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Abstract

In contrast to responses against infectious challenge, T cell responses induced via adjuvanted
subunit vaccination are dependent on interleukin-27 (IL-27). We show that subunit vaccine—
elicited cellular responses are also dependent on IL-15, again in contrast to the infectious response.
Early expression of interferon regulatory factor 4 (IRF4) was compromised in either IL-27- or
IL-15-deficient environments after vaccination but not infection. Because IRF4 facilitates
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Methods

Fig. S1. In response to subunit vaccination, the formation of T cell memory is substantially reduced in an IL-15" host.

Fig. S2. IL-15 is required to support survival of vaccine-elicited T cells, not for their initial expansion to antigenic challenge.

Fig. S3. Vaccine-elicited T cells express levels of IRF4 substantially higher than in T cells responding to viral challenge.

Fig. S4. Vaccine- and infection-elicited T cells express both overlapping and unique gene sets when compared with naive T cells.

Fig. S5. Vaccine-elicited T cells express predominantly a central memory phenotype as compared with T cells responding to infection.
Fig. S6. Global gene expression differences and representative gene sets in WT versus IL-27R™~ T cells responding to subunit
vaccination.

Fig. S7. Thet expression in vaccine-elicited T cells from WT mice is elevated compared with WT T cells responding to virus infection.
Table S1. Raw data.
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metabolic support of proliferating cells via aerobic glycolysis, we expected this form of metabolic
activity to be reduced in the absence of IL-27 or IL-15 signaling after vaccination. Instead,
metabolic flux analysis indicated that vaccine-elicited T cells used only mitochondrial function to
support their clonal expansion. Loss of IL-27 or IL-15 signaling during vaccination resulted in a
reduction in mitochondrial function, with no corresponding increase in aerobic glycolysis.
Consistent with these observations, the T cell response to vaccination was unaffected by in vivo
treatment with the glycolytic inhibitor 2-deoxyglucose, whereas the response to viral challenge
was markedly lowered. Collectively, our data identify IL-27 and IL-15 as critical to vaccine-
elicited T cell responses because of their capacity to fuel clonal expansion through a mitochondrial
metabolic program previously thought only capable of supporting quiescent naive and memory T
cells.

INTRODUCTION

The most robust and durable vaccine platforms use attenuated infectious agents, against
which both T and B cell memory can last for many decades (1, 2). Unfortunately, not all
infectious agents can be attenuated for the purposes of vaccination (e.g., HIV, hepatitis C
virus, and tuberculosis), mandating the use of adjuvanted subunit vaccines to promote
protective immunity. Infectious model organisms, such as lymphocytic choriomeningitis
virus or Listeria monocytogenes (LM), have been used extensively in the laboratory for
studying the molecular and cellular underpinnings of robust T cell immunity (3). The
immunological factors and pathways central to the cellular response against model
organisms are reasonably assumed to be the same factors and pathways that will be central
to subunit vaccine—induced immunity. For example, interleukin-12 (1L-12) is well
documented by Curtsinger and Mescher to play a critical role as a “signal 3 cytokine”
supporting maximal T cell differentiation and survival (4). IL-12 is also important in the
generation of short-lived effector cells (SLECs) during primary infectious challenge (5), a
subset important for the elimination of the primary infection and the eventual resolution of
the response to resting memory. Findings such as these have encouraged the pursuit of
formulations that induce the same inflammatory components produced during the infectious
process for use as vaccine adjuvants.

Most of the vaccine adjuvants tested to date are effective at augmenting antibody responses,
but their capacity to facilitate cellular immunity is typically orders of magnitude lower than
attenuated infectious agents (6, 7). Although numerous factors are likely to be involved, a
key difference between vaccine adjuvant administration and infectious challenge is that the
inflammation induced by adjuvants is generally less potent and resolves more quickly (8).
The degree to which downstream adaptive immunity is dependent on this inflammation calls
into question the transferability of the rules governing infection-elicited immunity to vaccine
adjuvant—elicited immunity. An excellent example of this is the vastly divergent roles played
by IL-27 in immune responses to adjuvanted vaccines versus natural infection. IL-27 is a
cytokine closely related to IL-6, IL-12, and IL-23 and has been linked to the inhibition of
cell-mediated immunity in the context of autoimmunity and infectious disease (9, 10). In
contrast to the reports of inhibitory effects of IL-27 in response to infectious challenges,
CD4* and CD8* T cell responses to a broad range of adjuvanted subunit vaccines are highly
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dependent on T cell-intrinsic IL-27 signaling, which mediates the prolonged survival of T
cells in response to vaccination (7). Thus, the vast majority of data on IL-27 derived from
infectious model systems did not predict it to be a major determinant of vaccine-elicited
cellular immunity.

A major focus of T cell biology in recent years has been the identification and manipulation
of the metabolic pathways that fuel T cell clonal expansion, memory formation, and long-
term survival (11). The metabolic program used by T cells is dynamic, changing depending
on the activation state and differentiation status of the T cell. Whereas naive T cells largely
generate adenosine 5’-triphosphate (ATP) via oxidative phosphorylation, one common
feature of activated T cells is an early switch to aerobic glycolysis, or so-called “Warburg
metabolism,” in which these rapidly dividing cells chiefly convert glucose to lactate rather
than feeding pyruvate into the Krebs cycle within the mitochondria (12). However, quiescent
memory T cells do not rely on aerobic glycolysis but instead exhibit high rates of fatty acid
[B-oxidation in a metabolic program characterized by high mitochondrial spare respiratory
capacity (SRC) (13, 14). The reason usually given for why rapidly dividing cells switch
between these two forms of metabolism is their high demand for biomass generation (12,
15). CD8* T cells can divide as often as once every 2 to 4 hours (16), a rate once thought to
be catastrophic to cellular survival. Aerobic glycolysis, while producing far less ATP than
oxidative phosphorylation, produces a number of metabolic intermediates that serve as
precursors for amino acid, lipid, and nucleotide synthesis (12). It is believed that
mitochondrial function, though superior at generating ATP, fails to produce sufficient levels
of these precursors to double the mass of a T cell during peak clonal expansion (17). Given
our increasing appreciation for the disparate factors governing T cell responses to infection
and vaccination (8), whether vaccine-elicited cells follow this same paradigm, or whether
their metabolic program is distinctly shaped by their unique inflammatory environment,
remains to be determined.

