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Models for Antigen Receptor Gene Rearrangement. Il.
Multiple Rearrangement in the TCR: Allelic Exclusion
or Inclusion?*

Hannah Piper,* Samuel Litwin,?" and Ramit Mehr*

This series of papers addresses the effects of continuous Ag receptor gene rearrangement in lymphocytes on allelic exclusion. The
previous paper discussed light chain gene rearrangement and receptor editing in B cells, and showed that these processes are
ordered on three different levels. This order, combined with the constraints imposed by a strong negative selection, was shown to
lead to effective allelic exclusion. In the present paper, we discuss rearrangement of TCR genes. In the TG@Rchain, allelic
inclusion may be the rule rather than the exception. Several previous models, which attempted to explain experimental obser-
vations, such as the fractions of cells containing two productive TCR rearrangements, did not sufficiently account for TCR gene
organization, which limits secondary rearrangement, and for the effects of subsequent thymic selection. We present here a detailed,
comprehensive computer simulation of TCR gene rearrangement, incorporating the interaction of this process with other aspects
of lymphocyte development, including cell division, selection, cell death, and maturation. Our model shows how the observed
fraction of T cells containing productive TCRa rearrangements on both alleles can be explained by the parameters of thymic
selection imposed over a random rearrangement processThe Journal of Immunology,1999, 163: 1799-1808.

Multiple Rearrangements and Allelic Exclusion: ing concept, because anB T cell that matures in the thymus
A Contradiction? expressing two different TCRs may be positively selected on one
_ ) of them, while the other TCR may be autoreactive (17). The fre-
Recent evidence shows that in the B cell receptor (BORNt  quency of T cells simultaneously expressing two differaht
chain (1, 2_), or the TCR-chain, rearrangement may not stop after genes was found in one study to vary between3and 10,
a productive receptor gene has been formed and expressed. Tl@ﬁﬂy the cell surface expression\gf2, V. 12, andV.,24 was mon-
raises the question: how is allelic exclusion maintained, if at all, initored which means that the frequency of T cells expressing any
the face of continued rearrangement? The first paper in this serie&air o,fV genes may be orders of magnitude higher (18). Inde-
(41) showed, using computer simulation of BCR gene rearrange-endentl‘;’ Malissen et al. (13) found that 26% of various T cell

meqt, hOV.V contlnued “ght chain gene rearrangemgnt can be re lones contained two productiweé -J, rearrangements (19).
onciled with allelic exclusion. FowB T cells, the situation is more : S x .

. . . - The observations of allelic inclusion in T@Raise the follow-
complex. As with the BCR heavy chain, allelic exclusion seems to.

be quite complete in the TCR-chain (3—10). The expression of a ln‘él] questions. Can tallelllc 'ngllglotr;] be fully accountedtfor by mul- o
functional TCR B-chain (in conjunction with a surrogate TCR Iple rearrangements ajone Do nese rearrangements occur com=

X . ) o : i i ? i >
a-chain (6)) triggers several successive cell divisions, which conpletely at random, or is there some underlying order? What is the

«Q
tributes to the shutdown of TQRgene rearrangement (7), fol-

role of positive and negative selection in driving, or limiting, the ¢
lowed by further differentiation (8) and the rearrangement ofProcess of TCR gene rearrangement? Several models (reviewedﬁ
TCRa genes (9). Rearrangement and expression of t&Rain

below) were suggested in an attempt to answer the first question,,
¢ o . . N
genes, on the other hand, does not stop after the expression of tR¥t have not sufficiently addressed the issues of order in rearrange-=
first rearrangedr-chain (3-5, 11-14). Rearrangement appears tgnent and the role of selection. Here, we dgvelop a model of thg
continue until the cell is either positively selected, or dies (15, 16).TCR gene rearrangement process, and use it to examine competing
Due to the lack of allelic exclusion in TGRa T cell may not  explanations for TCR allelic inclusion. We aim to elucidate the
only contain two productively rearranged T@Rilleles, but also  mechanisms of allelic exclusion (or inclusion), and, in particular,
simultaneously express the two resulting TCRs. This is an alarmto examine the degree of order in TCR gene rearrangement. Since
the questions we study are probabilistic in nature, we use stochas-
tic computer simulation of gene rearrangement and thymocyte se-
*Department of Molecular Biology, Princeton University, Princeton, NJ 08544; and |ection. We perform simulations of our model under various pa-
TFox Chase Cancer Center, Philadelphia, PA 19111 . . )

) T o rameter sets, and derive the constraints under which rearrangement
Received for publication December 17, 1998. Accepted for publication June 1, 1999and selection must operate (such as the average number of rear-
The costs of publication of this article were defrayed in part by the payment of pag ; ;
charges. This article must therefore be hereby madartisemenin accordance erangements perfgrmed per allele). Our results, briefly summarized,
with 18 U.S.C. Section 1734 solely to indicate this fact. are: theaB:yé ratio can largely be explained based on the number
1 This study was supported by National Institutes of Health Grants GM20964-25 forOf cell divisions after selection and thymic selection, but cannot
the study of genetics and regulation of autoimmunity, RO1 AlI34882 (to S.L.), andbe accounted for by rearrangement mechanisms alone. This is in
Al10227-01 (to R.M.). - . . .

i o contrast to thex:A ratio in B cells, which can be explained without
2 Address correspondence and reprint requests to Dr. Samuel Litwin, Fox Chase Can- ki f tial . ®B Ils. Th t of TCR
cer Center, Institute for Cancer Research, Biostatistics Department, 7701 Burholm$1VOKING preterential expansion cells. € percent o
Avenue, Philadelphia, PA 19111. E-mail address: s_litwin@fccc.edu a “double-productive” T cells, on the other hand, is mainly
3 Abbreviation used in this paper: BCR, B cell receptor. determined by the probabilities of positive and negative thymic
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a0 rearrangement per allele. Thus, Mason further extended this model
by allowing multiple rearrangements on each TCRllele. The
fraction of a “double-expressors” obtained, allowing a very large
number of rearrangements per TERillele, isp(a™'*) ~ 0.3,

oo o which is close to the observed value of 26%. The fractign*’™)
decreases when the probability of a single rearrangement being

