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SUPPLEMENTARY MATERIALS
S1. Table 1. Expanded Glossary and Conceptual Clarifications

Key terms used in this review. Model constructs are explicitly hypotheses; phenomenon,

mechanism, and method terms are used as defined in the cited literature.

Term Definition
Keystone Epitope Model/framework: a subset of persistent, human-adapted infections
Theory (KET) disproportionately shapes immune priority-setting by repeatedly

Keystone organism

Keystone epitope

Keystone imprinting

Immunodominance

Presentation-

dominance

restimulating specific peptide—HLA targets in tissue niches. A

falsifiable hypothesis, not a settled mechanism.

Persistent, human-adapted infection that (i) establishes latency or
chronic low-level replication, (ii) repeatedly restimulates memory in
defined tissue niches, and (iii) presents conserved, function-linked
epitopes; the claim is an outsized effect on immune architecture, not

a binary class.

A peptide-HLA target that is repeatedly presented
(persistence/reactivation), constrained (adaptation limited or costly),
and linked to durable, high-quality T-cell and sometimes

coordinated humoral responses.

Durable biasing of immune priorities established by early, repeated
keystone exposure; broader than original antigenic sin, which is

variant-strain skewing within a viral family.

Umbrella term, used here only with a modifier because distinct
phenomena are often conflated: dominance may refer to display,
response magnitude, temporal dynamics, population frequency,

anatomical compartment, or clinical control.

A peptide abundant or stable on a given HLA molecule (HLA

peptidomics); does not guarantee a dominant T-cell response.
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Definition

Episode-specific

Longitudinal

Compartmental

Control-dominance

Immunoprevalence

Immunodominance

hierarchy

Constrained epitope

Decoy epitope

Antigen display

control

Shared CTL-NK

vulnerability

Rank order of epitopes by response magnitude or function at one

timepoint in one host.

Within-host hierarchy that changes over time (for example,

adaptation-driven collapse with subdominant fill-in).

Dominance defined within an anatomical compartment (for

example, tissue-resident memory-rich tissue versus blood).

Disproportionate contribution to pathogen control or clinical

outcome, independent of magnitude or prevalence.

Proportion of a defined cohort mounting a detectable response
(assay and threshold stated); used here for the population-level “how

many respond” component.

An ordered list of targets plus the metric and level used; a data

summary that implies no mechanism.

An epitope where substitutions incur measurable fitness costs
(replication, transmission, structural integrity), limiting or penalizing

adaptation.

An epitope eliciting strong or sustained responses that contribute
little to control, often because it is mutationally permissive or poorly

positioned in time or tissue.

Viral or tumor strategies that alter peptide—-HLA output and co-
ligands so CTL visibility falls while inhibitory NK signaling is

preserved or enhanced; more than antigenic variation alone.

CTLs and NK cells read overlapping HLA class I with different
receptor logic; successful adaptation requires selective remodeling
that lowers CTL-relevant pHLA without triggering NK rescue (via
HLA-C/KIR, HLA-E/NKG2A, licensing, or checkpoints).
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Term Definition

CTL visibility; CTL visibility: ease of CTL detection via relevant pHLA. Inhibitory
inhibitory NK NK signaling: net inhibitory NK input (HLA-C, HLA-E/NKG2A,
signaling peptide-dependent KIR, licensing, checkpoint) that can block NK

Peptide-HLA (pHLA)

TCR

KIR

NKG2A / HLA-E

TRM

Tumor

immunoediting

Immune checkpoint

Modified self

killing despite cellular stress.

The cell-surface complex of a peptide bound to an HLA molecule;
the recognition unit for CD8 T cells and an input to some NK

receptors.

Somatically rearranged T-cell receptor that recognizes specific

peptide-HLA complexes.

NK immunoglobulin-like receptors that bind HLA class I; some

interactions are peptide-influenced, tuning inhibition or activation.

Inhibitory NK checkpoint axis: NKG2A (with CD94) recognizes
HLA-E presenting leader-like peptides, contributing to NK

inhibition and calibration.

Tissue-resident memory T cells that persist long-term in tissues

rather than recirculating.

Tumor evolution under immune selection, often favoring antigen
loss, altered processing or presentation, altered HLA expression, and

checkpoint reinforcement.

Inhibitory pathways that restrain immune activation, including
reinforcement that preserves inhibitory signaling under cellular

stress.

