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Abstract

T cell receptor (TCR) stimulation activates diverse kinase pathways, which include the mitogen-
activated protein kinases (MAPKSs) ERK and p38, the phosphoinositide 3-kinases (PI13Ks), and the
kinase mTOR. Although TCR stimulation activates the p38 pathway through a “classical” MAPK
cascade that is mediated by the adaptor protein LAT, it also stimulates an “alternative” pathway in
which p38 is activated by the kinase ZAP70. Here, we used dual-parameter, phosphoflow
cytometry and in silico computation to investigate how both classical and alternative p38 pathways
contribute to T cell activation. We found that basal ZAP70 activation in resting T cell lines reduced
the threshold (“primed”) TCR-stimulated activation of the classical p38 pathway. Classical p38
signals were reduced after T cell-specific deletion of the guanine nucleotide exchange factors Sosl
and Sos2, which are essential LAT signalosome components. As a consequence of Sos1/2
deficiency, production of the cytokine IL-2 was impaired, differentiation into regulatory T cells
was reduced, and the autoimmune disease EAE was exacerbated in mice. These data suggest that
the classical and alternative p38 activation pathways exist to generate immune balance.

INTRODUCTION

A member of the mitogen-activated protein kinase (MAPK) family, p38 (also known as
MAPK14), is expressed in various mammalian cells including immune cells (1, 2). There are
four isoforms of p38; p38a is ubiquitously expressed, whereas the expression patterns of
p38p, p38y, and p386 are relatively tissue specific (3). Receptor-induced p38 activation
typically occurs through a canonical/classical MAPK cascade initiated by either a kinase or
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activated guanosine triphosphatase (GTPase), which stimulates a MAPK kinase kinase
(MAPKKK) to activate a MAPK kinase (MAPKK) that activates p38 MAPK. Thus,
upstream signals stimulate dual phosphorylation of threonine gy (T1gg) and tyrosinesg,
(Y1gp) in the activation loop of p38 through sequential the activation of MKK3, MKK4, and
MKKG6 (4).

The dominant form expressed in T cells is p38a., which we will simply refer to p38
hereafter. Proper regulation of p38 activity is important for early thymocyte development,
CD4* T helper (Tw) cell differentiation, and cytokine production (5, 6). The activity of p38
is greatest in CD4~CD8~ double-negative thymocytes, a very early T cell developmental
stage, and critical for proper transition to the next stage of thymic T cell development (7, 8).
However, the requirement of p38 activity for double-positive thymocyte selection is
controversial (9). In mature CD4* T cells, pharmacological inhibition of p38 inhibits in vitro
Th1 and induced regulatory T (iTyeg) cells (10, 11) and in vitro or in vivo interleukin-17
(IL-17) production important for T17 function (12).

Engagement of the T cell receptor (TCR) on peripheral T cells stimulates proximal signaling
events that include activation of the ZAP70 (also 70-kDa zeta-associated protein) kinase.
Proximal TCR signals are transduced not only through the adapter molecule LAT (also
linker for activation of T cells) to downstream kinase pathways, which includes extracellular
signal-regulated kinase (ERK) and p38 MAPKS, but also through the mechanistic target of
rapamycin (mTOR) kinases (13). The activation of these kinases can depend on the
incoming TCR signal strength (14, 15), and activity through specific kinase pathways can
stimulate differentiation of CD4-positive (CD4™) T cells into distinct CD4* Ty cell subsets.
For example, both mTOR complex 1 (MTORC1) and mTORC2 signals drive Ty1 cell
differentiation, whereas mTORC2 signals promote T2 cells differentiation [reviewed in

(16)].

How p38 is activated in T cells has remained poorly understood and somewhat controversial.
Two separate p38 pathways have been proposed to exist downstream of TCR; a MAPKKK-
MAPKK-MAPK *“classical pathway” and an “alternative pathway” [reviewed in (6, 17)].
The classical pathway involves TCR signals through proximal Src and ZAP70 kinases that
result in the assembly of a LAT “signalosome,” an intracellular signaling hub in T cells.
Phosphorylation of LAT on multiple tyrosine residues by ZAP70 provides docking sites for
the recruitment of SLP-76 [Src homology 2 (SH2) domain containing leukocyte protein of
76 kDa] and other adapter molecules, which bind guanine nucleotide exchange factors
(GEFs) such as SOS (Son of sevenless), RasGRP1 (RAS guanyl-releasing protein 1),
dedicator of cytokinesis 2 (DOCK2), and VAV [reviewed in (18)]. These GEFs activate the
RAS and RAC (Ras-related C3 botulinum toxin substrate 1) family small GTPases, which
can activate MAPK cascades such as ERK and p38 (19-23). Our work shows that LAT and
SOS are required for optimal activation of p38 in both B and T cells (24). Although the
requirement of SOS for p38 activation is independent of its enzymatic activity, which
suggests that SOS functions as an adapter in the p38 pathway. In further support of a
classical Rac-MAPKKK-MAPKK-P38 pathway, deficiency in Rac2 is associated with
reduced TCR-induced p38 activation (25). Disruption of MAPKKK MAP3K2 (also Mekk?),
a component in MAPK cascade, decreases p38 activation in response to TCR engagement
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(26). GADD45p (growth arrest and DNA damage-inducible ) promotes p38 activation
through MAP3K4 (also MEKK4) (27), and TCR-induced p38 activation is greatly decreased
in T cells lacking GADD45p (28). Conversely, enhanced activity of the MAPKKK
MAP3KG6 (also MKKG6 or ASK?2) is associated with increased p38 activity (10, 29).

In T cells, an alternative p38 pathway connects TCR-induced ZAP70 activity directly to
auto-activation of p38. The C terminus of p38a and p38p contain a tyrosine, Tyr323, that can
be phosphorylated by ZAP70 but not by the related kinase Syk, which is mostly expressed in
B lymphocytes. When phosphorylated at Tyr323 (pTyr323), p38 auto-activation can induce
monophosphorylation of pThr8% within the activation motif (30, 31). X-ray crystallography
indicates that pTyr323 increases the accessibility of the activation motif, which allows for
monophosphorylation of Thrl80 (32). Genetic substitution of Y323F interferes with full
activation of p38 as measured by double phosphorylation of Thrl80 and Tyrl82 in the Thrl€0-
X-Tyr182 activation loop (pp38-Thri80Tyrl82) in vitro and in vivo (31, 33, 34). Genetic
perturbation of this alternative pathway by Y323F knock-in p38a and p38p (p38ap Y323F)
expression impairs interferon-y (IFN-y) synthesis in Tyl cells and IL-17 production in
TH17 cells, indicating that the alternative p38 pathway is required for proinflammatory T
helper functions (33-35). Along this line, the selective disruption of the alternative p38
pathway by p38ap Y323F reduces the severity of experimental autoimmune
encephalomyelitis (EAE) and collagen-induced arthritis (34). These studies revealed that T
cells can bypass a classical, MAPKKK-MAPKK-MAPK p38 pathway and suggested that
the adapter LAT is not required for T cell p38 activation. However, this immediately
introduced a conundrum where conflicting evidence in support of both the classical and
alternative p38 pathways exists [reviewed in (6) and (36)].

