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Abstract 13 

Viruses that have coevolved with their host establish chronic infections that are well tolerated by 14 

the host. Other viruses, that are partly adapted to their host, may induce chronic infections where 15 

persistent replication and viral antigen expression occur. The former induce highly functional and 16 

resilient CD8 T-cell responses called memory inflation. The latter induce dysfunctional and 17 

exhausted responses. The reasons compelling T-cell responses towards inflationary or exhausted 18 

responses are only partly understood. In this review we compare the two conditions and describe 19 

mechanistic similarities and differences. We also provide a list of potential reasons why 20 

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

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

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

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

host are compelled to an arms race. If virus proliferation and spread proceed uncontrolled for too 25 

long, T cells are forced to strike a balance between viral control and tissue destruction, losing 26 

antiviral potency and facilitating virus persistence.    27 
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Virus chronicity as hallmark of adaptation 28 

Viruses critically depend on the host for their survival and reproduction. This lifestyle compels 29 

the viruses to a continuous dance on a knife-edge. On one hand, they are relentlessly hunted by 30 

the immune system; they may propagate only if they avoid detection or outrun the host defenses. 31 

Yet, even if they succeed at overwhelming the immunity, this is likely to result in disease and 32 

death of the host, and thus ultimately in the demise of the virus.  33 

Natural selection has forced viruses to either aggressively transmit through large and diverse 34 

populations of hosts [1], or to undergo co-evolution with defined host species and coexist over 35 

long-periods of time minimizing the harm to the host [2]. The first strategy is manifest in viruses 36 

that rapidly evolve to cause infections across various species (such as influenza virus), or in 37 

vector-carried viruses whose transmission is not hindered by severe disease that immobilizes the 38 

host (such as arboviruses) [1]. The outcome of such infections may be the resolution of the 39 

disease and the clearance of infection, or disease progression until death. Viral survival is 40 

achieved by their rapid spread to other hosts. On the other hand, viruses that are well adapted to 41 

the host typically have milder disease courses and establish a détente with the host immune 42 

system. This allows viral persistence in absence of overt disease for long periods, but requires 43 

viral adaptation to the specific immune system of the host. These outcomes are common in 44 

herpesvirus infections, where the persistence of viral genomes in host cells is achieved by 45 

silencing the transcription of most of their genes. The latently infected host is typically healthy 46 

and unaware of the presence of the latent virus in the body, yet the virus may reactivate if the 47 

host becomes severely ill [3], providing a chance to the virus to spread from the dying host.  48 

Wide varieties of outcomes are possible between these two extremes. Among those intermediate 49 

outcomes, are the clinically relevant persistent virus infections. Human immunodeficiency virus 50 
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(HIV), hepatitis C virus (HCV), and to a lesser extent hepatitis B virus (HBV) cause only mild 51 

direct cytopathic effects and thus may persistently proliferate in hosts, driving chronic and 52 

progressive diseases that are fatal unless treated. These remain a major public health burden 53 

worldwide, despite tremendous advances in therapeutic options against HCV and HIV. For 54 

instance, a therapy clearing HIV from the body is still missing. Therefore, there is a growing 55 

population of patients worldwide who undergo combined retroviral therapy over numerous years, 56 

where HIV persistence encumbers the immune system, thus increasing the risk of inflammatory 57 

conditions and cancer, as well as accelerating the onset of immune aging [4, 5].  58 

Since virus chronicity requires adaptation to the host, clinically relevant chronic viruses are 59 

highly adapted to humans and cannot be efficiently studied in animal models in vivo. Therefore, 60 

experimental models of immune responses to persistent or latent infections have relied on viruses 61 

that naturally infect animals, and in particular mice. The most common mouse models of chronic 62 

virus infection are based on the infection of mice with lymphocytic choriomeningitis virus 63 

(LCMV) clone 13 [6] and with LCMV strain WE [7]. These LCMV models induce a state of 64 

virus-specific T cell ‘exhaustion’ (as will be discussed in detail hereafter), which has remarkable 65 

similarity with the T cell responses to chronic viral infections in humans such as  HIV or hepatitis 66 

