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Abstract

Hosts have evolved a variety of innate immune responses to pathogens. In many cases, hosts directly detect pathogen-associated molecular
patterns (PAMPs) or pathogen effectors to trigger an immune response. However, hosts may also detect pathogens indirectly through ‘guarding’,
whereby immune receptors (‘guards’) monitor the effects of pathogens (e.g., modification of target cells) rather than the pathogens themselves.
Guarding poses a different evolutionary challenge for pathogens than direct recognition of PAMPs, as replication may necessitate the modification
or disruption of guarded host proteins (‘guardees’). Recently, self-guarding has been discovered, in which the host target functions as both guard
and guardee. Self-guarding appears to present an intractable problem for pathogens: modification of the host target may benefit replication, but
also triggers an immune response. If self-guarding creates an apparently inescapable detection mechanism, why has self-guarding only recently
been discovered? Here, we use mathematical models of within-host pathogen and immune dynamics to compare guarding and self-guarding
architectures. We show that self-guarding leads to a more rapid immune response and faster pathogen suppression, but is also more prone to
false-positive immune responses, likely imposing greater costs through autoimmunity. We therefore hypothesise that the greater potential for

false-positive immune responses may limit the conditions under which self-guarding evolves.
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Introduction

Organisms across the tree of life have evolved a variety
of innate defensive mechanisms to prevent or manage the
impact of infectious diseases, from restriction—-modification
systems in bacteria (Vasu & Nagaraja, 2013) to natu-
ral killer cells in mammals (Vivier et al., 2011). In many
cases, the first line of innate host defence involves recog-
nising pathogen-associated molecular patterns (PAMPs)
(Figure 1A) (Janeway, 1989), but pathogens can employ var-
ious tactics to avoid detection by molecular patterns. For
example, the bacterium Helicobacter pylori has evolved a
structurally modified lipopolysaccharide that has reduced
recognition by Toll-like receptor 4 (TLR4) (Tran et al.,
2005), and coronaviruses encode a 2’-O-methyltransferase
that modifies the viral RNA cap to mimic host mRNA and
thus reduce detection (Ziist et al., 2011).

To combat pathogen adaptations to avoid PAMP recog-
nition, many hosts have evolved multi-layered innate im-
munity targeting different aspects or stages of infection
(Iichenko & Pfeifer, 2024; Jones & Dangl, 2006; Netea et al.,
2019). A common second layer of defence involves indi-
rect sensing of pathogen effects on host cells or proteins
rather than direct sensing of PAMPs. For example, activa-
tion of the inflammasome receptor NLRP3 can be triggered
by cellular damage or ion fluxes caused by diverse micro-
bial toxins (Lamkanfi & Dixit, 2014). In plants, intracellu-
lar nucleotide-binding leucine-rich repeat (NLR) receptors
monitor specific host proteins that are modified by pathogen
effectors (Jones & Dangl, 2006; Van der Biezen & Jones,
1998). This is known as “guarding” (Dangl & Jones, 2001)

which often falls under the broader umbrella of effector-
triggered immunity (ETI) (Remick et al., 2023).

Guarding typically occurs when particular host recep-
tors (guards) monitor key host proteins (guardees) for mod-
ification, which leads to a secondary immune response
(Figure 1B) (Dangl & Jones, 2001; Van der Biezen & Jones,
1998). For example, in Arabidopsis thaliana, the NLR im-
mune receptor RPS2 guards the host protein RIN4, which
is cleaved by the effector AvrRpt2 during infection by Pseu-
domonas syringae (Mackey et al., 2002). However, some P.
syringae strains have lost or modified AvrRpt2, or produce
other effectors that allow them to evade guarding (Gohre
& Robatzek, 2008; Lindeberg et al., 2012). Vertebrates also
exhibit guarding, for example via “missing self” recogni-
tion of classical MHC class T molecules by natural killer
(NK) cells (Lanier, 2005; Ljunggren & Kirre, 1990). Many
viruses downregulate classical MHC-I to evade CD8* T cell
responses (Hansen & Bouvier, 2009; Yewdell & Bennink,
1999), and this perturbation is detected by NK cell in-
hibitory receptors. Loss of classical MHC-I expression re-
duces inhibitory signalling and thereby activates NK cells
(Lanier, 2005). HLA-E also presents signal peptides derived
from other HLA-I molecules and engages inhibitory recep-
tors such as CD94/NKG2A (Braud et al., 1998). Reduced
expression of classical HLA-I can therefore decrease HLA-
E surface expression, leading to a further loss of inhibitory
signalling.

