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SUMMARY

To what extent the lineage decisions of activated
CD4+ T cells are determined by the quality of T cell
receptor (TCR) ligation is incompletely understood.
Here, we show that individual T cells expressing
identical TCRs take highly variable fate decisions
despite binding the same ligand. We identify a math-
ematical model that correctly captures this probabi-
listic behavior and allows one to formalize changes
in TCR signal quality—due to cognate versus altered
peptide ligation—as changes of lineage-specific
proliferation and differentiation rates. We show that
recall responses also adhere to this probabilistic
framework requiring recruitment of multiple memory
clones to provide reliable differentiation patterns. By
extending our framework to simulate hypothetical
TCRs of distinct binding strength, we reconstruct
primary and secondary response patterns emerging
from a polyclonal TCR repertoire in silico. Collec-
tively, these data suggest that individual T cells
harboring distinct TCRs generate overlapping pri-
mary differentiation patterns that segregate only
upon repetitive immunization.

INTRODUCTION

In response to infection or vaccination, naive CD4+ T cells, which

recognize their cognate antigen presented on major histocom-

patibility complex class II (MHCII) and receive further activating

signals via co-stimulatory molecules and polarizing cytokines,

proliferate and differentiate into defined T helper (Th) cell line-

ages. Binding of the T cell receptor (TCR) to its cognate peptide

MHCII (p:MHCII) ligand sets off the proliferation of CD4+ T cells,

while defined cytokines, secreted by antigen-presenting cells or

bystander cells, induce T cell differentiation into Th1, Th2, Th17,

T follicular helper (TFh), or induced T regulatory (iTreg) cells (Zhu

et al., 2010). It has become increasingly clear that aside from

polarizing cytokines, these lineage decisions are also influenced
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by the strength of signals transmitted via the TCR (Kim and

Williams, 2010; Tubo and Jenkins, 2014; van Panhuys, 2016).

Strong TCR signals have been shown to favor differentiation

into Th1 over Th2 cells (Evavold and Allen, 1991; Hosken et al.,

1995; Jorritsma et al., 2003; van Panhuys et al., 2014), as well

as Th17 over iTreg cells (Gomez-Rodriguez et al., 2009, 2014;

Iezzi et al., 2009), and are thought to be essential for differentia-

tion into TFh cells (Baumjohann et al., 2013; Deenick et al., 2010;

Fazilleau et al., 2009b; Hwang et al., 2015). TCR signal strength

is determined by signal quantity and quality. Signal quantity is

mainly influenced by the amount of cognate p:MHCII complexes

available on an antigen-presenting cell (APC). In contrast, TCR

signal quality is determined by the potency of the interaction be-

tween a given TCR and its p:MHCII ligand (Kim and Williams,

2010; Tubo and Jenkins, 2014; van Panhuys, 2016). On the

molecular level, the potency of this interaction is best described

by the aggregate dwell time of the TCR-p:MHCII complex

(Govern et al., 2010). Vaccination studies have shown that TCR

signal quality can substantially influence Th cell lineage deci-

sions in vivo (Fazilleau et al., 2009b; Milner et al., 2010; Pfeiffer

et al., 1995). It was found that populations of naive CD4+

T cells expressing a strongly binding transgenic TCR generate

bigger burst sizes and stronger differentiation into TFh cells

than T cell populations harboring a TCR that binds weakly to

the same epitope (Fazilleau et al., 2009b). In addition, these

data suggest that endogenous CD4+ T cells expressing TCRs

of high binding strength are enriched in the TFh compartment

(Fazilleau et al., 2009b).

Recently, p:MHCII multimer enrichment and subsequent

limiting dilution-adoptive transfer of naive antigen-specific

T cells have been combined to investigate the response patterns

emerging from individual naive CD4+ T cells belonging to a poly-

clonal endogenous TCR repertoire (Tubo et al., 2013). It was

found that average responses generated by populations of

endogenous epitope-specific T cells showed robust differentia-

tion patterns, while responses derived from single T cells ex-

pressing unique TCRs showed strong inter-clonal variation.

These findings were taken as evidence that the behavior of an

individual CD4+ T cell is closely determined by the nature of its

TCR (Tubo et al., 2013). However, it was not assessed how

much of the observed inter-clonal variation was indeed due to
creativecommons.org/licenses/by-nc-nd/4.0/).
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TCR-dependent differences in signal quality, and how much of

this variation on the single-cell level occurred independently of

such differences.

To answer this open question, we first quantitated the dif-

ferential effect of immunizing a monoclonal CD4+ T cell popu-

lation with a cognate versus an altered peptide ligand. We then

compared the magnitude of this effect to the magnitude of

response variation emerging from single monoclonal T cells

exposed only to the cognate peptide ligand. Starting out

from naive T cell populations, we found that cognate versus

altered peptide vaccination led to clear differences in peak

expansion and to the emergence of characteristic differentia-

tion patterns indicative of strong versus weak TCR ligation.

However, individual naive CD4+ T cells showed massive in-

ter-clonal variation when exposed to the same peptide ligand

despite expressing identical TCRs. We identified a mathe-

matical model that adequately described this probabilistic

behavior of individual naive T cells and correctly predicted

the strong response variation emerging from individual memory

T cells, as well as the more reliable differentiation patterns

generated by monoclonal memory populations. We further

showed that changes in TCR signal quality—through cognate

versus altered peptide ligation—can be formalized as changes

of T cell subset-specific proliferation and differentiation

rates. Based on these findings, we reconstructed in silico the

response patterns emerging from a polyclonal TCR repertoire.

This reconstruction predicted that the variable differentiation

patterns derived from single naive T cells will strongly overlap

during primary immune responses, but will segregate accord-

ing to TCR signal quality when recall responses emerge from

multiple memory cells.