C virus infections [8]. The immune response to a persistent (latent) herpesvirus has been 67 

extensively studied in the mouse CMV (MCMV) infection model [9], which has striking 68 

resemblance to HCMV infection with respect to the impact on the function and phenotype of the 69 

virus-specific T cells  [10], or to T cell responses to other DNA-virus infections, such as 70 

adenoviruses [11, 12].  71 

Effects of chronic viral infections on the immune system 72 
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Persistent infections with high-level replicating viruses, like HIV, HCV or LCMV induce T-cell 73 

responses that share similar traits in mice and men. Over time, cytokine production and 74 

cytotoxicity in antigen-specific CD8 T-cell populations is lost [8, 13]. This loss of function is not 75 

only associated with poor control of the offending virus, but also with an increase in chronic 76 

inflammation that induces cumulative immune pathology, a propensity for cancer and a 77 

premature onset of immune senescence [14, 15]. Such effects are particularly pronounced in 78 

patients co-infected with HIV and HCV, where HIV co-infection accelerates inflammatory liver 79 

injuries and hepatic decompensation elicited by HCV [16]. 80 

It is important to note that herpesviruses, such as cytomegalovirus (CMV), have also been 81 

suspected to play a role in immune senescence [17]. Ongoing and intermittent antigenic 82 

stimulation by CMV engages the cellular immune system at times of latency [18, 19], driving 83 

responses of differentiated T cells [20]. However, the scientific consensus has evolved over the 84 

years towards a conclusion that the presence of latent CMV does not necessarily accelerate the 85 

onset of immune aging or impair the immune system in older people [21, 22], but is likely linked 86 

to the strength of the CMV infection and the immune status of the host.   87 

It remains unclear why different chronic infections result in diametrically opposing outcomes in 88 

the functionality of responding T cells. Why do some chronic virus infection exhaust the immune 89 

system, while other ones do not? How may we guide the immune reaction to HCV or HIV 90 

towards a functional and protective response? To begin to understand these aspects, one needs to 91 

consider the specificities of the immune response to latent viruses and distinguish them from the 92 

immune exhaustion elicited by productively replicating chronic-persistent infections. These two 93 

scenarios will be described and reasons for their divergent outcomes discussed.  94 

Immune exhaustion  95 
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Productive viral replication induces chronic inflammatory conditions and exhausts the adaptive 96 

host immune system over time, in particular the CD8 T-cell compartment [19, 23]. While 97 

exhaustion and virus persistence are parts of a vicious cycle, it remains unclear if the inability of 98 

exhausted T cells to clear the virus results in persistent infection, or if viral persistence results in 99 

exhaustion. Either way, these viruses pose major clinical problems, not only due to direct 100 

cytotoxicity, but also due to the long-term immune pathology that they elicit. The paradigmatic 101 

murine LCMV infection models allowed the study of immune responses to chronic persistent 102 

infections in mechanistic detail. Labelling of T cells with peptide-MHC (pMHC) tetramers 103 

revealed that the virus-specific T cells are not lost in chronic LCMV infection. They are merely 104 

hypofunctional cells, designated as exhausted, in functional assays (e.g. cytokine production) 105 

[13]. T cell exhaustion is driven by continuous high-level cognate antigenic triggering, and 106 

eventually exhausted T cells become antigen-addicted for their maintenance [24, 25]. In contrast, 107 

conventional T cells do not rely on their cognate antigen for survival but on IL-7 and/or IL-15-108 

driven homeostatic self-renewal [26]. Comparison of transcriptional networks in LCMV-specific 109 

CD8 T cells revealed a partial overlap of genes that are activated during acute and chronic 110 

LCMV infection, and a key role for the transcriptional factors T-bet and Eomesodermin 111 

