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SUMMARY
T cells depend on the phosphatase CD45 to initiate T cell receptor signaling. Although the critical role of CD45
in T cells is established, the mechanisms controlling function and localization in the membrane are not well
understood. Moreover, the regulation of specific CD45 isoforms in T cell signaling remains unresolved. By
using unbiased mass spectrometry, we identify the tetraspanin CD53 as a partner of CD45 and show that
CD53 controls CD45 function and T cell activation. CD53-negative T cells (Cd53�/�) exhibit substantial pro-
liferation defects, and Cd53�/� mice show impaired tumor rejection and reduced IFNg-producing T cells
compared with wild-type mice. Investigation into the mechanism reveals that CD53 is required for
CD45RO expression and mobility. In addition, CD53 is shown to stabilize CD45 on the membrane and is
required for optimal phosphatase activity and subsequent Lck activation. Together, our findings reveal
CD53 as a regulator of CD45 activity required for T cell immunity.
INTRODUCTION

T cells are central to the immune responses against pathogens

and cancer. T cell responses are initiated at the T cell receptor

(TCR), which recognizes antigen presented by major histocom-

patibility complexes (MHCs). Signaling downstream of the TCR

is a requisite for the activation, differentiation, and proliferation,

which drives adaptive immunity. Central to this signaling process

is the receptor-type protein tyrosine phosphatase CD45

(PTPRC), which occupies �10% of the T cell surface (Craig

et al., 1994; Oka et al., 2000). In the absence of CD45, T cells

are incapable of activation (Pingel and Thomas, 1989). The

importance of CD45 expression on T cells was highlighted

recently by its identification as a biomarker for severe acute res-

piratory syndrome coronavirus 2 cases (Jin et al., 2020).

CD45 regulates the activity of Src family kinase Lck, the initi-

ator of TCR signaling, by dephosphorylating Lck (at Y505),

relieving inhibition and allowing auto-phosphorylation of Y394

(Furlan et al., 2014; Nyakeriga et al., 2012). Activated Lck phos-

phorylates the CD3 x-chains and the downstream kinase ZAP70,
This is an open access article und
initiating TCR signaling. In addition, CD45 can inhibit T cell acti-

vation by suppressing x-chain phosphorylation, allowing CD45

to adjust the T cell response based on signal strength to prevent

disproportionate reactions (Furukawa et al., 1994). This CD45-

mediated tuning of TCR signaling has been described by the

kinetic segregation (KS) model, which proposes that the tight

contacts between immune cells upon TCR engagement can

physically separate large glycoproteins, like CD45, from the

TCR (Chang et al., 2016). Recent work has revealed that segre-

gation occurs within seconds of TCR engagement and that CD45

distance from the TCR must be tightly controlled for optimal

T cell activation (Razvag et al., 2018). Thus, although the KS

model identifies an important process during early TCR activa-

tion, it cannot explain the complex regulation of CD45 localiza-

tion and dynamics during TCR signaling, indicating that addi-

tional unidentified mechanisms must exist.

The functional importance of CD45 has been demonstrated in

CD45-deficient mice, which exhibit severe defects in T cell

development and activation, leading to an almost complete

absence of peripheral T cells (Byth et al., 1996; Kishihara et al.,
Cell Reports 39, 111006, June 28, 2022 ª 2022 The Author(s). 1
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1993). In humans, mutations of CD45 have been linked to severe

combined immunodeficiency (SCID), autoimmune disorders,

and cancer (Porcu et al., 2012; Roberts et al., 2012; Tackenberg

et al., 2003).

CD45 is a large transmembrane glycoprotein (180–220 kDa) en-

coded by 35 exons, producingmultiple isoforms through selective

inclusion of exons 4, 5, and 6, referred to as A, B, and C, respec-

tively (McNeill et al., 2004). Naive human T cells express mainly

high molecular weight (MW) isoforms containing the A exon

(CD45RA+ cells). The expression of CD45RA is lost upon activa-

tion, resulting in effector/memory T cells expressing the lowest

MW isoform CD45RO (CD45RO+ cells), and a similar phenotypic

switch has been reported in mice (Birkeland et al., 1989; Clement,

1992). Thus, lower MW isoforms of CD45 are associated with

differentiated effector T cell function and memory.

Expression of distinct CD45 isoforms serves an important

function in the immune system. Patients carrying mutations re-

sulting in impaired CD45 splicing exhibit an altered T cell pheno-

type ratio and increased susceptibility to autoimmune and infec-

tious diseases (Tchilian and Beverley, 2006; Tchilian et al., 2001;

Vogel et al., 2003). Moreover, genetically altering the combina-

tion of isoforms expressed by T cells has been shown to increase

the onset and severity of autoimmunity (Dawes et al., 2006). In

addition, CD45 isoforms exhibit differential association with

CD4/CD8, which affects downstream signal transduction

(Dornan et al., 2002).

Here we show that CD45RO stability and function in T cells is

specifically regulated by the tetraspanin CD53. Tetraspanins are

a family of 4-transmembrane proteins involved in membrane

spatial organization. They form tetraspanin nanodomains in the

membrane that bring together other tetraspanins and partner pro-

teins to regulate function (Charrin et al., 2014; van Deventer et al.,

2021; Levy and Shoham, 2005). Tetraspanins are important for

numerous cellular functions, including adhesion and migration,

fusion, and cell signaling (Dunlock, 2020; Termini and Gillette,

2017; Yáñez-Mó et al., 2009). We have recently shown that

CD53 is important for B cell signaling and the humoral immune

response (Demaria et al., 2020; Zuidscherwoude et al., 2017).

In this study, we report a molecular interaction between CD45

andCD53 on the immune cell surface. This interaction was found

to regulate the membrane stability and mobility of CD45RO spe-

cifically, resulting in an altered CD45 isoform expression pattern

upon loss of CD53. Strikingly, T cells lacking CD53 had altered

CD45 phosphatase activity, which resulted in defective T cell im-
Figure 1. CD53 modulates the activation of primary human T cells

(A) CD4+ and CD8+ T cell proliferation measured by flow cytometry. Graphs are

CD3/CD53- (gray filled), and CD3/CD28- (black line) antibody-stimulated sample

(B) Proliferation index (PI) of CD4+ and CD8+ T cells 72 and 96 h post-stimulation (n

test).

(C) Changes in PI over time for CD3-, CD3/CD53-, or CD3/CD28-antibody-stimu

(D) Two-parameter zebra plots depicting T cell expression of CD45RA andCD45R

sentative data from one donor measured at multiple time points.

(E) Quantification of CD45RA and CD45RO expression over time post-stimulation

experiments, mean ± SEM).

(F) Expression of CD53 on primary human T cells measured by flow cytometry 7

change relative to unstimulated samples.

(G and H) IL-2 production by T cells stimulated for 24 h with indicated antibodies

donors from three independent experiments (mean ± SEM, unpaired two-sided
munity. Thus, our study reveals an isoform-specific mechanism

for the regulation of CD45 at the plasma membrane, which oc-

curs via CD53 and is important for T cell activation in vivo.

RESULTS

CD53modulates the activation of primary human T cells
CD53 functionwas first investigated in human T cells in vitro. Sig-

nificant proliferation was observed upon stimulation of purified

CD4+ and CD8+ T cells with a combination of CD3 and CD53 an-

tibodies (anti-CD3/CD53) in contrast to CD3 or CD53 stimulation

alone, indicating that CD53 stimulation induces T cell activation

but only when combined with CD3 (Figures 1A–1C).