To address the p38 activation conundrum and explore potential contributions from
alternative and classical pathways in T cells, we combined dual-parameter flow cytometry-
based assays with traditional Western blot analysis and iterative computational modeling.
Predictions of in silico models were experimentally tested in lymphocyte cell lines and
primary CD4* T cells. We found that basal TCR signals through the ZAP70-p38 alternative
pathway lowered the threshold for full pp38-Thrl80Tyrl82 activation of the classical
pathway. Complete p38 activation occurred with delayed kinetics, required LAT, SOS, and
the catalytic activity of p38 through a classical pathway. CD4" T cells require SOS-
dependent p38 signals for IL-2 production and efficient differentiation into induced
regulatory T cells. In addition, loss of Sos1 and Sos2 in CD4* T cells results in aggravated
autoimmune disease in the EAE mouse model. These data suggest that p38 alternative and
classical activation pathways cooperate to balance appropriate CD4* T cell responses.

Two distinct pathways connect TCR stimulation to p38 activation

To confirm that p38 activation is important for the development of distinct helper T cell
populations (10-12), we in vitro-polarized cells into Ty1, T2, Ty17, and iTyeq subsets in
parallel. Exposure of cells to the p38 inhibitor SB203580 (p38i) decreased the efficiency in
Th1, TH17, and iTyeq differentiation but increased the efficiency of cells to polarize to T2
(Fig. 1A).
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In T cells, the ZAP70 kinase can directly activate p38, whereas in B cells, the closely related
Syk kinase cannot (Fig. 1B). T cells may solely use the alternative ZAP70-p38 pathway as
they do not require signals that depend on the adapter molecule LAT to activate p38 (31).
However, TCR-induced p38 activation is impaired in thymocytes that are deficient or
haploinsufficient for the adapter Grb2, which binds to phosphorylated LAT (37, 38). In
addition, our work shows that SOS is essential for optimal activation of p38 in both B and T
cells (24). Because Grb2 and SOS are part of the LAT signalosome in T cells (18), we
revisited the role of LAT in p38 activation.

In LAT-deficient Jurkat cells (J.Cam2), p38 activation is impaired after TCR cross-linking as
measured by Western blot, which evaluates the population average activation (15). We noted
that J.Cam2 cells express a reduced amount of surface TCR and exhibit reduced ZAP70
activation in response to TCR cross-linking (15, 39). For a fair comparison with single-cell
resolution, we performed a dual-parameter phospho-flow (pFLOW) assay of p38
phosphorylation at Thrl80 and Tyrl82 (pp38-Thrl80Tyrl82) with simultaneous detection of
ZAP70 phosphorylation at Tyr319 (pZAP70-Tyr319), which is indicative of ZAP70
activation. By gating on cells with similar amounts of pZAP70-Tyr312, we could analyze
wild-type Jurkat and LAT-deficient J.Cam2 cells with equal ZAP70 activation (Fig. 1C and
fig. S1A). In J.Cam2 cells with ZAP70 activation (0ZAP70%) equal to wild-type Jurkat cells,
we found reduced amounts of pp38-Thri89Tyr182 (Fig. 1C and fig. S1A). The total
magnitude of pp38-Thr180Tyrl82 induction was consistently lower in J.Cam2 cells when
comparing distinct time points after TCR stimulation, indicating that full p38 activation also
requires a LAT-dependent pathway (Fig. 1D and fig. S1B). Because CRISPR-Cas9-mediated
editing in human peripheral blood CD4* T cells (fig. S1C) did not delete LAT in primary
CDA4* T cells with 100% efficiency (fig. S1D), we optimized pp38-Thr180Tyrl82 analysis by
pFLOW together with LAT staining. This approach allowed us to analyze cells at equal LAT
abundance. In agreement with J.Cam2-based observations, CD3-stimulated activation of p38
was decreased in human CD4* T cells with low amounts of LAT (LAT-low) when compared
to higher amounts of LAT (LAT-hi; Fig. 1F and fig. S1E). When we analyzed ERK
phosphorylation as a control, we found that ERK phosphorylation was reduced in LAT-low
primary CD4* T cells, as expected from LAT’s well-established role in Ras-ERK signaling
(Fig. 1F and fig. S1E). Thus, our results from immortalized T cell line and primary CD4* T
cells indicated that two distinct pathways are necessary to connect TCR stimulation to full
p38 activation.

Strong p38 activation is delayed and requires feedback from p38 kinase activity

We used pFLOW assays and traditional Western blot analysis to investigate the quantitative
and qualitative differences between the alternative and classical p38 activation pathways. To
this end, we tested and validated reagents to measure p38 phosphorylation (fig. S2). These
tests proved to be critical quality controls. For example, we found that, although one can
specifically interrogate the alternative pZAP70-p38 pathway through Tyr323
phosphorylation, the antibody that recognizes phosphorylation at this site does not perform
reliably in the pFLOW assay (figs. S2 and S3).
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We used Jurkat and DT40 cells, which have been widely used to the study of MAPK
signaling (14, 15, 40, 41), as models of T and B cell activation and followed up with studies
on primary murine CD4* T cells. Because DT40 B cells do not express ZAP70, they
therefore lack the alternative ZAP70-p38 pathway (Fig. 1B, right). TCR-stimulated Jurkat T
cells rapidly achieved maximal pp38-Thrl80Tyrl82 amounts, which appeared in an anti-CD3
dose-dependent manner (Fig. 2A). In DT40 B cells, p38 activation had two distinct phases;
an initial dose-dependent pp38-Thrl80Tyrl82 jncrease at 3 min after B cell receptor (BCR)
stimulation that was followed by a subsequent phase of substantially stronger p38 activation
(Fig. 2B and fig. S4). We postulated that the delayed strong activation of pp38-Thr180Tyr182
likely relied on a positive feedback loop. To test this, we examined BCR-induced pp38-
Thrl80Tyr182 jn the presence of the p38 inhibitor SB203580 (P38i) and the MEK inhibitor
U0126 (MEKIi) (42-44). Inhibition of p38 activity abolished the late phase of strong p38
activation but left modest pp38-Thrl80Tyr182 induction intact (Fig. 2C and fig. S5, A and B).
By contrast, the MEK:i did not affect p38 activation but completely blocked the activation of
ERK in the RAF-MEK-ERK pathway (Fig. 2C and fig. S5, A and B). Of note, inhibition of
p38 activity did not affect ERK activation (fig. S5A). These results suggest that the ERK and
p38 MAPK pathways are fairly isolated from each other and put forth a multistep model for
full p38 activation with early p38 activity-independent but late p38 activity-dependent
signaling components.