1/3 2/3

1/3 213 1/3 2/3 . )
positively selected increases, or when the number of rearrange-
ments per cell decreases.

o o o o Our aim is to use a similar model to promote understanding of

FIGURE 1. Malissen's model of the generation af “double-expres-  the€ mechanisms of rearrangement, addressing issues such as the
sors” (adapted from Ref. 13). The probability of a rearrangement beingiverage number of rearrangements performed peroféiele and
productive is at most one-third (this is the probability of joining in the the order (if any) in which they are performed. These factors could
correct reading frame), or slightly less if we take into account the existencenot be directly obtained from Mason’s model, because it does not
of pseudo-genes. Thus, out of every nine cells, three cells would succeegike into account the following two opposing constraints. First,

in the first attempt to productively rearrange @thain gene, and, out of  \ason’s model assumes rearrangement can continue ad infinitum,

those, one will also productively rearrange the second allele; out of th‘?/vhile in reality, the numbers of,, andJ, gene segments, though
remaining six cells, two will productively rearrange the second allele. (We ' ' * * ’

denote the genotype of cells as follows: “0” denotes the unrearrangec,,arge’ are not infinite. TCR V-J rearrang.emgn.ts delete all gene
germline configuration, a-+” denotes a productive rearrangement, and a S€gMents between the two segments being joined (22), and hence,
“—” denotes a nonproductive rearrangement.) Three different genotypedfter several rearrangements, either the V or the J gene segment
wil result: one cell will bea™* (“double-productive”), (2+ 2) cells will pool would be exhausted on that allele. Second, a mechanism thatg
be &', and four cells will bea™'". The latter four will not survive  may partially compensate for gene segment pool exhaustion is or- 5
selection, and hence the fractionofdouble-productives” among the cells  der in gene rearrangement. This order refers to the apparent pref-é
that did survive thymic selection will be 1/5, or 20%. erence to rearrange first thajesegments that are closer to the 5 &
region of thel,, locus (10, 22, 24, 25). Additionally, we wanted to é"
address the possibility of preference to rearrange the allele that was3
selection, and the probabilities of resulting cell death. Death probrearranged last, as suggested by studies on B cells (the first pape_rgg
abilities due to selection are smaller than death probabilities ofn this series). In T cells, TCR rearrangement seems to go on =
developing B cells, which allow, on average, only two or three simultaneously on both alleles (10, 13). However, weak preference
rearrangement attempts per cell, thus accounting for the apparefir the most recently rearranged allele may still exist. In this study, =
allelic exclusion in BCR chains. The presence of residuedar-  we evaluate which of the two potentially opposing forces, the lim- 3
rangements i@ T cells (20-22) can be used to further delimit ited number of gene segments or the order in rearrangement, is2
selection parameters. The fraction of productive residuedar-  more important in limiting TCR rearrangement.
rangements out of all residudél rearrangements is found by all Mason’s model lumps together the two nonpositive possible
models, including ours, to be around 20% fod-first rearrange-  outcomes of the selection process: negative selection, or no selec
ment pathway, in agreement with the experimental observationgjon (when the cell does not bind any self-MHC successfully, or
This agreement supports the suggestion that §@Rd y rear-  the signals it receives are too weak for positive selection). These §
rangement precedesand 8 rearrangement. have to be addressed separately, due to their different effects on theg
In the following sections, we review previous models of TCR propapilities of differentiation and death. The dependence of the >
gene rearrangement, present our model and the results of compuigliicome on the number, strength, and duration of signals the cell §
s_iml_JIations of this model, and conclude with a comparison of ouraceives through its TCR is not yet fully known (26). This issue G
findings for B and T lymphocyte gene rearrangement anthecomes more complicated when we consider that, if a cell ex- R
development. presses more than one receptor, the two receptors may be ex:B
. . pressed with different cell surface densities (3). Our models do not &
Review of Previous Models of TCR directly address receptor expression; we assume that any produc-
Rearrangement tively rearranged gene is expressed at the maximum possible level
TCRux rearrangements on both alleles and that the cell is selected according to the last rearrangement