Recently, novel examples of “self-guarding” have been
identified, where a single protein functions as both guard and
guardee (Figure 1C) (Gaidt et al., 2021; Remick et al., 2026).
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Figure 1. Comparison of innate immunity mechanisms. (A) Direct detection of pathogen-associated molecular patterns (PAMPs) by pathogen recognition
receptors (PRRs). (B) Guarding, where pathogen effectors target a particular host protein (guardee). Another host protein (guard) monitors the guardee
for perturbation (dashed arrow), which then triggers an immune response. (C) Self-guarding, where the target is a negative regulator of an immune
response; modification of the self-guarded target by effectors triggers an immune response.

The first example of self-guarding was identified in the con-
text of herpes simplex virus type 1 (HSV-1) (Gaidt et al.,
2021). HSV-1 produces the effector ICPO to degrade the
host protein MORCS3, thereby relieving MORC3-mediated
restriction of viral replication. But MORC3 also represses in-
terferon (IFN) signalling. Degradation of MORC3 by ICP0
relieves negative regulation of IFN, resulting in a secondary
immune response. Crucially, by having both guard and
guardee functions embodied in a single protein, the virus
cannot independently manipulate sensing and replication re-
striction functions of the host. A similar example of self-
guarding against poxviruses has also been identified (Remick
et al., 2026). In this case, viral targeting of antiviral host
factors simultaneously disrupts their primary antiviral func-
tions while relieving their secondary role as negative regu-
lators of NF-«B signalling. As a result, disruption of these
proteins by a viral effector indirectly activates NF-«B, gen-
erating an immune response that is contingent on pathogen-
specific interference.

The discovery of self-guarding raises the question of when
it should be favoured over separate guard and guardee func-
tions. One possible constraint on self-guarding is that it is
simply difficult or inefficient to effectively encapsulate both
functions in a single protein. It is also possible that self-
guarding is common but few examples have yet to be dis-
covered. Alternatively, there may be costs inherent to self-
guarding. Here, we use mathematical models of guarding
and self-guarding mechanisms to explore the potential costs
and benefits of these distinct architectures. We show that
while self-guarding leads to faster immune responses that
lead to lower peak viral loads and more rapid clearance, it is
also more prone to produce false-positive immune responses,
potentially leading to autoimmunity or higher metabolic
costs of mounting unnecessary immune responses. In con-
trast, separate guard and guardee functions can reduce the

risk of false-positives by smoothing out noisy signals from
the guardee.

Methods

Model description
We model virus-host interactions at the within-host level in
the presence of guarding or self-guarding. We assume that
viral load (V) grows exponentially with per-capita growth
rate 7, but viral replication is reduced by a host regulatory
factor (R) at pairwise rate dg and by a triggered immune
response (I) at pairwise rate d;. The host regulatory factor
is produced at rate s(Rg — R), where s is the homeostatic
recovery rate of R and Ry is its baseline (homeostatic) level.
The regulatory factor is degraded or inactivated at pairwise
rate e (e.g., by viral effectors, or due to binding with the virus
to prevent replication). The immune response, I, is activated
and deactivated at per-unit rates m,, and m, respectively.
The specific trigger for activation of the immune re-
sponse depends on the architecture of guarding. Under self-
guarding, we assume that the immune response is activated
at rate mqy, D(u(R)), where

D(u(R)) = % (u(R) +Vu(R)? + 62)

is a smooth threshold activation function which approxi-
mates the hinge function max(0, #(R)) with smoothing pa-
rameter ¢, and

u(R)=1-~=

is the normalized deviation of the regulatory factor rela-
tive to the activation threshold, R. Thus, when the regulator
factor falls below R, the signal induced by D(u#(R)) tran-
sitions smoothly from zero to an approximately linear re-
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Table 1. Model variables and parameters.

