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Independent and temporally
separated dynamics for RORgt
and Foxp3 during Th17
differentiation
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Jacob Rimer1, Irina Zaretsky1,2, Dan Reshef1,
Ekaterina Kopitman2, Nir Friedman1† and Yaron E Antebi3*†

1Department of Immunology and Regenerative Biology, Weizmann Institute of Science,
Rehovot, Israel, 2Department of Life Sciences Core Facilities, Weizmann Institute of Science,
Rehovot, Israel, 3Department of Molecular Genetics, Weizmann Institute of Science, Rehovot, Israel,
4Department of Systems Immunology, Weizmann Institute of Science, Rehovot, Israel
T helper 17 and Regulatory T cells (Th17 and Treg, respectively) are twowell-described

lymphocyte subsets with opposing actions. The divergent fates of Th17 and Treg cells

are accounted for, at least in part, by molecular antagonism that occurs between their

respective specific transcription factors, RORgt and Foxp3. An imbalance between

Th17 and Treg cells may lead to tissue inflammation and is associated with certain

types of autoimmunity. In order to understand the heterogeneity and dynamics of the

differentiation process, we studied Th17/Treg cell differentiation of naïve cells in vitro,

using RORgtGFPFoxp3RFP dual-reportermouse. Flowcytometry revealed the consistent

emergence of a population of double positive RORgt+Foxp3+ (DP) cells during the

early stages of Th17 cell differentiation. These DP cells are closely related to RORgt+

single positive (SPR) cells in terms of global gene expression. Nevertheless, for some

genes, DP cells share an expression patternwith Foxp3+ single positive (SPF) Treg cells,

most importantly by reducing IL17 levels. Using time-lapse microscopy, we could

delineate the expression dynamics of RORgt and Foxp3 at a clonal level. While the

RORgt expression level elevates early during differentiation, Foxp3 rises later and is

more stable upon environmental changes. These distinct expression profiles are

independent of each other. During differentiation and proliferation, individual cells

transit between SPR, DP, and SPF states. Nevertheless, the differentiation of sister cells

within a clone progeny was highly correlated. We further demonstrated that sorted

SPR and DP populations were not significantly affected by changes in their

environment, suggesting that the correlated fate decision emerged at early time

points before the first division. Overall, this study provides the first quantitative analysis

of differentiation dynamics during the generation of DP RORgt+Foxp3+ cells.

Characterizing these dynamics and the differentiation trajectory could provide a

profound understanding and be used to better define the distinct fates of T cells,

critical mediators of the immune response.
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Introduction

CD4+ T cells play a central role in mediating adaptive immunity.

Upon interaction of their TCRwith a cognate antigen and stimulation by

the cytokine milieu, naïve CD4+ T cells can differentiate into specialized

effector subsets that help other immune cells in eradicating pathogens (1,

2). Under certain conditions, CD4+ T cells can instead be induced to a

regulatory fate (iTreg cells), which maintains self-tolerance and

modulates immune responses to infections. However, recently the

paradigm of a discrete set of terminally differentiated fates has been

altered, and a continuum of fates that shows a high level of plasticity was

revealed (3). We and others have reported stable co-expression of

multiple lineage-specific genes accompanied by a mixed cytokine

secretion phenotype in committed CD4+ T cell populations in

response to complex environmental signals (4–6). Furthermore, diverse

transitions between lineages were shown to occur in both humans and

mice (7–10).

An important form of plasticity is between the effector and

regulatory states of T cells, enabling adaptation to changes in the

cells’ environment. Transitions in both directions were described before

(7, 11–13), and double positive cells co-expressing Foxp3 with each of

the known effector transcription regulators RORgt, Tbet, and GATA3

were found in vivo and shown to possess an immunosuppressive

function (14–17). In particular, the interplay between effector Th17

and Treg cells has important implications for immune responses.

Upregulation of Th17 immunity and functional defects in Tregs were

demonstrated in various autoimmune disorders (18–21). Treatments

with a neutralizing anti-IL-17 antibody or adoptive transfer of Treg cells

were able to limit disease severity inmice by restricting the expansion of

effector Th17 cells (21–23). Interestingly, both Th17 and Treg cells

require TGFb for their differentiation from naïve CD4+ T cells and can

be found in adjacency in vivo, for example, in the intestine (24).

While double positive RORgt+Foxp3+ cells were shown to have a

significant role in regulating inflammation (14, 17, 25–27), the

differentiation process of these cells has not yet been studied

systematically, and its dynamics is still not known. Differentiation

of double positive fates could proceed through distinct trajectories

(Figure 1A). Double positive cells could emerge from effector RORgt+

cells or regulatory Foxp3+ cells and could differentiate directly from

naive cells. Furthermore, heterogeneity in the differentiation process

is a key component in determining the balance between effector and

regulatory functions. The level of heterogeneity is set by whether the

resulting differentiation decision is determined collectively at the

population level, individually at the single cell level, or at the clonal

level (Figure 1B). Finally, it is important to determine the stability and

plasticity of the resulting fates.

Results

Analysis of RORgt and Foxp3 dynamics
during in vitro Th17 cell differentiation
reveals a large and stable DP population

Studying these questions requires quantitative monitoring of

the dynamics of the two master transcription factors through the
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differentiation process at the single-cell level. We generated a tissue

culture model giving rise to RORgt+Foxp3+ DP cells. Specifically, we

crossed transgenic Rorc(gt)-GfpTG reporter mice with Foxp3-IRES-

mRFP knock-in mice and used the resulting RORgtGFPFoxp3RFP

dual reporter F1 hybrids. To test whether we could identify double

positive populations using this model, we isolated lymphocytes

from Peyer’s Patches of a healthy mouse and verified the existence

of a CD4+ DP RORg t+Foxp3+ population (14) (>3%;

Supplementary Figure S1A).

