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Abstract

Inducing sustained, robust CD8+ T cell responses is necessary for therapeutic intervention in
chronic infectious diseases and cancer. Unfortunately, most adjuvant formulations fail to induce
substantial cellular immunity in humans. Attenuated acute infectious agents induce strong CD8+ T
cell immunity, and are thought to therefore represent a good road map for guiding the
development of subunit vaccines capable of inducing the same. However, recent evidence
suggests that this assumption may need reconsideration. Here we provide an overview of subunit
vaccine history as it pertains to instigating T cell responses. We argue that in light of evidence
demonstrating that T cell responses to vaccination differ from those induced by infectious
challenge, research in pursuit of cellular immunity-inducing vaccine adjuvants should no longer
follow only the infection paradigm.

Introduction

The vast majority of information over the last 25 years regarding the molecular and cellular
requirements of robust cellular immunity have come from the study of the host response to
infectious challenge. An underlying assumption has been that information gained from these
infectious models will be directly applicable to the design, development and formulation of
subunit vaccines. That is, the immunological rules guiding infection-elicited T cell responses
will be the same as those guiding subunit vaccine elicited T cell responses. Recent findings,
however, begin to question this assumption. While infectious models have shown central
roles for type | IFN and IL-12 for mediating T cell differentiation and memory formation,
these cytokines are often dispensable in the T cell response to subunit vaccination [1]. In
contrast, IL-27 signaling appears to be required for the T cell responses to a host of subunit
adjuvants [2], while the response to infectious challenge is either unaffected or even
elevated in the absence of this cytokine [3, 4]. TNF receptor superfamily members expressed
by T cells largely enhance various qualitative aspects of the T cell responses during
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infection [5-8], but instead dictate the quantitative magnitude of the response in subunit
vaccine settings [9-15]. In short, the success or failure to produce a cellular response by
subunit vaccination may be guided by different underlying mechanisms than those that
govern infectious challenge.

In evaluating the relationship between infection-elicited and subunit vaccine-elicited cellular
responses, one is reminded of the Chinese folklore of the Fauna of Mirrors. As the ancient
legend has it, mirrors not only reflect objects in the present world, but also contain entirely
new worlds behind their surfaces, possessing completely different flora and fauna.
Inhabitants of both worlds were, for a time, allowed to roam freely between the two.
Applying the metaphor, vaccine-elicited T cell responses could either match the reflection
from the world of infectious biology, or alternatively could more closely resemble a world
on the other side of the mirror, possessing familiar creatures but with unique traits and
functions. In this version of reality, understanding comes not from increasingly better
analysis of the reflection, but from exploring the new world behind the mirror, interrogating
its rules, quirks and subtleties and in so doing, gaining a comprehension of its inhabitants.
Here we provide a discussion of findings that suggest divergent underlying mechanisms
between infection and subunit vaccination leading to robust antigen specific cytotoxic T cell
responses.

B cell vaccinology... a better reflection of infection

Some of the earliest vaccines (circa Jenner to Pasteur) focused on the use of live attenuated
infectious agents, capable of generating robust cellular and humoral immunity. Being a live
infection, there are inherent problems with vaccine production and storage, adverse reactions
and even reversion to virulence that plagued their use as vaccines. These issues inspired
early vaccinologists to explore the use of vaccines that instead contained either whole, killed
microbes or components of microbes against which effective lasting immunity could be
established. In the 1920s and 30s, Alexander Glenny demonstrated that the precipitation of
Diphtheria toxoid on an aluminum salt dramatically enhanced the efficacy of the subunit
vaccine to elicit anti sera [16—18]. This milestone not only marked the dawn of vaccine
adjuvants, it also helped inextricably link neutralizing antibody formation as the gold
standard metric for evaluating vaccine efficacy.