We examined p38 activation in primary naive murine CD4* T cell and T cell blasts in detail.
Focusing on pp38-Thrl80Tyrl82 and pp38-Tyr323 abundance by Western blot analysis of
naive murine CD4" T cells, we observed that both phosphorylation events were rapidly
induced after TCR stimulation (Fig. 2D and fig. S6A). Furthermore, we observed substantial
amounts of pp38-Thr180Tyrl82 and pp38-Tyr323 in unstimulated naive CD4* T cells, which
suggested that there is tonic activation of these pathways in these cells (Fig. 2D and fig.
S6A). We analyzed the kinetics of p38 activation more extensively in primary CD4* T cell
blasts that were expanded in vitro, rested, and subsequently stimulated. By pFLOW assay
and Western blot analysis, we observed that anti-CD3 TCR stimulation induced maximum
pp38-Thrl80Tyrl82 and pp38-Tyr323 abundance roughly at 2 min and then decreased (Fig. 2,
E to G, and fig. S6, B and C). Because the antibody for pp38-Tyr323 does not work in
pFLOW, we could not use that assay to measure pp38-Tyr323 and pp38-Thrl80Tyr182
simultaneously in the same cell. By Western blot, we found that CD3e cross-linking
stimulated pZAP70-Tyr319 acutely at 30 s, which was rapidly followed by induction of
pp38-Tyr323 and ERK phosphorylation (Fig. 2G and fig. S6C). By contrast, pp38-
Thrl80Tyr182 amounts peaked with slower kinetics in these cells after TCR stimulation (Fig.
2G). In these primary CD4* T cell blasts, full phosphorylation of pp38-Thr80Tyrl82 was
reduced by exposure to the p38 inhibitor SB203580 (Fig. 2G), in agreement with the Jurkat
cell line data (Fig. 2C). However, p38 inhibitor exposure left a substantial portion of pp38-
Tyr323 intact (Fig. 2G and fig. S6C), arguing that induction or stabilization of pp38-Tyr323
does not fully rely on p38 kinase activity. These results agree with x-ray crystallographic
studies revealing that phosphorylation of Tyr323 increases the accessibility of p38’s
activation motif, which leads to monophosphorylation of Thrl80 (32). Together, these data
suggest a model where an initial alternative ZAP70-p38 signals that hinge on
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phosphorylation of Tyr323 are followed by a subsequent amplification of p38 activation that
is p38 activity dependent (Fig. 2H).

In silico modeling of the two pathways driving T cell p38 activation

To explore the consequences of the two distinct pathways to p38, we built minimal
computational models connecting the TCR to p38 activation through the classical and the
alternative pathways (Fig. 3A). The purpose of these models was to explore the qualitative
consequences of different hypotheses not a quantitative recapitulation of the experimental
data described above. For the alternative pathway, active ZAP70 activates p38 directly at
Tyr323 (31). For the classical pathway, ZAP70 phosphorylates LAT. Mass spectrometry-
based time-resolution studies indicate that LAT signalosome assembly occurs early, around
2 min after TCR stimulation of primary murine CD4* T cells (45). The exact identity of all
signal transducers upstream of the classical p38 pathway is unclear, although Grb2 (37, 38),
SOS (15), Vav (46), Rac2 (25), and MKKG®6 (10) all play a role in T cell activation, and we
confirmed a role for LAT here (Fig. 1). Together, this fits a canonical adapter exchange
factor, small GTPase-MAPKKK-MAPKK-MAPK cascade. Because it was our goal to
understand the two pathways leading to p38 activation and not to resolve the entire p38
signaling cascade, we classified the molecules connected in the LAT signalosome that signal
to p38 as one hypothetical unit, called the LAT-GPS (generalized protein signaling)
complex. Our results demonstrated that, in T cells, there is tonic pp38-Tyr323 (Figs. 1 and 2),
which increases in two phases after TCR stimulation. Full pp38-Thrl80Tyr182 activation
requires the presence of both LAT and p38 kinase activity. To represent these characteristics
in our coarse grain model, we considered two possible models.

In model I, we assumed that there was a delay in the assembly process of the LAT-GPS
complex such that classical pathway p38 activation lagged behind the activation through the
alternative pathway. To represent the time delay, we took the rate constant of the p38
activation by LAT-GPS as a step function. We assumed that, at early times, the activation
rate of p38 by GPS-LAT was zero. After a certain threshold time (2, the classical pathway
was activated with a nonzero activation rate of p38 by GPS-LAT. Mathematically, the rate
constant of the phosphorylation process of p38 by GPS-LAT could then be described as a
Heaviside step function, .-... where < is the critical tie point. When we carried out
simulations of model | with different values of the critical time point (|), we found that
model | does not recapitulate the qualitative characteristics of the experimental data,
regardless of the choice of |. Specifically, full p38 activation could not occur, because when
the classical pathway was activated (after the critical time point), the peak of pP38 moved
directly to the final stable state in an analog fashion. In other words, the delay of the
assembly of the LAT-GPS complex did not explain the experimental data.

In model 11, we assumed that a certain threshold amount of pp38 needs to be generated,
before a positive feedback loop from p38 to the LAT-GPS complex could kick in. This
feature reflected a p38 activity-dependent element (Fig. 3A). To represent the delay in
feedback regulation of the LAT-GPS complex by p38, we took the rate constant of the
feedback reaction as a step function. When the amount of phosphorylated p38 was small, the
rate constant of the feedback loop from pP38 to GPS-LAT was zero. After pp38
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accumulated to a certain threshold ()P380), the feedback loop was triggered with a nonzero
rate constant. Mathematically, this was modeled by the function ... Simulations using
this minimal model were carried out using the Gillespie algorithm (47), and the rate of each
reaction was modeled using standard mass action kinetics. Simulation of model 11 showed an
initial modest increase in the number of active p38 molecules after ZAP70 activation, which
was used as a proxy for TCR stimulation (Fig. 3B). As time progressed, a large increase in
the number of active p38 molecules was predicted (Fig. 3B). The simulation also showed
that the threshold of amount of pP38° and the strength of the classical pathway affected the
behavior of p38 activation in a coordinated manner. To determine whether p38 activation is
bistable in this model, we carried out a linear stability analysis of the steady-state equations
corresponding to the minimal model and found that there were three predicted steady states.
However, one of these steady states (the largest one) was not a biologically relevant solution,
and another (close to zero) was unstable. Thus, p38 activation in this system was not
bistable.

To determine how the kinetics or magnitude of p38 signaling differs when the contribution
of each pathway is varied, we simulated three different strengths of the alternative (Fig. 3C)
or classical (Fig. 3D) p38 pathway activation. In this minimal model, zero input from the
alternative pathway predicted complete impairment of p38 activation (Fig. 3C, none). The
outcome of our in silico modeling differed from our cellular experiments with B cells, and it
was possible that the alternative pathway contribution to pp38-Tyr323 was never completely
nil in lymphocytes. Increasing the contribution of the alternative pathway in our model
predicted faster acquisition of full p38 activation (Fig. 3C). Eliminating all contribution of
the classical pathway predicted blunted p38 activation (Fig. 3D, none), which is akin to LAT
deletion or to the p38 inhibitor results in our cellular experiments. Increasing the
contribution of the classical pathway predicted an increase in the magnitude of the maximal
p38 activation (Fig. 3D). Collectively, the modeling results predicted convergence of the
alternative and classical pathways in which the alternative pathway may lower the threshold
for p38 activation and the classical pathway sets the magnitude of p38 activation after TCR
stimulation (Fig. 3, E and F).

