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SUMMARY

Upon first antigen encounter, naive CD8* T cells
get activated, clonally expand, and can develop
into very distinct subsets, such as short-living
effector cells or different memory subpopula-
tions. The origin of subset diversification is cur-
rently unknown, but qualitative and quantitative
differences in early signals received by individ-
ual precursor cells have been suggested as
a major determinant. We show that transfer of
a single antigen-specific naive T cell into a nor-
mal recipient mouse allowed recovery of clon-
ally expanded daughter cells upon immuniza-
tion. With this experimental approach, we
conclusively demonstrated that a wide range
of diversity could develop out of a single pre-
cursor cell, including different types of effector
and memory T cells. Interestingly, single-cell-
derived subset diversification resembled that
of polyclonal T cell responses in the same indi-
vidual mouse, although differentiation patterns
differed between immunization strategies.
These data implicate that subset diversification
is both shaped and synchronized during the
expansion phase.

INTRODUCTION

Upon initial priming, naive CD8* T cells can acquire a vari-
ety of effector functions, including cytotoxicity and cyto-
kine production (Wiliams and Bevan, 2006). Some of
these effector cells (Tg) respond with only a restricted
functional repertoire, whereas others can exert multiple
effector functions in parallel (such as production of inter-
feron gamma [IFN-vy], tumor necrosis factor alpha [TNF-o],
or interleukin 2 [IL-2]). Only a few primed cells are main-
tained long-term as memory T cells, a heterogeneous
population (Sallusto et al., 1999, 2004) comprising at least
two distinct subtypes: central memory (Tcn) and effector
memory (Tgwm) T cells. In the mouse, short-living Te express
low amounts of the IL-7 receptor alpha chain (CD127) and

downregulate L-selectin (CD62L) (Huster et al., 2004).
Long-living T cells are characterized by their constitutive
expression of CD127. CD62L expression is used to further
discriminate Tey (CD62LM9M) from Tey (CD62L°Y). Te
preferentially migrate to nonlymphoid tissues, where
some survive as Tgy for long periods of time (Masopust
etal., 2001; Reinhardt et al., 2001). Tgy are capable of rap-
idly activating effector functions but proliferate poorly in
response to antigen. In contrast, Tcy mainly home to lym-
phoid organs and vigorously re-expand upon antigen
re-encounter.

Several models have been proposed to explain the gen-
eration of subset diversity. The “progressive differentia-
tion” model (Sallusto et al., 2004) defines the generation
of subsets via a gradual differentiation process from
weakly to terminally differentiated cells, where variability
in “signal strength” (a multifactorial parameter comprising
TCR-MHC-peptide affinity, antigen concentration, and
access to costimulatory receptors and cytokines) during
the priming phase defines how far individual T cell clones
differentiate; this could be achieved by genetic imprinting
of a developmental program, which would guarantee the
transfer of similar characteristics to subsequent daughter
cells. Related to this model, it has been proposed that Ty
preferentially develop from naive precursor cells, which
are recruited at later stages into the immune response
(“latecomers”) (Catron et al., 2006; D’Souza and Hedrick,
2006). Alternatively, differentiation capabilities could be
predetermined within the repertoire of naive precursor
cells. In line with this hypothesis, it has recently been
shown that quantitative differences in precursor frequen-
cies can “dictate” differentiation patterns in effector and
memory T cells upon immunization. Perhaps together
with numeric differences, some degree of phenotypical
and functional diversification could already preform within
clonotypic (bearing the same T cell receptor) precursor
populations, as it has been described for homeostatic
cell proliferation of naive T cells (Goldrath et al., 2000;
Hamilton et al., 2006; Murali-Krishna and Ahmed, 2000).
Segregation into T cell subsets could also follow the initial
priming phase, promoted by variable additional antigen
encounters or exposure to distinct environmental factors.
However, the finding that a brief priming phase (less than
24 hr) is enough to induce the complete diversity of T cell
subsets (Kaech and Ahmed, 2001; Mercado et al., 2000;
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van Stipdonk et al., 2001), including memory T cells, with-
out further need for antigen encounter has focused most
attention on the initial priming phase.

Many groups have tackled the question of T cell subset
origin experimentally. The finding that the Tgy and Tgym
compartments have substantially different T cell receptor
(TCR) repertoires has been interpreted as support for
recruitment from distinct naive precursor cells (Baron
et al., 2003). On the other hand, the finding that individual
clonotypes of epitope-specific TCRs can be found in dif-
ferent subsets supports a model in which variable subsets
can arise from naive T cells bearing the same TCR (Bou-
neaud et al., 2005); however, this observation cannot dis-
criminate between origin from a single precursor cell or
a small pool of clonotypic naive T cells (Reiner et al.,
2007). In addition, all of these studies have the intrinsic
problem that their readouts are indirect parameters. The
recent finding that the first cell divisions of naive T cells
can be asymmetric (Chang et al., 2007), perhaps caused
by uneven distribution of cellular components between
two daughter cells, indicates that diversification might
indeed occur from individual cells. However, so far it has
only been possible to study the phenotype of daughter
cells derived from the first cell division, which limits the
interpretations that can be made regarding T cell subsets
found later during an immune response. A definitive an-
swer to this fundamental question can be obtained only
with an experimental system that offers the possibility to
monitor the differentiation of a single naive T cell in vivo.

In this report, we describe the development of such
a single-cell adoptive transfer model, and we demonstrate
unequivocally that highly diverse subsets could arise from
a single antigen-specific precursor cell. Surprisingly, the
patterns of different effector and memory subsets derived
from single T cells mirrored the diversity found for endog-
enous T cell responses specific for the same epitope in the
same mouse.

