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Abstract

T cells require the protein tyrosine phosphatase CD45 to detect and respond to antigen because it
activates the Src family kinase Lck, which phosphorylates the T cell receptor (TCR) complex.
CD45 activates Lck by opposing the negative regulatory kinase Csk. Paradoxically, CD45 has also
been implicated in suppressing TCR signaling by dephosphorylating the same signaling motifs
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within the TCR complex that Lck acts upon. We sought to reconcile these observations using
chemical and genetic perturbations of the Csk/CD45 regulatory axis incorporated with
computational analyses. Specifically, we titrated the activities of Csk and CD45 and assessed their
influence on Lck activation, TCR-associated C-chain phosphorylation, and more downstream
signaling events. Acute inhibition of Csk revealed that CD45 suppressed C-chain phosphorylation
and was necessary for a regulatable pool of active Lck, thereby interconnecting the activating and
suppressive roles of CD45 that tunes antigen discrimination. CD45 suppressed signaling events
that were antigen-independent or induced by low-affinity antigen but not those initiated by high-
affinity antigen. Overall, our findings reveal that CD45 acts as a signaling “gatekeeper”, enabling
graded signaling outputs while filtering weak or spurious signaling events.

INTRODUCTION

Antigens derived from foreign pathogens or malignant cells are detected by a cognate T cell
using its T cell antigen receptor (TCR). Because antigen detection is essential for a T cell
response, the TCR is critical to human adaptive immunity and current efforts to harness T
cells therapeutically. Antigen detection occurs when the TCR binds to agonist peptide-MHC
complexes (pMHC) on the surface of an antigen presenting cell (APC). Because it lacks
intrinsic kinase activity, the TCR requires the Src family kinase (SFK) Lck to detect and
respond to antigen (1, 2). Lck phosphorylates immunoreceptor tyrosine-based activation
motifs (ITAMs) within the TCR-associated CD3 and C-chains (denoted as the TCR
complex). Phosphorylated ITAMs recruit the Zap70 kinase where it is then also
phosphorylated by Lck to activate it and propagate signaling events that are necessary for T
cell activation to occur (3-5). Because Lck is required to initiate signals through the TCR, its
regulation is critical to T cell function. In T cells, Lck activity is controlled by the
phosphatase CD45 whose action on Lck is opposed by the inhibitory kinase Csk.

Lck activity is regulated by modulating the conformation of its kinase domain through the
phosphorylation of critical regulatory sites (6, 7). CD45 activates Lck by dephosphorylating
a tyrosine in its inhibitory C-terminal tail (8-10). Dephosphorylation of the inhibitory C-
terminal tail allows Lck to adopt an active open conformation which is stabilized through
trans-autophosphorylation of a tyrosine in its activation loop (11). The inhibitory kinase Csk
opposes CD45 and phosphorylates the C-terminal tail of Lck to stabilize the closed
autoinhibited conformation (12, 13). Loss of CD45 causes hyperphosphorylation of the Lck
C-terminal tail and markedly reduces the amount of active Lck. Because active Lck amounts
are reduced, T cell development is impaired when TCR signaling is required, such as during
positive selection (14-16). In contrast, loss of Csk activity causes increased activation of Lck
and results in the aberrant survival of thymocytes lacking a functional TCR (12, 17, 18).
Therefore, Csk and CD45 comprise a regulatory axis that controls active Lck amounts which
is important for T cell development. In mature peripheral T cells, prior to TCR engagement,
there is a basal pool of active Lck (19, 20). Consistent with active Lck amounts setting a
threshold for T cell activation, T cell responses to low affinity antigen are potentiated by
increasing active Lck abundance through inhibition of Csk (21). Memory T cells possess
increased amounts of active Lck which corresponds with their augmented response to

Sci Signal. Author manuscript; available in PMC 2020 April 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Courtney et al.

RESULTS

Page 3

antigen (22). Therefore, Csk is a critical inhibitor of Lck which reduces active Lck amounts.
The role of CD45, however, is less clear.

CD45 is a receptor-type protein tyrosine phosphatase (RT-PTP) that is amongst the most
abundant proteins within the T cell plasma membrane — yet its role in regulating T cell
function remains enigmatic (23). CD45 is required for TCR signaling because it activates
Lck, which is required to phosphorylate the TCR complex. However, CD45 has also been
observed to associate with the phosphorylated C-chain, a component of the TCR complex,
and to dephosphorylate it in vitro (24, 25). Consistent with a negative regulatory role, CD45
is excluded from the site of contact when a T cell encounters a cell bearing antigen (26, 27).
The segregation of CD45 within the T cell plasma membrane is thought to be important for
T cell activation because when this process is disrupted T cell activation is attenuated (28,
29). Altered levels of CD45 expression can also affect T cell development within the
thymus. In contrast to mice deficient for CD45, those that express low levels of CD45
possess more thymocytes undergoing positive selection which indicates increased sensitivity
towards self-antigens (30). In aggregate, CD45 is required for T cell function, however,
differing experimental observations suggest that it can positively or negatively affect TCR
signaling.

A potential explanation for the divergent roles attributed to CD45 is that it acts on multiple
substrates. Because the importance of a given substrate will likely depend upon the
experimental context, assigning a specific role to CD45 has been challenging. We therefore
sought to reconcile the various roles attributed to CD45 by performing a series of chemical
and genetic perturbations to the Csk/CD45 regulatory axis. We reasoned that such an
approach would reveal whether CD45 acts differentially on multiple substrates in T cells,
including Lck and the TCR complex. Transgenic mice and cell lines modified using
CRISPR/Cas9 were used to assess the consequences of CD45-deficiency and Csk inhibition
on TCR signaling pathways. We report two critical and interdependent roles of CD45. CD45
is required for graded changes in active Lck amounts and suppression of C-chain
phosphorylation in intact cells. Moreover, our findings reveal that negative regulation of the
TCR by CD45 prevents antigen independent or weak signals but permits sustained signaling
by high affinity antigens. Together these features are critical to graded signaling responses
required for antigen discrimination.