(EOMES) in both conditions [27] (Table 1). Importantly, the CD28-like PD-1 receptor is retained 112 

on exhausted T cells and inhibition of PD-1 with its ligand PD-L1 by monoclonal antibodies 113 

restores the T cell function and enhances the clearance of chronic LCMV infection [28]. PD-1 114 

blockade also restores the function of HIV-1 specific T cells [29, 30]. However, reprogramming 115 

of exhausted T cells into durable memory T cells via blocking PD-1 is limited due to irreversible 116 

epigenetic alterations [31]. Interestingly, responses to LCMV antigens are not reduced in 117 

immunoproteasome deficient mice [32] and antigen presentation on non-hematopoietic cells 118 

substantially expands the pool of responding T cells [33].  119 
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Besides PD-1 expression, exhausted T cells express a number of other inhibitory receptors 120 

including CTLA-4, LAG3, TIM3, 2B4, CD160 and TIGIT [34]. Moreover, molecules involved in 121 

metabolism like the ectonucleotidase CD39 are also highly expressed [35]. Expression of central-122 

memory markers such as CD62L and CD127 (IL-7Rα) is absent. Remarkably, the effector cell 123 

marker KLRG1 is not highly expressed [36].  It is important to note that the exhausted state of T 124 

cells is acquired progressively. For example, the loss in cytokine polyfunctionality of exhausted 125 

CD8+ T cells starts with the loss of IL-2 followed by tumor necrosis factor (TNF) and finally the 126 

capacity to produce interferon-gamma (IFNγ) wanes. The progressive loss of memory CD8+ T 127 

cell potential is likely associated with the gradual loss of autocrine IL-2 production [37]. Notably, 128 

heterogeneity exists in exhausted T cell populations. Exhausted T cells can be reinvigorated by 129 

blocking PD-1 and other inhibitory receptors, but cells expressing high levels of T-bet and 130 

intermediate PD-1 expression respond better to PD-1 blockade as compared to cells expressing 131 

high levels of PD-1 and EOMES [38, 39]. Either way, this reversion of the exhausted state has 132 

led to clear clinical benefit in chronically infected individuals and cancer patients, arguing that 133 

exhausted cells are essentially dysfunctional. While exhaustion may represent a breakdown of the 134 

equilibrium between the immune system and a persistent virus, it has recently been proposed that 135 

repressed functionality in “exhausted” CD8 T cells serves to limit immune pathogenesis, while 136 

the same CD8 T cells still contribute to immune surveillance of the virus [40]. This idea was 137 

predicated on observations that persistent viruses rapidly replicate in animals lacking CD8 T cells 138 

and that exhausted phenotypes are observed in patients with good outcomes of autoimmune 139 

disease [41]. In that case, exhaustion might be a misnomer, because “exhausted” CD8 T cells 140 

contribute to host survival. Therefore, it is possible that exhaustion is a condition of equilibrium 141 

after all.  142 

Memory Inflation 143 
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Ongoing antigenic stimulation by latent herpesviruses, in particular by the β-herpesvirus CMV, 144 

also strongly engages the cellular immune system in the chronic phase of infection [18, 42]. 145 

However, the functionality of CMV-specific T-cells is maintained into old age [22, 43], and 146 

functional responses to in vivo CMV challenge in immunosenescent non-human primates were 147 

essentially undistinguishable from those in young adult monkeys [44]. T-cell depletions in 148 

experimentally infected animals showed that persistent T-cell responses, and in particular a 149 

functional IFNγ response, are crucial for the repression of CMV reactivation from latency [45]. 150 

This life-long functionality of T-cell responses is particularly remarkable in light of T-cell 151 

exhaustion in other scenarios of virus persistence [46]. Hence, juxtaposing the processes 152 

underlying T-cell responses to CMV and exhausted responses to persistent viruses may help us to 153 

understand both of these mechanisms. In this respect, it is noteworthy to mention that the 154 

transcriptional signatures of inflationary CD8 T cells are different from conventional or 155 

exhausted T cells with respect to the level of transcription factors such as Blimp1, T-bet and 156 