Alum was the adjuvant of the 20t century, contributing to the near eradication of dangerous
and prevalent infections like diphtheria, tetanus, pertussis, and polio from the developed
world. Alum has its limits however, one of them being that it is largely incapable of
inducing any significant degree of cytotoxic T cell immunity [19]. While generally
perceived to be less critical for mediating prophylactic immunity against infectious
challenges, robust cellular immunity is almost certainly required for effective therapeutic
vaccination against chronic viral infections or cancer [20]. Unfortunately, the majority of
new vaccine adjuvants developed thus far, likewise, do not generate clinically significant
cell-mediated immunity [19]. Consequently, the field turned back to the study of infectious
agents and the robust cellular immune responses they instigate.
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Ironically, utilizing these natural infections have facilitated the design and implementation
of vaccines that induce better humoral, not cellular, immunity. For example, the study of
bacterial infections ultimately lead to the identification of the receptor for LPS [21], Toll
Like receptor (TLR) 4, and ultimately all the other TLRs and numerous other families of
innate receptors. Given the inflammation they induce, the molecularly defined agonists for
these receptors were seen as ideal vaccine adjuvants. Indeed, the addition of a single innate
receptor agonist usually improves the magnitude and/or affinity of antigen specific antibody
induced by a vaccine [22]. In contrast, only rarely does the addition of single, or even
multiple, innate receptor agonists induce any substantial protective cellular immunity even
after multiple boosts [23].

T cell vs. B cell fauna... all about the numbers

This disparity in how protective T and B cell responses are generated by vaccination may be
largely attributed to a game of numbers. Though optimal antibody generation is restricted by
a series of T cell mediated checks and balances, the multimeric nature of microbial and
virally associated antigens allows not only T-independent Ig production but it can also
permit mechanisms of extra-follicular class switching that do not require the participation of
antigen specific T cells [24]. Even for T dependent responses, the organized architecture of
secondary lymphoid organs makes it possible for a relatively small number of antigen
specific T cells to support the maturation of the B cell response. B cells already begin at a
substantially larger antigen specific precursor frequency than the antigen specific precursor
frequency of CD8+ T cells [25-28]. Furthermore, once activated, the functional effect of
even a small number of activated B cells is further amplified by differentiation into plasma
cells, producing antibody in great abundance over a long period of time. With minimal
instigation (ie antigen+LPS), a robust antibody response can be achieved with the
mobilization of perhaps 10-20,000 plasmablasts [25, 26].

For cytotoxic T cells on the other hand, the biology of protection is based upon T cell
contact with target cells. Therefore, the T cells themselves must be in sufficient number so
as to track down, contact and destroy infected/oncogenic cells before they propagate the
malady. This reality was exquisitely highlighted by mathematical predictions of sterilizing
immunity to cancer and viral infections based upon relative abundance of antigen specific
cytotoxic T cells to either viral titer or tumor burden [20]. Reasonably similar estimates were
empirically derived by assessing the required number of T cells for sterilizing immunity
against malaria in a mouse model [29]. Suffice it to say, the numbers of antigen specific T
cells identified in these studies are orders of magnitude larger than 10-20,000; roughly 106—
107 T cells per cm of tissue. Until recently, even the best subunit vaccines produced antigen
specific T cells several orders of magnitude lower than model natural infections, such as
Listeria, Vaccinia or LCMV.

Good evidence for the primacy of sustainable T cell numbers in protective cellular responses
comes from the infusion of Adoptive Cell Therapy (ACT) of in vitro activated T cells into
late stage cancer patients. T cell ACT, bearing either tumor specific TCRs or engineered
Chimeric Antigen Receptors (CARs), has been performed in the clinic for the better part of
the last 2 decades with only limited success [30, 31]. Indeed, very few durable responses
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were ever observed despite the infusion into patients of exceedingly high numbers (>10°) of
tumor reactive T cells. These poor overall responses rates were better understood when
examination of the patients blood revealed precipitous losses of the transferred cells,
culminating in only small numbers of tumor reactive T cells that could persist in the host
[32-34]. ACT began seeing its first consistent successes only after researchers and clinicians
elaborated methods by which the high numbers of transferred T cells could be maintained
through time points long after initial transfer [35-37]. Indeed, the cases where this treatment
successfully controls the tumor are often the patients in which the transferred T cells expand
to become 40-80% of the total T cell pool [37]. These frequencies are within a few fold of
what is observed in response to model infections such as LCMV, but are multiple orders of
magnitude larger than what is induced by most adjuvanted subunit vaccines. While it is
certainly true that qualitative aspects of T cell behavior can enhance or detract from the
efficiency of the overall response [38, 39], a good argument can be made that the primary
deficiency in subunit immunization is a simple failure to evoke sufficient T cell numbers
requisite for therapeutic cytotoxic responses.

