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13 Abstract

14  Viruses that have coevolved with their host establish chronic infections that are well tolerated by
15  the host. Other viruses, that are partly adapted to their host, may induce chronic infections where
16  persistent replication and viral antigen expression occur. The former induce highly functional and
17  resilient CD8 T-cell responses called memory inflation. The latter induce dysfunctional and

18  exhausted responses. The reasons compelling T-cell responses towards inflationary or exhausted
19  responses are only partly understood. In this review we compare the two conditions and describe
20  mechanistic similarities and differences. We also provide a list of potential reasons why

21  exhaustion or inflation occur in different virus infections. We propose that T cell mediated

22 transcriptional repression of viral gene expression provides a critical feature of inflation that

23 allows peaceful virus and host coexistence. The virus is controlled, but its genome is not

24  eradicated. If this mechanism is not available, as in the case of RNA viruses, the virus and the

25  host are compelled to an arms race. If virus proliferation and spread proceed uncontrolled for too
26 long, T cells are forced to strike a balance between viral control and tissue destruction, losing

27  antiviral potency and facilitating virus persistence.
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Virus chronicity as hallmark of adaptation

Viruses critically depend on the host for their survival and reproduction. This lifestyle compels
the viruses to a continuous dance on a knife-edge. On one hand, they are relentlessly hunted by
the immune system; they may propagate only if they avoid detection or outrun the host defenses.
Yet, even if they succeed at overwhelming the immunity, this is likely to result in disease and

death of the host, and thus ultimately in the demise of the virus.

Natural selection has forced viruses to either aggressively transmit through large and diverse
populations of hosts [1], or to undergo co-evolution with defined host species and coexist over
long-periods of time minimizing the harm to the host [2]. The first strategy is manifest in viruses
that rapidly evolve to cause infections across various species (such as influenza virus), or in
vector-carried viruses whose transmission is not hindered by severe disease that immobilizes the
host (such as arboviruses) [1]. The outcome of such infections may be the resolution of the
disease and the clearance of infection, or disease progression until death. Viral survival is
achieved by their rapid spread to other hosts. On the other hand, viruses that are well adapted to
the host typically have milder disease courses and establish a détente with the host immune
system. This allows viral persistence in absence of overt disease for long periods, but requires
viral adaptation to the specific immune system of the host. These outcomes are common in
herpesvirus infections, where the persistence of viral genomes in host cells is achieved by
silencing the transcription of most of their genes. The latently infected host is typically healthy
and unaware of the presence of the latent virus in the body, yet the virus may reactivate if the

host becomes severely ill [3], providing a chance to the virus to spread from the dying host.

Wide varieties of outcomes are possible between these two extremes. Among those intermediate

outcomes, are the clinically relevant persistent virus infections. Human immunodeficiency virus
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(HIV), hepatitis C virus (HCV), and to a lesser extent hepatitis B virus (HBV) cause only mild
direct cytopathic effects and thus may persistently proliferate in hosts, driving chronic and
progressive diseases that are fatal unless treated. These remain a major public health burden
worldwide, despite tremendous advances in therapeutic options against HCV and HIV. For
instance, a therapy clearing HIV from the body is still missing. Therefore, there is a growing
population of patients worldwide who undergo combined retroviral therapy over numerous years,
where HIV persistence encumbers the immune system, thus increasing the risk of inflammatory

conditions and cancer, as well as accelerating the onset of immune aging [4, 5].

Since virus chronicity requires adaptation to the host, clinically relevant chronic viruses are
highly adapted to humans and cannot be efficiently studied in animal models in vivo. Therefore,
experimental models of immune responses to persistent or latent infections have relied on viruses
that naturally infect animals, and in particular mice. The most common mouse models of chronic
virus infection are based on the infection of mice with lymphocytic choriomeningitis virus
(LCMYV) clone 13 [6] and with LCMYV strain WE [7]. These LCMV models induce a state of
virus-specific T cell ‘exhaustion’ (as will be discussed in detail hereafter), which has remarkable
similarity with the T cell responses to chronic viral infections in humans such as HIV or hepatitis
C virus infections [8]. The immune response to a persistent (latent) herpesvirus has been
extensively studied in the mouse CMV (MCMYV) infection model [9], which has striking
resemblance to HCMYV infection with respect to the impact on the function and phenotype of the
virus-specific T cells [10], or to T cell responses to other DNA-virus infections, such as

adenoviruses [11, 12].