RESULTS

Development of a Single-Cell Adoptive

Transfer Model

Primary T cell responses to infectious agents can induce
expansion into large antigen-reactive T cell populations,
although the number of precursor cells is thought to be
very low (50-200 cells) (Williams and Bevan, 2006). There-
fore, we hypothesized that supplementation of the precur-
sor repertoire with only a few naive T cells (here FACS-
enriched CD45.1* CD44'°% OT-I TCR-transgenic cells)
should be sufficient to subsequently detect expanded
daughter cells during the effector phase. In a first step, ti-
tration experiments were performed in which approxi-
mately 10,000, 1,000, 100, or 10 OT-I cells were adoptively
transferred by intravenous (i.v.) injection, and subse-
quently recipient mice were infected with Ovalbumin-
expressing Listeria monocytogenes (Pope et al., 2001)
(L.m.-Ova). Seven days after transfer and infection, in all
cases expanded CD45.1" OT-I T cells were readily detect-
able, even in the 10 cell group (see Figure S1A available
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online). Interestingly, intraperitoneal (i.p.) application of
naive T cells showed very similar transfer efficiency. This
observation was further supported by the finding that
upon i.p. injection without infection, OT-I cells migrated
very efficiently to the spleen within the first 24 hr after
transfer without changing their naive phenotype (Fig-
ure S7A). In addition, we found no evidence for homeo-
static cell proliferation during the first 48 hr upon transfer
(Figure S7B). These data motivated us to do similar exper-
iments transferring a single cell. We developed an injec-
tion system in which a single naive OT-I T cell is aspirated
under microscopic control into a glass injection needle,
from which it is subsequently flushed into the peritoneal
cavity (Figure S1B). In about 25% of recipient mice, we
could recover an expanded CD45.1* OT-l population on
day 7 (Figure S2) or day 12 (Figure 1A) upon immunization;
each event in the shown dot plots represents a daughter
cell derived from the same single precursor cell. In sum-
mary, these data demonstrate that it is possible to exper-
imentally track the fate of a single naive precursor cell
upon clonal expansion in vivo.

Diverse Effector T Cell Populations Arise

from Single Naive Precursor Cells

As shown in Figure 1A, the single-cell-expanded popula-
tions upon primary Listeria infection demonstrate a broad
spectrum of heterogeneity, which is indicated by scat-
tered distribution of surface markers as well as migration
to different organs (spleen, lymph nodes). Staining for
CD62L and CD127 surface expression, which begins to
become most reliable around 10-12 days after L.m. infec-
tion (Huster et al., 2004, 2006a), demonstrates segrega-
tion into distinct phenotypical subsets (Figure 1A; for day
7 after infection analyses, see also Figure S2). In fact,
the degree of diversity was basically identical to that
generated in mice that received higher numbers of naive
precursor cells (Figure 1B) or among natural polyclonal
SIINFEKL-reactive CD8"* T cell populations, which can
be studied in the same individual mice with MHC multi-
mers such as Streptamers (Figure 1C; Knabel et al.,
2002). The similarities between endogenous and single-
cell-derived cell populations indicate that naive OT-I cells
reflect the full spectrum of differentiation capabilities char-
acteristic of wild-type naive T cells. Comparably, intracel-
lular cytokine stainings demonstrated the presence of
subsets with different functional properties (Figure 2)
derived from single precursor cells, based on IFN-y and
IL-2 coexpression or production of TNF-a (Figure 2B).
Just as for phenotypical surface markers, also patterns
in effector function of single-cell-derived populations
were almost identical when compared to endogenous epi-
tope-reactive T cells (Figure 2B) or when increasing the
precursor frequency to ~100 cells (Figure 2C). Further
insights into the repertoire of effector functions of single-
cell-derived populations were obtained by degranulation
assays (Figure 2E; Betts et al., 2003), which confirmed
the presence of heterogenic subpopulations. In summary,
these data demonstrate subset diversification from a
single naive precursor cell during the effector phase,
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Figure 1. Phenotypical Diversity of T Cells Expanded from a Single Naive Precursor Cell during the Effector Phase

(A and B) C57BL/6 mice (CD45.2") received (A) a single naive CD45.1* CD8* OT-I T cell (two representative mice, upper two rows) by intraperitoneal
microinjection or (B) 100 naive OT-I cells. Inmediately after transfer, recipient mice were infected with L.m.-Ova (0.1 x LDsg), and 12 days later, T cells
were analyzed in the spleen and lymph nodes (LN) by flow cytometry. Each row summarizes data from an individual mouse. Dot plots to the left show
the identification of transferred OT-I cells in the spleen by staining for CD45.1 (y axis) and CD8 (x axis); percentages among total splenocytes are
indicated for the shown gates. Dot plots in the middle and right show CD62L (y axis) and CD127 (x axis) expression patterns of in vivo expanded
CD45.1" OT-I cells in the spleen and LN, respectively (parental gate is shown).

(C) Analyses of endogenous SIINFEKL-specific T cells in spleen and LN identified by MHC multimer (Streptamer) staining 12 days after infection with
L.m.-Ova (0.1 x LDsg); identification of the cell populations is indicated in the left dot plot (gated on CD45.1™ cells). Within each quadrant, percentages
for defined subpopulations referring to the indicated parental gates are shown.

which is almost identical compared to endogenous epi-
tope-specific T cell populations.