Through the looking glass

If the key to making effective T cell-eliciting vaccines is getting the vaccine to make more T
cells, it stood to reason that the place to look for the right clues would be infectious models.
In response to an infection such as LCMV, upwards of 50% of the activated CD8+ T cell
pool is composed of virus specific T cells (targeting 3—4 dominant antigens) only 7 days
after initial viral challenge [40]. Other infectious challenges such as vaccinia, influenza or
Listeria monocytogenes (LM) are little different, typically producing CD8+ T cell responses
that dedicate anywhere from 15-30% of the T cell pool toward the infectious challenge[41-
43]. When one considers that the pre-challenge precursor frequency of CD8+T cells in a
mouse specific for any one of these epitopes is in the range of 200-2000 cells [27, 28], this
represents an antigen specific T cell expansion that is somewhere around 3-4 orders of
magnitude. To date, there are only a few subunit vaccine platforms capable of producing this
level of T cell expansion, one of which is a combination adjuvant stimulating both an innate
receptor (such as a TLR) and CD40 (combined innate/CD40). Much like the B cell response,
the use of either of these single adjuvants typically produces around 10-50,000 total antigen
specific CD8+ T cells [2], a number that is non-protective with respect to T cell responses
[13]. In contrast, after a single exposure, the combined innate/CD40 adjuvant can produce a
similar number of antigen specific T cells (~1-3 million antigen specific T cells), and in the
same time frame (7 days), as the infectious challenge [2, 10, 13, 44, 45]. As a result of the
potency of this vaccine adjuvant, we and others [46-48] have spent years studying its
underlying mechanisms in mice and have recently shown its capacity to produce robust CD8
and CD4 responses in non-human primates [49].

We initially believed that this adjuvant represented an opportunity to not only make better
vaccines, but could also be used to better understand the infectious process. We reasoned
that a reductionist adjuvant system that reproduced both the magnitude and character of the
infectious T cell response through the targeting of only 2 molecules would “obviously” be
better at cutting through the inflammatory noise of the infection to identify the critical
adaptive signals buried beneath. In hindsight, we should not have been surprised to find that
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rather than revealing secrets of the hidden infectious process, we identified signals central
only to the efficacy of subunit vaccine adjuvants. Thus far, two signaling pathways have
stood out as critical to vaccine-elicited CD8+ T cell responses; CD27 [10, 12, 13, 45] and
(coincidently) IL-27 [2]. While the “27s” also influence and modulate the infectious
response, their role in the infection is far more qualitative and nuanced than in vaccination
where they dictate (in a necessary-but-not-sufficient manner) the magnitude of the primary
response and the function of the memory response.

The canonical TNFR1 and TNFR2 family members are known for their roles in determining
cell fate through either cell survival or apoptosis in a host of cells from epithelial/tumor cells
(as the name suggests) to T cells, B cells and myeloid cells of the immune system [50]. As
such, many of the members of the TNF receptor superfamily have been explored deeply for
the machinery responsible for T cell life and death decisions [51]. Infectious biology has
highlighted the role of these family members to influence overall T cell number but usually
in later stages of a developing primary T cell response . For example, whereas the CD27,
0X40 and 41BB influence the CD8+ T cell response to challenge with a range of infections,
their effects are typically seen in specific tissue sites or at later stages of the developing T
cell response [52]. These effects are more often qualitative, influencing the overall numbers
of antigen specific T cells a few fold but having a more substantial impact on their function
and/or phenotype [5-8, 53, 54]. One unique illustration of this principal is seen in studies of
CD27 where high affinity T cells to influenza had a dispensable relationship with CD27
whereas low affinity T cells required CD27 ligation by CD70 in order to survive long
enough to contribute to the memory pool [7]. Similarly, OX40 deficiency has little effect on
the magnitude of the primary T cell response to LM challenge, rather influencing the cell
fate decision between short lived effectors and longer term, self-renewing memory T cells
[55]. Even more qualitative are the role of TNFR effects in response to VV infection where
neither CD27 or OX40 play much of a role in the response to more virulent VV and only
influence the development of protective memory to less virulent strains [56].