Next, we aimed to induce double-positive cells in vitro. Naïve

CD4+ T cells were extracted from the spleens of the dual reporter

mice and activated using anti-CD3 anti-CD28 activation beads. The

cells were incubated for three days under conditions favoring either

Th17 cell differentiation (TGFb with IL6) or iTreg (TGFb with IL2)

(Figure 1C). Importantly, in order to enable the emergence of mixed

fates, we did not use fully polarizing conditions that include the

addition of neutralizing antibodies against cytokines directing

alternative fates (5). After three days, cells were measured to

determine the expression of signature markers. As expected,

under the Th17 condition, we observed upregulation of the

master regulator RORgt and IL17A mRNA (Supplementary

Figure S1B) as well as secretion of the signature cytokine IL17A

(Supplementary Figure S1C). In cells cultured under iTreg-inducing

conditions, on the other hand, mRNA levels of the main

transcription factor Foxp3 increased (Supplementary Figure S1B).

We then used flow cytometry to measure the expression of these

two transcription factors at the single-cell protein level. Treg-

inducing conditions resulted in the gradual emergence of a

Foxp3+ population during the first three days (Figure 1D, lower

panel). Under Th17-inducing conditions, however, we observed

both a SP RORgt+ population and a DP RORgt+Foxp3+ population
(Figure 1D, upper panel). We further validated the RORgtGFP and

Foxp3RFP reporters by sorting positive and negative populations

and staining them with antibodies against RORgt and Foxp3

(Supplementary Figure S1D). Thus, inducing CD4+ cells with

TGFb and IL6 in vitro results in a significant population of DP

RORgt+Foxp3+ cells. This in vitro system for the differentiation of

double-positive cells allows us to quantitatively study the dynamics

of the differentiation process. Using flow cytometry, we measured

every six hours the percentages of cells in three distinct populations:

single positive RORgt cells (SPR), single positive Foxp3 cells (SPF),

and double positive cells expressing both transcription factors (DP).

We found that under both Th17 and Treg conditions, cells began to

elevate the level of RORgt within 12hr after they encountered TCR

activation and TGFb (Supplementary Figure S1E). The expression

of Foxp3, however, was relatively delayed and occurred at 24-36hr.

Under Treg condition, the expression of RORgt was transient and
disappeared within the first two days of activation (<4% of the cells).

The SPF population reached a peak of 80% after 66hr (Figure 1E)

and was stably maintained throughout an extended culture of 7

days. In contrast, under Th17-inducing condition, the fraction of

cells expressing RORgt increased monotonically, reaching its

maximum level of 70-90% at approx. 30hr (Supplementary Figure

S1E). The percentage of RORgt+ cells remained at this level until the

end of the experiment on day 7. Here, the increase in Foxp3 resulted
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FIGURE 1

A large stable DP population emerges during Th17 cell differentiation. (A) Potential trajectories of naive CD4+ T cells towards expressing both
effector and regulatory transcription factors and becoming double positive RORgt+Foxp3+ cells. (B) The fate decision within cells can arise at
different levels. The cellular state might be the result of a collective homogeneous decision where all cells become double positive. Alternatively,
some cells could attain a double positive fate, while others become single positive. In this case, the decision could occur at the clonal level, such
that all the descendants of the same clone have the same fate, or each cell could make an independent individual decision. Cell color represents a
clone. (C) Experimental design. Naïve CD4+ T cells were isolated from the spleen of dual reporter RORgtGFPFoxp3RFP mice and cultured in the
presence of activation beads and fate-inducing cytokines for 72hr before being analyzed using flow cytometry. (D) Scatter plots showing measured
expression patterns of RORgtGFP and Foxp3RFP of naive cells on t=0 and of cells under Th17 (upper panel) and Treg (lower panels) conditions on
t=24,48,72hr. Population color code: blue, SPR (single positive, Rorgt); pink, DP (double positive); red, SPF (single positive, Foxp3); gray, DN (double
negative). (E) Percentages of detected populations of cells cultured under Th17 (left) and Treg (right) conditions. Measurements were taken every 6hr
throughout 72hr and after 7 days using flow cytometry. The presented data is from one representative experiment out of three, each with three
technical repeats.
Frontiers in Immunology frontiersin.org03

https://doi.org/10.3389/fimmu.2025.1462045
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Miller et al. 10.3389/fimmu.2025.1462045
in a population of DP cells that was stable throughout the

experiment and occurred at a significant percentage (10-45%;

Figure 1E). Importantly, under the Th17 condition, all Foxp3+

cells were in the DP population, and we did not observe any SPF

population. To determine the role of TGFb in the emergence and

long-term stability of the DP population, we activated T-cells and

cultured them under alternative Th17-inducing conditions without

TGFb. Under these conditions, no DP population was detected after

72 hours (Supplementary Figure S1F). In contrast, when TGFb was

included, the DP population remained stable even after TGFb was

washed out and the cells were cultured for an additional four days

(Supplementary Figure S1G). These findings indicate that while

TGFb is required for the initial emergence of the DP population, its

maintenance is independent of continuous external TGFb signaling.
Overall, we have established a tissue culture model in which we can

observe the emergence of a population of DP cells. The DP cells

show transient dynamics when cultured in the presence of cytokines

which favor the differentiation of Treg, and long-term stable

dynamics in Th17-favoring conditions.
DP cells show mixed transcriptional
expression patterns with many genes
parallel to SPR or SPF expression patterns,
while others are uniquely regulated

Having identified distinct patterns of RORgt and Foxp3

expression, we further aimed to characterize the full

transcriptional differences between the populations using RNA-

seq. We analyzed the transcriptional profile of the stable DP

population that emerged under Th17 condition and compared it

with the SPR and SPF populations generated under Th17 and Treg

conditions, respectively. Analysis of differentially expressed genes

revealed significant differences between all three populations

(Figure 2A). In particular, the DP population differed in the

expression of key genes from both SPR and SPF (Figure 2B).

Quantitatively, the comparison between SPR and SPF resulted in

the largest number of differentially expressed genes, suggesting that

the DP population has an intermediate transcriptional pattern.

Comparing SPR or SPF to the DP population, SPR showed fewer

differentially expressed genes. This finding is consistent with the

fact that DP and SPR have emerged from the same Th17 culture

conditions. Quantifying the full correlation between gene

expression across the three populations showed a similar

structure, with the DP population having an intermediate

expression pattern, showing higher similarity to the SPR

population than to the SPF population (Supplementary

Figure S2A).