Basal ZAP70 activity lowers p38 activation threshold and facilitates rapid full activation of

p38

Analysis of unstimulated primary thymocytes and peripheral T cells from lymphoid organs
reveals that the TCR CD3( chain is constitutively phosphorylated and bound to ZAP70 (48—
50). Constitutive ZAP70 activation may influence p38 activation, as direct comparisons of
intracellular pFLOW stain for pp38-Thrl80Tyrl82 revealed that baseline abundance was
consistently higher in Jurkat T cells when compared to DT40 B cells that do not express
ZAP70 (Fig. 4A and fig. STA). Given that Src family kinases phosphorylate immuno-
receptor tyrosine-based activation motifs in the TCR CD3( chain, which is a prerequisite for
ZAP70 activation (51), we used a Src family kinase inhibitor PP2 which reduces ZAP70
activity (52, 53). When we treated cells with PP2 for 30 min at 37°C, we found that PP2
treatment reduced the basal pp38-Thr180Tyrl82 apundance (Fig. 4A and fig. S7A). On the
basis of these findings, we modified our in silico p38 activation model and included a basal
amount of active ZAP70 at the beginning of the simulation as an initial condition (Fig. 4B).
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Simulations with this iteration of our p38 activation model predicted that basal ZAP70
activity may lower the threshold for p38 activation (Fig. 4C). This computational prediction
and the fact that ZAP70, but not SYK, can enhance activation of p38 in T cells (30, 31)
suggested that ZAP70, but not SYK, may facilitate TCR-stimulated full p38 activation.

To test this prediction, we transiently transfected cell lines with constructs for either human
ZAP70 or SYK and measured active ZAP70/SYK in tandem with pp38-Thrl80Tyr182 py
dual-parameter pFLOW. We found that the antibody against both pZAP70-Tyr319 and
pSYK-Tyr352 does not detect phosphorylation of endogenously expressed avian SYK in
chicken DT40 B cells. In unstimulated DT40 cells, we found that the amount of
phosphorylation on ectopically expressed pZAP70/pSyk correlated with basal pp38-
Thr80Tyrl82 phosphorylation (Fig. 4D and fig. S7B). We only found pp38-Thri80Tyr182 jn
unstimulated DT40 cells that also had high amounts, and not medium amounts, of
phosphorylated, ectopically expressed SYK (Fig. 4D and fig. S7B). We also confirmed these
findings in a P116 Jurkat T cell line that is deficient for ZAP70 (54). When we quantitatively
compared reconstitution of P116 cells with either ZAP70 or SYK kinase by immunoblot
(Fig. 4E and fig. S7C), we found that the magnitude of TCR-stimulated pSYK was
substantially lower than the pZAP70. Although SYK-expressing P116 cells efficiently
activate phospholipase C-y1 and ERK1/2 after TCR stimulation, p38 phosphorylation is
reduced when compared to ZAP70-expressing P116 cells (Fig. 4E and fig. S7C). Similarly,
in pFLOW-based assays, only cells that exhibited strong pZAP70 also showed basal pp38-
Thrl80Tyr182 hut cells with similar amounts of phosphorylated ectopically expressed SYK
did not (Fig. 4F). Furthermore, P116 cells transfected with ZAP70 displayed robust pp38-
Thrl80Tyr182 after TCR stimulation, which was less apparent in P116 cells expressing SYK
(Fig. 4, G and H, and fig. S7D). Collectively, these data demonstrated that the alternative
ZAP70-p38 pathway converges on the classical pathway even in resting cells to facilitate full
p38 activation.

SOS1/2 deficiency attenuates TCR-induced p38 activation and induced regulatory T cell
differentiation

Although SOS GEFs are critical for optimal p38 pathway activation, the catalytic activity of
SOS1 is not required (15). These data suggest that SOS1 likely acts as an adapter molecule
to promote p38 pathway function, possibly within the LAT signalosome (Fig. 5A). By
pFLOW, we confirmed that p38 activation was impaired in SOS1/2 double-deficient DT40
cells, especially the later phase strong p38 activation (Fig. 5B and fig. S8, A and B). In
primary CD4* T cells from Sos1f/fl:Sos27/=:CD4c™e* (Sos1/2 dKO) mice (55), when we
compared p38 activation to wild-type CD4" T cells, we found that Sos1/2 deletion reduced
p38 activation in response to weak anti-CD3e stimulation (Fig. 5C and fig. S8C). Loss of
S0s1/2 was not associated with decreased TCR-stimulated ZAP70 activation, and the
alternative p38 pathway activation as measured by pp38-Tyr323 was comparable to wild-type
CD4* T cells (Fig. 5D and fig. S8D).

Although SOS deficiency in T cells increases PI3K activity and augments T cell migration
(56), the biological impact of Sos1/2 deletion in CD4* T cells has remained largely
unexplored (55). Because p38 activation is required for Ty, Ty17, and iT g differentiation
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(10-12), we examined whether in vitro Ty cell differentiation was affected by Sos1/2
deletion. When Tw1, Th2, and TH17 cell differentiation were assessed by intracellular
staining of IL-4, IFN-y, and IL-17A cytokines, Sos1/2 dKO CD4* T cells were comparable
to wild-type CD4* T cells (Fig. 5, E and F, and fig. S8, E and F). However, iTreg
differentiation was reduced in CD4" T cells lacking Sos1/2 (Fig. 5G and fig. S8, E and F).
The observed impairment in iT,eq differentiation was consistent over a range of TCR
stimulation strengths, but most notable when TCR stimulation was more modest (Fig. 5H
and fig. S9). TH17 cell differentiation was affected by Sos1/2 deletion after weak TCR
stimulation (Fig. 5H and fig. S9). Thus, SOS contributes to p38 activation and iTeg
differentiation, especially when TCR stimulatory signals are more modest.

SOS1/2 deficiency leads to reduced IL-2 production and increased sensitivity to EAE

Because optimal p38 activation through TCR/CD28 is important for IL-2 production (57—
59) and regulatory T cell differentiation and Teq homeostasis show strong dependence on
IL-2 (60-63), we explored the possibility that Sos1/2-dependent p38 activation promotes
IL-2 production. When we cultured sorted naive CD4* T cells from wild-type or Sos1/2
dKO animals and assayed IL-2 production, we found that loss of Sos1/2 reduced the
production of IL-2 (Fig. 6A). Treatment with the p38 inhibitor SB203580 reduced the
frequency of IL-2* cells in cultures of wild-type but not Sos1/2 dKO CD4™* T cells (Fig. 6B).

Young Sos1/2 dKO mice are healthy, have normal lymphoid compartments, and show no
signs of autoimmune diseases (55). We used a common mouse model of Tyl cell-mediated
human multiple sclerosis [reviewed in (64)] to assess the contribution of SOS1/2-p38
activation in vivo. In mice, experimental autoimmune encephalitis (EAE) is induced by
injection of myelin oligodendrocyte glycoprotein 35 to 55 (MOG35-55) in complete
Freund’s adjuvant (CFA) with pertussis toxin (PTX) (65-67). In this model, Ty cells are
required to control inflammatory autoimmune reactions (68-71). The peak disease severity
and rate of resolution are determined by balance between autoimmune pathogenic effector
cells and protective Tyeq cells. To assess a potential role for SOS in T cells during induced
autoimmune disease, we followed the onset, peak disease, and recovery phase of EAE in
wild-type, Sos1/2 dKO, and Sos2-deficient mice (Sos2 sKO). In all three cohorts of mice,
EAE disease onset occurred at day 14 (Fig. 6C); however, the peak of EAE disease was
more severe in Sos1/2 dKO than in wild-type or Sos2 sKO mice (Fig. 6, D, F, and G).
Although, eventually, EAE disease resolves in all groups, the kinetics are delayed in Sos1/2
dKO mice (Fig. 6, E to G). Thus, loss of Sos1 and Sos2 in CD4* T cells exacerbated EAE in
mice.