A self-derived peptide rendered newly immunogenic when a drug or
post-translational modification alters processing or the peptide—-HLA

repertoire, potentially recruiting pre-existing memory.
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Term Definition
Niche-calibrating A recurrent peptide-HLA surface displayed in a defined niche by a
epitope persistent antigen source that tunes local thresholds of cytotoxicity,

regulation, and recall; keystone epitopes are the apex subset [1, 2].

Equilibrium A regulated differentiation state often labeled “exhaustion,” with
phenotype checkpoint expression and restrained effector output that supports

long-term containment under persistent antigen [1].

Four-Condition Gate  Model: severe immunopathology requires conjunction of permissive
HLA binding, a provoking exposure or modification, pre-existing
cross-reactive structural memory, and niche-matched antigen display
(L, 3].

Keystone Reactivation Candidate longitudinal metric: the fraction of microbial detections in

Index (KRI) a compartment and time window attributable to keystone organisms,
with detection type and assay threshold pre-specified (for example,
CMYV, EBV, HSV in blood, bronchoalveolar fluid, or gut mucosa);
not yet prospectively validated [4].

Epitope / paratope Used in an operational, receptor-dependent sense: the antigen
features contributing to binding and recognition by a given receptor

in context, not a fixed, context-free surface patch [5, 6].

Usage notes: “Immunodominant” means dominant by a stated metric, not most protective.
“Integrate into immune hierarchies” refers to durable positioning within immune memory, not
viral DNA integration. Agency verbs (“exploit,” “optimize,” “designed”) denote selection
effects, not intent. “Linkage” (chromosomal distance) is distinct from linkage disequilibrium
(LD), which we name explicitly. Abbreviations: CTL, cytotoxic T lymphocyte; CMV,
cytomegalovirus; EBV, Epstein-Barr Virus; HSV, Herpes Simplex Virus; KIR, Killer cell
immunoglobulin-like receptor; NK, natural killer; TCR, T-cell receptor
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S2. Supplementary Boxes

S2.1. Box 1. Primer to Keystone Epitope Theory

(A summary of the KET framework as developed in the main text)

Keystone Epitope Theory adds a third, postnatal focusing step (Supplementary Material S7.2) to
immune education. This same postnatal window also solves barrier onboarding (the postnatal
process by which mucosal and skin surfaces establish tolerance to environmental antigens):
rapidly rising antigen exposure at mucosal and skin surfaces drives active peripheral tolerance
(pTregs, tolerogenic antigen-presenting cell conditioning, IgA), while keystone niches remain
high-gain channels that are repeatedly re-engaged across life (Figure 3 in the main text). After
thymic positive/negative selection, a small set of persistent, human-adapted organisms
concentrates immune memory on constrained, function-linked epitopes in the tissues where
control must occur. This imprinting is protective because it hardwires priorities on targets the
host cannot afford to miss, yet it also defines where the modified self can recruit entrenched

memory (Supplementary Material S7.2).

Keystone equilibrium is a distinct “middle regime.” Keystone control is typically neither
peripheral tolerance nor sterilizing clearance. It is a stable, tissue-compartmentalized equilibrium
that preserves high-gain recall to constrained epitopes in the econiche where control matters,
while avoiding chronic tissue damage. Immune resources are finite, and responses directed
toward one set of targets necessarily reduce the capacity to respond to others. In this framing,
equilibrium is an allocation under finite tissue and metabolic constraints, not a failed sterilization
attempt [1]. Its stability depends on niche-specific inhibitory set points, which is why immune

checkpoint blockade can precipitate tissue-specific injury without introducing new antigens [2].

Stage 3 addresses 2 problems simultaneously: keystone focusing and barrier onboarding. In
parallel with keystone focusing, early postnatal antigen exposure at the gut, skin, and airway
surfaces establishes active tolerance programs (eg, pTreg induction, secretory IgA-based
exclusion, tissue-conditioned myeloid restraint) that prevent abundant, low-salience exposures
from becoming chronic inflammatory drivers. When onboarding fails, benign antigens are
repeatedly encountered in danger contexts (dysbiosis, barrier breach, viral inflammation). They

can be misclassified as pseudo-keystones, thereby distorting subsequent immunodominance and
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risk of pathology. Beyond keystone epitopes, persistent niche-restricted residents can also
dominate local display and tune thresholds; we refer to their recurrent peptide-HLA targets as

niche-calibrating epitopes [1, 2].