We then focused on the differentially expressed genes between

the DP population and either the SPR or SPF populations. We

quantified the expression level of each gene compared to its

expression in either of the single positive populations. To do that,

we calculated a similarity index where an index of 1 reflects

expression levels similar to the SPR population, and an index of

-1 reflects expression levels similar to the SPF population (see
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Materials and Methods). The DP population showed mixed

expression patterns across all differentially expressed genes, where

48% of the genes had similar levels to the SPR population

(Figure 2C). However, while both DP and SPR populations were

exposed to the same culture conditions, many genes showed a

distinct expression pattern in the DP population: approx. 30% of the

genes showed expression at an intermediate level between SPR and

SPF, while approx. 20% of the genes were up- or down-regulated in

relation to both SPR and SPF, thus resulting in a distinct expression

pattern that is unique to the DP population.

The DP population expressed high levels of Th17-associated

genes like Rorc, Ahr, and Il21 (Figures 2B, D). Simultaneously, the

expression of the Th17-associated effector cytokines Il17a and Il24

and the chemokine Ccl20 were downregulated in the DP population

compared with SPR (Figures 2B, D). We further confirmed a

corresponding reduction at the protein level of IL17A using flow

cytometry (Supplementary Figure S2B). Since IL17 is involved in

inducing and mediating proinflammatory responses (1), our data

suggests that the DP population may not act as an effector Th17.

Interestingly, the DP population significantly upregulated genes

participating in the IL1 signaling pathway, including the activation

receptor IL1R1 and the decoy receptor IL1R2 (Figure 2D;

Supplementary Figure S2B). In agreement with transcriptional

differences in the IL1 signaling pathways, IL-1 induces an

opposite effect on the expression of IL23R, a key target of the IL1

pathways (Supplementary Figure S2C). The DP population also

showed high expression of several Treg-associated genes, including

Foxp3 and Nrp1 (Figure 2D). Our findings are in agreement with a

recent study on in vivo double-positive Rorgt+Foxp3+ cells, showing
a mixed transcriptional phenotype with low expression of Th17

signature cytokines (Microarray results of Il17A, Il17F, and Il21)

accompanied with high expression of several Treg-associated genes

(CD25, GITR (14);). Moreover, Yang et al. revealed a significant

regulatory capacity using adoptive transfer of the DP cells in the

context of T cell transfer colitis (14). Accordingly, using a standard

in-vitro suppression assay, we have confirmed that DP cells grown

in vitro under the Th17 condition can suppress the proliferation of

other T cells (Supplementary Figures S2D, E). Overall, the DP

population shows marked differences from SPR in the expression of

genes with effector function and an increase in properties related to

an inhibitory function.
RORgt and Foxp3 exhibit distinct and
independent temporal dynamics

Using flow cytometry, we established the existence of the DP

population. However, this data cannot determine the differentiation

kinetics of the double-positive population. In particular, the initial

population contained ~6% of Foxp3+ cells (Figures 1D, E), raising

the possibility that some DP cells could originate from this non-

naive population. Determining the DP population’s origin and

kinetics requires a continuous analysis of the differentiation

process. To do that, we utilized the micro-well array (MWA) (28,

29), where naïve CD4+ T cells are seeded in PDMS micro-wells (28,
frontiersin.org
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29) with activation microbeads in the presence of Th17 or Treg

conditions. This allowed us to monitor the cells continuously for

over 2 days using a fluorescent microscope (Figure 3A). We note

that the micro-well analysis has several key differences compared

with a flow cytometry analysis. Most significantly, in the MWA, we

analyze the fluorescence within each well. This allows us to follow

the specific dynamics continuously and determine the complete

history throughout the differentiation process. However, this

analysis is done for the entire well, which generally represents an

individual clone emerging from the naive cell, but not a single cell.

This can affect the measured frequency of subpopulation compared

with a flow analysis due to variability in death and proliferation.

Another difference is the lower culture density, as cells are initially

plated at an average density of a single cell per micro-well. This is a

general issue for studying single cells, however, using MWA, we still

allow cells to exchange signaling molecules such as cytokines as all

cells share the same media. Despite these differences, we were able

to use the MWA and found that the T cells grew and divided during

the experiment and that clones remained within the micro-well.

Overall, using the micro-well assay, we were able to follow the

differentiation dynamics at a single-colony resolution for RORgt
Frontiers in Immunology 05
and Foxp3 expression across 378 clones during 52hr

of differentiation.

To make sure we follow a complete differentiation process, we

aimed to start with only cells in the naive state. We reduced initial

variability by using naive CD4+ T cells that were extracted using a

stricter extraction kit (see Materials and Methods), resulting in 97%

Rorgt-Foxp3- cells (Supplementary Figure S3A). Furthermore, we

included in our analysis only wells that were verified to have a single

cell with no fluorescence in either channel at the initiation of the

time-lapse experiment. We then followed the expression of the two

transcription factors at 30-minute intervals and extracted the

overall total fluorescence signal in the well across time in both the

GFP (RORgt) and RFP (Foxp3) channels (see examples for clones in

Supplementary Figure S3B).

To determine the differentiation outcome of each clone, we set a

response threshold according to the levels of signal in naive cells at

the beginning of the experiment. Rise time above this threshold

enabled classification into SPR, SPF, or DP clones at the end of the

experiment (52hr; Supplementary Figure S3C). Under the Th17

condition, we find that most cells upregulated RORgt (79%), with
57% of all clones being SPR and 22% being DP. Under Treg
FIGURE 2

DP cells have a mixed RNA expression profile with reduced immune effector function. Naive cells were activated in the presence of Th17 or Treg-
inducing conditions for 3 days and were sorted into SPR (single positive Rorgt+, Th17 condition), DP (double positive Rorgt+Foxp3+, Th17 condition),
and SPF (single positive Foxp3+, Treg condition) populations. Bulk RNA was extracted for each sample and used for the construction of the RNA-seq
library. (A) Venn diagram showing the number of differentially expressed genes between each pair of populations (fold change above 2 and Pv<0.5, a
total of 1416 genes). (B) Volcano plots emphasize changes in specific genes while comparing DP vs. SPR (left) or DP to SPF (right). (C-D) Similarity
index between DP to the other populations was calculated. Genes with indices between -1.5 to -0.5 were labeled as “SPF-like” (red), -0.5 to 0.5 as
“intermediate” (pink), and 0.5 to 1.5 as “SPR-like” (blue). Genes below -1.5 and above 1.5 are considered to show distinct expression patterns in DP
cells. (C) All differentially expressed genes were sorted by their similarity indices. (D) Immune related genes were sorted by their similarity indices
(Th17- and Treg-related genes names in blue and red, respectively). An average of three independent biological repeats is presented for
each sample.
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FIGURE 3