The data that we present here not only identify a number of factors in addition to I1L-27,
which function distinctly in vaccine-elicited immunity versus infection-elicited immunity,
but also identify the metabolic program fueling the clonal expansion and survival of T cells
responding to subunit vaccination. In addition to 1L-27, we show that the magnitude of
vaccine-elicited CD8* T cell immunity is highly dependent on IL-15, Tbet, and Eomes. This
is again in contrast to T cell responses to infectious challenge, where the loss of any of these
factors changes the long-term fate of the T cells but leaves early CD8" T cell proliferation
and survival largely unaffected (18-23). Last, our data show that these cytokine and
transcriptional events are necessary to support a metabolic program fueled not by aerobic
glycolysis but through mitochondrial function. Collectively, our data broaden the conclusion
that divergent biological mechanisms guide subunit vaccine—elicited immunity from those
derived from infectious challenge.
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RESULTS

IL-15 is required for the CD8* T cell response to adjuvanted subunit vaccination but not to
infectious challenge

We previously showed that a combination adjuvant consisting of an anti-CD40 antibody and
a Toll-like receptor (TLR) agonist could induce CD4* and CD8* T cell responses, in both
mice (7, 24) and primates (25), on par with those observed to infectious challenges such as
LM or vaccinia virus (VV). CD8" T cell responses to this vaccination are dependent on
IL-27R (Fig. 1, A and B) in a T cell-intrinsic manner (7). This is observable as a decrease in
either the percentage or total numbers of antigen-specific T cells (Fig. 1B) and contrasts
with the response to infectious challenge with V'V, which is fully intact in both wild-type
(WT) and IL-27R~"~ hosts (Fig. 1, A and B). Furthermore, this IL-27 dependency is not
limited to the use of combined adjuvants but is also a critical requirement for the T cell
response to single-adjuvant vaccinations (7). These results highlight the principle that T cell
responses to subunit vaccines and infections exhibit different activation requirements to
facilitate maximal responses.

In our previous report, we concluded that IL-27 must be facilitating the survival of the T
cells beyond day 3 after vaccination (7). Closer investigation of the cells at day 5, when
IL-27R~~ T cells are undergoing attrition and WTT cells are expanding, revealed subs -
tantially reduced levels of CD122 expression in the IL-27R™/~ T cells (Fig. 1C). CD122 is
the B-chain for both IL-2 and IL-15 signaling, suggesting decreased sensitivity of these cells
to IL-2 and/or 1L-15. Although IL-15 controls cell fate decisions between effector and
memory lineages and promotes memory cell homeostasis (19, 21), primary CD8* T cell
responses to infectious challenge are independent of this cytokine (18, 22, 23). However, the
loss of CD122 on IL-27R~/~ T cells, coupled with the fact that vaccine-elicited T cells
already demonstrated a differential dependency on one cytokine (1L-27) compared with
infections, led us to hypothesize that IL-15 plays a critical role in vaccine-elicited immunity.
Consistent with this hypothesis, there was a substantial deficit in the primary CD8* T cell
response to subunit vaccination in the 1L-157/~ host (Fig. 2, A and B). Given this profound
impact on the primary T cell response, as well as the established role for IL-15 in
maintaining memory CD8" T cell populations, the memory pool 30 days after subunit
vaccination was unsurprisingly similarly compromised in the IL-157/~ host as well (fig. S1).
As documented previously, IL-15~ hosts mount a primary T cell response comparable with
WT in response to infectious challenge with either ovalbumin (OVA)—-expressing LM (LM-
OVA) or VV (Fig. 2B). This dependency on IL-15 was broadly applicable to a host of single
adjuvants as well (Fig. 2, C to E), similar to our observations with IL-27 (7). These data
indicated that the CD8* T cell response to a broad spectrum of subunit vaccine adjuvants
depends on two cytokines, IL-27 and IL-15, which previous infectious models did not
predict.

Tbet and Eomes are required for maximal CD8* T cell responses to adjuvanted subunit
vaccination

To help study early events after vaccination, we used a coadoptive transfer model,
transferring small numbers of congenically marked WT and IL-27R~~ OT-1 T cells [T cell
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receptor (TCR) transgenic T cells that are OVA-specific] into a naive recipient (Fig. 3A) and
compared their responses at early time points after vaccination. We initially examined the
expression of Thet and Eomes (Fig. 3B) because they are two transcription factors important
in T cell differentiation and fate determination, are known to influence CD122 expression,
and are downstream of both IL-27 (26-28) and I1L-15 (29, 30) signaling. Both Thet and
Eomes expression were substantially reduced in the IL-27R~/~ T cells compared with the
WT (Fig. 3B), observable as soon as day 1 after vaccination and remaining low through at
least day 3 (Fig. 3, B and C). This was not unique to IL-27R™~ T cells, because WTT cells
transferred into an 1L-157/~ host demonstrated a similar reduction in both Thet and Eomes
during the early phases of T cell activation (Fig. 3C). This expression profile was somewhat
unexpected given the documented roles of these transcription factors primarily as driving
long-term fate decisions, not early T cell activation and expansion (20). We therefore
determined the requirement for each factor by immunizing Thet™~ or Eomesf/fl/dLCK-cre
mice and compared their T cell responses with WT controls as described above. As with T
cells deficient in IL-27 or IL-15 signaling, T cells deficient in either Thet or Eomes were
substantially compromised in their response to combined adjuvant subunit vaccination (Fig.
3D). Thus, much like the cytokines that induce them, these transcription factors play a more
critical role in the early activation and expansion of T cells after vaccination than their
documented roles after infectious challenge.