Antigen discrimination is sensitive to active Lck abundance

We previously reported that the T cell response to low affinity antigens is potentiated by
increasing the amount of active Lck (21). Specifically, by inhibiting Csk, a negative
regulator of Lck, active Lck amounts increase and TCR signaling in response to weak
stimuli is augmented. Importantly, the amount of active Lck and its recruitment to
TCR:pMHC is thought to set a threshold which controls the extent of signaling (31).
Because antigen discrimination is a critical hallmark of the T cell response, we sought to
better understand how manipulation of active Lck amounts influences T cell activation. To
increase active Lck, we employed a previously described analog sensitive allele of Csk
(CskAS) that can be inhibited using the small molecule 3-1B-PP1 (hereafter denoted as Csk
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inhibitor) (32, 33) (Fig. 1A). We also assessed the effect of decreasing active Lck amounts
using a SFK inhibitor (PP2). The response of T cells to antigens of differing affinities was
assessed using the OT1 TCR transgene. The OT1 TCR binds to a peptide derived from
ovalbumin and variants of this peptide sequentially reduce the binding affinity. During
thymic selection high affinity peptides act as agonists which cause negative selection
whereas lower affinity variants act as partial or non-agonists (34, 35). Therefore, by
assessing a panel of peptide antigens of differing affinities the OT1 TCR provides a readout
of TCR sensitivity.

To monitor how active Lck amounts affect antigen discrimination we employed two readouts
of T cell activation: Nur77-GFP and CD69 upregulation. The Nur77-GFP transcriptional
reporter provides a readout of TCR integrated signaling involving several downstream
pathways and is less sensitive to other mitogenic signals (36, 37). Csk analog-sensitive mice
were crossed to incorporate both the OT1 TCR transgene and the Nur77-GFP reporter.
CD8+ T cells from these mice upregulate Nur77-GFP and CD69 when co-cultured with
splenocytes that display the high affinity OVA peptide but only weakly respond to the low
affinity G4 peptide (Fig. 1B). To assess the influence of active Lck amounts on T cell
activation, purified CD8 T cells were treated with an intermediate dose of either the Csk
inhibitor (3-1B-PP1) or the Lck inhibitor (PP2) (Fig. 1C).

Consistent with our previous findings, inhibition of Csk potentiated responses to low affinity
antigens resulting in both Nur77-GFP and CD69 upregulation. Whereas, upregulation of
both Nur77-GFP and CD69 was insensitive to Csk inhibition when cells were exposed
antigens of high affinity. Conversely, low affinity antigens were markedly sensitive to partial
Lck inhibition by PP2 causing reduced Nur77-GFP and CD69 upregulation. The high
affinity OVA antigen responded similarly regardless of whether PP2 was present (Fig. 1D).
These findings demonstrate, using two readouts of T cell activation, that the capacity of the
TCR to distinguish between antigens that bind with differing affinities is markedly sensitive
to changes in active Lck amounts. Because Csk and CD45 cooperate to affect active Lck
amounts, we employed Csk inhibition to study the role of CD45.

Csk inhibition can activate Lck when CD45 is absent

Important regulatory features of CD45 could be unmasked if Lck were activated in its
absence. For example, CD45-mediated dephosphorylation of phosphorylated ITAMs within
the TCR complex has been reported in vitro using purified proteins (24). However, this has
been challenging to observe in T cells because the loss of CD45 impairs Lck activation. We
therefore sought to uncouple Lck activation from CDA45 expression using Csk inhibition.
CD45 is normally required to activate Lck in T cells but inhibition of Csk can relieve
negative regulation of Lck and allow for its activation when CD45 is reduced or absent.
Because loss of CD45 prevents proper T cell development in mice, we employed a more
genetically tractable system. Using Jurkat T cells, we were able to delete both Csk and
CD45 using CRISPR/Cas9, and install a Csk analog-sensitive allele (Csk”S) which can be
inhibited (32, 38, 39) (fig. S1, A to E). These cells were then treated with an anti-TCR
antibody to initiate signaling or with the Csk”S inhibitor. To assess signaling we monitored
global increases in protein tyrosine phosphorylation (Fig. 2A). Jurkat T cells respond to the
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anti-TCR antibody, as revealed by a marked increase in overall protein phosphorylation, but
do not respond to Csk inhibition because they lack the Csk”S allele. Jurkat T cells that were
made deficient in Csk that were reconstituted with CskAS (J.Csk”S) respond to both anti-
TCR stimulation and the Csk inhibitor. Cells expressing the Csk”S allele and are deficient
for CD45 (J.CskAS/CD45) display attenuated signaling in response to anti-TCR stimulation
consistent with impaired Lck activation. Interestingly, despite a lack of CD45, the Csk
inhibitor caused robust protein tyrosine phosphorylation.

We next monitored phosphorylation of specific signaling effectors as a readout of their
activation status (Fig. 2B). When CD45 is present, TCR stimulation causes robust
phosphorylation of the C-chain, Zap70, LAT and ERK. We also assessed Lck activation by
monitoring Lck regulatory site phosphorylation and these were not substantially affected by
TCR stimulation. Because CD45 activates Lck, its loss causes hyperphosphorylation of the
inhibitory C-terminal tail (Tyr®%%) of Lck which reduces active Lck amounts and can be
readout by decreased Lck autophosphorylation (Tyr3%4). Upon TCR stimulation, cells
deficient for CD45 display impaired phosphorylation of the C-chain, Zap70 and LAT.
Therefore, TCR stimulation causes signaling when CD45 is present and signaling is
attenuated when CD45 is absent due to reduced active Lck amounts.

We contrasted signaling which occurs upon TCR stimulation with that initiated by acute Csk
inhibition. When CD45 is present, Csk inhibition causes increased Lck activation and a
corresponding decrease in phosphorylation of the inhibitory C-terminal tail. Because the
amount of active Lck is increased, its substrates the C-chain and Zap70 are phosphorylated.
In contrast, in resting CD45-deficient cells the inhibitory C-terminal tail of Lck is
hyperphosphorylated and its activation loop is predominately unphosphorylated, indicating
that it is mostly autoinhibited. Surprisingly, Csk inhibition causes a marked increase in Lck
autophosphorylation, and therefore active Lck amounts, despite no appreciable
dephosphorylation of the inhibitory C-terminal tail. When Lck is doubly phosphorylated on
both its inhibitory C-terminal tail (Tyr®%%) and its activation loop (Tyr3%4) it is active (19,
24). In this way, inhibition of Csk could allow some activation of Lck despite the loss of
CD45 if a very small pool of Lck was transiently in the open conformation due to the
inefficient actions of other transmembrane or cytoplasmic PTPs. Consistent with this
reasoning, we observed robust phosphorylation of the -chain and Zap70. Interestingly,
phosphorylation of the C-chain appeared increased when Lck was activated in the absence of
CD45.