Effects of chronic viral infections on the immune system
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Persistent infections with high-level replicating viruses, like HIV, HCV or LCMV induce T-cell
responses that share similar traits in mice and men. Over time, cytokine production and
cytotoxicity in antigen-specific CD8 T-cell populations is lost [8, 13]. This loss of function is not
only associated with poor control of the offending virus, but also with an increase in chronic
inflammation that induces cumulative immune pathology, a propensity for cancer and a
premature onset of immune senescence [14, 15]. Such effects are particularly pronounced in
patients co-infected with HIV and HCV, where HIV co-infection accelerates inflammatory liver

injuries and hepatic decompensation elicited by HCV [16].

It is important to note that herpesviruses, such as cytomegalovirus (CMV), have also been
suspected to play a role in immune senescence [17]. Ongoing and intermittent antigenic
stimulation by CMV engages the cellular immune system at times of latency [18, 19], driving
responses of differentiated T cells [20]. However, the scientific consensus has evolved over the
years towards a conclusion that the presence of latent CMV does not necessarily accelerate the
onset of immune aging or impair the immune system in older people [21, 22], but is likely linked

to the strength of the CMV infection and the immune status of the host.

It remains unclear why different chronic infections result in diametrically opposing outcomes in
the functionality of responding T cells. Why do some chronic virus infection exhaust the immune
system, while other ones do not? How may we guide the immune reaction to HCV or HIV
towards a functional and protective response? To begin to understand these aspects, one needs to
consider the specificities of the immune response to latent viruses and distinguish them from the
immune exhaustion elicited by productively replicating chronic-persistent infections. These two

scenarios will be described and reasons for their divergent outcomes discussed.

Immune exhaustion
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Productive viral replication induces chronic inflammatory conditions and exhausts the adaptive
host immune system over time, in particular the CD8 T-cell compartment [19, 23]. While
exhaustion and virus persistence are parts of a vicious cycle, it remains unclear if the inability of
exhausted T cells to clear the virus results in persistent infection, or if viral persistence results in
exhaustion. Either way, these viruses pose major clinical problems, not only due to direct
cytotoxicity, but also due to the long-term immune pathology that they elicit. The paradigmatic
murine LCMV infection models allowed the study of immune responses to chronic persistent
infections in mechanistic detail. Labelling of T cells with peptide-MHC (pMHC) tetramers
revealed that the virus-specific T cells are not lost in chronic LCMV infection. They are merely
hypofunctional cells, designated as exhausted, in functional assays (e.g. cytokine production)
[13]. T cell exhaustion is driven by continuous high-level cognate antigenic triggering, and
eventually exhausted T cells become antigen-addicted for their maintenance [24, 25]. In contrast,
conventional T cells do not rely on their cognate antigen for survival but on IL-7 and/or IL-15-
driven homeostatic self-renewal [26]. Comparison of transcriptional networks in LCMV-specific
CDS8 T cells revealed a partial overlap of genes that are activated during acute and chronic
LCMV infection, and a key role for the transcriptional factors T-bet and Eomesodermin
(EOMEYS) in both conditions [27] (Table 1). Importantly, the CD28-like PD-1 receptor is retained
on exhausted T cells and inhibition of PD-1 with its ligand PD-L1 by monoclonal antibodies
restores the T cell function and enhances the clearance of chronic LCMV infection [28]. PD-1
blockade also restores the function of HIV-1 specific T cells [29, 30]. However, reprogramming
of exhausted T cells into durable memory T cells via blocking PD-1 is limited due to irreversible
epigenetic alterations [31]. Interestingly, responses to LCMV antigens are not reduced in
immunoproteasome deficient mice [32] and antigen presentation on non-hematopoietic cells