These results stand in reasonably sharp contrast to the role of these receptors in a vaccine
setting, where the blockade of CD27 produces dramatic (>10 fold) inhibition of the primary
expansion of CD8 T cells [9-15, 45, 57-59]. Curiously, OX40 can serve as a reasonable
substitute to support CD8+ T cell expansion to vaccination, but only in the developmental
absence (KO animals) of CD27[12]. This likely has to do with the similarities in CD27 and
0X40 signaling coupled with the fact that OX40 is poorly expressed on CD8 T cells unless
CD27 is absent. OX40 has a less obscure role in CD4 cell response to vaccination where
both CD27 and OX40 signaling are required for peak responses in the WT host [45]. While
we have studied this extensively in response to the combined innate/CD40 vaccine adjuvant,
others, using a diversity of immunization platforms (adjuvants, in vitro derived DCs, etc)
have observed a similar importance for CD27 in a vaccine-elicited T cell response [9-15,
45, 57-59]. In the majority of these systems, this CD27 dependency influences expansion,
survival and programming of effectors and memory.
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Indeed, strong evidence suggests that potent CD27 signaling in the CD8+ T cell can render
both its primary and secondary response CD4 T cell-independent [60, 61]. Because of the
obvious benefits of this in a setting like a HIV infection or cancer where a patient’s degree
of immune competence is questionable at best, CD27 is now an active target in the rapidly
expanding field of immuno-oncology. Given this central role for these TNF receptors in the
vaccine elicited response, it is certainly not a coincidence that the inclusion of 41BB
signaling components into the cytoplasmic tail of CARs has dramatically augmented the
long term survival of CAR T cells and their therapeutic efficacy [36].

IL-27 is a pleiotropic cytokine that is closely related to IL-6/IL-12/IL-23 and has been
linked to both the promotion and the inhibition of cell-mediated immunity in the context of
autoimmunity and infectious disease [3, 62]. Through STAT1 signaling, IL-27 can induce
early Thet activation and predispose a developing CD4 response toward Th1 and away from
Th17 responses [63, 64]. Somewhat paradoxically however, IL-27 also signals through
STAT3 and its activity is critical for suppressing rampant inflammatory responses. Indeed,
the existing infectious literature is far more consistent with a suppressive function for IL-27
in T cell biology [4, 62, 65-67]. For example, in the response to influenza, IL-27 induces
IL-10 production in CD4+ T cells simultaneous to their IFNy production [68]. Though
initially counter intuitive, it ultimately allows a degree of inflammatory control while
maintaining sufficient inflammatory momentum to clear the virus. Similarly, in T gondii
infection, a loss of IL-27 leads to a lethal level of lymphproliferation and IFNy driven
inflammation [69]. In our hands [2], as in others [70], CD8+ T cell responses to vaccinia or
Listeria challenge are relatively unconcerned with IL-27 deficiency, the response being
either similar or slightly elevated relative to WT responses. Notably, an exception to the
suppressive function of IL-27 has been observed in cancer immunity where the addition of
IL-27 in vivo augments the CTL response against a variety of tumors (reviewed in [71]).
Further, IL-27Ra ™/~ hosts are more sensitive to tumor growth [72], suggesting some role for
endogenous I1L-27 signaling in this response. Even in this case, however, substantial tumor
specific immunity could still be induced in the IL-27Ra ™/~ hosts. Collectively, the
preponderance of data is consistent with the interpretation that while IL-27 may not be
mandatory for tumor specific CTL activity, its presence or absence can influence the
induction/maintenance of tumor specific immunity.