DISCUSSION

TCR-induced p38 activation has remained poorly understood over the past decade, and the
conflicting reports on the alternative and classical pathways added to the confusion. Here,
we capitalized on computational models and dual-parameter pFLOW to clarify how TCR
stimulation activates p38 and unify the alternative and classical pathways. We found that a
basal alternative ZAP70-dependent pp38-Tyr323 pathway lowers the threshold (“primes”) for
the classical pathway, leading to full pp38-Thr180Tyrl82 activation. The classical pathway
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requires the adapter LAT, SOSL1, and catalytic activity of p38. Without the SOS-p38 axis,
CD4" T cells produce less IL-2, and differentiation into iTreg cells is impaired. Genetic
perturbation of alternative pathway through p38-Y323F knock-in approaches reveals that the
alternative p38 pathway is required for proinflammatory Tyl and Ty17 functions (33-35).
Together, all the data suggest that alternative and classical p38 activation pathways need to
coexist to create balance between proinflammatory and anti-inflammatory responses (Fig.
7).

Incoming TCR signal strength determines the activation of a number of downstream kinase
pathways in peripheral T cells (13). SOS is required for digital ERK responses (14, 15, 72),
which depends on active RasGTP allosterically activating SOS to produce more RasGTP
(15, 73-75). In addition, binding of RasGTP to the allosteric, noncatalytic, pocket of SOS
provides another membrane anchor for SOS and retains it longer at the membrane where it
activates Ras (72). However, a different RasGEF, RasGRP1, activates Ras in an analog
manner and that its produced RasGTP can prime this digital SOS-Ras-ERK pathway (14,
73).

In our studies, we found that SOS also amplified the p38 pathway, particularly under
conditions of suboptimal TCR stimulation. Although the presence but not the catalytic
activity of SOS is required to amplify p38 signals (15), the exact molecular connection
between SOS and p38 activation is not known. Whereas SOS may act as an adaptor, other
signaling molecules such as Vav and Rac are likely involved, which we defined as
signalosome in our computational models. Our results suggested that priming of SOS-p38
signals occurs through a different mechanism than for Ras-ERK signaling and involves the
alternative ZAP70-p38 pathway. Thus, SOS appears to be an amplifier for both the ERK and
p38 kinase pathways. We speculate that this step-wise “priming and amplification”
mechanism that we observed for p38 activation may be a mechanism to precisely control
kinase pathway activation and T cell responses that occur when only a small number of
TCR-pMHC (peptide-MHC) are engaged (76, 77).

Whereas the biochemical underpinnings of digital SOS-Ras-ERK signals are well
established (14, 15), mice that lack SosZand Sos2in T cells (Sos1/2 dKO) are grossly
normal (55). Young Sos1/2 dKO mice are healthy, have normal lymphoid compartments, and
show no signs of autoimmune diseases (55). In contrast, when Lck-Cre drives deletion of
Sos1 and Sos2 in thymocytes, Sos1/2 dKO mice (with the CD4-Cre driver) do not develop
peripheral T cells. Stimulating thymocytes with anti-CD3e cross-linking does not rescue this
developmental blockade, which suggests that Sos1 plays a critical role in transmitting pre-
TCR signals (55). Here, we demonstrated that SOS-mediated p38 activation is critical for
optimal IL-2 production and differentiation in iTyq cells, particularly when weaker TCR
stimulation is applied. In addition, mice with Sos1/2 dKO T cells were more susceptible to
experimentally induced EAE. Aged Sos1/2 dKO T cell animals also develop an unexpected
chondrocyte dysplasia phenotype leading to joint deformation. SOS deficiency in a
chondrocyte-like cell where the CD4-Cre must be active causes this phenotype (56).
Relevant to our work here, the chondrocyte dysplasia phenotype appears more penetrant
when So0s1/2 deficiency is crossed onto a Rag2-deficient background, raising the possibility
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that altered or impaired regulatory T cell differentiation affects the unexpected joint
phenotype.

We anticipate that more peripheral T cell functions may depend on SOS function,
particularly when these functions require full activation of ERK and p38 pathways that are
amplified by SOS and cannot be generated by more modest RasGRP1-Ras-Erk or by
ZAP70-p38 signals. A likely additional T cell subset where SOS could also play a critical
role are TH17 cells, because we observed that SOS deletion and p38 inhibition partially
impaired the efficiency of Ty17 differentiation. Both Tyeg and T17 cells are abundantly
found in the intestinal mucosa of healthy mice (78, 79). Ty17 cells are important for normal
protective mucosal immunity against pathogens, and auto-inflammation in the intestine (80,
81) and normal intestinal health depends on homeostatic balance between Treq and TH17
cells (82). Our study enables a new model of balanced proinflammatory and anti-
inflammatory responses as a function of distinct p38 pathway signals (Fig. 7). Future studies
are needed on which signaling cues that can tip the balance between p38 pathways and
specific effector molecules that may be downstream of the alternative versus classical p38
pathways.

MATERIALS AND METHODS

Cell line maintenance, plasmid transfection, inhibitor treatment, and stimulation

Both wild-type and SOS172~ chicken DT40 B cells were gifts from T. Kurosaki (RIKEN).
Wild-type human leukemic Jurkat, LAT-deficient J.Cam2, and ZAP70-deficient Jurkat
variant P116 cells were obtained from A. Weiss lab [University of California, San Francisco
(UCSF)]. Wild-type and mutant variant cultures of Jurkat T cells and chicken DT40 B cells
were carried out as described before (15, 72). Plasmids encoding full-length human ZAP70
or SYK kinases were gifts from A. Weiss lab (UCSF). For transient transfection of human
ZAP70 or SYK in cell lines, cells were harvested and re-suspended at 66 x 106cells/ml plain
RPMI 1640. For each transfection, a total of 20 x 106 cells were transfected with 10 pg of
plasmid DNA by Bio-Rad electroporator (Bio-Rad) at exponential decay, 250 V, and 950 F.
For routine cell stimulation, healthy cells were harvested and rested for 30 min in plain
RPMI 1640 at 37°C. Stimulation of Jurkat cells was carried out in plain RPMI 1640 at 37°C
with either a 1:600 (high) or 1:6000 (low) dilution of immunoglobulin M (IgM) mouse
ascites fluid from the C305 hybridoma against TCR (14). Stimulation of DT40 cells was
carried out in plain RPMI 1640 at 37°C with either a 1:1000 (high) or 1:40,000 (low)
dilution of IgM mouse ascites fluid from the M4 hybridoma against BCR (14, 73). Inhibition
of Src kinase, MEK, and p38 activity was mediated by preincubating cells with 20 uM final
PP2 [4-amino-5-(4-chlorophenyl)-7-(#butyl)pyrazolo [3,4-d]pyrimidine; Calbiochem], 10
UM final U0126 (MEKIi; Promega), or 10 uM final SB203580 (p38i; Calbiochem) for 30 min
during the cell resting stage before antigen receptor stimulation. All inhibitors were diluted
in dimethyl sulfoxide (DMSO). DMSO was added to control samples at equivalent
concentrations. For Ty differentiation assay, p38i was applied during the entire duration of
culture.
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Human peripheral CD4* T cell culture, CRISPR-Cas9 editing of LAT, and T cell stimulation