CD45 suppresses C-chain phosphorylation

To better understand the role of CD45 in Lck activation, we evaluated the effects of the
extent of Csk inhibition. We found that higher doses of Csk inhibitor was required to activate
Lck in CD45-deficient cells, consistent with CD45 facilitating Lck activation (Fig. 3A and
fig. S2A). Notably, in the absence of CD45, no appreciable change to phosphorylation of the
inhibitory C-terminal tail (Tyr®%%) could be detected (Fig. 3A). However, in the absence of
CD45, a small reduction in Tyr®05 by other PTPs could facilitate Lck activation through
trans-autophosphorylation of the activation loop (19, 24). Consistent with this reasoning, the
extent of C-chain phosphorylation was markedly increased (4-fold) when Lck was activated
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in the absence of CD45 (Fig. 3, A and B). We also noted that in the absence of CD45 a more
abrupt change in Lck activation occurred with higher concentrations of Csk inhibitor (fig.
S2A). The extent of Lck activity was confirmed using Lck isolated from cellular extracts
(fig. S2B). Because changes in Lck activity affect C-chain phosphorylation, and both appear
to be regulated by CD45, a computational model was constructed to explore these complex
behaviors.

Our model considers phosphorylation of regulatory sites within Lck because these sites
control its activity. To deactivate Lck, the C-terminal tail of Lck (Tyr®99) is phosphorylated
by Csk, and CD45 reverses this modification. Dephosphorylation of Lck Tyr% by CD45
results in a basally active unphosphorylated state. When trans-autophosphorylation of the
basal state occurs (pTyr3%4) it becomes fully active. Our model considers the doubly
phosphorylated form of Lck (pTyr3%4/pTyr505) because it is reported to possess similar
activity to basally active Lck (19, 24). Thus, in the computational model there are four
possible states for Lck: Activated, A (pTyr394, Tyr50%): Basal state, B (Tyr394/Tyr505);
Doubly phosphorylated, W (pTyr3%4/pTyr305); and Inactive, | (Tyr3%4, pTyr505).

A reaction network was constructed to compute changes in Lck and C-chain phosphorylation
as Csk activity is reduced (Fig. 3C). The kinetic processes within the reaction network were
described mathematically using mass action kinetics and the resulting differential equations
were solved (text S1). We considered different identities for the phosphatase (denoted X)
that predominately acts on the activation loop of Lck. Using our model, we evaluated
whether our experimental findings were best recapitulated with X being CD45 or another
phosphatase. We found our model best recapitulated the experimental changes in Lck
autophosphorylation if the identity of X is CD45, consistent with previous findings (Fig. 3D)
(24, 40).

We next computationally evaluated the consequences of Lck activation on C-chain
phosphorylation. Two states for C-chain Tyr'42 were designated: ¢, (unphosphorylated) and
¢p (phosphorylated). Within our model, the G chain is dephosphorylated by phosphatase(s)
that we label, Y. Our calculations explored three scenarios to evaluate whether our
experimental data are consistent with Y being: (i) CD45, (ii) another unknown phosphatase,
or (iii) CD45 and another phosphatase which both act on ¢ (Fig. 3E). Our model predicts
that if CD45 is the only phosphatase that acts on the  chain, then active  chain should be
higher in CD45-deficient cells at all levels of Csk activity due to the loss negative regulation.
Alternatively, if C is not a substrate for CD45, and Y is an unknown phosphatase, then
chain phosphorylation is predicted to be lower in CD45-deficient cells at all levels of Csk
activity because CD45-mediated activation of Lck is lost while the capacity to
dephosphorylate C is unaffected. Only in the case where CD45 and another phosphatase both
act on ¢ do the computational results mirror our experimental findings. Within this scenario,
in CD45-deficient cells, a transition occurs where C phosphorylation is lower at high levels
of Csk activity, and as Csk activity is reduced ¢ phosphorylation becomes higher. Such a
transition occurs because at high levels of Csk activity, only a small amount of Lck is active
and therefore C chain phosphorylation is low and another phosphatase is present to act on C.
When Csk activity is reduced, the amount of active Lck is increased and C-chain
phosphorylation is also increased because CD45 is absent. Therefore, our experimental
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findings and computational analysis reveal that both CD45 and an unknown phosphatase
regulate C-chain phosphorylation.

To further evaluate suppression of C-chain phosphorylation by CD45 experimentally, we
inhibited Csk to phosphorylate the C-chain and then inhibited Lck. We monitored Lck and C-
chain dephosphorylation and found that activation loop (Tyr3%4) phosphorylation was rapidly
diminished following Lck inhibition. Despite the loss of Lck autophosphorylation, C-chain
phosphorylation was dephosphorylated very slowly in the absence of CD45, implicating the
importance of CD45 in C-chain dephosphorylation but also implicating another PTP (Fig.
3F).

Titration of CD45 expression unmasks opposing regulatory roles

Having found that CD45 can affect dephosphorylation of both Lck and € we explored a
more downstream readout of TCR signaling, Erk phosphorylation (Fig. 4A). We reasoned
that Erk would provide an integrated readout of the influence of CD45 on TCR signaling.
We therefore assessed the proportion of phospho-ERK positive cells in response to Csk
inhibition. We found that in the presence or absence of CD45, at high levels of Csk
inhibition, cells were phospho-ERK positive. However, as Csk inhibition was reduced the
proportion of cells that became phospho-ERK positive drastically declined in the absence of
CD45. It is apparent that more graded activation of signaling occurs in the presence of
CD45. In contrast, in the absence of CD45, switch-like or cooperative signaling occurs (Hill
coefficient ny=4.9) (Fig. 4B).