EOMES (Table 1).  157 

It is important to note that Rhesus CMV (RhCMV) based vaccine vectors may elicit highly 158 

unconventional CD8 T-cell responses against epitopes presented on MHC-II [47] or HLA-E 159 

molecules [48]. However, this was shown to occur only in the context of a RhCMV mutant that 160 

was cloned upon extensive in vitro passaging of the virus [49]. This does not seem to represent 161 

the response of human CMV (HCMV)-based vaccines [50], or natural T-cell responses to wild-162 

type RhCMV infection, which elicits conventional MHC-I restricted CD8 T-cell responses [47, 163 

48] . Therefore, the nature of the RhCMV vector-induced responses will not be discussed further.  164 

The ongoing accumulation of antigen-specific CD8 T cells in CMV infection has been first 165 

described in the mouse model [51] and aptly termed memory inflation [52] (reviewed in [42]). 166 
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Data from the murine model closely predicted the nature of CD8 T-cell responses to human CMV 167 

[53, 54]. The inflationary responses accrue over time, but do not constitute an overall expansion 168 

of the primed compartment, whose size remains relatively stable upon infection [55]. Rather, 169 

some antigenic epitopes encoded by MCMV induce dominant inflationary responses and expand 170 

at the expense of other, subdominant, epitopes [56, 57]. The phenotype of inflationary T cells is 171 

effector-memory like, and is characterized by low levels of CD62L and CD127. In contrast to 172 

exhausted T cells, KLRG1 is highly expressed, while PD-1 expression is low [58, 59]. Other 173 

epitopes elicit conventional immune responses, akin to responses observed upon infection with 174 

non-persistent pathogens. These responses are marked by robust expansion of T cells early upon 175 

infection, contraction by day 14 and a shift of phenotypes of antigen-specific T cells towards 176 

central-memory like during the maintenance phase [56, 60]. Therefore, the requirements for 177 

inflation can be studied by comparing conventional or inflationary CD8 T-cell responses in the 178 

context of MCMV infection. In this respect, it should be noted that memory inflation is not 179 

exclusively linked to CMV infection (albeit most pronounced), but is also observed after 180 

infection with certain adenovirus and parvovirus strains [59].  181 

Inflationary responses require the presentation of antigenic epitopes on non-hematopoietic cells, 182 

whereas this is dispensable for conventional responses [61, 62]. On the other hand, conventional 183 

responses require processing by the immunoproteasome, yet the constitutive proteasome is 184 

sufficient for the emergence of inflationary responses [63]. We showed recently that moving an 185 

immunoproteasome-dependent MCMV epitope from its native position within the viral protein to 186 

an alternative position where the epitope is available to processing by the constitutive proteasome 187 

resulted in drastic changes in size and quality of responses [64]. The response improved by a 188 

factor of 10, shifted from conventional to inflationary, and was present in mice with impaired 189 

antigen presentation on hematopoietic cells [64]. Taken together, these data demonstrated that 190 
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antigen processed by the constitutional proteasome in non-hematopoietic cells sustains 191 

inflationary responses during virus latency.  192 

So, why do non-hematopoietic cells drive inflationary responses? Although this question is not 193 

conclusively answered, it is likely that this depends on the cells that harbor latent MCMV (and 194 

thus that express viral antigens at times of latency). MCMV transcription proceeds at low levels 195 

during virus latency [65] and endothelial cells were shown to harbor latent virus [66]. The link 196 

between latent transcription and memory inflation was exposed by a study where latent 197 

transcription of viral genes was enhanced in an MCMV mutant lacking a single antigenic epitope 198 

within the IE1 gene [67]. It has been therefore proposed that low levels of sporadic antigenic 199 

expression in latent CMV infection drive CD8 T-cell responses, which in turn limits further viral 200 

transcription, establishing a state of dynamic equilibrium between the virus and the host [53]. 201 

This theory, called Immune Sensing theory, has been further corroborated by transgenic MCMVs 202 

expressing foreign epitopes. These epitopes induced forceful inflationary T-cell responses, yet the 203 

inflationary response against endogenous epitopes was significantly diminished [68, 69] at the 204 

expense of effector cell responses, while central memory responses against the same epitopes 205 

were unaffected [70]. The competition of antigenic peptides for inflationary CD8 T-cell 206 

responses was not observed when mice were coinfected with the mutant and the wild-type 207 