Human PBMC (peripheral blood mono-nuclear cells) CD4* T cells were edited as
previously described (83). For LAT gene deletion, purified CD4* T cells were stimulated for
48 hours on anti-CD3e-coated plates [coated with aCD3e UCHT1 (10 pg/ml), Tonbo
Biosciences] in the presence of soluble anti-CD28 [5 pg/ml; CD28.2, Tonbo Biosciences].
LAT-targeting CRISPR RNA (5'-GCAGATGGAGGAGGCCATCC-3") and the matching
tracer RNA were designed by using Benchling.com online tool and were chemically
synthesized (Dharmacon). Recombinant Streptococcus pyogenes Cas9 protein containing a
C-terminal hemagglutinin tag and two nuclear localization signal peptides was obtained
from the QB3 Macrolab (University of California, Berkeley) (84). Cas9 ribonuclear protein
(RNP) electroporation was performed using 96-well reaction cuvette with program EH-115
on the Amaxa 4D-Nucleofector (Lonza) as previously described (83). Electroporated cells
were allowed to recover for 30 min at 37°C in prewarmed complete culture medium and
then transferred to containing complete T cell medium. After culturing for 36 hours at 37°C,
cells were washed twice with plain RPMI. For each condition, 1 x 108 cells were rested in
100 pl of plain RPMI in a 96-well plate for 2 hours before stimulation. Cells were stimulated
with final concentration of anti-CD3e IgM (20 pg/ml; MEM92; Envigo Bioproducts Inc.,
USA).

Immunoblot analysis

Immunoblot analysis was performed as previously described (16). The following antibodies
were purchased from Cell Signaling Technology: pZAP70 (pY319; #2701), phospho-p38
pT180/pY182 (clone 3D7; #9215), phospho-p44/42 MAPK ERK1/2 pT204/pY204 (#9101),
and total p38 (#9212). The antibody for phospho-p38 (pY323) was purchased from Thermo
Fisher Scientific (#PA5-12868). Horseradish peroxidase-conjugated goat anti-rabbit
(Thermo Fisher Scientific) and sheep anti-mouse (VWR) were used as secondary antibodies.
Immunoblot signal was visualized using enhanced chemiluminescence Western blot
substrate (Pierce) and the LAS-4000 image system that allows for pixel densitometry
measurements (Fujifilm Life Science).

Mice, primary CD4* T cell preparation, stimulation, and blast preparation

Sos1/2 dKO animals were a gift from L. Samelson lab (National Institutes of Health/
National Cancer Institute, MD) and were previously described (55, 85). All mice were bred
and maintained under specific pathogen-free conditions at the laboratory animal resource
center of UCSF. All mice were housed and treated in accordance with the guidelines of the
Institutional Animal Care and Use Committee guidelines of the UCSF (AN098375-03B).
All experimental mice except for EAE study were used at the age of 8 to 12 weeks in an
age- and sex-matched manner. Naive CD4* T cells were purified from peripheral lymph
nodes and splenic lymphocytes by magnetic negative selection (95 to 98% purity
CD4*CD25~ CD62LN9hCD44lowy (#130-104-453, Miltenyi Biotec) according to the
manufacturer’s protocol. CD4" T cell blasts were prepared by culturing purified naive CD4*
T cells with plate-bound anti-CD3e (clone 2C11, UCSF antibody core; clone 500A2, BD
Pharmingen #553238; both used at 1 ug/ml) and soluble anti-CD28 [clone 37.51 (2 ug/ml);
UCSF antibody core) for 2 days. Stimulated cells were harvested and then expanded with
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IL-2 (100 U/ml; PeproTech) for three more days. For acute TCR stimulation, purified CD4*
T cells or blasts were rested in full culture medium for 16 to 18 hours at 37°C, followed by
resting in serum-free plain RPMI for 60 min. For stimulation, a gradient of anti-CD3e
antibody was applied at 0.5 to 5 pg/ml, subsequently super-crosslinked by adding 10-fold
higher concentration (5 to 50 pug/ml) of goat anti-Armenian or Syrian hamster secondary
antibody (Jackson ImmunoResearch Laboratories) 30 s later.

pFLOW analysis

Flow cytometry analysis of ZAP70 and p38 activation was performed according to
established procedures (15, 72). Briefly, cells were stimulated with either TCR or BCR
cross-linking mouse 1gM (clone M4, 8300-01, Southern Biotech) for the desired time
period. Stimulation was then stopped by addition of 4% paraformaldehyde in phosphate-
buffered saline (PBS), and cells were fixed for 20 min at room temperature. Fixed cells were
washed three times with fluorescence-activated cell sorting (FACS) wash buffer (PBS, 1%
bovine serum albumin, and 10 mM EDTA) and subsequently permeabilized overnight with
pre-chilled 90% methanol. Permeabilized cells were washed and stained for LAT (clone
LAT1111, #623902, BioLegend), pZAP70 Tyr319 (#2701, Cell Signaling Technology),
PERK Thr202/Tyr204 (#9101, Cell Signaling Technology), Alexa Fluor 647-conjugated
pERK Thr202/Tyr204 (#13148, Cell Signaling Technology), or pp38 Thr80/Tyr182 (clone
3D7, #4092, Cell Signaling Technology). Probed primary antibodies were visualized by
secondary staining with phycoerythrin (PE)- or allophycocyanin (APC)-conjugated
strepavidin (5866, Invitrogen) or AffiniPure F(ab”), fragment donkey anti-rabbit 1IgG
(#711-136-152, Jackson ImmunoResearch Laboratories). For dual pFLOW assays, pp38 was
probed with mouse anti-sera (clone 36, #612288, BD Transduction) and visualized with
Alexa Fluor 488-conjugated donkey anti-mouse 1gG antibody (Invitrogen). Stained cells
were acquired with a FACS Calibur machine (BD) and analyzed with FlowJo software.