In this section, we review previous models of TCR rearrangementPerformed. However, our models deal with thymic selection
on which our computer simulations rely. The value of 26% ECR through modifying the probabilities of the cell’s death, maturation,
“double-expressors” found by Malissen et al. (19) was considere@e€ll division, or further rearrangement. A cell expressing an auto-
close to the value (20%) that one would expect if rearrangement oféactive TCR may receive strong negative selection signals, and,
« alleles proceeded on both alleles, allowing only one rearrangebence, survive for a shorter time (and thus be allowed fewer re-
ment per chromosome (Fig. 1). However, Malissen’s calculatiorarangement attempts) than a cell expressing a receptor that does
did not take into account the possibility of multiple rearrangementg1ot bind any thymic MHC-peptide complexes. Hence, our models
on a single allele. take into account the probability of intrathymic cell death as a
Mason (23), also allowing only one rearrangement per chromofunction of the quality of the cell's TCR. The interplay between the
some, additionally took into account the fact that the probability ofstrength of selection signals, and the potential for secondaryeTCR
a given T cell being selected to mature is very small. Under thesgene rearrangement, will determine a cell’s fate.
assumptions, the fraction of “double-expressors p(a™"), was T cells may mature out of the thymus expressing a potentially
calculated to be approximately half of the probability that a rear-autoreactive TCR, and the chance of this happening is probably
rangement is productive. If one assumes that this probability isigher fora “double-positive” T cells. There exists no experimen-
~0.3, thenp(a™™) cannot exceed 15%. Mason’s model is more tal data indicating how many of the “double-positive” T cells
realistic than Malissen’s, yet the observed value of 26% is notontain an autoreactive TCR, in addition to the TCR on which
compatible with its prediction (15%*/*) for the case of only one these cells were positively selected and allowed to mature. In the
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(81 cells) leles. IndeedaB T cells and thymocytes were found to retain up
So0 to 70—80% of the rearrangeddioci (22). However, all or most of
these rearranged loci may exist on extrachromosomal DNA circles
173 2/3 that were excised by the first T@Rearrangement. Experimental
measurements of the fraction of cells that have retained STCR
genes within the TCR locus on the chromosome would be ex-
§+0 37 tremely useful in determining the extent, and degree of order, of
TCRa rearrangement. Our calculation, based on the same assump-
173 2/3 173 2/3 tions as the Hayday model (i.e., without multiple rearrangements),
predicts that the fraction af cells that contaird rearrangements
o » " . will be 53.6%_; and in those cells, 20% &fearrangement_s will be
Y Y 8 8 productive (Fig. 3). If, on the other hand, we extend this model to
V 1'/?/\{2/3 13/ \23 ‘l’ allow for multiple TCRx rearrangements, the fraction @B cells
that contain chromosomalrearrangements can be as high as 89%
9 -1+ G w+/o y/0 36 for the case of strict allele preference, depending on the number qf
V v 03 rearrangement attempts per allele. If thg exagt value was experi-
1/%\ me.ntally measured, we could use our simulations (see_ below) to
S 6 estimate the probability that a cell arrives at a productive &CR
12 Y Y- rearrangement on one allele before starting to rearrange the other.
¥ 'l Rather more useful is the data on the fraction of residuad- g
arrangements that are productive. According to all models, the §
4 3 fraction of productive (out of totaly rearrangements is indepen- o
, o dent of the number of secondary rearrangements. This number is&eL
F'C.:’URE. 2. Hay.days. model of th? factors determining m?:.yﬂce” ._predicted to be 33% (the probability that a rearrangement is pro- %
ratio. This model is strictly sequential and assumes no editing. Assumm@ - ; . : 3
strictly sequential rearrangement, cells that have failed to productively re- uctive) in preselection thymocytes, but to decrease to 2088in 3
arranges (4/9 of total) ory (4/9 of the 5/9 that succeeded drearrange- thymocytes and T cells, because these subsets are depleted of cellg
ment) proceed to thep pathway (a total of 56/81 of the cells). Even ifall that have succeeded to rearrange and expressdbartld y genes 2
cells that turned to the pathway had matured, the resulting ratie<8:1,  (Fig. 3). Indeed, the fraction of productiverearrangements was %
an order of magnitude lower than the observed value; the difference wafound to be between 17 and 24% in excised circular DA T
attributed to cell divisions in the lineage. cells or thymocytes (20, 22) and as much as 29% in immature ‘=
single-positive thymocytes (20). These observations may be usedg
as an additional test for our simulation of TCR rearrangement. 5
simulations presented below, it is easy to determine this value ?—)
because we record the fate of every T&CRarrangement. A Simulation of TCR Gene Rearrangement %
The aB:yd ratio and af cells containingd rearrangements We constructed a stochastic simulation of TCR gene rearrange-§
&

@entf‘ A cell is “born” into the simulation and followed through-
out its life in the thymus as it undergoes TCR gene rearrangement, o
S;ell divisions, and selection. Each cell of the final progeny is either i
allowed to mature or else dies intrathymically. This process is &
+ repeated for a large number of clones. The program is constructed @
of a number of modules, which correspond to the various processes®
the simulated cell undergoes, as follows. N

1) Cell birth: a new cell is born; its TCR genes are all assigned &

Any model of the TCR rearrangement process should also be ab
to account for the observed ratio @B to yé T cells, observed to

be 20:1 or larger, depending on the tissue being studied (27, 28
Not much is known abouyd T cells, their function (29), devel-
opment (30—-32), or TCR- andd-chain gene rearrangement. Mos
thymocytes try first to rearrange thechain genes (22, 27), but this
is not a rule (33); expression of T@EHoes not preclude differ-
entiation intoyd T cells (20, 34), and TCRand -y transcripts can ) . )
be detected simultaneously in the same cells (21). the germline configuration.

Hayday and colleagues (20) suggested a model in which rear- 2) Cell death: the cell is deleted from .the simulation. Since
rangement is assumed to be strictly sequential @irgteny, then ~ thymocytes are thought to spend orh wk in the thymus, cells

B, and thena), and each allele can only be rearranged once. Acthat have not matured, but survived in the thymus up to the age of
cording to this model, 56 out of every 81 cells would end up in the20 days, die anyway.

ap lineage, after failing to productively rearrange a TGRr 3) Cell maturation: the cell's featl_Jres are adde_d to the accumu-
y-chain (Fig. 2). This results in anB:ys ratio of, at most, 2:1, lated statistics qf T ce.IIs produced in the simulation, and it is de-
10-fold smaller than the observed ratio. The observed ratio mudfted from the simulation. .

