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we observed no statistically significant change in
the distribution of B values between AGI-5198—
and vehicle-treated tumors (Fig. 4B) (supplemen-
tary materials).

We next examined the kinetics of histone de-
methylation after inhibition of the mutant IDH1
enzyme. The histone demethylases JIMJD2A and
IJMID2C, which remove bi- and trimethyl marks
from H3KO9, are significantly more sensitive to
inhibition by the R-2HG oncometabolite than other
2-OG—dependent oxygenases (8, 9, 14, 25). Re-
storing their enzymatic activity in /DHI-mutant
cancer cells would thus be expected to require
near-complete inhibition of R-2HG production.
Consistent with this prediction, tumors from the
450 mg/kg AGI-5198 cohort showed a marked
decrease in H3K9me3 staining, but there was no
decrease in H3K9me3 staining in tumors from
the 150 mg/kg AGI-5198 cohort (Fig. 4C) (fig.
S11). Of note, AGI-5198 did not decrease H3K9
trimethylation in /DHI-wild-type glioma xeno-
grafts (fig. S12A) or in normal astrocytes (fig.
S12B), demonstrating that the effect of AGI-
5198 on histone methylation was not only dose-
dependent but also IDH1-mutant selective.

Because the inability to erase repressive H3K9
methylation can be sufficient to impair cellular
differentiation of nontransformed cells (/6), we
examined the TS603 xenograft tumors for changes
in the RNA expression of astrocytic (GFAP, AQP4,
and ATP1A2) and oligodendrocytic (CNP and NG2)
differentiation markers by real-time polymerase
chain reaction (RT-PCR). Compared with vehicle-
treated tumors, we observed an increase in the ex-
pression of astroglial differentiation genes only in
tumors treated with 450 mg/kg AGI-5198 (Fig. 4D).

Despite its inability to reverse H3K9 trimeth-
ylation and induce gliogenic differentiation mark-
ers, the lower dose of AGI-5198 (150 mg/kg)
resulted in a similar tumor growth inhibition as
the higher dose of AGI-5198 (Fig. 4E) (fig. S13).
Induction of the differentiation gene-expression
program was thus associated with H3K9me3
demethylation but not required for tumor growth
inhibition by AGI-5198, suggesting that mutant
IDH regulated proliferation and differentiation in
glioma through distinct effector programs with
differential sensitivity, kinetic response, or revers-
ibility to the R-2HG oncometabolite.

To identify pathways that are associated with
the growth-inhibitory effects of AGI-5198, we
ran Affymetrix RNA expression arrays. Many
of the genes that showed significant changes
in expression in both AGI-5198-treated cohorts
relate to cardiovascular system development and
tissue morphology (table S2) (supplementary
materials). Interestingly, vascular abnormalities
and disturbed collagen maturation were recently
reported as the most prominent phenotype in
mice with brain-specific expression of R132H-
IDHI (17).

When viewed on a genome-wide scale, the
150 mg/kg dose of AGI-5198, which was suf-
ficient for maximal growth inhibition, showed
only small effects on RNA expression patterns

because 150 mg/kg-treated xenografts clustered
with the untreated tumors (fig. S14). Furthermore,
an integrated analysis of the DNA methylation
and RNA expression data showed no correlation
between changes in RNA expression and changes
in DNA methylation (fig. S15). Together, these
data suggest that mutant IDHI may promote
glioma growth through transcriptional and non-
transcriptional mechanisms that are independent
of its epigenetic effects.

