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Adaptive discrimination between harmful
and harmless antigens in the immune
system by predictive coding

Kana Yoshido' and Honda Naoki’:2:3:45*

SUMMARY

The immune system discriminates between harmful and harmless antigens based
on past experiences; however, the underlying mechanism is largely unknown.
From the viewpoint of machine learning, the learning system predicts the obser-
vation and updates the prediction based on prediction error, a process known as
"predictive coding.” Here, we modeled the population dynamics of T cells by
adopting the concept of predictive coding; conventional and regulatory T cells
predict the antigen concentration and excessive immune response, respectively.
Their prediction error signals, possibly via cytokines, induce their differentiation
to memory T cells. Through numerical simulations, we found that the immune sys-
tem identifies antigen risks depending on the concentration and input rapidness
of the antigen. Further, our model reproduced history-dependent discrimination,
as in allergy onset and subsequent therapy. Taken together, this study provided a
novel framework to improve our understanding of how the immune system adap-
tively learns the risks of diverse antigens.

INTRODUCTION

The immune system faces the challenge of identifying unknown risks of diverse antigens and inducing
proper immune responses. For harmful antigens, such as pathogens, the immune system induces strong
immune responses for their elimination, whereas, for harmless antigens, such as food and self-antigens,
it does not lead to strong responses to prevent unnecessary inflammation. Thus, the immune system should
discriminate between harmful and harmless antigens appropriately. Defects in this discrimination induce
immune diseases, including allergies and autoimmune diseases.”” However, the mechanism by which
the immune system distinguishes between harmful and harmless antigens upon exposure to numerous an-
tigens remains to be understood. This study aimed to explore this field through computational modeling of
T-cell population dynamics and we first introduced into immunology the concept that the immune system
predicts its environment using predictive coding.

The central organizers of adaptive immunity are T cells, each of which expresses different T-cell receptors
(TCRs) to specifically recognize antigens presented by antigen-presenting cells, such as dendritic
cells (DCs).”> Through the process of T-cell differentiation, the cells responsive to self-antigens are
eliminated®™®; however, there still remain those that are specific not only to harmful antigens but also to
harmless ones. Namely, such T cells have no way of knowing whether the antigen is harmful or harmless.
Nevertheless, the immune system responds strongly to harmful foreign antigens but not to harmless
ones. Therefore, we focused on the fact that the antigen specificity of T cells cannot explain the mechanism
by which the immune system discriminates between harmful and harmless antigens.

The immune response is organized by the population dynamics of various cell types (Figure 1A). It is
initiated by antigen-presenting cells, such as DCs, which take in antigens and presentthem to T cells. Naive
T (Thaive) cells, with TCRs on their surface, recognize specific antigens presented by DCs. T, i cells then
differentiate into various types of T cells, such as conventional T (Ton,) cells and regulatory T (T,eg) cells,
depending on cytokines, such as interleukins (ILs), in their microenvironment.” Teony and Treg cells play
distinctroles inimmune responses; Teony cells, including T-helper (Th) 1, Th2, Th17 cells, accelerate immune

responses, leading to the elimination of antigens by activating downstream cells, such as B cells and killer
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(A) Population dynamics model of T cells in response to antigen input. The model includes the differentiation of T,ive cells into Teony and Teq cells by

antigen-presenting cells such as dendritic cells (DCs), the differentiation of Tcon, and Treq cells into memory T cells, and the reactivation of memory T cells

into T cells upon subsequent exposure to antigens.

(B and C) Predictive coding-based immunological memory formation. (B) Generation of memory Teon, cells. Memory T, cells are generated based on the

prediction error ecla — mcTeony |, - In other words, the production of memory Teo, cells is induced when the concentration of antigens is excessive compared

to that of T,y cells in order to efficiently eliminate antigens. (C) Generation of memory T,oq cells. Memory T,¢q cells are generated based on the prediction

error er{g(TCOW) —a— m,T,eg{% In other words, the production of memory T4 cells is induced when the excess amount of response, evaluated by the

difference between the intensity of T, cell activation (g(Teon, ) and antigen concentration, is larger than the concentration of T, cells in order to prevent

unnecessary inflammation.

suppressive cytokines.'*'? Note that this kind of Treg cells is called induced T,q cells, and their differenti-
ation pathway is different from that of naturally occurring T,cq4 cells, which specifically respond to self-an-
tigens. Following the immune response, most of the induced Tcony and Teg cells are removed by
apoptosis'*'®; however, a small population of them differentiates into memory T cells, namely memory
Teonv cells and memory T,oq cells, and they persist in the body for a long time.'®"” Upon subsequent
encounters with the same antigen, memory T cells are rapidly activated, resulting in more efficient re-
sponses.'®'? This is termed immunological memory. Thus, the combinatorial dynamics of various types
of T cells determine the intensity of the immune response. In other words, the discrimination between
harmful and harmless antigens must be achieved at the level of T-cell population dynamics.

