How Specific Should Immunological Memory Be?
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Protection against infection hinges on a close interplay between the innate immune system and the adaptive immune system.
Depending on the type and context of a pathogen, the innate system instructs the adaptive immune system to induce an appropriate
immune response. Here, we hypothesize that the adaptive immune system stores these instructions by changing from a naive to
an appropriate memory phenotype. In a secondary immune reaction, memory lymphocytes adhere to their instructed phenotype.
Because cross-reactions with unrelated Ags can be detrimental, such a qualitative form of memory requires a sufficient degree of
specificity of the adaptive immune system. For example, lymphocytes instructed to clear a particular pathogen may cause auto-
immunity when cross-reacting with ignored self molecules. Alternatively, memory cells may induce an immune response of the
wrong mode when cross-reacting with subsequent pathogens. To maximize the likelihood of responding to a wide variety of
pathogens, it is also required that the immune system be sufficiently cross-reactive. By means of a probabilistic model, we show
that these conflicting requirements are met optimally by a highly specific memory lymphocyte repertoire. This explains why the
lymphocyte system that was built on a preserved functional innate immune system has such a high degree of specificity. Our
analysis suggests that 1) memory lymphocytes should be more specific than naive lymphocytes and 2) species with small lym-
phocyte repertoires should be more vulnerable to both infection and autoimmune diseasesThe Journal of Immunology,1999,
163: 569-575.

mune system is a homologue of the invertebrate nonimmune system by producing proteins, e.g., soluble cytokine re-

clonal immune system and that its evolution preceded theceptors or proteins that regulate Ag presentation (12-17), that put
development of the adaptive immune system (1-7). Interestinglythe immune system on the wrong track. Rapidly coevolving patho-
the innate immune system was preserved when the adaptive ingrens thus cannot explain why the adaptive immune system has
mune system evolved. Innate immunity forms an essential part oyolved its diversity. Here, we hypothesize that the specificity of
the vertebrate immune system by providing signals for the activaghe adaptive immune system is used to specifically store the in-
tion of the adaptive immune system (3-5, 8, 9). A hallmark of gy \ctions given by the innate immune system. Using a probabi-

imm”?‘e responses Is the "Se,CO”d signal” (10) delivered to theig;e model, we demonstrate that this task is best performed if
adaptive immune system by innate APC that express the mer%emory lymphocytes are highly specific

brane proteins B7.1 and B7.2. In the absence of such costimulatory
signals from the innate system, T cells fail to become fully acti-
vated and instead become anergic (11). The adaptive immune sys: . .. “ -
tem is thus dependent on evolutionarily conserved signals. WBu”dmg a “world view
adopt the view that the innate system imposes its evolutionaryVe adopt the view that the innate immune system provides signals
knowledge on the lymphocyte system instructing it to mount theabout the context of antigenic epitopes (1, 3, 5, 8, 9, 18-22). De-
appropriate response (1, 5, 8, 9). pending on 1) the organ where the epitope is detected (23), 2) the
This dependence raises an evolutionary problem. It is often arpresence of conserved pathogen-associated molecular patterns (1,
gued that the adaptive immune system evolved to cope with rapg) and perhaps 3) tissue damage (24), the innate system signals
idly coevolving pathogens. The clonal distribution of randomly \yhether the Ag should be attacked and if so, by which immune
rearranged lymphocyte receptors renders a high flexibility, €nggector mechanisms. We conjecture that the evolutionary infor-

abling the adaptive immune system to adapt more quickly t0 COation provided by the innate system is stored in specific lym-
evolving pathogens than the innate immune system can. Howeve

if an adaptive immune r nse depends strictly on the innat imf:‘nocytes by their switch from their naive phenotype to a particular
an adaptive une response depenas strictly on the innate . responsive mode or to a nonresponsive mode. Lymphocytes can