These priorities are read jointly by cytotoxic T cells and NK cells on overlapping class I ligand
landscapes. Simple loss of class I can release NK killing, but pathogens such as HIV can more
effectively blunt both arms by selective remodeling: reducing HLA-A/B to weaken cytotoxic T
lymphocytes (CTLs) while variably tuning HLA-C, preserving HLA-E/NKG2A signaling,
exploiting peptide-dependent killer cell immunoglobulin-like receptor (KIR) effects, and
reinforcing checkpoint pathways [7]. The net result is a host- and strain-dependent shift in the

balance of CTL and NK pressure rather than automatic uncoupling.

Persistent DNA viruses (notably HHVs) scaffold durable memory (ie, provide a structural
framework for organizing and maintaining long-lived immune memory): they seed tissue-
resident compartments, re-stimulate at low levels to maintain recall, and maintain Class I/II
epitopes in appropriate anatomical niches at appropriate times. This temporal—spatial layering
explains why some targets remain longitudinally immunodominant throughout life and why

niche-matched display later in life matters for pathology.

The same architecture (the structural organization of immune memory and priorities) creates a
window of vulnerability. When a drug- or post-translational-modified self-peptide approximates
a keystone epitope and is displayed in the same tissue by the same risk HLA, pre-existing
memory may engage under a thresholded control regime, and can drive pathology if mimicking
ligand burden exceeds local inhibitory set-points [1, 2]. The same gate-and-threshold logic
provides a compact explanation for why many HLA risk alleles have low positive predictive
value, since permissive binding is necessary but rarely sufficient without niche-matched display
and memory-backed amplification. That is the mechanistic bridge from keystone protection to T-

cell-mediated hypersensitivity; the clinical evidence is detailed in a companion review [8].

Selection pressures have favored HLA— T-cell receptor (TCR) solutions that see conserved,
functionally costly viral sites, while still permitting cross-reactivity that anticipates related
threats. The allelic logic (eg, HLA-B57/B58) and the structural/conformational basis for public

and private TCR cross-recognition are outlined in a companion review [8].
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Because keystone organisms train memory in place, tissue compartmentalization matters. Tissue-
resident memory (TRM) at the dermal—epidermal junction, in lymphoid tissue, or along the
vasculature can be recruited directly by parenchymal display, a key insight for patterned injury in

skin, lymphoid organs, and entheses.

Timing and sequence of early-life exposures may matter. Variation in when and in what order
infants encounter persistent keystone organisms could, in principle, alter subsequent immune
calibration. This is a hypothesis about exposure timing and sequence, not an argument against
any intervention: vaccination, antibiotics, and sanitation remain overwhelmingly beneficial.
Where early exposure is delayed or reordered, KET predicts that subsequent immune hierarchies
may be calibrated differently, potentially altering how later challenges are handled [9].
Discordant co-evolution (host immunogenetics meeting non-co-adapted pathogen strains) may

add another axis of variation.

Keystone exposure also shapes heterologous immunity: persistent herpesviruses can enhance
cross-protective responses and modulate regulatory and innate immune programs (including NK
cells). These effects are protective but context- and genotype-dependent, reinforcing the need to

read immunity as a coordinated system.

The present paper analyzes RNA viruses and tumors as stringent tests of the system: decoy

vs constrained epitopes, antigen display control (eg, HLA-E/NKG2A), and design rules for
vaccines and immunotherapies that work with, rather than against, entrenched hierarchies. A
companion review [8] develops the clinical translation to drug hypersensitivity, autoimmunity,

and transplantation.
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S2.2. Box 2. Examples of Keystone-Like Vaccine Imprinting

The live attenuated varicella-zoster virus (VZV) and yellow fever virus (YFV) vaccines
discussed here can exhibit keystone-like properties: their replication kinetics, tissue tropism, and
synchronized class I and II epitope presentation during early infection induce durable CD8+ and
CD4+ T-cell memory [10, 11], delivering antigen in the anatomical compartments and temporal
windows characteristic of natural infection. The two vaccines differ in persistence biology, but
both can produce effective immune imprinting with substantially less morbidity than natural
infection and therefore provide useful, although not identical, examples of keystone-like immune

calibration.