hence be explained as a result of subsequent cell proliferation in 4) Cell division: an additional copy of the current cell is pro-
the af T cell lineage. However, modifying this model to allgsv duced (without changing the probabllltles asso_(:lated with the cell).
rearrangements at any stage (before, during, or aftry rear- The current cell’s developm(_ent is followed flrst,_ a_nd the other
rangement), and multiple TGRrearrangements, would reduce the daughter cell's development is followed next. This is a recursive

final number ofyd T cells produced. Thus, one question our mod- Pro¢ess. ) ) _
els can be used to answer is: can the high ratie@®fo 5 T cells 5) B-selection: after rearranging a productive TBRhain, the

be accounted for by assuming that rearrangement is not stricti§€!l undergoegs-selection, that is, selection for the expression of

sequential? Or do we have to also invoke multiple rearrangement functional TCRg-chain; if the cell passes this obligatory step

on bothe alleles to account for this high ratio? (with a probabilityP ), it proceeds to rearrange the T&genes,
Failure in rearrangement or expression of eitleor 5-chain

genes leads a cell to tIEEB pathway,.yet the cell may still contain 4 The simulation program, and a program manual, containing a detailed description of
rearranged, perhaps even productively rearrangeahd/oré al- the algorithm, are available from the authors upon request.
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possibly performing a few cell divisions first (depending on the
@ @ probability Pys).
1/ b3 1/ b 6) Thymic selection: operates on cells that have productively

rearranged both TGRand TCRx. There are three possible out-

Deleted
soth B s comes: positive selection (with probabiliy, .,), negative selec-
Rhave 8% 113 \iB 2 hve 8 13 3 tion (P_e), Or no selection (). Positively selected cells may
172 have  §* - 172 have  §* perform a few additional cell divisions before maturing (depending
@ { k’:, @ \"u;") on the probabilityPy,,.s). Cells that were not positively selected
“die

all have o O “dfe all have o may be allowed to perform additional attempts at rearrangement of
TCRa, but death may occur before each attempt. Negatively se-

lected cells are assigned a high probability of death.
o 7) TCR6 gene rearrangement: one of the T&&leles is chosen
B3 3

-
M e -

and rearranged. If productive, the cell proceeds to rearrange a

Debed TCRy gene. If not, it proceeds to rearrange the other S@kele.

B:ﬂfes If both failed, it proceeds to TCFEB rearrangement (if TCH3

all have §° 113 23 alleles are still unrearranged).

- 8) TCRy gene rearrangement: if productive, the cell matures as

@ { “k", avyd T cell. If not, it proceeds to rearrange the other TWCatlele;

YT if both failed, it proceeds to TCHB rearrangement. Secondary
rearrangement, if allowed, occurs only once per allele.

FIGURE 3. Ourextension of Hayday’s model. We calculate the number 9) TCRB gene rearrangement: if it is productive, the cell pro-

of productive and nonproductivé& rearrangements in8 T cells. Calcu- ceeds tog-selection. If not, it proceeds to rearrange the other al-
lations follow the same rules demonstrated in the previous figures; how- ' 1P g

ever, they were extended to trace the fate of B@Reles ina cells. Out lele. If both falled,_then the cell el.ther goes back &d(if this

of the 56/81 cells that proceed to thes lineage, 20/81 or-25% of the ~ Pathway was not tried earlier), or dies.

total number of cells will contain productivé rearrangements, but rear-  10) TCRx gene rearrangement: if productive, the cell proceeds

rangement of thex locus may later excise the rearranged gene fragmentsto thymic selection. If not, it proceeds to rearrange the other allele, =

Fig. 3 thus shows that there are three starting points for cells going to ther rearrange the same allele when this is allowed. If both failed, the S

af lineage: TCR*©y~/=, TCRS™/*y~/~, and TCR'~. The figure  cell dies.

shows the calculation for each of these starting points. As we are only The simulation of the rearrangement process is similar to our

interested in percentages among maiugecells, we do not follows re- model of BCR gene rearrangement (41), but is more elaborate, %

arrangement in this calculation because it does not affect the stafiis of taking into account the rearrangement of all TCR chains, and al

alleles. We only present the resultscofearrangement. For the 12/56 cells . . . ’
segments in each chain. One segment from each library (V, J, and,

starting with a TCR*/° genotype (top left), there is a probability of 1/3 that , ; e
rearrangement of the first allele will be productive. Out of these cells, if applicable, D) is chosen at random. The probabilities for further

50% will have rearranged the allele that contained the productively re- €arrangements of the other segments are then renormalized, teg
arranged allele, and 50% will have rearranged thellele that contained ~ account for deletion of intermediate segments. For example, if, at &
the nonrearrangedlallele. Hence, half of the cells with an"® phenotype ~ a given TCRx rearrangement, the simulation us¥g, and J,, Q
will contain a nonrearrangedlallele, and the other half will be left with a  then the probabilities of rearrangements for all V segments down- &
productively rearranged allele. Those cells that have failed to rearrange stream ofVz,and J segments upstreamJgf are set to zero, since S
the firsta allele but have succeeded with the second allele, ending up withye gssume all rearrangements are deletional (22). The probabilities>
an a~'" phenotype, will have erased boshalleles. Similar calculations of choosing each of the remaining segments are assumed to bé§

) = X
were done for the 8/56 cells starting as TER y * (top right) and the o0 5| "ynjess we apply specific biases (see below). Rearrangemen
36/56 cells starting as TGR'~ (bottom right). When one adds up all the . - . o

is deemed productive with probabilif,,oqyc L

above combinations, the result is that 53.6% ofagl cells retain a rear-
rangeds allele, and 20% of the retaine¥irearrangements are productive.
The above calculation does not include the possibility of multiple ®CR Parameters used in the simulations

rearrangements. We can, however, derive an upper bound for the fraction

of af cells that retain a rearrangetallele, for the case of strict allele Parameters for the simulations (shown in Table ) are interactively
preference. This is done by replacing the probability of a rearrangementletermined for each run. The values shown in Table | are those that
being productive (1/3) in the previous calculation, By the probability  we used as a “baseline,” because they give a reasonable fit to most
that the cell has reached a successful rearrangement on one allele ond¢perimental observations (see belo®),oquc Was taken to be
(possibly after a number of attempts), without rearranging the other alleleg 33 i g| simulations. The probabilities of cell division are dis-
(The probability of failure, 2/3, is accordingly replaced by{P,)). Then, cussed below. The probabilities of cell death at various stages are

out of all cells going to the: pathway, the fraction o&f cells with no unknown and were varied in the simulations, as were the proba-
8 allele surviving will beP,(1 — P,); the fraction ofaB cells with an e ’ p
bilities of rearrangement o vs .