In vitro Ty differentiation assay

For differentiation of Tyl or Ty2 CD4* T cells, CD4* T cells were isolated by MACS
(Magnetic Activated Cell Sorting) negative isolation (Miltenyi) or by FACS (staining for
CD4, CD25, CD44, and CD5) in the UCSF Flow Cytometry Core. For differentiation of Tyl
or TH2 CD4* T cells, CD4™ T cells were stimulated for 2 days with plate-bound anti-CD3e
(1 pg/ml) and soluble CD28 antibodies (2 pg/ml; BD, Heidelberg, Germany) in the presence
of recombinant IL-12 (10 ng/ml; PeproTech) and anti-1L-4 antibody (10 pg/ml; clone
11B11, Tonbo) or recombinant IL-4 (50 ng/ml; PeproTech) with anti-IFN-y blocking
antibody (10 ug/ml; clone XMG1.2, UCSF antibody core), respectively. On day 3, activated
cells were blasted in the presence of rIL-2 (100 U/ml; PeproTech) with Ty1- or Ty2-
polarizing cytokine and blocking antibodies. Differentiated cells are harvested on day 4 or 5
as indicated. For the conversion into T17 and iTyeg cells, sorted CD4* T cells were
activated as above in the presence of hTGFB1 (1 ng/ml; R&D Systems) with or without
rIL-6 (40 ng/ml; PeproTech) and anti-IFN-vy, respectively. Differentiated cells are harvested
on day 4. For Thl, T2, and TH17 cells, before culture harvest, cells are restimulated with
PMA (phorbol 12-myristate 13-acetate) (50 ng/ml; EMD Millipore) and ionomycin (1
ug/ml; EMD Millipore) for 4 hours in the presence of GolgiStop (BD). Differentiated cells
were assessed by staining with antibodies against T-Bet (#12-5825-80, eBioscience), IFN-y
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(#17-7311-81, eBioscience), Gata3 (#50-9966-42, eBioscience), IL-4 (#554435, BD
Pharmingen), IL-17A (#45-7177-82, eBioscience), and RORyt (#12-6988-80, eBioscience).
For iTyeq cell assay, the expression of Foxp3 was assessed by a FoxP3 staining kit
(eBioscience) with APC-conjugated anti-FoxP3 antibody (#17-5775-80, eBioscience).

IL-2 production assay

Purified naive CD4* T cells (2 x 106 cells/ml) from wild-type and Sos1/2 dKO mice were
stimulated with plate-bound anti-CD3e (1 pg/ml; clone 500A2) and soluble anti-CD28 (2
ug/ml; clone 37.51) antibodies overnight. After 18 hours after stimulation, GolgiStop was
added to each sample and cultured for 4 more hours. After a total of 22 hours of culture,
cells were harvested and treated for intracellular 1L-2 staining using a BD cytofix/cytoperm
staining kit (#554714, BD). PE-conjugated rat anti-1L-2 antibody was purchased from BD
(#554435).

EAE induction and scoring

EAE disease was induced in wild-type or Sos2 sKO and Sos1/2 dKO female littermate mice
that were 13 to 15 weeks old by immunization with MOG35-55 peptide and CFA emulsion
with PTX (catalog no. EK-2110, Hooke Laboratories). Briefly, 100 ul of MOG/CFA
emulsion was subcutaneously injected at two sites per mouse on day 0. PTX (100 pl) was
administered intraperitoneally on one side. PTX injection was repeated on the opposite side
on day 2. For 22 days after EAE induction, mice were monitored and assigned disease
scores daily according to manufacturer’s protocol. Once EAE was noticed, symptoms were
clinically scored as follows: 0, no sign of disease; 0.5, limp tail tip; 1, complete limp tail;
1.5, one hind leg inhibition; 2, two hind leg inhibition; 2.5, two hind leg paralysis with some
movement; 3, total hind leg paralysis/dragging; 3.5, unable to self-right or both legs dragged
on the same side; 4, partial front leg paralysis and reduced mobility; 5, moribund.

In silico simulation method and parameters

The various models tested are shown in the schematic diagrams (Figs. 3A, 4B, and 5A). The
rate of each reaction was modeled using standard mass action kinetics. We solved the
stochastic version of these equations using the Gillespie algorithm (48) in manners
analogous to our previous work (14, 15). In all stochastic simulations, we used a spatially
homogeneous simulation box of size V= area (4 mm?) x height (0.02 mm?). This choice of
the system size ensures that the system is well mixed. The initial numbers of species and the
rate constants are listed in Tables 1 and 2.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. p38 activity isessential for TH cell differentiation, and two distinct pathways connect

TCR to p38 activation.
(A) Flow cytometry analysis of the indicated cytokine and transcription factors abundance in

naive CD4* T cells cultured in vitro Tyl (IFN-y*TBet"), Ty2 (Gata3*1L-4*), Ty17 (IL-17A
"FoxP37), and iTeq (IL-17A FoxP3) polarizing conditions after control DMSO or p38
inhibitor SB203583 (p38i) treatment. Data are representative of two independent
experiments. (B) Model of the distinct p38 pathways that exist in T cells and B cells, where
a ZAP70-dependent alternative pathway that is unique to T cells. (C and D) Flow cytometry

analysis of pZAP70 (Tyr319) and pp38 (Thrl80Tyrl82) in wild-type Jurkat cells and LAT-
deficient J.Cam2 cells at rest (filled) or at 3 min after TCR activation (open). Activation of
p38 after TCR stimulation was compared among cells that activated ZAP70 comparably
(pPZAP70* gate), and the fold increase relative to unstimulated cells is indicated (right).
Histograms (C) and quantified data (D) are representative of two independent experiments
(see also fig. S1, A and B). (E and F) Flow cytometry analysis of LAT, pERK1/2, and pp38
in wild-type and CRISPR-Cas9-mediated LAT knockout human CD4* T cells. Gates
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separating LAT-hi and LAT-low cells (E) were determined by LAT staining of unedited
control cells (red histogram) and staining control (blue histogram). The activation of
ERK1/2 and p38 (F) were determined in LAT-hi and LAT-low cells after TCR stimulation,
and insets indicate the fold increase after activation (open histogram) relative to
unstimulated cells (shaded histogram). Histograms are representative of two independent
experiments (see also fig. S1E).
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Fig. 2. Strong activation of p38isdelayed and requires p38 kinase activity.
(A and B) Flow cytometry analysis of p38 activation in Jurkat T cells stimulated with two

doses of antibody against mouse TCR (A) or DT40 B cells stimulated with two doses of
antibody against mouse BCR (B). Histograms are representative of two independent
experiments (see also fig. S4). (C) Flow cytometry analysis of p38 activation DT40 B cells
treated with DMSO, P38i (SB203580), or MEKIi (U0126) and stimulated with antibody
against mouse BCR for the indicated times. Dashed lines indicate p38 activation in the
resting cells, and insets indicate the mean fluorescence intensity (MFI) of pp38. Histograms
are representative of two independent experiments (also, fig. S5). (D and E) Western blot
analysis of pZAP70 and pp38 in lysates from primary naive CD4* T cells (D) and CD4* T
blast cells (E) stimulated with antibodies against CD3e. Blots are representative of two
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independent experiments (see also fig. S6A). (F) Flow cytometry analysis of p38 activation
of CD4™ T blast cells stimulated with antibodies against CD3e. Histograms are
representative of two independent experiments (see also fig. S6B). (G) Western blot analysis
of phosphorylation of the indicated proteins in lysates from CD4* T cell blasts treated with
DMSO or P38i and stimulated with antibodies against CD3e. Blots are representative of two
independent experiments (see also fig. S6C). (H) In the alternative pathway, TCR-induced
ZAP70 activity phosphorylates Tyr323 in the p38 C terminus. Phosphorylation at that site
induces autophospho-rylation at Thrl8 within the Thrl80-X-Tyr182 activation loop. The p38
inhibitor SB203580 but not the MEK inhibitor U0126 blocks phosphorylation of p38 at
Thrl80 and Tyrl82,
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Fig. 3. In silico modeling of p38 activation predictsdistinct rolesfor alternative and classical

pathways.