Discrimination between harmful and harmless antigens for each antigen is not always constant and varies in
antigen experience-dependent manner. A prominent example is the onset and therapy of allergy, which is
defined as an excessive response to harmless antigens, including pollen and mites. Although allergens,
defined as substances that cause allergy, are initially regarded as harmless in our body, response
to them can intensify upon repeated exposures, leading to allergic symptoms. Such a change in respon-
siveness indicates that the immune discrimination of allergens can change from harmless to harmful.
Furthermore, allergic symptoms, the immune responses to allergens, can be weakened by allergen immu-
notherapy,”>~*? in which a small amount of allergen extract (not enough to cause symptoms) is repeatedly
administered to the patients; after the therapy, allergic symptoms do not occur even when patients are
exposed to large amounts of the allergen. This means that discrimination can be reversed from harmful
to harmless through allergen immunotherapy. Thus, the immune system adaptively changes discrimination
depending on the temporal history of antigens. Experimentally and clinically, allergen immunotherapy has
been reported to induce regulatory cell populations, such as T.eq cells, and suppressive cytokines, such as
IL-10.7>"?° However, the mechanisms by which immune discrimination is adaptively updated by antigen
experience largely remain unclear.

The immune system can be viewed as an adaptive learning system that updates the discrimination of an-

tigen risk. To induce the most appropriate responses, the immune system needs to predict and prepare for
the subsequentinvasion of antigens by the formation of memory cells. From the perspective of the machine
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learning theory, a more accurate prediction is achieved by repeated observation and prediction, in which
the prediction is updated based on prediction error, which is the difference between observation and pre-
diction. This concept, called “predictive coding,” was originally proposed in neuroscience® and has been
widely accepted as a guiding principle for understanding learning systems, such as brain and artificial
intelligence.?”’~?? In this study, we adopted this concept to understand the immune system as a learning
system. We hypothesized that T.,n, and Teq cells predict the risk of antigens and excessive response,
respectively, and their predictions can be updated by prediction errors via the production of memory
T cells.

Based on the idea of predictive coding, this study aimed to address how the immune system discriminates
between harmful and harmless antigens and how it changes its response depending on the history of an-
tigens. We developed a mathematical model of antigen-induced T-cell population dynamics named “the
predictive immune memory model.” By simulating the model, we demonstrated that the immune system
can discriminate between harmful and harmless antigens using the predictive coding mechanism in an
antigen concentration- and input rapidness-dependent manner. The model also demonstrated antigen
history-dependent immune discrimination, as seen in the onset and therapy of allergy. Furthermore, we
found that the dose-response of T-cell activation does not affect the outcome of allergen immunotherapy
but changes its persistence upon additional higher exposure to allergens.

RESULTS

Mathematical model for T-cell population dynamics

To examine how the immune system discriminates between harmful and harmless antigens at the level of
the T-cell population, we developed a mathematical model for the population dynamics of T cells and
named it “the predictive immune memory model” (Figure 1A). The model consists of Tcgny, Treg, and their
memory cells. Tcon, and Treg cells are generated by the differentiation of Tyaive cells, activation of memory
T cells, and their proliferation, as shown later in discussion.

d Dc

ETconv = - dc Tconv +m7—conv + kc Tnaivea + WCMcon\/a - Ec Tconva (Equation 1)
dT = — dTreg + D Troq + K; Toaived + W,M,ega — E, T, (Equation 2)
dt reg — rlreg 1+ s Tconv reg r I naive rVlreg rlreg; q

where Teony and Treg represent the populations of Teon, and Treg cells, respectively; Mcon, and Mieg repre-
sent the populations of memory Teon, and memory T.og cells, respectively; Tpave indicates a positive
constant which represents the population of T, cells; a represents the concentration of antigen input;
di, ki, and w; (ie {c,r}) indicate the rates of death due to apoptosis, differentiation from T, ive cells, and
production of T cells from memory T cells, respectively. In addition, the second terms represent the prolif-
eration of Tegny and Treg cells, which are inhibited by each other through some possible mechanisms, such
as the competition for limited sources of cytokines (IL-2) and contact with DCs,*°*? where D; and s; (ie {c,
r}) represents proliferation rate of each T cell itself and the rate of suppression to the counterparts, respec-
tively. The fifth terms represent the decrease of T cells by their differentiation into memory T cells, as
described later in discussion. Memory T cells differentiate from Tcon, and Tieg cells as

%Mconv = - dmcMconv+ EcTconw (Equation 3)
d (Equation 4)
EMP&Q = — dnMeg+E Treg, quation

where dpc and dp,r indicate the death rates of memory T.on, and memory T,eq cells, respectively. We re-

garded their death rates as zero in the time span of our simulations due to the longevity of memory

T cells (dme = dmr = 0). Note that E; and E; are not constant parameters but are situation-dependent,

following the idea of predictive coding (see the next section for details). In this model, we defined the in-

tensity of response R, which is positively and negatively regulated by Tcon, and Teq cells, respectively, as
d

E R= — (rO + rsTreg)R+ raTconvv (Equation 5)
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where ry indicates a positive constant, which causes the convergence of R to zero in the absence of Teony
and T,eq cells; r,, and r, indicate the activation rates by Tcon, cells and suppression rates by T.oq cells,
respectively. Although we artificially defined the intensity R, we can biologically interpret ry as the amounts
of other types of T,eq cells called naturally occurring T,eg cells, which possibly contribute to the suppression
of excessive inflammation, and r; and rs could correspond to the amount of cytokines from T,y cells which
activate the response and those from T4 cells which suppress the response, respectively.

Predictive coding scheme

We have introduced the concept of predictive coding under the hypothesis that the immune system pre-
dicts the level of antigen exposure and its consequent inflammation in an antigen experience-dependent
manner. More specifically, the predictive coding scheme states that Tcon, and Treq cells are predictors of the
antigen amount and excess amount of immune response, respectively, and that their predictions are up-
dated based on prediction errors via the formation of memory Tcon, and memory T,oq cells.