mune system, then pathogenic evasion of an innate response im-

. . A s use their specificity to build up a world view, to learn which
plies evasion of an adaptive immune response (see also Refs. 2 and. . o
epitopes are dangerous, which are harmless, and which immune

response is most appropriate (25). They should switch to a tolerant
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be regarded as a qualitative memory of the type of immune reand calculate for which degree of lymphocyte cross-reactivity this
sponse to be made. On top of this comes the conventional quarprobability is maximal. Let the degree of cross-reactivity of lym-
titative form of memory in terms of increased precursor phocytes be called, i.e., each clonotype has a champde respond
frequencies. to a randomly selected epitope. In a naive animpalrresponds to
There is good evidence that during a secondary encounter of the conventional precursor frequency. Species having evolved highly
same epitope, lymphocytes recall their appropriate response (28specific clonotypes have a logwvalue, whereas those with cross-
30) and no longer wait for instructions from the innate system. Anreactive clonotypes have a higtvalue. For simplicity, the affinity
example, that a qualitative memory may enable lymphocytes t@f clonotypes is not taken into account. A clonotype either re-
skip over the innate instructions, is the memory for responsivenessponds to an epitope, if its affinity is higher than a certain threshold
VS nonresponsiveness in mice transgenic for a lymphocytic choaffinity, or fails to respond.
riomeningitis viral (LCMVY protein (28). In mice expressing the L ) )
LCMV protein on their pancreatig-cells, LCMV-specific T cells ~ Avoiding autoimmunity
were neither tolerized nor activated by the LCMV protein. On 1o ayoid autoimmunity, clonotypes responding to self epitopes
infection with LCMV, however, the cells became stimulated andshould be rendered tolerant, i.e., removed from the functional na-
caused T-cell-mediated diabetes. Apparently, once the LCMViye repertoire. Consider an animal wif, different lymphocyte
specific lymphocytes had seen LCMV in an infectious context,ciones, and leff be the fraction of all self epitopesthat induce
they were instructed to an aggressive response, which was subsgs|f tolerance. The functional repertoire after tolerance indudion
quently remembered such that the LCMV protein on the pancreagonsists of all clonotypes that do not respond to any of fhe
was regarded as a harmful Ag. Such an LCMV-specific responsgylerizing self epitopes. Suppose the animal is infected by a patho-
could not be induced by LCMV infection in LCMV-transgenic gen, which for simplicity is represented by a single antigenic
mice that had been tolerized with LCMV peptides (30). Thus, non-gpitope. The chance of mounting an immune respdtse the
responsiveness vs responsiveness is qualitatively remembered Biance that at least one clone in the functional reperRisl be

the immune system. _ o stimulated by the pathogen, i.e.,
Another example supporting the concept of a qualitative form of .
immunological memory is the immunity against vaccinia virus P=1-(1-p (1)

(VV). VV is one of many viruses that express proteins interferingwhere the expected functional repertoire size
with the innate immune system. It prevents its own presentation on