IL-27 and IL-15 increase IRF4 expression, a required transcription factor for CD8* T cell
responses to adjuvanted subunit vaccination

After vaccination, IL-27R™~ T cells initially expand commensurate to their WT
counterparts, achieving a 1:1 ratio on day 3 [Fig. 4, A and B, and (7)]. However, by day 6,
the ratio is >10:1 in favor of the WT cells (Fig. 4, A and B), a phenomenon also observed in
the ratio of WT to IL-157~ T cells (fig. S2). Carboxyfluorescein diacetate succinimidyl ester
labeling and Ki67 staining revealed (respectively) that neither the number of divisions nor
duration of proliferation was different between WT and IL-27R~/~ T cells (7). This is
consistent with a role for IL-27 in mediating the survival of the T cells late after antigen
recognition, a function strikingly reminiscent of that described for interferon regulatory
factor 4 (IRF4). IRF4 is a transcription factor known to be important in the differentiation
and maintenance of a proliferating T cell’s energy consumption (31, 32). In response to
infection, IRF4~/~ T cells initially proliferate identical to WT T cells but then fail to
accumulate at later time points because of their compromised survival. We observed further
similarities between IRF4~/~ and IL-27R™/~ responses in the affinity of the surviving T cells
after vaccination/infectious challenge, respectively. IL-27R™~ T cells show greatly reduced
tetramer staining [Fig. 4C and (7)], a proxy for TCRs with reduced affinity for peptide:major
histocompatibility complex, at late times after vaccination. This difference holds when using
a tetramer/CD3 geometric mean fluorescence intensity (gMFI) ratio to correct for any
differences in surface levels of TCR [Fig. 4D and (7)]. Likewise, the few IRF4~/~ T cells
surviving after challenge with influenza also display reduced binding to tetramer compared
with controls (Fig. 4E). Given these similarities, we investigated whether the vaccine-
elicited response also required IRF4. Using the T cell conditional IRF4~/~ (IRF4 cKO) host
(32), we found that the vaccine- elicited response was almost completely ablated in the
absence of IRF4 expression (Fig. 4F). This indicates that, unlike the other factors described
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above, IRF4 is a required transcription factor for mediating T cell responses to either
infection or subunit vaccination. Furthermore, the expression of this critical transcription
factor is influenced by IL-27 and/or IL-15 in the context of vaccination. Three days after
vaccination, IRF4 was substantially reduced in both IL-27R™/~ and IL-157~ hosts (Fig. 4G),
indicating a dependency on these cytokines for maximal IRF4. IRF4 levels were also
significantly lower in cells responding to infection compared with vaccination (fig. S3)
where it is known to be linked to the intensity of TCR stimulation (32, 33). However, IRF4
was recently shown to also be influenced by IL-2 and IL-15 in vitro (34), consistent with the
results presented here, confirming this connection between IRF4 and IL-15 in an in vivo
setting. Therefore, unlike Thet and Eomes, IRF4 represents an important nexus between
vaccine- and infection-elicited responses.

Vaccine-induced T cell responses display a metabolic program characterized by
mitochondrial function, not aerobic glycolysis

Numerous genes induced by IRF4 are involved in glycolysis and mitochondrial function (31,
35), and the loss of IRF4 leads predominantly to an early loss of glycolytic function inthe T
cell (31, 35). This role in metabolism is consistent with a requirement for IRF4 specifically
in the survival of primary effector cells, because they are known to be heavily dependent on
aerobic glycolysis (11). In contrast, memory T cells support their metabolic demands
primarily by mitochondrial fatty acid oxidation (14) and are thus less dependent on IRF4.
We therefore anticipated that vaccine-induced T cells from WT hosts would display robust,
IRF4-mediated glycolytic function, whereas T cells from IL-27—-or I1L-15—-deficient settings
would show a substantial loss of glycolytic function, thereby explaining their loss of survival
after vaccination. However, transcriptional analyses suggested a reprogramming of T cells
responding to vaccination in favor of mitochondrial function, not aerobic glycolysis. OVA-
specific T cells responding to vaccination or LM-OVA challenge were isolated by flow
sorting and differential gene expression determined by Affymetrix gene array analysis (fig.
S4). We filtered the gene expression data using a lower fold change threshold with the
rationale that cellular metabolism is a complex process regulated by hundreds of gene
products such that smaller fold changes in a large number of related genes would be
expected to have a significant biological impact. Whereas genes associated with glycolysis
showed no substantial pattern of differential expression, genes associated with the Krebs
cycle and oxidative phosphorylation predominated in T cells responding to subunit
vaccination (Fig. 5A), revealing a broader underlying genetic program directed not toward
glycolysis but to mitochondrial function. These unexpected findings were confirmed at the
protein level, showing increases in glycolytic enzymes in T cells responding to LM-OVA but
increases in Krebs cycle enzymes in the vaccine-elicited T cells (Fig. 5B). Flow cytometric
analysis was consistent with these findings, with vaccine-elicited T cells showing marked
reductions in signaling elements critical to glycolytic metabolism such as AKT, the
mammalian target of rapamycin (MTOR), cMyc, pS6K, and p4EBP1 (Fig. 5C) (11). In line
with previous ex vivo studies (36), glucose uptake [as demonstrated by 2-deoxy-2-[(7-
nitro-2,1,3-benzoxadiazol-4-yl)amino]-D-glucose (2-NBDG) fluorescence] was reduced in
both infection- and vaccine-elicited T cells compared with naive CD8* T cells (Fig. 5D);
nevertheless, glucose uptake in vaccine-elicited T cells was significantly reduced compared
with that in infection-elicited T cells. Moreover, they showed lower expression of the
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glucose transporter Glut-1 (Fig. 5D). To validate these findings at the metabolic level, we
performed experiments using the Seahorse metabolic flux analyzer. We initially measured
both extracellular acidification rates (ECARs; a measure of aerobic glycolysis) and oxygen
consumption rates (OCRs; a measure of mitochondrial function) of WT T cells responding
to vaccination or infection with LM-OVA. As expected, T cells responding 5 days after LM
challenge were engaged in aerobic glycolysis, in terms of both baseline aerobic glycolysis
and glycolytic capacity (Fig. 5E). However, in agreement with the analysis above, subunit
vaccine—derived WT T cells showed markedly reduced glycolysis for both of these
parameters (Fig. 5E). Instead, these cells had elevated mitochondrial function, showing an
SRC orders of magnitude higher than that observed in LM-elicited T cells and similar to
what is seen in memory T cells (Fig. 5F). Cell surface marker analyses also indicate that
these cells are predominantly programmed toward memory, with most expressing low killer
cell lectin-like receptor G1 (KLRG1) and high IL-7 receptor-a (CD127) (fig. S5). To follow
up on the functional differences that we observed, we used transmission electron microscopy
(TEM) to evaluate mitochondrial morphology. Mitochondrial fission has been associated
with highly glycolytic effector T cells, whereas fusion has been observed in memory T cells
(37). TEM analysis revealed that cells responding to vaccination were slightly smaller and
had fewer mitochondria, and notably, that those mitochondria were larger than their
infection counterparts (Fig. 5G). These phenotypes are consistent with mitochondrial fission
occurring after infection and mitochondrial fusion occurring after vaccination. Together,
these data indicate that CD8* T cells develop a memory- like metabolic phenotype very
early after vaccination.