substantially expands the pool of responding T cells [33].
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Besides PD-1 expression, exhausted T cells express a number of other inhibitory receptors
including CTLA-4, LAG3, TIM3, 2B4, CD160 and TIGIT [34]. Moreover, molecules involved in
metabolism like the ectonucleotidase CD39 are also highly expressed [35]. Expression of central-
memory markers such as CD62L and CD127 (IL-7Ra) is absent. Remarkably, the effector cell
marker KLRG1 is not highly expressed [36]. It is important to note that the exhausted state of T
cells is acquired progressively. For example, the loss in cytokine polyfunctionality of exhausted
CD8" T cells starts with the loss of IL-2 followed by tumor necrosis factor (TNF) and finally the
capacity to produce interferon-gamma (IFNy) wanes. The progressive loss of memory CD8" T
cell potential is likely associated with the gradual loss of autocrine IL-2 production [37]. Notably,
heterogeneity exists in exhausted T cell populations. Exhausted T cells can be reinvigorated by
blocking PD-1 and other inhibitory receptors, but cells expressing high levels of T-bet and
intermediate PD-1 expression respond better to PD-1 blockade as compared to cells expressing
high levels of PD-1 and EOMES [38, 39]. Either way, this reversion of the exhausted state has
led to clear clinical benefit in chronically infected individuals and cancer patients, arguing that
exhausted cells are essentially dysfunctional. While exhaustion may represent a breakdown of the
equilibrium between the immune system and a persistent virus, it has recently been proposed that
repressed functionality in “exhausted” CD8 T cells serves to limit immune pathogenesis, while
the same CD8 T cells still contribute to immune surveillance of the virus [40]. This idea was
predicated on observations that persistent viruses rapidly replicate in animals lacking CD8 T cells
and that exhausted phenotypes are observed in patients with good outcomes of autoimmune
disease [41]. In that case, exhaustion might be a misnomer, because “exhausted” CD8 T cells
contribute to host survival. Therefore, it is possible that exhaustion is a condition of equilibrium

after all.

Memory Inflation
6
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Ongoing antigenic stimulation by latent herpesviruses, in particular by the B-herpesvirus CMV,
also strongly engages the cellular immune system in the chronic phase of infection [18, 42].
However, the functionality of CMV-specific T-cells is maintained into old age [22, 43], and
functional responses to in vivo CMV challenge in immunosenescent non-human primates were
essentially undistinguishable from those in young adult monkeys [44]. T-cell depletions in
experimentally infected animals showed that persistent T-cell responses, and in particular a
functional IFNy response, are crucial for the repression of CMV reactivation from latency [45].
This life-long functionality of T-cell responses is particularly remarkable in light of T-cell
exhaustion in other scenarios of virus persistence [46]. Hence, juxtaposing the processes
underlying T-cell responses to CMV and exhausted responses to persistent viruses may help us to
understand both of these mechanisms. In this respect, it is noteworthy to mention that the
transcriptional signatures of inflationary CD8 T cells are different from conventional or
exhausted T cells with respect to the level of transcription factors such as Blimpl, T-bet and

EOMES (Table 1).

It is important to note that Rhesus CMV (RhCMV) based vaccine vectors may elicit highly
unconventional CD8 T-cell responses against epitopes presented on MHC-II [47] or HLA-E
molecules [48]. However, this was shown to occur only in the context of a RhCMV mutant that
was cloned upon extensive in vitro passaging of the virus [49]. This does not seem to represent
the response of human CMV (HCMV)-based vaccines [50], or natural T-cell responses to wild-
type RhCMV infection, which elicits conventional MHC-I restricted CD8 T-cell responses [47,

48] . Therefore, the nature of the RhRCMV vector-induced responses will not be discussed further.

The ongoing accumulation of antigen-specific CD8 T cells in CMV infection has been first

described in the mouse model [51] and aptly termed memory inflation [52] (reviewed in [42]).
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Data from the murine model closely predicted the nature of CD8 T-cell responses to human CMV
[53, 54]. The inflationary responses accrue over time, but do not constitute an overall expansion
of the primed compartment, whose size remains relatively stable upon infection [55]. Rather,
some antigenic epitopes encoded by MCMYV induce dominant inflationary responses and expand
at the expense of other, subdominant, epitopes [56, 57]. The phenotype of inflationary T cells is
effector-memory like, and is characterized by low levels of CD62L and CDI127. In contrast to
exhausted T cells, KLRG1 is highly expressed, while PD-1 expression is low [58, 59]. Other
epitopes elicit conventional immune responses, akin to responses observed upon infection with
non-persistent pathogens. These responses are marked by robust expansion of T cells early upon
infection, contraction by day 14 and a shift of phenotypes of antigen-specific T cells towards
central-memory like during the maintenance phase [56, 60]. Therefore, the requirements for
inflation can be studied by comparing conventional or inflationary CD8 T-cell responses in the
context of MCMYV infection. In this respect, it should be noted that memory inflation is not
exclusively linked to CMV infection (albeit most pronounced), but is also observed after