To establish whether stimulation via anti-CD3/CD53 led to an

activated/effector T cell phenotype, we assessed expression of

CD45RA (naive) and CD45RO (effector/memory). Stimulation

with either anti-CD3/CD28 or anti-CD3/CD53 resulted in an

equivalent transition from CD45RA to CD45RO positivity over

time (Figures 1D and 1E). This was not observed for unstimu-

lated, or anti-CD3 or anti-CD53 stimulated T cells. We hypothe-

sized that if CD53 is important for T cell activation, expression

might be upregulated upon stimulation. Indeed, a significant in-

crease in CD53 surface expression was observed following acti-

vation with either anti-CD3/CD53 or anti-CD3/CD28 (Figure 1F).

Next, we assessed whether stimulation via anti-CD3/CD53

was dependent on CD28 co-stimulation. Since high

interleukin-2 (IL-2) production is a hallmark CD28 signaling, we

measured IL-2 production and secretion. Results show signifi-

cant amounts of IL-2 were only generated by T cells stimulated

via anti-CD3/CD28, not in unstimulated, or anti-CD3, anti-

CD53, and anti-CD3/CD53 stimulated T cells (Figure 1G). To

exclude the possibility of IL-2 retention, intracellular flow cytom-

etry was performed. T cells stimulated with anti-CD3/CD28 had

significant intracellular IL-2 stores, contrary to T cells stimulated

with anti-CD3 or anti-CD53 alone. Anti-CD3/CD53 stimulated

T cells showed a small increase in intracellular IL-2, although

not significant (Figure 1H). These results indicate that T cell acti-

vation induced by anti-CD3/CD53 stimulation results in prolifer-

ation and transition of primary human T cells toward an effector/

memory phenotype via a CD28-independent pathway.

Cd53�/� T cells exhibit an impaired activation response
CD53 is a marker for positively selected CD4+ CD8+ thymocytes

(Puls et al., 2002; Tomlinson et al., 1995). Therefore, we
of one representative donor 72 and 96 h post-stimulation. CD3- (dashed line),

s are shown.

= 8 donors, four independent experiments, mean ± SEM, unpaired two-sided t

lated T cells (mean ± SEM, two-way ANOVA).

O over time, after stimulationwith CD3/CD53- or CD3/CD28-antibodies. Repre-

with indicated antibodies or unstimulated (n = 6 donors from three independent

2 h post-stimulation with indicated antibodies or unstimulated. Data are fold-

or unstimulated by ELISA (G) and intracellular flow cytometry (H). (F–H) n = 6

t test). *p < 0.05, **p < 0.01, ***p < 0.001.
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investigated whether the absence of CD53 affected T cell devel-

opment in Cd53-deficient (Cd53�/�) mice. No differences in the

percentages of CD4+, CD8+, or double-positive T cell popula-

tions were observed in thymi, spleens, and lymph nodes of

6-week-old Cd53�/� and wild-type (WT: Cd53+/+ littermate)

mice, or in the percentage of memory or naive T cells in WT

and Cd53�/� spleen or lymph nodes (Figures S1A and S1B). In

line with others, we observed some differences in the number

of T cells and total cells localized to primary or secondary im-

mune compartments (Yeung et al., 2020) (Figure S1C). The num-

ber of T cells and total cells in the spleen did not differ signifi-

cantly between WT and Cd53�/� mice; however, in the lymph

node compartment we did observe significant differences in

the size of both the total and T cell population. T cells used in

the experiments detailed here were therefore always isolated

from spleen unless otherwise stated. Furthermore, similar

expression levels and percentages of CD3+, CD4+, CD8+, and

CD28+ T cells were found in the spleen and lymph nodes of

WT and Cd53�/� mice, with the exception of the percentage of

CD3+ cells in the lymph node compartment, which was higher

in Cd53�/� mice due to a known B cell migration deficit (Fig-

ure S1D) (Demaria et al., 2020). Taken together, these data indi-

cate that CD53 is not required for normal T cell development in

mice.

Next, we investigated whether CD53 deficiency altered T cell

proliferation. A striking reduction in proliferation of both CD4+

and CD8+ Cd53�/� T cells was observed compared with WT

T cells upon anti-CD3/CD28 stimulation (anti-TCR) (Figure 2A).

Importantly, no difference in the number of cells entering division

between WT and Cd53�/� T cells was observed, indicating that

the proliferation defect is not caused by a subset of unresponsive

Cd53�/� T cells, but due to a general proliferation delay in the

whole Cd53�/� T cell population (Figure 2B). Quantification re-

vealed that Cd53�/� T cells undergo significantly less prolifera-

tion compared with WT T cells upon anti-TCR stimulation. This

was the case for both CD4+ and CD8+ T cell populations, indi-

cating an overall impaired activation in Cd53�/� T cells

(Figures 2C and 2D).

Further characterization revealed similar expression of

the early activation markers CD25 and CD69 on WT and

Cd53�/� T cells after either phorbol myristate acetate (PMA)

or anti-TCR stimulation, confirming that all Cd53�/� T cells

are responsive to anti-TCR stimulation with no unresponsive

subpopulation present (Figure 2E). Furthermore, no differ-

ences were seen in IL-2 production by these cells after anti-

TCR stimulation, verifying that CD53 function in T cell activa-

tion is independent of CD28 (Figure 2F). Overall, these results

demonstrate that Cd53�/� T cells exhibit impaired prolifera-

tion compared with WT cells, which is caused by a defect in

Cd53�/� T cells.

T cells of Cd53�/� mice are impaired in their recall
response and tumor rejection capacity
To investigate CD53 function in the recall capacity of T cells

post-immunization, we used the model T cell antigen keyhole

limpet hemocyanin (KLH) (Figure S1E). In line with our in vitro

data, in vivo primed, antigen-specific, CD4+ T cells from

Cd53�/� mice, showed diminished proliferation upon restimula-
4 Cell Reports 39, 111006, June 28, 2022
tion with KLH compared with WT T cells (Figure 3A). Non-immu-

nized mice showed no significant proliferation upon KLH expo-

sure for either genotype, verifying that responses were antigen

specific. Quantification confirmed significantly lower prolifera-

tion indexes for KLH-specific CD4+ T cells of Cd53�/� mice

compared withWTmice (Figures 3B and 3C). Moreover, a signif-

icantly higher percentage of the total WT CD4+ T population

entered division upon KLH restimulation compared with

Cd53�/� T cells (Figure 3D). These findings show that in vivo acti-

vation of Cd53�/� T cells is impaired, leading to a diminished

recall response upon rechallenge.

To further investigate the recall capacity of Cd53�/� T cells,

Cd53�/� and WT mice were immunized with g-irradiated

B16OVA tumor cells and T cells were analyzed for interferon-g

(IFN-g) production. Significantly fewer IFN-g-producing CD8+

T cells were detected in the Cd53�/� splenocyte population

compared with WT upon exposure to the OVA peptide

SIINFEKL (Figure 3E). These results confirm defective activation

of Cd53�/� T cells in vivo and demonstrate that this impairs an-

tigen-specific T cell responses.

