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Highlights

1. The immune response sculpts tumor features through the immunoediting process.
2. In “reverse immunoediting”, a tumor or a foreign antigen shapes the immune response.
3. Antigen load may be the key to expand or delete responding T cells.



Abstract

Immune selective pressure occurring during cancer immunoediting shapes tumor features revealed
at clinical presentation. However, in the “Escape” phase, the tumor itself has the chance to influence
the immunological response. Therefore, the capacity of the immune response to sculpt the tumor
characteristics is only one side of the coin and even the opposite is likely true, i.e. that an antigen
can shape the immune response in a sort of “reverse immunoediting”.

This reciprocal modeling probably occurs continuously, whenever the immune system encounters a
tumor/foreign antigen, and can be operative in the pathogen/immune system interplay, thus possibly
permeating the protective immunity as a whole. In line with this view, the characterization of a T
cell response as well as the design of both active and passive immunotherapy strategies should also
take into account all Ag features (type, load and presentation).

Overall, we suggest that the “reverse immunoediting” hypothesis could help to dissect the complex
interplay between antigens and the immune repertoire, and to improve the outcome of

immunotherapeutic approaches, where T cell responses are manipulated and reprogrammed.

Abbreviations

ACT, adoptive cell therapy; AICD, activation-induced cell death; ALL, acute lymphoblastic
leukemia; AML, acute myeloid leukemia; CAR, Chimeric Antigen Receptor; CIK, cytokine-
induced Killer; CML, chronic myeloid leukemia; CMV, Cytomegalovirus; CTL, cytotoxic T
lymphocyte; EBV, Epstein-Barr virus; HIV, immunodeficiency virus; 1AV, Influenza A virus; 1D,
immunodominance; IM, mononucleosis infection; LCMV, lymphocytic choriomeningitis virus;
PAMP, pathogen-associated molecular pattern; PRAME, preferentially expressed antigen of
melanoma; SCFA, short-chain fatty acid; TCR, T-Cell Receptor; TMEV, Theiler’s murine
encephalomyelitis virus.
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1. Introduction: from immunoediting to “reverse immunoediting”

Cancer immunoediting is a multi-faceted process that encompasses the well-known three Es,
namely Elimination, Equilibrium and Escape [1]. Both adaptive and innate immunity cooperate in
this process, and are more than sentinels with respect to nascent tumors. On the one hand, the
immune system keeps under continuous selective pressure tumors that successfully elude
immunosurveillance. On the other hand, during the equilibrium phase, it sculpts the characteristics
of those tumors that ultimately become clinically evident. Quite paradoxically, the immune system
promotes the growth of tumors that are subsequently less susceptible to a further immune attack.
“Escaped” tumors in fact turn out to be poorly immunogenic due to the loss/reduction of strong
tumor antigen, MHC, and co-stimulatory molecules expression. However, tumor cells do not
passively submit to the action of immune cells, but actively counterattack by creating an
immunosuppressive microenvironment. Indeed, the third E endorses the concept that also the tumor
can interfere with the evolution of the specific immune response.

We reasoned that this concept of "reverse immunoediting” can also hold true for pathogens-immune

system interplay, thus possibly permeating the immune response/repertoire as a whole.

2. The “reverse immunoediting”

2.1 How viruses can sculpture the immune response

The idea of “reverse immunoediting” firstly stemmed from the analysis of immunodominance (ID)
in a retrovirus-induced tumor model [2]. In this study, we observed an unexpected
immunodominance hierarchy in favor of lower avidity responding T cells (Fig. 1). An
overwhelming antigen load indeed restrained and opposed the expansion of high avidity responding
T cells through an activation-induced cell death (AICD) process

This particular mechanism of "reverse immunoediting”, where the Ag load expands the best-fitting
cell subsets and/or deletes higher functional avidity ones, can also be operative in other viral

infection contexts and primarily under conditions of Ag persistence and/or high Ag load.