Memory Responses Derived

from Single Naive Precursor Cells

The staining patterns for CD62L and CD127 on day 12
after immunization (Figure 1) indicate the presence of
memory T cell precursors and suggest that both types of
memory subsets, Tgy and Tg, might arise from a single
precursor cell. In order to demonstrate the presence of
memory T cells more directly, a cohort of mice that had
received a single naive OT-I cell prior to primary infection
was rechallenged 5 weeks later with L.m.-Ova. Similar to
the primary effector phase, we could detect a CD45.1*

OT-I population in about 25% of recipient mice upon rein-
fection (Figure 3). This finding shows that cells with char-
acteristics of long-living memory T cells can evolve from
a single naive precursor cell. Compared to the primary re-
sponse, recall population sizes were about 8 times larger,
which corresponded to an almost identical increase in the
number of endogenous SIINFEKL-specific T cells in the
same cohort of mice (Figure S3), indicating that the two
populations were synchronized rather than competitive
in their in vivo kinetics. Re-expanded single-cell-derived
populations demonstrated highly heterogeneous pheno-
typical (Figure 3A) and functional (data not shown) pat-
terns, again very similar to endogenous T cell populations
(Figure 3B; Huster et al., 2004, 2006b). These data
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Figure 2. Functional Diversity of T Cells Expanded from a Single Naive Precursor Cell during the Effector Phase

(A) Representative dot plot (pregated on CD8* T cells) indicating the gating strategy for identification of endogenous (CD45.17) and single-cell-derived
(CD45.1%) IFN-y-producing effector populations. Cells were pregated on live CD8" cells, and staining for IFN-y (y axis) versus CD45.1 (x axis) is dis-
played.

(B-D) Analysis of subpopulations defined as described in (A) for IFN-v (x axis) versus IL-2 (y axis) are shown in the left two dot plots. The dot plots to the
far right show TNF-a. production (y axis) by CD45.1* (x axis) single-cell-derived cells. Gates segregating subpopulations are indicated, and percent-
ages for each area are shown.

(B and C) C57BL/6 mice (CD45.2") received (B) a single naive CD45.1* CD8" OT-I T cell (two representative mice) by intraperitoneal microinjection or
(C) 100 naive OT-I cells intravenously.

988 Immunity 27, 985-997, December 2007 ©2007 Elsevier Inc.
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Figure 3. Phenotypical Diversity of T Cells Expanded from a Single Naive Precursor Cell upon Recall Expansion

C57BL/6 mice (CD45.2%) received a single naive CD45.1" CD8* OT-I T cell by intraperitoneal microinjection. Immediately after transfer, recipient mice
were infected with L.m.-Ova (0.1 x LDs0); mice received a second injection with L.m.-Ova (5 x LDso) 5 weeks later, and T cells were analyzed on day 5
after infection in the spleen and lymph nodes (LN) by flow cytometry.

(A) Each row summarizes data from an individual mouse. Dot plots to the left show the identification of transferred OT-I cells by staining for CD45.1
(y axis) and CD8 (x axis); percentages among all splenocytes are indicated for the shown gates. Dot plots in the middle show CD62L (y axis) and
CD127 (x axis) expression patterns of in vivo expanded CD45.1* OT-I cells in the spleen (parental gate is shown). Dot plots to the right display
corresponding stainings in LN.

(B) Similar analyses as described in (A) were performed for endogenous SIINFEKL-specific T cells identified by MHC multimer (Streptamer) staining;
identification of the cell populations is indicated in the left dot plot (gated on CD45.1™ cells); the displayed data belong to the same mouse shown in the
upper row in (A).

(C) Example of a control mouse that did not receive any CD45.1* CD8" OT-I T cells.

implicate that a single naive precursor cell can give rise to to antigen re-encounter. In order to determine whether both
memory T cells, which become the origin of an enlarged Tcom and Teym subsets are present in recipients of a single
and heterogeneous effector cell population upon antigen adoptively transferred cell, we attempted to visualize sin-
rechallenge. gle-cell-derived memory T cells 5 weeks after primary

immunization (without reimmunization). Because of the
Different Memory Subsets Derived from Single low frequencies of memory T cells, these experiments
Naive Precursor Cells were possible only with improved flow cytometry acquisi-
The recall expansion clearly demonstrated that the pres- tion software (Summit V.4.3.1, Dako) that allows acquisition
ence of memory T cells developed from a single naive pre- of up to 7 x 107 events per sample. As summarized in Fig-
cursor cell. However, diversity patterns of subsequently ure 4 for an individual mouse, we were able to visualize
re-expanded cell populations do not necessarily reflect memory T cell populations derived from a single naive
the presence of both major subsets of memory T cells, be- precursor cell in several different organs (spleen, lymph
cause mainly Tgy are capable of proliferating in response node, and lung). In the spleen (Figure 4A), CD45.1* OT-I

(D) Control mice did not receive any adoptively transferred cells but were otherwise treated identically. Inmediately after transfer, recipient mice were
infected with L.m.-Ova (0.1 x LDsg), and 12 days later, T cells from the spleen were analyzed by intracellular cytokine staining upon in vitro restim-
ulation in the presence of OT-I peptide (SIINFEKL, 106 M). Data for the same individual mice as in Figure 1 are shown.

(E) Degranulation upon peptide restimulation in the presence of Brefeldin A was determined by anti-CD107a staining. Histogram shows CD45.1* cells
from a single-cell-injection experiment; unstained control is shown in the overlap mode (gray).

Immunity 27, 985-997, December 2007 ©2007 Elsevier Inc. 989
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Figure 4. Phenotypical and Functional Diversity of Memory T Cells Generated from a Single Naive Precursor Cell

C57BL/6 mice (CD45.2*) received a single naive CD45.1* CD8" OT-I T cell by intraperitoneal microinjection. Immediately after transfer, recipient mice
were infected with L.m.-Ova (0.1 x LDso), and 5 weeks later, T cells were analyzed by flow cytometry in different organs as indicated (all displayed data
belong to the same individual mouse).