Symbol Description

\% Viral load

R Regulatory (protective) host factor

I Immune response

G Guard-generated activation signal

7 Per-capita viral replication rate

dr Pairwise suppression rate of viral replication by R

dy Pairwise suppression rate of viral replication by I

s Homeostatic recovery rate of R toward Ry

Ro Baseline (homeostatic) level of R

R Activation threshold level of R

e Pairwise inactivation/degradation rate of R due to
interaction with V

Mon Immune activation rate per unit input signal

Mo Immune deactivation rate

Zon Guard signal activation rate

8off Guard signal deactivation rate

Gmax Maximum guard signal level

c Immune trigger smoothing parameter

sponse (Figure S1A). Under guarding, we assume that the
immune response is activated at rate n1,,G, where G is the
guard-derived activation signal. The signal G is produced at
a rate proportional to the guard activation factor

I'(G,R) = D(#(R)) (1 - i) ,

Gmax
with proportionality constant g,, setting the scale of guard-
signal production at rate g,,I'(G, R) and Gax the maximum
level of the guard signal. Thus, as the regulatory factor R de-
clines, the production of G increases, but this production sat-
urates as G approaches G,x. The dependence of the guard
activation factor on the regulatory factor and on the satu-
ration constant G,y is illustrated in Figure S1B. The signal
produced by the guard signal decays at rate g.g. In the un-
saturated (approximately linear) regime, self-guarding acts
as a single first-order low-pass filter on the trigger signal,
whereas guarding introduces an additional stage and thus
acts as a second-order low-pass filter. The dynamics of viral
load and the regulatory factor are given by

‘% =V — dxRV — d,IV, (1)
dR
= =s(Ro—R) —eRV (2)

under guarding and self-guarding. The dynamics of the im-
mune response and guarding are given by

dI
det
57 = 8onl'(G. R) — 8o G- (4)

t
Under self-guarding, the G state is not present and the dy-
namics of the immune response are only given by

dl
dt
The variables and parameters for this model are summarized
in Table 1. We non-dimensionalise the models by introduc-

ing the dimensionless variables and parameters described in
Table 2. This yields the following non-dimensionalised equa-

= monG — mygl, (3)

= MonD(u(R)) — mol. (5)

Table 2. Non-dimensional variables and parameters with substitutions and
dimensionless interpretations.

Non-dimensional

quantity Interpretation (dimensionless)

T =st Time measured in units of 1/s

x =R/Ry Regulatory factor relative to baseline

v=(efs)V Scaled viral load

y = (di/r)] Immune effect scaled by its impact on viral
growth

2= G/Gpnax Guard signal relative to its maximum

p=r/s Viral replication timescale relative to R
recovery

a =drRo/r Strength of regulation-mediated
suppression relative to replication

6 =R/Ry Trigger threshold relative to baseline
regulation

Yon = SGZ¢ Guard activation rate relative to R

‘max

recovery and maximum guard signal level
Guard deactivation rate relative to R
recovery

Yoft = Loff/S

A= Yon/ Vot Gain factor of the guard
nl = % Immune activation strength per unit signal
(guarding)
e — % Immune activation strength per unit signal
(self-guarding)
Woff = Moff/s Immune deactivation rate relative to R
recovery

tions for the dynamics of rescaled viral load (v) and the reg-
ulatory factor (x):

d
d—fzpvu—ax—y), (6)
Z—j:(l—x)—xv (7)

The non-dimensionalised dynamics of guarding and the im-
mune response are then given by

d

d%} :;Lf,%l)z—uoffy» (8)
d .
d% = Yon D(i1(x)) (1 = 2) — Yo 2. ()

where D(-) is the same smooth hinge function defined above.
We define A = y,n /o5 to be the ‘gain factor’ of the guard,
which quantifies the relative strength of guard activation to
deactivation and thus determines the extent to which the
guard amplifies deviations of the regulatory factor below
the activation threshold. For self-guarding, the state z is not
present and the dynamics of the non-dimensionalised im-
mune response are only given by

d
Y = 1S9 D(ii(x)) — 2ot y. (10)
dr

where #(x) =1— %, with 6 = R% being the dimensionless
threshold ratio.