In this regard, during the course of the immune response against lymphocytic choriomeningitis
virus (LCMV), changes in Ag load are coupled by modifications in the ID hierarchy as well as in
the functional avidities of GP33- and NP3sge-specific cytotoxic T lymphocytes (CTLs) [3]. In
particular, we speculate that the high and narrow range of functional avidity displayed by GPs3-
specific CTLs condemn them to AICD in response to high viral load in the acute phase. Conversely,
NP3sgs-specific CTLs that present a wider range of avidity can instead adapt to Ag load changes, and
activation-induced apoptosis affects them likely to a lesser extent.

In the context of Influenza A virus (IAV) infection, variations in the ID hierarchy [4,5] can be
partially ascribed to differential presentation levels of NP3gs and PAj,4 viral epitopes, as T cell
avidity in both responding populations is the same. Indeed, PA224 turned out to be presented far less
efficiently than NPsgs [5] and only by dendritic cells, while NPsgs is expressed on the surface of
different cell types [4]. Therefore, NPsgs—specific CTLs would be more prone to AICD than the
PAx4—specific counterparts at high viral loads, and remain subdominant until the drop of viral load.
With regard to human immunodeficiency virus (HIV), Lichterfeld M et al [6] demonstrated that
higher viral loads are associated with a more pronounced decrease in functional avidity of Ag-
specific T cells, and with a deletion of the majority of V-specific subpopulations elicited in the
acute phase. This deletion preferentially affects the subpopulations characterized by higher
functional avidity in patients with high viral load, and can be due to a greater susceptibility to AICD
in response to an excessive and chronic stimulation.

Similarly, during infection with Theiler’s murine encephalomyelitis virus (TMEV), CDS8" T cells
characterized by a moderate functional avidity are preferentially retained at the site of central
nervous system infection. Indeed, the continuous viral antigenic stimulation induces a higher rate of
AICD in T cells with high affinity, while providing low-avidity T cells with a survival advantage
[7].

In the setting of Epstein-Barr virus (EBV) infection, the relationship between avidity and EBV Ag

load has been only marginally investigated so far. However, despite the fact that the ID hierarchies
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tend to be maintained stable over time and are conserved across different HLA haplotypes [8],
qualitative changes in responding T cells actually do occur, but primarily at the level of single EBV
Ag-specific T cell populations. For example, the TCR (T-Cell receptor) VP usage of T cells
responding to EBV lytic Ag varies even drastically over time, or during the differentiation from
CD45RA'CD28" to CD45RA'CD28  subsets [9,10] respectively. However, a mechanism
resembling the one we are proposing could explain the differences in avidity and CD8 dependency
between CD8" T cells specific for the EBV lytic protein BMLF1 and the cytomegalovirus (CMV)
protein pp65 in healthy virus carriers [11]. Again, high levels of viremia during the acute phase of
EBV infection are suggested to induce relatively lower avidity BMLF1-specific T cell responses
during the chronic phase, a scenario completely different from that of the early phases of CMV
infection [11]. Quite unexpectedly, during mononucleosis infection (IM) and in the aftermath,
EBV-specific T cells (in particular those directed to lytic antigens) appear to be more represented in
periphery than in tonsils, where the foci of virus replication reside and the Ag load is consistently
higher for a longer time [12]. In contrast, the reverse is true in long-term virus carriers. While the
expression kinetics of tissue homing molecules in tonsils is reported to parallel the presence of Ag-
specific T cells [12], a mechanism involving the Ag load and AICD induction in responding T cells

could provide an additional and tailored explanation for the findings described.

2.2 How tumors can sculpt/edit the specific immune response

As defined in the Escape phase of the immunoediting theory [1], the tumor may sculpt specific
immune responses primarily by producing cytokines and other factors that recruit different cell
populations, and create an immunosuppressive microenvironment.