These data were in contrast to our initial expectations, suggesting instead that 1L-27 and
IL-15 were needed to support mitochondrial function, not glycolysis, in the vaccine-induced
response. In keeping with this new prediction, T cells responding in the absence of IL-27 or
IL-15 signaling had substantially reduced mitochondrial function (Fig. 6A) with no
compensatory increase in glycolytic function (Fig. 6B). RNA sequencing (RNA-seq)
analysis provided substantial transcriptional support for these observations (Fig. 6C and fig.
S6); transcript levels of several key Krebs cycle enzymes were significantly lower in IL-27R
=/~ T cells compared with WT, including pyruvate dehydrogenase (Paha), isocitrate
dehydrogenase (/adh1), and succinate dehydrogenase (Saha). Collectively, these data indicate
that whereas T cell responses to infection display the canonical signatures of being fueled by
aerobic glycolysis, T cells responding to subunit vaccination show little glycolytic activity.
Instead, they display robust mitochondrial function dependent on IL-27 and IL-15. It is
important to note that the T cells at the time point of our analysis are still performing cellular
division every 4 to 6 hours. Elevated mitochondrial function is well documented for memory
T cells (14), but this is after the cells have exited the process of clonal expansion and thus no
longer require the metabolic intermediates derived from aerobic glycolysis for generating
reducing power and biomass. Although glycolysis was previously shown to be unnecessary
to support in vitro activation and proliferation (38), our in vivo demonstration that vaccine-
elicited T cells appear to be using mitochondrial function to support such marked clonal
expansion is unprecedented.
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Glycolytic blockade reduces T cell response to infection but not to subunit vaccination

These data suggest that the energy and biomass demands for T cells responding to subunit
vaccination are met largely by mitochondrial function. To specifically address this, we
challenged mice with either subunit vaccination or infection, with or without concomitant
injection of 2-deoxyglucose (2-DG), a competitive inhibitor for the glycolytic process. Mice
were treated with 2-DG on days 1 to 6 after initial vaccination/viral challenge, and the peak
of the T cell response was measured at day 7 (Fig. 7A). As expected, 2-DG treatment
markedly reduced the magnitude of the T cell response to VV or LM-OVA challenge (Fig.
7B), confirming the glycolytic requirement for the clonal expansion of infection-specific
responses. In contrast, 2-DG treatment failed to have any meaningful impact on the response
to vaccination (Fig. 7B). Previous data showed that inhibition of glycolysis with rapamycin
facilitates a skewing of a virus- specific response toward memory phenotype cells (39) and
that glucose withdrawal inhibits cellular function, specifically interferon-y (IFN-vy)
production (38). We therefore investigated whether 2-DG had the same influence on the
infection- and vaccine-specific responses. Similar to rapamycin, treatment with 2-DG
coincided with a decrease in the percentage of CD127"KLRG1* SLECs and a corresponding
increase in CD127*KLRG1~ memory precursor effector cells (MPECs) 7 days after viral or
bacterial challenge (Fig. 7, C and D). In contrast, the T cells responding to vaccination
display an overwhelmingly MPEC phenotype early, culminating in the vast majority of the T
cells being memory phenotype at the peak of the response, a phenotype on which 2-DG had
no impact (Fig. 7, C and D) (40). Consistent with previous reports on the importance of
glycolysis for maximal cytokine production (38) and lytic activity (41), glycolysis blockade
with 2-DG also resulted in reduced polyfunctional cytokine production after infection with
LM-OVA (Fig. 7, E and F) and reduced production of IFN-y, tumor necrosis factor-a
(TNFa), and granzyme B (Fig. 7F). However, much like the proliferative response, neither
cytokine production nor granzyme expression by vaccine- elicited cells was affected. These
data are again consistent with the conclusion that the magnitude, phenotype, and function of
the T cell response to vaccination are minimally affected by glycolysis and its downstream
effects. Collectively, these studies confirm that vaccine- elicited T cell responses derive their
metabolic support largely from the mitochondria, a function that requires the participation of
IL-27 and IL-15, thereby explaining why the vaccine-elicited response is dependent on these
cytokines.