RORgt and Foxp3 expression dynamics arise at distinct timescales. Naïve CD4+ T cells were plated in micro-wells, supplemented with differentiating
cytokines and monitored under the microscope for 52hr. Analysis was done on micro-wells with 1 cell and at least 1 activation bead at the beginning
of the experiment. (A) Images of representative micro-wells on t=0,25.5,52hr: elevation of RORgtGFP level in SPR cells under Th17 condition (top), of
both RORgtGFP and Foxp3RFP levels in DP cells under Th17 condition (middle) or of Foxp3RFP level in SPF cells under Treg condition (bottom). Scale
bar, 10mm. Blue, RORgtGFP+ pixels; Red, Foxp3RFP+ pixels. (B) Fluorescence rise time above response threshold of RORgtGFP in SPR and DP clones
under Th17 condition (top); and of Foxp3RFP in DP clones under Th17 condition and in SPF clones under Treg condition (bottom). Dashed line,
median values. A two-samples t-test was calculated for all presented pairs, Pv>0.05. Each dot represents one micro-well. (C) Fluorescence intensity
over time of RORgtGFP (upper panel) and Foxp3RFP (lower panel) in SPR and DP clones under Th17 condition (left and middle, respectively) and SPF
clones under Treg condition (right). A median of data is shown ± std. (D) Median values of traces of SPR, DP, and SPF clones drawn in the space of
RORgt (y-axis) vs. Foxp3 (x-axis). Extrapolation of median values of RORgt in SPR clones vs. median values of Foxp3 in SPF clones over time is shown
as a dashed line. Circular node, t=0; triangle, t=52hr. (E) Expected pixel angles between RORgtGFP (90°) and Foxp3RFP (0°) depending on fluorescence
signals in 3 putative pixels. (F) Pixel fluorescent intensity angles in one representative DP clone: pixel angles on t=0,52hr (left); distribution of pixel
angles over last 5 time frames, with Gaussian filtering and maxima local peak (red triangle) at ~45° (right). Each dot represents one pixel. (G)
Percentages of micro-wells showing either 0,1 or 2 angles’ peaks at the last 5 time frames. The presented data is from one representative
experiment out of two.
Frontiers in Immunology frontiersin.org06
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condition, on the other hand, 66% of the clones were Foxp3+: 46%

of the clones being SPF, while some Foxp3+ cells (20%) also show a

slight increase in RORgt expression. The DP clones that arise under

the Treg condition expressed RORgt at a relatively low level

(Supplementary Figures S3C, D) and do not seem to comprise a

separate population. We thus focused on the DP clones arising in

the Th17 condition, which comprise a distinct population and

express high levels of both RORgt and Foxp3 at levels similar to

the corresponding single positive populations (Supplementary

Figure S3E).

Using the temporal data, we analyzed the dynamics of the two

transcription factors. Examination offluorescence rise time revealed

a specific timescale for each of the factors, with faster dynamics for

RORgt compared to Foxp3 (21.8 ± 9.4hr vs. 39.3 ± 8.2hr. Pv=2x10-

32, Supplementary Figure S3F). This observation is in agreement

with our flow cytometry experiments, which showed earlier

expression of RORgt (Figure 1E). We further tested whether the

two factors affect each other’s dynamics when co-expressed in DP

clones. We found no significant difference in rise time for either

factor in DP clones compared to the SPR and SPF clones

(Figure 3B). Moreover, this similarity extends beyond the rise

time to the entire dynamics of transcription factors expression

(Figure 3C). The fluorescence intensity at the end of the experiment

is similar for RORgt between SPR and DP (MFI=39.12 ± 2.6 vs.

41.74 ± 4.25, respectively), and for Foxp3 between SPF and DP

(MFI=43.49 ± 5.6 vs. 37.42 ± 6.95, respectively; Supplementary

Figure S3E). We found that the trajectory of the DP clones in the

Foxp3-RORgt space falls precisely on top of an extrapolated

trajectory combining the Foxp3 dynamics from SPF clones with

RORgt dynamics from SPR clones (Figure 3D). Importantly, these

results repeat in an independent MWA experiment of additional

1092 clones (Supplementary Figures S3G, H). Overall, we identify a

distinct temporal separation between an early onset of RORgt and a

later onset of Foxp3, where the timescale of each factor is robust and

independent of the expression of the other factor.
Analysis of intra-clonal homogeneity
suggests a correlated differentiation of
sister cells

Our time-lapse analysis measures expression in a single clone

(micro-well) rather than tracking individual cells. Therefore, a

micro-well classified as DP can either contain RORgt+Foxp3+ DP

cells or multiple SP cells, each expressing either RORgt or Foxp3. To
distinguish between the two options, we characterized the cell-to-

cell heterogeneity within clones during the first 52 hours. For that,

we calculated the ratio of GFP to RFP fluorescence for each pixel

within the micro-well. We quantified the ratio by placing each pixel

on a two-dimensional plot, in which the x-axis is RFP fluorescence,

and the y-axis is GFP fluorescence. Pixels with solely high GFP

result in angles around 90° while the angles of pixels with solely high

RFP are around 0° (Figure 3E). The resulting distribution of angles

across all pixels can be used to characterize the heterogeneity within

the clone (Figure 3F, Supplementary Figure S4A). We then
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determined the number of peaks in the distribution using a peak

detection algorithm (see Materials and Methods for full algorithm

description). Homogenous clones are expected to exhibit an

unimodal distribution, while clones composed of cells with

distinct states are expected to exhibit multi-modality. To test the

capability of our algorithm to identify heterogeneous clones, we

generated artificial data by combining pairs of micro-well data from

different populations to obtain pixel distributions of hypothetical

heterogeneous clones (Supplementary Figure S4B). We find that

our algorithm can identify these as multi-peak distributions. Thus,

analyzing the RFP-GFP ratio for individual pixels and detecting

multiple peaks within the resulting distribution allows us to

determine the clonal heterogeneity within a micro-well.

