-transgenic OT1 (C57BL/6-Tg(TcraTcrb) 1100Mjb/J) mice were originally
obtained from the Jackson Laboratory and subsequently bred inhouse at the University of
Colorado Anschutz Medical Campus. dLck-Cre (B6.Cg-Tg(Lck-icre)3779Nik/J) mice were
provided by M. J. Bevan (originally from N. Killen).44 7cfA10X/flox x CD4-Cre mice were
kindly provided by Tuogi Wu.85 Foxo1flox/flox (Foxo1tMRdp) and 7x21flox/flox (B6 129-
Thx21tm25mrj3) mice were kindly provided by Stephen Hedrick (UCSD) and Christopher
Hunter (U. Penn). Foxo1flox/flox ang ghx2flox/flox were bred to dLck-Cre mice and OT1
mice. This study was carried out in accordance with protocols approved by The University
of Colorado Anschutz Medical Campus Institutional Animal Care and Use Committee
(IACUC), protocol #00172. Experiments were performed in 6 week-old or older male and
female mice.

METHOD DETAILS

Immunization and infection—Mice were immunized via tail vein injection (i.v.) or
intraperitoneal injection (i.p.) with the indicated innate receptor agonist(s), with or without
aCD40 antibody (40 ug; clone FGK4.5, BioXcell), and detoxified whole chicken OVA
protein (150 pg; Sigma). The following innate receptor agonist doses were used: poly(l:C)
(40 pg; InvivoGen), CpG ODN 1826 (50-75 pg; InvivoGen), monophosphoryl lipid A
(MPL; 40 ug; InvivoGen), Pam3Cys (40 ug; InvivoGen), or Alu-Gel-S (100 pL of 1.3%
aluminum hydrochloride, SERVA Electrophoresis GmbH). Vaccines were made immediately
prior to immunization with the exception of alum; OVA was emulsified in alum by gentle
rocking at 4°C overnight. Unless otherwise specified, mice were immunized i.v. with
combined-adjuvant subunit vaccine (aCD40, poly(l:C), and OVA). Mice were infected i.v.
with 2 x 108 colony-forming units (CFU) of Listeria monocytogenes expressing whole OVA
(LM-OVA).

MRNA-LNP formulation—The full-length DNA sequence of ovalbumin with optimized
5" and 3" UTRs and in-frame 3X FLAG tag was synthesized by Twist Bioscience
in a pTwist Kan High Copy plasmid vector. CleanCap AG capped mRNA,
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including N1-methylpseudouridine-5’-triphosphate substitutions, was produced by T7 RNA
polymerase transcription from linearized plasmid templates and subsequently enzymatically
polyadenylated with E. coli Poly(A) Polymerase. Column-purified mRNA transcripts were
incorporated into LNPs composed of Precision Nanosystem’s Neuro9 lipid mix (catalog#:
NWS0001) on a microfluidic LNP mixer (e.g., Precision NanoSystems Spark) and dialyzed
twice with PBS (pH 7.4 without Calcium and Magnesium, Corning #: 21-040-CV).
Encapsulation efficiency and RNA content of LNPs was quantified using the ThermoFisher
RiboGreen RNA Assay Kit (catalog# R32700) a dye-binding assay following detergent-
based dissolution of the LNPs and LNPs at concentrations of 50-100 ng/uL were used for in
vivo administration. Ova-LNPs containing 1-2ug of mRNA were injected IV into recipient
mice.

Adoptive cell transfer—CD8* T cells were magnetically purified from the spleens of
indicated donor mice by negative selection using MojoSort Mouse CD8 T cell Isolation kit
(Biolegend) to >95% purity. Where indicated, CD8* T cells were CTV-labeled (Invitrogen)
before transfer. OT1 cells were counted on a Vi-CELL automated cell counter (Beckman
Counter) and indicated OT1 cell numbers (5 x 102 or 5 x 103) in 1 x PBS were transferred
i.v. to recipient mice 1 day before or on the day of immunization or infection.