(A) A coarse grain model of p38 activation pathways in T cells where the alternative
(alternate) pathway is directly connected to ZAP70 activation, and the classical pathway
requires LAT signalosome formation and MAPK cascade activation. Temporal delay is
introduced to reflect p38 activity-dependent full p38 activation. (B) In silico prediction of
p38 activation with intermediate contribution from both the alternative and classical
pathways. (C to F) Predicted p38 activation after varying the strength (none, weak, and
strong) of alternative pathway (C) or classical pathway (D) activation. Projection in each
model is graphically represented for alternative pathway (E) or classical pathway (F). The
rate constant characterizing the phosphorylation of p38 by active ZAP70 was varied, from a
value of zero (no contribution of alternative pathway) to stronger values (0.005 and 0.02).
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Fig. 4. Basal ZAP70-dependent alternative pathway lower sthe activation threshold to facilitate

strong activation of p38.

(A) Flow cytometry analysis of p38 activation Jurkat and DT40 B cells (top) or Jurkat cells
treated with DMSO or the Src kinase inhibitor PP2. Histograms are representative of two
independent experiments (see also fig. S7A). (B and C) Iteration of the p38 activation model
that includes basal ZAP70 kinase activity (B) and in silico predictions of p38 activation with
or without basal ZAP70 activity (C). (D) Flow cytometry analysis of pZAP70 and pp38 in
DT40 B cells transfected with expression constructs for human ZAP70 or SYK kinases.
Three subpopulations were arbitrarily defined as low (black), medium (blue), and high (red)
for pZAP70 or pSYK (left), and histograms indicate pp38 of the indicated sub-population
with the inset of MFI values. The black vertical divider marks the basal p38 activation in
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parental DT40 cells. Data are representative examples of two independent experiments (see
also fig. S7B). (E) Western blot analysis of the indicated proteins in lysates from ZAP70-
deficient Jurkat T cells (P116) transfected with ZAP70 or SYK expression constructs and
stimulated with antibody against CD3e for the indicated times. Band intensity values are
given relative to the indicated control. Blots are representative examples of two independent
experiments (see also fig. S7C). (F to H) Flow cytometry analysis of pZAP70 and pp38 in
ZAP70-deficient Jurkat T cells (P116) transfected with ZAP70 or SYK expression
constructs (F) and stimulated with antibody against CD3e for the indicated times (G).
Subpopulations with low (black), medium (blue), or high (red) pZAP70 or pSYK abundance
were identified (left), and histograms (right) indicate p38 activation in cells with equivalent
ZAPT0 (filled histogram) or SYK (open histogram) activation. Flow cytometry plots and
quantified p38 values after CD3e stimulation (H) are representative of two independent
experiments (see also fig. S7, C and D).
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Fig. 5. SOSL/2 deficiency reduces p38 activation and regulatory T cell differentiation.
(A) lteration of the p38 activation model that includes SOS and Grb2 molecules added as a

component of the LAT signalosome. (B) Flow cytometry analysis of pp38 in wild-type
(filled) and SOS1/27/~ (open) DT40 B cells stimulated with antibody against the BCR for
the indicated times. Histograms are representative of two independent experiments (see also
fig. S8, A and B). (C) Flow cytometry analysis of pp38 in wild-type and SOS1/2 dKO naive
CD4* T cells stimulated with antibody against CD3e for the indicated times. Histograms are
representative of two independent experiments (see also fig. S8C). (D) Western blot analysis
of the indicated proteins in lysates from wild-type or Sos1/2 dKO naive CD4* T cells with
antibody against CD3e for the indicated times. Blots are representative of three independent
experiments (see also fig. S8D). (E to H) Flow cytometry analysis of the indicated cytokine
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and transcription factor expression in wild-type (top) and Sos1/2 dKO (bottom) naive T cells
cultured under Tyl (E), TH2 (F), TH17 (G, left), or iTyeq (G, right) polarizing conditions.
Dot plots (E to G) are representative of two independent experiments (see also figs. S8, E
and F, and S9). The frequency of iT,eq induced by stimulation of wild-type (filled) and
So0s1/2 dKO (open) CD4™ T cells with increasing anit-CD3e doses (H) of at least five mice
are from two independent experiments. *£< 0.05, **P < 0.01, and n.s., not significant by
two-tailed Mann-Whitney test. WT, wild type.
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Fig. 6. SOSL/2 deficiency leadsto reduced |L-2 production and increased sensitivity to EAE.
(A and B) Flow cytometry analysis of CD25 and IL-2 abundance in wild-type (left) and

Sos1/2 dKO (right) naive T cells treated with DMSO or p38i after TCR stimulation. The
relative percentage of cells in each quadrant is indicated. Histograms (A) are representative
of two independent experiments, and quantified frequency of CD25*IL-2* (B) are means +
SEM from two experiments performed in duplicate. (C to G) EAE disease severity in wild-
type, SOS2 sKO, and SOS1/2 dKO mice was clinically scored at the indicated times after
immunization with MOG35-55 peptide and CFA, which correlated with the induction (C),
peak severity (D), or recovery (E) phases. Data with means + SEM (D to F) of seven mice
are from two independent experiments. Cumulative clinical score over time (F and G) are
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means + SEM from all experiments. *~ < 0.05, **£ < 0.01 by two-tailed Mann-Whitney
test.
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Fig. 7. The balance between distinct p38 pathwaystunes pro- and anti-inflammatory T cell

responses.

(A) Selective disruption of the alternative p38 pathway by Y323F substitution in P38a and
P38 (P38apY323F) impairs proinflammatory Tyy1 and T17 cell IFN-y and I1L-17
production (35, 36). (B) Uncoupling of the classical p38 pathway by SOS1/2 deletion
reduces iTyeq cell differentiation, which counteracts the proinflammatory T cell functions of
p38 activation. (C) The functional dichotomy between pro- and anti-inflammatory T cell
responses is determined by the cooperation of two distinct p38 activation pathways.

Sci Signal. Author manuscript; available in PMC 2020 July 07.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Jun et al.

Table 1.

Initial numbers of species.

Species  Initial number of molecules

ZAPT0 100
GPS 100
LAT 200
GPS 1000
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Rate constants.

Table 2.

Reactions Rate constant k (1/s)
Activated ZAP70 phosphorylates LAT, &, 0.05
Activated ZAP70 phosphorylates p38, &, 0.005

pLAT self-decays to the inactive form, 4y 1

GPS binds to pLAT, kp, 0.0001

GPS unbinds to pLAT, &, 5
GPS-LAT complex phosphorylates p38, & 0.1

pp38 self-decays to the inactive form, &y, 40

The positive feedback of pp38 to GPS-LAT complex, k¢ 0.01
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