(A-C) Analysis of single-cell-derived populations in different organs. Left dot plots show stainings for a control mouse (no T cell transfer); all other dot
plots show memory T cells from a mouse after single-cell transfer. OT-I cells were identified by staining for CD45.1 (y axis) and CD8 (x axis); percent-
ages among viable cells are indicated for the shown gates. CD45.1* CD8" T cells were further analyzed for CD62L (y axis) and CD127 (x axis) expres-
sion. The two dot plots to the right show IFN-vy (x axis) and IL-2 (y axis) or TNF-a. (y axis) expression patterns of IFN-y* CD45.1* cells.

(D) Identification of endogenous SIINFEKL-specific T cells in the spleen by MHC multimer (Streptamer) staining; the relevant cell population is indi-
cated in the left dot plot (gated on CD45.1™ cells); gated antigen-specific cells were further analyzed for CD62L (y axis) and CD127 (x axis) expression.
The two dot plots to the right show expression of IFN-vy (x axis) versus IL-2 (y axis) or TNF-o. (y axis) on endogenous SIINFEKL-reactive IFN-y* cells as

described in Figure 2.

populations were almost exclusively positive for CD127,
a characteristic feature of memory T cells (Huster et al.,
2004; Kaech et al., 2003). Additionally, costaining for
CD62L, a marker commonly used to segregate Tgy from
Towm, Clearly distinguished two subpopulations (CD62L™"
and CD62L'°%). The presence of both memory subsets at
this time point after infection is typical for the spleen
(Busch et al., 1998). Again, the phenotype of endogenous
SIINFEKL-specific T cells detected by MHC multimer
staining was similar (Figure 4D). Intracellular cytokine
staining in the spleen further confirmed the presence of
different memory T cell subsets (Figure 4A), and the com-
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plexity found within the endogenous SIINFEKL-specific T
cell population was comparable (Figure 4D). Frequencies
of memory T cells in other organs were too low to allow for
functional analysis. Tcym preferentially migrate to lymphoid
organs, and, accordingly, primarily CD62L"9" CD45.1*
memory T cells were found in lymph nodes of single-cell
recipients (Figure 4B). The opposite has been described
for Tewm, which are CD62L'°" and migrate to nonlymphoid
organs such as the lung. We observed the same for single-
cell-derived Tgy subpopulations (Figure 4C), similar to en-
dogenous SIINFEKL-specific T cells in the same individual
mouse (not shown). In summary, these data demonstrate
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Figure 5. Phenotypical Characteristics of Single-Cell-Derived Memory T Cells after Secondary Adoptive Transfer and Recall

Infection

C57BL/6 mice (CD45.2") received a single naive CD45.1* CD8"* OT-I T cell by intraperitoneal microinjection. Immediately after transfer, mice were
infected with L.m.-Ova (0.1 X LDs). After 12 days, cells from spleen and LN were pooled and either analyzed by flow cytometry ([A], effector phase)
or transferred into a second naive CD45.2*C57BL/6 mouse. After more than 5 weeks after primary transfer, recipient mice were infected with 5 x LDsg
L.m.-Ova, and after 6 days, splenocytes were analyzed by flow cytometry ([B], memory response). (A) and (B) show representative data for a corre-
sponding donor-recipient pair. Dot plots to the left show the identification of transferred OT-I cells by staining for CD45.1 and CD8 or SIINFEKL-
specific CD45.17 T cells identified by MHC multimer (Streptamer) staining; percentages among all splenocytes are indicated for the shown gates.
Dot plots to the right show CD62L and CD127 expression patterns of in vivo expanded SIINFEKL-specific (transferred or endogenous) cells in the

spleen (parental gate is shown) after primary and secondary infection.

that phenotypically and functionally distinct memory T cell
subsets can arise from the same naive precursor T cell.

Effector and Memory Subsets Originate from the
Same Single Naive Precursor Cells
Single-cell-derived memory T cells were detectable in Lis-
teria-infected recipient mice with a similar recovery rate as
compared to analyses during the effector phase, which in-
dicates that both observations are directly linked to each
other. However, these data cannot prove that daughters
from the same precursor cell that gave rise to diversified
subtypes during the effector phase also became memory
T cells. In order to demonstrate this directly, we performed
repetitive adoptive transfer experiments that allowed fol-
lowing the fate of single-cell-derived progeny at all stages
of the immune response (Figure S4 and Figure 5). Twelve
days after single-cell transfer and primary Listeria chal-
lenge, splenocytes and lymph node cells from individual
mice were pooled; 1/3 of the cells was then used to dem-
onstrate the presence of diversified single-cell-derived
progeny during the effector phase (Figure 5A). The remain-
ing cells were adoptively transferred into a naive recipient
mouse, which was challenged 5 weeks later with L.m-Ova
and subsequently analyzed for T cell responses 6 days
later. As shown in Figure 5B, recipient mice demonstrated
a typical SIINFEKL-specific memory response, which
contained single-cell-derived and endogenous T cell pop-
ulations. These data unequivocally demonstrate that
short-living effector cells as well as memory T cells can

arise from the same precursor cell. In addition, also after
adoptive transfer, single-cell-derived populations showed
almost identical phenotypical differentiation patterns as
compared to endogenous cell populations (Figure 5B).