Since Teony cells are the control center to achieve antigen elimination by inducing downstream reactions,
they must be adequately controlled depending on the change in antigen concentration; when the concen-
tration of antigens is excessive compared to that of Teony cells, more Teon, cells need to be generated to
completely eliminate the antigens in our hypothesis (Figure 1B). Accordingly, the production rate of mem-
ory Teony Cells can be described by

E.=ecla — mTeonl ., (Equation 6)

where e. and m. indicate positive constants and |x|, represents ramp function (i.e., |x|, = 0 (x <0),
x (x=0)). Note that E. is the prediction error of antigen concentration, since a and m.Tcon, represent
the observation and prediction of the antigen concentration, respectively. Thus, memory T cells are up-
regulated by the prediction error E. (Equation 3).

On the other hand, T4 cells play an important role in the prevention of excessive immune responses. Thus,
their amount should be regulated based on the intensity of the response; when the excess amount of the
immune response is larger than the concentration of T g cells, more T,.4 cells need to be generated to sup-
press the excessive immune responses in our hypothesis (Figure 1C). Therefore, the production rate of
memory T,eq4 cells can be described by

E = e|f(Teonv,a) — M Tregl (Equation 7)

where e, and m;, indicate positive constants, and f(Tcony, @) = 9(Teonv) — a@represents the excess amount of
the immune response compared to antigen concentration. Here, we assumed that T .4 cells evaluated the
level of Teony cell activation by g(Teonv) = Amax Teonv/(Teonv + K), where Anox and K indicate positive con-
stants. Note that E; is the prediction error of the excess amount of immune response, since f(Tcony, @)
and m, Te4 represent the observation and prediction of the excess amount of immune response, respec-
tively. Thus, memory T,oq cells were upregulated by the prediction error E, (Equation 4). Notably, we hy-
pothesized that the generation of memory T cells (not T cells) reflects the calculation of the prediction error
since memory T cells rather than T cells remain for a long time serving as immunological memory.

As an implementation of memory formation based on predictive coding, we assumed that the calculation
of predictive coding can be achieved by cytokines. Cytokines secreted from immune cells determine their
differentiation and proliferation under communication across various types of immune cells.”*? In this
study, we regarded cytokines as the medium for transmitting this quantitative information. Specifically,
the amounts of Tcon, and T,eg cells can be coded by the concentration of cytokines secreted by themselves,
whereas the amounts of antigens can be coded by cytokines secreted from antigen-presenting cells, such
as DCs and macrophages. Based on these information-carrying cytokines, we hypothesized that the infor-
mation obtained from each kind of cytokines is integrated into T cells and that prediction errors are
computed through intracellular signal transduction in T cells. The parameters used in the numerical simu-
lations are provided in Table S1. Although all of the parameters were just our assumption, we validated
them by the parameter sensitivity analysis (Figures S1 and S2).

Concentration-dependent discrimination between harmful and harmless antigens

To examine the difference between harmful and harmless antigens for the immune system, we focused on
the effect of antigen concentration on the immune response. We simulated the model with high and low

4 iScience 26, 105754, January 20, 2023
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Figure 2. Antigen concentration-dependent immune discrimination

(A and B) Immune responses simulated with the exposure of (A) high and (B) low concentration of antigens. The inset shows an enlarged view of the
prediction error in the early phase.

(C) Diagram for predictive coding-based memory formation. Antigen concentration is predicted by T.on, cells (orange line). When antigen concentration is
observed (gray line), positive prediction error (a — mcTeony) increases memory Teony cells, until Teony converges to Teon, ™ at the intersection of orange and
gray lines. On the other hand, T,eq cells are assumed to predict the excess amount of immune response. The green line indicates the intensity of Tcon, cell
activation evaluated by T,cq cells. The excess amount of immune response is evaluated by the difference between this intensity of Tcon, cell activation and
observed antigen concentration. When antigen concentration is observed (gray line), positive prediction error between observed excess amount of immune
response (g(Teony) — a) and its prediction (m, Teg) increases memory T,q cells, until the prediction error converges to zero. The left and right panels show the
diagram for the case in which the observed antigen concentrations are high and low, respectively. Notably, different formulations of Teo,, cell activation
evaluated in memory Teon, and Treq cell formation (orange and green lines, respectively) is necessary to the accumulation of memory T,eq cells under the
exposure of low concentration of antigens.

(D) Change in intensity of immune responses depending on antigen concentrations. Convergence value of the intensity R is plotted upon the steady
exposure to each antigen concentration.

(E) Steady-state responses of Tcon, and T, populations and the immune intensity R depending on antigen concentration and a parameter Kin g(Tcony). Left
panels visually represent how the parameter K'in g(Tcony) changes the diagram for predictive coding-based memory formation as in (C), where we can regard
mMcTeony (orange line) and g(Teony) (green line) as the evaluation of Teon, cell activation in memory Teon, and memory T.q cell generation, respectively.

concentrations of antigen input (Figures 2A and 2B) and found that the steady exposure of high and low
concentrations of antigens caused more accumulation of memory Tcon, and memory T,og cells, respec-
tively. At high antigen concentrations (Figure 2A), memory T.ony cells were generated until the prediction
error ecla — mcTeony|, Was minimized to zero. Memory T,og cells were not generated, since the prediction
error e,|g(Twnv) —a-— m,T,eg|+ was always zero (left panel in Figure 2C). Therefore, the intensity of im-
mune response R converged to a high level. On the other hand, at low antigen concentrations (Figure 2B),
memory T,y cells were produced, similar to the exposure of high antigen concentration. Memory T g
cells were generated more since the prediction error e,|g(TCO,,V) —a - m,T,eg‘ , was positive, and the gen-
eration of memory T,q cells continued until the prediction error was minimized to zero (right panel in Fig-
ure 2C). Therefore, the intensity of immune response was low. To summarize the immune responses de-
pending on antigen concentrations, there was threshold of the antigen concentration (a=100),
indicating that immune responses were specifically suppressed under low concentration of antigen expo-
sures (Figure 2D). These results suggested that the immune system with predictive coding discriminates
between harmful and harmless antigens based on antigen concentration.