In summary, we describe a tool compound
(AGI-5198) that impairs the growth of R/32H-
IDHI-mutant, but not /DHI wild-type, glioma
cells. This data demonstrates an important role
of mutant IDHI in tumor maintenance, in ad-
dition to its ability to promote transformation in
certain cellular contexts (/4, 26). Effector path-
ways of mutant IDH remain incompletely un-
derstood and may differ between tumor types,
reflecting clinical differences between these dis-
orders. Although much attention has been directed
toward TET-family methyl cytosine hydroxy-
lases and Jumonji-C domain histone demethyl-
ases, the family of 2-OG-dependent dioxygenases
includes more than 50 members with diverse func-
tions in collagen maturation, hypoxic sensing,
lipid biosynthesis/metabolism, and regulation of
gene expression (27). Our study suggests that a
broader investigation of the role of these enzymes
in /DHI-mutant glioma may be warranted.
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Disparate Individual Fates Compose
Robust CD8* T Cell Immunity

Veit R. Buchholz,™* Michael Flossdorf,>3* Inge Hensel,* Lorenz Kretschmer," Bianca Weissbrich,*
Patricia Grif,® Admar Verschoor,® Matthias Schiemann,* Thomas Héfer,>3t Dirk H. Busch™*>t

A core feature of protective T cell responses to infection is the robust expansion and diversification
of naive antigen-specific T cell populations into short-lived effector and long-lived memory
subsets. By means of in vivo fate mapping, we found a striking variability of immune responses
derived from individual CD8" T cells and show that robust acute and recall immunity requires
the initial recruitment of multiple precursors. Unbiased mathematical modeling identifies the
random integration of multiple differentiation and division events as the driving force behind
this variability. Within this probabilistic framework, cell fate is specified along a linear
developmental path that progresses from slowly proliferating long-lived to rapidly expanding
short-lived subsets. These data provide insights into how complex biological systems implement
stochastic processes to guarantee robust outcomes.

(1), a single naive lymphocyte should be

Following Burnet’s clonal selection theory
the smallest unit from which an adaptive

immune response can originate, providing both
protection to acute infection and lasting memory
to reinfection. Indeed, upon infection an individ-
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ual CD8" T cell can generate a phenotypically
and functionally diverse progeny that encompasses
both short- and long-lived subsets (2, 3). Thus, in-
dividual T cells possess a stunning capacity for di-
versification (4). However, how this capacity is
channeled to generate reproducible immune re-
sponses tailored to a specific invading pathogen is
unknown. Two mechanisms to achieve this goal
can be envisioned: (i) a single-T cell-derived
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response follows a defined expansion and diver-
sification pattern, thus guaranteeing a robust rela-
tionship of input and response on the single-cell
level; or (ii) this relationship only becomes robust on
the level of multiple T cells responding to antigen, as
a population integral of variable individual fates. Fur-
thermore, it remains unresolved in which devel-
opmental order long- and short-lived subsets arise;
different models propose either subset as a prede-
cessor of the other (5, 6) or suggest asymmetric cell
division as key to their simultaneous generation (7).

To provide a comprehensive understanding of
these issues for CD8™ T cells, we have combined
an adoptive transfer approach that allows map-
ping the fate of multiple single-cell-derived prog-
enies in vivo with mathematical modeling. We
crossed OT-1 T cell receptor (TCR)—transgenic
mice, whose CD8" T cells are specific for the
SIINFEKL peptide from chicken ovalbumin (OVA)
presented on major histocompatibility complex I,
to C57BL/6 mice expressing the congenic mark-
ers CD45.1 and/or CD90.1 in a homo- or hetero-

REPORTS

zygous fashion. Thereby, we created a matrix of
eight TCR-identical OT-I donor lines, distinguish-
able from one another and from C57BL/6 re-
cipients by their congenic phenotypes (Fig. 1A).
Antibody labeling allowed us to discriminate matrix
donors from one another and from the CD45.2/
CD45.2-CD90.2/CD90.2 recipient C57BL/6 mice
(fig. S1). Successive high-purity single-cell sort-
ing of CD8"CD44"" cells (fig. S2) displaying
homogenous TCR expression levels and naive
phenotype (fig. S3) enabled the assembly of eight
individual OT-I matrix cells for subsequent adop-
tive transfer (fig. S4). To assess the expansion
and diversification of single CD8" T cell-derived
progenies into effector and memory subsets, we
infected recipient mice with recombinant Listeria
monocytogenes—expressing OVA (L.m.-OVA). In
our hands and as previously shown (8), the dif-
ferentiation and expansion patterns of low num-
bers of transferred OT-I T cells closely mirrored
those of endogenous SIINFEKL epitope-specific
T cells (fig. S5). Simultaneous adoptive transfer
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of 100 OT-I T cells of each matrix phenotype
(“8x100” transfer) led to comparable expansion
and subset diversification of all eight matrix pop-
ulations (Fig. 1B, top row, and fig. S6).