Synchrony of Immunization-Dependent

Signatures of Subset Diversification

So far, we have shown that a broad spectrum of effector
and memory T cells can arise from a single precursor
cell. Perhaps even more surprising was the finding that
the patterns of diversification for single-cell-derived cells
mirrored the subset heterogeneity found for endogenous
T cell populations with the same epitope specificity.
Because different vaccination strategies have been de-
scribed to mediate distinct differentiation patterns (Bach-
mann et al., 2006; Badovinac et al., 2005; Huster et al.,
2006a), we decided to analyze whether a similar correla-
tion could be found in a different immunization model.
For this purpose, mice received a subcutaneous vaccina-
tion of 100 pg ovalbumin together with 10 nmol CpG as ad-
juvant immediately after adoptive transfer of a single naive
OT-I cell. Twelve days later, lymphocytes were analyzed in
different organs for the presence of single-cell-derived
daughter cells. As shown in Figure 6A for splenocytes
from two representative mice, we were again able to de-
tect single-cell-derived T cell populations with a similar
recovery rate as described before for Listeria infection
experiments (~25%). However, in contrast to the previous
experiments (Figure 1), the phenotypical differentiation

Immunity 27, 985-997, December 2007 ©2007 Elsevier Inc. 991
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patterns differed substantially, especially characterized by
an enlarged subpopulation of CD62L'°% CD127'°" cells
and diminished CD127"'9" subsets (Figure 6A), which cor-
related functionally with increased numbers of degranulat-
ing (CD107a-positive) cells (Figure 6D). But again, when
comparing single-cell-derived T cells with endogenous
SIINFEKL-specific cell populations (Figure 6B), there was
no obvious difference in their differentiation patterns.
This became even more clear and backed up by statistical
analyses when comparing the percentages of subset prev-
alence in larger groups of mice that underwent single-cell
transfer and differentimmunization procedures (Figure 6E).
Whereas both immunizations resulted in substantially dis-
tinct subset distributions, the diversification patterns of
single-cell-derived and endogenous T cells within each
group were remarkably similar.

Also Single Naive Latecomer Cells Develop

into Diverse T Cell Subsets

It has recently been suggested for CD4* and CD8" T lym-
phocytes that central memory T cells might evolve prefer-
entially from naive T cells that are recruited at later time
points (e.g., day 2-3) into an immune response. These late-
comer cells might encounter suboptimal priming condi-
tions, which are not sufficient to drive their full effector
cell differentiation. Such a correlation has, for example,
been demonstrated by adoptive transfer of naive CD8"*
TCRtg T cells upon infection with VSV or Listeria monocy-
togenes (D’Souza and Hedrick, 2006); a large proportion of
these latecomer cells developed into a phenotype charac-
teristic for Ty, which was already detectable by an
increased CD62LM9" subset about a week after infection
and which was different from endogenous T cells identified
by MHC multimers in the same individual mice. However, it
needs to be mentioned that the number of transferred T
cells in these reports were relatively high (10°-10°), which
has recently been shown to lead to “unphysiological” T
cell differentiation with a preference to a Tgym phenotype
(Badovinac et al., 2007; Marzo et al., 2005).

Based on these previously published data, we decided
to analyze the fate of single naive latecomer T cells adop-
tively transferred 2 days (48 hr) after L.m.-Ova infection
(Figure S5). As controls, some mice received 100 naive T
cells and the differentiation patterns were compared to

endogenous SIINFEKL-specific CD8" T cell populations.
We found that although the overall size of single-cell-
derived daughter cell populations from latecomers was
substantially lower compared to adoptive transfer directly
together with infection (Figures 1 and 7), in all cases the
phenotypical and functional differentiation patterns were
highly diverse. Furthermore, also single-cell-derived late-
comer T cell populations demonstrated a differentiation
pattern of daughter cells, which closely resembled that
of endogenous polyclonal T cells (Figure 7). In addition,
transfer experiments with 100 naive T cells 2 days (48 hr)
after infection demonstrated exactly the same picture,
and no trend toward larger frequencies of CD62LM" sub-
sets, which have been associated with Tgy-like character-
istics, could be observed (Figure S6). These data strongly
support the interpretation that subset diversification is
both shaped and synchronized continuously during the
expansion phase.

DISCUSSION

In this study, we demonstrate that it is possible to follow
the fate of a single naive CD8" T cell transferred into a poly-
clonal environment. Upon immunization with the intracel-
lular bacterium Listeria monocytogenes or vaccination
with Ovalbumin and CpG, distinct phenotypes expressing
varying combinations of CD62L, CD127, IFN-vy, TNF-a, IL-
2, and/or degranulation could be recovered. In addition,
daughter cells derived from a single precursor cell devel-
oped into both major subsets of memory T cells, central
memory (Tcm), and effector memory (Tgy) T cells. These
data directly demonstrate that subset heterogeneity can
arise from a single naive precursor cell. In addition, we un-
covered in all cases after single-cell inoculation that sub-
set diversifications mirrored the subset heterogeneity
found for endogenous T cell responses. This latter finding
is particularly important, because it might reorient the cur-
rent discussion concerning the origin of subset diversifica-
tion to differences in the range of signals provided to
clonal progeny during the proliferation phase.

Because of the small number of naive precursor T cells
specific for a given antigen and the relatively robust differ-
entiation patterns found for many infection and vaccination
models, some degree of intraclonal diversification upon

Figure 6. Subset Differentiation of Single-Cell-Derived and Endogenous Antigen-Reactive T Cells upon Immunization with
Ovalbumin and CpG

(A and B) C57BL/6 mice (CD45.2") received a single naive CD45.1* CD8" OT-I T cell by intraperitoneal microinjection (two representative mice are
shown). Immediately after transfer, recipient mice were immunized subcutaneously with Ovalbumin and CpG, and 12 days later, T cells were analyzed
in the spleen (A). Dot plots to the left show the identification of transferred OT-I cells by staining for CD45.1 and CD8 or (B) of endogenous (CD45.17)
cells by MHC multimer (Streptamer) staining (displayed data correspond to the same mouse shown in the upper row of [A]); percentages among total
splenocytes are indicated for the shown gates. Dot plots to the right show CD62L and CD127 expression patterns of in vivo expanded transferred or
endogenous SIINFEKL-reactive cells in the different organs (parental gates are shown).