MHC molecules of infected cells, blocks the complement cascade R=Ry(1-p)*® @
and several cytokines, and neutralizes chemokines in the local efisee Refs. 36 and 37 for similar derivations).
vironment (17). Tackling the immune system at its innate base, the ) ]
virus typically prevents the induction of an immune response and~0mplete self tolerance induction
thus manages to escape, yet vaccination against poxviruses hefst consider the simple case that all of the animal’s self epitopes
been extremely successful (17). Apparently, once an adaptive iminduce tolerance; i.e., consides 1. In Fig. 1a, the probabilityP;
mune response has been triggered, the host is insensitive to tly making an immune response is plotted against the cross-reac-
viral immune evasive strategies. Our interpretation is that a qualtivity parameterp. If the immune system is very specific, there is
itative memory identifies the VV epitopes as harmful, thereby cir-a large chance that none of the clones will recognize the pathogen.
cumventing the need for further innate instructions and enablingdn the other hand, if lymphocytes are very cross-reactive, self
the host to prevent secondary VV infections. tolerance induction impairs the immune system by reducing the
An immune system with qualitative memory has obvious ad-functional naive repertoire. The maximum value Rf (Fig. 1a,
vantages. The complex decision whether and how to react to sperrow) is attained fop ~ 1/(fS) = 1/S. The optimal specificity to
cific epitopes need must be made only once. Memory lymphocytemount immune responses to foreign Ags thus reflects the number
can thus prevent tissue damage by pathogens on reinfection and @ self epitopes that induce self tolerance. This result is identical
pathogen dissemination to other organs. There is, however, a drawyith the conclusion drawn from previous models (36, 38, 39),
back. Instructed lymphocytes, that are fairly independent of furthehamely, that immune systems are diverse primarily because ani-
innate instructions run the risk of mounting inappropriate cross-mals have large numbers of self Ags.
reactive immune responses. For example, self-reactive lympho-
cytes that have escaped self tolerance induction may become stiffinored seff
ulated by a pathogen and subsequently become aggressive towatdsalthy animals, however, harbor potentially autoreactive lym-
self (31, 32). Additionally, memory lymphocytes may cross-reactphocytes that seem to be ignorant of their specific self ligands (40,
in response to subsequent pathogens (33—-35) and induce a mematy) and may cause autoimmunity after stimulation (28, 29, 31, 32).
response of the wrong mode, e.g., Thl instead of Th2. The immunAfter infection by a pathogen, self tolerance is assured only if none
system should therefore be specific enough to avoid such crossf the ignorant clonotypes is stimulated by cross-reactivities with
reactivity mistakes. On the other hand, the immune system shoulthis pathogen. Le& denote the fraction of potentially autoreactive
be sufficiently cross-reactive to ensure an immune response againgdbnes in the functional repertoire, i.eis the fraction of clono-
any pathogen. Here we develop a model to calculate the optimalypes recognizing at least one ignored self epitope. Since only a
degree of specificity of lymphocytes to fulfill both requirements. fractionp of this subset of clones will be stimulated by the patho-
gen, the fraction of truly autoaggressive clones in the functional
Specificity of memory repertoire responding to a particular pathogenic epitope.iShe
chanceP, of remaining self tolerant is the chance that none of the
clonotypes in the functional naive repertoire falls in this autoag-
gressive category. We are interested in the probatilitshat the
animal will survive the pathogenic attack, i.e., in the probability
3 Abbreviations used in this paper: LCMV, lymphocytic choriomeningitis virus; VV, that the animal will make an immune response and will remain
vaccinia virus. tolerant to the ignored self, i.e.,

To calculate the optimal specificity of lymphocytes, we will define
the probabilityP, of surviving infection by any specific pathogen
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(a) Complete tolerance: P; =P, (c) Incomplete tolerance: P;
H e— beseriesinireneeranin, . o
0.8
0.6
FIGURE 1. Avoiding autoimmunity. The chance
of mounting an immune respongg (a andb), the 0.4
chance of remaining self toleraf® (c), and the
chance of surviving a pathogenic attaek(d), de- 0.2
fined by Equations 1-5, plotted against the cross- {
reactivity p of lymphocytes. Specificity is simply T " o " 5 o T 5 " 5 ;

the inverse of cross-reactivity. Arrows show that
the optimal cross-reactivity in the case of complete
self tolerance inductiorg] is much larger thanthe ~ (b)  Incomplete tolerance: P; (d)  Incomplete tolerance: Ps
optimal cross-reactivity when some self epitopes 1 ST .
fail to induce toleranced). The black bars im and 4 {
d denote the specificity ranges for which the cor- g
responding survival chances are close to the opti-
mum, i.e., for whichP X > 0.9989, withk = 100 0.6
different pathogens infecting a host (see text for
further explanation). Parameters &e 10°, R, = 0.4
10'°, andf = 1 (a) or f = 0.8 (o—d).