Next, we examined the conditions necessary for the immune system to properly distinguish between

harmful and harmless antigens depending on their concentration. We performed antigen concentra-
tion-dependent simulations by varying the parameter K, which regulated the T,oq4 cell-estimated level of

iScience 26, 105754, January 20, 2023 5



) 5K

KYOTO UNIVERSITY

A Self-archived copy in
Kyoto University Research Information Repository
https://repository.kulib.kyoto-u.ac.jp

¢? CellPress

OPEN ACCESS

RBAEFHERY LS bV

KURENAI

iI

Kyoto University Research Information Repository

iScience

A . Lo B Lo c
Rapid antigen input Slow antigen input
Antigen(mg/mL) Antigen(mg/mL)
200 200 Final intensity R™ (a.u.)
100 100 200 | Harmful Harmless
0 0
0 5000 10000 0 5000 10000 150
time(h) timeh
Memory Tconv Memory Tconv
Tconv and Treg cells (cells) and Memory Treg cells (cells) Teonv and Treg cells (cells) and Memory Treg cells (cells) 100
200 30 200 30
— Teonv
100 15 100 15 ' 50
0 0 0 0 0
0 5000 10000 0 5000 10000 0 5000 10000 0 5000 10000 1 500 1000 1500
time® time®) time(®) | time® time constant 1 (sec)
Prediction Error (h*) Intensity of response R (a.u.) Prediction Error (h") Intensity of response R (a.u.) rapid input slow input
0.02 200 002 100
0.01}|00% 100 0.01f %% 50
DU 150 300 DD 500 1000
0 0 0 0
0 5000 10000 0 5000 10000 0 5000 10000 0 5000 10000
time(h) time(h) time ) time(h)
D
Slow (large 1) . . . ®. . ) . o0,
. Final Tconv: Tconv (cells) Final Treg: Treg (cells) Final intensity: R (a.u.)
3 1000 1000 go 1000
g
c
§ £ 800 = 800 50 £ 800
5 g g H
% 600 % 600 % 600
time 2 2 2
g g o0 g
Rapid (small 7) E 400 E 400 g 400
H F 200 F 200 20 200
g
§ 1 o 0
%’ 100 200 300 400 0 100 200 300 400 500 100 200 300 400 500
s

Antigen concentration (mg/mL) Antigen concentration (mg/mL)

time

Figure 3. Antigen input rapidness-dependent immune discrimination

(A and B) Immune responses to (A) rapid and (B) slow inputs of high antigen concentration. Antigens were administered as a(t)

indicates the time constant. Insets show an enlarged view of the prediction error in the early phase.

(C) Change in intensity of immune responses depending on time constants of antigen administration. Convergence value
time constant. High antigen concentrations (ag = 200) were administered.

(D) Steady-state response of Tcon, and Treg populations and the immune intensity R depending on antigen concentration
visually represent how time constant 7 affects rapidness of antigen inputs.

Teonv cell activation in memory T4 generation (left panels in Figure 2E). We found that antigen discrim-
ination could be achieved only with low K, in which immune responses were specifically suppressed
under low concentration of antigen exposures (Figure 2E). Because T,oq cells underestimated and over-
estimated the level of T.,,, cell activation in low antigen concentration with high and low K, respectively
(left panels in Figure 2E), this result suggested that suppressive immune responses at low concentration
of antigens can be achieved by the overestimation of T.o,, cell activation in memory T4 generation
compared to the estimation in memory T..,, generation at low antigen concentration. Note that the rela-
tive values of K and m. strictly determine whether antigen concentration-dependent discrimination is
achieved since the overestimation of T..n, cell activation is defined by the relative estimation of Teony
cell activation in memory T, cell generation and that in memory T4 cell generation. This also means
that once the overestimation of Tcon, cell activation in memory T4 cell generation is satisfied by K and
me, antigen concentration-dependent discrimination (seen in Figure 2D) can be robustly achieved
without depending on other parameters, which we also verified by the parameter sensitivity analysis
(Figures ST and S2).

Input rapidness-dependent discrimination between harmful and harmless antigens

We focused on the rapidness of antigen input (the speed of antigen input) as another possible factor for
discrimination between harmful and harmless antigens. We simulated the model in response to antigen
inputs with different time constants (Figures 3A and 3B). Similar to that in Figure 2A, the intensity of immune
response was high upon rapid exposure to high concentrations of antigens (Figure 3A). However, when the
concentration of antigens increased slowly, eventually reaching a high concentration, the intensity of the
immune response became weaker (Figure 3B). This was because the slowly increasing antigen input
enabled the immune system to have a longer experience of low antigen concentration before reaching
a high concentration, which caused a positive prediction error in memory T4 cell generation followed
by the production of memory T4 cells.