RESULTS

Peptide Vaccination Induces T Central Memory
Precursor, T Effector, and TFh Cells
We first performed a detailed phenotypic and functional charac-

terization of a monoclonal population of T cells responding to

vaccination with its cognate peptide. We sorted naive CD4+

T cells from OTII-TCR-transgenic-donor mice expressing the

congenic marker CD45.1 and transferred these monoclonal

T cell populations to C57BL/6 recipients. The OTII TCR binds

to a peptide derived from chicken ovalbumin (OVA) that is pre-

sented on the I-Ab MHCII molecule of C57BL/6 mice (Robertson

et al., 2000). Recipients were immunized with this OVA323–339

wild-type peptide (OVAWT) administered subcutaneously (s.c.)

in complete Freund’s adjuvant (CFA). At 8 days later, CD45.1+

T cell populations were monitored in lymph nodes draining the

vaccination site. In order to characterize the phenotypic diversi-

fication of the response, we investigated the expression of sur-

face markers CD62L and CXCR5. These have previously been

suggested to divide CD4+ T cell populations at the peak of their

response into CXCR5�CD62L� T effector (TEF) cells migrating

into non-lymphoid organs, CXCR5+CD62L� TFh cells residing

in or close to B cell follicles, and a subset of CD62L+ T cells

capable of recirculating into lymph nodes from the blood stream

(Fazilleau et al., 2009a, 2009b). We found that our peptide vacci-

nation scheme readily generated these three subsets (Figure 1A).
To probe the functional significance of the CD62L+ subset, we

asked whether it contains precursors of long-lived T central

memory (TCMp) cells, which have been shown previously to ex-

press lymph node homing markers such as CD62L and interme-

diate levels of CXCR5 (Pepper and Jenkins, 2011; Pepper et al.,

2011). At 8 days after primary vaccination, we sorted subsets

according to their expression of CXCR5 and CD62L via flow

cytometry (Figure 1B), transferred them into naive secondary re-

cipients, and rested them for 35 days in the absence of antigen.

Upon secondary immunization, we indeed found significantly

stronger recall responses in recipients that had received

CD62L+ T cells than in those that had received TFh or TEF cells

(Figure 1C). Early CXCR5 expression did not appear to further

segregate the recall capacity of the CD62L+ TCMp cells (Figures

1B and 1C). Closer investigation of the subset composition at

the peak of the primary immune response revealed that the

TEF subset contained both Th1 and Th17 cells expressing tran-

scription factors T-bet and RORgt, respectively. TFh cells ex-

pressed high levels of their lineage-determining transcription

factor Bcl-6, while TCMp and TEF cells expressed intermediate

levels of this transcription factor (Figure 1D).

Thus, differential expression of CD62L and CXCR5 identifies

TCMp, TEF, and TFh cells generated in response to vaccination

with cognate peptide.

Average Response Patterns of T Cell Populations Are
Closely Determined by TCR Signal Quality
We next compared the response patterns of monoclonal CD4+

T cell populations induced by a cognate peptide to those

induced by TCR ligation with an altered peptide ligand (APL).

We adoptively transferred 1,000 naive CD4+ T cells from OTII-

donor mice expressing distinct combinations of congenic

markers CD45.1/.2 and CD90.1/.2 (Figure S1). This allowed

simultaneous tracking of eight T cell populations (A–H) within

the same C57BL/6 recipient. Recipients were immunized with

CFA plus either OVAWT or the APL OVAR331, in which histidine

at position 331 is substituted by arginine (Robertson et al.,

2000). Importantly, binding of OVAWT versus OVAR331 to the

OTII TCR has recently been shown to induce strong versus

weak TCR signaling characterized by the differential cleavage

of Roquin and derepression of transcription factor IRF-4 (Jeltsch

et al., 2014). In line with such differential signal quality, the two

immunizations induced progeny of distinct size and phenotype

(Figures 2A and 2B): On average, population-derived responses

against OVAWT were 11 times larger than those induced

by OVAR331 (Figure 2C). Further on, responses to OVAWT were

dominated by TEF and TFh cells, while TCMp cells constituted

the smallest subset (‘‘strong’’ response pattern: blue) (Figures

2A and 2D). In contrast, responses against OVAR331 were domi-

nated by TCMp or TEF cells and contained very few TFh cells

(‘‘weak’’ response pattern: red) (Figure 2B and 2D). Progeny

showing other subset compositions were rarely found (‘‘other’’

response pattern: light blue) (Figure 2D). Importantly, when

exposed to the same p:MHCII ligand, T cell populations

generated similar burst sizes and subset compositions (Figures

2A–2D). Even reducing the administered dose of OVAWT by

10-fold left the ensuing burst size and subset composition virtu-

ally unchanged (Figure S2).
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Figure 1. Peptide Vaccination Induces T Central Memory Precursor, T Effector, and TFh Cells

(A–D) 104 naive CD4+CD25�CD44lo cells were sorted from peripheral blood of OTII-CD45.1-donor mice and adoptively transferred to C57BL/6 recipients, which

were immunized s.c. at the tail base with OVAWT in CFA. Immune responses were monitored in draining lymph nodes (dLNs) at day 8 post-immunization (p.i.).

(A) Pseudo-color and contour plots show responding CD4+CD45.1+ T cells and their phenotypic subdivision into TEF (CXCR5�CD62L�), TCMp (CD62L+), and

TFh cells (CXCR5+CD62L�).
(B and C) At day 8, p.i. antigen-experienced CD4+CD44hiCD45.1+ T cells were sorted via flow cytometry into four subsets according to expression of CXCR5

andCD62L. 5,000 cells of these subsets were separately transferred into naive secondary C57BL/6 recipients and 35 days later exposed to intravenous (i.v.) recall

immunization with modified vaccinia Ankara virus expressing OVA (MVA-OVA).