To exclude that the T cell activation defect was due to

impairment of dendritic cells (DCs) in the absence of CD53,

we analyzed primary DCs from Cd53�/� mice. Similar numbers

of DC subsets (plasmacytoid and conventional DCs) were iso-

lated from spleens of Cd53�/� and WT mice, and these DCs

expressed comparable levels of MHC classes I and II

(Figures S2A–S2B). In addition, DC differentiation from bone

marrow of WT and Cd53�/� mice was similar between both ge-

notypes (Figure S2C). These results indicate that the develop-

ment and differentiation of Cd53�/� DCs is normal. Next, we

assessed the antigen-presentation capacity of Cd53�/� and

WT DCs. We observed no differences in the MHC-I and

MHC-II presentation capacity of WT and Cd53�/� DCs as

measured by OT-II T cell proliferation (Figure S2D) and OTI

T cell proliferation in vivo (Figure S2E). Together, these data

show that the antigen-presentation capacity of DCs is unaf-

fected by the absence of CD53, indicating that the impaired

cellular immune response in Cd53�/� mice is due to an intrinsic

T cell defect.

Finally, since antigen-specific T cell responses are vital to tu-

mor elimination, we investigated cellular immunity in Cd53�/�

and WT mice using the T cell-dependent tumor rejection model

RMA-Muc1 (Gartlan et al., 2013; Plunkett et al., 2004). Tumor

rejection by Cd53�/� mice was impaired, as the tumor burden

(in mm3) was significantly larger in Cd53�/� mice as compared

with WT mice on days 14 and 17 post tumor cell inoculation

(Figures 3F and 3G). These data confirm that Cd53�/� mice

show impaired T cell immune responses in vivo.

CD53 interacts with CD45, and they colocalize at the
immunological synapse
An indication of the mechanism underlying CD53 function in

T cells came from our parallel investigations identifying CD53-in-

teracting partners in lymphocytes using unbiased mass spec-

trometry. Analysis of CD53 complexes immunoprecipitated

from Raji cell lysates revealed a protein band of large MW

(200–220 kDa), which did not correspond to any known partners

(Figure 4A). Although this high MW band was also visible in the
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Figure 2. Cd53�/� T cells exhibit an impaired activation response

(A) CD4+ and CD8+ T cell proliferation measured by flow cytometry of one representative WT (dashed line) and Cd53�/� (light gray filling) mouse at 72/96 h post-

stimulation with anti-CD3, and anti- CD3/CD28-stimulation (WT: solid black line, Cd53�/�: dark gray filling).

(B) Percentage of CD4+ and CD8+ T cells per division at 72/96 h post-stimulation (WT: unfilled squares, Cd53�/�: gray filled circles) (n = 9 mice/genotype from

three independent experiments (mean ± SEM, two-way ANOVA)).

(C) Proliferation index of WT and Cd53�/� CD4+ and CD8+ T cells at 72/96 h post-stimulation (n = 9 mice/genotype from three individual experiments, mean ±

SEM, unpaired two-sided t test).

(D) Data presented in (C) with changes in proliferation index shown in time for WT and Cd53�/� T cells (mean ± SEM, two-way ANOVA).

(E) Expression of CD69 and CD25 on WT and Cd53�/� T cells as measured by flow cytometry 24 h after stimulation with PMA, anti-CD3/CD28, or unstimulated

(gMFI = geometric mean fluorescence intensity) (n = 6 mice/genotype from two independent experiments).

(F) IL-2 production (ELISA) for WT mice (white bars) and Cd53�/� mice (gray bars) at 24/48 h after anti-CD3/CD28 stimulation or unstimulated (n = 9–10 mice/

genotype per time point from five independent experiments, mean ± SEM, unpaired two-sided t test). *p < 0.05, **p < 0.01, ***p < 0.001. See also Figure S1.
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immunoprecipitation (IP) of the control tetraspanin CD81, it was

clearly less strong than in the CD53 IP, indicating a preferred

interaction with CD53. IPs of CD53, CD81, and CD9 were sub-

jected to quantitative label-free mass spectrometry to identify

all partners. Nonspecific hits were excluded based on their com-

mon presence in the CD9 control IP, which is not expressed by

Raji cells. In addition to validating known tetraspanin partners,

our analysis identified several previously unidentified protein in-

teractions (Figure 4B; Table S1). The >200-kDa protein was iden-

tified as CD45 (PTPRC), with up to 57 peptides, including 38
unique peptides, covering 57% of the full-length isoform of

CD45 detected. Importantly, there was 50 to 100 times more

CD45 present in the CD53 IP compared with the CD81 IP. Of

note, CD45-associating protein (CD45-AP) was also identified

in one of the two CD53 IPs, but not in the CD81 IP. We confirmed

these findings by performing an IP of CD53 followed by a staining

for CD45, which revealed a specific band at the expected height

of 200 to 220 kDa that was not observed in control IPs of

CD55 and CD81 (Figure 4C). The specificity of the CD53-CD45

interaction was further verified by biotinylation of the cell
Cell Reports 39, 111006, June 28, 2022 5



A B

C D

E F G

Figure 3. T cells of Cd53�/� mice are impaired in their recall response and tumor rejection capacity in vivo

(A) CD4+ T cell proliferation measured by flow cytometry for representative WT (black line) and Cd53�/� mice (gray filled) immunized with KLH or PBS. Data from

96 and 120 h post-stimulation with KLH in the presence of naive WT antigen-presenting cells (n = 6 mice/genotype from two independent experiments).

(B) Proliferation index of CD4+ T cells from PBS and KLH immunized WT and Cd53�/� mice as in (B) (n = 4–6 mice/genotype, two independent experiments,

±SEM, unpaired two-sided t test).

(C) Quantification of data presented in (B), with changes in proliferation index shown over time (mean ± SEM two-way ANOVA).

(D) Percentage of total CD4+ population from KLH immunized mice entering division upon restimulation (n = 6mice/genotype from two independent experiments

(mean ± SEM, unpaired two-sided t test).

(E) Frequency of interferon-g (IFNg)-producing WT and Cd53�/� CD8+ T cells in the total splenocyte population, measured by ELISPOT 14 days post-immuni-

zation with g-irradiated B16OVA cells. Cells were either unstimulated or stimulated with SIINFEKL peptide, CD4 helper peptide or concanavalin A (ConA) (n = 19

mice/genotype, four independent experiments, mean ± SEM, Welch’s two-sided t test).

(F) RMA-Muc1 tumor growth (in mm3) in WT and Cd53�/� mice in time.

(G) Volume of tumors for WT andCd53�/�mice on days 14 and 17 post tumor cell injection. (F and G) n = 16mice/genotype, four independent experiments (mean

± SEM, Mann-Whitney U test). *p < 0.05, **p < 0.01, ***p < 0.001. See also Figures S1 and S2.
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surface, followed by IP of CD53, CD45, and multiple control

membrane proteins (tetraspanins and non-tetraspanin proteins)

(Figure S3A).

Finally, we studied whether CD53 and CD45 resided within the

same nanodomain by proximity ligation assays (PLA) in the hu-

man T cell line CEM. As positive control, endogenous CD45

was labeled with two different antibodies, resulting in a high

number of foci per cell. Similarly, labeling of endogenous CD45
6 Cell Reports 39, 111006, June 28, 2022
together with CD53 produced a large number of foci per cell

(Figures 4D and 4E). To confirm the specificity, endogenous

CD45 was labeled together with a different tetraspanin protein

(CD151), as expected this combination generated fewer foci

per cell (Figures 4D and 4E).

These data reveal that CD53 and CD45 reside very close to

each other (<40 nm distance) on the T cell surface, indicating a

direct interaction. Next, we investigated whether this interaction
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Figure 4. CD53 interacts with CD45, and

they colocalize at the immunological syn-

apse

(A) Coomassie-stained SDS-PAGE gel showing

IPs of CD53, CD81, and CD9 in Raji B cells. Arrow

indicates interacting protein of 200 to 220 Kd

corresponding with CD45.