6 iScience 26, 105754, January 20, 2023
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Next, we examined input rapidness-dependent immune responses under exposure to the same high con-
centration of antigens with different input time constants and found that there was a threshold of time con-
stant for discrimination between harmful and harmless antigens (r=500) (Figure 3C). This result showed
that even when the final concentration was high, the immune system could recognize the antigens with
slow input as harmless. To summarize the results, we examined the immune responses depending on
both the antigen concentration and its input rapidness (Figure 3D). We found that low concentrations of
antigens induced suppressive responses independent of their input rapidness. On the other hand,
high concentrations of antigens induced responses with different intensities depending on their input
rapidness; the immune system caused strong responses to rapidly increasing antigens while it caused sup-
pressive responses to slowly increasing antigens. In addition, we examined immune discrimination with a
time delay in memory formation (see the STAR Methods section) and demonstrated that the discrimination
between harmful and harmless antigens based on the antigen concentration and its input rapidness was
similarly achieved with a time delay in memory formation (Figures S3 and S4). Together, these results sug-
gested that the immune system discriminates between harmful and harmless antigens based on their input
rapidness as well as their concentration.

History-dependent discrimination between harmful and harmless antigens

Discrimination between harmful and harmless antigens is not invariable throughout our life span, in other
words, discrimination can change depending on experiences of antigen exposure: antigen history. For
example, at the onset of allergy, discrimination of the same antigen changes from harmless to harmful,
whereas its discrimination can be reversed by allergen immunotherapy. To examine the mechanism of an-
tigen history-dependent changes in immune discrimination, we simulated the immune responses to suc-
cessive but different patterns of antigen exposure (Figure 4A). Specifically, we applied rapid exposure to
high concentrations of antigens inducing allergy, followed by exposure to low concentrations of antigens,
as allergen immunotherapy, and subsequently, rapid exposure to high concentrations of antigens again.
The final input was provided to examine the effect of allergen immunotherapy.

After the first exposure to high concentrations of antigens, a strong immune response was induced due to
the positive prediction error in memory Teony, cell generation, as shown in antigen concentration- and input
rapidness-dependent discrimination. Upon exposure to a low concentration of antigens thereafter, more
Teony cells were produced than T,eq cells at the initiation of therapy due to the accumulated memory Teony
cells. In contrast, T,eq cells were gradually generated since a low concentration of antigens achieved a pos-
itive prediction error in memory T,oq cell generation. Accordingly, exposure to low concentrations of anti-
gens for a certain period of time enabled the accumulation of memory T,.g cells. Therefore, even when the
immune system was exposed to high concentrations of antigens again, more T g cells were generated, and
the intensity of the immune response became weak. This result indicated that the simulation successfully
reproduced the immune response at the onset of allergy and the effect of allergen immunotherapy. In sum-
mary, the immune system could discriminate between harmful and harmless antigens upon the first expo-
sure to antigens in an antigen concentration- and input rapidness-dependent manner. Furthermore, the
discrimination could adaptively change due to memory formation, based on predictive coding, in an anti-
gen history-dependent manner.

Furthermore, we examined how therapeutic strategies influence the effect of allergen immunotherapy by
evaluating the ratio of maximum intensity R in response to antigen input after therapy to that before ther-
apy. We found that allergen immunotherapy was effective only when a low antigen dose was administered
for the therapy (Figure 4B), which is consistent with the accumulation of memory T4 cells at low antigen
concentrations, as shown in Figure 2. Additionally, we examined the effect of both antigen concentration
and input rapidness in allergen immunotherapy on the therapeutic effect (Figure 4C) and found that a low
concentration and/or slow input enabled effective allergen immunotherapy. These findings could explain
the validity of therapeutic strategies currently used in numerous clinical settings where antigen administra-
tion is initiated at a low dose and then gradually increased in the early phases of allergen immunotherapy

with the aim of avoiding allergic symptoms during the therapy.®*~*

The property of T-cell activation affects history-dependent discrimination

So far, the model has assumed that T-cell activation is linearly associated with antigen concentration. How-
ever, antigen concentration-dependent of T-cell activation might follow various types of activation patterns
since the difference in ligands and its consequent difference in binding properties to TCRs largely affect the
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Figure 4. Antigen history-dependent immune discrimination in allergen immunotherapy

(A) Temporal change in immune responses to a series of different antigen inputs. The first antigen input was high enough for the induction of allergy, the
second one was applied for allergen immunotherapy, and the third one was for checking the therapeutic effect. Insets show an enlarged view of the
populations of Teony and Treg cells during allergen immunotherapy and the intensity of the response during the third antigen input.

(B) Therapeutic effects depending on antigen concentration administered during allergen immunotherapy. Therapeutic effect was evaluated by the ratio of
maximum immune intensity R in the third antigen input to that in the first antigen input. A ratio smaller than one indicates the success of the therapy. Upper
panel shows the schedule of antigen inputs with different doses in allergen immunotherapy.

(C) Effect of allergen immunotherapy depending on antigen concentration and rapidness of antigen inputs during allergen immunotherapy. The left
diagram shows examples of antigen input in allergen immunotherapy with different concentrations and rapidness, corresponding to asterisks in the right
panel.