unrearranged allele surviving will be ®,/56; the fraction ox cells with - ) . )
a nonproductively rearrangeiiallele surviving will be 4®,/56; and the Two independent theoretical studies have estimated that about

fraction of aB cells with a productively rearrangetiallele surviving will  two-thirds of all receptors generated would be autoreactive (35,
be 1®P,/56. The remaining (£ P,)? of the cells will die. Summing these  36), and we used this value fét_... Experimental studies on
numbers, the fraction of surviving cells that contaird rearrangements  thymic selection have mostly been done with transgenic mice, in
will now be 50/56(2— P,), which can be at most 89% (#, ~ 1). It will which all or most thymocytes undergo the same selection process,
be smaller ifP; < 1, or if allele preference is not absolute, as shown in the gnd hence cannot be used to estimate selection probabilities in a
simulations pres_en_ted below. The fracti_o_n of productive (ou_t of tdtal) ormal thymocyte repertoire. However, a study of mouse bone
rearrangements is independent of the editing process and again equals 20%?arrow chimeras estimated that one-half to two-thirds of thymo-
cytes that underwent positive selection die before full maturation
due to negative selection (37). As the fraction of thymocytes that
actually mature, and hence have been positively selected, is very

all have no O

W04} papeoumoq

i

10" jouNLuW|

T

8T0¢


http://www.jimmunol.org/

The Journal of Immunology 1803

Table I. T cell simulation parameters with a sample of our “baseline” Allowing cell divisions only followingB-selection (up to a rate
set of value’ of Py,s = 0.5) had a very small effect on theg:y3 ratio, because
the cells still have to rearrange T@Rand pass thymic selection.
Parameter Definition Initial Value On the other hand, simulation results are very sensitive to increases
N Maximum number of cells to be simulated 100,000 of the probability of division after p95|t_|ve selection. Wi,z =
N, Total number of lineages to be simulated 4,000 0.5 andPg;,,z = 0.25, theaf:yd ratio is only 2.5. However, the
Poroauer  Prob. a rearrangement is productive 0.33 ratio increases quickly when we incredg, ,; the af:yd ratio is
Py Initial Prob. of cell death ) 0.01 4.7 wherPy,,.; = 0.4, 27.0 wherPy,,,; = 0.5, and as high as 200
P, Prob. of cell death while rearranging 0.1 _ .
doc ; ! when P,z = 0.6 or higher (data not shown). Thus, values of
Pyas Prob. of cell death if auto-reactive 0.7 Vo3 - L . . "
Py Default Prob. of cell division 0 Paivg: Pdivep = 0.5.result.|n nonrealistic prolllferatlon of positively
Paivs Prob. of division aftei3-selection 0.5 selected cells. A simulation of 10,000 cells is largely taken over by
Paivas PFOE- 0]{ diVI:Sion afterbthymiclseleCtiOH 0.4 one clone (even though we do not allow cells to remain in the
Ppssel Prob. of cell passing beta-selection 0.5 imulated thvmus for more than imulation st )
P_cel Prob. of cell being negatively selected 0.67 simulated thymus for more than 80 simulation steps, or 20 days).

The variability between simulations also becomes very large under

P, el Prob. of cell being positively selected 0.03 o . > :

these conditions, since individual clones may grow to high num-
Prs1 Prob. of 81 rearrangement 0.495 bers so that each simulation represents a smaller number of thy-
Prs2 Prob. of 52 rearrangement 0.495 mocyte clones (data not shown). It is believed that positively se-
Pzt Prob. ofyl rearrangement 0 R
P Prob. of+2 rearrangement 0 lected cells do not perform more than a few divisions before

Ry2 . - . . . .

pR:;l Prob. of 1 rearrangement 0 maturing (40). Hence, in the following simulations the values of
Pra2 Prob. of 82 rearrangement 0 Paive = 0.5, Pgiveg = 0.4 were used.
Pra1 Prob. ofal rearrangement 0 As long as proliferation is kept within reasonable limits, the total
Praz Prob. ofa2 rearrangement 0 numbers of cells maturing from the thymus in the simulations re-
E, Multiple y rearrangements allowed False main small. Between 90 and 96% of the ce_lls die mtrathymlcally,
E, Multiple « rearrangements allowed True as observed (38), which confirms our choice of selection proba-

bilities (P(—sel)= 0.67 andP(Osel)= 0.30).

20nce a cell has rearranged and expressg¥ECR, it is allowed to mature; once
a cell has rearranged and expressed@TCR, it undergoes thymic selection. Prob.,

probability. Preferential expansion must be invoked to account fordafie
v ratio
small (~1-3%) (38), we use here the valls-sel)= 0.67 and We proceeded to use theB:ys ratio as a way to identify the
P(0sel)= 0.30. regions of parameter space that would give biologically reasonable
results. We studied the dependence of this ratio on division prob-
Results abilities, the probabilityPrs Of starting withé rearrangement, se-
Interclonal variability and cell division lection parameters, and death probabilities. The following results

. . . - R were obtained. First, as noted above, without cell divisions, or with
Preliminary simulations indicated that even 10,000 individual cells o L .
. . . - . -small cell division probabilities, the ratio @f to y5 T cells re-

per simulation are insufficient, as demonstrated by the high vari-__. L IS L
mains small; it increases with division probabilities in th@ path-

al_)lllty_between_s_lrr)ulatlons that was obser\_/ed_ (_data not shown)\'Nay. We did not consider the possibility of extensive cell death in
with high cell division probabilities, 10,000 individual cells may . . :
the v T cell lineage, because there is no evidence for such ex-

all belong to a small number of clones. Thus, it was necessary t ' - - .