(B) Scatterplot shows relative protein abundance

of co-immunoprecipitated proteins identified by

label-free mass spectrometry for CD53 IP

compared with CD81 IP. IP of CD9 was used to

identify and exclude aspecific proteins. Arrows

indicate specific proteins of interest in the scat-

terplot as well as proteins exclusively interacting

with CD53. Complete list in Table S1. CD53 IP

values are based on means from two independent

experiments.

(C) Western blot of CD45, CD55, CD53, and CD81

IPs stained with an anti-CD45 antibody. Red box

indicates the expected location of the CD45 band.

(D) Microscopy images of PLA on human CEM

T cells, showing Isotype-Isotype, CD151-CD45

(negative control), CD45-CD45 (positive control),

or CD53-CD45 labeling. PLA-foci in magenta, nu-

clear labeling in blue. Scale bars, 5 mm.

(E) Quantification of PLA conditions in human CEM

T cells as shown in (D). Percentage of foci/cell was

determined by normalizing to CD45-CD45 (n > 60

cells/condition, two independent experiments,

mean ± SEM, Kruskal-Wallis test).

(F) Images of CEM T cells transfected with sGFP2-

CD53 and CD45RO-mCherry on anti-CD3/CD28

antibody prints. Specific enrichment of CD53

and CD45RO is shown at the antibody prints, indi-

cated with a white circle, but not on isotype control

prints (G). Scale bars, 5 mm.

(H and I) Quantification of CD53 or CD45RO

enrichment in CEM T cells from data of (E) and

(F). Fold-change was determined by normalizing

enrichment at the antibody print-site to enrich-

ment at an unprinted-site of equal size (n = 40

cells/condition, three independent experiments,

mean ± SEM, unpaired two-sided t test).

*p < 0.05, **p < 0.01, ***p < 0.001. See also

Figures S3 and S4.
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was also maintained at the immune synapse, where the main

function of CD45 is executed. We hypothesized that if CD53

was important for CD45 function during T cell activation, these

proteins would both be simultaneously recruited to the immune

synapse. Microcontact printing was used to create localized

areas for TCR engagement using CD3/CD28 antibodies (anti-

TCR), or isotype antibodies as a control (van den Dries et al.,

2012; Zuidscherwoude et al., 2017). Both CD45RO and CD53

were recruited simultaneously and specifically to the site of

TCR engagement in contrast to isotype controls (Figures 4F

and 4G). Quantification confirmed significant enrichment of
both CD45RO and CD53 at the anti-TCR

print compared with the isotype control

(Figures 4H and 4I). To evaluate the spec-

ificity, control experiments were per-

formed with CD37, another immune-spe-
cific tetraspanin. Clear enrichment of CD53, but not of CD37,

was observed upon TCR engagement in these T cells

(Figures S4A–S4D). Finally, based on our previous study that

demonstrated an interaction between CD53 and protein kinase

C (PKC) b in B cells, we investigated whether such an interaction

was also present in T cells (Zuidscherwoude et al., 2017) by

studying PKCq, the main isoform in T cells, using microcontact

printing and fluorescence lifetime imaging microscopy (FLIM).

We observed significant enrichment of PKCq at anti-TCR prints,

but not at the isotype control prints (Figures S4E and S4F). How-

ever, no decrease in donor lifetime was observed upon PKCq
Cell Reports 39, 111006, June 28, 2022 7
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Figure 5. CD45 isoform expression pattern is distorted by loss of CD53

(A) Overview of generation of human polyclonal CD53 knockout CEM T cell line through CRISPR-Cas9-mediated gene editing. CD53 expression measured by

flow cytometry (values in gMFI).

(B) Surface and total expression of CD45 in WT and CD53�/� T cells measured by flow cytometry (values in gMFI from one representative experiment, three

independent experiments were performed yielding similar results).

(C) Two-parameter zebra plots showing surface and total expression of CD45RA and CD45RO in WT and CD53�/� T cells from one representative experiment.

Three independent experiments were performed yielding similar results.

(D) Immunoblot of WT and CD53�/� T cells probed for CD45RO and CD45RA. Tubulin is shown as loading control. Arrows indicate relevant bands.

(E) Quantification of bands shown in (D), CD45RA and CD45RO signals were normalized to tubulin. See also Figure S5.
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translocation to the membrane, indicating that while PKCq is re-

cruited to the TCR upon signaling, it does not interact directly

with CD53 (Figure S4G). Thus, unlike in B cells, in T cells CD53

was not found to interact with PKC, excluding this as an explana-

tion for the impaired T cell activation in the absence of CD53.

Taken together, these data show a direct interaction between

CD53 and the protein tyrosine phosphatase CD45 in T cells.

CD45 and CD53 were found to localize contemporaneously at

the immunological synapse during TCR stimulation, suggesting

a possible role for CD53 in the regulation of CD45 function.

CD45 isoform expression pattern is distorted by loss of
CD53
To understanding the functional interaction between CD53 and

CD45, we engineered a human CD53�/� T cell line (CEM) using

CRISPR/Cas9 technology (Figure 5A). A general characterization

of the CD53�/� T cell line revealed normal surface expression of

CD3, CD4 and CD28 comparable to the CD53-positive parental

T cell line (WT) (Figure S5A).

Next, we assessed the expression of CD45, CD45RO, and

CD45RA in CD53�/� and WT T cells. Remarkably, an overall
8 Cell Reports 39, 111006, June 28, 2022
decrease in the expression of CD45 was observed upon loss

of CD53. More striking was the difference observed in

the expression patterns of CD45RA and CD45RO between

CD53�/� and WT T cells (Figures 5B and 5C). WT T cells were

found to be largely CD45RO-positive (�60%), with a smaller

population (�20%) of CD45RA-positive cells. This profile was in-

verted in CD53�/� T cells, which showed a small population of

CD45RO-positive T cells (�20%), and a larger CD45RA-positive

population (�50%–60%), which was confirmed by quantitative

western blot analysis of CD45 isoform expression (Figures 5D

and 5E). Overall, these results indicate a significant change in

CD45 isoform expression induced by the loss of CD53. This

led us to hypothesize that CD53 may be required for the stabili-

zation of CD45RO at the plasma membrane.

CD53 regulates the mobility and stability of CD45RO on
the T cell surface
To investigate whether CD53 was required for stable CD45RO

expression, we performed CD45 internalization assays on

CD53�/� and WT T cells. Because CD53�/� and WT T cells ex-

press disparate levels of CD45RO and CD45RA, both WT and
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CD53�/� CEM T cells were transiently transfected with either

CD45RO-mCherry or CD45RA-mCherry to achieve comparable

CD45 surface expression levels. Internalization of CD45RO was

observed to be significantly higher in CD53�/� T cells as

compared with WT T cells, with 53% of CD53�/� T cells still ex-

pressing CD45RO at 24 h compared with 75% of WT T cells

(Figures 6A and 6B). Interestingly, in contrast to CD45RO, no dif-

ferences in internalization were observed for CD45RA between

CD53�/� and WT T cells (Figures 6C and 6D). These data indi-

cate that CD53 is involved in membrane stabilization of

CD45RO, but not of CD45RA.