To compare the progenies of individual cells
and cell populations, every C57BL/6 recipient
received seven single-matrix OT-I cells (matrix
components A to G) and one congenic popula-
tion consisting of 100 matrix OT-I cells (matrix
component H) in a combined “7x1 plus 1x100”
transfer (Fig. 1B). Independent of matrix pheno-
type, descendants were recovered from ~28% of
transferred single cells (Fig. 1C). This indicates
that a transferred 100-cell matrix population con-
tributes on average 28 detectable single-cell-
derived progenies to the overall response. Indeed,
the means of single- and 100-cell-derived prog-
eny sizes scaled according to this prediction (Fig.
1D). However, size distribution of single-cell—
derived progenies was remarkably broad, ranging
over three orders of magnitude (Fig. 1D). By day
12 after infection, most single cells had generated
numbers of descendants well below the mean of
~4000 cells per spleen (“dwarfs”), whereas very
few expanded massively, generating up to 70,000
descendants (“giants”) (Fig. 1, B, bottom row,
and D). The number of descendants recovered
from the spleen tightly correlated to a progeny’s
overall expansion in spleen, lung, and lymph nodes
(fig. S7). Highly disparate single-cell-derived ex-
pansion occurred within individual recipients
(Fig. 1B, bottom) and could neither be accounted
for by inter-individual infection variability nor var-
iable expression of additional TCRs on transferred
OT-I T cells (figs. S8 and S9). We could recreate
in silico the much narrower distribution of 100-cell-
derived populations through repetitively drawing
28 random samples from our single-cell-derived
data set (Fig. 1, D and E). The skewed size dis-
tribution of single-cell progenies leads to 5%
of naive precursors generating over 50% of all
descendants (Fig. 1E). Similarly skewed expan-
sion patterns were observed before the contrac-
tion phase, at day 8 after infection (fig. S10),
making it unlikely that cell death substantially
shapes disparate single-cell-derived progeny sizes.
Single-cell-derived responses remained equally
skewed when individual precursors were trans-
ferred without a 100-cell control population
(fig. S11), excluding any unphysiological com-
petitive pressure as the cause of skewness. A
different immunization using systemic infection
with Vaccinia virus—expressing OVA (Vaccinia-
OVA) yielded congruent results (fig. S12). Thus,
within a monoclonal population of T cells the bulk
of infection-driven expansion is based on the pro-
liferative activity of a small fraction of recruited
precursors.

To probe the physiological consequences of
heterogeneous single-cell-derived expansion, we
analyzed surface markers associated with mem-
ory development. Strikingly, most single-cell—
derived progenies expressed significantly higher
levels of memory markers CD62L (9) and CD27
(10) than expected from the expression patterns

of 100-cell-derived populations (Fig. 2, A to C,
and figs. S13 and S14). However, the rare single-
cell progenies that had expanded to giants were
strongly biased for CD27 CD62L" effector pheno-
type (Fig. 2D, top left). This inverse relation be-
tween proliferation and memory phenotype (Fig. 2,
D to F, and figs. S13 and S14) accounts for the
different distribution of memory markers in single-
cell progenies and 100-cell-derived populations,
as shown by composing 100-cell transfer data from
single-cell progenies in silico (Fig. 2, B and C).
Next, we studied the production of cytokines.
Autochthonous interleukin-2 (IL-2) production
during primary infection signifies memory or
memory precursor cells (9, 11, 12). Coproduction
of interferon-y (IFN-y) is characteristic of multi-
functional cells, the presence of which is thought
to predict vaccination success (/3). Similar to the
expression pattern of surface memory markers,
most single-cell-derived progenies showed a
higher percentage of IL-2 and IFN-y producers
than expected from population analysis (Fig. 3, A
to C). Whereas expression of IL-2 was essen-