Numerical analysis

We numerically solve the models of guarding and self-
guarding using ode45 in MATLAB. Simulations are termi-
nated when viral load falls below a nominal threshold. To
explore the effects of false-positive immune activation under
the guarding and self-guarding architectures, we implement
a stochastic version of our model in the absence of infec-
tion (i.e., viral load is fixed at v = 0). This isolates sponta-
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neous immune activation events that arise purely from in-
trinsic fluctuations in the regulatory factor rather than from
pathogen-driven perturbations. Stochasticity is introduced
only in the dynamics of the regulatory factor x using an addi-
tive noise term, yielding the stochastic differential equation

dx = (1—-x)dt + o0, dW,, (11)

where o, controls the strength of stochastic fluctuations and
W, is a standard Wiener process. This formulation corre-
sponds to additive noise affecting perturbations away from
the homeostatic level of the regulatory factor, which can rep-
resent fluctuations in transcription levels or environmental
perturbations. We use additive noise for simplicity as we are
only interested in relatively small deviations from homeosta-
sis; multiplicative noise (where perturbations are propor-
tional to regulator abundance) yields similar results. The re-
maining state variables for the immune response and guard-
ing (when applicable) are treated deterministically based on
the signal from x. The stochastic simulations are performed
using an Euler—-Maruyama discretisation scheme (Kloeden
& Platen, 1992). To ensure that x remains biologically mean-
ingful, we impose hard bounds such that x € [0, 1]. Since
v =0, any immune activation (y > 0) represents a false-
positive response induced solely by stochastic excursions of
x below its activation threshold 6.

Results

We first explore analytic approximations to the dynamics of
guarding and self-guarding to compare their effects on the
immune response. Under self-guarding, the dynamics of the
immune response are given by

? = pox' D(x) = Hofty (12)

T

where D(t) = D(di(x(t))) is the trigger signal. Thus, under
self-guarding the immune system effectively integrates the
trigger signal over time with a single characteristic timescale
1/pog- The explicit solution is then

y(t) = y(0)e Hoif* 4 MLSﬁg)/ e—ﬂuff(r—T)D(T)dT (13)
0

which means that the immune response is given by a convo-
lution of the trigger signal with an exponential kernel. Self-
guarding therefore acts as a first-order low-pass filter on the
trigger signal D(7). In other words, the immune response
is more sensitive to slowly varying signals from D(7) and
rapid variation is attenuated. Note that the dynamics of the
regulatory factor occur on a timescale of order unity due to
non-dimensionalisation, and so the natural timescale of D
is also typically O(1). The immune response therefore has
characteristic decay time

PP (14)
Koff

Biologically, the immune response is likely to occur on a
comparable or slower timescale than regulatory dynamics,
and so p.¢ < 1. Hence, rapid variations in the regulatory

factor are attenuated, smoothing the immune response.
Under normal guarding architecture, with distinct guards
and guardees, the dynamics of the guard activation signal

are given by:

% = YonD(7) (1 = 2) = Vofs2, (15)

Ashby and Anderson

with immune activation following equation (8). The trigger
signal D(t) first drives the guard activation signal z, which in
turn activates the immune response y. The guard dynamics
initially follow

dz

dt
when z =~ 0, which is a first-order linear filter of the trigger
signal with characteristic timescale

f=L (17)

Yoff
in the linear regime. The guard therefore introduces a sec-
ond (intermediate) low-pass filter into the immune response
provided the guard dynamics are unsaturated. This addi-
tional filtering stage has two important dynamical conse-
quences. First, high-frequency fluctuations in D(t) are more
strongly attenuated than under self-guarding. Since immune
activation requires both accumulation of the guard signal
and subsequent activation of the immune response, rapid
fluctuations in the trigger signal are damped at two distinct
stages. Second, the additional timescale 7, introduces further
response delay. When y.¢ < 1, guard turnover occurs on a
timescale comparable to regulatory dynamics, and the delay

becomes dynamically significant.