(C) Example of a control mouse that did not receive any CD45.1*CD8* OT-I T cells.

(D) Surface expression of CD107a from single-cell-derived CD45.1" OT-I cells. Splenocytes from one representative mouse are shown.

(E) Comparison of CD62L and CD127 expression patterns of single-cell-derived progeny upon subcutaneous immunization with Ovalbumin + CpG or
upon challenge with L.m.-Ova (0.5 x LDsg). After 12 days, different CD62L- and CD127-expressing subsets (CD62L"CD127", CD62L'°CD127",
CD62L'°CD127", and CD62L"CD127'°) were analyzed by flow cytometry and plotted as percentage of CD8" cells. Black bars represent single-
cell-derived cells, white bars cells from endogenous antigen-reactive cells (*p < 0.02; “*p < 0.003). Standard deviations are indicated by error bars;
n = 6-10 mice per group.
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Figure 7. Functional Diversity of Daughter Cells from Latecomer Precursor Cells

C57BL/6 mice (CD45.2*) were infected with L.m.-Ova (0.1 x LDso) and received naive CD45.1* CD8* OT-I T cells 48 hr after infection. At day 12 after
infection, single-cell-derived and endogenous Ova-reactive CD8* T cells were analyzed by flow cytometry.

(A and B) Transfer of a single naive CD45.1* CD8* OT-I T cell (A) or 100 naive OT-I cells (B) by intraperitoneal microinjection. OT-I cells were identified
by staining for CD45.1 (y axis) and CD8 (x axis); percentages among viable cells are indicated for the shown gates. CD45.1* CD8* T cells were further
analyzed for CD62L (y axis) and CD127 (x axis) expression. The two dot plots to the right show IFN-y (x axis) versus TNF-a (y axis) expression patterns
of IFN-y* CD45.1* OT-I cells (right) compared to IFN-y* CD45.1~ endogenous SIINFEKL-responsive cells (left).

(C) Analyses of endogenous SIINFEKL-specific T cells in the spleen (shown data correspond to the same individual mouse as in [A]) identified by MHC
multimer (Streptamer) staining 12 days after infection with L.m.-Ova (0.1 x LDs); identification of the cell populations is indicated in the left dot plot

(gated on CD45.1" cells).

priming of individual T cells might have been expected, but
it was demonstrated only recently that identical TCR se-
quences are indeed present within different subset com-
partments, such as Tgy and Tgy (Bouneaud et al., 2005).
However, the demonstration of intraclonal diversity among
T cell subsets does not answer the question of when during
an immune response (before or during priming, later in the
expansion phase) this diversification is really achieved.
During thymic selection, cell proliferation might already
increase the number of cells derived from individual clones
bearing the same TCR, and this number can be further am-
plified by homeostatic proliferation (Goldrath et al., 2000).
Homeostatic proliferation has been studied in detail, and it
has been shown that some degree of diversification, in-
cluding the acquisition of effector functions and the devel-
opment of phenotypes characteristic of memory T cells,
can occur in the absence of antigen encounter (Goldrath
et al., 2000; Hamilton et al., 2006; Murali-Krishna and
Ahmed, 2000). These findings indicate that the “naive”
T cell pool can already be diversified intraclonally, and
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perhaps this predetermined diversity has dictating conse-
quences for the differentiation patterns observed during
T cell responses. Also, numeric differences of clonotypic
precursor frequencies have been suggested to dictate T
cell subset diversification (Badovinac et al., 2007; Marzo
et al., 2005). Therefore, we decided to develop an experi-
mental system in which (multicell) diversity before the im-
mune response is excluded; this was achieved by adoptive
transfer of single naive T cells and subsequent (immediate)
challenge with cognate antigen. The resulting data clearly
demonstrate that all major subsets, from effector cells to
different types of memory T cells, can develop from asingle
precursor T cell, making a major impact of predetermined
diversity for T cell subset generation highly unlikely. In par-
ticular, concerns regarding potential shaping of the trans-
ferred single cell by homeostatic proliferation prior to prim-
ing—although difficult to fully exclude experimentally —are
unlikely for the following reasons. First, single T cells were
transferred into normal recipient mice, a situation where
homeostatic proliferation has reported to be very slow



Immunity

In Vivo Differentiation of Single Naive T Cells

upon adoptive transfer (Hataye et al., 2006). We even
looked experimentally for potential homeostatic cell divi-
sion uponi.p. injection of naive OT-I cells by CSFE labeling.
Whereas OT-I cells migrated very efficiently to the spleen
within the first 24 hr upon transfer without changing their
naive phenotype, we found no evidence for homeostatic
cell proliferation during the first 48 hr upon transfer. Obvi-
ously, homeostatic proliferation is (if at all) an extremely
rare event during the critical phase (before priming) in our
experimental model. Second, immunization was per-
formed together with the cell transfer in order to minimize
the time gap between transfer and T cell priming (in the Lis-
teria infection model, compelling data demonstrate that
most of the priming occurs during the first 24 hr upon infec-
tion) (Mercado et al., 2000; Prlic et al., 2006). Third, if ho-
meostatic proliferation of the single transferred T cell prior
to priming would have played a crucial role for T cell subset
diversification, diversification should have been observed
only in a few cases or at least with a high variability. We
found exactly the opposite. Finally, perhaps the strongest
argument against an involvement of homeostatic prolifera-
tion prior to priming for diversification is the fact that single-
cell-derived daughter cells diversify almost identical to
endogenous T cells. Naive precursor T cells should have
had much more time to get potentially shaped by homeo-
static proliferation, but this still doesn’t result in detectable
differences (or increased variability) as compared to sin-
gle-cell-derived T cells.