Using this approach, we went on to characterize the number

and position of the peaks in the full data set. Consistent with our

expectations, clones classified as SPF show distributions with peaks

around 0°, clones classified as SPR show peaks around 90°, and

clones classified as DP show peaks at intermediate angles

(Supplementary Figure S4C). Using our peak detection algorithm,

we identified whether each clone had a single peak or multiple

peaks. We found that multiple peaks were detected for less than 1%

of the micro-wells suggesting that under our culture conditions, T-

cell clones show homogeneous expression of RORgt and Foxp3

across all individual cells (Figure 3G). Intra-clonal homogeneity was

further validated by manual tracking of approx. 100 of the clones

(approx. 25% of micro-wells). These results imply that cells within a

single clone show synchronized behavior between sister cells.

The most straightforward way to explain the observed homogeneity

of fate choice within a clone is through simple inheritance. In this case,

the parental cell increases the expression of the transcription factors, and

all descendent cells simply inherit the fate of the parental cell. To test

whether this occurs in our system, we identified the time of the first

division in each micro-well by manually tracking the parental cells. Our

analysis shows that the median time of the first division is later under

Th17 condition compared to Treg condition (38.8 ± 0.63hr for Th17, 36

± 0.63hr for Treg, Pv=0.005; Supplementary Figure S5A). In addition, the

SPR population has a later division time compared with DP and SPF

populations (Supplementary Figure S5B). When we compared the

division time to the expression time of the transcription factors, we

found that the expression time of RORgt (21.8 ± 0.06hr) is earlier than

the first cell division in most cases, consistent with a parental fate choice

that propagates to the descendants. However, the expression of Foxp3

(39.3 ± 0.07hr) occurs mostly after the first division (Supplementary

Figure S5C). In this case, multi-cell clones up-regulate the expression of

Foxp3 autonomously and simultaneously. Thus, the observed clonal

homogeneity in the expression of Foxp3 cannot be explained simply by

the propagation of a pre-established parental expression and, therefore,

requires a different mechanism to account for the coordination of

transcription factor expression.
The cellular environment has minimal
effect on the cell state

The uniform increase of Foxp3 expression across sister cells can

be explained either by shared environmental factors coordinating
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1462045
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Miller et al. 10.3389/fimmu.2025.1462045
and directing the cells or by an inherited shared internal state. We

first tested whether the cellular composition within the population

can direct the transition from SPR to DP cells. For that, we sorted

cells cultured under Th17 condition after 48-72hr of activation to

SPR and DP cells and further cultured them under fresh cytokine

conditions for 2 days (Figure 4A). SPR cells were stained with efluor

450 to enable tracing the origin of cells after co-culturing. To vary

the cellular composition, we co-cultured cells at different SPR: DP

ratios under fresh Th17 conditions (Figure 4B). Flow cytometry

analysis after two days of re-culture revealed transitions in both

directions. We found DP cells that originated from SPR cells and

vice versa when culturing each population alone (transition from

SPR to DP 21.7 ± 3.8% and from DP to SPR 15.01 ± 3.22%;

Figure 4C). As we vary the SPR: DP cell number ratio, we find a

minimal change in the transition frequency (Supplementary Figures

S6A, B) which could not expla in the high leve l of

homogeneity observed.

We next tested whether extracellular environmental signals can

induce a transition to DP cells. To do that, we repeated the co-

culture experiment and changed the culture conditions from Th17

to Treg conditions following cell sorting (Figure 4D). Similarly to

the previous results, the transition frequencies between SPR and DP

show only a minimal difference (Supplementary Figures S6A, B).

Similar results were obtained after 4 days of re-culturing instead of 2

days (Supplementary Figures S6C, D). We thus concluded that both

the composition of neighboring cells and the environmental cues

did not significantly affect the transition in the expression of Foxp3,

suggesting that this transition is mainly a predetermined cell-

inherent property.

We continued to test the stability of the expression of

transcription factors in the SPF population. We sorted SPF cells

after 72hr of activation and re-cultured them under Treg or Th17

condition for an additional 48hr. Under Treg condition, most cells

remained in the SPF population (96.2%; Figures 4E, F). In contrast,

changing to Th17 conditions led to a reduction in the fraction of

SPF cells, as approx. 30% of the cells significantly up-regulated

RORgt (Figures 4E, F, Supplementary Figure S6E), resulting in DP

cells that originated from SPF cells. We note that this did not result

in an increase in the SPR population, as the expression of Foxp3 was

stable. These results support the idea of partial cell plasticity and the

capacity for reprogramming during Treg differentiation via

extracellular control of expression levels of RORgt, while the

Foxp3 expression is more robust to extracellular signals.
Discussion

Double positive RORgt+Foxp3+ cells comprise an important T

helper (Th)-cell state that has been thoroughly studied in vivo.

However, many aspects of its differentiation dynamics are still

unknown. Using an in vitro system based on dual-reporter

RORgtGFPFoxp3RFP mice, we have identified conditions that give
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rise to distinct double-positive populations in vitro. When naive

CD4+ T-cells are cultured with TGFb and IL6, a large double

positive population emerges that is stable for at least 7 days.

When cultured with TGFb and IL2, classic Treg-inducing

conditions, a small proportion of cells increased RORgt levels at

low levels, with most cells becoming Foxp3+ Treg cells. Finally,

another double positive population can be generated by trans-

differentiation of the Foxp3+ cells in the presence of TGFb and IL6.

Distinct populations of RORgt+Foxp3+ cells were also identified
in vivo (14, 17, 25), showing some phenotypic differences. In some

studies, DP cells were found to be in an intermediate state, being

able to terminally differentiate into single-positive RORgt+ (SPR) or
single-positive Foxp3+ (SPF) (25, 30). In other work, a stable in vivo

DP population with enhanced suppressive capacity was identified

(14). However, DP cells show a distinct expression of surface

molecules and transcription factors from those of Th17 and Treg

cells. Our in vitro system shows similarities with these patterns,

along with a suppressive capacity, and can further enable the study

of distinct differentiation trajectories that all lead to the

DP phenotype.