Because reducing CD45 levels influenced both Lck activation and signaling, we sought to
unmask regulatory trends by surveying a broad range of CDA45 levels. We therefore titrated
CD45 expression and assessed sensitivity to Csk inhibition. We used single cell analysis to
monitor the amount of CD45 on a cell and its response to Csk inhibition. Specifically,
CD45-deficient cells (J.Csk”AS/CD45) were reconstituted with CD45 to generate a diverse
expression profile. The proportion of phospho-ERK positive cells provided a readout of
TCR signaling which was plotted as a moving average versus CD45 levels (Fig. 4C). When
CD45 was greatly diminished or absent, we again observed all-or-none activation, where
high levels of Csk inhibition caused signaling and low levels did not (Fig. 4D & fig. S3, A
and B). Notably, however, as CD45 levels increased to an intermediate amount
hypersensitivity to Csk inhibition occurred. Within this range of CD45, even small amounts
of Csk inhibition cause signaling. Finally, when CD45 is very abundant, signaling was
suppressed even at the highest level of Csk inhibition.

Erk phosphorylation occurs rapidly so we also evaluated a readout of sustained signaling,
CD69 upregulation. We performed similar single cell analysis using CD45-deficient cells
reconstituted with variable levels of CD45. Cells were then cultured in the presence of Csk
inhibitor for 16 hours and upregulation of CD69 assessed. The obtained activation profile
was qualitatively similar to that observed using phospho-ERK as a readout (Fig. 4E & fig.
S3C). Specifically, upon Csk inhibition, cells displayed a more switch-like response in the
absence of CD45, intermediate CD45 levels caused hypersensitivity, and high amounts of
CD45 suppressed signaling. Overall, our findings indicate changes in CD45 activity can
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cause divergent responses to Csk inhibition that range from hypersensitivity to suppression
of activation.

Mice that express a CD45 variant (LL) that results in reduced levels of CD45 (~ 10-14% of
WT) were anticipated to be hyper-responsive to Csk inhibition, much as immature
thymocytes from the LL mice have been shown to be hyperresponsive to TCR stimulation.
We therefore crossed CD45 low (LL) mice to incorporate the Csk”S allele (30). Consistent
with increased reactivity, we found that CD8* T cells isolated from mice with low CD45
possessed reduced TCR levels and an increased proportion of memory T cells which are
hallmarks of chronic stimulation (fig. S4, A to C). CD8+ T cells were isolated and treated
with Csk inhibitor at different concentrations. Csk inhibition caused an increase in C-chain
phosphorylation in mice with WT or reduced CD45 levels (fig. S4D). However, the extent of
G-chain phosphorylation in CD45 low mice did not reach that of WT, perhaps due to chronic
TCR stimulation and down-regulation of the TCR in vivo. Despite a lower extent of C-chain
phosphorylation, CD45 low mice display increased Zap70 activation and LAT
phosphorylation, as well as increased global protein tyrosine phosphorylation. Of note, and
not seen in CD45 null Jurkat cells, the phosphorylation of Lck Tyr205 decreased at high
levels of Csk inhibition, perhaps reflective of the action of the low level of CD45 in these
cells (Fig. 3A and fig. S4D).

CD45 enables graded signaling outputs

Because changes in CD45 expression affect sensitivity to Csk inhibition (Fig. 4D & fig.
S2A), CD45 appears necessary to maintain a basally active pool of Lck while suppressing
antigen-independent signals. To further evaluate this model, the TCR was stimulated while
Csk was inhibited. We reasoned that loss of CD45 would narrow the range of TCR stimuli
which cells could respond to. We treated cells with differing concentrations of stimulatory
anti-CD3 antibody and Csk inhibitor and assessed ERK phosphorylation (Fig. 5A). In the
presence of CD45, Csk inhibition causes an incremental increase in the proportion of
phospho-ERK positive cells. Despite this basal increase, except at the highest levels of Csk
inhibition, TCR stimulation further increases the proportion of phospho-ERK positive cells.
In contrast, CD45-deficient cells were markedly less responsive to TCR stimulation. At
higher levels of Csk inhibition, cells were predominately activated, and therefore could not
respond to further stimuli, and when Csk inhibition is decreased CD45-deficient cells
respond only weakly to TCR stimulation.

To better understand ERK activation in the absence of CD45 we constructed a computational
model. We previously reported that Ras/SOS/ERK pathway behavior in T cells can be
recapitulated computationally (41). Importantly, positive feedback mediated by SOS-
catalyzed Ras activation creates a digital response (i.e. within a given cell ERK is either
activated or not). Using this model, we sought to explore how changes in Lck activity and C-
chain phosphorylation that occur in the presence or absence of CD45 affect ERK activation
(Fig. 5B). We therefore incorporated the Csk/CDA45 regulatory axis into a simplified model
of ERK activation. Within our model, we considered the amount of active Lck as a proxy for
TCR input or stimulation level. We found that our experimental observations could be
broadly recapitulated by considering a linear relationship between the amount of
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phosphorylated C-chain and active SOS. The increased sensitivity of CD45-sufficient cells
can be attributed to the role of CD45 in activating Lck. When cells are CD45-deficient, low
basally active Lck amounts propagate through the system. These findings highlight the
importance of the positive regulatory role of CD45 upon Lck activation at high levels of Csk
activity, and of its negative regulatory roles, such as C-chain dephosphorylation, at low levels
Csk activity. These roles underlie the experimental changes in Erk activation which occur as
CD45 levels are altered (Fig. 4D). Using the model described above, our calculations
recapitulate the non-monotonic dependence of ERK activation on the level of CD45 (text
S1).

CD45 is required for antigen affinity discrimination

High levels of CD45 suppress antigen-independent signals (Fig. 4). We therefore sought to
evaluate whether antigen-dependent signals were affected similarly. Antigen-dependent
signaling was tuned using peptide antigens that bind the TCR with differing affinities (Fig.
1). We employed Jurkat T cells that were engineered to express the OT1 TCR transgene and
CD8 coreceptor. Jurkat OT1+ CD8+ (J.OT1) cells were used to generate a CD45-deficient
variant (J.OT1/CD45) (Fig. 6A & fig. S5, A to C) (42). Similar to primary T cells, J.OT1
cells display a graded response to antigen-presenting cells displaying altered peptide ligands
(Fig. 6B). The high affinity OVA epitope elicited robust activation as read out by CD69
upregulation. In contrast, the low affinity antigen resulted in only weak activation. When
compared to CD45-deficient cells however only the highest affinity OVA antigen was able to
elicit partial activation. Even when no peptide is present an increased proportion of activated
cells is observed when CD45 is reduced which is consistent with CD45 suppressing weak
signals that occur in the absence of cognate antigen in cells where Lck is active. Consistent
with the ability of high affinity antigens to elicit activation, we observed surfaces coated
with immobilized high affinity OVA pMHC or anti-TCR facilitated robust cell spreading
when a synapse is formed with the surface (fig. S6, A and B). In contrast, surfaces
displaying lower affinity peptide displayed reduced spreading. Interestingly, the capacity of
CD45-deficient cells to form a synapse was reduced, particularly in response to lower
affinity antigen (fig. S6, A and B).