S2.3. Box 3. Evidence of Human Herpesvirus Protection or Cross-Protection

Multiple lines of evidence indicate that herpesvirus exposures can precondition immune
hierarchies. Within the family, an HSV-2 glycoprotein vaccine protects mice against genital
HSV-1 challenge [12]. In humans, HSV-1 acquisition varies substantially by age and region,
contributing to marked geographic variation in the estimated burden of genital HSV-1 infection
[13]. In murine models, maternal immunization with HSV antigens reduces neonatal mortality
and neurological morbidity through passive antibody transfer and neonatal innate priming [14],
and conserved-glycoprotein (gD) vaccines confer cross-protection against both HSV-1 and HSV-
2 in guinea pigs [15]. Imprinting also extends to unrelated pathogens: latent murine y-herpesvirus
68 or murine cytomegalovirus increases resistance to Listeria monocytogenes and Yersinia pestis
through sustained interferon (IFN)-y and macrophage activation [ 16], lifelong cytomegalovirus
(CMV) broadens the TCR repertoire mobilized against third-party Listeria in aged mice [17], and
in humans CMV- and EBV-specific CD8 T cells are recruited into the activated pool during
acute hepatitis B [18, 19]. Host genetics also contribute: activating KIR gene content has been
associated with reduced CMV infection/reactivation after transplantation, and KIR3DS1 in
combination with HLA-B Bw4-80I has been associated with delayed HIV disease progression

[2, 20, 63]. Together, these findings support cross-protection through cross-reactive recognition,
cytokine-driven bystander activation, or altered antigen presentation, although the mechanisms

remain incompletely defined.
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S3 EXTENDED HIV EVIDENCE
S3.1. HIV as an Engine of Immune Adaptation
HIV’s rapid within-host evolution makes it a powerful driver of immune selection. Mutations

within immunodominant epitopes often persist in the population despite immune pressure
because they impose little fitness cost [21], and codon-usage analysis suggests HIV is pre-
adapted to respond rapidly to HLA-specific pressure and to generate decoy epitopes [22]. Rather
than evading recognition entirely, some substitutions may redirect CD8+ responses toward
ineffective targets, though this requires epitope-level functional validation [21, 23-26]. A deep-
time extension of KET treats synonymous and RNA-structural constraints as an active substrate
for adaptation, so epitope constraint should be evaluated at both peptide and RNA layers [1, 27].
S3.2. Decoy Epitopes and Immune Misdirection

A direct consequence is preferential inflation of Nef-directed responses at the expense of more
protective Gag-specific responses [24]. At the population level, HIV substitutions within CTL
epitopes associate consistently with specific HLA alleles [28]; such associations do not by
themselves distinguish recognition-reducing adaptation, in which selection removes recognition
and which tends to occur preferentially at HLA-binding residues of CDS epitopes [29], from
adaptation that preserves detectable recognition while reducing antiviral function, the latter
remaining a narrow, testable possibility. Chronic-stimulation-driven functional impairment is an
alternative explanation, and discrimination requires paired wild-type versus adapted comparisons
within individuals using direct cytotoxicity and single-cell profiling [21, 26, 30].

S3.3. Population-Level Viral Adaptation and Pre-adaptation

HIV evolves differently across populations, with distinct HLA-adapted polymorphisms in
genetically distinct host groups [31]: where a dominant HLA allele consistently targets an
epitope, recognition-reducing substitutions are favored, whereas greater HLA diversity favors
decoy substitutions that divert responses from constrained regions at low fitness cost. Across
transmissions, host hierarchies originally calibrated by keystone organisms shape the selective
landscape; transmission of HLA-adapted variants weakens subsequent responses and is
associated with higher viral loads and faster CD4+ decline [32], while the protective value of
targeted alleles erodes over time [33]. Epistatic host factors such as ERAP2 further modulate the
presented peptide repertoire and adaptation [34].
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S3.4. HLA-Associated Substitution and Reversion Dynamics and Evolutionary
Lock-In

HIV adaptation involves both substitution and reversion: HLA-B57-associated substitutions
revert rapidly in non-B57 hosts, whereas other HLA-associated mutations remain stable [25].
Persistence in the absence of continued immune pressure can reflect compensatory mutations
that stabilize a locked-in state across a fitness valley, allowing such polymorphisms to keep
misdirecting responses.