Using our in vitro differentiation protocol, we quantified the

dynamics of double-positive cell differentiation. We identified a

separation of timescales between the rapid response of the effector

transcription factor RORgt and the delayed increase of the

regulatory transcription factor Foxp3. The difference in dynamics

between the two transcription factors was independent and showed

the same trajectory in single-positive and double-positive cells.

Transcriptional analysis suggests a reduced effector function for

the double positive population, in particular, lowered expression of

IL17. This reduced expression is consistent with previous data

showing that Foxp3 binds to RORgt and suppresses IL17

transcription (25, 31–33). Additionally, the regulatory function

for DP cells grown under Th17 condition was confirmed using a

suppression assay. The separation of timescales between Rorgt and
Foxp3 expression suggests a dynamic process at the population

level. Cells first reach an effector state and start to induce an

immune response. Only then does a fraction of the cells increase

Foxp3 levels, which inhibits their effector function and puts them in

a suppressive state, where they play a role in shutting down the

immune response. This dynamic is reminiscent of an incoherent

feed-forward loop (IFFL) (34) in genetic networks, where a protein

has a fast positive regulatory effect and a slow inhibitory function. It

was found that IFFLs can provide a transient, adaptive response to

signals and it would be interesting to further study whether similar

roles can be identified for the delayed Foxp3 activity.

Finally, we studied the stability of the Th cell populations. While

the Foxp3 response occurs later, we found that it is homogeneous

across cells within the same clone, suggesting an early decision.

Accordingly, external cytokines and cellular composition did not

further affect Foxp3 expression. In contrast, RORgt exhibits a more

flexible behavior, as changing the signaling environment can induce

its expression even at late time points.
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Our findings shed new light on the development and plasticity

of double positive RORgt+Foxp3+ cells. We demonstrate that the

DP state can emerge under several conditions with different

dynamics. The largest population of DP cells is generated during
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Th17 cell differentiation and exhibits a stable phenotype.

Deciphering the cell state composition is important for putative

therapeutic manipulations aimed to shape the balance between

Th17 and Treg cells in autoimmune diseases.
FIGURE 4

Th17 cells’ state is not affected by neighboring cells or environmental cues. (A) Cells were cultured under Th17 and Treg conditions for 2-3 days.
Then they were sorted to SPR, DP, and SPF and re-cultured under Th17 or Treg conditions for additional 2 days (day 4 or 5 from the beginning of
the experiment). (B) Schematic representation of experimental setup. SPR and DP cells were sorted. Then, SPR cells were stained with eFluor 450
dye to enable their detection post co-culturing. Sorted cells were re-cultured individually (100% SPR; 100% DP) or co-cultured at 3:1 (75% SPR:25%
DP) and 1:1 (50% SPR:50% DP) ratios for 2 days. (C, D) Resulting populations (panel of 4 plots) that were SPR originated (eFluor 450+; upper panel) or
DP originated (eFluor 450-; lower panel) and re-cultured under Th17 (C) or Treg (D) conditions were measured on flow cytometry. Three
independent biological repeats are presented. (E) SPF cells were sorted after 3 days of differentiation and re-cultured under Th17 or Treg condition.
Resulting populations were measured on flow cytometry following 48hr of culture. Three independent biological repeats are presented. (F) Scatter
plots showing measured expression patterns of RORgtGFP and Foxp3RFP of SPF sorted cells after 2 days of re-culturing under Th17 (left) and Treg
(right) conditions. Data is from one representative experiment out of three. Blue, SPR; pink, DP; orange, SPF; white, DN.
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1462045
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Miller et al. 10.3389/fimmu.2025.1462045
Data availability statement

RNA-seq data have been deposited to Gene Expression

Omnibus (GEO) with the accession no. GSE227988. Imaging data

from micro-wells experiments is available in DOI: 10.34933/

4fbfe367-86b8-431e-92f2-94c5cb3465f5.
Ethics statement

The animal study was approved by Weizmann Institute of

Science Institutional Animal Care and Use Committee. The study

was conducted in accordance with the local legislation and

institutional requirements.
Author contributions

SM: Conceptualization, Data curation, Formal analysis,

Funding acquisition, Investigation, Methodology, Project

administration, Resources, Software, Supervision, Validation,

Visualization, Writing – original draft, Writing – review &

editing. IE-M: Conceptualization, Writing – review & editing. SR-

Z: Data curation, Investigation, Supervision, Writing – review &

editing. JR: Formal analysis, Writing – review & editing. IZ:

Methodology, Writing – review & editing. DR: Software, Writing

– review & editing. EK: Resources, Writing – review & editing. NF:

Conceptualization, Funding acquisition, Project administration,

Supervision, Writing – review & editing. YEA: Conceptualization,

Formal analysis, Project administration, Supervision, Writing –

original draft, Writing – review & editing.
Funding

The author(s) declare that financial support was received for the

research and/or publication of this article. N.F. was supported by

the Volkswagen Stiftung and the Applebaum Family Foundation.

Y.E.A is supported by the Israel Science Foundation (grant 1105/20)
Frontiers in Immunology 10
and is the incumbent Sygnet Career Development Chair

for Bioinformatics.
Acknowledgments

This study was initiated and conceived by our friend, mentor,

and colleague Prof. Nir Friedman. Sadly, Nir died after a long battle

with illness without being able to complete the work. We dedicate

this study to his memory. We are grateful for Prof. B. Chain for his

critical reading of the manuscript and helpful discussion. We thank

Eran Elinav for the gift of Rorc(gt)-GfpTG reporter mice. We thank

Assaf Madi and Ayelet Kaminitz for their help in the review process.
Conflict of interest

Author YEA is a scientific advisory board member and

consultant at TeraCyte.