. . : ensive death. Second, as expected, the highest ratio was obtaine

include a large number of independent clones (each possibly con- : :
when it was mandatory to start with rearrangementRgg, +

taining many cells) in each simulation, for parameters such as thE
. - . +P,y=1,Prs; = Prso = hat th Il rearran n
aB:yd ratio to stabilize. The number of clones was considered to Rf2 = d = — " Rel - ' Re2 0), so that the cell rearrang@sind

be sufficient when both inter- and intrasimulation variabilities Weregxor;leyssIf : ffjrl:sgoao al?— ::ohil:rftl\'ll'er:?/s rf:;;azgzsﬁ -nc:tarlgflzi??h:ngeal
small (<10% of the initial variability). This has been achieved for P '

" . . dynamics and was used only to demonstrate the extreme limit.
all quantities measured by generating 4000 independent clones LT . . L .
. . o ird, the aB:7yd ratio is always higher when secondayrear-
each simulation (data on variability not shown).

The above variability criterion helped to identify the proper di- ;aer;%irgsrnt :Za?rlrlg\r,\ve:r'n?riz Iirr]l ';_S ¢aabss¢\e,\:1;:|:e. tﬁ:;’;;uzl);égowgﬁuow
vision probabilities (probability of division followings-selection y g ! Y

and following positive selection akp T cells) to be used in the creases (Fig. 4). However, multiple rearrangements in ¥R

simulations. To understand what “division probabilities” mean in not significantly affect most results (data not shown), because there

. . . ._are only two J segments, so secondary rearrangements can onl
the model, we discuss what the simulated cell can do in each sim- y 4 seg y 9 y

ulation step: it can either rearrange one of its TCR genes, goccur once pety allele. The most important insight was gained

: o ) ) rom simulations combining the above parameter variations: sec-
through a selection process, divide, or die, depending on the out- . o
5 . ondary rearrangements alone cannot givea@yd ratio higher

come of the previous step. Each of these operations takes a few . o
. . ) . than 15, even in the extreme unrealistic case of a mandatory start
hours in the real thymus, hence we think of our simulation steps as

representing a time period 6f6 h (the minimum time required for V;Illth ﬁ rearrar;)gement (F.ISI' 4f)' CeIII divisions |fn th@épathway

cell division). Data shows that thymocytes do not usually performt us have to be responsible for a large part of diiey ratio.

more than one division per day on average (38). Specific measure- . ) )

ments of cell divisions followingg-selection suggest that cells Random TCR gene rearrangement is compatible withdCR
passing this checkpoint perform about eight divisions in the cours&!€lic inclusion

of 4 days (39). Later, cells that are positively selected may perfornrDur main goal was to understand T€Rearrangement; hence we
one or two additional divisions before leaving the thymus (40).studied the fate of productively rearranged T&CRlleles. We
Hence, in our simulations, values Bf;,; around 0.5, and lower asked whether multiple rearrangements are necessary for recon-
values forPy;,.z, are reasonable. structing the experimental observations such as the fractian of
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20.0 allele-unbiased or same allele-biased rearrangement. The second
®—@ No editi . . .
T e Uz;a:g:igalphaediting type of bias is a preference to use thel5segments first. We used
4--—-¢ Biased alpha editing H B H
15.0 ¢, 2 Gammma int aipha sditing a parameter calleBs,, which took the value 0 if the choice df,

segments was completely random, and 1 if the probabilities were
biased. We only used a modest bias: wiRgn= 1, the probability
of choosing the most’5), segment available is twice the average,
and the probability of choosing the mostB/ segment available
is 0, while the probabilities of choosing intermediate segments
changes linearly between the latter values. This still leaves some
60 01 02 03 04 05 randomness in the choice of segments, and does not force a com-
pletely ordered rearrangement. Again, only théreme cases of
FIGURE 4. The ap:yd T cell ratio. Ratios obtained in simulations as P5, = 0 andPs, = 1 were simulated, as the results fall between
function of the probability of starting with rearrangement of a TGiRele. these extremes when intermediate values are used. When we
Since there are two such allel€%,; = 0.495 means that the probability of refer to “biased rearrangement” or “biased receptor editing”
starting with a TCR rearrangement is 0.98 1 — Py, that is, starting with \yith ot giving details, we mean that we used both types of bias,
8 rearrangement is obligatory. “Biased editing” means we usggd.P= ie. P - —
P5’ =1. 1 allele o 5 . . .,

Not surprisingly, the percent of “double productives” de-
creased with the increase Bf,4 the death probability of “auto-
reactive” cells (Fig. 5). The effect on the percentwf‘double

sidual & rearrangements. To answer this, we studied the effects o?r(_)ductlves was no_t very strong, but it was consistent. I_n simu-
tions performed with biased rearrangements, the fractioa of

changes in simulation parameters, especially the degree of order |ﬁ - .
~double productives” was lower than the observed (and no higher

rearrangement and the death probabilities, on results such as thd X : : L2
fraction of  “double positives”. than that obtained with no multiple rearrangements at all): it did