To investigate the consequences of CD45RO instability, we

used fluorescence recovery after photo bleaching (FRAP) to

study CD45ROmobility.CD53�/� andWT T cells were both tran-

siently transfected with CD45RO-sGFP2 to ensure similar

expression levels. Cells were then subjected to FRAP analysis

and recovery curves were acquired (Figures 6E and 6F). Quanti-

fication revealed that in the absence of CD53, CD45RO was

significantly more mobile on the T cell surface (Figure 6G). To

investigate whether this was specific to CD45RO, the mobility

of CD45RA was analyzed (Figures 6H and 6I). In contrast to

CD45RO, no significant difference in the mobile fraction of

CD45RA was seen between WT and CD53�/� T cells, indicating

isoform-specific regulation by CD53 (Figure 6J). Taken together,

our results show that in the absence of CD53, CD45RO becomes

unstable on the T cell surface, as evidenced by its increased

internalization and mobility, which is not seen for CD45RA.

Loss of CD53 impairs the function of CD45
Sincemobility can affect localization and function, we postulated

that in the absence of CD53, CD45 function may be impaired.

TCR signaling activity was first investigated in CD53�/� and

WTCEM T cells upon stimulation with anti-TCR antibodies. Total

phosphorylated tyrosine (pTyr) signal increased in both WT and

CD53�/� CEM T cells upon stimulation, confirming successful

TCR stimulation (Figure 7A). Quantification of a higher MW

(120 kDa) and a lower MW (37 kDa) band revealed significantly

higher tyrosine phosphorylation in WT cells compared with

CD53�/� T cells at 2 min post-stimulation (Figures 7B and 7C).

In addition, phosphorylation of the CD3 zeta chains (pCD3z) at

position tyrosine 142 (Y142), a specific target of Lck, was signif-

icantly higher in WT T cells compared with the CD53�/� T cells

(Figure 7D). Next, TCR signaling activity was studied in primary

murine WT and Cd53�/� T cells. Although total pTyr signal was

not different between murine WT and Cd53�/� T cells upon

TCR stimulation (Figure S6), phosphorylated targets of CD45

were differentially activated in WT and Cd53�/� T cells. We first

analyzed phosphorylation of Lck at positions tyrosine 394 (Y394)

and 505 (Y505), since Lck is directly targeted by CD45 in T cells,

using phospho-flow cytometry (Figures 7E and 7G). Lck Y394

and Y505 phosphorylation were measured under basal condi-

tions, as multiple studies have shown that TCR stimulation

does not lead to a significant increase in Lck activation per se,

and that basal phosphorylation is therefore a more robust

readout for Lck activity (McNeill et al., 2007; Nika et al., 2010;

Wei et al., 2020). We observed that Cd53�/� T cells have signif-

icantly lower phosphorylation of Y394, which confirms that the

absence of CD53 in T cells leads to compromised CD45 func-
tion, as Y394 is the dominant phosphorylation site for Lck

(Nika et al., 2010; Wei et al., 2020) (Figure 7F). Phosphorylation

of Y505 was not significantly different between WT and Cd53�/

� T cells (Figure 7H). To assess the impact of dysfunctional

Lck activation in Cd53�/� T cells on TCR signaling directly, we

measured the pCD3z (Y142) (Figure 7I). Our results show that

Cd53�/� T cells have significantly less phosphorylation at Y142

compared with WT cells upon CD3/CD28 stimulation (Figure 7J).

This was the case for both the CD4+ and CD8+ T cell compart-

ments. In addition, to confirm altered CD45 activity in Cd53�/�

T cells through an independent assay, we used the pCap-SP1

peptide probe to specifically measure CD45 activity by flow cy-

tometry (Stanford et al., 2012; Szodoray et al., 2016). pCap-SP1

probe fluorescence measurements revealed a clear difference in

CD45 activity between Cd53�/� and WT T cells upon TCR stim-

ulation (Figure 7K). Quantification of these results over multiple

experiments revealed a significantly reduced CD45 activity in

Cd53�/� T cells as compared with WT T cells (Figure 7L). Finally,

we analyzed the dimerization capacity of CD45, which has been

proposed to regulate CD45 function (Xu andWeiss, 2002). West-

ern blots were performed on WT and CD53�/� T cell samples

either untreated or treated with sulfo-EGS to crosslink CD45 di-

mers and stained for CD45 (Figure S7A). Calculating the amount

of CD45 contained in dimers as a percentage of total CD45 re-

vealed no differences between WT and CD53�/� T cells

(Figure S7B).

Taken together, our results show that the overall function of

CD45 is impaired, as activated Cd53�/� T cells show a clear

defect in overall tyrosine phosphorylation, CD3 zeta chain and

Lck phosphorylation, and CD45 activity compared with WT

T cells.

DISCUSSION

Since its discovery in the 1970s, CD45 has been of great interest

because of its leukocyte-specific distribution pattern and high

abundance on the T cell surface (Fabre and Williams, 1977;

Trowbridge, 1978; Zikherman et al., 2010). The importance of

CD45 in TCR signaling and T cell activation, as exemplified by

the more pronounced T cell phenotype versus B cell phenotype

in CD45-deficient mice, is now well recognized, yet many ques-

tions remain regarding the regulation of CD45 at the T cell sur-

face. The KS model proposes that physical exclusion of CD45

from TCR nanoclusters is needed to support sustained signaling

leading to T cell activation (Cordoba et al., 2013). Paradoxically,

close proximity between CD45 and the TCR is a requirement for

the activation of Lck and initiation of TCR signaling (Courtney

et al., 2019; Furlan et al., 2014). Thus, T cell activation depends

both on TCR interaction with, and separation from, CD45. More-

over, the specific relative positioning of CD45 and the TCR has

been proposed to regulate signaling, indicating that tight control

over membrane organization is required for optimal T cell activa-

tion (Razvag et al., 2018). Recently, selective pre-exclusion of

CD45 from T cell microvilli prior to APC engagement has been

observed, which challenges the classic KS model and highlights

the complexity involved in the regulation of CD45 localization

(Jung et al., 2021). Thus, since CD45 activity is mainly deter-

mined by its localization, mechanisms controlling the lateral
Cell Reports 39, 111006, June 28, 2022 9
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Figure 6. CD53 regulates the mobility and stability of CD45RO on the T cell surface

(A) Internalization of CD45RO over time measured by flow cytometry. Filled black and red graphs denote WT and CD53�/� CEM T cells, respectively, gated on

mCherry expression.

(B) Quantification of the internalization of CD45RA expressed as % of CD45RA-positive cells over time (n = 3 independent experiments, mean ± SEM, two-way

ANOVA).

(C) Internalization of CD45RA over time as measured by flow cytometry as in (A).

(D) Quantification of the internalization of CD45RA expressed as % of CD45RA-positive cells over time (n = 3 independent experiments, mean ± SEM, two-way

ANOVA).

(E) FRAP recovery curves obtained for CD45RO in WT and CD53�/� CEM T cells. Curve represents the average of all cells (>10) from one representative exper-

iment.

(F) Biexponential decay fit of the curve obtained in (E) as calculated by OriginPro8 software program.

(G) Percentage of mobile CD45RO as calculated based on FRAP curves (n > 20 cells/genotype from three independent experiments, mean ± SEM, unpaired two-

sided t test).

(H) FRAP recovery curves obtained for CD45RA in WT and CD53�/� CEM T cells. Curve represents the average of all cells (>10) from one representative exper-

iment.

(I) Biexponential decay fit of the curve obtained in (E) as calculated by OriginPro8 software program.