DISCUSSION

Since Otto Warburg first described the fermentation of glucose in cancer cells in the
presence of sufficient levels of oxygen to maintain oxidative phosphorylation (42), scientists
have noted the so-called Warburg effect in rapidly dividing cell types, including in T cells.
Various hypotheses have attempted to explain why cells transition toward aerobic glycolysis,
though none have been universally accepted. Despite its inefficiency at producing ATP,
aerobic glycolysis may meet the energy demands of tumors and effector T cells because
nutrients (including glucose) are abundant owing to constant exposure to circulating blood,
such that even inefficient production of ATP still meets the cells’ energy needs (12). In
addition, ATP may not even be a limiting factor, given that the energy requirements of
rapidly dividing cells may be lower than quiescent cells, not higher (43). That said, whether
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rapid division per se requires Warburg metabolism remains unclear. A leading explanation
for why rapidly dividing cells use aerobic glycolysis is that glucose catabolism is necessary
for meeting the increased demand for biomass (12, 44). Multiple biosynthetic pathways
branch off from glycolysis, including the pentose phosphate and serine biosynthesis
pathways, which contribute to the generation of nucleotides and amino acids. The final
conversion of pyruvate to lactate is said to be important because of its production of p-
nicotinamide adenine dinucleotide (NADY), a limiting factor for additional glycolysis (12,
15). However, as Liberti and Locasale point out, the production of lactate is mutually
exclusive with bio-mass generation—the carbons contained within glucose leave the cell
when lactate is excreted (17). Furthermore, the shunting of glucose- derived pyruvate into
the Krebs cycle allows for the generation of amino acids not accessible from early glycolytic
intermediates alone. Thus, although it is clear that some tumor cells require glucose for their
high growth rates and most produce large quantities of lactate, no claim can reasonably be
made that rapid cellular proliferation demands aerobic glycolysis.

Our studies of vaccine-elicited T cells provide an example of cells undergoing clonal
expansion in vivo independent of aerobic glycolysis. Metabolic flux assays confirmed that
infection induced high rates of aerobic glycolysis in T cells, whereas vaccination induced a
level of aerobic glycolysis barely above the limit of detection. Vaccination instead imbues T
cells with a memory T cell-like metabolic program characterized by a high SRC that is
unusual in its dependence on IL-27 and IL-15. Inhibiting glycolysis by in vivo
administration of 2-DG had no effect on the generation of a robust CD8" T cell response to
vaccination while severely limiting the magnitude of the response to infection (Fig. 7).
Restricting glycolysis significantly skewed the phenotype of infection-elicited T cells away
from SLECs toward MPECs, consistent with previous observations (39, 45, 46), but
unsurprisingly left the overwhelmingly MPEC phenotype of vaccine-elicited T cells
unaffected. Using glucose-free media, Chang and colleagues demonstrated that glycolysis
was not required for the activation and rapid proliferation of T cells in vitro but was
necessary to support the development of effector functions (38). However, we (7, 24, 25, 40)
and others (47-49) have extensively documented the robust effector function of T cells
derived from the combined adjuvant method of vaccination used here. This indicates that the
previously observed dependency of effector function on glycolysis is either an in vitro
observation or one that does not apply to vaccine-elicited responses. The data collectively
call into question the existing dogma that aerobic glycolysis in rapidly dividing cells is
critical to fuel the anabolic processes necessary for their proliferation and differentiation,
and further underscore the divergence in T cell programming adopted by cells responding to
infection and vaccination. Recent data from Goldrath and colleagues revealed that
mitochondrial function could be uncoupled from the formation of T cell memory (50), and
the data that we present here show an analogous decoupling of aerobic glycolysis from the
metabolic demands of primary T cell clonal expansion.

We have used a broad array of vaccine adjuvants in the present work and therefore propose
that our conclusions are broadly applicable to most adjuvants in current use. New adjuvants
may be identified in the future that induce cellular immunity through a mechanism of action
divergent from the cytokine and metabolic dependencies that we have herein uncovered.
Furthermore, we have yet to confirm or deny the IL-27 and IL-15 dependency of vaccine-
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elicited cellular immunity in higher primates, and therefore, some degree of species- related
differences may also be found. That said, the implications of these data are significant
because they apply to immuno-oncology and therapeutic vaccination. Because the success of
the current checkpoint blockade immunotherapies [e.g., PD-1 (programmed cell death-1) or
CTLA-4 (cytotoxic T-lymphocyte associated protein 4)] depends on their capacity to induce
robust and enduring T cell function (51), the addition of vaccine strategies that can elicit T
cells capable of functioning in the highly suppressive tumor microenvironment would be of
obvious therapeutic benefit. T cell function is suppressed in the tumor microenvironment, in
part, because these high rates of aerobic glycolysis by the tumor cells deprive effector T
cells of their primary fuel source (52, 53). In addition, T cells within the tumor display a
significant loss of mitochondrial mass and function, further contributing to antitumor
immune dysfunction (54, 55). However, and directly related to our findings here, antitumor
T cell function could be substantially enhanced by increasing mitochondrial function and
biogenesis through ectopic PGCla (PPAR-y coactivator 1a) expression (54) or by
specifically increasing fatty acid catabolism by pre-treatment of transferred T cells with
fenofibrate (55). Here, we reveal that subunit vaccine—elicited T cells already have increased
mitochondrial function with little dependence on glucose, indicating that they may be well
suited for promoting antitumor immunity, given the notoriously low glucose availability in
the tumor microenvironment.