MCMV [69]. This behavior was predicted by the Immune Sensing theory [53], because CD8 T 208 

cells would only be able to compete for epitopes that are expressed within the same latently 209 

infected cell. If viral genes were expressed from different cells, the dominant epitope could not 210 

outcompete the subdominant ones. At a glance, this theory contradicts clinical evidence that the 211 

immunodominant and inflating CD8 T-cell response to the HLA A2:01 restricted HCMV epitope 212 

NLVPMVATV [71, 72] targets a peptide derived from a late HCMV gene (i.e. UL83 (pp65)), 213 

because immune sensing should prevent the expression of late genes. However, HCMV is 214 
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maintained latent in numerous cell types, including hematopoietic cells [73], yet the 215 

transcriptional activity of UL83 was assessed in fibroblastic cell cultures, rather than primary 216 

human cells bearing latent genomes. Thus, additional evidence is required to understand how 217 

UL83/pp65 immunodominance may fit into the immune sensing theory (or alternatively, how it 218 

may disprove it).  219 

Taken together, a model emerges where the non-hematopoietic cells transcribe low levels of 220 

antigen from otherwise latent CMVs, and thus keep poking CD8 T cells. CD8 T cells respond 221 

with IFNγ production, which represses viral transcription, and reaffirms the latent state, thus 222 

providing relief to the T cells. The epitopes that induce such responses are processed by the 223 

constitutive proteasome, which means that epitope presentation does not require interferon-224 

mediated induction of the proteasome. This then implies that viral control is achieved in 225 

conditions of minimal inflammation. Such balance hinges on transcriptional silencing of viral 226 

DNA (Fig.1) by cytokines secreted by T cells. Notably, viruses inducing T-cell exhaustion in 227 

chronic infection are typically RNA viruses, and thus may not allow a similar peaceful 228 

coexistence with the host.  229 

Potential causes of differences between inflation and exhaustion  230 

CD8 T-cell responses to chronic LCMV and MCMV differ in their functional capacity, but 231 

notably also display numerous similarities. The priming of naïve virus-specific CD8 T cells does 232 

not occur exclusively during primary LCMV or MCMV infection, since novel naïve cells are also 233 

recruited in the chronic phase [58, 74, 75]. T-cell responses to LCMV-encoded antigens [32] or 234 

inflationary MCMV epitopes are still maintained in immunoproteasome deficient mice [63]. The 235 

pool of responding T cells is substantially expanded by antigen-presentation on non-236 

hematopoietic cells upon MCMV or acute LCMV infection [33, 61], and antigen presentation on 237 
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the non-hematopoietic cells exacerbates exhaustion in chronic LCMV infection [76]. Likewise, 238 

virus specific cells showing effector phenotypes (KLRG1+, CD62L-, CD27-, CD127-) indicative 239 

of recent antigenic encounter, are detected for a long time after either of these infections. The 240 

responding cells seem to depend on continuous TCR stimulation to maintain their pools, as 241 

evidenced in adoptive transfer experiments [25, 58]. Therefore, it stands to reason that antigens 242 

are expressed during LCMV persistence, but also during CMV latency. In light of that, we 243 

consider several models that might explain the difference in T-cell functionality in these two 244 

scenarios. Notably, these propositions are not mutually exclusive, and it is likely that two or more 245 

occur at the same time and are interconnected. 246 

Antigen persistence vs. intermittence 247 

 It has been proposed that virus replication and thus antigenic stimulation causes immune 248 

exhaustion while intermittent virus replication with limited periods of antigen presence would 249 

retain functional T-cell responses [19]. It is important to consider that herpesviruses typically 250 

cause productive infections that lyse the infected cells [77]. Therefore, antigen expression during 251 