We next reconstituted CD45-deficient cells to generate a range of CD45 levels. Activation of
single cells was monitored as a function of CD45 level in response to differing doses of the
OVA peptide (Fig. 6, C and D; & fig. S7A). At low levels of CD45 cells were less responsive
to antigen, particularly as the antigen concentration was reduced. At intermediate levels of
CD45 expression, cells were increasingly sensitive with substantial activation even when
antigen was greatly reduced or absent. In contrast to Csk inhibition, we observed that the
high affinity OVA peptide could cause robust activation even at high levels of CD45. To
expand this finding, we assessed variants of the OVA peptide that bind with reduced affinity
(Fig. 6, E and F; & fig. S7, B and C). Remarkably, at high levels of CD45, the proportion of
cells that became activated declined as antigen affinity was decreased.

Sci Signal. Author manuscript; available in PMC 2020 April 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Courtney et al. Page 10

DISCUSSION

T cells can distinguish between antigens of differing affinities (35, 43, 44). Recent efforts
have revealed that not only the affinity of the TCR:pMHC interaction is critical but also its
strength under exerted force (45-49). How TCR signaling events enforce antigen
discrimination remains unclear. The kinetic proofreading model proposes that once initiated
signaling must accumulate to a point of commitment prior to dissociation of the TCR from
pMHC (50, 51). An expanded kinetic proofreading model has found recruitment of active
Lck and coreceptor to the TCR:pMHC to be critical for this process (31, 49). Studies have
implicated active Lck abundance in setting a threshold for T cell activation (21, 22, 52). We
demonstrate using two readouts of T cell activation that increasing active Lck amounts
potentiate responses to low affinity antigens, and conversely, the response to these weak
antigens is attenuated when active Lck is reduced. In contrast to low affinity antigens, high
affinity antigens are less sensitive to changes in the abundance of active Lck. Although we
focus predominately on Lck, T cells also possess another less abundant SFK, Fyn (23, 53).
Fyn is dispensable for T cell development but is reported to contribute to antigen recognition
in the periphery (52, 54). Overall, our findings are consistent with Csk repressing active SFK
amounts to set a threshold for T cell activation.

Because Csk-mediated inhibition of Lck is opposed by CD45, we investigated the
contributions of both regulators simultaneously using intact cells. We found that inhibition
of Csk could activate Lck in the absence of CD45 despite no appreciable dephosphorylation
of the inhibitory C-terminal tail (Tyr°9%). Because a greater extent of Csk inhibition is
required when CD45 is absent, we speculate that another phosphatase may weakly act on
this site, and when Csk activity is abolished, Lck trans-autophosphorylation can occur
independently of CD45. Phosphorylation of Lck (Tyr3%4) has been demonstrated to activate
the kinase even when its inhibitory C-terminal tail remains phosphorylated (19, 24).
Activation of Lck in this way allowed us to assess the role of CD45. Notably, our findings
indicate that CD45 acts on multiple substrates — facilitating Lck activation while also
suppressing phosphorylation of its substrate the C-chain. Computational modeling of our
Csk inhibition results confirm that suppression of C-chain phosphorylation is recapitulated
only if € is a CD45 substrate. Importantly, our computational analysis also implicates an
additional phosphatase which can dephosphorylate the C-chain because deletion of CD45
would otherwise be predicted to cause constitutive C-chain phosphorylation. The
contribution of an additional phosphatase to suppression of TCR signaling is consistent with
roles attributed to phosphatases, including SHP1, PTPN22 and others, thought be important
for regulating T cell reactivity in the periphery (5, 55, 56). Here and in previous reports,
when CD45 was reduced but not absent, cells became hyper-responsive to stimuli (30).
Consistent with increased reactivity, T cells that we isolated from mice with low levels of
CD45 displayed hallmarks of chronic stimulation: reduced TCR and a higher proportion of
memory T cells. Together these observations suggest that numerous adaptations can occur in
the periphery to suppress TCR signaling when CD45 is reduced, which could affect C-chain
phosphorylation.

Because CD45 acts on G, Lck, and potentially additional substrates, we altered Csk and
CD45 activity and assessed an integrated readout of TCR signaling (Erk phosphorylation).

Sci Signal. Author manuscript; available in PMC 2020 April 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Courtney et al.

Page 11

Critical features of CD45-mediated regulation emerged: (i) a switch-like response in its
absence; (ii) hypersensitivity to changes in Csk activity at reduced CD45 levels; and, (iii)
suppression at high levels of CD45. These findings reveal a striking interdependence
between CD45-mediated activation of Lck and suppression of TCR signaling. Our findings
highlight how quantitative manipulation of Csk and CD45 activities can achieve distinct
signaling behaviors. We also found that CD45 was required for TCR agonist-induced
signaling. Our findings were modelled computationally and reveal that CD45 is required to
suppress C-chain phosphorylation when Csk activity is low. Specifically, when CD45 is
absent, and Csk activity is reduced to activate Lck, the loss of C-chain suppression causes
cells to signal in the absence of TCR stimuli rendering them unresponsive to further TCR
stimuli. Therefore, CD45 is required for inducible signaling because it provides for a
regulatable pool of basally active Lck while suppressing phosphorylation of its substrate, the
C-chain, until TCR stimuli are encountered. In vitro analyses of CD45 have generally
emphasized its negative regulatory role (G-chain dephosphorylation). However, our findings
reveal the importance of CD45 in maintaining a regulatable pool of active Lck. Loss of Lck
regulation, for example, in CD45-deficient or CD45 low mice and cells, affects the capacity
of T cells to properly discern antigen strength. In this way, the capacity of a T cell to initiate
signals that correspond to the appropriate cellular response is disrupted. Moreover, feedback
mechanisms which tune TCR signaling have been implicated in regulating active Lck
amounts. For example, Csk resides within the cytoplasm unless it is recruited to the plasma
membrane where it can inhibit Lck. Recruitment of Csk is mediated by phosphorylated
adaptor proteins, such as PAG, (57, 58). Additionally, a Zap70-dependent negative
regulatory loop is thought to phosphorylate a conserved site (Tyr192) within the SH2 domain
of Lck (59, 60). Modification of Tyr192 disrupts the ability of CD45 to interact with Lck and
dephosphorylate its inhibitory C-terminal tail (59). Such negative feedback mechanisms
highlight the capacity of a T cell to tune its basal pool of active Lck. It is anticipated that
tuning Lck activity is important for T cells to generate graded signaling outputs that
ultimately influence cellular programs (5, 61-63).