Regardless of its specific role in cancer immunity, it is fair to say that at least in area of
infectious biology, the established functions of 1L-27 would not have predicted any central
and/or necessary role in subunit vaccine-elicited immunity. Indeed, the majority of data
implicated cytokines such as IL-12 or type | IFN as the most likely “signal 3” mediators for
CD8+ T cell responses to vaccination. As described by Mescher and colleagues more than
15 years ago, only when specific “signal 3” cytokines are included during the early phases
of T cell activation (IL-12 and IFN for CD8s, IL-1 for CD4s) would T cells develop effector
functions, survive long-term and proliferate in response to secondary challenge [73]. In
these years since these initial reports, IL12 and IFN have been validated as critical for full
CD8* T cell differentiation and memory formation in a variety of model systems [73-77].
Thus, once again, the available data from various infectious model systems might have more
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likely pointed one toward IL-12/IFN and away from IL-27 as primary mediators of vaccine-
elicited cellular immunity.

In part because the vaccine-elicited CD8 response was independent of both IL-12 and IFN
signaling in T cells, we began investigating possible contributions of IL-27 to the T cell
response to the innate/CD40 vaccine. We discovered that a loss of IL-27R on T cells, much
like CD27, resulted in a >10 fold reduction in both CD4 and CD8 responses [2]. Perhaps
even more surprisingly, this dependence on IL-27 was maintained for a spectrum of single
adjuvants as well, indicating a dependence on IL-27 that was more broad than for just our
combined adjuvant. Effective IL-27 signaling in this context required STAT1/STAT3 and,
again similar to CD27, affected not only the peak expansion of the primary response, but
also affected appropriate programming of protective memory. Subunit vaccine-elicited
memory IL-27 deficient T cells fail to expand upon rechallenge with LM, despite the fact
that the primary response to LM is IL-27 independent. Even more surprising, memory IL-27
deficient T cells which had responded normally to priming with LM also failed to expand
when boosted by subunit vaccination. Thus, IL-27 plays a unique role in programming the
expansion, effector function, and memory formation of T cells in response to both primary
and secondary encounters with subunit vaccination. Again, these functions for IL-27 are
largely un-mirrored during the T cell response to infectious challenge.

Fauna yet to be discovered

Collectively the data indicate that the “27s” play quantitatively and qualitatively different
roles in the infectious vs. subunit vaccine-elicited T cell response. To revisit our analogy,
deeply staring into the mirror reflecting infectious biology would not have likely revealed
the necessity for these molecules in the vaccine elicited response. It is worth nothing that
each signal is necessary but not sufficient, indicating that they are likely critical steps along
a linear path of stimuli, the loss of any one of which leads to the dissolution of the path
entirely. This may be informative in regards to understanding why infectious and vaccine
responses are so disparate in their dependence on the 27s. During the infectious process,
numerous innate receptors will be triggered during the many days over which the pathogen
replicates (Figure 1A). These innate pathways induce the production of a host of
inflammatory mediators, some in series and some in parallel, which over time not only
reduce pathogenic burden and dissemination, but also serve as stimuli for professional
antigen presenting cells (APCs) to induce the levels of antigen processing and presentation,
co-stimulatory molecule expression and cytokine production necessary for T cell activation,
proliferation, survival, effector function, and resolution to memory [78]. Conceptually, an
antigen specific T cell has an extended opportunity to integrate various stimuli as they arise
under the broad arc of the infectious process, sampling the inflammatory milieu for the
signals it needs to sustain its expansion, function and survival. In sharp contrast to this, the
inflammation induced by the adjuvant in a subunit vaccination is limited in magnitude,
diversity and geography, producing a regionally isolated innate inflammatory burst which at
best is likely operative over only the first 36 hours post-delivery (Figure 1B). For example,
adjuvant-elicited I1L-27 production rises and falls within the first ~8-12 hours after
vaccination (NP and RMK, unpublished results). CD70 induction on antigen bearing APCs
(the ligand for CD27) peaks between 12-18 hours after vaccination [9, 13], and its
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stimulatory activity is necessary within the first 24 hours of vaccination in order to achieve
maximal effect on T cell expansion. Contrast this to the many days of cytokine production
and rounds of APC activation, usually occurring in multiple anatomical and
immunologically distinct niches, in response to infectious challenge. Logically, one might
anticipate that the temporal sequence, limited diversity and overall magnitude of the
inflammatory mediators induced by the adjuvant would have the very effects on the T cell
response that we do indeed observe; i) T cells are more demanding of both the level and
sequence of each inflammatory factor induced, and thus, far more sensitive to their loss if
removed, and ii) the factors the vaccine depends upon are different from those induced, and
therefore depended upon, by an infection.