(B) Contour plots indicate subset purity after flow cytometric sorting.

(C) Bar graphs show mean recall expansion derived from transferred subsets at day 8 after recall immunization (n = 3–4). The error bars indicate SEM.

(D) Histograms indicate expression of lineage defining transcription factors T-bet, RORgt, Bcl-6, GATA3, and FoxP3 at day 8 after primary immunization in OTII

T cells of TEF, TCMp, and TFh phenotype and in naive endogenous CD4+ T cells.
Together, these data confirm that the quality of the TCR-

p:MHCII interaction closely defines the outcome of immune re-

sponses derived from populations of monoclonal CD4+ T cells.

Individual T Cells Take Highly Variable Fate Decisions
Despite Receiving TCR Signals of Identical Quality
To investigate the impact of TCR signal quality on the fate

decisions of individual CD4+ T cells, we performed a series of

single-cell-adoptive transfer experiments. In analogy to previous

work on CD8+ T cells (Buchholz et al., 2013; Graef et al., 2014),

we isolated single naive CD4+ T cells via fluorescence-activated

cell sorting (FACS) from peripheral blood of eight OTII-congenic

donors and simultaneously transferred these cells into C57BL/6

hosts. Size and phenotype of progeny derived from individual

naive CD4+ T cells were monitored in draining lymph nodes

8 days after vaccination with OVAWT in CFA. We recovered pro-
808 Cell Reports 20, 806–818, July 25, 2017
geny of transferred individual T cells in 4.2% of cases. Accord-

ingly, 8-fold single-cell transfers led to 68%, 30%, and 2% of

recipient mice containing 0, 1, and 2 detectable progenies,

respectively (Figure S3). Strikingly, we found that when exposed

to the same p:MHCII ligand, single CD4+ T cells harboring

identical TCRs generated highly variable response sizes and dif-

ferentiation patterns (Figures 3A–3D). This variation was not

decreased when transferring single T cells from OTII-Rag1�/�

donors and thus was not dependent on expression of additional

endogenous TCRs (Figures 3B–3D). At 180-fold, the inter-clonal

variation between the largest and the smallest single T cell-

derived progeny (Figure 3C) greatly exceeded the size difference

attributed to the quality of TCR ligation on the population level

(Figure 2C). Moreover, at least half of all single-cell-derived re-

sponses contained very few TFh cells and were categorized as

weak despite resulting from TCR ligation with OVAWT (Figure 3D).
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Figure 2. Average Response Patterns of

T Cell Populations Are Closely Determined

by TCR Signal Quality

(A–D) 8 3 1,000 CD4+CD25�CD44lo cells were

sorted via flow cytometry from eight OTII-con-

genic donors expressing distinct combinations of

congenic markers CD45.1/.2 and CD90.1/.2 and

transferred to C57BL/6 recipients followed by

s.c. immunization with 100 mg of either OVAWT

or OVAR331 in CFA. Immune responses were

analyzed in dLNs at day 8 p.i.

(A and B) Exemplary dot plots show congenic

phenotype of recovered T cells (upper row) and

expression of CXCR5 and CD62L in congenic

populations A–H (lower three rows) after immuni-

zation with (A) OVAWT in CFA or (B) OVAR331

in CFA.

(C) Scatterplots indicate absolute cell number

recovered per transferred population. The bar

indicates mean. CV: coefficient of variation.

(D) Line graphs indicate percentage of TEF, TCMp,

and TFh cells within each responding population.

Each line stands for one population. The response

patterns are defined as strong (blue: TFh and

TEF > TCMp), weak (red: TEF and TCMp R TFh),

and other (light blue: remaining patterns). The

pie charts show relative prevalence of response

patterns.

See also Figures S1 and S2.
We also explored an alternative approach for fate mapping

of single monoclonal T cells, similar to limiting dilution strate-

gies previously applied by other research groups (Plumlee

et al., 2013; Tubo et al., 2013). We chose conditions that guar-

anteed for more than 80% of recovered progenies to be genu-

inely derived from single naive T cells (Figure S4). This limiting

dilution approach confirmed the inter-clonal variation in size

(Figure 4A) and subset composition (Figure 4B) observed in

our previous experiments and showed that such variation

can also be detected when monitoring CXCR5 and PD-1 to

dissect the formation of TFh and germinal center TFh cells

(Figures 4C and 4D). However, without considering CD62L,

this marker combination did not allow to clearly delineate

TCMp from TEF and TFh cells and was thus, somewhat, less

sensitive in detecting variation of single-cell-derived differenti-

ation patterns.
C

A Probabilistic Model Adequately
Describes the Influence of TCR
Signal Quality on Single T Cell Fate
In order to investigate whether the strong

variation of progeny size and phenotype

emerging from individual T cells is consis-

tent with the closely defined response

patterns generated by populations of

CD4+ T cells, we first reconstructed pop-

ulation responses in silico out of our sin-

gle T cell-derived dataset. We assumed

that the 4.2% of single-cell-adoptive

transfers in which we detected progeny

equate to the overall recovery rate upon
adoptive transfer in our experimental system. This meant that

transferring populations of 1,000 T cells led to responses

composed out of an average of 42 single cells. Following these

assumptions, we composed population responses in silico by

repetitive random drawing from our single T cell-derived dataset

and found composed responses to be in good accordance with

the in vivo observations (Figure 5A). Thus, variable differentiation

of single CD4+ T cells expressing identical TCRs and exposed

to the same cognate peptide did not occur randomly, but within

a probabilistic framework that yielded predictable results when

the response patterns of multiple T cells were cumulated.