Cell isolation—Where indicated, donor OT1 cells that were present at low numbers post
adoptive transfer were magnetically enriched with magnetic columns (LS Columns, Miltenyi
Biotec). For early (<72 h after immunization or infection) time points, spleens were removed
and crushed between glass microscope slides into 6 well plate containing 2 mL Click’s
Medium (FUJIFILM Irvine Scientific) and 30 uL of 5 mg/mL Collagenase D (Roche) and
100 pL of 2 mg/mL DNase | (Worthington Biochemical) per spleen. After a 15-20 min
incubation at 37°C, 2 mL 0.1 M EDTA in 1 x PBS was added and cells were incubated

at 37°C for additional 5 min. The cells were then washed with HBSS (Life Technologies)
containing 5 mM EDTA and forced through 70 or 100 um strainer. After wash, the cells
were RBC lysed for 1 min in ACK buffer, then resusupended in complete RPMI and filtered
through strainer. To enrich for CD45.1+ or CD45.2+ OT1, cells were resuspended in 500
pL RPMI and incubated with 10 pl of pulldown Ab (CD45.1 APC or CD45.2 APC) for

20 min at 4°C. After wash, cells were incubated in 500 uL RPMI with 5 pl anti-APC
nanobeads (Biolegend) with rotation for 15 min at 4°C. After wash, cells were resuspended
in 500 pl RPMI, filtered and purified through LS column (Miltenyi Biotec). For staining of
spleenocytes at the later time points (>72 h after immunization or infection), whole organs
were crashed through 70 or 100 um strainers into complete RPMI to generate single cell
suspensions. The cell suspensions were then RBC lysed in ACK buffer, washed in complete
RPMI and counted on a Vi-CELL (Beckman Coulter) to determine total viable cell number.
Blood was collected into tubes containing HBSS with 5 mM EDTA, RBC lysed in ACK
buffer, washed with media and stained for flow cytometry.

Flow cytometry—Cells were incubated with a CD16/32 (clone 2.4G2; hybridoma
supernatant) and plated on U-bottom 96-well plates at < 3 x 106 cells/well in complete
RPMI. Where indicated, cells were stained with Kb-SIINFEKL tetramer APC (NIH tetramer
core) at 37°C for 30 min in the presence of aCD8a (53-6.7; Biolegend). For live-dead and
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surface staining, cells were washed with media, and stained in media for 20 min at RT with
Fixable Viability Dye 780 (eBioscience) and surface antibodies for CD19 (6D5, Biolegend),
CD8a (53-6.7, Biolegend), CD44 (IM-7; Tonbo), CD127 (A7R34, Tonbo), KLRG1 (2F1/
KLRG1, Biolegend), CD45.1 (A20, Biolegend), CD45.2 (104, Biolegend), CD122 (TM-b1,
Biolegend). After wash with RPMI, cells were fixed and permeabilized for 45 min at RT in
Foxp3/Transcription Factor 1x Fix/Perm solution (Tonbo), followed by wash with 1x Flow
Cytometry Perm Buffer (Tonbo) and intracellular staining for 45 min at RT with intracellular
antibodies, including TCF1 (C63D9; Cell Signaling Technology), FOXO1 (C29H4, Cell
Signaling Technology), T-bet (4B10, Biolegend), EOMES (Danllmag; eBioscience). The
cells were washed twice and resuspended in 1x Flow Cytometry Perm Buffer (Tonbo). Flow
cytometry data was acquired on a four-laser (405, 488, 561, 638 nm) CytoFlex S (Beckman
Coulter) and analyzed using FlowJo software (BD Biosciences).

In vivo target Kkilling and cytokine production—To assess the target killing capacity
of T cells from immunized or LM-ova challenged mice, an 7n7 vivo killing assay was
performed as previously described.? Briefly, splenocytes were peptide-pulsed with 1 pg/ml
of OVA257-264 (target cells) or HSVVgB498-505 (control cells), washed, then labeled
with 0.05 mM or 0.5 mM CellTrace Violet (ThermoFisher) dye, respectively. Target and
control splenocytes were mixed at a 1:1 ratio and transferred by tail vein injection into
mice vaccinated or LM-ova challenged 110 days previously. Mice were euthanized after

2 h and the ratio of target:control was used to determine the percent killing compared to
the same ratio observed for non-immunized control mice. Intracellular cytokine staining
was performed after a 5-h stimulation with 1 mg/mL peptide of SIINFEKL for OVA
immunizations and 3 mg/mL brefeldin A. After fixation and permeabilization, CD8 T
cells were stained for intra-cellular IFNg (XMG1.2) and IL-2 (JES6-5H4) (BioLegend) and
analyzed by flow cytometry.