If pre-existing factors within the naive repertoire can be
excluded as a major contributor to subset diversification,
what about the initial priming phase (before the first cell di-
vision). It has been discussed extensively that it is unlikely
that individual naive T cells will receive identical initial acti-
vation signals during in vivo T cell responses. This might be
due to differences in the TCR affinity for different clono-
types within a polyclonal repertoire of naive epitope-
specific T cells, to variability in the quality and/or kinetics
of antigen-presentation or expression of costimulatory
molecules by antigen-presenting cells, or to primary anti-
gen encounter of individual naive T cells in different lym-
phoid organs or subcompartments. Also, the time point
of recruitment into the immune response could be an
important factor, as indicated by the fact that it was found
that latecomers might more likely differentiate toward
a central memory T cell phenotype. In summary, the phys-
iological variability in the initial signal strength during prim-
ing of individual naive T cells has been suggested to be
a major determinant for subset diversification (Gett et al.,
2003). However, the precise characterization of single-
cell-derived diversification patterns in comparison to
endogenous (polyclonal) T cell responses presented in
this report might challenge this model, as indicated by
the fact that we find that phenotypical as well as functional
diversification was very similar for single-cell-derived and
endogenous populations. In all cases where we could
recover progeny from single cells in mice later during the
immune response, the patterns of subset diversification
were almost identical (provided the mice were immunized
in a similar fashion), although it is unlikely that in all cases

single cells had exactly the same priming conditions. Fur-
thermore, the differentiation patterns of endogenous poly-
clonal epitope-specific T cell populations mirrored the
results found for single-cell-derived progeny, indicating
that the general process of diversification of naive T cells
recruited into an immune response is synchronized be-
tween cells, even between cells that might have been
primed under different initial conditions (prior to the first
cell division). This interpretation is further supported by
the finding that slightly increasing the number of trans-
ferred T cells to ~100 cells did not change the differentia-
tion pattern compared to single-cell-derived T cells or
endogenous polyclonal populations. At first glance, this
observation contradicts a recent report demonstrating
that changes in precursor frequencies can strongly affect
differentiation patterns (Marzo et al., 2005); however, ama-
jor difference in this particular study was the use of much
higher numbers of T cells (up to 1 x 107) for adoptive trans-
fer, generating an unphysiologically large repertoire of na-
ive antigen-reactive T cells. A recent study analyzed this
question in more detail and came to the conclusion that
only with very low numbers of adoptively transferred T cells
(10 to 50 cells), comparable T cell responses to endoge-
nous antigen-reactive T cells can be achieved (Badovinac
etal., 2007). Even when single naive T cells were adoptively
transferred slightly later (48 hr) after the onset of infection,
this did not obviously affect the general phenotypical and
functional differentiation pattern of daughter cell popula-
tions. A recent report has suggested a different outcome
when adoptively transferring CD8* TCRtg T cells 2 days
after VSV infection (D’Souza and Hedrick, 2006). Here,
latecomer T cells were characterized by a larger subset
of CD62L"" cells on day 6-9 after infection, which was
interpreted as a differentiation shift toward central memory
T cells. We performed similar experiments in the Listeria in-
fection model transferring a single cell 48 hr after infection,
and no evidence for changes on the amount of CD62L sur-
face expression as compared to day O transferred cells
could be detected. Perhaps even more important, under
latecomer conditions, the differentiation patterns (e.g.,
CD62L versus CD127) were again found to be very similar
to endogenous Ova-specific CD8" T cells in the same indi-
vidual mice, supporting the interpretation that exposure to
environmental factors during the expansion phase shape
(and therefore synchronize) the subset heterogeneity.
Although our data might not be entirely comparable to
the study of D’Souza and Hedrick (2006), who used a differ-
ent infection model and adoptive transfer strategy (1 x 10°
TCRtg cells/mouse), it is more likely that the previously
reported shift of latecomer cells toward a Tgy-like pheno-
type was linked to the use of unphysiologically high num-
bers of adoptively transferred TCRtg T cells, as has been
demonstrated recently by other groups (Marzo et al.,
2005; Badovinac et al., 2007).

Synchrony of the kinetics of antigen-specific T cell re-
sponses with different specificities in individual mice has
been reported previously (Busch et al., 1998), and this
phenomenon has been linked to the finding that a short ini-
tial “priming” phase (<24 hr) is already sufficient to initiate
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a subsequently antigen-independent differentiation pro-
gram, comprising all features of clonal expansion and
contraction as well as memory T cell generation. Although
these data clearly demonstrate that major features of T
cell kinetics and their differentiation are initiated during
the early priming phase and are independent from further
antigen encounter, the synchronized differentiation pat-
terns observed for progeny from “single-cell-,” “multi-
cell-,” and endogenous polyclonal epitope-specific T cells
suggest that additional factors during the expansion
phase (beyond the first cell division) shape the profile of
T cell subsets. Because we confirm previous reports
(now on a single-cell resolution) that subset diversification
for T cells with the same epitope specificity can be quali-
tatively different depending on the immunization proce-
dure (Bachmann et al., 2006; Badovinac et al., 2005;
Huster et al., 2006a), it seems unlikely that subset diversi-
fication is solely due to initial programming and an intrinsic
plasticity inherent within clonal precursors. Our data favor
a model where exposure to external environmental factors
during the expansion phase shape (and therefore syn-
chronize) the subset heterogeneity developing during
immune responses. This could be envisioned to occur
by “active” differentiation factors, which promote the pro-
gression of individual daughter cells to acquire distinct
functional or phenotypical properties, or by “passive” fac-
tors that primarily affect the survival of (intrinsically?) gen-
erated subsets. The identification of the main factors
determining the overall differentiation patterns during the
expansion phase will be an important task for future re-
search, because they are likely to provide novel strategies
for the improvement of T cell-based vaccines or to redirect
nonprotective T cell responses in vivo.