The precise reason(s) for these extreme differences in phenotype and metabolic dependency
are not fully clear, though it is reasonable to hypothesize that differences in the degree and
duration of inflammation are responsible. Thet and Blimp1 expression are downstream of
inflammatory factors and are well established as drivers of SLEC formation (56, 57). Given
the lack of SLEC formation in response to vaccination (fig. S5 and Fig. 7), one might predict
that vaccine-elicited T cells show reduced Blimpl and Tbet expression. Curiously, at the
peak of the vaccine response, the expression of both Blimp1 (40) and Thet (fig. S7) are
actually higher than that induced by infection. This suggests that an MPEC phenotype is
acquired in response to vaccination despite high levels of these transcription factors. Reiner
and colleagues recently showed an association between phosphatidylinositol 3-kinase
(PI3K)/AKT activity and skewing toward an effector cell fate (58). Because PI3K/AKT is a
signaling component of a variety of inflammatory mediators (59), the levels of inflammation
present during infection would be expected to skew toward SLECs through PI3K/AKT
activation of mTOR (60) and phosphorylation of forkhead box protein O1 (61), exporting it
from the nucleus where it helps to maintain a commitment to a memory cell fate through
Tcf7expression. Our data are consistent with these previous findings, with LM-elicited T
cells expressing substantially higher levels of pAKT and mTOR (Fig. 5). Likewise, high
levels of inflammation are largely absent after adjuvant administration; our recent use of an
IL-27p28-GFP reporter host revealed that production of this cytokine so critical to vaccine-
elicited T cell immunity was only produced in the first 6 to 18 hours after vaccination (62).
It may be that this limited amount of inflammation does not induce sufficient PI3K/AKT
activation to support an effector cell phenotype or metabolic fate, instead driving a memory
phenotype and metabolic program that require IL-27 and IL-15.

Last, it is worth emphasizing the growing list of factors with differential functions in the T
cell response to subunit vaccination or infection, a list that now includes IL-15, Tbet, and
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Eomes in addition to IL-27. The unusual dependence of the vaccine-elicited T cell response
on these factors, and the relative indifference with which the infection-elicited response
proceeds in their absence, further supports the assertion that basic immune mechanisms
derived from infectious biology overlap poorly with signals critical for subunit vaccine—
derived cellular immunity (8). These data suggest that approaching subunit vaccination, at
least as it pertains to the generation of T cell immunity, as an area of immunological study
distinct and independent from infectious biology may better advance our development of
vaccines and adjuvants capable of generating clinically relevant and therapeutic T cell
immunity.

MATERIALS AND METHODS
Study design

Broadly, the goal of these studies was to identify cellular and molecular mechanisms by
which a robust vaccine-elicited cellular response is generated and to what degree those
mechanisms are held uniquely or in common from a response instigated by an infectious
agent. This was accomplished by evaluating either the endogenous CD8* T cell response or
the response of a small number of transferred congenically marked transgenic T cells, at
various time points after either subunit vaccination or infectious challenge. Comparisons
between the response to vaccination and infection in WT hosts and the response to
vaccination in WT and genetically modified hosts formed the basis for the conclusions
drawn.

Experimental models

All experiments involving mice were conducted following protocols approved by the
University of Colorado Denver Institutional Animal Care and Use Committee (IACUC) or
the Mayo Clinic IACUC according to guidelines provided by the Association for
Assessment and Accreditation of Laboratory Animal Care. Female C57BL/6J, congenic B6
Ly5.1 (CD45.1), CD45.2* OVA-specific TCR-transgenic (OT-1), and Thet™~ (B6.12956-
Thx21tm1GIm)3) mice were obtained from the Jackson Laboratory. IL-27Ra. ™/~ mice were
provided by Genentech. IL-157~ (C57BL/6NTac- /L 15/™1/mX N5) mice were obtained from
Taconic. Eomes™/fl mice were provided by E. J. Wherry (20). dLck-Cre mice were provided
by M. J. Bevan, originally from N. Killeen (63). Irf4"/fl CD8a.-Cre (32) mice were bred and
maintained at the Mayo Clinic. CD45.2* and CD45.1* OVA-specific TCR- transgenic
(OT-1), IL-27Ra ™~ CD45.1* OT-1, and Eomesf/fl dLCK-Cre mice were bred and
maintained at the University of Colorado Denver. Mice used were aged 6 to 12 weeks old,
group-housed at a temperature range of 21° to 23°C, with a 14-hour on and 10-hour off light
cycle, and fed an irradiated standard diet (2920X; Envigo).

Infections, immunizations, and treatments

Female mice were challenged via tail vein injections with either 2000 colony-forming units
(CFU) per mouse LM expressing whole OVA (LM-OVA) or 5 x 108 plaque-forming units
(PFU) per mouse VV Western Reserve (VV-WR) strain or the same strain expressing OVA
(VV-OVA). For influenza virus infection, WT (IRF4™/f) and IRF4 conditional knockout
(cKO; CD8-cre IRF4M/M) mice were infected with influenza A/PR8/34 strain (~200 PFU per
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mouse). Influenza was inoculated in anesthetized mice through intranasal route as described
before (64). Data were analyzed in lung CD8* T cells at day 9 after influenza infection.
Mice were immunized via tail vein injection or intraperitoneal injection with the indicated
innate receptor agonist, with or without a CD40 antibody clone FGK4.5 (BioXcell), and 100
to 150 pg of whole chicken OVA (Sigma). OVA protein was detoxified by phase separation
(65) and was lipopolysaccharide- free as determined by a limulus assay. The following
adjuvant doses were used for immunizations: Poly 1:C/aCD40 (80 ug/40 ug), Pam3Cys/
aCD40 (25 ug/50 ug), Poly I:C (50 pug), Pam3Cys (25 ug), flagellin (15 pg),
monophosphoryl lipid A (MPL; 40 pg), and Alum (50 pg). Treatment with 2-DG (1 g/kg) or
vehicle control [phosphate- buffered saline (PBS)] was administered by daily intraperitoneal
injection at 1 to 6 days post-infection/immunization (dpi).

Statistical analysis

GraphPad Prism (version 7.0c, GraphPad) was used for all statistical analyses. Experiments
were performed independently at least twice with a minimum of three mice per group.
Figure legends detail number of experimental replicates and 77 values. Unless noted, data
shown are means + SEM. Significance was defined by unpaired Student’s ¢tests unless
specified. *P< 0.05, **P< 0.01, ***P< 0.001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. IL-27 isrequired for the CD8" T cell response to adjuvanted subunit vaccination but not
to infectious challenge.