tially absent and IFN-y production low in giant
progenies with a dominant effector phenotype,
the opposite was true for the abundant dwarfs
(Fig. 3, D to F). These also expressed less T-box
transcription factor expressed in T cells (T-bet)
and showed a trend toward higher eomesodermin
(Eomes) expression than that of their giant coun-
terparts (Fig. 3G). The association of Eomes with
memory and T-bet with terminal effector fate
(14-16) was further confirmed by their opposing
correlation patterns in relation to expression of
CD62L, CD27, and short-lived effector cell mark-
er Killer-cell-lectin-like-receptor-G1 (KLRG1)
(Fig. 3H) (17). Thus, heterogeneous single—T cell—
derived expansion was reproducibly accompa-
nied by a relative reduction of memory precursor
characteristics—on the level of phenotype, func-
tion, and transcription factor expression.

To alter stimulus strength, we delayed transfer
of single T cells to day 3 after infection. As ex-
pected, this reduced mean response size (18).
However, size variability between single-cell prog-
enies remained virtually unaffected (fig. S15).
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Fig. 2. Fraction of memory precursor phenotype cells de-
creases in expanding progenies. (A to F) Progeny recovered from
the spleens of 47 C57BL/6 recipient mice at day 12 after intra-
peritoneal transfer of CD8*CD44"" OT-I matrix cells and intra-
venous infection with 5 x 10® L.m.-OVA. C57BL/6 mice received a
single OT-I cell of each matrix phenotype A to G and 100 cells of
phenotype H. (A) Representative pseudo-color plots showing size as
well as CD27 and CD62L phenotype of expanded progenies in one
recipient. (B) Scatter plots depict percentage of CD62L-expressing
cells of single-cell—derived (full circles) (n = 93), 100-cell—derived

(white squares) (n = 47), or 100-cell—derived progenies mathemat-
ically modeled from the single-cell—derived data set (white triangles). Bars indicate median. (C) As in (B),
but for percentage of CD27-expressing cells. (D) Representative pseudo-color plots showing CD27 and
CD62L expression of large to small single-cell—derived progenies together with phenotype of 100-cell—
derived progenies in the same recipients. (E) Scatter plots depict correlation of size and percentage of
CDé62L-expressing cells of single-cell—derived (full circles) and 100-cell-derived progenies (white
squares). (F) As in (E), but for percentage of CD27-expressing cells.
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Thus, global alteration of immune response param-
eters proved unfit to reach mechanistic insight
into how variability develops on the single-cell
level. To provide more insight, we asked whether
single-cell progenies at the peak of the immune
response contain a “footprint” of their individual
differentiation and proliferation histories. For un-
biased computational analysis of this question,
we constructed all possible diversification pathways
of a single naive cell into three derived subsets:
central memory precursor (TCMp; CD27 'CD62LY),
effector memory precursor (TEMp; CD27'CD62L),
and effector cells (TEF; CD27 CD62L"). Allowing
for both unidirectional and reversible differentia-
tion steps and subset-specific proliferation rates,
we obtained 304 distinct pathways of T cell di-
versification from the general scheme (Fig. 4A)
and translated these into stochastic dynamic
models (fig. S16) (/9-21). Only two models