It is important to note, however, that the guarded architec-
ture does not necessarily produce a weaker immune response
than self-guarding. When z ~ 0, the guard dynamics satisfy
equation (15); for trigger signals that vary on timescales
slower than 7, = 1/y,g, the guard activation then approx-
imately tracks the trigger with gain

2(t) ~ AD(r) = Yo
Yoff

Thus, when the gain factor A > 1, guarding can exhibit en-
hanced sensitivity to moderate deviations in the trigger sig-
nal, with z exceeding D prior to saturation. Since immune ac-
tivation is driven by z via equation (8), this amplification can
translate into a larger (but slower) initial immune response y
compared with self-guarding under the same trigger signal.
The guard activation saturates as z — 1 and so amplification
primarily affects the early and intermediate phases of acti-
vation, when z remains small. Guarding therefore introduces
two distinct effects: an additional dynamical timescale that
increases temporal filtering, and a gain factor y,,/Ys that
can enhance sensitivity when yon, > yo¢. Whether guarding
is overall more conservative than self-guarding therefore de-
pends on the balance between these temporal and gain ef-
fects.

Overall, guarding can enhance robustness to perturba-
tions in the regulatory factor by increasing temporal av-
eraging, which can reduce the propensity for false-positive
immune responses. However, this robustness comes at the
cost of slower activation during genuine infection. Since viral
growth is exponential prior to immune control, even modest
differences in activation timing may translate into apprecia-
ble differences in peak viral load. The net effect of guard-
ing relative to self-guarding therefore depends on parameter
balance: while the additional filtering generally increases re-
sponse latency, guarding can amplify moderate trigger sig-
nals when yon > Yo, potentially leading to a larger, but de-
layed, immune response.

These findings are illustrated in Figs. 2-4. Self-guarding
produces a faster immune response (Figure 2C, 3C) and

~ yonD(T) — YoffR, (16)

D(1). (18)
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Figure 2. Pathogen and immune dynamics under self-guarding and (fast) guarding. Self-guarding is shown in orange and guarding variants are shown in
purple with different line styles corresponding to different gain factors: (i) gain factor & < 1 (yon = 0.5, yot = 2.5; solid); (ii) no gain factor A = 1

(Yon = 2.5, yorr = 2.5; dotted); (iii) gain factor A > 1 (yon = 5.0, yo = 2.5; dashed). (A) Regulatory factor, x. (B) Viral load, v (log scale); trajectories are
truncated once v drops below the clearance threshold Viesh. (C) Immune response, y. (D) Guard state, z (guarding only). Other parameters: p = 5.0,

o« =06,0=095 19 =20, u9 =20, po =0.1.

lower peak viral load (Figure 2B, 3B) than guarding pro-
vided the gain factor A = yon/voir < 1. However, the peak
immune response and viral load both depend on the gain
factor and the relative rates of the guard activation signal,
with slower guard dynamics leading to a higher peak im-
mune response (Figure 3C) and a gain factor less than one
leading to a higher peak viral load (Figure 2B, 3B).

In the absence of the virus, noise in the regulatory fac-
tor can lead to false-positive immune responses (Figure 4).
As self-guarding only operates as a single low-pass filter on
the regulatory factor, the potential for false-positive immune
responses is high and is less tunable by natural selection
(i.e., natural selection would primarily act on the activation
threshold, 8). However, guarding only notably reduces false-
positive immune responses when the gain factor is less than
one and this effect is larger when guard dynamics are rela-

tively fast (Figure 4C-D). Together, these results suggest that
guarding is only likely to be favoured over self-guarding if
it substantially reduces the false-positive rate. Intuitively, the
proportion of time that the regulatory factor falls below the
activation threshold increases with noise strength o, and de-
creases with higher triggering thresholds 6 (Figure 4B). Note
that tuning the triggering threshold alone generally cannot
fully compensate for increased stochasticity in the regulatory
factor.

Discussion

In many host-pathogen systems, natural selection has led to
the evolution of multi-layered immune responses, whereby
hosts can either directly detect the presence of pathogens or
indirectly detect their effects by guarding key pathogen tar-
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truncated once v drops below the clearance threshold vihresh. (C) Immune response, y. (D) Guard state, z (guarding only). Other parameters as described

in Figure 2.

gets to detect modification (Dangl & Jones, 2001; Janeway
& Medzhitov, 2002). Recently, a self-guarding mechanism
has been discovered, where a protein carries out both guard
and guardee functions as a negative regulator of a secondary
immune response (Gaidt et al., 2021). This appears to cre-
ate a strong constraint on pathogen evolution, as target-
ing a self-guarding protein may be necessary for replication
but will necessarily trigger a secondary immune response.
When guard and guardee functions are separated, it is pos-
sible for pathogens to also target the guard to evade de-
tection (Cui et al., 2015; Dodds & Rathjen, 2010). This
raises the question as to when self-guarding through neg-
ative regulation should be favoured over regular guarding.
Here, we have explored mathematical models of guarding
and self-guarding architectures to compare their impact on
pathogen and immune dynamics. We have shown that while

self-guarding generates a faster immune response that typ-
ically leads to lower pathogen load, it is also more at risk
of false-positives and therefore may lead to additional auto-
immune or metabolic costs.