(A and B) Tetramer staining on splenic CD8* T cells from control (unimmunized),
C57BL/6J, and IL-27R™"~ mice immunized with poly (1:C)/aCD40/OVA or Pam3Cys/
aCD40/0OVA or infected with 5 x 108 PFU of VV-WR at 7 dpi. ns, not significant. (C)
Tetramer-positive T cells were analyzed by flow cytometry for CD122 (IL-2 receptor p-
chain) expression 5 days after immunization with poly (1:C)/aCD40/OVA. Data indicate
means £ SEM, 7= 3 mice per group, representative of five experiments.

Sci Immunol. Author manuscript; available in PMC 2019 March 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Klarquist et al.

Page 18

A 20 1 *xk *xk

Control
[ ]
[ [ ]
2 101 E’
N (1)
S [ ]

0.01

<
3
a
]
5
A A
0 . - . .
Tetramer WT  IL-15K0 WT  IL-15K0
Poly(l:C)/40 Pam3Cys/40
B 107+ %% *xx 1073 ns ns
o0 f e
+ 106 ~¢® _E;‘__._ + 105
ko & oo Aaa
b A * 5
5] |
10 ?—% aha 10
A A
104 T T T T 104 T T T T
WT IL-15K0O WT IL-15KO WT IL-15KO WT IL-15KO
Poly(1:C)/40 Pam3Cys/40 VV-WR LM-OVA
C D 0.4+ * ! * 2.0
WT IL-157- !
0.34 *% | 1.5
034 . % %
o t !
o v i I o®
o 2 02 o 1.0
= 2 | & !
le) 0.1 = . 05
04— ; ; — T 0.0
WT KO WT KO WT KO
% Pam3Cys MPL Poly(1:0)
— E 150,000 1 * * xxx *x% *x% *x%
[ ]
100,000 - LY +
o [ ]
Y] + [ ]
3 50,000 -
< o e 30000 T R
2 0 £ T 3
20,000
S S = =  w i
10,000 - ° .
Tetramer (O S SN SN R
WT KO WT KO KO WT KO WT KO WT KO

Alum Flag MPL  Pam3Cys Poly(:C) CD40

Fig. 2. IL-15isrequired for the generation of the primary CD8" T cell response to vaccination
but not to infectious challenge.

(A and B) The abundance of splenic antigen-specific T cells was determined for WT or
IL-15~"~ mice 7 days after vaccination with poly(1:C)/aCD40/OVA or Pam3Cys/a.CD40/
OVA.. The percentage of CD8* T cells that were tetramer-positive (A) and the total number
of tetramer-positive T cells (B) are shown for cells responding to immunization, VV-WR, or
LM-OVA. (C to E) Similarly, tetramer staining was performed in mice responding to
specified single adjuvants plus OVA 7 dpi. Data indicate means + SEM, 1= 3 mice per
group, representative of four (A and B) and three (C, D, and E) experiments. Tet, tetramer;
Flag, flagellin.
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Fig. 3. Thet and Eomes arerequired for maximal CD8* T cell responses to adjuvanted subunit
vaccination.

(A to C) Congenically marked OT-1 T cells from WT and IL-27R~/~ backgrounds were
cotransferred into C57BL/6J mice and harvested for flow cytometric analysis 1, 2, and 3
days after vaccination. (A) OT-1 cotransfer method schematic. (B) Flow plots show the
gating strategy for WT and IL-27R™~ OT-1 cells and representative Thet and Eomes
staining. (C) The MFI of Thet and Eomes at day 3 after immunization in WT/IL-27R™~
OT-1 cotransfers and in single transfers of WT OT-1 cells transferred into WT mice or
IL-15~"~ mice. (D) Tetramer staining was performed on CD8* T cells in control
(unimmunized), C57BL/6J (WT), Thet KO, or Eomes KO (Eomes/fl x dLck-Cre) mice 7
dpi. Data shown are means + SEM, 7= 3 mice per group, representative of three (for Thet
1=y and four (for Eomes!/fl x dLck-Cre) experiments.
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Fig. 4. 1L-27 and IL-15 influence IRF4 expression, arequired transcription factor for the T cell
responses to subunit vaccination.

(A and B) C57BL/6J mice received 5 x 103 purified OT-1 T cells 1 day before vaccination.
Total numbers of WT and IL-27R™/~ OT-1 cells were analyzed at 3 and 6 days after
vaccination (A), and the ratio of WT to IL-27R™~ OT-1 cells was determined for each time
point (B). (C and D) Endogenous CD8" T cells were analyzed for KP-SIINFEKL tetramer
staining 7 days after immunizing C57BL/6J mice (C), and the ratio of tetramer MFI:CD3e
MFI was determined for each of four mice per group (D). (E) C57BL/6J and IRF4 cKO
(Irf4T/fl x CD8a-Cre) mice were challenged with influenza virus and tetramer-stained 7 dpi.
Representative plots show distribution of low and high tetramer staining. Graphs show MFI
of tetramer on tetramer-positive events (left) and the ratio of tetramer-high versus tetramer-
low events (right) in WT and IRF4 cKO mice. (F) C57BL/6J and IRF4 cKO mice were
vaccinated and tetramer-stained 7 dpi. Representative plots show the percentage of tetramer
staining cells out of total CD8* T cells. The graph below shows means + SEM, n=3to 4
mice per group. (G) IRF4 staining on tetramer-positive cells from WT, IL-157", and IL-27R
I~ mice 3 days after immunization. Data shown are means + SEM, 7= 3 mice per group,
representative of three (A and B), five (C and D), two (E and F), and four (G) experiments.
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Fig. 5. Vaccine-induced T cell responses display a metabolic program characterized by
mitochondrial function, not aerobic glycolysis.