CMV latency is bound to be a result of intermittent and recurring transcriptional events [78], 252 

rather than an ongoing and continuous production.  On the other hand, the direct cytopathic effect 253 

of hepatitis viruses is typically low [79], implying that productive hepatitis infections may 254 

simmer continuously. A similar persistence of antigenic expression was described in LCMV 255 

variants associated with immune exhaustion [80]. Hence, MCMV and LCMV infections may 256 

induce different kinds of T-cell responses due to the intermittent antigen expression in MCMV 257 

infection, which differs from continuous and sustained presence of an antigen in LCMV 258 

infection. However, this explanation is essentially based on correlative evidence. Therefore, it 259 

remains unclear if forced persistence of an antigen in the context of an MCMV infection would 260 
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also drive the exhaustion of cognate T cells. Furthermore, exhaustion and inflation alone do not 261 

explain why some viruses replicate persistently, whereas other ones only intermittently. 262 

Antigen abundance vs. scarcity 263 

Another proposed explanation for the onset of exhaustion is that strong viral replication during 264 

the onset of virus infection promotes viral persistence and drives exhaustion [80]. [81]. This idea 265 

fits with experimental evidence that the abundance and availability of LCMV antigen defines the 266 

extent of exhaustion [76, 82]. The conditions of primary MCMV infection also define the latent 267 

virus load [83] and the size of the inflationary response [84], but the amount of antigen remains 268 

overall low since virus replication is essentially silenced [85], and limited virus antigen is present 269 

in conditions of MCMV inflation [65, 78]. Consequently, persistent antigen leading to exhaustion 270 

is much more abundant than the antigen driving inflationary phenotypes. On the other hand, this 271 

interpretation is likely to be too simplistic, because it would imply that a low-dose infection with 272 

LCMV or hepatitis C would result in inflationary responses, but clinical and experimental 273 

evidence argues that low dose infection with these viruses results in virus clearance and 274 

conventional responses.  275 

Cellular niche  276 

It has also been proposed that the cellular niche of viral replication predisposes the immune 277 

response towards exhaustion [86]. Both MCMV and LCMV persistently stimulate CD8 T-cell 278 

responses by antigen expression in non-hematopoietic cells (see above), but MCMV is latent in 279 

liver endothelial cells [66], while LCMV persists in fibroblastic reticular cells [87]. However, it is 280 

unclear if either virus is restricted to these cell types during the chronic phase of infection, or may 281 
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be found in other ones as well. Furthermore, a mechanism explaining the link between virus 282 

tropism for defined cell types and T-cell responses has not been established.  283 

T cell costimulation and inflammatory cytokines 284 

We compared the priming of CD8 T-cell responses upon primary LCMV or MCMV infection 285 

and observed a clear difference in costimulatory signal (“signal 2”) requirement [88]. We 286 

analyzed responses to the LCMV epitope KAVYNFATC (GP33) upon infection with LCMV or a 287 

recombinant MCMV expressing the same epitope and showed that co-stimulation by CD80/86 is 288 

required for priming against GP33 when expressed by MCMV, but highly redundant with other 289 

signal 2 co-receptors in the context of LCMV infection. On the other hand, LCMV infection 290 

induced much stronger type I IFN responses. Soluble cytokines may co-stimulate  T cells during 291 

priming (“signal 3”) and priming against LCMV-encoded epitopes depended strongly on type I 292 

IFN-dependent signal 3 [88]. CD8 T-cells  lacking type I IFN receptors are susceptible to NK-293 

cell mediated apoptosis in chronic LCMV infection [89, 90], implying that IFN-α/β provides a 294 

critical survival signal to these cells. However, it remains unclear if CD8 T-cell survival depends 295 

on strong type I IFN responses to LCMV, or if tonic IFN responses would be sufficient. While 296 

high levels of type I IFN promote T-cell priming [88] in acute LCMV infection, they were also 297 

shown to support the onset of chronic virus infection [91, 92]. IL-12 and type I IFN responses are 298 

more balanced during MCMV infection, but type I IFN responses push MCMV into latency [93], 299 

implying that interferon induces the chronic state in both infections and that exhaustion or 300 

inflation pathways might be defined during the priming stage of T cells. While we observed 301 

clearly different priming requirements in MCMV and acute LCMV  infections [88], a comparison 302 

of T-cell responses to GP33 expressed by LCMV or the recombinant MCMV during chronic 303 
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infection has not yet been performed. Therefore, further studies are required to address this 304 

question conclusively.  305 

CD4 T-cell help 306 

In LCMV infection, the progressive exhaustion of CD8 T cells is accelerated by the lack of CD4 307 