infection with certain adenovirus and parvovirus strains [59].

Inflationary responses require the presentation of antigenic epitopes on non-hematopoietic cells,
whereas this is dispensable for conventional responses [61, 62]. On the other hand, conventional
responses require processing by the immunoproteasome, yet the constitutive proteasome is
sufficient for the emergence of inflationary responses [63]. We showed recently that moving an
immunoproteasome-dependent MCMYV epitope from its native position within the viral protein to
an alternative position where the epitope is available to processing by the constitutive proteasome
resulted in drastic changes in size and quality of responses [64]. The response improved by a
factor of 10, shifted from conventional to inflationary, and was present in mice with impaired

antigen presentation on hematopoietic cells [64]. Taken together, these data demonstrated that
8
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antigen processed by the constitutional proteasome in non-hematopoietic cells sustains

inflationary responses during virus latency.

So, why do non-hematopoietic cells drive inflationary responses? Although this question is not
conclusively answered, it is likely that this depends on the cells that harbor latent MCMV (and
thus that express viral antigens at times of latency). MCMYV transcription proceeds at low levels
during virus latency [65] and endothelial cells were shown to harbor latent virus [66]. The link
between latent transcription and memory inflation was exposed by a study where latent
transcription of viral genes was enhanced in an MCMV mutant lacking a single antigenic epitope
within the IE1 gene [67]. It has been therefore proposed that low levels of sporadic antigenic
expression in latent CMV infection drive CD8 T-cell responses, which in turn limits further viral
transcription, establishing a state of dynamic equilibrium between the virus and the host [53].
This theory, called Immune Sensing theory, has been further corroborated by transgenic MCM Vs
expressing foreign epitopes. These epitopes induced forceful inflationary T-cell responses, yet the
inflationary response against endogenous epitopes was significantly diminished [68, 69] at the
expense of effector cell responses, while central memory responses against the same epitopes
were unaffected [70]. The competition of antigenic peptides for inflationary CD8 T-cell
responses was not observed when mice were coinfected with the mutant and the wild-type
MCMYV [69]. This behavior was predicted by the Immune Sensing theory [53], because CD8 T
cells would only be able to compete for epitopes that are expressed within the same latently
infected cell. If viral genes were expressed from different cells, the dominant epitope could not
outcompete the subdominant ones. At a glance, this theory contradicts clinical evidence that the
immunodominant and inflating CD8 T-cell response to the HLA A2:01 restricted HCMV epitope
NLVPMVATYV [71, 72] targets a peptide derived from a late HCMV gene (i.e. UL83 (pp65)),

because immune sensing should prevent the expression of late genes. However, HCMV is
9
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maintained latent in numerous cell types, including hematopoietic cells [73], yet the
transcriptional activity of UL83 was assessed in fibroblastic cell cultures, rather than primary
human cells bearing latent genomes. Thus, additional evidence is required to understand how
ULS83/pp65 immunodominance may fit into the immune sensing theory (or alternatively, how it

may disprove it).

Taken together, a model emerges where the non-hematopoietic cells transcribe low levels of
antigen from otherwise latent CMVs, and thus keep poking CD8 T cells. CD8 T cells respond
with IFNy production, which represses viral transcription, and reaffirms the latent state, thus
providing relief to the T cells. The epitopes that induce such responses are processed by the
constitutive proteasome, which means that epitope presentation does not require interferon-
mediated induction of the proteasome. This then implies that viral control is achieved in
conditions of minimal inflammation. Such balance hinges on transcriptional silencing of viral
DNA (Fig.1) by cytokines secreted by T cells. Notably, viruses inducing T-cell exhaustion in
chronic infection are typically RNA viruses, and thus may not allow a similar peaceful

coexistence with the host.