The remaining authors declare that the research was conducted

in the absence of any commercial or financial relationships that

could be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fimmu.2025.1462045/

full#supplementary-material
References
1. Korn T, Bettelli E, Oukka M, Kuchroo VK. IL-17 and th17 cells. Annu Rev
Immunol. (2009) 27:485–517. doi: 10.1146/annurev.immunol.021908.132710

2. Zhu J, Yamane H, Paul WE. Differentiation of effector CD4 T cell populations
(*). Annu Rev Immunol. (2010) 28:445–89. doi: 10.1146/annurev-immunol-030409-
101212

3. DuPage M, Bluestone JA. Harnessing the plasticity of CD4+ T cells to treat
immune-mediated disease. Nat Rev Immunol. (2016) 16:149–63. doi: 10.1038/
nri.2015.18

4. Antebi YE, Reich-Zeliger S, Hart Y, Mayo A, Eizenberg I, Rimer J, et al.
Mapping differentiation under mixed culture conditions reveals a tunable
continuum of T cell fates. PloS Biol. (2013) 11:e1001616. doi: 10.1371/
journal.pbio.1001616

5. Eizenberg-Magar I, Rimer J, Zaretsky I, Lara-Astiaso D, Reich-Zeliger S,
Friedman N. Diverse continuum of CD4+ T-cell states is determined by hierarchical
additive integration of cytokine signals. Proc Natl Acad Sci U S A. (2017) 114:E6447–56.
doi: 10.1073/pnas.1615590114

6. Fang M, Xie H, Dougan SK, Ploegh H, van Oudenaarden A. Stochastic cytokine
expression induces mixed T helper cell states. PloS Biol. (2013) 11:e1001618.
doi: 10.1371/journal.pbio.1001618

7. Gagliani N, Vesely MCA, Iseppon A, Brockmann L, Xu H, Palm NW, et al. Th17
cells transdifferentiate into regulatory T cells during resolution of inflammation.
Nature. (2015) 523: 1–5. doi: 10.1038/nature14452

8. Zhu J, Paul WE. CD4 T cells: fates, functions, and faults ASH 50th anniversary
review CD4 T cells: fates, functions, and faults. Immunobiology. (2009) 112:1557–69.
doi: 10.1182/blood-2008-05-078154

9. Becattini S, Latorre D, Mele F, Foglierini M, Gregorio CD, Cassotta A, et al.
Functional heterogeneity of human memory CD4+ T cell clones primed by pathogens
or vaccines. Science. (2015) 347:400-406. doi: 10.1126/science.1260668
frontiersin.org

https://doi.org/10.34933/4fbfe367-86b8-431e-92f2-94c5cb3465f5
https://doi.org/10.34933/4fbfe367-86b8-431e-92f2-94c5cb3465f5
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1462045/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1462045/full#supplementary-material
https://doi.org/10.1146/annurev.immunol.021908.132710
https://doi.org/10.1146/annurev-immunol-030409-101212
https://doi.org/10.1146/annurev-immunol-030409-101212
https://doi.org/10.1038/nri.2015.18
https://doi.org/10.1038/nri.2015.18
https://doi.org/10.1371/journal.pbio.1001616
https://doi.org/10.1371/journal.pbio.1001616
https://doi.org/10.1073/pnas.1615590114
https://doi.org/10.1371/journal.pbio.1001618
https://doi.org/10.1038/nature14452
https://doi.org/10.1182/blood-2008-05-078154
https://doi.org/10.1126/science.1260668
https://doi.org/10.3389/fimmu.2025.1462045
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Miller et al. 10.3389/fimmu.2025.1462045
10. Han A, Glanville J, Hansmann L, Davis MM. Linking T-cell receptor sequence to
functional phenotype at the single-cell level. Nat Biotechnol. (2014) 32:684–92.
doi: 10.1038/nbt.2938

11. Duarte JH, Zelenay S, Bergman ML, Martins AC, Demengeot J. Natural Treg
cells spontaneously differentiate into pathogenic helper cells in lymphopenic
conditions. Eur J Immunol. (2009) 39:948–55. doi: 10.1002/eji.200839196

12. Hegazy AN, Peine M, Helmstetter C, Panse I, Fröhlich A, Bergthaler A, et al.
Interferons direct th2 cell reprogramming to generate a stable GATA-3+T-bet+ Cell
subset with combined th2 and th1 cell functions. Immunity. (2010) 32:116–28.
doi: 10.1016/j.immuni.2009.12.004

13. Komatsu N, Mariotti-Ferrandiz ME, Wang Y, Malissen B, Waldmann H, Hori S.
Heterogeneity of natural Foxp3+ T cells: A committed regulatory T-cell lineage and an
uncommitted minor population retaining plasticity. Proc Natl Acad Sci U S A. (2009)
106:1903–8. doi: 10.1073/pnas.0811556106

14. Yang BH, Hagemann S, Mamareli P, Lauer U, Hoffmann U, Beckstette M, et al.
Foxp3+ T cells expressing RORgt represent a stable regulatory T-cell effector lineage
with enhanced suppressive capacity during intestinal inflammation.Mucosal Immunol.
(2016) 9:444–57. doi: 10.1038/mi.2015.74

15. Levine AG, Mendoza A, Hemmers S, Moltedo B, Niec RE, Schizas M, et al.
Stability and function of regulatory T cells expressing the transcription factor T-bet.
Nature. (2017) 546:421–5. doi: 10.1038/nature22360

16. Wohlfert EA, Grainger JR, Bouladoux N, Konkel JE, Oldenhove G, Ribeiro CH,
et al. GATA3 controls Foxp3+ regulatory T cell fate during inflammation in mice. J Clin
Invest. (2011) 121:4503–15. doi: 10.1172/JCI57456

17. Lochner M, Peduto L, Cherrier M, Sawa S, Langa F, Varona R, et al. In vivo
equilibrium of proinflammatory IL-17+ and regulatory IL-10+ Foxp3+ RORgt+ T cells.
J Exp Med. (2008) 205:1381–93. doi: 10.1084/jem.20080034

18. Yang J, Sundrud MS, Skepner J, Yamagata T. Targeting Th17 cells in autoimmune
diseases. Trends Pharmacol Sci. (2014) 35:493–500. doi: 10.1016/j.tips.2014.07.006

19. Ferraro A, Socci C, Stabilini A, Valle A,Monti P, Piemonti L, et al. Expansion of Th17
cells and functional defects in T regulatory cells are key features of the pancreatic lymph
nodes in patients with type 1 diabetes. Diabetes. (2011) 60:2903–13. doi: 10.2337/db11-0090