This fundamental difference in the inflammation induced by infections and subunit
vaccination suggest that there are other factors that could use greater scrutiny and
exploration in a subunit vaccine setting. T cell signaling strength is a matter of both TCR
affinity for peptide MHC as well as the overall avidity of APC-associated multimeric
peptide:MHC. Because the strength of T cell signaling can dictate a T cell’s dependency of
other factors within the milieu [7, 79, 80], the antigenic load is a critical component in
directing T cell fates. As an infectious burden increases over the first dew days of its
replication, so increases the antigenic load. While the precise levels of antigen generated
during the course of infection is difficult to calculate the efficiency by which it stimulates T
cells is augmented by the spectrum of inflammatory factors induced [79, 80]. In addition,
APC:s are often directly infected, enhancing classical presentation of endogenous antigen
into class | MHC. Contrast this with the fact that the amount of target antigen in a subunit
vaccination will never be greater than the amount first injected, waning rapidly (at least one
hopes so... see below) after vaccination. Curiously, the amount of antigen typically utilized
in clinical subunit vaccines is usually about the same absolute amount we use in mice; eg.
the Hepatitis B vaccine contains only 20ug of protein in its formulation. While clearly
sufficient for eventually inducing protective antibody responses, this relative dose (for a
60kg person, 0.0003 mg/kg or ~0.01mg/m2) is probably 10-100 fold lower than what can be
reasonably expected to induce T cell responses even in mice where we use optimized
antigens and adjuvants. Compounding the impact of this scarcity of antigen is the relative
inefficiency of processing and presentation of exogenous antigens by APCs. Along side of
the fore-mentioned limited inflammatory environment, it perhaps becomes more
understandable why our subunit vaccinations do not produce clinically relevant T cell
responses.

One solution that early vaccinologists utilized to slow the loss of antigen after injection was
the use of precipitates and emulsions, capable of maintaining antigen for many weeks after
immunization [17, 81]. Though shown more than 60 years ago to be unnecessary for
effective antibody production [82], the formation of such an “antigen depot” is still assumed
to be useful in vaccine formulations for the generation of immunity. While it is true that B
cell responses proceed relatively unaffected by the presence or absence of such antigen
depots in an injection site, there is very strong evidence that antigen depots are actively
damaging to the formation of enduring T cell responses [46, 83, 84]. Work by Overwijk and
colleagues convincingly showed that the it is precisely the duration of antigen within the
depot that proves the downfall for T cells, drawing nascent responders into the antigen-rich
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injection site, distracting them from target sites of interest and inducing their apoptosis [83].
Adjuvants that facilitate the maintenance of peripheral tissue depots of antigen for any
extended length of time beyond the rise of the induced T cell response (10-15 days?) may
be compromising the efficacy of the vaccine by just such a mechanism. As such, other
methods need to be explored which can increase the amount of antigen presented to T cells
without forming destructive antigen reservoirs. One area that is proving productive in this
regard is the targeting of antigen to APCs [57, 85-89]. By conjugating antigens to TLR
agonists or to antibodies specific for molecules expressed by DC subsets, the efficiency of
antigen uptake is greatly magnified, allowing far lower amounts of antigen to be presented
effectively. Targeted antigen in this fashion can dramatically increase the efficiency of
cross-presentation [87, 88], and in some cases even prolonging the presence of the antigen
for extended periods of time [89], though apparently not long enough to compromise the
induction of robust T cell immunity. The success of these methods supports the notion that
antigen dose/load is a critical determinant of a successful T cell response and provides a
reasonable path forward for feasible augmentation of antigen dose in the clinic.