A prototypical model of probabilistic cell differentiation as-

signs probabilities for differentiation and proliferation events of

an individual cell within a given time interval, reflecting variable

extrinsic stimuli and/or intrinsic cellular receptivity (Buchholz

et al., 2013; Duffy et al., 2012; Feinerman et al., 2008). In
ell Reports 20, 806–818, July 25, 2017 809
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B Figure 3. Individual T Cells Take Highly Var-

iable Fate Decisions Despite Receiving TCR

Signals of Identical Quality

(A–D) 8 3 1 CD4+CD25�CD44lo cells were sorted

via flow cytometry from eight OTII or OTII-

Rag1�/�-congenic donors and transferred to

C57BL/6 recipients followed by s.c. immunization

with 10 mg of OVAWT in CFA. Immune responses

were monitored in dLNs at day 8 p.i.

(A) Dot plots show congenic phenotype of recov-

ered T cells (upper row) and expression of CXCR5

and CD62L in congenic populations (lower three

rows). Note that two progenies recovered within

the same recipient show distinct size and subset

composition.

(B) Dot plots showing size and phenotype of

progeny derived from single OTII (#1–3) or single

OTII-Rag1�/� cells (#4–6).

(C and D) As in Figures 2C and 2D, but instead

showing progeny size and subset composition

derived from single OTII or single OTII-Rag1�/�

cells after immunization with OVAWT in CFA. Note

180-fold difference between largest and smallest

single-cell-derived progeny. See also Figure S3.
addition, decisions to differentiate from one T cell subset into

another may be constrained by the directionality of underlying

developmental pathways (Buchholz et al., 2013; Flossdorf

et al., 2015). We formulated two basic models that, in agreement

with the data, generate both CD62L+ TCMp and CD62L� non-

TCMp cells from a single naive T cell, but differ in the sequence

of subset emergence (Figure 5B). We determined the subset-

specific proliferation and differentiation rates by fitting the two

models to our single T cell-derived dataset (Figure S5A). While

both models could describe key features of single T cell-derived

progenies at day 8 post-immunization (p.i.) (Figure S5B), only the

model in which CD62L+ TCMp cells give rise to CD62L� non-

TCMp cells (‘‘model I’’) correctly predicted the early dynamic

changes of subset prevalence within a responding T cell popu-

lation (Figure 5C). This suggests that the directionality of differ-

entiation from TCM to T effector memory (TEM) cells, previously

identified for mature memory subsets during recall responses

(Pepper et al., 2011), is already engrained in the early develop-
810 Cell Reports 20, 806–818, July 25, 2017
mental relationship of TCMp and non-

TCMp cells during the primary expansion

phase. We tested the capacity of model I

to simulate the distribution of expan-

sion size and phenotypic composition

measured for single-cell and population-

derived responses (Figure 5D). Indeed,

these simulations closely matched

the distribution of single T cell-derived

progenies observed in vivo (Figure 5E)

and, by cumulating multiple simulations,

captured the response patterns of T cell

populations (Figures 5F and S6). We

hypothesized that the changes in TCR

signal quality that lead to distinct popula-

tion-derived response sizes and pheno-
types after immunization with OVAWT versusOVAR331 (Figure 5G)

can be formalized by fractional changes made to the subset-

specific proliferation and differentiation rates previously identi-

fied. Implementing this assumption into the model (Table S1)

enabled us to generate responses to OVAR331 in silico that

agreed with the ones observed in vivo (Figure 5H). To test in

how far the formal changes in subset-specific proliferation

rates resembled the true proliferation activity of CD4+ T cells,

we measured incorporation of bromodeoxyuridine (BrdU) in

CD62L+ and CD62L� subsets at day 6 after vaccination with

OVAWT or OVAR331. Importantly, we found BrdU incorporation

to be in good accordance with our predictions (Figure 5I).

Thus, the same probabilistic framework was capable of

describing the strong variation emerging from individual

monoclonal T cells, as well as the robust response behavior

of a T cell population and allowed us to quantify the effect

of changing TCR signal quality on T cell proliferation and

differentiation.
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Figure 4. Limiting Dilution-Adoptive Transfer Confirms Variation in T Cell Response Size and Subset Composition

(A–D) 8 3 10 CD4+CD25�CD44lo cells were sorted via flow cytometry from eight OTII-congenic donors expressing distinct combinations of congenic markers

CD45.1/.2 and CD90.1/.2 and transferred to C57BL/6 recipients followed by s.c. immunization with 10 mg of OVAWT in CFA. Immune responsesweremonitored in

dLNs at day 8 p.i.

(A and B) As in Figures 3C and 3D.

(C) Line graphs indicate percentage of TEF (CXCR5�PD-1�), TFh (CXCR5+PD-1�), and GC-TFh cells (CXCR5+PD-1+) within each progeny. Each line stands for

one progeny derived after limiting dilution-adoptive transfer. Response patterns are defined as indicated (black: TEF > TFh R GC-TFh, gray: TFhR TEF > GC-

TFh). The pie charts show relative prevalence of response patterns.

(D) Congenic phenotype of recovered T cells (upper row) and expression of CXCR5 and PD-1 (lower three rows) delineating TFh and germinal center TFh (GC-TFh)

cells. Of note, progenies derived after limiting dilution-adoptive transfer show distinct CXCR5/PD-1 phenotypes within the same recipient.

See also Figure S4.
Primary Expansion of a Unique CD4+ T Cell Clone into
Multiple Memory T Cells Enables More Reliable Recall
Responses
Based on the data gathered for primary immune responses,

we hypothesized that the expansion of a unique CD4+ T cell

clone into a population of memory T cells should allow for a

more reliable influence of TCR signal quality on secondary

immune responses. To test this hypothesis, we adoptively

transferred limiting dilutions of naive OTII T cells and per-

formed a primary immunization with modified vaccinia Ankara

virus expressing OVA (MVA-OVA). 35 days later, we immu-

nized the same recipients with OVAWT plus CFA and compared

ensuing responses in draining lymph nodes at day 8 after sec-

ondary vaccination to those generated by primary vaccination

with the same peptide (Figure 6A). Interestingly, response

sizes under both conditions varied across two orders of

magnitude (Figure 6B) and thereby nearly matched variation

of primary and secondary response sizes recently described

for single polyclonal T cells and their progeny (Tubo et al.,

2016).