The key dynamical difference between guarding and self-
guarding is that separate guard and guardee functions in-
troduce an additional filtering stage which increases tempo-
ral averaging of potentially noisy signals from the guardee.
Self-guarding lacks this two-stage filtering and is therefore
more responsive, but also more sensitive to noise. However,
guarding is only more effective at reducing false-positives
in our model if the additional filtering stage has a gain fac-
tor of less than one, which means that guard activation re-
sponds sublinearly to perturbations in the guarded pathway.
Such behaviour is consistent with general features of im-
mune signalling systems. For example, innate immune path-
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Figure 4. False-positive immune activation under self-guarding and guarding. Stochastic simulations in the absence of the virus (v = 0) and additive noise
applied only to the regulatory factor x. (A) Deviation of the regulatory factor, x, from its equilibrium, x* = 1, with the activation threshold 1 — 6 = 0.05
(dashed). The same stochastic trajectory for the regulatory factor signal (x) is used across all models. (B) Fraction of time that the regulatory factor x lies
below the activation threshold 0 in the absence of infection (v = 0), as a function of noise strength o and threshold 6. (C-D) Immune response, y for
self-guarding (orange) with (C) fast (purple) and (D) slow (green) guarding regimes. Gain factors and other parameters as described in Figure 2-3.

ways such as NF-«B signalling are subject to strong nega-
tive feedback regulation, including I« B-mediated inhibition,
which limits amplification (Hoffmann et al., 2002). Immune
signalling pathways also exhibit limited information trans-
mission, such that only a restricted range of input variation
can be reliably distinguished at the level of downstream re-
sponses (Cheong et al., 2011). An effective gain of less than
one for guarded pathways is therefore consistent with other
well-established immune signalling pathways.

Although our model is phenomenological, we can infer
several qualitative predictions for when self-guarding may
be favoured over separate guarding functions. First, changes
in the self-guard should be highly specific to pathogen activ-
ity rather than more generic processes such as cellular stress,
and should produce a large, unambiguous signal. Second, in-
trinsic fluctuations in the self-guard should be small relative
to the immune activation threshold, such that stochastic ex-

cursions below the threshold are rare in the absence of infec-
tion. Third, the costs of delayed immune activation should
be high (e.g., in the case of rapidly replicating or highly
virulent pathogens where even modest delays substantially
increase peak pathogen load). Under such conditions, the
speed advantage of self-guarding may outweigh its increased
susceptibility to false-positives. Self-guarding should there-
fore be favoured when regulatory dynamics are relatively
stable and infection produces a strong, specific perturbation.
Conversely, self-guarding is unlikely to evolve in regulatory
pathways with inherently noisy dynamics, where stochastic
fluctuations would frequently cross the activation threshold.

Our model was inspired by the discovery of self-guarding
against HSV-1 (Gaidt et al., 2021) and poxvirus (Remick
et al., 2026). These systems are broadly consistent with the
qualitative predictions of our model. First, in both cases the
immune response is triggered by a specific pathogen-driven



perturbation rather than a generic consequence of cellular
stress, and thus represents an infection-specific trigger. Sec-
ond, the targeted host factors (e.g., MORC3, N4BP1 and
ZC3H12A) act as negative regulators of immune signalling
pathways (Gaidt et al., 2021; Remick et al., 2026). Chro-
matin regulators such as MORCS3 typically function within
relatively stable nuclear complexes (Hager et al., 2009), and
similarly the poxvirus-targeted factors participate in estab-
lished antiviral regulatory pathways, so that their disruption
likely generates a strong signal-to-noise ratio. Third, viruses
such as HSV-1 replicate rapidly and can encode multiple im-
mune antagonists (Danastas et al., 2020; Su et al., 2016),
which implies that early immune activation could be particu-
larly important for limiting viral growth. These features may
help explain why self-guarding has evolved in these systems.
Notably, however, the poxvirus example differs in that self-
guarding is distributed across multiple host proteins rather
than confined to a single protein, demonstrating that self-
guarding need not be limited to a single protein. While few
examples of self-guarding have been identified compared to
guarding, this may simply be due to the fact that this mech-
anism has only recently been discovered.