Potential causes of differences between inflation and exhaustion

CDS8 T-cell responses to chronic LCMV and MCMV differ in their functional capacity, but
notably also display numerous similarities. The priming of naive virus-specific CD8 T cells does
not occur exclusively during primary LCMV or MCMYV infection, since novel naive cells are also
recruited in the chronic phase [58, 74, 75]. T-cell responses to LCMV-encoded antigens [32] or
inflationary MCMV epitopes are still maintained in immunoproteasome deficient mice [63]. The
pool of responding T cells is substantially expanded by antigen-presentation on non-

hematopoietic cells upon MCMV or acute LCMV infection [33, 61], and antigen presentation on
10
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the non-hematopoietic cells exacerbates exhaustion in chronic LCMV infection [76]. Likewise,
virus specific cells showing effector phenotypes (KLRG1", CD62L", CD27", CD127) indicative
of recent antigenic encounter, are detected for a long time after either of these infections. The
responding cells seem to depend on continuous TCR stimulation to maintain their pools, as
evidenced in adoptive transfer experiments [25, 58]. Therefore, it stands to reason that antigens
are expressed during LCMV persistence, but also during CMV latency. In light of that, we
consider several models that might explain the difference in T-cell functionality in these two
scenarios. Notably, these propositions are not mutually exclusive, and it is likely that two or more

occur at the same time and are interconnected.
Antigen persistence vs. intermittence

It has been proposed that virus replication and thus antigenic stimulation causes immune
exhaustion while intermittent virus replication with limited periods of antigen presence would
retain functional T-cell responses [19]. It is important to consider that herpesviruses typically
cause productive infections that lyse the infected cells [77]. Therefore, antigen expression during
CMV latency is bound to be a result of intermittent and recurring transcriptional events [78],
rather than an ongoing and continuous production. On the other hand, the direct cytopathic effect
of hepatitis viruses is typically low [79], implying that productive hepatitis infections may
simmer continuously. A similar persistence of antigenic expression was described in LCMV
variants associated with immune exhaustion [80]. Hence, MCMV and LCMYV infections may
induce different kinds of T-cell responses due to the intermittent antigen expression in MCMV
infection, which differs from continuous and sustained presence of an antigen in LCMV
infection. However, this explanation is essentially based on correlative evidence. Therefore, it

remains unclear if forced persistence of an antigen in the context of an MCMYV infection would
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also drive the exhaustion of cognate T cells. Furthermore, exhaustion and inflation alone do not

explain why some viruses replicate persistently, whereas other ones only intermittently.

Antigen abundance vs. scarcity

Another proposed explanation for the onset of exhaustion is that strong viral replication during
the onset of virus infection promotes viral persistence and drives exhaustion [80]. [81]. This idea
fits with experimental evidence that the abundance and availability of LCMYV antigen defines the
extent of exhaustion [76, 82]. The conditions of primary MCMYV infection also define the latent
virus load [83] and the size of the inflationary response [84], but the amount of antigen remains
overall low since virus replication is essentially silenced [85], and limited virus antigen is present
in conditions of MCMYV inflation [65, 78]. Consequently, persistent antigen leading to exhaustion
is much more abundant than the antigen driving inflationary phenotypes. On the other hand, this
interpretation is likely to be too simplistic, because it would imply that a low-dose infection with
LCMV or hepatitis C would result in inflationary responses, but clinical and experimental
evidence argues that low dose infection with these viruses results in virus clearance and

conventional responses.