In contrast, the differentiation patterns induced by secondary

vaccination were substantially more robust than those found

during primary immune responses. Primary vaccination with

OVAWT had yielded differentiation patterns, characterized by
weak TFh cell differentiation, in more than half of all detected

progenies (Figure 6B). However, secondary immunization with

the same peptide, preceded by primary vaccination with MVA-

OVA, almost exclusively generated response patterns showing

strong TEF and TFh cell differentiation and low percentages of

TCMp cells (Figures 6B and 6C).We hypothesized that averaging

the responses of multiple memory T cells would suffice to

provide such robust secondary differentiation patterns. To also

take into account the varying ratio of TCMp and non-TCMp cells,

generated during primary responses, we simulated secondary

responses emerging from populations of 100 memory T cells

containing 0%–100% of TCM versus non-TCM cells. Assuming

that TCM and non-TCM cells are characterized by the same pro-

liferation and differentiation rates as their precursors, we applied

the samemodel structure and parameters as learned for primary

responses. Supporting these assumptions, we found that result-

ing simulations were in excellent accordance with the measured

recall data (Figure 6D). To further exclude that the reliable

regulation of secondary responses was mainly due to a per-

cell differentiation bias imprinted during the primary response,

we sorted TCM cells at day 35 after primary vaccination and

adoptively transferred them into naive hosts via single-cell

limiting dilution (Figure 6E). When exposing these single TCM

cells to vaccination with OVAWT, they generated highly variable
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Figure 5. A Probabilistic Model Adequately Describes the Influence of TCR Signal Quality on Single T Cell Fate

(A) Line plots indicate absolute numbers of TEF, TCMp, and TFh cells recovered in dLNs after transfer of one (1) or 1,000 (population) OTII cells and immunization

with 10 mg of OVAWT plus CFA or generated through in silico reconstruction of 1,000-cell transfers (population in silico) by cumulating on average 42 randomly

drawn single-cell-derived responses do generate each line.

(B) Schematic depiction of twomodel structures inwhichCD62L� arise fromCD62L+ T cells (model I: full lines) or vice versa (model II: dashed lines). Differentiation

and proliferation rates are indicated as D1–D4 and P1–P4.

(C) Percentage of CD62L expressing cells during the first 8 days p.i. as predicted by the two models and as measured after transfer of an OTII population (circles

with error bars indicate mean and SD; filled regions indicate 95% confidence prediction bands).

(D–H) Scatterplots indicate the size (absolute cell number within dLNs) and phenotype (%CD62L positive cells) of progeny derived from single T cells (blue circles)

or 1,000 adoptively transferred T cells after immunization with OVAWT (blue squares) or OVAR331 (red squares).

(D) Data for single-cell- and population-derived responses to OVAWT.

(E) Simulation of single-cell-derived responses using model I (black circles). Spearman correlation coefficient of data [95% confidence interval] and model:

rData = �0.52 [�0.71, �0.25], rModel = �0.31.

(F) Simulation of population-derived responses by cumulating an average of 42 simulations from (E) (black squares): rData = �0.27 [�0.64, 0.19], rModel = �0.13.

(G) Data for population-derived responses to OVAWT and OVAR331.

(legend continued on next page)
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differentiation patterns (Figures 6F and 6G) that were again in

striking concordance with our model predictions (Figure 6H).

Together, these data demonstrate that progenies of vastly

different size and subset composition, derived from single

monoclonal CD4+ T cells, will maintain their size differences,

but display a shared differentiation pattern when secondary re-

sponses are averaged out of the probabilistic response patterns

of multiple memory T cells.

Polyclonal Response Patterns Driven by Simulated
TCRs of Distinct Binding Strength Segregate upon
Secondary Expansion
To test the general relevance of our model framework, we next

asked whether it could reproduce the primary and secondary

differentiation patterns emerging from a polyclonal TCR reper-

toire. We reasoned that the model parameters identified for the

interaction of the OTII TCR with distinct peptides (OVAWT and

OVAR331) should also describe the TCR signal quality of two

distinct TCRs interacting strongly or weakly with the same

p:MHCII complex. To establish the model parameters for immu-

nization with OVAR331, the proliferation and differentiation rates

defined for OVAWT immunization had to be adapted by roughly

the same factor�0.44 and 0.49, respectively (Figure 5I and Table

S1). To establish a set of hypothetical TCRs, we accordingly

applied just one scaling factor per TCR. Using factors of 1,

0.81, 0.63, and 0.45, we generated TCRs of ‘‘high’’, ‘‘intermedi-

ate-high’’, ‘‘intermediate-low’’, and ‘‘low’’ binding strength

(Table S1). We then simulated the generation of CD62L+ TCMp

and CD62L� non-TCMp cells starting out from individual naive

T cells harboring these distinct TCRs. Since TCM and TEM cells

adoptively transferred during the memory phase have been re-

ported to provide similar recall expansion (Pepper et al., 2011),

we attributed the 5-fold lower recall capacity of non-TCMp

versus TCMp cells that we had measured (Figure 1C) to their

decreased survival in the absence of antigen. Accordingly, we

reduced numbers of non-TCMp cells generated during primary

simulations to a fifth and then simulated secondary responses

starting out from the remaining TCMp and non-TCMp cells. As

found in vivo (Tubo et al., 2016), these sequential simulations

showed that primary differentiation patterns emerging from a

polyclonal TCR repertoire partly determined (r2 = 0.61) second-

ary differentiation patterns (Figure 7A). As expected, the predic-

tive value of primary differentiation patterns further increased

when the TCR signal quality of the responding progeny was

known (r2hi = 0.80, r
2
int-hi = 0.79, r

2
int-lo = 0.77, r

2
lo = 0.72). How-

ever, these analyses only relate the behavior of primary and

secondary progeny populations to each other. To more directly

quantitate the differential impact of TCR signal quality on sin-

gle-cell-derived responses, we asked how strongly the CD62L

expression patterns of progeny derived from single T cells ex-

pressing distinct TCRs would overlap. In contrast to responses

derived from ten naive T cells, we found that single T cells of
(H) Simulations of population-derived responses as in (E), but with reduced pro

rModel = �0.07.