[in Fig. 4B, model 1, ~10% of cells develop directly
from naive to TEMp, which could be due to a frac-
tion of naive cells dividing asymmetrically (fig.
S19); model 2 fits the data nearly as well without
this transition]. The proliferation rates increase
along this pathway, with TCMp cells proliferat-
ing substantially slower than TEMp and TEF
cells (figs. S17 and S19). The linear diversifica-
tion model correctly reproduces the inverse cor-
relation between memory marker (CD62L and
CD27) abundance and size of single-cell proge-
nies at day 8 after infection (Fig. 4D and fig.
S20). To further test the model, we simulated and
subsequently measured these sizes and correla-
tions at day 6 after infection (Fig. 4D and fig.
S21) as well as the proliferation rates at days 3
and 4 after infection (fig. S22), finding agreement
between model and experimental data. Relying
only on single-cell progeny data from day 8 after

REPORTS I

Our model identifies the initial events in each
single-cell progeny’s developmental history as the
drivers of variability. As long as the number of
daughter cells is very low (up to ~10 descend-
ants), the stochastic timing of proliferation and
differentiation events (mediated through intrinsic
and/or extrinsic cues) will cause individual prog-
enies to differ strongly from one another. These
differences are stably propagated when larger cell
numbers are reached (Fig. 4F). In particular, the
early transition of single-cell-derived descend-
ants into higher proliferative states can give rise
to giants dominated by rapidly expanding TEMp
and TEF cells (fig. S23). Overall, our data imply
that robustness of CD8" T cell immune responses
requires participation of ~50 naive progenitors
(fig. S24).

Single-cell progeny size correlated strongly
with the size of TEMp and TEF compartments

™
provided a good fit to the experimental data, infection, the model correctly predicted the and only weakly with the absolute number of p
with all parameter values being identifiable  phenotypic composition of an expanding T cell TCMp cells (Fig. 4G), despite the existence of N
within narrow bounds (Fig. 4B and fig. S17).  population over days 1 to 8 after infection (Fig.  a strong inverse correlation between the relative ‘—T
All remaining 302 models fit the data poorly 4E and fig. S22). Thus, our data imply a linear  fraction of TCMp cells and progeny size (Fig. c:\
(Fig. 4C and fig. S18). The two fitting models  framework of CD8" T cell differentiation, with 4D, left). This implies that a progeny’s primary g
predict a linear framework of differentiation, fol-  slowly proliferating memory precursors giving  size is a poor predictor of its expansion poten- =
lowing the pathway naive—>TCMp—TEMp—TEF  rise to rapidly expanding effector cells. tial upon secondary challenge. To examine this (s}
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Fig. 3. Fraction of cells with memory precursor function and re-
spective transcription factor profile decreases in expanding progenies.
(A to F) As in Fig. 2, A to F, but for percentage of IL-2— and IFNy-expressing
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cells. (G and H) Scatter plots depict mean fluorescence intensity (MFI) of
Eomes (red dots) and T-bet (gray dots) correlated to (G) size or (H) MFI of CD62L,
(D27, and KLRGL of single-cell-derived progenies.
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Fig. 4. Stochastic progression along a linear differentiation pathway
underlies CD8* T cell diversification. (A) Model scheme allowing for all pos-
sible diversification pathways from naive to TCMp, TEMp, and TEF subsets, with
subset-specific differentiation (straight arrows) and proliferation (curved arrows)
rates. (B) Unique model structure that accounts for the experimental data. (C) Model
ranking with corrected Akaike information criterion; models having AAICc > 10 are
essentially unsupported by the data. Red bars indicate models including a
naive~TCMp differentiation step; gray bars indicate other models. (D) As in Fig. 2, E
and F, but for days 8 and 6 after infection; measured single-cell—derived progenies
(black dots), equal number of stochastic simulations (red dots), and probability
density (gray scale) of naive~TCMp—TEMp—TEF model. p.i, post-infection. (E)
Relative subset sizes at days 1 to 8 after infection predicted with the model ex-