CD45 has been previously reported to suppress T cell activation because it is excluded from
the TCR as a synapse is formed between a T cell and an APC bearing cognate antigen.
Within the synapse many proteins are redistributed within the plasma membrane of the T
cell. Over time, the TCR becomes concentrated at the center of the synapse whereas CD45 is
excluded (27). Because CD45 is excluded it has been proposed that the segregation of CD45
itself may be sufficient to initiate TCR signaling (26). However, studies using tethered
antibodies that bind to the TCR with high affinity indicate that exclusion of CD45 is not a
strict requirement (64). Additional studies have reported that the T cell: APC synapse also
functions as a site of sustained signaling and receptor downregulation upon strong
stimulation (65, 66). We did not investigate whether the exclusion of CD45 initiates TCR
signaling, however, we found that high affinity antigens can overcome suppression that
occurs at high levels of CD45 expression. In contrast, low affinity antigens and antigen-
independent signaling (Csk inhibition) are suppressed by CD45. Our findings appear
consistent with the T cell: APC synapse facilitating sustained signaling. Specifically, we
anticipate that sustained signaling over time through a synapse could overcome CD45-
mediated suppression through exclusion of CD45 and/or the local concentration of signaling
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components. Importantly, this would not occur during antigen-independent signaling (Csk
inhibition).

Overall our findings reveal that CD45 acts as a signaling gatekeeper in T cells because it
enables a regulatable pool of basally active Lck while suppressing weak or spurious TCR
signaling. We anticipate that CD45 could fulfill a similar role in other immune cells
possessing ITAM receptors, and by extension, other receptor-mediated signaling pathways
possessing RT-PTPs.

MATERIALS AND METHODS

Mice.

Antibodies.

Cell lines.

All mice were bred and maintained on the C57BL/6 genetic background. For experiments
mice were used at between 6-12 weeks of age. All animals were housed in a specific-
pathogen-free facility at UCSF and were treated according to protocols that were approved
by UCSF animal care ethics and veterinary committees and are in accordance with NIH
guidelines. The OT1 TCR transgene was crossed to Csk”S transgenic and Nur77-GFP
reporter mice (33, 67). The lightning allele (LL or CD45 low) was similarly crossed to mice
harboring the Csk”S transgene (30). To assess cell populations, spleen and lymph nodes
were isolated from mice and organs disassociated in complete medium (RPMI supplemented
with 10% FBS, 2 mM glutamine, non-essential amino acids (Gibco), penicillin and
streptomycin (Gibco), 1 mM sodium pyruvate, 50 uM 2-mercaptoethanol, and 10 mM
HEPES). Red blood cells were removed using ACK lysis. Cells were washed and
resuspended in FACs buffer (PBS supplemented with 2% FBS and 2 mM EDTA) and stained
using fluorescently labelled antibodies. Cells were analyzed using a BD Fortessa and
quantification carried out using FlowJo software.

A table of antibodies used in this study can be found in table S1.

Jurkat T cell lines were maintained by the Weiss laboratory and are routinely analyzed for
the expression of CD3 or TCRp and other surface markers by flow cytometry. Cells were
maintained in a tissue culture incubator at 37 °C with 5% CO> in culture medium (RPMI
supplemented with 10% fetal bovine serum and 2 mM glutamine). Jurkat variants deficient
for specific proteins of interest were generated using CRISPR/Cas9 targeted gene deletion.
J.CskAS (B2C9-26) and J.CskAS/CD45 (C14) were maintained in medium supplemented
with blasticidin (10 ug/mL).

CRISPR/Cas9.

CD45-deficient cell lines were generated using the pX330 vector (38) and gRNAs targeting
CD45 (59). The pX330 vector was introduced using electroporation and cultured for ~4
days. Cells were stained for surface CD45 and cells with low CD45 expression sorted into
96-well plates using a BD FACs ARIA. Cells were expanded and analyzed for CD45
expression using flow cytometry and immunoblot to confirm CD45-deficient clones.
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Mutations to PTPRC, which encodes CD45, were confirmed by sequencing. The target site
was amplified by PCR using genomic DNA isolated from cell lines and cloned into a Topo
vector. Cell lines that were reconstituted with Csk”AS were confirmed by immunoblot using
anti-Csk and anti-Myc tag antibodies.

Electroporation.

DNA constructs were introduced into Jurkat T cell lines using a BioRad Gene Pulser Xcell.
Cells were washed and resuspended with RPMI medium. 400 uL of cells (15x10°8 total cells)
were added to a 0.4 cm cuvette. Typically, 10 ug of DNA was added and cells electroporated
(260 V, 1250 yF). Immediately after electroporation cells were recovered into pre-warmed
culture medium and incubated at 37 °C for 48 hours. For transient expression of CD45, cells
were electroporated with a pEF CD45RO construct. For stable reconstitution, cells were
electroporated with pEF Csk”S and recovered for 48 hours. Stable clones were isolated
using limiting dilution. Cells were diluted and cultured in selective medium containing
blasticidin (10 pg/mL) in 96-well plates. After ~3 weeks clones were assessed for Csk
expression using immunoblot and expanded further.

Immunoblotting.