(I) Bar graphs showmodeled mean proliferation rates and measured BrdU incorpo

OVAR331. The error bars indicate 95% confidence bounds (for model I) and SEM

See also Figures S5 and S6; Table S1; and Supplemental Experimental Procedu
high versus low TCR binding strength generated strongly over-

lapping primary differentiation patterns (Simpson overlap coeffi-

cient [OC] = 60%). Importantly, these began to segregate during

secondary immune responses, when more distinct differentia-

tion patterns emerged as population averages, generated by

multiple memory cells harboring the same TCR (OC = 27%)

(Figure 7B).

DISCUSSION

Of the 4 3 107 naive murine CD4+ T lymphocytes, no more than

a few hundred cells harbor TCRs specific to a certain foreign

peptide presented on MHCII (Jenkins et al., 2010; Moon et al.,

2007). In addition, each one of the T cells belonging to such

an epitope-specific population is thought to express a unique

TCR that binds with distinct strength to its cognate p:MHCII

ligand (Tubo and Jenkins, 2014; Tubo et al., 2013). Various

studies conducted in vitro and in vivo have shown that the qual-

ity of TCR ligation influences the average expansion and differ-

entiation of monoclonal CD4+ T cell populations (Boutin et al.,

1997; Constant et al., 1995; Evavold and Allen, 1991; Fazilleau

et al., 2009b; Jorritsma et al., 2003; Leitenberg et al., 1998).

Recently, it has been shown that individual CD4+ T cells derived

from a polyclonal endogenous repertoire generate progeny of

vastly different size and phenotypic composition in response

to TCR ligation with the same p:MHCII ligand (Tubo et al.,

2013). However, it remained unclear how much of this inter-

clonal variation was indeed driven by differences in TCR signal

quality.

Studying immune responses derived from polyclonal single

CD4+ T cells likely provides a mixed measure of effects attribut-

able to the nature of the TCR and of effects driven by an unknown

number of other deterministic or stochastic events that occur

during the life history of an individual T cell. In our experimental

system, we isolated the effect of TCR signal quality bymeasuring

response patterns derived from a population of monoclonal

naive CD4+ T cells exposed to either strongly or weakly binding

peptide ligands. In such population-derived responses, individ-

ual fate-determining factors should be largely randomized and

distinct response patterns can be attributed to differences in

the binding strength of TCR ligation. Transgenic TCRs, such as

5CC7 and 2B4 binding to pigeon cytochrome C, as well as

B3K506 binding to the peptides 3K, P5R, or P1-A, have been

used previously to study the effects of differential TCR signal

quality in vivo. In two recent studies, these systems have yielded

differences in the mean expansion of T cell populations ranging

between 2- to 4-fold and differences in the percentage of TFh

or GC-TFh cells of approximately 3-fold (Fazilleau et al., 2009a;

Tubo et al., 2013). Our experimental approach, based on

studying OTII T cell responses against peptide vaccination with

OVAWT versus OVAR331, generated differences in total popula-

tion expansion of 11-fold and differences in the percentage
liferation and differentiation rates (white squares): rData = �0.02 [�0.44, 0.43],

ration of CD62L+ and CD62L� T cells 6 days after immunization with OVAWT or

(for data).

res.
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of generated TFh cells of approximately 4-fold. Thereby, we

covered a dynamic range of population expansion and differen-

tiation similar to that interrogated by the aforementioned TCR-

transgenic systems.

Strikingly, when mapping the fate of single CD4+ T cells ex-

pressing identical TCRs and exposed to the same p:MHCII

ligand in vivo, we found that the size of their progeny varied by

180-fold, and the percentage of generated TFh cells varied by

at least 21-fold. Thus, the quality of TCR ligation does not instruct

the in vivo lineage decisions of an individual CD4+ T cell in a

deterministic manner. These data rather argue that the influence,

which a certain TCR has on the fate of an individual CD4+ T cell, is

overlaid by probabilistic events occurring during the life history of

this cell and that of its progeny.

These events may lie before, during, or after the onset of a sin-

gle-cell-derived immune response (Beuneu et al., 2010; Lemâıtre

et al., 2013). Mapping these events comprehensively; e.g., within

the complex environment of a secondary lymphoid organ (Eickh-

off et al., 2015; Qi et al., 2014) and combining this information

with that on TCR signal quality, might in the future allow to retro-

spectively determine exactly why an individual CD4+ T cell has

generated a certain response pattern. However, this insight will

not allow answering prospectively which specific sequence of

events a single naive T cell of defined TCR quality will encounter

upon vaccination or infection. When taking into account these

assumptions, our data argue that the outcome of immune re-

sponses derived from single CD4+ T cells must be considered

as fundamentally uncertain.