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism (version 9.3.0, GraphPad) was used for all statistical analyses. Figure
legends detail the number of experimental replicates and n-values. Unless noted, data
presented are means + SEM. Significance was defined using unpaired Student’s t-test with
Welch’s correction or analysis of variance (ANOVA). Significance was denoted as follows:
ns, not significant (p > 0.05) or significant with a p value less than 0.05.

Single-cell RNA sequencing analysis (ScRNAseq)

scRNAseq sample preparation: A small number (500) of congenically marked (CD45.1)
OT1 T cells were adoptively transferred into a naive B6 recipient (CD45.2). These recipients
were then immunized intravenously (i.v.) against OVA using our combined adjuvant vaccine
(poly I:C, anti-CD40) or infection with LM-OVA. T cells were isolated on day 7 post
immunization and pooled from 5 mice each prior to cell sorting of CD45.1+ CD8* cells.
Cells from an individual condition (adjuvant or LM) were stained with an oligo-tagged
anti-CD45 “hashtag” antibody (Biolegend). About 20,000 cells per were then loaded into
Single Cell A chips (10x Genomics) and partitioned into Gel Bead In-Emulsions in a
Chromium Controller (10x Genomics). Single-cell RNA libraries were prepared according
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to the 10x Genomics Chromium Single Cell 3" Reagent Kits v2 User Guide and sequenced
on a NovaSeq 6000 (Illumina).

scRNAseq mapping: Reads from scRNA-seq were aligned to mm10 or hashtag oligo
sequences and collapsed into unique molecular identifier (UMI) counts using the 10x
Genomics Cell Ranger software (version 2.1.0). The sample had appropriate numbers of
genes detected (>1000), a high percentage of reads mapped to the genome (>70%), and a
sufficient number of cells detected (>1000).

ScCRNA-seq dataset statistical analysis: The Seurat package (version 4.3.0) in R (version
4.0.4) was used for processing, analysis and visualization of the sScRNAseq dataset.

UMIs with gene counts less than 250, mitochondrial gene content of greater than

15% or expression of multiple hashtag sequences (doublets) were filtered out. Hashtag
sequence counts were first normalized using the Seurat function NormalizeData and then
demultiplexed using the Seurat function HTODemux which uses K-means clustering. Five
mice per group were used for the single cell experiment. Cell read output from Cell Ranger
was loaded into Seurat and then Adjuvant or LM-elicited cells were demultiplexed using
the level of hashtag sequence. The scRNA-seq dataset was further filtered on the basis

of gene numbers, mitochondria gene counts to total counts ratio, and expression of single
hashtag sequences. Gene count data was then normalized using Seurat’s NormalizeData
function. Top variable genes, principal components analysis (PCA), and uniform manifold
approximation and projection for dimension reduction (UMAP) were calculated by the
functions: FindVariableGenes, RunPCA, and RunUMAP. Only the top 2000 genes were
considered in the PCA calculation and only the top 20 PCs were used in UMAP. Shared
nearest-neighbor (SNN) identification and clustering were performed using the functions
FindNeighbors and FindClusters using the top 20 PCs with resolution set to 0.3 and

k set to 30. Memory and Effector scores were calculated using the AddModuleScore
function with the gene sets GSE9650 EFFECTOR_VS. MEMORY_CD8 T cell_UP and
GSE9650_EFFECTOR_VS._ MEMORY_CD8_TCEL.

L_DN from the C7 immunologic signature collection of the molecular signature
database: For transcription factor activity analysis the filtered count matrix from Seurat

was exported for use with the SCENIC package (version 1.2.4) and pipeline in R. SCENIC
was run with default parameters using the mm9-500bp-upstream-7species.mc9nr and mm9-
tss-centered-10kb-7species.mc9nr databases for identification of transcription factor binding
motifs. Using the Nextflow workflow from VSN-Pipelines (version 0.27.0) this process was
iterated 10 times with with default threshold parameters for filtering genes and regulons. The
resulting matrix of inferred transcription factor activity in each cell was then imported into
Seurat for visualization and analysis within Seurat-calculated clusters.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A memory phenotype predominates in vaccine adjuvant-elicited CD8* T cells

Adjuvant-elicited CD8* T cells require both T-bet and FOXO1 transcription
factors

Consequently, these T cells express dual effector and memory transcriptional
programs

CD8 responses to mRNA-lipid nanoparticle vaccines also require T-bet and
FOXO01
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Figure 1. A memory phenotype predominates in vaccine adjuvant-elicited CD8" T cells
C57BL/6 mice were harvested 7 days after adjuvanted (poly(l:C)+anti-CD40) vaccine

administration or L. monocytogenes (LM)-OVA challenge (LM). Please note that (A-J)
are from day 7, and (M-T) are from day 36.