S3.5. Implications for HIV Vaccine and Drug Resistance

Not all HLA-associated substitutions impose a fitness cost, and some are selected to misdirect
responses; these polymorphisms can also affect prevention, for example, HLA-B18-driven
substitutions at reverse transcriptase codon 138 linked to natural rilpivirine resistance [35], with
immune and drug-resistance selection pressures intersecting to shape diversity [36]. HLA-II-
associated adaptation weakens CD4+ help in vaccine recipients, plausibly reflecting a mismatch
between vaccine-induced immunodominance and keystone-based hierarchies that, via linked
recognition, favor high-affinity T- and B-cell clones; without persistent antigenic reinforcement,
responses may skew toward immunogenic but poorly protective epitopes with inadequate T
follicular helper coordination [37]; these constraints underscore the broader design challenges
facing antibody-based HIV-1 vaccines [38]. Early CTL responses drive adaptation even before
seroconversion [39], and accumulation of substitutions at formerly protective alleles (HLA-B57,
HLA-B27) has eroded their control [40]. Integrase illustrates the constraint principle: integrase
inhibitors succeed by targeting catalytic residues that cannot mutate without loss of function,
whereas TCR recognition is more vulnerable because the virus can mutate peripheral residues
outside the functional pocket; consistent with this, HLA-driven substitutions were not observed
at primary integrase resistance sites, only at non-primary sites [41]. More broadly, DNA viruses
act as persistent calibrators while RNA viruses act as disruptors using rapid variation and decoys
[42]; HLA-B targeting efficiency for conserved regions tracks with outcome, with efficient Gag
targeting associated with lower HIV viral load [43] and dengue HLA targeting efficiency
correlating with severity [42]. Because RNA viruses rarely provide the persistent antigenic
scaffolding needed to select and maintain high-affinity clones against conserved targets, durable
high-fidelity immunity is harder to generate by infection or vaccination.
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S3.6. Conservation vs Constraint in Immunogen Design

Sequence conservation is descriptive and is not equivalent to mechanistic constraint: it can arise
from protein-level fitness costs, RNA-structural requirements, historical HLA-driven adaptation,
or context-dependent processing and display. Rolland et al found no strong relationship between
consensus-residue frequency and replicative capacity and argued for prioritizing sites that remain
conserved despite immune pressure [44]; the HIVconsvX design reflects this logic, excluding
conserved regions linked to unfavorable outcomes and drawing four of six regions from Pol
despite its low expression [45]. This material is developed in the main text (“Decoy

vs constrained epitopes”).

S4. EXTENDED SARS-COV-2 EVIDENCE
S4.1. Pre-Existing Cross-Reactive Memory and Keystone Priming

Unlike persistent DNA viruses or highly mutable RNA viruses, SARS-CoV-2 engages immune
memory pre-structured by earlier coronavirus exposures: 20-50% of unexposed individuals have
detectable T-cell reactivity against SARS-CoV-2 [46], largely from common-cold coronaviruses
sharing homologous epitopes. Immunodominance is set by epitope-HLA affinity rather than
sequence homology alone, with 30—40 immunodominant epitopes mapped per individual [47],
and a survey of common-cold coronaviruses identified 165 CD4+ epitopes, many also
recognized in SARS-CoV-2, with 89% of cross-reactivity predicted by greater-than-67%
sequence conservation [48]. These patterns support a central tenet of Keystone Epitope Theory:
early exposures shape durable, hierarchical memory that influences responses to later-emerging
pathogens, even across genera.

S4.2. Rewiring Immunodominance: Beyond Sequence Homology

Epitope hierarchy is shaped by HLA-binding affinity, recombination, and immunogen structure
rather than sequence similarity alone. Unlike HIV and HCV, SARS-CoV-2 uses recombination-
based strategies that generate novel sub-genomic transcripts while preserving partial recognition
[49]; conserved RNA structures can constrain where recombination occurs, so peptides in multi-
layer-constrained regions may be more robust vaccine targets than those constrained only at the
amino-acid level [1, 27]. As for other RNA viruses, effective vaccines should prioritize stable,
functionally constrained regions over immunodominant but mutable targets [42], which may help

explain the historical difficulty of developing protective RNA-virus vaccines.
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S4.3 Latent Herpesvirus Reactivation and Immune Disruption