Cellular niche

It has also been proposed that the cellular niche of viral replication predisposes the immune
response towards exhaustion [86]. Both MCMYV and LCMYV persistently stimulate CD8 T-cell
responses by antigen expression in non-hematopoietic cells (see above), but MCMYV is latent in
liver endothelial cells [66], while LCMV persists in fibroblastic reticular cells [87]. However, it is

unclear if either virus is restricted to these cell types during the chronic phase of infection, or may
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be found in other ones as well. Furthermore, a mechanism explaining the link between virus

tropism for defined cell types and T-cell responses has not been established.
T cell costimulation and inflammatory cytokines

We compared the priming of CD8 T-cell responses upon primary LCMV or MCMYV infection
and observed a clear difference in costimulatory signal (“signal 2”’) requirement [88]. We
analyzed responses to the LCMV epitope KAVYNFATC (GP*?) upon infection with LCMV or a
recombinant MCMYV expressing the same epitope and showed that co-stimulation by CD80/86 is
required for priming against GP**> when expressed by MCMYV, but highly redundant with other
signal 2 co-receptors in the context of LCMV infection. On the other hand, LCMYV infection
induced much stronger type I IFN responses. Soluble cytokines may co-stimulate T cells during
priming (“signal 3”) and priming against LCMV-encoded epitopes depended strongly on type I
IFN-dependent signal 3 [88]. CD8 T-cells lacking type I IFN receptors are susceptible to NK-
cell mediated apoptosis in chronic LCMV infection [89, 90], implying that [FN-a/f provides a
critical survival signal to these cells. However, it remains unclear if CD8 T-cell survival depends
on strong type I IFN responses to LCMV, or if tonic IFN responses would be sufficient. While
high levels of type I IFN promote T-cell priming [88] in acute LCMV infection, they were also
shown to support the onset of chronic virus infection [91, 92]. IL-12 and type I IFN responses are
more balanced during MCMYV infection, but type I IFN responses push MCMYV into latency [93],
implying that interferon induces the chronic state in both infections and that exhaustion or
inflation pathways might be defined during the priming stage of T cells. While we observed
clearly different priming requirements in MCMYV and acute LCMV infections [88], a comparison

of T-cell responses to GP** expressed by LCMV or the recombinant MCMV during chronic
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infection has not yet been performed. Therefore, further studies are required to address this

question conclusively.
CD4 T-cell help

In LCMV infection, the progressive exhaustion of CD8 T cells is accelerated by the lack of CD4
T cells [94, 95]. Moreover, high dose infection has been shown to result in the deletion of
activated CD4 T-cells by activated NK cells, thereby promoting exhaustion [96]. Taken together,
a relative lack of CD4 T cells promotes exhaustion. In MCMV infection, the development of
inflationary CD8" T cells depends on the presence of CD4 T cells [97]. This feature affects only
some inflationary epitopes [98], although this requirement was much stricter upon infection with
a viral mutant that is poorly controlled by NK cells [99]. CD4 T cells may affect virus replication
directly by releasing antiviral cytokines or indirectly by affecting CD8 T cells or B cells. For
instance, interleukin 10 (IL-10), a cytokine that is frequently released by regulatory CD4 T cells
affects memory inflation, which was much more pronounced in IL-10 deficient mice [100]. On
the other hand, the modulation of T cell activity by regulatory CD4 T cells exerts pleiotropic and
organ specific effects in the spleen and salivary glands [101]. Therefore, these phenomena are

complex and complicated, and the net effect of CD4 T cells remains incompletely understood.

The common cytokine receptor gamma chain (y.) cytokines IL-2, IL-7, and IL-15.

The common v, cytokine family members have crucial roles in T-cell survival, proliferation and
differentiation [102]. IL-2 signaling involving CD25 (IL-2Ra: forming together with CD122 and
CD132 the high-affinity IL-2R complex) is important for the maintenance of both exhausted and
inflationary CD8" T cells [103]. Since the percentage of cells producing autocrine IL-2 within the
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inflationary T cell populations correlates to their expansion of the inflationary pool [104], the
induction of autocrine IL-2 appears to be critical for inflationary expansions. Remarkably, the
expression of CD122, the IL-2Rp chain, which is also shared by IL-15, is differentially
expressed. Inflationary CD8" T cells have low CD122 levels [58, 60], while exhausted cells
maintain CD122 expression. The increased expression of CD122 marks the exhausted state, and
signaling via CD122 upon IL-2 and IL-15 binding is likely directly involved via upregulation of
inhibitory receptors [105]. Both exhausted and inflationary T cells have low CD127 (IL-7Ra)
expression. However, long-term IL-7 treatment during the contraction phase of chronic LCMV

infection enhances the magnitude and functionality of specific CD8" T cells [106, 107].
Ag transcriptional repression vs. repression by killing of infected cells