T-cell activation potency.”’ =7 Thus, we examined the effect of the dose-response pattern of T-cell activa-
tion on immune discrimination (see the STAR Methods section). Here, we simulated the model with three
types of dose-response curves (linear, sigmoidal, and step-like curves) for both Teon, and Teg cells
(Figures 5A, 5D, and 5G). We found that different dose-response types of T-cell activation induced different
accumulation patterns of memory Teo,, cells depending on antigen concentrations (top panels in
Figures 5B, 5E, and 5H). In the case of the linear dose-response curve, memory Teon, cells accumulated
to an approximately constant value, independent of antigen concentration, while it transiently peaked
and then constantly increased with the antigen concentration in cases of the sigmoidal and step-like curves.
In contrast, the three dose-response types of T-cell activation did not show a critical difference in the
accumulation of memory Teq cells (middle panels in Figures 5B, 5E, and 5H), and antigen concentration-
dependent discrimination was achieved in all dose-response types (bottom panels in Figures 5B, 5E,
and 5H). Thus, these results indicated that the types of dose-response, or the properties of T-cell activation
largely affected memory Tcony cell accumulation.

Next, we examined the effect of dose-response types of T-cell activation on history-dependent discrimina-
tion by simulating allergen immunotherapy, as shown in Figure 4 (Figures 5C, 5F, and 5I). We found that
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Figure 5. Robustness of allergen immunotherapy effect against the property of T-cell activation

(A, D, and G) Three types of dose-responses of T-cell activation to antigen concentrations. g(a) represents the dose-response curves of Tcon, and Treg cell
activation.

(B, E, and H) Change in memory Ton, and memory T,.q cell accumulation and the intensity of immune responses, depending on antigen concentrations. The
convergence values of memory T,n, and memory T,oq cell populations and the intensity are plotted upon steady exposure to each antigen concentration.
Insets in (E) and (H) show an enlarged view of memory Tcon, and memory T,.g cell accumulation.

(C, F, andl) Temporal change inimmune responses before, during, and after the allergen immunotherapy (as in Figure 4). Insets show an enlarged view of the
intensity of the responses during the third antigen input.

allergen immunotherapy was successfully achieved in all three dose-responses, since the administration of
low concentrations of antigens caused a positive prediction error in memory T,eq cell generation (details in
Figures S5-S7). However, in the step-like dose-response, the intensity of the response was high at the initi-
ation of allergen immunotherapy due to the production of Teo,, cells from memory Teony cells, which did not
depend on the antigen concentration above the threshold. This implied that some patients with allergy
with a step-like dose-response might exhibit allergic symptoms at the early stage of therapy.

From a clinical viewpoint, it is important to discern whether the effect of therapy is persistently maintained
against subsequent exposures to antigens. To examine the persistence of the therapeutic effect, we
considered the case where, after therapy, patients were exposed to an additional higher concentration
of antigens followed by a subsequent lower concentration of antigens (top panels in Figures S5-57). The
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final antigen input was applied to quantify the persistence of the therapeutic effect. We found that allergen
immunotherapy was effective in all combinations of dose-response types for T.o,, and T.g4 cells
(Figures S5-S8A). However, its effect was persistently maintained against additional exposures to higher
concentrations of antigens only when the dose-response type of Teony cells was linear (Figures S5-S8B).
These results indicated that the long-term effect of allergen immunotherapy can be determined by the
dose-response type of Teo,, cell activation. This may explain the heterogeneous effects of allergen immu-
notherapy across patients, as seen in some cases where patients demonstrated allergic symptoms again
after discontinuing allergen immunotherapy.®**°

DISCUSSION

In order to understand how the immune system discriminates between harmful and harmless antigens
despite their diversity, we developed a generalized model that does not assume any prior information
on whether each antigen is harmful or harmless. We assumed predictive coding in T-cell population dy-
namics, by which we first introduced into immunology the concept that the immune system predicts its
environment. Specifically, we developed a mathematical model of T-cell population dynamics under the
hypothesis that Tcon, and Tieq cells are predictors of the risk of antigens and excessive immune response,
respectively, and their responses are regulated by prediction errors via memory T-cell generation. This pre-
dictive immune memory model led to both antigen concentration- and input rapidness-dependent
discrimination between harmful and harmless antigens. In addition, our model showed that such discrim-
ination can change in an antigen history-dependent manner, as seen in the onset of allergy and its subse-
quent therapy. To the best of our knowledge, this is the first learning system-based model of discrimination
between harmful and harmless antigens by the immune system facing diverse antigens. Furthermore, it
could be possible to validate our model in the future through the quantification of T cells with each TCR
using single-cell RNA sequencing techniques.

Phenomenologically, harmful antigens usually originate from bacteria and viruses and show a rapid expo-
nential increase in their population once they invade the body. In contrast, harmless antigens, such as food,
do not sharply increase in amount inside the body but are expected to change gradually over time. Such
distinct characteristics of harmful and harmless antigens can be distinguished by antigen concentration-
and input rapidness-dependent discrimination (Figures 2 and 3). Clinically, immune discrimination for
the same antigen is known to change over time; for example, the onset of allergy due to exposure to
high concentrations of antigens and its remission through allergen immunotherapy. This can be repre-
sented by antigen history-dependent discrimination (Figure 4).

In this study, we introduced various types of T-cell activation dose-responses into the model based on the fact
that the difference in ligands and its consequent difference in binding properties to TCRs largely affect T-cell
activation potency.”’~*” Our results showed that the dose-response types of T-cell activation influenced anti-
gen history-dependent changes in the immune response, as seen in allergen immunotherapy and subsequent
recurrence (Figures 5, S5, Sé, S7, and S8). Overall, these results suggested that the various dose-responses of
T-cell activation cause heterogeneity in the immune responses of individuals and/or types of antigens. In fact,
some patients with allergy acquire persistent remission of the symptoms by allergen immunotherapy, while
others exhibit the symptoms again despite therapy.**> Moreover, allergens, such as food and bee venom,
sometimes induce lethal symptoms, while others, such as pollens, rarely do so.*°

Our model is a minimal model that describes essential immune processes at the level of T cells, including
antigen presentation by DCs, differentiation from T,,ie cells to T cells, reactivation of memory T cells to
T cells, and memory formation. Although there are several subtypes of T.ony cells, such as Th1, Th2, and
Th17, which induce different downstream responses, we integrated these subtypes into a single Teony
cell population, since all Teony cell subtypes have almost the same role in terms of the elimination of target
antigens via different mechanisms.