However, the tumor can exert its influence also in an antigen-dependent way, thus recapitulating the
mechanism of “reverse immunoediting” we propose. In particular, the selective deletion of high-
avidity CTLs appears to be a common immune evasion strategy of leukemias and involves different

Ag specificities. As observed for the first time by Molldrem and coworkers [13], PR1-specific
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CTLs characterized by high-avidity were found in healthy donors and chronic myeloid leukemia
(CML) patients in cytogenetic remission, but were absent in untreated patients with high tumor
burden. Similarly, PR1-specific CTLs disappeared in concomitance with the relapse in CML
patients, and reappeared after imatinib therapy in inverse proportion to the antigen transcript levels
[14]. Conversely, these specific T cells are undetectable or barely identifiable in patients with
constantly high tumor burdens (as assessed at a molecular and cytogenetic level).

Even with regard to the PRAME (preferentially expressed antigen of melanoma) antigen, an inverse
correlation was found between the avidity of Ag-specific CTLs and the expression of the molecule
in both acute lymphoblastic (ALL) or myeloid (AML) leukemia, and CML patients [15]. In line
with these findings, Ag-specific CTLs isolated and expanded from CML patients with active
disease were characterized by lower avidity for PRAME-derived peptides than CTLs from healthy

donors [16].

2.3 The impact of reverse immunoediting on immunotherapy approaches

This new concept of “reverse immunoediting” points out that the characterization of a T cell
response should also comprise the reality of Ag load and presentation. In particular, the mechanism
we propose may have profound implications in the field of immunotherapy, where the researchers
have the possibility to manipulate the T cell responses with transgenic TCR or Chimeric Antigen
Receptors (CAR).

In this context, we suggest that the selection of the most avid CTL/TCR would not necessarily
improve the therapeutic outcome, as their transfer in the presence of a high tumor burden could lead
to a kind of unintended "immune kamikazing", as reported by others [17]. Indirectly, the same
concept holds true even for CAR-transduced cells. Indeed, CAR with stronger signaling capacity
for the addition of a third costimulatory moiety has been associated to a higher rate of AICD in

transduced cytokine-induced killer (CIK) cells [18]. We speculate that the AICD resulting from an



excess of stimulation can in part explain those cases in which 2™ generation CAR-transduced T
cells outperform 3" generation counterparts [19].

Overall, we envisage that the search for the best immunotherapy strategy is strictly model-
dependent, and should not disregard the power of antigen load encountered in vivo by T cells both
in adoptive cell therapy (ACT) and in vaccination strategies. It is worth noting that in AML or
MDS (myelodysplastic syndrome) patients vaccinated with the WT1 peptide, a significant increase
in WT1-specific CD8" T cells was documented only in patients with low leukemic blast counts in
the bone marrow, as a proof of the "antigen-load" effect of the high leukemic burden [20]. In active
immunotherapy, indirect evidence of this phenomenon could be inferred where no correlations are
found between immune and clinical responses [21]. For example, in a vaccination protocol with
gp100 peptide, the presence of antigen-specific CD8" T cells in blood did not correlate with clinical
benefit [22].

Moreover, therapeutic vaccination protocols inducing an excessive Ag presentation did not
necessarily improve the natural response to the tumor. In a phase Il clinical trial involving patients
with myeloid malignancies, both high- and low-avidity PR1 and WT1-specific CD8" T cells were
transiently detected in all patients after the first vaccine dose, but repeated PR1 and WT1 peptide
doses led to rapid loss of high-avidity Ag-specific T cells [21]. Similarly, analysis of gp100-specific
memory CD8" T cells in melanoma patients revealed that they did not acquire enhanced functional
avidity after boosting immunization with peptide [23]. On the whole, active immunotherapy
approaches that do not accurately take into account all of the factors impacting the fine balance
between antigen and responding T cells cannot reach their goal or, in principle, can be even

detrimental through the induction of immune tolerance/anergy/ignorance.



2.4 Broadening the horizons of “reverse immunoediting”

The immune system co-evolves with the type and burden of stimuli received, and the encounter
with particular antigens/microorganisms can have profound influences/repercussions on human
physiopathology.