Acute SARS-CoV-2 infection can destabilize pre-existing memory. In the IMPACC cohort,
reactivation of latent EBV and CMV occurred in a substantial proportion of hospitalized patients
(EBV early; CMV and HSV-1 later, correlating with interleukin (IL)-6 and CXCL10), consistent
with transient epitope-triggered activation of latent DNA viruses under immune perturbation
[50]. SARS-CoV-2-reactive T cells occur in unexposed individuals [46], and SARS-CoV-2
mRNA vaccination induces CD4+ T-cell responses that cross-recognize HCoV-NL63 [51].
Separately, a public, HLA-B*35:01-restricted CD8 TCR recognizes both a CMV pp65 epitope
(IPSINVHHY) and a SARS-CoV-2 spike peptide (FVSNGTHWF) despite low sequence
similarity and can reduce replication in vitro, though it is weakly activated in acute disease [52].
Notably, pp65, although strongly immunodominant, is dispensable for CMV persistence [53],
underscoring that immunodominance need not coincide with the antigens most essential to the
organism. Further CD8+ T-cell cross-reactivity is documented for an HLA-B*07:02-restricted,
immunodominant SARS-CoV-2 nucleocapsid epitope with homologous epitopes from the
seasonal betacoronaviruses OC43 and HKU1, but not the alphacoronaviruses 229E or NL63
[54]. A companion study showed that B7/N105-specific CD8+ T cells have high naive precursor
frequency, broad TCRaf diversity, and promiscuous TCR pairing, with pre-pandemic B7/N105-
specific cells predominantly displaying a naive phenotype rather than clear recall memory [55].
Separately, uninfected donors can harbor SARS-CoV-2-reactive T cells targeting N, NSP7, and
NSP13; NSP7-specific responses recognize fragments conserved among animal
betacoronaviruses but with low homology to common-cold human coronaviruses [56]. Direct T-
cell cross-reactivity with EBV, HHV-6, or HSV is not established by these references. Keystone
Epitope Theory predicts that high-frequency naive or cross-reactive pools recruited by early
immunodominant SARS-CoV-2 epitopes could transiently compete with more effective
subdominant responses.

S4.4 Compartmental Misdirection and IFN Evasion

SARS-CoV-2 suppresses type I and III interferon signaling via multiple nonstructural proteins,
delaying viral recognition and T-cell priming [57]. Respiratory TRM T cells, which would

otherwise trigger rapid interferon release on detecting infected cells, appear to be evaded;
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plausibly SARS-CoV-2 and endemic coronaviruses avoid re-stimulating mucosal TRM and
shape recall toward systemic compartments and decoy antigens, consistent with current vaccines
generating strong circulating memory but few TRM [57]. This compartmental misdirection may
transiently re-engage keystone-shaped immunity while evading the interferon alarms that would
abort early replication, destabilizing imprinted memory and favoring latent reactivation.
Keystone Epitope Theory is thereby refined: memory success depends not only on epitope
specificity but also on anatomical accessibility, so even well-imprinted memory can fail if

mislocalized.

S5. Extended Heterologous Immune Perturbation Evidence

Animal models support a dynamic view of latency in which latent DNA viruses require
continuous immune surveillance. Barton et al. showed that CD8+ T cells and IFN-y control
murine gammaherpesvirus (MHV)-68 latency, and that latently infected mice display sustained
macrophage activation and protection from unrelated bacterial infection, suggesting latency may
elevate basal immune readiness [16]. Reese et al found that helminth infection reactivates MHV -
68 via IL-4/STATG signaling that counteracts IFN-y suppression of the lytic switch, a two-signal
model [58], and in humans Plasmodium falciparum infection during pregnancy was associated
with EBV reactivation [59], indicating that heterologous stimulation can transiently breach
latency control. Such transient reactivation may be a functional feature rather than a failure,
allowing persistent viruses to act as sentinels that recalibrate immunity to new threats. Gordon et
al showed that CMV-specific CD8+ T cells expand during unrelated (vaccinia) challenge without
cognate antigen [60], consistent with cytokine-driven bystander activation (IL-12, IL-18) as well
as, or instead of, direct TCR-mediated cross-reactivity; these models are distinct but not mutually
exclusive, and either way reflect the host’s use of keystone-imprinted memory in defense of new

threats.
S6. Framework Additions and Experimental Test Protocols

The 3 framework additions and the 6 falsifiable experimental designs are now presented in the
main text (Conclusion and Design Rules; see also the 3 considerations summarized in “Keystone
Epitope Theory in Brief”). This section retains assay-level detail for each design.
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1. S6.1 Paired single-cell profiling and cross-reactivity mapping. For HLA-matched
donors with well-defined adapted variants, isolate CD8 T cells against matched wild-type
and adapted pHLA multimers and profile by single-cell RNA-seq with paired TCR
sequencing, CITE-seq, and cytotoxicity readouts (CD107a, target killing); then re-express
dominant TCRs in a common background (eg, Jurkat 76 or transduced primary CDS) to
test cross-recognition of candidate keystone-derived epitopes selected by shared HLA

restriction and TCR-facing pHLA geometry [7, 26].