20. Aharoni R. Immunomodulation neuroprotection and remyelination - The
fundamental therapeutic effects of glatiramer acetate: A critical review. J Autoimmun.
(2014) 54C:81–92. doi: 10.1016/j.jaut.2014.05.005

21. Lubberts E, Koenders MI, Oppers-Walgreen B, Van Den Bersselaar L, Coenen-
De Roo CJJ, Joosten LAB, et al. Treatment with a neutralizing anti-murine interleukin-
17 antibody after the onset of collagen-induced arthritis reduces joint inflammation,
cartilage destruction, and bone erosion. Arthritis Rheumatol. (2004) 50:650–9.
doi: 10.1002/art.20001
Frontiers in Immunology 11
22. Lohr J, Knoechel B, Wang JJ, Villarino AV, Abbas AK. Role of IL-17 and
regulatory T lymphocytes in a systemic autoimmune disease. J Exp Med. (2006)
203:2785–91. doi: 10.1084/jem.20061341

23. Mucida D, Park Y, Kim G, Turovskaya O, Scott I, Kronenberg M, et al. Retinoic
acid. Science (2007) 317:4–9. doi: 10.1126/science.1145697

24. Eisenstein EM, Williams CB. The Treg/Th17 cell balance: A new paradigm for
autoimmunity. Pediatr Res. (2009) 65:26–31. doi: 10.1203/PDR.0b013e31819e76c7

25. Tartar DM, VanMorlan AM, Wan X, Guloglu FB, Jain R, Haymaker CL,
et al. FoxP3+RORgammat+ T helper intermediates display suppressive function
against autoimmune diabetes. J Immunol. (2010) 184:3377–85. doi: 10.4049/
jimmunol.0903324

26. Park JH, Eberl G. Type 3 regulatory T cells at the interface of symbiosis.
J Microbiol. (2018) 56:163–71. doi: 10.1007/s12275-018-7565-x

27. Kluger MA, Meyer MC, Nosko A, Goerke B, Luig M, Wegscheid C, et al. RORgt
+Foxp3+ cells are an independent bifunctional regulatory t cell lineage and mediate
crescentic GN. J Am Soc Nephrol. (2016) 27:454–65. doi: 10.1681/ASN.2014090880

28. Polonsky M, Chain B, Friedman N. Clonal expansion under the microscope:
studying lymphocyte activation and differentiation using live-cell imaging. Immunol
Cell Biol. (2015), 1–8. doi: 10.1038/icb.2015.104

29. Zaretsky I, Polonsky M, Shifrut E, Reich-Zeliger S, Antebi Y, Aidelberg G, et al.
Monitoring the dynamics of primary T cell activation and differentiation using long
term live cell imaging in microwell arrays. Lab Chip. (2012) 12:5007. doi: 10.1039/
c2lc40808b

30. Bittner-Eddy PD, Fischer LA, Costalonga M. Transient expression of IL-17A in
foxp3 fate-tracked cells in porphyromonas gingivalis-mediated oral dysbiosis. Front
Immunol. (2020) 11:1–15. doi: 10.3389/fimmu.2020.00677

31. Ichiyama K, Yoshida H, Wakabayashi Y, Chinen T, Saeki K, Nakaya M, et al.
Foxp3 inhibits RORgt-mediated IL-17A mRNA transcription through direct
interaction with RORgt. J Biol Chem. (2008) 283:17003–8. doi: 10.1074/
jbc.M801286200

32. Zhang F, Meng G, Strober W. Interactions among the transcription factors
Runx1, RORgt and Foxp3 regulate the differentiation of interleukin 17-producing T
cells. Nat Immunol. (2008) 9:1297–306. doi: 10.1038/ni.1663

33. Zhou L, Lopes JE, Chong MMW, Ivanov II, Min R, Victora GD, et al. TGF-beta-
induced Foxp3 inhibits T(H)17 cell differentiation by antagonizing RORgammat
function. Nature. (2008) 453:236–40. doi: 10.1038/nature06878

34. Mangan S, Alon U. Structure and function of the feed-forward loop
network motif. Proc Natl Acad Sci U S A. (2003) 100:11980–5. doi: 10.1073/
pnas.2133841100
frontiersin.org

https://doi.org/10.1038/nbt.2938
https://doi.org/10.1002/eji.200839196
https://doi.org/10.1016/j.immuni.2009.12.004
https://doi.org/10.1073/pnas.0811556106
https://doi.org/10.1038/mi.2015.74
https://doi.org/10.1038/nature22360
https://doi.org/10.1172/JCI57456
https://doi.org/10.1084/jem.20080034
https://doi.org/10.1016/j.tips.2014.07.006
https://doi.org/10.2337/db11-0090
https://doi.org/10.1016/j.jaut.2014.05.005
https://doi.org/10.1002/art.20001
https://doi.org/10.1084/jem.20061341
https://doi.org/10.1126/science.1145697
https://doi.org/10.1203/PDR.0b013e31819e76c7
https://doi.org/10.4049/jimmunol.0903324
https://doi.org/10.4049/jimmunol.0903324
https://doi.org/10.1007/s12275-018-7565-x
https://doi.org/10.1681/ASN.2014090880
https://doi.org/10.1038/icb.2015.104
https://doi.org/10.1039/c2lc40808b
https://doi.org/10.1039/c2lc40808b
https://doi.org/10.3389/fimmu.2020.00677
https://doi.org/10.1074/jbc.M801286200
https://doi.org/10.1074/jbc.M801286200
https://doi.org/10.1038/ni.1663
https://doi.org/10.1038/nature06878
https://doi.org/10.1073/pnas.2133841100
https://doi.org/10.1073/pnas.2133841100
https://doi.org/10.3389/fimmu.2025.1462045
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Independent and temporally separated dynamics for ROR&gamma;t and Foxp3 during Th17 differentiation
	Introduction
	Results
	Analysis of ROR&gamma;t and Foxp3 dynamics during in vitro Th17 cell differentiation reveals a large and stable DP population
	DP cells show mixed transcriptional expression patterns with many genes parallel to SPR or SPF expression patterns, while others are uniquely regulated
	ROR&gamma;t and Foxp3 exhibit distinct and independent temporal dynamics
	Analysis of intra-clonal homogeneity suggests a correlated differentiation of sister cells
	The cellular environment has minimal effect on the cell state

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