Perhaps the most impressive example of this intimate relationship is the cohabitation of the
intestinal microbiota and the immune system. The disequilibrium between the immune system and
the “tolerated” trillions of bacteria, viruses, fungi and Archaea that greatly outnumber human cells
in the body [24], potentially predisposes the host to different diseases such as allergies, asthma,
inflammatory bowel disease, and cancer. While the influence of the microbiota on the immune
system is mainly mediated by bacterial metabolism products (e.g. short-chain fatty acids, SCFA) or
pathogen-associated molecular pattern (PAMPs) molecules, also a truly antigen-driven influence
probably takes place. Classically, anti-A and anti-B naturally occurring antibodies are produced
against terminal carbohydrates on bacterial cell wall of normal intestinal microbial flora. More
recently, the mucosal Th17 cell differentiation was demonstrated to be driven by Segmented
Filamentous Bacteria and mandatorily requires MHC-II presentation [25]. Such an antigen-driven
influence can possibly be a common mechanism, since V(D)J recombination/receptor editing
processes that occur also in B cells of gut lamina propria gives luminal antigens the opportunity to
shape the pre-immune repertoire [26].

As another paradigmatic example, the T cell-mediated symptoms of IM afflicting especially adults
and adolescents, are due to the larger T cell repertoires in adults than in children, which contain
memory lymphocytes possibly cross-reacting against EBV antigens. One of such cross-reactivities
involves influenza A virus M1 and EBV BMLF1 [27].

As a double-edged sword, TCR cross-reactivity equips the immune system with the robustness
needed for responding to most novel pathogens, in particular after thymic involution [28], but on
the other hand it may expose the host to the risk of an erroneous discrimination between self and

non-self. Indeed, in genetically susceptible hosts, some pathogens harboring antigens that are very
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similar but not identical to self-antigens can activate harmless autoreactive immune cells, leading to
breakdown of self-tolerance and finally to autoimmune diseases. While well documented in some
cases or only suggested, molecular mimicry is one of the mechanisms that creates a link between
defined viruses, bacteria or parasites and autoimmune diseases; this is the case of Enteroviruses and
type 1 diabetes mellitus, EBV and multiple sclerosis, Streptococcus pyogenes and rheumatic fever,

Trypanosoma cruzi and Chagas disease [29], just to cite a few.

3. Conclusions

Evidence so far accumulated in various settings suggests that the global number of antigen-
responding T cells can be considered simultaneously both the effect and the cause of the antigen
load, because they proliferate in response to the cognate (pathogen or tumor) antigen, and at the
same time their expansion and effector activity may restrict their own proliferation stimulus.

This apparently mere “number question” indeed influences not only the fate of an
infection/evolution of a tumor, but also the overall quality of the immune response elicited. In fact,
by modulating the pool of distinct immune cell subpopulations, an antigen can effectively shape the
characteristics of the specific T cell response as a whole. This reciprocal modeling or Darwinian
selection probably occurs continuously (Fig. 2), whenever the immune system encounters a
tumor/foreign antigen.

In conclusion, we suggest that the capacity of the immune response to sculpt the tumor
characteristics, as reported in the immunoediting theory, is only one side of the coin. Even the
opposite is likely true, i.e. that an antigen can shape the immune response. This “reverse
immunoediting” hypothesis could help to dissect the complexity of the intimate relationship
between the antigens and the immune repertoire, and to improve the design of immunotherapeutic

strategies.
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Figure Captions

Fig. 1. Potential mechanism of “reverse immunoediting”. A schematic model of the relationship
between T cell functional avidity and antigen load in the establishment of the immunodominance
hierarchy.
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Fig. 2. The continuous process of reciprocal modeling between the antigen and the specific immune
response, as exemplified in the famous lithograph “Drawing Hands” of Maurits Cornelis Escher
(M.C. Escher’s “Drawing Hands” © 2015 The M.C. Escher Company - the Netherlands. All rights
reserved. Used by permission. www.mcescher.com)
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