We believe our model is the first to compare guard-
ing and self-guarding architectures, but previous theoretical
work has shown that other immune sensitivity and activa-
tion thresholds can evolve in response to the relative risks
of false-positives and infection (Frank, 2002; McKeithan,
1995; Metcalf et al., 2017; Shudo & Iwasa, 2001). More
generally, optimal immune activation is predicted to balance
the risk of autoimmunity or immunopathology against the
risk of uncontrolled infection (Graham et al., 2005, 2022).
Evolutionary models show that immune responsiveness is
shaped by the costs of erroneous or excessive activation
(Shudo & Iwasa, 2001). At a mechanistic level, models of T
cell receptor signalling show that additional processing steps
can enhance discrimination by reducing spurious activa-
tion, albeit at the cost of slower response times (McKeithan,
1995). More broadly, our results relate to predictions for the
evolution of indirect pathogen detection, which suggest that
hosts may evolve to sense perturbations of host processes
rather than pathogen molecules directly when pathogen eva-
sion of direct recognition is likely (Dangl & Jones, 2001;
Frank, 2002). Furthermore, negative immune regulators are
expected to evolve when the costs of excessive or erroneous
immune activation are high (Frank, 2023; Frank & Schmid-
Hempel, 2019).

Our results add to this body of work by demonstrating
that the architecture of immune guarding can affect the risk
of false-positives, and hence the trade-off for more respon-
sive (self-guarding) versus more robust (guarding) secondary
immune triggers. Guarding therefore changes the dynamics
of immune activation, rather than simply shifting the activa-
tion threshold. Furthermore, our results show that while sep-
arate guard and guardee functions can reduce false-positives,
this only occurs when the gain factor (defined as the quotient
of the non-dimensionalised guard activation and deactiva-
tion rates, A = Yon/Vos) is less than 1.

The model presented herein is a simplified representa-
tion of guarding and self-guarding immune pathways as we
wished to determine the fundamental differences between
these architectures at the initial signal processing stage. Our
model therefore only focuses on an “all else being equal”
scenario before a secondary immune response is triggered.
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However, it is possible that self-guarded constituents of host
immune pathways could be subject to additional down-
stream regulation to reduce the risk of false-positives. Self-
guarding may also be limited by molecular or immunologi-
cal constraints of encompassing two distinct functions (e.g.,
anti-viral properties and negative regulation of an immune
response) in a single protein. We have neglected other po-
tential costs and benefits of guarding or self-guarding in
our model that may shape their evolution. For example, a
key additional advantage of self-guarding is that it may be
less prone to evolutionary adaptations by pathogens than
when guard and guardee functions are separate. For in-
stance, pathogens may evolve to modify or suppress the
guard itself, interfere with downstream signalling pathways,
or redirect their effectors toward alternative host targets that
avoid triggering guarded surveillance (Dodds & Rathjen,
2010). However, having a separate guard may also allow
for hosts to evolve decoy host proteins, which mimic ac-
tual pathogen targets but function primarily as immune sen-
sors (Dodds & Rathjen, 2010; Le Roux et al., 20135; van der
Hoorn & Kamoun, 2008). Theory suggests that such decoys
can be favoured when they improve immune detection while
reducing the fitness costs of perturbing functional host tar-
gets (Ispolatov & Doebeli, 2010).

Understanding how immune architectures shape host and
pathogen evolution remains an important goal. Here, we
have shown that costs of self-guarding are most likely to
arise through a higher risk of false-positive immune acti-
vation. Our results therefore suggest that the benefits of
self-guarding should be greatest in systems where pathogen-
induced perturbations are strong and specific, but back-
ground fluctuations in the guarded process are small.
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