T cells [94, 95]. Moreover, high dose infection has been shown to result in the deletion of 308 

activated CD4 T-cells by activated NK cells, thereby promoting exhaustion [96]. Taken together, 309 

a relative lack of CD4 T cells promotes exhaustion. In MCMV infection, the development of 310 

inflationary CD8+ T cells depends on the presence of CD4 T cells [97]. This feature affects only 311 

some inflationary epitopes [98], although this requirement was much stricter upon infection with 312 

a viral mutant that is poorly controlled by NK cells [99]. CD4 T cells may affect virus replication 313 

directly by releasing antiviral cytokines or indirectly by affecting CD8 T cells or B cells. For 314 

instance, interleukin 10 (IL-10), a cytokine that is frequently released by regulatory CD4 T cells 315 

affects memory inflation, which was much more pronounced in IL-10 deficient mice [100]. On 316 

the other hand, the modulation of T cell activity by regulatory CD4 T cells exerts pleiotropic and 317 

organ specific effects in the spleen and salivary glands [101]. Therefore, these phenomena are 318 

complex and complicated, and the net effect of CD4 T cells remains incompletely understood.  319 

 320 

The common cytokine receptor gamma chain (γc) cytokines IL-2, IL-7, and IL-15. 321 

The common γc cytokine family members have crucial roles in T-cell survival, proliferation and 322 

differentiation [102]. IL-2 signaling involving CD25 (IL-2Rα: forming together with CD122 and 323 

CD132 the high-affinity IL-2R complex) is important for the maintenance of both exhausted and 324 

inflationary CD8+ T cells [103]. Since the percentage of cells producing autocrine IL-2 within the 325 
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inflationary T cell populations correlates to their expansion of the inflationary pool [104], the 326 

induction of autocrine IL-2 appears to be critical for inflationary expansions. Remarkably, the 327 

expression of CD122, the IL-2Rβ chain, which is also shared by IL-15, is differentially 328 

expressed. Inflationary CD8+ T cells have low CD122 levels [58, 60], while exhausted cells 329 

maintain CD122 expression. The increased expression of CD122 marks the exhausted state, and 330 

signaling via CD122 upon IL-2 and IL-15 binding is likely directly involved via upregulation of 331 

inhibitory receptors [105]. Both exhausted and inflationary T cells have low CD127 (IL-7Rα) 332 

expression. However, long-term IL-7 treatment during the contraction phase of chronic LCMV 333 

infection enhances the magnitude and functionality of specific CD8+ T cells [106, 107].    334 

Ag transcriptional repression vs. repression by killing of infected cells  335 

Type I and II IFNs play an important role in the control of MCMV infection; in IFN-γR-/- mice 336 

MCMV replicates persistently [108]. Similarly, type I IFN represses viral gene expression by 337 

upregulating nuclear domain 10 (ND10) proteins in a reversible process [93]. While type I and 338 

type II IFN signaling was shown to limit LCMV replication as well [109, 110], there is no 339 

evidence that this repression may be transient. The IFN induced silencing of DNA viruses can 340 

affect any episomal DNA within the cell nucleus and silence their transcription [93]. It is 341 

therefore reasonable to assume that IFN-γ signaling may silence the transcription of DNA viruses 342 

and represses the expression of antigens upon T-cell activation. Interestingly, immune exhaustion 343 

is typically induced by RNA viruses, where IFN-dependent silencing of DNA transcription 344 

cannot limit antigenic expression. In that case, the ability to limit virus persistence by 345 