In each simulation, we recorded the numberg T cells that ~ Not exceed 15% even for low valuesff,and/orP, (even when
have matured with botk alleles productively rearranged. In one they were both set to 0; data not shown). Only when we simulated
series of simulationsP,, was maintained at 0.1, while,,. was unbiased multlp]e rearrangements did we get hlgher fract_lons of
varied between 0.1 and 0.9. In another series of simulatieys, “double productives” (up to 25%). The conclusion from this result
was maintained at 0.7, whil,,, was increased from 0.1 t0 0.9. In i that the experimental observations imply thatarrangements
each series, simulations were performed without secondasy are not biased, at least not as or_dered as receptor editing in B cells:
arrangements or with biased or unbiased multipleearrange- S€€ms to be. Furthermore, multiple unbiased rearrangements mus
ments. The latter terms can be explained as follows. There are tw€ combined with a relatively weak negative selection to explain
types of bias that can be applieddoearrangements. The first type the observed 26% af “double productives.”
of bias is a preference to rearrange the same allele that was rear-
ranged last. In our simulations, we used a parameter cBlggl.,
which took the value 0.5 if there was no preference, the value 1 i
there was absolute preference to rearrange the last-rearranged [garrangements per allele?
lele (unless it was impossible), and the value 0 if there was abso@ur result on unbiased TGRrearrangement agrees with the ex-
lute preference to rearrange the other allele. Intermediate valuggerimental measurement af“double expressors,” implying that
would mean partial preference; but as the effects of allele bias werthere is no order in TC® rearrangement. However, we cannot
not usually very large, we only used the values 0.5 or 1, that iscompletely exclude the possibility that some small degree of order

of:y8 Ratio

“double positives” and the fractions ef T cells containing re-
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FIGURE 6. Rearrangements per allele. The distribution of number of %601 02 03 04 05 0.5 10 0.5 1.0
rearrangements per TGRallele in: A) a representative generic simulation P(RS ) Pdas Pdo

with Py,s = 0.7, and B) a simulation wity, = 0.2, with all other pa-  FIGURE 7. Residual TCR rearrangements iag T cells. The fraction
rameter values remaining at default values (Table I). of af cells that have a rearrangédallele vs R (A), Vs Py, (B), and vs

P4. (C). The percent of productively rearrang&dilleles, out of the rear-

rangeds alleles found inaf cells, vsPgs (D), VS Py, (E), and vsPy,, (F).

Each point is an average of at least three simulations; error bars were not
does exist in the biological system, and is masked by a large numndicated, to make the figures clearer, but the typical variability was similar
ber of rearrangements per cell. EverPif,.., the probability for  to that in Fig. 5.
staying on a previously rearranged allele during a single rearrange-
ment attempt is relatively high, the probability for staying on a
previously rearranged allele after multiple rearrangements still de-
creases as the number of rearrangement attempts increases. Wil be 0.69. The effective value obviously decreases if we assign
demonstrate this point, we show in Fig. 6 the distribution of thea larger death probability to negatively selected cells.
number of rearrangements per allele obtained in our simulations In the simulations, the fraction of “potentially autoreactives”
for the “default” parameter set (Table 1) and unbiased rearrangedecreased from the60% predicted above for loR,,, to <30%
ment. This number was usually 3 or less, but in some cases was asth high P4, or P, which clearly shows the strong dependence
high as 6, giving up to 12 rearrangements per cell. Even with onlyon negative selection (Fig. 5). This result was independent of re-
six rearrangements per cell, and wi, .. as high as 0.9, the arrangement order, as predicted by our analytical considerations
probability of staying on a single allele throughout six rearrange-above. It would be interesting to compare this value to experimen-
ments will be P,.0)° Which is only ~0.59 for P, = 0.9, tal measurements, if and when these become available.

largely masking the inherent order. ] )
Residual TCR rearrangements i3 cells

Prediction: a potentially high fraction of TGRdouble-

I . We next considered the rearrangement status of @lRles in
expressors will carry an autoreactive receptor

aB T cells. There can be at most one rearrangatlele within the
One of the advantages of modeling is that it enables us to make locus on the chromosome in a matwtg T cell. Our analysis
predictions on quantities not previously measured in experimentqFig. 3) shows that, in a model of strictly ordered rearrangentgnt (
In the simulations described above, we have also counted the numy, B, «), without multiple rearrangements, the fractionog cells
ber of « “double positives” in which the second allele (that which containing a surviving rearrangédallele within thea locus would
did not result in positive selection and maturation of the cell) en-be at most 53.6%. With multiple rearrangements, this value be as
coded ana-chain resulting in an autoreactive (vs nonselected)high as 89% (see legend to Fig. 3). However, this is only an upper
TCR. This is a worst-case estimate only, because it is obtainebound, derived in the case of strict allele bias, and wiRer 1,
under the assumption that a cell is selected only according to it®; being the probability that a cell will succeed in rearranging a
last rearrangement. nonautoreactive TCR-chain gene on one allele only. Hence, we
Theoretically, the fraction of “autoreactive double-positives”  again turned to the simulation, recording the status afleles,
should only depend on the last rearrangements on both alleles. Theherever there are undeletédalleles, in maturea3 T cells.
last of the two rearrangements will be the one that the cell wagWhen the rearrangedlallele is productive, the cell has become an
positively selected upon, but the previous one, being productivee T cell because no productive rearrangement of $CGias
must be either an anti-self rearrangement or a “neglected” oneachieved on either allele.) In these simulations, values above 60%
Thus, we expect the fraction of cells expressing a “potentially au-are only observed when there is order, and not with random rear-
toreactive” TCRx allele to be at mostP(—sel)/[P(—sel) + rangement (Fig. 7). Thus, high fractions®8 T cells with chro-
P(0sel)], whereP(—sel) is the probability that a cell is negatively mosomald rearrangements imply some degree of order in ®CR
selected because its second to last rearrangement resulted in @arrangement, although masked by the large number of rearrange-
autoreactive receptor, ari(Osel) is the probability that a cell is ments per cell. Since we have concluded above that high fractions
neither negatively nor positively selected after its second to lasbf « “double productives” require a low degree of rearrangement
(productive) rearrangement. With(—sel) = 0.67 andP(0sel) = order, it is unlikely that there are high percentagespfT cells
0.30, the maximum fraction of “autoreactive™double-positives”  with chromosomal rearrangements. As the currently published
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experimental measurements (22) do not clearly distinguish beratio cannot be explained without multiple rearrangements. In con-
tween chromosomal and extrachromosomal residu@arrange-  trast to thex:A ratio in B cells, however, high values of tlg3:yd
ments, future measurements of residdakarrangements on the ratio cannot be obtained without also taking cell division into ac-
chromosomes will reveal further information on the degree of or-count. The ratio increases with the number of cell divisions #ter
der in TCR gene rearrangement. selection and after thymic selection. Conversely, the ratio de-
The fraction ofaf cells with a surviving rearranged allele creases when we increase the death probabilities of cells that fail
increases with the probability of starting with rearrangement B selection o selection. Additionally, thexB:+yé ratio increases
(Fig. 7A). It also increases when we increase either one of thevith the probability that 8 rearrangement will precedé
death probabilities forB cells (Fig. 7,B and C). Again, this is  rearrangement.
because the smaller number of rearrangements per cell obtained
for higher death probabilities may allow the order in rearrange- ) . N
ment to be observed. The fraction of TCR “double-productives
As an additional test of our simulations, we studied the fractionThe measure for the extent of allelic exclusion, or rather allelic
of productives rearrangements within the rearrandgealleles. All inclusion, in T cells, is the fraction of TGR‘double-productives,”
analytical models predict that this fraction would converge to aT cells that carry productive TGRrearrangements on both alleles.
value of 20%, which is within the range of experimentally ob- Theoretical models predict that secondary rearrangements are nec-
served values. Our simulations are also compatible with this obessary to explain the experimentally observed fraction of up to
servation, the value of 1% 3% is obtained. Even when the rear- 26% TCRx “double-productives.” Our simulations examined the
rangement process is not strictly sequential, we get similar resultdependence of this quantity on the degree of order in & Gr-
(Fig. 7,C-E). rangement and on selection probabilities. Fractions of d @Bu-
ble-productives higher than 20%, as observed experimentally, are
. . obtained in our simulations only when we allow multiple TE€R
Discussion rearrangements but assume they are unbiased, as in Mason’