Jurkat T cells were rinsed with RPMI and resuspended at 5 x 108 cells/mL and rested for 15
minutes at 37 °C. Cells were treated with anti-TCR antibody (C305, 0.85 pg/mL), or CskAS
inhibitor 3-1B-PP1 (generously provided by the Shokat laboratory), PP2 (Tocris), or DMSO.
Cells were then lysed through addition of lysis buffer containing a final concentration of: 1%
NP-40, NaVO, (2 mM), NaF (10 mM), EDTA (5 mM), PMSF (2 mM), Aprotinin (10 pg/
mL), Pepstatin (1 pg/mL), Leupeptin (1 ug/mL), and PP2 (25 uM). Lysates were placed on
ice and debris pelleted at 13,000 x g. Primary T cells were resuspended at 2040 x 108
cells/mL and lysed using 6x SDS-PAGE sample buffer. DNA was pelleted in an
ultracentrifuge at 70,000 rpm. Supernatants were run on 4-12% NuPage or 10% Bis-Tris
gels and transferred to PVDF membranes. Membranes were incubated with blocking buffer
(2% BSA TBS-T) and then probed with primary antibodies overnight at 4 °C. The following
day blots were rinsed and incubated with HRP-conjugated secondary antibodies (diluted
1:5000). All antibodies used for immunoblotting were diluted 1:2000 in blocking buffer
unless otherwise stated. Blots were detected using chemiluminescent substrate and a Chemi-
Doc (BioRad) or iBright (Invitrogen) imaging system. Phosphorylation was assessed at 2
minutes following acute treatment with inhibitor or anti-TCR stimulation unless otherwise
stated. Quantification was performed using Image Lab or iBright analysis software.

OT1 co-culture.

Cells were isolated from the spleen and lymph node. CD8+ OT1 T were purified by negative
selection using biotinylated antibodies and magnetic beads as previously described (68).
Splenocytes were used as antigen-presenting cells and were isolated from T cell-deficient
mice (Ca —/- or Zap70 —/-). Prior to culture red blood cells removed using ACK lysis.
Splenocytes were incubated with peptide antigens for 1 hr at 37 °C. Small molecule
inhibitors (3-1B-PP1 or PP2) or DMSO control were then added followed immediately by
OTL1 T cells at a ratio of 5:1 (APC: T cell). Cells were cultured overnight at 37 °C for a total
of 16 hrs and placed on ice prior to staining for CD69 and other surface markers (CD19/
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B220, CD8a,, TCRP or Va?2) using an antibody dilution of 1:200 in FACs buffer and Fc
blocking antibody (2.4G2) at 1:1000. Upregulation of CD69 or Nur77-GFP was assessed by
flow cytometry using a BD Fortessa and quantified using FlowJo software. The OVA peptide
(SIINFEKL), its variants (Q4R7, T4, Q4H7, G4), and the VSV peptide were synthesized by
Genescript.

J.OT1 co-culture.

J.OT1 activation assays were performed similarly to primary CD8+ OT1 T cell co-cultures.
5x10% J.OT1 cells were combined with T2-Kb cells (APCs) that had been incubated with
peptide antigen for 1 hour at a ratio of 3:1 (APC:J.OT1). Cells were cultured for 16 hours
and then placed on ice and stained for CD69 (1:200 in FACs buffer). CD69 upregulation was
assessed by flow cytometry using a BD Fortessa and quantified using FlowJo software.

Phospho-ERK staining.

Cells were stimulated in RPMI and fixed by adding 4% formaldehyde PBS (1:1) and
incubating for 12 mins at room temperature. Cells were pelleted and rinsed with FACs buffer
(PBS supplemented with 2% FBS and 2 mM EDTA). Cells were then placed on ice and ice
cold 90% methanol added to permeabilize the cells for 45 mins. Cells were then rinsed 3x
with FACs buffer and resuspended in staining solution (anti-phospho-ERK 1:100 in FACs
buffer). Cells were stained for either 1 hour at room temperature or overnight at 4 °C. Cells
were rinsed 3x and stained with anti-Rabbit PE antibody and anti-CD45 AF647 antibody
(1:100 in FACs buffer) for 45 mins at room temperature. Cells were rinsed 2x and analyzed
by flow cytometry using a BD Fortessa and quantification performed using FlowJo software.
For Csk inhibitor dose-response curves, data were fit using agonist versus response with
variable slope in Graphpad Prism.

Single cell analysis.

FACs data was exported from FlowJo in CSV format and analyzed with R Studio using the
Zoo package. The proportion of phospho-ERK or CD69 positive cells were calculated as a
moving average. Graphs were generated using Graphpad Prism software.

In vitro kinase assay.

Cells were washed and resuspended in RPMI. Cells were incubated at 37 °C for 10-15 mins
before treatment with inhibitors (25 uM or 5 uM 3-IP-PP1) for 1 min. Cells were lysed by
adding concentrated lysis buffer to a final concentration of : 1% NP-40, NaVO,4 (2 mM),
NaF (10 mM), EDTA (5 mM), and HALT protease inhibitor cocktail (Invitrogen). Samples
were vortexed briefly, and placed on ice for 10 minutes and then centrifuged to pellet debris.
Anti-Lck beads (25 uL per IP) were added and mixed for 1.5 hours at 4 °C. Beads were
rinsed with ice cold lysis buffer twice followed by kinase buffer (50 mM HEPEs pH 7.0, 2
mM DTT, 5 mM MgCl,, 0.2 mM NaVOy, 0.5 mM B-glycerophosphate). Beads were
resuspended in 60 uL of kinase buffer containing substrate (1 ug GST CD3 (, Sino
Biological) and ATP added to 0.2 mM. Samples were incubated with agitation at 25 °C for 5
minutes and placed on ice. Supernatant containing substrate was collected. Phosphorylation
status of substrate (GST CD3 () and immunoprecipitated Lck were assessed by immunoblot.
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Anti-Lck resin.

Microscopy.

Protein G Dynabeads (1 mL, Invitrogen) were washed and incubated with 200 ug of anti-
Lck (1F6) in binding buffer (sodium borate pH 9) for 1 hour at room temperature. Beads
were rinsed and resuspended in 10 mL binding buffer. DMP (50 mg) was added and mixed
for 30 minutes. Beads were rinsed and resuspended in 0.1 M ethanolamine pH 8 and
incubated for 30 minutes. Unconjugated antibody was released by washing with 0.1 M
glycine pH 3. Beads were washed twice with TBS pH 7.4. Beads were resuspended in 1 mL
of TBS and stored at 4 °C.