Downstream of Teon, and Treg cells, various types of cells are involved, such as killer T cells, B cells, macro-
phages, neutrophils, eosinophils, basophils, natural killer T cells, and mast cells. Although we need to
consider these various immune cells to discuss the whole immune response, in principle, each subtype of
Teonv cells facilitates the activation of these downstream cells, while T,og cells suppress the response,q'M
and global activity of these downstream T cells and cytokines should determine the intensity of response.
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Therefore, our model simply assumed that the intensity of immune responses can be evaluated only by the
amounts of Tegny, and Tieg cells.

Some immune cell populations that eliminate antigens, such as killer T cells, Teony cells, B cells, and natural
killer T cells, are known to persist in the body for a long time, preparing for a second infection following the
first antigen experience by natural infection and vaccination.*' Furthermore, previous studies have exten-
sively studied whether regulatory immune cell subsets, such as T4 cells, generate memory populations
after antigen exposure.*? Due to the lack of memory-specific phenotypic markers for the identification of
these populations, it remains controversial whether distinct memory subsets contribute to the persistence
of immunosuppressive effects.”** However, several studies have defined memory Treg cells and revealed
their characteristics as memory populations.'>“> Hence, our model included the memory T,eq population
as one of the possible implementations of regulatory memory formation.

In this study, we assumed memory T-cell production based on predictive coding. For implementation, we
regarded cytokines as the media for transmitting quantitative information. Specifically, the amounts of
Teonv and Treq cells could be coded by the concentration of cytokines secreted by themselves, whereas
the amount of antigens could be coded by the concentration of cytokines secreted from antigen-present-
ing cells, such as DCs and macrophages. Based on such information-carrying cytokines, we hypothesized
that prediction errors in predictive coding can be computed through intracellular signal transduction in
T cells. Similar to our hypothesis, this type of quantitative function of cytokines has recently become a point
of focus, although qualitative molecular discoveries have been traditionally explored, such as the identifi-
cation of previously unknown cytokines and potential T.on, cell subsets. For instance, various experimental
and computational studies revealed that immune cell activation was controlled by cell density via cyto-
kines.*”*=°0 This phenomenon is called quorum sensing and was originally proposed in bacterial cells®'-*?
and then adopted to elucidate immune dynamics.”>™>> Our hypothesis that memory formation based on
the calculation of T-cell populations can be achieved by cytokines is consistent with the concept of quorum
sensing in terms of cell density-dependent induction of responses achieved by cytokines. Notably, it was
also suggested that Teony cell density regulated the rate of memory differentiation.®® Furthermore, we
introduced the idea that the information on cell densities was integrated into T cells because it is possible
that T cells sensitive to various cytokines can integrate signals from them. To validate this hypothesis, how-
ever, it is necessary to quantify the time series of T-cell populations with each TCR and cytokines in future
experiments.

Appropriate immune responses to each antigen kind have traditionally been assumed to be achieved at the
single-cell level due to the antigen specificity of TCRs on each T cell. In addition, it has been suggested that
the antigens themselves can determine the responses, which is referred to as the “danger theory.”’ 7 The
theory states that T cells are activated only in the presence of danger signals, such as pathogen-associated
molecular patterns (PAMPs),°° because they upregulate the expression of costimulatory molecules on an-
tigen-presenting cells. However, this kind of antigen-type-dependent immune response does not explain
the temporal change of immune discrimination (i.e., immune activation by and tolerance to the same
antigen). It also does not explain the immune responses to harmless antigens, as seen in allergy and auto-
immune diseases. In addition, some studies examining the quorum sensing mechanism suggested that the
state of the cell population level, such as their densities and distributions, has a more important role in
regulating immune responses than distinct antigen properties.”® > Therefore, our model hypothesized
that memory T cells were generated based on the calculation of antigen concentrations and T-cell popu-
lations. This hypothesis is also based on the concept of immune regulation, which does not premise prior
information on the risk of antigens and their own properties.

Several studies have reported computational models of immune dynamics. Different models of T-cell pop-
ulation dynamics have focused on allergen immunotherapy. In one model, allergen immunotherapy was
represented by prolonged activation of T,eg cells with a large time constant.®’ In another model, the effect
of allergen immunotherapy was represented by a transition from a Th2 cell-dominant state to a Teq cell-
dominant state.®” However, the effect of the therapy spontaneously disappeared after antigen elimination
due to the absence of explicit T-cell memory.

Immune discrimination had earlier been assessed by various mathematical models. Sontag modeled the
interaction between T-cell population and antigens, such as pathogens and tumor cells®®; this study
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revealed immune discrimination based on dynamic features of antigen presentation, such as the growth
rate of antigens. In addition, Pradeu et al. proposed the discontinuity theory stating that discontinuous
(sudden or intermittent) exposures to antigens induce vigorous immune responses, whereas progressive
and persistent exposures induce weak responses.®” The findings of these studies were consistent with
our results in terms of immune discrimination being independent of antigen type; however, they lacked
immunological memory formation.