0.2
S;14 12 -10 -8 -6 -4. -2 0 -14 12 -10 = -8 -6 -4 -2 0
SPECIFIC DEGENERATE SPECIFIC DEGENERATE
— Crossreactivity (log r)
Ps= PPiy=P: — (1-p)® 3) self epitopes (1~ f), in that all curves for whicli < 0.8 are very

. . ) _ similar to thef = 0.8 curve.
whereP, denotes the conditional probability of making an im- | practice, selection for the optimal specificity might be hard to

mune response given that the animal remains tolerant, and accomplish. Once a specificity has been selected for that gives
P, = (1-pa)R (4) sufficient pr_otecti_on against the typ_ic_al total number of different
pathogens infecting a hosk)( the driving force to evolve to an
and even better specificity vanishes. It might therefore be more infor-

s mative to consider the range of specificities for whifi is suf-
a=1-(1-p*™" ®) ficiently large, say larger than 0.9. If an individual is exposed to
Note that the intuitive interpretation of Equation 3 is that the sur-~100 different pathogens on average, this raRge> 0.9 contains
vival chanceP, is equal to the overall chance to stay tolerant minus@!l Specificities for whictP, > 0.9989 (denoted by the black bars
the chance to stay tolerant by making no immune response at aff? Fig- 1,a andd, and the “error bars™ in Fig. 2). The specificity
The fraction of self epitopes that is ignored is unknown, butf@nge for whichP.* > 0.9 in the case of~complete self tolerance
taking 20% as an example, the dashed line in Figddpicts the mductlop overlaps with that qf |nco_mpl_ete self tolerance aqd is
probability P, that the system will remain tolerant to all ignored MUch wider. If self tolerance induction is complete, the optimal
self epitopes when stimulated by a pathogen. This probability offPECIficity level is thus not defined as sharply as it is when some
toleranceP, appears to be roughly inversely related to the proba_epltopes fall tq induce self tolerance, and more partlcularly itis not
bility of immunity P; (Fig. 1b, dashed line). This is because lym- @S sharply defined as theSialue suggested previously (36). Sum-
phocyte specificities that help epitope recognition, including selfarizing, repertoires that run the risk of mounting autoimmune
epitopes, will thwart self tolerance. The survival chafgds de- ~ €SPONses to ignored self epitopes should be orders of magnitude
picted by the curve in Fig.d. The arrow in Fig. ti shows that the = More specific than repertoires that need only to respond to many
optimal lymphocyte specificity is much higher now than in the Pathogens (cf. the recent paper by Mason (42)).
case of complete self tolerance induction. Prevention of autoim- - . .
munity to the ignored self apparently requires a high specifi(:ityAVOldlng responses of an inappropriate mode
(see also Ref. 37). A second problem of cross-reactivity is that memory lymphocytes
If self tolerance induction is incomplete, the most importantthat have acquired a certain mode of immunity during a primary
parameter determining the optimal specificity is the number ofimmune reaction may respond to subsequent pathogens (33-35)
lymphocyte clones in the total repertoRRg: the more lymphocytes that require a different mode of response. Besides the widely ac-
are available, the more specific these lymphocytes should be (seepted Thl vs Th2 modes, many other modes of immunity may
Fig. 2a). Highly specific lymphocytes reduce the chance of mount-exist, varying in the type of lymphocytes, effector mechanisms,
ing autoimmune responses and thus increase the survival chancearid cytokines involved (43, 44). It has been demonstrated exper-
the animal. Surprisingly, the number of self epitog&swhich imentally that the cytokine profilefa T cell response is deter-
largely determines the optimal specificity under complete toler-mined by the cytokines present during lymphocyte activation (re-
ance induction, hardly affects the optimal specificity if self toler- viewed in Refs. 22 and 43) and is epigenetically transmitted from
ance induction is incomplete. Neither does the fraction of ignorednother to daughter lymphocyte (45, 46). Thus, by secreting cyto-
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Thick arrow, optimum in the case of infection by a hundred pathogens.
Results indicate that if an animal is exposed to multiple different patho-
gens, and thus runs the risk of mounting cross-reactive immune responses,
clonotypes should be much more specific (thick arrow) than they should be
if immunity against a single pathogen were the only demand (thin arrow).
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FIGURE 2. What determines the optimal specificity? The optimal