(J) Percentage of mobile CD45RA as calculated based on FRAP curves (n > 20 cells/genotype from three independent experiments, mean ± SEM, unpaired two-

sided t test). ***p < 0.001.
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Figure 7. Loss of CD53 impairs the function of CD45

(A) Immunoblot of WT and CD53�/� CEM T cells unstimulated or stimulated with anti-TCR antibodies for 2 or 5 min. Blot was probed for total phosphorylated

tyrosine (pTyr), phosphorylated CD3 zeta chains (pCD3z), and tubulin loading control. One representative immunoblot showing two replicates for each genotype

is shown. Quantification is based on n = 4 per genotype, two independent experiments.

(B) Graph shows the quantification of a pTyr band at 120 kDa as shown in (A), normalized to tubulin intensity (n = 4, two independent experiments, mean ± SEM, t

test).

(C) Graph shows the quantification of a pTyr band at 37 kDa as shown in (A), normalized to tubulin intensity (n = 4, two independent experiments, mean ± SEM, t

test).

(D) Graph shows the quantification of the pCD3z band as shown in (A), normalized to tubulin intensity (n = 4, two independent experiments, mean ± SEM, t test).

(legend continued on next page)
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mobility and dynamic spatiotemporal regulation of CD45 must

play an important role in T cell activation. Adding to the

complexity, the specific regulation of CD45 isoforms on the

T cell surface, which remains to be elucidated, must also be

acknowledged.

Here, we identify the tetraspanin CD53 as key regulator of

CD45 in T cells using a combination of in vivo assays, unbiased

mass spectrometry, imaging techniques, and biochemical as-

says. Investigation into the mechanism revealed that CD53 reg-

ulates CD45 function on the T cell surface, is essential for the sta-

bility of CD45RO, and controls CD45RO mobility. Tetraspanins

function not as classical receptors, but by interacting with other

membrane proteins in cis. Membrane protein organization

induced by tetraspanins is emerging as an important mechanism

to control immune receptor function (Cabañas et al., 2019; Van

Deventer et al., 2017). Other mechanisms that have been pro-

posed to regulate CD45 localization on the T cell membrane

include partitioning into lipid rafts and interactions with the cyto-

skeleton or with galectins (Cairo et al., 2010; Chen et al., 2007;

Pradhan and Morrow, 2002; Zhang et al., 2005).

We find that the removal of CD53 results in the loss of CD45RO

expression, altering the expression pattern of CD45 isoforms

and diminishing T cell activation. CD45 isoform switching occurs

during normal T cell activation, yet the purpose of this process

remains largely unclear. The importance of isoform-specific

CD45 regulation is exemplified by studies showing that the

combinations of expressed CD45 isoforms determine T cell

responses (Dawes et al., 2006). Others have shown isoform-

dependent differences in downstream signaling, although some-

times with contradictory outcomes (Chui et al., 1994; Dornan

et al., 2002; Krummey et al., 2020; Novak et al., 1994; Shanafelt

et al., 1996). Recently, it has been shown that isoforms of CD45

can segregate differently during TCR-MHC interaction, suggest-

ing this as a mechanism for the fine-tuning of signaling (Carbone

et al., 2017). Thus, multiple studies support isoform-specific

functions for CD45 in T cells, and our findings now demonstrate

CD45 isoform-specific expressional regulation, stabilization, and

mobility through interaction with the tetraspanin CD53. Although

we show that CD53 affects stabilization and mobility of CD45RO

specifically, the involvement of other CD45 isoforms cannot be

excluded. Based on its relatively small size, CD53 most likely in-

teracts with a membrane-proximal domain common to all CD45

splice variants. Our finding that CD53 is important for the stabi-

lization and mobility of CD45RO, but not CD45RA, may indicate

the involvement of other isoform-specific partners. Alternatively,
(E) Flow cytometry graphs showing the expression of phosphorylated Lck at positi

lines).

(F) Quantification of Y394 phosphorylation in WT and Cd53�/� CD4+, CD8+, and

(G) Flow cytometry graphs showing the expression of phosphorylated Lck at posit

lines).

(H) Quantification of Y505 phosphorylation in WT and Cd53�/� CD4+, CD8+, and

(I) Flow cytometry graphs showing the expression of phosphorylated CD3 zeta cha

T cells (red lines), isotype shown in gray.

(J) Quantification of Y142 phosphorylation in WT and Cd53�/� CD4+, CD8+, and

(K) CD45 activity in WT and Cd53�/� T cells as measured by flow cytometry as

repeated three times yielding similar results (n = 3).

(L) Quantification of CD45 activity in WT andCd53�/� T cells as measured by flow

SEM, unpaired two-sided t test). *p < 0.05, **p < 0.01.
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glycosylation is important for CD45 stability and transport to the

cell membrane (Pulido and Sánchez-Madrid, 1992). As the short-

est variant of CD45, CD45RO is the least glycosylated isoform,

this may result in the need for additional stabilization at the cell

surface that could be provided by CD53. Based on our results,

we can exclude an effect of CD53 on CD45 dimerization, which

has been proposed to be more rapid and efficient in CD45RO

compared with other isoforms (Xu and Weiss, 2002).

The functional consequences of CD53-CD45 interaction for

T cell biology are multiple. First, in the absence of CD53, primary

murine T cells exhibit impaired proliferation, and primary human

T cells are readily activated by the combined CD3-CD53 stimu-

lation, resulting in proliferation and naive to effector transition.

This was independent of CD28 co-stimulation, which is known

to stabilize IL-2 mRNA and increase IL-2 production 30- to

100-fold (Gonsky et al., 1999; Umlauf et al., 1995). This positive

role for CD53 in T cell activation is in stark contrast to other tet-

raspanins (CD37, Tssc6, CD81 and CD151), which all inhibit

T cell proliferation through incompletely resolved mechanisms

(Seu et al., 2017; van Spriel et al., 2004; Tarrant et al., 2002).

Second, Cd53�/� T cells have a reduced capacity to mount

recall responses after immunization, defective IFN-g production,

proliferation, and impaired anti-tumor responses in Cd53�/�

mice. Our data fit with previous findings of SCID and cancer

development in patients with dysfunctional CD45, and in pa-

tients with a CD53 deficiency, who suffer from recurrent infec-

tions (Kung et al., 2000; Majeti et al., 2000; Mollinedo et al.,

1997; Porcu et al., 2012; Roberts et al., 2012; Tchilian et al.,

2001).