EXPERIMENTAL PROCEDURES

Mice and Infection

C57BL/6 (CD45.2*) mice were obtained from H. Winkelmann.
OVAus7-064 peptide-specific T cell receptor transgenic C57BL/6 OT-I
(CD45.1%) mice were derived from in-house breeding. All mice were
bred under specific pathogen-free conditions at the mouse facility at
the Technical University Munich, and sex-matched mice were used
at 6-8 weeks for transfer and infection experiments.

Infection experiments were performed by intravenous (i.v.) injection
of recombinant ovalbumin-expressing Listeria monocytogenes
(L.m.-Ova, kindly provided by H. Shen, Philadelphia, PA) (Pope et al.,
2001). For primary infection, mice were infected with 0.1 X LDsg
(5000 bacteria). Rechallenge experiments were performed after
5 weeks with a second injection of L.m.-Ova (5 X LDsg).

Subcutaneous vaccination was performed by injecting 100 ul phys-
iological sodium chloride solution containing 100 ug chicken ovalbu-
min (OVA, Sigma Aldrich) and 10 nM phosphorothioate-modified
CpG-DNA oligonucleotide (1826, 5-TCCATGACGTTCCTGACGTT-3,
Coley).

Animal experiments were approved by the local authorities (209.1/
211-2531-100/04).

Cell Sorting and Adoptive Transfer of T Cells

For adoptive transfer experiments, naive CD8" cells (CD44'°%) from the
spleen of CD45.1"OT-I mice were highly enriched by FACS sorting
(MoFlo XDP, Dako). For FACS enrichment, splenocytes were stained
with anti-CD3-APC (145-2C11, BD Bioscience), anti-CD8-PE (5H10;
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Caltag), and anti-CD44-FITC (IM7, BD Bioscience), and CD3"CD8*
CD44"" cells were sorted into pure FCS. Live/dead discrimination
was performed with propidium iodide (Molecular Probes). The purity
of the sorted cells was controlled on a CyAn ADP 9 color (Dako) and
found to be >99%.

For titration experiments with adoptive transfer of enriched T cells,
C57BL/6 mice (CD45.2*) received varying numbers (10-10,000) of
naive CD45.1* OT-I CD8" T cells by either i.v. or i.p. application. The
given cell numbers were adjusted to 200 pl injection volume, and the
true cell count was confirmed by recounting aliquots of injection solu-
tions (accuracy £10%). Immediately after transfer, recipient mice were
infected with L.m.-Ova.

For the transfer of single cells, enriched naive CD45.1* OT-I CD8" T
cells were diluted to an approximate concentration of 20 cells per 20 pl,
and a 20 ul drop was applied onto a glass slide. Under microscopic
control (Axiovert S100, Zeiss), a single cell was aspirated into the tip
of a glass microinjection needle, and the presence of only a single
cell was further confirmed by extensive microscopy of the needle con-
tent. With the same needle, the cell was immediately transferred into
the peritoneal cavity of a recipient mouse by flushing the needle with
200 pl of a physiological sodium chloride solution. Transferred cells
were analyzed after either 7 or 12 days or 5 weeks after primary infec-
tion or 5 days after recall infection.

FACS and Intracellular Cytokine Staining

After either 7 or 12 days or 5 weeks after primary infection or 5 days
after secondary infection, lymphocytes were isolated from the spleen,
lymph nodes, lung, and liver as described previously (Schiemann et al.,
2003). For FACS analysis, cells were incubated with ethidium mona-
zide (EMA) and anti-CD16/32 (Fc-block 2.4G2, BD Biosciences) fol-
lowed by staining with a combination of anti-CD8 (5H10; Caltag),
anti-CD45.1 (A20, BD Biosciences), anti-CD62L (MEL-14, BD Bio-
sciences), anti-CD127 (A7R34, eBioscience), and H2-KP/SIINFEKL
multimers (Streptamers; IBA, Germany) (Knabel et al., 2002; Schie-
mann et al., 2003) for 45 min at 4°C. Data were collected by flow
cytometry on a CyAn ADP 9 color (Dako) by up to 70 Mega event
acquisition (via Summit V.4.3.1, Dako) and analyzed with FlowJo soft-
ware (TreeStar).

For intracellular cytokine staining, splenocytes were restimulated for
6 hrin vitro in the presence of 107 M OVA,s57_s64 0r with DMSO (Sigma)
as a control in the presence of Brefeldin A (Golgi Plug, BD Biosci-
ences). Cells were then incubated with EMA and Fc-block, followed
by surface staining (anti-CD8 and anti-CD45.1), fixation, and permea-
bilization as recommended by the manufacturer (BD Biosciences). In-
tracellular staining with anti-IFN-y (XMG1.2, eBioscience), anti-IL-2
(JES6-5H4, eBioscience), and anti-TNF-o. (MP6-XT22, BD Biosci-
ences) was done at 4°C for 30 min.

Degranulation analysis (with anti-CD107a added at the beginning of
restimulation; clone 1D4B, BD Biosciences) was performed as de-
scribed for the intracellular cytokine staining with additional blocking
of endosome acidification with Monensin (Golgi-Stop, BD Biosci-
ences). Data were acquired and analyzed as mentioned above.

Supplemental Data
Seven figures are available at http://www.immunity.com/cgi/content/
full/27/6/985/DC1/.
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