In order to adequately describe both this fundamental uncer-

tainty of single-cell-derived immune responses, as well as the

impact of TCR signal quality on these responses, we developed

a probabilistic computational model. This model allowed us to

identify a basic developmental structure underlying the observed

Th cell responses (i.e., differentiation of TCMp cells into non-

TCMp cells) and further enabled us to extract and validate key

parameters determined by strong versus weak TCR ligation

(i.e., subset-specific proliferation and differentiation rates and

their fractional alteration according to TCR signal quality). Impor-

tantly, the defined structure and parameters of this model

learned on single-cell-derived primary immune responses suf-

ficed to predict the course of secondary immune responses

emerging from single TCMp cells, as well as the robust response

patterns generated by monoclonal memory populations. These
Figure 6. Primary Expansion of a Unique CD4+ T Cell Clone into Multip
(A) Schematic depiction of experimental setup: Sort and adoptive transfer were

MVA-OVA (108 pfu i.v.) rested for 35 days, recall immunized with OVAWT in CFA,

(B) Line plots indicate absolute numbers of TEF, TCMp, and TFh cells recover

immunization with OVAWT.

(C) Exemplary dot plots show size and subset composition of progeny derived a

(D) Starting out from hypothetical populations of 100memory T cells containing 0%

according to the structure and parameters of model I (see Figure 5B and Table S1

compared to that generated during secondary responses in vivo (data).

(E) Schematic depiction of experimental setup: Populations of naive CD4+CD25

congenic donors and transferred into primary recipients, which were then immuni

CD62L+ TCM cells were sorted from lymphatic tissues of primary recipients and

which were subsequently immunized with OVAWT in CFA. Secondary responses d

(F–H) As in (B)–(D), but secondary responses derived in vivo and simulated in s

Experimental Procedures.
findings are in line with data gathered for CD8+ T cells demon-

strating that naive T cells differentiate first intomemory precursor

cells, some of which then give rise to shorter-lived effector cells

(Badovinac et al., 2004, 2005; Buchholz et al., 2013; Joshi et al.,

2007; Sarkar et al., 2008). In addition, immune responses derived

from single monoclonal CD8+ T cells also show highly variable

burst sizes and differentiation patterns (Buchholz et al., 2013;

Gerlach et al., 2013; Graef et al., 2014) and have been best

described by probabilistic models of proliferation and differenti-

ation (Buchholz et al., 2013; Flossdorf et al., 2015; Marchingo

et al., 2014).

A crucial question is how the variation in size and phenotype,

observed for primary immune responses emerging from individ-

ual CD4+ T cells, translates to secondary immune responses

derived from the daughter cells of these individual clones. Inter-

estingly, we found that single-cell-derived progenies of vastly

different size and subset composition will maintain their size dif-

ferences (most likely due to maintenance of different numbers of

memory precursors), but will display a shared differentiation

pattern, during secondary immune responses. We utilized our

theoretical framework to further extrapolate these insights to a

polyclonal TCR repertoire. Importantly, our simulations of such

a repertoire were guided by strict parameter extraction from

our in vivo experiments. These simulations suggested that

during primary responses, probabilistic effects independent of

TCR quality strongly influence the course of single-cell-derived

responses, thereby, creating a large overlap of differentiation

patterns derived from clones of high versus low TCR binding

strength. However, during recall immune responses, these

effects move into the background and population-derived

differentiation patterns segregate according to the quality of

TCR ligation. Thus, the theoretical framework proposed here

could explain why the dominance of high-avidity T cell clones

within a polyclonal epitope-specific T cell response evolves

only throughout repetitive immunizations (Busch et al., 1998;

Savage et al., 1999). It would further suggest that the dominance

of high-avidity clones evolves more quickly when multiple naive

T cells expressing the same TCR exist in the naive repertoire. A

recent study showed clear dominance of high-avidity CD4+ T cell

clones without the need for repetitive immunization. Interest-

ingly, this study employed an experimental system in which a

fixed TCR alpha chain was used to reduce the diversity of the

naive TCR repertoire (Kim et al., 2013). Such a redundant TCR
le Memory T Cells Enables More Reliable Recall Responses
performed as in Figure 4, but half of recipients were primarily immunized with

and analyzed 8 days later in dLNs.

ed in dLNs after limiting dilution-adoptive transfer and primary or secondary

fter secondary immunization.

–100% of CD62L+ TCM cells (memory), secondary responses were simulated

), and the percentage of CD62L+ TCMp cells in simulated progeny (model) was

�CD44lo cells were sorted via flow cytometry from peripheral blood of OTII-

zed with OVAWT in CFA. At day 35 after immunization, congenic marker positive

adoptively transferred via single-cell limiting dilution into secondary recipients,

erived from single TCM cells were analyzed in dLNs at day 8 after vaccination.

ilico starting out from single TCM cells. See also Table S1 and Supplemental
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Figure 7. Polyclonal Response Patterns

Driven by Simulated TCRs of Distinct Bind-

ing Strength Segregate upon Secondary

Expansion

(A) Scatterplots depict percentage of CD62L+

T cells in simulated primary and secondary re-

sponses derived from individual naive T cells or

their primary progeny, respectively. Responses of

T cells harboring a hypothetical TCR of high bind-

ing strength are simulated according to the model

structure and parameters of model I (see Figure 5B

and Table S1). Primary and secondary responses

of T cells harboring a hypothetical TCR of

intermediate-high, intermediate-low, or low TCR

binding strength are simulated according to the

structure of model I, but with proliferation and

differentiation rates (P1, P2, and D2) scaled by

0.81, 0.63, or 0.45, respectively.

(B) Bar graphs show percentage of CD62L+ T cells in simulated primary responses (upper row) derived from individual (1) or ten (10) naive T cells and simulated

secondary responses (lower row) derived from the primary progeny of these T cells. At least 2,500 simulations were performed for each TCR. The resulting

progenies were binned according to their percentage of CD62L+ T cells into bins spanning 5% intervals. The overlap between the resulting distribution of

differentiation patterns induced by the two hypothetical TCRs (blue: high binding strength and red: low binding strength) was calculated according to the

Szymkiewicz-Simpson coefficient.
repertoire should allow for a more rapid focusing on high-avidity

clones by averaging the probabilistic response patterns of mul-

tiple naive T cells that express the same TCR.