Third, we observed that CD53 deficiency influences the phos-

phatase function of CD45. CD53-deficient T cells showed a

reduced tyrosine phosphorylation upon TCR stimulation, and

impaired CD45 activity compared with WT T cells. Importantly,

Lck, the main target of CD45, had reduced activity in Cd53�/�

T cells as indicated by phosphorylation at Y394 and Lck probe

activity compared with WT T cells. We observed that the inhibi-

tory site Y505 was not significantly altered by CD53; however,

Y505 phosphorylation status is known to be less indicative of

Lck activity than Y394 phosphorylation (Nika et al., 2010; Wei

et al., 2020). Moreover, while Y505 is known to be dephosphory-

lated by CD45 upon TCR stimulation, others have shown that

during early TCR signaling, both Y394 and Y505 show increased

phosphorylation (Nyakeriga et al., 2012). This indicates that the

phosphorylation status of Y505 is subject to complex regulation

beyond just CD45, making it difficult to assess, especially during
on Y394 in CD4+ (left) and CD8+ (right) WT (black lines) andCd53�/� T cells (red

total T cells (n = 4–5 mice per genotype, mean ± SEM, Mann-Whitney U test).

ion Y505 in CD4+ (left) and CD8+ (right) WT (black lines) andCd53�/� T cells (red

total T cells (n = 4–5 mice per genotype, mean ± SEM, Mann-Whitney U test).

ins at position Y142 in CD4+ (left) and CD8+ (right) WT (black lines) andCd53�/�

total T cells (n = 5 mice per genotype, mean ± SEM, Mann-Whitney U test).

sessed by CD45 probe (pCap-SP1 peptide) fluorescence. Experiments were

cytometry (n = 10mice/genotype from three independent experiments, mean ±
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early TCR signaling. In line with this, a known patient mutation of

CD45 leading to altered isoform expression (similar to our

CD53�/� phenotype) resulted in only a marginal difference in

Y505 phosphorylation (<20%), despite producing a distinct

phenotype in T cells (Pokoyski et al., 2015). Finally, it is well

known that Lck Y505 phosphorylation status is the result of a bal-

ance between dephosphorylation by CD45 and phosphorylation

by the Csk tyrosine kinase (Palacios andWeiss, 2004; Zikherman

et al., 2010). Interestingly, we observed Csk kinase to be specif-

ically enriched in our CD53-IPs, together with Lck and CD45,

possibly indicating a complex interplay between these proteins

that may dynamically alter Y505 phosphorylation during T cell

signaling (Table S1). Importantly, our data confirmed the overall

change in Lck activity through Y394 to be functionally relevant,

as a direct target of Lck, the CD3 zeta chains of the TCR, also ex-

hibited reduced activatory phosphorylation in Cd53�/� T cells.

This indicates that the absence of CD53 alters Lck activity, and

loss of CD53 impairs the ability of T cells to signal. Our findings

are supported by an older study that showed that CD53 interacts

with an unknown tyrosine phosphatase capable of dephosphor-

ylating Lck, although this phosphatase was not identified as

CD45 (Carmo andWright, 1995). We posit that when CD53 is ab-

sent, CD45RO becomes unstable on the surface of T cells, which

leads to an impaired overall CD45 function and decreased T cell

activation and proliferation.

These findings not only shed light on the specific regulation of

CD45, but also help clarify the role of membrane organization in

T cell function. Membrane organization has been shown to aid in

the coordination of the highly complex signaling processes

occurring upon TCR activation (He and Bongrand, 2012). This

is particularly important during the formation of the immunolog-

ical synapse, when TCR nanoclusters coalesce into microclus-

ters. Previously, we reported that CD53 controls the localization

of PKC to the plasma membrane in B cells upon BCR activation

(Zuidscherwoude et al., 2017), which was not the case for T cells.

Thus, while in B cells CD53 regulates kinase function, in T cells

CD53 regulates phosphatase activity. These opposed functions,

in such closely related cell types, serve to highlight the versatility

of CD53. More importantly, our findings reinforce the concept

that the regulation of localization and spatial dynamics by mem-

brane organizing proteins is a vital aspect of lymphocyte

signaling.

In conclusion, we report that CD53 is a partner of the tyrosine

phosphatase CD45 on the surface of T cells. CD53 is required for

optimal CD45 phosphatase activity, T cell activation, and prolif-

eration. Importantly, CD53-negative T cells are defective, both

ex vivo and in vivo, including impaired T cell-mediated anti-tumor

immunity. Overall, our findings provide better insight into themo-

lecular mechanisms by which CD45 is regulated, and positions

CD53 as key regulator of CD45RO in T cells. These findings

may facilitate development of better methods to modulate

T cell activity and treat T cell-dependent diseases such as auto-

immunity and cancer.

Limitations of the study
Although our experiments establish a role for CD53 in T cell im-

munity through the regulation of CD45 stability, mobility, and

function, our studies do not reveal (1) which specific CD45 iso-
form(s) interact with CD53, (2) whether CD53 and CD45 interact

in isolation or as part of a larger complex, and (3) which domains

of each protein are responsible for the interaction.
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CD45 isoform expression accompany antigen-induced murine T-cell activa-

tion. Proc. Natl. Acad. Sci. U S A 86, 6734–6738. https://doi.org/10.1073/

pnas.86.17.6734.

Byth, K.F., Conroy, L.A., Howlett, S., Smith, A.J., May, J., Alexander, D.R., and

Holmes, N. (1996). CD45-null transgenic mice reveal a positive regulatory role

for CD45 in early thymocyte development, in the selection of CD4+CD8+ thy-

mocytes, and B cell maturation. J. Exp. Med. 183, 1707–1718. https://doi.org/

10.1084/jem.183.4.1707.
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Rat Monoclonal anti-mouse L-selectin/
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Cat# 104441
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Mouse Monoclonal anti-mouse pCD3z
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Invitrogen Clone:3ZBR4S

Cat# 12-2478-42

Goat Polyclonal anti-rabbit IgG PE Invitrogen Cat# P-2771MP

Mouse Monoclonal anti-Human CD9 Diaclone Cat# 857.750.000

Mouse Monoclonal anti-Human CD81 Diaclone Cat# 857.780.000

Rabbit Monoclonal anti-Human CD45 Cell Signaling Technologies Clone: D9M8I

Cat# 13917

Donkey anti-Rabbit IgG IRDye 800CW Li-Cor Cat# 926-32213

Clone 4/LCK Y505 BD Biosciences Cat# 558577

Mouse anti-tyrosine 4G10 Millipore Cat# 05-321

Rabbit anti-Phospho-Tyrosine (P-Tyr-1000) Cell signaling Cat# 8954S

Rabbit anti-CD3 zeta (phospho Y142)

[EP265(2)Y]

Abcam Cat# ab68235

Rat anti-Tubulin Novus Biologicals Cat# NB100-1639

Biological samples

Human Peripheral Blood (buffy coats) Sanquin Blood Bank N/A

Chemicals, peptides, and recombinant proteins

pCap-SP1 CD45 activity Probe Stanford et al., 2012; Szodoray et al., 2016 N/A

NP-Keyhole limpet haemocyanin (KLH) Biosearch Technologies Cat# N-5060-5

Imject Alum adjuvant Sigma Cat# 77161

DNase I endonuclease New England Biolabs Cat# M0303L

Collagenase type III Worthington Cat# LS004182

Recombinant Flt3L eBioscience/Thermo Fisher Cat# 14-8001-80

Endograde Chicken Ovalbumin Hyglos GmbH Cat# 321000

Critical commercial assays

CellTrace Violet Proliferation Kit Thermo Fisher Scientific Cat# C34557

CellTrace CFSE Proliferation Kit Thermo Fisher Scientific Cat# C34554

Fixable viability dye eFluor 506 Invitrogen Cat# 65-0866-14

Human IL-2 ELISA Kit Thermo Fisher Scientific Cat# EH2IL25

Murine IL-2 ELISA Kit Thermo Fisher Scientific Cat# BMS601TEN

Pan T cell Isolation Kit II, Mouse Miltenyi Biotec Cat# 130-095-130

CD3e Microbead Kit, Mouse Miltenyi Biotec Cat# 130-094-973

Pan T cell Isolation Kit, Human Miltenyi Biotec Cat# 130-096-535

BD Cytofix/Cytoperm Kit BD Pharmingen Cat# 554714

Duolink In Situ PLA Orange Kit Sigma Cat# DUO92007

NeonTM Transfection System 100 mL Kit Thermo Fisher Scientific Cat# MPK10096

Deposited data

Immunoprecipitation Data Dr. E. Rubinstein (Inserm, Paris) N/A
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Experimental models: Cell lines