Glass surfaces were coated with either stimulatory antibody (C305) or streptavidin (SA).
Surfaces were then washed and biotinylated monomeric pMHC complexes were incubated
with streptavidin surfaces to immobilize them. Surfaces were then washed and used for
antigen presentation. To assess synapse formation, J.OT1 cells were dropped onto cover
glasses coated with various stimulatory reagents for 30 minutes at 37 °C. Cells were
subsequently fixed with 4% paraformaldehyde. Following fixation, the cell membrane was
stained using either AF-594 anti-human-CD45 (Biolegend) or AF-594 wheat germ
agglutinin (ThermoFisher). Fixed immunological synapses formed on glasses were imaged
with the Nikon Ti Microscope with TIRF at the UCSF Nikon Imaging Center. The areas of
synapses were processed and quantified using ImageJ software. The pMHC complexes were
generously provided by the Palmer lab and the NIH tetramer core.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. The amount of active Lck alters antigen discrimination by T cells.
(A) Depiction of small-molecule inhibition to manipulate the amount of basally active Lck

in OT1 CD8+ T cells. (B) When co-cultured with splenocytes and the high affinity OVA
peptide antigen, OT1 T cells upregulate two readouts of T cell activation: Nur77-GFP
reporter and CD69. A low affinity peptide variant only weakly activates Nur77-GFP and
CD69. (D) OT1 T cells were co-cultured with a series of OVA peptide variants that bind
with altered affinity. Active Lck amounts were manipulated by adding intermediate doses (1
uUM) of PP2 or Csk inhibitor. Error bars represent means + SEM of at least three independent
experiments.
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Fig. 2. Csk inhibition activates Lck in the absence of CD45.
(A) Cells were stimulated for 2 minutes by either anti-TCR crosslinking or Csk inhibition (5

UM 3-1B-PP1) and lysates analyzed by immunoblot. Total protein tyrosine phosphorylation
was assessed, the mabilities of specific proteins are denoted. (B) Phosphorylation of specific
regulatory sites was assessed using site-specific antibodies. Data are representative of three
independent experiments.
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Fig. 3. CD45 suppresses -chain phosphorylation.
(A and B) Cells were treated with decreasing amounts of Csk inhibitor and protein

phosphorylation assessed after 2 minutes by immunoblot, represented in (A) and quantified
in (B). Protein phosphorylation was normalized to total protein. Data were pooled from three
independent experiments (N=3). Error bars represent the means £ SEM and * A< 0.05, ** P
<0.01, *** P<0.001 (two-way ANOVA Bonferroni multiple comparisons test). (C)
Reaction network which describes Lck in its active (“A”), basal (“B”), inactive (“I1”’) and
doubly phosphorylated state (“W™); “D” is CD45, and “C” is Csk; “X™ and “Y” are
phosphatases whose identities were explored. (D) Computational model to assess PTP
activities affecting Lck regulatory sites. (E) Computational model to evaluate effects of
CD45 on G-chain phosphorylation. (F) Cells were treated with either DMSO control (=) or
Csk inhibitor (5 pM) for 0.5 min. To assess the extent of phosphorylation cells were treated
with Csk inhibitor alone (+). Following Lck activation with Csk inhibitor, PP2 (25 uM) was
added to block Lck activity, and dephosphorylation was assessed over time by immunoblot.
Data are representative of two independent experiments.
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Fig. 4. Titration of CD45 expression unmasks opposing regulatory roles.
(A) Revised model where CD45 acts to both activate Lck kinase but also dephosphorylate its

substrate, the TCR complex. (B) The proportion of phospho-ERK positive cells was
quantified as an integrated readout of TCR signaling by flow cytometry using a range of Csk
inhibition. Error bars represent the means £ SEM (N=3) and * A< 0.05, *** £<0.001 (two-
way ANOVA Bonferroni multiple comparisons test). (C) CD45-deficient cells (J.CskAS/
CD45) were transfected with CD45 to generate a broad range of CD45 expression levels.
Cells were then treated with Csk inhibitor and assessed by flow cytometry. (D) Analysis of
cells with high and low CD45 levels treated with 5 uM of Csk inhibitor (3-1B-PP1) for 2
minutes using phospho-ERK as a readout. The percentage of phospho-ERK positive cells
was plotted as a moving average versus CD45 levels over a range of inhibitor
concentrations. (E) To assess sustained signaling, cells were treated with Csk inhibitor for
16 hours. The percentage of activated (CD69 positive) cells was plotted as a moving average
versus CD45 levels. For (D and E), the far-right panel depicts an overlay of results obtained
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with different Csk inhibitor concentrations. The black bar denotes approximate WT level of
CD45. Histograms can be found in supplementary materials. All data are representative of
three independent experiments.
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Fig. 5. CD45 is necessary for regulatable activation of Lck and TCR responsiveness.
(A) The amount of active Lck was perturbed through Csk inhibition of cells that were CD45

positive (left panel) and CD45 negative (right panel) in combination with TCR stimulation
using anti-CD3 cross-linking. Signaling was assessed by monitoring the proportion of
phospho-ERK positive cells. Error bars represent the means + SEM of four independent
experiments (N=4). (B) A computational model was generated to evaluate the effects of
CD45 on the SOS/RAS/ERK pathway.
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Fig. 6. CD45 is required for affinity discrimination of antigen.
(A) Jurkat T cells were engineered to express the OT1 TCR transgene and the CD8

coreceptor (J.OT1). CD45 was deleted from J.OT1 cells using CRISPR/Cas9 (J.0T1/CD45).
(B) Cells were co-cultured with T2-Kb antigen presenting cells pulsed with the indicated
peptide antigens (0.05 nM) and upregulation of CD69 was assessed as a readout of T cell
activation. Error bars represent the means £ SEM (N=3) and ** P< 0.01, *** £< 0.001
(two-way ANOVA Bonferroni multiple comparisons test). (C to F) CD45-deficient cells
(J.0T1/CD45) were transiently transfected with CD45 to generate a broad range of CD45
levels. Cells were then co-cultured with T2-Kb cells and peptide antigen for 16 hours. The
percentage of CD69 positive cells was plotted as a moving average versus CD45 expression
levels. Differing concentrations of OVA peptide (C) and overlay of OVA concentrations on a
log scale (left) or linear (right) axis (D). Black bar denotes approximate WT level of CD45.
(E) Altered peptide ligands at a fixed concentration (50 nM) and (F) overlay of altered
peptide ligands on a log scale (left) or linear (right) axis. Black bar denotes approximate WT
level of CD45. Histograms can be found in supplemental information. All data are
representative of three independent experiments.
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