clusively from day 8 single-cell progeny data (filled regions indicate 95% prediction
bands) and measured (circles) after transfer of 10,000 (days 1 to 4) or 100 OTI cells
(days 6 and 8). Error bars indicate SEM and are based on pooled variance for days
1 to 6. (F) Four simulations of single-cell progeny expansion. (G) Correlation of
absolute TCMp, TEMp, and TEF number versus total cell number; error bars, 95%
confidence interval. (H and I) Data (left) and model prediction (right) for relation of
(H) primary versus secondary and () secondary versus tertiary response size (largest
progeny = 100%, others scaled accordingly); log-log regression (red line); exper-
iment performed as in Fig. 2, but progenies recovered from peripheral blood at day
8 after primary (day 8 after infection), day 6 after secondary (day 42 after infection),
and day 6 after tertiary infection (day 235 after infection) with 5 x 10% L.m.-OVA,
1 x 10° L.m.-OVA, and 1 x 10° MVA-OVA, respectively.

hypothesis, we monitored the peak size of single-
cell-derived progenies during primary and sec-
ondary immune responses (fig. S25). Indeed,
peak size during secondary challenge was nearly
uncorrelated to primary progeny size, allowing
some “dwarfs” to expand up to 200-fold in rela-
tion to their primary size (Fig. 4H). However,
when animals were subjected to heterologous ter-
tiary challenge with Modified Vaccinia Ankara—
expressing OVA (MVA-OVA), we observed a
strong correlation to secondary response size
(Fig. 4I). Both data sets are in accord with the
naive—>TCMp—TEMp—TEF model when re-
call expansion is assumed to originate mainly
from TCMp populations (Fig. 4, H and I). To-
gether with similar findings gathered by means of
genetically labeling individual T cells (22), these

observations argue that memory content is not pre-
dicted by a single-cell progeny’s primary, effector-
dominated expansion, yet there is a robust and
predictable expansion pattern of recall responses
originating from populations of multiple memory
cells.

Collectively, our data suggest that the early
developmental histories of single-cell-derived
progenies shape their disparate fates, which com-
pose robust immunity only together, as distinct
variations on a shared developmental theme. Our
findings are reminiscent of stochastic precursor
progeny dynamics and proliferative hierarchies,
recently described as essential for stem cell-based
maintenance of tissue homeostasis (23, 24). By
shedding light on how the descendants of indi-
vidual T cells compose complex immune re-

sponses, we provide a framework for the strategic
design of future vaccination and adoptive immuno-
therapy approaches.
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Heterogeneous Differentiation
Patterns of Individual CD8" T Cells

Carmen Gerlach,**+ Jan C. Rohr,%?* Leila Perié,"> Nienke van Rooij, Jeroen W. ]. van Heijst,t
Arno Velds,* Jos Urbanus,® Shalin H. Naik,'§ Heinz Jacobs,” Joost B. Beltman,*3

Rob ]. de Boer,® Ton N. M. Schumacher?||

Upon infection, antigen-specific CD8™ T lymphocyte responses display a highly reproducible
pattern of expansion and contraction that is thought to reflect a uniform behavior of individual
cells. We tracked the progeny of individual mouse CD8* T cells by in vivo lineage tracing and
demonstrated that, even for T cells bearing identical T cell receptors, both clonal expansion and
differentiation patterns are heterogeneous. As a consequence, individual naive T lymphocytes
contributed differentially to short- and long-term protection, as revealed by participation of
their progeny during primary versus recall infections. The discordance in fate of individual naive
T cells argues against asymmetric division as a singular driver of CD8"* T cell heterogeneity and
demonstrates that reproducibility of CD8* T cell responses is achieved through population

averaging.

he murine naive T cell repertoire contains
I about 100 to 1000 CD8" T cells specific
for a given antigen (/, 2), which upon
antigen-recognition proliferate to produce up to
107 progeny (2—4). After pathogen clearance, the
numbers of antigen-specific T cells decline by 90
to 95%, leaving behind a population of memory
T cells (5). This characteristic T cell response
kinetic is accompanied by differentiation into
functionally distinct subsets (6, 7).