(A) Representative CD127 versus KLRGL1 staining.

(B) Percentage of CD127" cells.

(C) Representative CD127 versus TCF1 staining.

(D) Percentage of TCF1* cells from (C).
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(E-J) Representative histograms and geometric mean fluorescent intensity (gMFI)
quantification for TCF1 (E and F), FOXOL1 (G and H), and CD127 (I and J) staining. Dashed
lines represent staining of naive (CD44°) T cells.

(K and L) CellTrace Violet (CTV)-labeled CD45.1* OT1s were transferred into WT
C57BL/6 recipients, followed by vaccination or LM-ova challenge. At the indicated times,
splenic donor OT1 cells were evaluated for TCF1 or T-bet expression within each cell
division regardless of harvest time point (K). TCF1 and Thet gMFI are normalized to an
undivided naive (transfer only) control (L). Error bars represent SEM. Data shown are
representative of 2 experiments.

(M and N) The spleens from C57BL/6 mice were harvested 36 days post vaccination or
LM-OVA challenge as in (A). Shown is representative CD127 versus KLRG1

(M) and TCF1 versus CD127 (N) staining.

(O-T) Representative histograms and gMFI quantification for TCF1 (O and P), FOXO1 (Q
and R), and CD127 (Sand T).

(V) Fold change in memory T cells from the peak determined by dividing the number of
CD127*TCF1* memory T cells more than 40 days post vaccination/challenge by the total
number of antigen-specific T cells at the peak of the response on day 7. Data from 5 separate
experiments are shown.

(V-X) OTL T cell isolated 110 days post vaccination or LM-OVA challenge and evaluated
for total cell numbers (U), frequency of IL-2/interferon -y (IFNvy) double-producing T cells
(W), and antigen-specific target killing (X) as described in STAR Methods.

All data shown are mean £ SEM; n = 4 mice per group, representative of 2-5 independent
experiments. Significance was defined by unpaired t test with Welch’s correction and two-
way ANOVA, where *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 2. Optimal Tvac frequency and phenotype require the memory fate-associated
transcription factor TCF1

WT and TCF1 KO OT1 cells were co-transferred into WT C57BL/6 recipients that were
then vaccinated or challenged with LM-OVA.

The phenotype of WT and KO cells 7 days (A-D) or 77 days (E-J) post vaccination/
challenge was characterized by flow cytometry.

(A) Representative contour plots for CD127 versus TCF1 staining of donor WT and KO
cells.

(B) The number of total WT and KO OT1 cells split into CD127* and CD127~ subsets.
(C) The ratio of the number of WT cells divided by the number of KO cells in (B).

(D) The gMFI of CD127 in WT and KO OT1 cells.

(E) Representative contour plots for CD127 versus TCF1 staining.

(F) The number of total WT and KO OT1 cells split into CD127* and CD127~ subsets.
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(G) The ratio of the number of WT cells divided by the number of KO cells in (F).

(H-J) Representative histograms and gMFIs for CD127 (H), EOMES (I), and FOXO1 (J) in
WT and KO OT1 cells after vaccine or LM-OVA challenge.

Data shown are mean £ SEM; n = 4 mice per group, representative of two experiments.
Significance was defined by unpaired t test with Welch’s correction and two-way ANOVA,
where *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 3. Tvacs require FOXOL1 for peak and memory responses
WT and FOXO1 KO OT1 cells were co-transferred into WT C57BL/6 recipients that were

then vaccinated or challenged with LM-OVA. On day 7 post challenge, the splenic WT and
KO OT1 phenotype was analyzed by flow cytometry.
(A) Representative contour plots for CD127 versus TCF1 staining.

(B) Representative contour plots for TCF1 versus FOXO1 staining.

(C) The number of total WT and KO OT1 cells split into CD127* and CD127~ subsets.
(D) The number of WT cells divided by the number of KO cells normalized to input.
(E) The percentage of TCF1* in WT and KO OT1 cells.
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Data shown are mean £ SEM; n = 4 mice per group, representative of two experiments.
Significance was defined by unpaired t test with Welch’s correction and two-way ANOVA,
where *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 4. Tvac peak and memory responses are compromised in the absence of T-bet
WT and T-bet KO OT1 cells were co-transferred into WT C57BL/6 recipients that were then

vaccinated or challenged with LM-OVA. On day 7 (A-E) or 50 (F-J) post challenge, the
splenic WT and KO OT1 phenotype was analyzed by flow cytometry.
(A) Representative contour plots for CD127 versus TCF1 expression in WT and KO OT1

cells.