cross-reactivity plotted against the size of the total lymphocyte repertoiravhere, in analogy to Equations 3 and 4,
R, (a) or against the number of self epitop®¢b). If self tolerance induc-

tion is completef(= 1), the optimal cross-reactivity decreases as the num-

Pi)=(1-pm* — (1—-p) (7)
ber of self epitopes increasds).(The curves for whicli = 0.8 are typical and
for all cases of incomplete self tolerance inductiér<(1). The optimal
specificity in the case of incomplete tolerance induction is thus hardly m=p( - 1) 8)
dependent on the fraction of self epitopes that induces tolernégetults

indicate that if self tolerance induction is incomplete, the optimal cross-Remember that any memory clone of an animal that has survived
reactivity depends mainly on the size of the lymphocyte repertajrar{d

infection by { — 1) different pathogens can, by our definition, be
is hardly dependent on the number of self epitof®s ( responsive to a single previous pathogen only.
In Fig. 3, the survival chande, is plotted for serial infection by
various numbers of pathogefs Fig. 3 shows that the optimal
kines, cross-reactive memory cells may provide a wrong contexgPecificity changes drastically from= 1 (i.e., 100% cross-reac-
for a primary immune response to be induced and can as a cofiVity). if the animal is exposed to only one pathogen, to a highly
sequence impair immunity to subsequent pathogens. specific optimum, in the case of more pathogens. Immunological

The avoidance of such wrong mode responses is another drivin@emory' and the accompanying risk of inducing inappropriate re-

force for the specificity of the adaptive immune system. Conside®PONSes by cross-reactivity, thus forces the immune system to be
again an animal with a functional lymphocyte repertoireRof SPecific. Again, it is the repertoire sif& and not the number of
clonotypes (to exclude any effect of self-tolerance induction, Equadifferent pathogens, that largely determines the optimal specific-
tion 2 is not yet substituted). The charfegi) of surviving infec- 1Y (Fig- 3)-

tion by theith pathogen, i.e., the chance of making an immune

response without triggering any cross-reactive memory clono-Of mice and men

types, is now dependent on the fraction of memory clones in thé3ecause the optimal specificity to avoid cross-reactive immune
repertoirem, and consequently on the number of previous infec-responses is largely dependent on the size of the lymphocyte rep-
tions ¢ — 1). Only a fractionp of all memory lymphocytes will  ertoire, our model predicts that the human and the mouse lympho-

recognize théth pathogen, so that the fraction of clonotypes cross-cyte systems may be quite different. To illustrate the predicted
reacting with the present and one previous infectiopris The

differences, the two models of the previous section are combined.
chancePs to survivek different pathogens is the product of all The chanc®(i) to survive infection by théh pathogen is now the
survival chances from the first until theh pathogen, i.e., chance that none of the responding clonotypes is either a memory
clone or a clone specific for an ignored self epitope, minus the

K ) chance that no immune response is made at all, i.e.,
P.=[]P) 6)
i=1

Pi)=(1—p(m+ a))* — (1-p)° (9)
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(a) Men The need to avoid cross-reactivity with ignored self molecules
and the avoidance of inappropriate cross-reactive memory re-
sponses are two independent driving forces for the specificity of
lymphocytes. For the current parameter setting, the optimal lym-
phocyte specificity is mainly determined by the need to avoid au-
toimmune responses. For other parameter settings, e.g., for a lower
number of self AgsS and a higher number of pathogeksvith
which an animal is typically infected, it may be the avoidance of
inappropriate memory responses that determines the optimum of
the survival curve.