Type I and II IFNs play an important role in the control of MCMYV infection; in IFN-yR'/ " mice
MCMV replicates persistently [108]. Similarly, type I IFN represses viral gene expression by
upregulating nuclear domain 10 (ND10) proteins in a reversible process [93]. While type I and
type II IFN signaling was shown to limit LCMV replication as well [109, 110], there is no
evidence that this repression may be transient. The IFN induced silencing of DNA viruses can
affect any episomal DNA within the cell nucleus and silence their transcription [93]. It is
therefore reasonable to assume that IFN-y signaling may silence the transcription of DNA viruses
and represses the expression of antigens upon T-cell activation. Interestingly, immune exhaustion
is typically induced by RNA viruses, where IFN-dependent silencing of DNA transcription
cannot limit antigenic expression. In that case, the ability to limit virus persistence by
transcriptional repression, rather than by cytotoxicity may present a critical hallmark of
inflationary responses, distinguishing it from events in immune exhaustion. Therefore, we

hypothesize that the cytotoxic activity of T cells may compel persistent RNA viruses to an arms
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race, where they rapidly replicate to achieve escape velocity from T-cell control. T-cell
proliferation upon activation is uniquely rapid with a 2-hour cell cycle time [111]. However, a
replicating virus gives rise to thousands of infectious particles per lytic cycle, spurring drastic
expansions of responsive CD8 T-cell clones. If T cells are unable to limit the spread of a rapidly
replicating virus, cytotoxicity itself will become detrimental to the host. We postulate that such
potential for immune pathology is sensed during the immune response and that the immune
exhaustion program sets in to protect the host. While this hypothesis is consistent with published

data, further detailed studies will be required to validate our prediction.

Concluding remarks

The characterization of exhausted versus inflationary T-cell responses in chronic viral infections
is advancing in great detail. Available evidence indicates that both inflation and exhaustion are
conditions of equilibrium between the host and the persisting virus, yet their clinical outcomes
are vastly different, because they depend on distinct cellular and molecular mechanisms. While
thorough understanding of the underlying mechanisms leading to these divergent cellular states
remains lacking, the targeting of inhibitory pathways of exhausted T cells has significantly
innovated immunotherapy of chronic infection and cancer, and exploiting of inflationary
responses to improve vaccines has great potential. Addressing the outstanding questions (see
Outstanding Questions Box) will allow manipulations of the antigenic supply and costimulatory

molecules that will allow the induction of optimal and protective T-cell responses.
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Figure legends

Figure 1: Model of T-cell mediated control of viral infections by IFN signaling or cytotoxicity.
Antigenic peptides presented on MHC-I molecules (pMHC-I) are recognized by inflationary or
exhausted CD8 T-cells. Cytokines regulating the transcription of viral genes may repress gene
expression in the case of DNA viruses whose genomes are maintained in the cell nucleus. This
non-lethal control is not available to RNA viruses, which are controlled by cytotoxic mechanisms
(e.g. perforin and GzB). Therefore, they are unable to establish an equilibrium with the host at the
level of single infected cells. This in turn compels RNA viruses to rapid proliferation to
overcome host control. We propose that the difference in the surface receptor expression on
inflationary and exhausted CD8 T-cells may be a result of continuous stimulation with large

amounts of antigen, as opposed to the intermittent exposure to low-levels of antigen.
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Table 1. Comparison of viral-specific CD8 T-cell populations®

Central-memory Inflationary Exhausted

Homeostatic proliferation ++ - -
Antigen-dependence - ++ ++
2e Expansion capacity ++ +/- -
Cytokine polyfunctionality ++ + (low % IL-2) -
Lymphoid homing markers

CDh62L ++ - -

CCR7 ++ - -
Cytokine receptors

CD122 ++ - +

CD127 ++ +/- -
NK cell receptors

KLRG1 - ++ -
Costimulatory receptors

CD28 + - -

CD27 ++ - -
Inhibitory receptors

PD-1/TIM3/LAG3/ etc. - - ++
Transcription factors

T-bet - + +/-

EOMES - +/- +

Blimp-1 +/- +/- +

* - absent or low, +/- intermediate, + high, ++ prominent
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