Lastly, despite the essential and fate-determining effect of cellular metabolism on antigen
specific T cells, there is very little information on the in vivo metabolic programming
directed by subunit immunizations. How a T cell meets it metabolic demands dictates
whether the cell can survive during both the expansion and contraction of the response.
Energetic deficiency leads to cells that are either unable to divide or unable to carry out
effector functions requiring protein synthesis and motility. While cytokine signaling, such as
IL-12 and IL-2, drives the expression of fate-determining transcriptions factors (Eomes/Bcl6
for memory and Thet/Blimp-1 for effectors) [90, 91], these cell fates are also affected by the
metabolic pathways active within the cell [92]. Evidence for this is the growing data that T
cells can be skewed toward different cell fates by nothing more than manipulation of their
metabolic pathways during initial priming [92-94]. Many of the inflammatory cytokines
produced during an infectious response can influence genes important in glycolysis or
oxidative phosphorylation. It therefore remains to be determined how the metabolic
demands of a T cell are met in a subunit vaccine setting and whether or not the T cell meets
these demands in a fashion similar to or divergent from a T cell in an infectious setting.

Concluding remarks

The past 20 years has seen the rise, fall and rise again of Immunotherapy. In the present era
we celebrate the “Year of Immunotherapy” and enjoy the popularization of immune-centric
terms such as “Immuno-oncology” (or just “l1O” for those in Pharma) and “ immune
checkpoint inhibitors”. The capacity of the immunotherapeutics in the clinic to so
powerfully influence T cell function in vivo, in conjunction with the increasing success in
ACT and CAR T cell therapies, might tempt one to speculate whether the pursuit of T cell-
inducing vaccines is at best past its prime or at worst clinically irrelevant. As we consider a
range of outstanding questions in the field (see Outstanding Questions box), three points are
noteworthy in regards to the need for pursuing T cell-eliciting vaccine approaches. First,
aseptic T cell priming and expansion probably follows rules much more akin to subunit
vaccination than infection. For this reason, pursuits in understanding the laws in either of
these realms may reinforce understanding of the other. Second, targeting T cell checkpoint
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inhibitors appears to achieve success through activating a number of T cells in vivo that is
orders of magnitude less than the number transferred during ACT [95]. Much work has been
done to increase the efficiency of adoptive transfers by identifying the characteristics of in
vitro generated T cells which permit them make them to survive and function in the recipient
[96]. It is almost certainly not coincidental that their phenotype is similar to the phenotype
of T cells generated by successful non-infectious vaccine methods [61]. Thus, ACT would
likely benefit from the development and use of a robust subunit vaccine method that could
be employed post adoptive transfer. Indeed, animal models of ACT predict as much [97].
Lastly, as with the animal data on ACT, most of the checkpoint regulators currently in the
clinic did not successfully control tumor growth in early animal models unless some form of
vaccination was used in combination [98-100]. Indeed, it is arguably a surprise that the use
of the checkpoint regulators alone, or even in combination with one another, has been as
successful as they have without some form of vaccination on board. Given this, the
development of vaccine platforms that can generate even modest T cell responses is almost
certain to increase the already impressive response rates for these powerful therapeutics and
promote substantially higher rates of stable disease and disease free survivals.

OUTSTANDING QUESTIONS BOX

* What is the sequence and duration of innate factors induced by vaccine
adjuvants that induce robust cellular immunity? The inflammatory response
to adjuvant injection is substantially different than that in response to infection.
The quantity and quality of the T cell response depends on the right sequence of
the right factors. A careful time course monitoring inflammatory factors and
stimulatory receptors within the vicinity of the developing T cell response, will
inform the development of better adjuvants.

»  What other factors regulate the subunit vaccine-elicited response and not
the infectious response? Continuing to compare the infectious response and
vaccine-elicited response will reveal what other factors are specifically required
for the latter and not the former.