In the optimum, the number of different clones responding to a
pathogen is approximately the same for mice and humans. Thanks
to the high specificity of human clones, humans should run a lower
risk of mounting autoimmune responses than mice. The mouse
immune system must make a concession: whereas its protection
against infections could be just as good as that of humans (Bjig. 4
(b) Mice thin arrow), the need to avoid inappropriate cross-reactive re-
sponses forces the mouse immune system to be more specific (Fig.
P ‘ 4b, thick arrow). Thus, its resistance against infections is some-

0.81

0.6

0.4

0.2

-2 0

what reduced. Summarizing, mice are predicted to have a smaller
survival chance than humans because they suffer more from in-
fections and from autoimmunity.

0.8

0.6

Discussion

We have argued that the adaptive immune system specifically

stores the instructions given by the innate immune system and that
the specificity of lymphocytes is used largely for avoidance of

0 : inappropriate cross-reactive immune responses (see also Ref. 49).
-12 -10 -8 -6 -4 2 0 It has been suggested previously that the diversity of the immune

SPECIFIC DEGENERATE system reflects the number of self epitopes that induce tolerance
Crossreactivity (log p) (36, 38, 39). Here, we have shown that if there is any risk of

FIGURE 4. Of mice and men. Comparison of the optimal clonotype inducing inappropriate cross-reactive Immun.e. responses, the im-
specificity for humansa) and mice b) if both types of inappropriate cross- mune system needs .to be much more specific than.had been de-
reactive immune responses, i.e., autoimmunity towards the ignored self afdved from these previous models (36, 38, 39). In particular, mem-
mode selection failure caused by cross-reactive, old memories, can occu®ly lymphocytes should not be triggered by cross-reactive
The chance of surviving after infection by ten different pathogdns ( Stimulation by food or self Ags (50).

defined by Equations 2, 5-6 and 8—9; ——), and the chance of mounting Intuitively, it is hard to see how responsiveness to foreign Ags
immune responses against those 10 different pathodgts defined by  and avoidance of inappropriate immune responses can be recon-
Equations 1 and ;2. . . .), areplotted against the cross-reactivipyof ciled merely by selecting for a certain degree of lymphocyte spec-
lymphocytes. Thick arrows, optimal cross-reactivity of mouse and h“mar]ficity (42). In our framework, however, there is an asymmetry
lymphocytes. Human lymphocytes should be orders of magnitude morg.\yeen najve and memory clonotypes that allows this conflict to

specific than mouse lymphocytes. Thin arrow, optimal specificity of mice . .
o : e solved. Inappropriate immune responses come from memory
clonotypes if resistance against many of pathogens were the only deman

Parameters ar8 = 10°, f = 0.8,k = 10, andR, = 10° (for humans &)) clonotypes only. In our model, naive clones do not run the risk of
andR, = 10’ (for micé 0). ' ' inducing an inappropriate immune response, because they either