transcriptional repression, rather than by cytotoxicity may present a critical hallmark of 346 

inflationary responses, distinguishing it from events in immune exhaustion. Therefore, we 347 

hypothesize that the cytotoxic activity of T cells may compel persistent RNA viruses to an arms 348 
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race, where they rapidly replicate to achieve escape velocity from T-cell control. T-cell 349 

proliferation upon activation is uniquely rapid with a 2-hour cell cycle time [111]. However, a 350 

replicating virus gives rise to thousands of infectious particles per lytic cycle, spurring drastic 351 

expansions of responsive CD8 T-cell clones. If T cells are unable to limit the spread of a rapidly 352 

replicating virus, cytotoxicity itself will become detrimental to the host. We postulate that such 353 

potential for immune pathology is sensed during the immune response and that the immune 354 

exhaustion program sets in to protect the host. While this hypothesis is consistent with published 355 

data, further detailed studies will be required to validate our prediction.  356 

Concluding remarks 357 

The characterization of exhausted versus inflationary T-cell responses in chronic viral infections 358 

is advancing in great detail. Available evidence indicates that both inflation and exhaustion are 359 

conditions of equilibrium between the host and the persisting virus, yet their clinical outcomes 360 

are vastly different, because they depend on distinct cellular and molecular mechanisms. While 361 

thorough understanding of the underlying  mechanisms leading to these divergent cellular states 362 

remains lacking, the targeting of inhibitory pathways of exhausted T cells has significantly 363 

innovated immunotherapy of chronic infection and cancer, and exploiting of inflationary 364 

responses to improve vaccines has great potential. Addressing the outstanding questions (see 365 

Outstanding Questions Box) will allow manipulations of the antigenic supply and costimulatory 366 

molecules that will allow the induction of optimal and protective T-cell responses.  367 
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Figure legends  371 

Figure 1: Model of T-cell mediated control of viral infections by IFN signaling or cytotoxicity. 372 

Antigenic peptides presented on MHC-I molecules (pMHC-I) are recognized by inflationary or 373 

exhausted CD8 T-cells. Cytokines regulating the transcription of viral genes may repress gene 374 

expression in the case of DNA viruses whose genomes are maintained in the cell nucleus. This 375 

non-lethal control is not available to RNA viruses, which are controlled by cytotoxic mechanisms 376 

(e.g. perforin and GzB). Therefore, they are unable to establish an equilibrium with the host at the 377 

level of single infected cells. This in turn compels RNA viruses to rapid proliferation to 378 

overcome host control. We propose that the difference in the surface receptor expression on 379 

inflationary and exhausted CD8 T-cells may be a result of continuous stimulation with large 380 

amounts of antigen, as opposed to the intermittent exposure to low-levels of antigen.  381 

  382 
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Table 1. Comparison of viral-specific CD8 T-cell populationsa
 383 

 384 
Central-memory Inflationary Exhausted 385 

Homeostatic proliferation  ++  -  - 386 
 387 
Antigen-dependence   -  ++  ++ 388 
 389 
2e Expansion capacity   ++  +/-  - 390 
 391 
Cytokine polyfunctionality  ++  + (low % IL-2)  - 392 
 393 
Lymphoid homing markers  394 

CD62L    ++  -  - 395 
CCR7    ++  -  - 396 

 397 
Cytokine receptors  398 

CD122    ++  -  + 399 
CD127    ++  +/-  - 400 

 401 
NK cell receptors  402 

KLRG1    -  ++  - 403 
 404 
Costimulatory receptors 405 
 CD28    +  -  -   406 

CD27    ++  -  - 407 
 408 
Inhibitory receptors   409 
 PD-1/TIM3/LAG3/ etc.  -  -  ++ 410 
 411 
Transcription factors 412 
 T-bet    -  +  +/- 413 
 EOMES    -  +/-  + 414 
 Blimp-1    +/-  +/-  + 415 
a - absent or low, +/- intermediate, + high, ++ prominent  416 

  417 
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