*  What aspects of vaccine-elicited cellular immunity are conserved between
mice and primates? Many adjuvants produce some degree of cellular immunity
in mice but fail to do so when used in non-human primates. Some adjuvants
(combined innate/CD40, TLR7 agonist-antigen conjugates) induce potent
immunity in both species. These types of adjuvants require further study in
primates to inform adjuvant development suitable for clinical usage.

* What antigen doses are best suited for inducing clinically relevant vaccine
induced cellular immunity? Current doses of antigen used in clinical vaccines
are barely suitable for producing CD8+ T cell responses in mice let alone
humans. More effective dose responses need to be explored in humans to insure
that our best adjuvants are not (literally) starving for success.

»  What are the best methods for delivering the proper antigen dose? A quick
fix for the antigen dose issue is to simply use more antigen. However, numerous
antigen-targeting methods increase the efficiency of antigen uptake and
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presentation and show substantial promise in animal models. More data in
higher primates is needed to understand what targeting modalities are best suited
for the clinic.

*  What is the metabolic profile of T cells responding to subunit vaccination?
The response to infectious challenge relies heavily on aerobic glycolysis to
support both the energetic and biosynthetic demands of the massive T cell
expansion that occurs. The balance between glycolysis and oxidative
phosphorylation is can be heavily influenced by the inflammatory milieu. Given
the differences in this milieu between infections and adjuvants, its is currently
unclear whether a T cell responding to subunit vaccination uses similar or
divergent means to meets its metabolic demands and balance the formation of
effectors and memory phenotype T cells.

In returning to our metaphor, the legend tells us that occupants of both sides of the mirror
were once able to transit between the worlds. Eventually conflict and confusion arose
between the earthly realm and that which lay beyond the mirror, compelling the Emperor to
close the portal between the two. Though we contend that subunit vaccinology lies in the
world beyond the mirror, this by no means suggests that its understanding is unreachable.
Indeed, arming ourselves with all of the available “omics”, and other formerly
incomprehensible technological tools, should allow for immunologists to once again make
informed transit from one side of the mirror to the other and influence the development of
subunit vaccines for better clinical outcomes.
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Trends Box

Evidence is growing for divergent underlying mechanisms guiding the
magnitude and duration of vaccine-elicited and infection-elicited CD8+ T cell
responses.

B cell responses can be successful after producing 10-20,000 “effectors”
(antibody secreting cells) whereas successful T cell responses require the
mobilization of exponentially larger numbers of effectors.

Most modern adjuvants and formulations are able to produce the required
number of B cell effectors but generally cannot produce the required number of
CD8 T cells.

The few adjuvants which can induce potent cellular immunity in mice and
primates rely heavily on TNF receptors (CD27/0X40) and IL-27 to promote
sufficient T cell expansion and survival.

These specific pathways are utilized very differently in response to infection,
challenging whether the study of infectious responses can be expected to reveal
a path forward for the development of T cell-inducing vaccine adjuvants.
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Figure 1.

Schematic diagram comparing and contrasting the innate response to a model infectious
organism (L. monocytogenes) with the response to a vaccine adjuvant. A. Major innate
pathways induced and an estimate of the time frame over which they are active is shown in
the blue arrows above. In general, most cytokines induced by these pathways extend over
multiple days as bacterial growth expands and wanes. Various inflammatory cytokines are
induced over time which facilitate stages of both innate and adaptive control of bacterial
growth. Antigen load expands and contracts with bacterial load which is eventually
eliminated 5-6 days after challenge. B. In contrast to the infectious process, the
inflammation induced by the adjuvant spikes early and begins to wane a few days after
injection, tracking with the level of antigen. The limited inflammation induced creates fewer
and less inflammatory cytokines which are also produced within a highly compressed time

Trends Immunol. Author manuscript; available in PMC 2017 March 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Pennock et al.

Page 20

frame as compared to the infectious process. By days 3—4 after injection, while the antigenic
load and inflammatory factors are still increasing to the infection, factors important to the
adjuvant-elicited response such as IL-27 and CD27 are likely already becoming highly
limited in the inflammatory milieu of the adjuvant.
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