2. S6.2 Immunogen comparisons. Compare constrained-region immunogens against
constructs that include variable immunodominant targets, scoring breadth,
immunodominance structure, natural processing, and cytotoxic quality rather than IFN-
gamma magnitude alone; promote to a primary endpoint only after the mechanistic

studies in S6.1 and S6.3.

3. S6.3 Population-level four-category viral-load analysis. Across groups defined by
HLA present or absent crossed with wild-type or adapted residue, test for sites where the
adapted residue is associated with higher viral load specifically in HLA-matched hosts
who retain recognition, adjusting for cohort, ancestry, sex, clade, calendar time, linkage,
and host antigen-processing modifiers, with multiple-testing correction and replication
across clades; chronic-stimulation-driven impairment is the principal alternative and

requires single-cell discrimination (S6.1) [31, 32, 61].

4. S6.4 Natural processing and display-context validation. Confirm candidate epitopes
are naturally processed and displayed (immunopeptidomics, peptide-HLA stabilization,
infected-cell killing) and manipulate Nef/Vpu class I modulation and the HLA-E/NKG2A
axis to test whether target value depends on coordinated CTL and NK pressure; proof-of-

principle exists in oncology [7, 62].

5. S6.5 Comparative class I modulation across pathogens and tumors. Using
standardized measurements of class I surface expression and NK-receptor engagement,
test whether unrelated pathogens and tumors recurrently reduce HLA-A/HLA-B
presentation while preserving inhibitory signaling through other class I ligands.
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6. S6.6 Perturbation studies of latency control. Track the KRI (fraction of microbial
detections attributable to keystone organisms in a compartment and time window) across
baseline, perturbation, and recovery phases, with peripheral memory-phenotype

correlates.

RNA-layer caveat. Synonymous codon usage and local RNA structure may also influence
processing efficiency at apparently conserved amino-acid positions; the relevant test is
synonymous recoding of candidate epitopes and flanking regions with measurement of viral
fitness, peptide generation, and surface pHLA abundance, which does not by itself distinguish

decoying from recognition-preserving adaptation.
S7. SUPPLEMENTARY FIGURES

A. Keystone Reactivation Index (KRI) Definition

K(c t) D(c,)=al %0

b=al [ K(c,f) = keystone
e i G infectious 00 -
KR|(C,t) D (C, t) decion 0 ¢ 99 —>@ ?::Egg?gfeg;sodes

" episodes 0
Compartment (¢) ¢ A T 0

(e, lung)

© = Keystone event
Time window () © =Non-keystone event

B. Worked Example
Detection events during time window t
4———0—0 00 0 0 0

Total episodes (D) =10 . )
Keystone episodes (K) = 3 KRI= 0 030 — Example KRI=0.30

S7.1. Keystone Reactivation Index (KRI): definition and worked example. (A) KRI is
defined for a compartment ¢ and time window t as the number of keystone detection episodes
divided by all microbial detection episodes, KRI(c,t) = K(c,t)/D(c,t). (B) Worked example:
of ten detection episodes in the window, three are keystone, giving KRI = 0.30. The KRI is a
candidate metric only; prospective studies would be required to determine whether longitudinal
KRI shifts track immune perturbation in accessible compartments such as blood, bronchoalveolar

fluid, or gut mucosa.
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“Postnatal focusing and the modified-self vulnerability window”

A Three-stage selection culminating in postnatal keystone focusing
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Postnatal keystone focusing creates entrenched memory
against constrained epitopes. Modified-self mimics these
epitopes, recruiting this entrenched memory for rapid,
coordinated cytotoxic attack on host tissue.

S7.2. Postnatal focusing and the modified-self vulnerability window. (A) Three-stage

selection: thymic positive/negative selection defines visible tolerated pHLA space; postnatal,
tissue-linked keystone exposure concentrates tissue-resident memory and cytotoxic priorities
onto constrained, function-linked epitopes. (B) Modified-self mimicry: drug- or PTM-derived
self-peptides that overlap keystone geometry and are displayed in the same tissue niche recruit

entrenched memory and trigger rapid CTL/NK injury; the concept is developed in a companion

review [8].
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