(A) Seven days after immunization or infection with LM-OVA, relative RNA expression was
determined for antigen-specific T cells sorted from C57BL/6J mice. Differentially expressed
genes (adjusted Pvalue false discovery rate (FDR) < 0.1 and fold change of 1.1 or greater)
were filtered for Gene Ontology Consortium (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway association with electron transport chain, oxidative
phosphorylation (Oxphos), tricarboxylic acid cycle and metabolic process, or glycolysis.
Gene expression in T cells responding to LM challenge or combined adjuvant vaccine
immunization T cells was determined by Affymetrix gene arrays (as described in Materials
and Methods) using Transcriptome Analysis Console Software (Thermo Fisher Scientific).
All differentially expressed genes (significant between vaccine- and LM-OVA-responding T
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cells) were next determined with a fold change cutoff at £1.1. (B) Proteomics analyses
performed on OT-1 T cells purified 5 dpi, showing proteins important to glycolysis and the
Krebs cycle in vaccine-treated cells versus LM-OVA. (C) Glut-1 expression and 2-NBDG
uptake on antigen-specific endogenous CD8" T cells were tetramer-stained 5 dpi as a
percentage of CD44~ naive CD8" T cell MFI. Data are combined from two experiments,
where 7= 6 to 7 mice per group. (D) Representative flow plots and average gMFI of pAkt,
mTor, cMyc, p70pS6K, and 4EBP1 on OT-1 T cells 5 days after vaccination (blue), infection
(magenta), or in CD44~ endogenous CD8* T cells (gray). Data shown are means + SEM,
representative of =3 experiments. (E and F) Meta bolic flux was performed on splenic OT-1
T cells purified 5 dpi with LM-OVA, or aCD40/poly(l:C)/OVA, respectively. (E) ECAR was
measured at baseline, and after injection with glucose, oligomycin, and 2-DG, at indicated
time points, from which baseline aerobic glycolysis and glycolytic capacity were
determined. Data shown are combined from four separate experiments, /7= 4 per group,
where each 77 value equals the average of all the biological replicates from one of the four
experiments. The total numbers of mice included were 22 for LM-OVA and 26 for vaccine.
(F) OCR was measured at baseline and after injection of oligomycin, carbonyl cyanide 4-
(trifluoromethoxy)phenylhydrazone (FCCP), and antimycin and rotenone (A/R). From this,
baseline ATP production and SRC were determined. Data shown are combined from three
separate experiments, 7= 3 per group, where each n7value equals the average of all the
biological replicates from one of the three experiments. Ten mice (LM-OVA) or 14 (vaccine)
mice were included. Ratio paired #tests were used to determine significance for (E) and (F).
(G) OT-1T cells were purified 5 dpi and analyzed by TEM. Representative TEM images are
shown. Scale bar, 0.5 um. Cell surface area and the total number of mitochondria were
quantified from 27 cells per group. The surface area of each mitochondrion from each cell
was also quantified.
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Fig. 6. Vaccine-induced augmentation of SRC isdependent on IL-27 and IL-15.
WT OT-1 T cells were adoptively transferred into C57BL/6J or IL-15~~ recipients (WT,

IL-15777), or IL-27R ™/~ OT-1 T cells were transferred into C57BL/6J recipients (IL-27R™"")
and vaccinated 1 day later. Alternatively, WT OT-1 T cells were transferred into C57BL/6J
recipients and infected 1 day later (LM-OVA). OCR and ECAR were measured ex vivo on
purified OT-1 cells 5 dpi (A and B). Ant/Rot, antimycin and rotenone. Baseline ATP
production, SRC, aerobic glycolysis, and glycolytic capacity were determined as in Fig. 5.
RNA-seq on WT and IL-27R™~ OT-1 T cells responding to subunit vaccination was
performed as described in Materials and Methods (C). The resulting gene list was filtered
for all differentially expressed genes (adjusted Pvalue FDR < 0.1) with a fold change of
1.15 or greater and that are associated with the GO metabolic pathways metabolic process,
trixarboxylic acid cycle, and/or electron transport chain (G0:0008152, GO:0006099, and
G0:0022900). Heat map was generated using Morpheus (Broad Institute). For OCR, data
are combined from two experiments, where 7= 6 mice per group (all vaccination groups)
and n= 3 mice (infection), and values are means = SEM. For ECAR, data are representative
from a total of three experiments each, where 7= 7 (WT versus IL-27R™") or n=3 (WT
versus IL-1577).
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Fig. 7. Glycolytic blockade reduces T cell responseto infection but not to subunit vaccination.
WT C57BL/6J mice were either immunized, infected with 1 x 107 PFU of VV-OVA, or

infected with 2 x 103 CFU of LM-OVA. Starting 1 day later, mice were injected
intraperitoneally (IP) with PBS or 2-DG daily. (A) Experimental schematic. (B) Spleens
were harvested at 7 dpi, and tetramer staining was performed for KP-TSYKFESV (BSR) or
KP-SIINFEKL (OVA) tetramer-positive cells in VV-WR-infected and vaccinated mice (left)
or KP-SIINFEKL tetramer-positive cells in LM-OVA—infected or vaccinated mice (right).
Shown are means + SEM from a representative experiment (VV) or two experiments
combined (LM-OVA) of =3 experiments each, where 7= 4 to 5 mice per group. The relative
percentages of SLEC and MPEC subsets were assessed in tetramer-positive events (C), and
the ratios of the number of SLECs to the number of MPECs were determined (D).
Splenocytes were also stained 7 dpi for granzyme B and for intracellular cytokines after 5
hours of stimulation with SIINFEKL peptide (E). (F) Percentage of IFN-y*TNFa*IL-2*
within all CD8* T cells, making any one or more of these cytokines (left). Relative quantity
of IFN-y, TNFa, or granzyme B produced by CD8* T cells, making the respective effector
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proteins normalized to percentage of max for LM or vaccine, respectively, for each protein
(right). Percentages shown (C and E) are the averages from four to five mice per group.
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