This paper is one of two studies that address the relationship bénodel. Thus, the results of these simulations cannot exclude the =
tween the allelic exclusion paradigm and the rapidly accumulatindlypothesis that multiple rearrangements in T cells are random, 5
evidence for multiple rearrangements of Ag receptor genes in lymrather than ordered as was found for the B cell light chain.
phocytes. The first study showed how allelic exclusion in B cells

is maintained by the combination of ordered rearrangements anﬁ:l
strong negative selection. Here, we extended our computer simu-
lation of Ag receptor gene rearrangement to study rearrangeme# novel quantity defined in this study, for which no observations
of TCR genes. We examined random vs ordered models of TCF@XiSt, is the fraction of cells with an autoreactive receptor among
gene rearrangement, and the interp|ay between this process aﬂaﬁ TCRx dOUb'e-prOdUCtiVes. This fraction is independent of mul-
thymic selection. Our simulation takes into account stochastic retiple rearrangements, because it depends only on the last rearrangez
arrangement of the TCR variable region genes from their Correments on the two alleles. However, we found that the fraction of (é
Sponding V(D)J gene segment libraries, several selection S%ps ( autoreactive dOUble-prOdUCtiVeS is hlghly sensitive to the death g
selection; positive and negative selection of T@R-expressing rate of autoreactive thymocytes. If this rate is low, as it must be to Q
cells), cell division, and cell death. The simulation follows eachdet 26% “double-productives,” then the fraction of autoreactive #
TCR clone from the start of rearrangement and records the fate gfouble-productives can be as high as 70%. This value is only an §
all daughter cells. We studied the properties of the emerging T ceMpper bound, since it was obtained for the case in which the cell is >
repertoires under Varying assumptions Concerning the degree éﬁlected Only aCCOfding to its last rearrangement. OtnerWise, thls“é
order in the process of rearrangement. The main conclusions of tHeumber will be lower, and will also depend on the relative expres-
present study are the following. 1) High values of thj&y5 ratio sion levels of the two receptors, which are not addressed by the &
cannot be obtained with multiple rearrangements alone; cell divicurrent model. More experimental data would be beneficial for &
sion must also be taken into account. 2) Multiple rearrangementgettling this issue, which may help elucidate instances of escape ®
of TCRa genes are most likely random, rather than ordered. 3) Afrom central tolerance in T cells.

high fraction of TCRy “double-productives” may express an au-
toreactive receptor. 4) The fraction of residdakarrangements in

aB T cells that are productive is20%, in agreement with exper-
imental observations, thus confirming the accuracy of the analytT he fraction of residual rearrangédlleles ina T cells may also

ical models. These conclusions are discussed in detail below. be helpful in revealing the details of the rearrangement process,
due to the nesting of th&locus within thex locus. The amount of

. residual TCR DNA in a3 T cells was observed experimentally to

The ap:y3 ratio be as high as 80%; however, most of these rearranged alleles prob-

One of the measurable quantities that has received much atteably exist on extrachromosomal excised DNA circles (22). Our
tion in the literature is thexB:y ratio in thymocytes and mature analysis of chromosomal rearrangements predicts that this value
T cells, which can be 20:1 or even higher, depending on the tissuwill very between 45 and 89%, depending on the parameters of
studied. Theoretical predictions based on models that do not inTCR« editing. Our simulation confirms this prediction. Thus, these
clude multiple rearrangements fall around 2:1, which is far fromsimulations can be used, in conjunction with future experimental
the experimentally observed range of values. The difference wameasurements of the fraction af3 T cells containing TCR re-
attributed to cell division. We set out to check to what extentarrangements on chromosomes, to estimate currently unknown pa-
multiple rearrangements may serve as an alternative explanatiomameters, such as the death probability of unselected cells or the

In our simulations, values compatible with the experimental ob-probability of rearranging beforep. In our simulations, the frac-
servations were obtained only in the presence of multiple @CR tion of rearranged alleles inaB T cells increases when we in-
rearrangements. This is similar to our finding in B cells thatktle  crease the death probabilities of unselected or negatively selected
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ap-expressing thymocytes, because an increase in a death probacknowledgments
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