Although the patterns of T cell differentiation
and response kinetics are highly reproducible for
a given infection, it is unclear how this reproduc-
ibility is controlled. Single-cell tracing studies
have unambiguously shown that individual naive
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T cells are able to yield both effector and memory
cells (8, 9). However, the relative contribution of
individual naive T cells to the effector and mem-
ory pools has not been determined. Reproduc-
ibility of T cell responses could be controlled at
the single-cell level, with each naive T cell pro-
ducing the same types and amount of progeny,
and asymmetric division of T cells (/0) would
provide a mechanism to ensure such equal rep-
resentation. Alternatively, individual T cell fam-
ilies (i.e., one naive T cell and its progeny) may
show distinct sizes or phenotypes, with reproduc-
ibility manifesting itself only at the population
level. Both scenarios predict very different mech-
anisms behind protection to renewed infection. In
the former, a defined fraction of each family pro-
vides long-term memory; in the latter, some T
cell families could primarily convey short-term
protection, whereas others could mostly yield
memory cells.

We aimed to distinguish between these two
potential mechanisms for T cell reactivity during
primary and renewed infections by in vivo lin-
eage tracing of individual naive CD8" T cells.
Combination of a previously established DNA
barcode—based lineage tracing technology (9, 17—13)
with second-generation sequencing allowed quan-
tification of individual T cell families with sub-
stantial accuracy [quantification and correction
procedures are described in fig. S1 and (/4)]. To
track individual T cells in a system in which dif-

ferences in T cell receptor (TCR) affinity do not
influence cell fate, we generated naive TCR-
transgenic OT-1 T cells [which recognize the
SIINFEKL (E, Glu; F, Phe; I, Ile; K, Lys; L, Leu;
N, Asn; and S, Ser) peptide presented on H-2K"]
that each carry a unique DNA barcode (9). Mice
transferred with physiological numbers of these
cells were then infected with Listeria monocytogenes
expressing SIINFEKL (LM-OVA), and barcode
sequencing was used to quantify the progeny of
individual naive T cells.

Analysis of the contribution of individual T
cells at the peak of the immune response revealed
the number of progeny produced by individual T
cells to be highly variable (Fig. 1A, controls in
fig. S2) and, on average, the “dominant” naive T
cell produced 400-fold more offspring than the
median naive T cell within the same animal (Fig.
1B). As a consequence, about 60% of the total
OT-I T cell pool was derived from only 5% of
naive OT-I cells (Fig. 1C). Although ~50% of
OT-I families consisted of fewer than 200 daugh-
ter cells, these minifamilies had formed as a con-
sequence of TCR triggering rather than bystander
or homeostatic proliferation (fig. S3A). The nu-
merical dominance of a small number of T cell
families was unrelated to rearrangement of the
endogenous TCR loci, because LM-OVA—induced
responses of OT-I Rag2 "~ T cells were also
biased toward few families (fig. S3, B to D). Fur-
thermore, family-size disparity was independent
of the number of responding OT-I families (range
evaluated:17 to 874 families per animal, fig. S3E),
arguing against competition between the transferred
cells as a confounding factor.

To evaluate whether these results were in-
fluenced by the retroviral integration sites of bar-
codes, we developed a transgenic mouse strain
(BCM) that allows DNA barcode generation in
vivo at a defined genomic locus (fig. S4A). After
LM-OVA infection, OT-I T cells harboring such
endogenously generated barcodes also displayed
a marked variability in clonal output (fig. S4, B
and C). Thus, T cell fate is also disparate when
cells are tagged at a specific genomic site.

Strong disparity in the number of progeny of
different naive T cells constitutes a robust feature
of T cell responses, observed upon infection with
different doses of LM-OVA (Fig. 1D), in high-
and low-affinity TCR-antigen interactions (Fig.
1E) and upon pulmonary influenza infection
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