(B) The number of WT and KO OT1 cells split into CD127* and CD127~ subsets.

(C) The ratio of WT:KO CD127" cells.
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(D) Representative histograms for FOXO1 staining of WT and KO OT1 cells.

(E) FOXO1 gMFI of WT and KO OT1 cells.

(F) Representative contour plots for CD127 versus TCF1 expression in WT and KO cells on
day 50 post vaccination and infection.

(G) The number of WT and KO OT1 cells split into CD127* and CD127~ subsets.

(H) The ratio of WT:KO OT1 cells.

(1) Representative histograms for FOXOL1 staining of WT and KO OT1 cells.

(J) The gMFI of FOXOL in splenic WT and KO OT1 cells.

Data shown are mean £ SEM; n = 4 mice per group, representative of two experiments.
Significance was defined by unpaired t test with Welch’s correction and two-way ANOVA,
where *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 5. Inflammation re-directs Tvacs into a FOXO1-independent effector cell fate
(A) GSEA of bulk RNA-seq from day 3 post vaccination compared with day 4 post LM-

OVA infection. These represent the peak proliferative time points for each immunological
challenge.

(B-F) WT OT1 cells were transferred into congenically distinct C57BL/6 recipients and
vaccinated with or without CpG (ODN1826) supplementation. On day 7 post vaccination,
the spleens were harvested, and the phenotype of OT1 cells was analyzed by flow cytometry.
(B) Representative contour plots for CD127 versus TCF1 staining. (C) The number of total
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WT OT1 cells split into CD127* and CD127~ subsets. (D) The number of total WT OT1
cells split into TCF1* and TCF1~ subsets. (E) The gMFI for TCF1 in TCF1* OT1 cells. (F)
The gMFI for FOXOL1 in OT1 cells.

(G-K) WT and T-bet KO or WT and FOXO1 KO OT1 cells were co-transferred into WT
C57BL/6 recipients, followed by vaccination with or without CpG (ODN1826). Splenic
WT and KO OT1 T cells were evaluated by flow cytometry 7 days post vaccination. (G)
Representative contour plots for CD127 versus TCF1 staining for control, FOXO1 KO, and
T-bet KO responses with or without CpG. (H) The ratio of WT:FOXO1 KO OT1s. (I) The
number of CD127~ FOXO1 KO OT1 cells 7 days post vaccination with or without CpG. (J)
The ratio of WT:T-bet KO OT1s. (K) The number of CD127* T-bet KO OT1 cells 7 days
post vaccination with or without CpG.

Data shown are mean £ SEM; n = 4 mice per group, representative of two experiments.
Significance was defined by unpaired t test with Welch’s correction and ordinary one-way
ANOVA, where *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 6. Adjuvant-elicited T cells express dual effector and memory transcriptional programs
(A) Uniform Manifold Approximation and Projection (UMAP) Dimensionality reduction

mapping analysis of single-cell gene expression data of OT1 cells isolated 7 days post
infection with LM-OVA (LM, purple) or adjuvanted OVA vaccine (Adj, black).

(B) UMAP as in (A), with cells color coded by clusters derived from shared nearest
neighbor analysis.

(C) Proportion of either Adj- or LM-elicited T cells within clusters depicted in (B).
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(D) UMAP as in (A), with cells color coded by cell cycle status inferred from transcriptional
profiles.

(E) Violin plots depicting expression of select genes associated with either the effector (left)
or memory (right) phenotype within clusters 1 and 2.

(F) Violin plots depicting the module score of gene sets associated with effector (left) or
memory (right) within clusters 1 and 2.

(G) Violin plots of SCENIC-inferred transcription factor activity within clusters 1 and 2.
(H) Violin plots depicting expression of select genes associated with either the effector
(Klrgl and Zeb?2) or memory (1I7r and Tcf7) phenotype of Adj- or LM-elicited cells within
clusters 3 and 4.

(1) Violin plots depicting the module score of gene sets associated with effector (left) or
memory (right) of Adj or LM cells within clusters 3 and 4.