remain naive or are properly instructed to switch to the required

phenotype. It is this asymmetry that allows for a high optimum of

the survival curve at a high degree of lymphocyte specificity.
whereR is given by Equation 2¢ by Equation 5, andn by Equa- By considering the risk of cross-reactive autoimmune responses,
tion 8. The chance to survidepathogens is still given by Equation we have implicitly calculated the optimal specificity of memory
6. In Fig. 4, the chance of mounting 10 immune responBg$,(  lymphocytes. Because naive lymphocytes do not run the risk of
dashed curves), and the chance of surviving $olid curves) after  inducing inappropriate responses, it might be beneficial to have
serial exposure to 10 different pathogeks=(10) are plotted. The naive cells that are more cross-reactive than the memory cells.
total human lymphocyte repertoire is estimated to consist 5810 Interestingly, naive B cells indeed appeared to react to a broader
10'2 T/B lymphocytes, whereas the mouse repertoire consists ofange of Ags than did memory B cells (51) (see also Ref. 52 and
~10° lymphocytes (47, 48). Taking an average clone size of 10references therein). Because B cell hypermutation and affinity mat-
lymphocytes/clone, we estimate the number of clonotypes in huuration occur largely after the primary immune response (53, 54),
mans and mice to be 1®and 10, respectively, i.e., a difference it is tempting to suggest that the function of B cell hypermutation
of 3 orders of magnitude. Fig. 4 shows that at the optimum of thds to induce highly specific memory B cells, on top of inducing a
survival curve, human lymphocytes are orders of magnitude mordigh affinity secondary response (see also Refs. 52 and 55, in
specific than mouse lymphocytes. This is a new prediction. Previwhich a more general form of specificity maturation was suggest-
ous models (36, 38, 39) have predicted that lymphocytes in miced). This idea is supported by the observation that beyond a certain
and humans should be equally specific, pess 1/S(provided that  avidity threshold there is no correlation between Ab avidity and
mice and humans have similar numbers of self epitopes). protection against infection (56, 57). Recent x-crystallographic
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studies uncovered a possible mechanism for specificity maturation.
affinity-matured Abs are more specific because they have a more
rigid configuration than germline Abs (58). Selection for a high s,
affinity thus seems to imply selection for a high specificity. It has
been demonstrated that lymphocytes specific for self Ags are rou®
tinely generated during B cell somatic mutations (59). In combi- 7.
nation with the strong selective pressure on recognition of the orig-
inal foreign Ag (60), specificity maturation may reduce the chance
of releasing lymphocytes with cross-reactivity for self Ags into the 9.
periphery.

Throughout the calculations, the assumption was made tha]tO
stimulation of a single clone is sufficient for a functional immune 11.
response. Obviously, this is a strong simplification. Itis very likely
that protection against infection and induction of autoimmunity 1.
require activation of multiple clones. We have chosen for maximal
simplicity, however, because the qualitative results of the model
do not depend on such complications. In their protecton theory;s.
Cohn and Langman (61) proposed that lymphocytes act in a cont#-
centration-dependent manner; to compensate for their larger lymply
volume, large animals would require more lymphocytes of the
same Ag specificity than small animals do. We can account for thig®-
argument in our model by considering the expected repertoire sizg;.
per unit volume. All calculations would remain the same, and our
claim that immunological memory should be as specific as possit®
ble (per unit volume) remains true. It is only the predicted differ- 19
ence between large and small animals that disappears in the pro-
tecton version of our model. The protecton model need not bé&®-
correct, however. Because of lymphocyte recirculation and homa;.
ing to the sites of infections, large animals may indeed profit from
their large lymphocyte repertoire. Even if this is only partly the
case, our model correctly predicts a specificity and survival dif-23.
ference between mice and humans.

The high optimal specificities that we calculate seem to be at
odds with recent measurements of precursor frequencies pep4.
formed with MHC/peptide tetramers (62, 63) and with other esti-
mates of lymphocyte cross-reactivity (42). It should be stressed,
however, that the optimal cross-reactivities calculated here reflect
precursor frequencies in naive animals, which experimentally re?6
main “soft numbers” (63, 64). Naive precursor frequencies may bez.
orders of magnitude lower than the precursor frequencies reported
in MHC/peptide tetramer studies after immunization (62, 63).28
Moreover, the precise quantitative results of our model depend on
the specific choice of parameters and simplifications made (seée
also Ref. 37). For example, we disregarded any safeguards tha(ta
prevent cross-reactive cells from causing inappropriate immune
responses (23, 59). Additionally, there is no affinity in our model, 3%-
whereas experimental estimates of precursor frequencies depend
on the affinity cutoff of the specific assay that is used. Despite thesgl.
quantitative complications, however, our results show that the
need to avoid inappropriate immune responses imposes a strong.
selection pressure for the specificity of lymphocytes. Importantly,
our model shows that the specificity constraints on lymphocytes,,
are even stronger than was concluded previously (36, 38, 39).
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