From a clinical point of view, the data presented here shed

light on the immunological principles underlying successful

prime-boost vaccinations and have the potential to inform the

design of future vaccination strategies that require optimally har-

nessing rare TCR specificities (Escolano et al., 2016).

EXPERIMENTAL PROCEDURES

Mice and Peptide Immunization

6- to 8-week-old C57BL/6 female mice were purchased from Envigo. OTII

and OTII-Rag1�/� mice expressing eight distinct congenic marker combina-

tions of CD45.1, CD45.2, CD90.1, and CD90.2 were bred in-house at the

animal facility of Technische Universität M€unchen. Animal care and experi-

ments were in accordance with institutional protocols as approved by the

relevant local authorities. For peptide immunization, C57BL/6 mice were

injected s.c. at the tail base with 10–100 mg OVAWT or OVAR331 plus CFA.

For immunization with MVA-OVA, C57BL/6 mice were injected with 108 pfu

intravenously (i.v.).

Adoptive T Cell Transfer

Naive CD4+CD25�CD44lo cells were purified from the peripheral blood of eight

OTII or OTII-Rag1�/�-congenic-donor mice to >99% purity by flow cytometric

cell sorting (MoFlo XDP, Beckman Coulter). Leukocytes from peripheral

blood were stained with anti-CD44-fluorescein isothiocyanate (FITC) (IM4,

eBioscience), anti-CD4-eF450 (RM4-5, eBioscience), and anti-CD25-APC

(PC61, BD Biosciences) for 20min at 4�C including propidium iodide (PI) label-

ing to discriminate dead cells. Naive CD4 cells (1, 10, or 1,000 cells) from eight

OTII-congenic donors were consecutively sorted into the samewell of a V-bot-

tom 96-well plate, containing 200 mL of heat-inactivated fetal calf serum (FCS)

and 43 105 peripheral blood monocytes from C57BL/6 mice. Afterward, each

well contained 83 1, 83 10, or 83 1,000 cells with distinct congenic pheno-

types that were injected intraperitoneally (i.p.) into C57BL/6 mice.

Analysis via Flow Cytometry

At 8 days after OVAWT or OVAR331 peptide immunization, lymphocytes were

isolated from draining lymph nodes of C57BL/6 mice and homogenized by

mechanical disruption on a sterile 70 mm cell strainer in RPMI 1640 medium
816 Cell Reports 20, 806–818, July 25, 2017
containing FCS. For antibody staining, 2 3 107 cells were loaded into U-bot-

tom 96-well plates and incubated with anti-CD16/32 (Fc-block; MR9-4,

BD Biosciences) for 20 min. Subsequently, CXCR5 staining was performed

in three successive steps by using anti-CXCR5-PE (SPRCL5, eBioscience)

for 30 min, a secondary biotinylated-anti-PE (eBioPE-DLF, eBioscience)

antibody for 20 min, and then with streptavidin-PE (BD Biosciences) in combi-

nation with any of the following labeling matrices: anti-CD45.1-FITC (A20,

eBioscience), anti-CD90.1-FITC (OX7, BD Biosciences) or anti-CD62L-

FITC (MEL-14, eBioscience), anti-CD19-PE CF594 (1D3, BD Biosciences),

anti-CD45.1-PerCPCy5.5 (A20, eBioscience), anti-CD62L-PE Cy7 (MEL-14,

eBioscience) or anti-PD-1-PE Cy7 (J43, eBioscience), anti-CD45.2-Horizon

V450 (104, BD Biosciences) or anti-CD45.1-eF450 (A20, eBioscience),

anti-CD4-Pacific Orange (RM4-5, Invitrogen), anti-CD90.1-APC (HIS51,

eBioscience), anti-CD27-APC (LG.7F9, eBioscience), or anti-CD62L-APC

(MEL-14, eBioscience), and anti-CD90.2-APCeFluor780 (53-3.1, eBioscience)

for 20 min. All staining procedures were performed at room temperature.

For intracellular transcription factor staining, cells were first incubated with

ethidium monazide (EMA) and Fc-block, then subjected to the 3-step

CXCR5 staining procedure, as described, followed by staining of the surface

markers anti-CD62L-FITC (MEL-14, eBioscience), anti-CD19-PE CF594,

anti-CD4-Pacific Orange, and anti-CD45.1-APC (A20, eBioscience). In accor-

dance with manufacturer guidelines, intracellular staining with anti-T-bet-

BV421 (Apr46, BD Biosciences) or anti-Foxp3-eFluor 450 (FJK-16 s,

eBioscience), anti-RORgt-APC (B2D, eBioscience), anti-GATA3-PECy7

(TWAJ, eBioscience), or anti-Bcl-6-PECy7 (K112-91, BD Biosciences) was

performed at 4�C for 30 min after fixation and permeabilization.

Measurements were done on a 9-color CyAn ADP Flow Cytometer (Beck-

man Coulter). Analysis of FACS data was performed using Summit (Beckman

Coulter) or FlowJo (Tree Star).

BrdU Incorporation

Mice were administered 1 mg bromodexoyuridine (BrdU) i.p. and given

0.8 mg/mL BrdU plus 1 mg/mL sucrose in drinking water for 1 day before

analysis. For BrdU analysis, the staining procedures were performed accord-

ing to the BrdU FlowKit (BDBiosciences) and included surfacemarker labeling

as indicated above.

General Statistical Analysis

Unless otherwise indicated, statistical significance was determined by one-

way ANOVA with Tukey’s multiple comparison testing. Asterisks indicate

statistical significance: * p < 0.05, ** p < 0.01, and *** p < 0.001.
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Flossdorf, M., Rössler, J., Buchholz, V.R., Busch, D.H., and Höfer, T. (2015).
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