(J) Violin plots of SCENIC-inferred transcription factor activity of Adj- or LM-elicited cells
within clusters 3 and 4.
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Figure 7. CD8 responses to mMRNA-LNP vaccination are also T-bet and FOXO1 dependent
WT (CD45.1/1) and KO (CD45.1/2) OT1 cells were co-transferred into CD45.2/2 C57BL/6

recipients. One day later, the mice were vaccinated with OVA-encoding mRNA-LNPs as
described in the STAR Methods. On day 10 post vaccination, the spleens were harvested,
and the WT:KO ratio and phenotype of the responding OT1s were was analyzed by flow
cytometry.

(A) Representative dot plots of spleen cells, gated only on the transferred T cells, in mice
co-transferred with WT:FOXO KO (left) or WT:T-bet KO (right) cells. Numbers represent
percentages of WT or KO T cells of total transferred T cells in each panel.

(B) Quantification of WT and KO T cell numbers from (A).

(C) Ratio of WT:KO T cells in each recipient.

Data shown are mean = SEM; representative of two experiments with n = 8-10 mice per
group. Significance was defined by paired t test, where *p < 0.05, **p < 0.01.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

aCD16/32 hybridoma supernatent 24G2

anti-CD19 Biolegend clone 6D5
anti-CD8a Biolegend clone 53-6.7
anti-CD44 Tonbo clone IM-7
anti-CD127 Tonbo clone A7R34
anti-KLRG1 Biolegend clone 2F1/KLRG1
anti-CD45.1 Biolegend Clone A20
anti-CD45.2 Biolegend clone 104
anti-CD122 Biolegend clone TM-bl
anti-FOXO1 Cell Signaling Technology clone C29H4
anti-Thet Biolegend clone 4B10
anti-TCF1 Cell Signaling Technology clone C63D9
anti-Eomes Biolegend clone Danl11mag
anti-CD40 BioXcell clone FGK4.5
Bacterial and virus strains

ova-expressing Listeria monocytogenes Hao Shen LM-OVA

Chemicals, peptides, and recombinant proteins

Kb-SIINFEKL tetramer
Fix/Perm solution

Flow Cytometry Perm Buffer
poly(I:C)

CpGODN 1826

monophosphoryl lipid A (MPLA)
Pam3Cys

Alu-Gel-S

Ovalbumin

Neuro9 lipid mix

NIH Tetramer core facility
Tonbo

Tonbo

InvivoGen

InvivoGen

InvivoGen

InvivoGen

SERVA Electrophoresis GmbH
Millipore-Sigma

Precision Nanosystem

-PE or -APC conjugated
Cat# TNB1022L160
Cat# TNB-1213-L.150
cat# tlrl-pic

Cat# tIrl-1826

cat# vac-mpla2

Cat# tlrl-pms

Cat# 12261.01

Cat# A5503

catalog#: NWS0001

1duosnuep Joyiny

Deposited data

SsCRNA data University of Colorado Cancer Center GSE237416
Genomics and Microarray Core Facility

RNAseq data University of Colorado Cancer Center GSE237415

Genomics and Microarray Core Facility

Experimental models: Organisms/strains

C57BL/6J mice Jackson Laboratories Strain #000664
B6.SJL-Ptprca Pepch/BoyJ mice Jackson Laboratories Strain #:002014
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

OT1 (C57BL/6-Tg(TcraTcrb)1100Mjb/J)
dLck-Cre (B6.Cg-Tg(Lck-icre)3779Nik/J)

Jackson Laboratories

Jackson Laboratories

Strain #:003831
Strain #012837

Tef/Aloxiflox x CD4-Cre Tuogi Wu UT Southwestern
Foxoffloxlflox (Egxq1tmRdpy Stephen Hedrick ucsD
Thx211ox/flox (B6.129- Thx211m25m]3) Christopher Hunter U. Penn
Oligonucleotides

CleanCap AG capped mRNA, including N1- produced in-house, University of Colorado
methylpseudouridine-5’-triphosphate substitutions, was produced Anschutz Medical Campus

by T7 RNA polymerase transcription from linearized plasmid

templates and subsequently enzymatically polyadenylated with E.

coli Poly(A) Polymerase

Software and algorithms

GraphPad Prism GraphPad version 9.3.0
FlowJo BD Biosciences V10.9
Seurat package Satija Lab, MIT version 4.0.4
Cell Ranger 10x Genomics version 2.1.0
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