Here, we developed a minimal model of immune discrimination, by which we showed a possible mecha-
nism of immune discrimination based on universal information about all antigen types, such as their
concentration and input rapidness, and demonstrated temporal changes based on the history of antigen
exposures. However, our current model considered antigen-induced responses of T cells that are specific
to only one kind of antigens, and it did not include antigens that undergo self-renewal and can be elimi-
nated by the immune system, such as pathogens. In previous studies, Dominguez-Hittinger et al. and
Christodoulides et al. have focused on the onset and therapy of atopic dermatitis and developed a math-
ematical model describing the interaction of pathogens, skin barrier integrity, and the innate/adaptive im-
mune system.®>“® They revealed different phenotypes in patients derived from certain parameters (genetic
risks) and suggested an effective treatment strategy based on the optimal control theory. To precisely
describe immune discrimination for self-proliferating antigens, we should introduce antigen proliferation
into our current model and consider its interaction with the immune system, which would potentially enable
us to understand more complex immune responses, such as in the case of atopic dermatitis with immuno-
logical memory formation.

Finally, our model would also enable us to address how immune responses change throughout our life, as
seen in the hygiene hypothesis. This hypothesis states that an unhygienic experience (experience of
numerous infections) during early childhood prevents allergic diseases; on the contrary, hygienic environ-
ments raise their risk.”” The authenticity of this hypothesis is still controversial, but it suggests that antigen
discrimination can be influenced by all previous exposures to multiple antigens, that is, personal hygiene.
Our results on history-dependent discrimination, where immune responses to the same antigen input can
be weakened by a certain antigen experience, is consistent with the hygiene hypothesis. Thus, our model
might explain the difference in allergic risks based on individual antigen experiences. However, our current
minimal model did not describe immune responses under multiple kinds of antigens based on the idea that
responses to each antigen are dominantly determined by cells specific to each antigen, although immune
cells specific to other antigens possibly contribute to the response under multiple types of antigens. There-
fore, to validate the hygiene hypothesis, we need to expand our model into a form that is able to examine
immune responses toward multiple antigens.

Limitations of the study

The mathematical model developed in this study (the predictive immune memory model) is a minimal
model that describes essential immune processes at the level of T cells. For simplicity, we only modeled
the response to only one kind of antigens. In addition, antigen inputs are completely external input and
antigens do not proliferate and they are not eliminated by immune responses in the current model.
Thus, to examine more complex immune responses, such as atopic dermatitis and hygiene hypothesis,
we need to expand our model into the model that describes responses to multiple kinds of antigens
and the dynamics of antigens (their proliferation and elimination by immune responses).
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Naoki (hhonda@hiroshima-u.ac.jp).

Materials availability

The study did not generate any new materials.

Data and code availability

No datasets were generated and analyzed during the current study. The predictive immune memory model
was simulated using Matlab (R2021a) on GitHub (https://github.com/kyoshido1213/Simulations-of-
Predictive-immune-memory-model). The parameters used in the simulation are provided in Table S1.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

This study did not use experimental models and subjects.

METHOD DETAILS
T cell population dynamics with different properties of T cell activation

The model was extended to include the effect of the dose-responses of T cell activation on the immune
response as

d D
aTconv = - dcTconv +ﬁ-’—conv + kc Tnar've C‘Ic(a) + Wc Mconv C‘Ic(a) - EcTconvy
rIreg
d D,
ETreg = - drTreg +1 +s T Treg + kr Tnaive qr(a) + Wr Mreg qr(a) - ErTrega

where gc(a) and g(a) represent the dose-responses of Teon, and Treq cells, respectively, as described by
the linear and Hill equation:

a , when linear dose — response

(3) = hy
a(@) Q ﬁ, when sigmoidal and step — like dose — response
d
where Q;, Kj and h; (i€ {c,r}) indicate the amplitude, half-maximal effective antigen concentration, and Hill
coefficient, respectively. Here, we considered three types of dose-response curves (linear, sigmoidal, and
step-like). In the linear dose-response curve, the same equations were applied as Equations 1 and 2. In the
sigmoidal and step-like dose-response curves, the Hill equation was applied, where (h;, Q;, Kj) = (4, 10, 30)
and (8,10,10), respectively. The same dose-response types were applied for both Teon, and Tieg cells in
Figure 5 (gc(a) = gr(a)), whereas different types of dose-response were applied in Figures S5-S8

(Ge(a) = q(3) or qe(a) # ().
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T cell population dynamics with time delay in memory formation

The model was extended to include the effect of time delay in memory T cell formation.

d

EMconv = - dmcMconv(t)+ EcTconv (t - Tdelay)7

d
aMreg = - dmereg(t) + ErTreg (t - Tdelay),

where the prediction error is calculated based on the concentration of antigens and T cells at time t —

Tdelay:

E. = ec|a(t - 7'de/ay) - chconv(t - Tdelay)‘er

Er = er|f(Tconv(t - Tdelay)a a(t - Tdelay)) - mrTreg (t - Tdelay)|+7

Biologically, it is a possibility that memory T cell generation based on the calculation of prediction error
takes more time compared to T cell population dynamics stimulated by antigens.

QUANTIFICATION AND STATISTICAL ANALYSIS

This study did not include statistical analysis and quantification.

ADDITIONAL RESOURCES

This study did not generate and contributed to a new website/forum, and it is not part of a clinical trial.
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