Human CCRF-CEM T cell ATCC Cat# CRM-CCL-119

Human Jurkat T cell ATCC Cat# CRL-2899

Human Raji B cell ATCC Cat# CCL-86

RMA-Muc1 Tumor Line Gartlan et al., 2013 N/A

B16-OVA Tumor Line Gartlan et al., 2013 N/A

Experimental models: Organisms/strains

Cd53�/� Mouse Strain Zuidscherwoude et al., 2017 N/A

C57Bl/6J WT (Cd53+/+) Mouse Strain Jackson Lab backcrossed into Cd53�/�

strain to create littermate line

Stock No: 000664

OT-I Mouse Strain Charles River Strain Code: 642

OT-II Mouse Strain Charles River Strain code: 643

Oligonucleotides

CD53 CRISPR RNA guide 1:

TGATAGAGCCCATGCAGCCCAG

N/A N/A

CD53 CRISPR RNA guide 2:

GTGAGTCCTTACAGCAGATGTGG

N/A N/A

Recombinant DNA

hCD45RO-sGFP2 Subcloned Genscript construct (Kremers

et al., 2007)

N/A

hCD45-mCherry Subcloned Genscript construct (Shaner

et al., 2004)

N/A

hCD45RA-sGFP2 Subcloned Genscript construct (Kremers

et al., 2007)

N/A

hCD45RA-mCherry Subcloned Genscript construct (Shaner

et al., 2004)

N/A

sGFP2-hCD53 Subcloned cDNA (NM_000560, Thermo

Scientific) (Kremers et al., 2007)

N/A

mCitrine-hCD53 Subcloned cDNA (NM_000560, Thermo

Scientific) (Griesbeck et al., 2001)

N/A

sGFP2-hCD37 (Lapalombella et al., 2012) N/A

hPKC q-mCherry Subcloned Genscript construct (Shaner

et al., 2004)

N/A

hCD45RA-sGFP2 Subcloned Genscript construct (Kremers

et al., 2007)

N/A

Software and algorithms

Fiji image analysis Software Fiji N/A

FlowJo v9 Software FlowJo N/A

OriginPro 8 Software OriginLab N/A

Image Studio Lite Software Licor N/A

GraphPad Prism 5 Software Prism N/A

Leica LasX Software Leica N/A

Zeiss Zen Software Zeiss N/A

Proteome Discoverer 1.4 Software Thermo Fisher N/A

EasyFrap Software Koulouras et al., 2018 N/A

Article
ll

OPEN ACCESS
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Prof. An-

nemiek van Spriel (Annemiek.vanSpriel@radboudumc.nl).
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Materials availability
Plasmids, cell lines and mouse lines generated in this study are available from the lead contact upon request.

Data and code availability
All data reported in this paper will be shared by the lead contact upon request. This paper does not report original code. Any addi-

tional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
Generation of Cd53�/� mice has been described previously (Zuidscherwoude et al., 2017). Cd53�/� mice and sex- and aged-

matched C57Bl/6J WT (Cd53+/+) littermate mice were bred at the Central Animal Laboratory, Nijmegen (the Netherlands). Both fe-

male and male age-matched mice were used in replicate experiments. OT-I and OT-II mice were obtained from Charles River. Mice

were housed in top-filter cages and fed a standard diet with freely available water and food and used at 6 to 18 weeks of age. All

murine studies complied with European legislation and were approved by the local animal ethical committee for the care and use

of animals with related codes of practice.

Cells
CEM, Jurkat and Raji cell lines were all maintained in RPMI 1640 (Gibco) supplemented with 1% stable glutamine (PAA), 1% anti-

biotic-antimycotic (Gibco), 10% fetal bovine serum (FBS, Hyclone). Cells were kept in an incubator at 5% CO2 at 37
�C.

METHOD DETAILS

Isolation of human primary T cells
Human primary T cells were isolated frombuffy coats obtained from healthy volunteers and in accordancewith the recommendations

of institutional guidelines (Radboudumc, Nijmegen, The Netherlands). All subjects gave written informed consent in accordance with

the Declaration of Helsinki. Pan T cells were isolated from peripheral blood leukocytes using the Pan T cell isolation kit according to

manufacturer’s instructions (Miltenyi Biotec). Isolated human T cells were cultured in X-VIVO-15 medium (Lonza) supplemented with

2% human serum.

Isolation of murine primary T cells
Resting primary immune cells were isolated from either thymus, spleen or inguinal lymph nodes of WT and Cd53�/� mice (as indi-

cated in figure legends). Organs were digested using collagenase type III (Worthington) and DNAse I (New England Biolabs) before

being passed through a 100 mmfilter. T cells were isolated using the Pan T Cell isolation kit II according to themanufacturer’s instruc-

tions (Miltenyi Biotec). Cells were cultured in RPMI 1640 (Gibco) supplemented with 10% fetal bovine serum (FBS; Hyclone), 1% sta-

ble glutamine (PAA) and 1% antibiotic-antimycotic (Gibco), 1 mM sodium pyruvate (Gibco) and 0.1% 2-mercaptoethanol (Gibco).

Isolated cells were used for experiments as described below.

T cell proliferation assays (human and murine)
One day prior to primary cell isolation flat-bottom high binding 96-well plates (Greiner Bio-one) were coated with indicated antibody

combinations in 100 mL PBS and incubated overnight at 4�C. Plates were washed two times with PBS to eliminate unbound antibody

before addition of cells. After isolation, cells were allowed to rest for 1 hour prior to staining with CellTrace Violet (CTV) (Thermo Fisher

Scientific) in accordance with the manufacturer’s instructions. After staining, cells were washed thoroughly with PBS before plating

1.53 105 cells to eachwell. Cells were then incubated for the indicated time at 37�C, 5%CO2, after which cells were stained for CD3,

CD4 and CD8 and analyzed by flow cytometry (FACSVerse BD). FCS Express 6 software was used to analyze the proliferation of

T cells based on CTV staining. The proliferation index is defined as the average number of proliferation cycles the cells have under-

gone in the indicated period of time. For human T cell activation, the following antibody concentrations were used for stimulation:

1 mg/mL anti-CD3, 5 mg/mL anti-CD28 and 5 mg/mL anti-CD53. For murine T cell activation, the following antibody concentrations

were used for stimulation: 1 mg/mL anti-CD3 and 5 mg/mL anti-CD28.

IL-2 ELISA
IL-2 levels were measured using ELISA. These were performed on supernatants collected from stimulated primary T cells at the indi-

cated time-points. The human IL-2 and murine IL-2 ELISA kits were used in accordance with manufacturer’s instructions (Thermo

Fisher Scientific).

KLH immunizations and ex-vivo recall assay
Eight-week-old femaleWT andCd53�/�micewere immunized subcutaneously on day 0, 7 and 14with NP-KLH (N-5060-5 Biosearch

Technologies) or PBS as a control. Mice each received 100 mg NP-KLH adsorbed in alum (Sigma) on day 0, followed by subsequent
Cell Reports 39, 111006, June 28, 2022 e5
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immunizations with 75 mg NP-KLH in alum per mouse on day 7 and 14. Spleens, inguinal lymph nodes and sera were harvested on

day 21. Organs were processed as described in the above section, and T cells were isolated using the Pan T Cell isolation kit II ac-

cording to the manufacturer’s instructions (Miltenyi Biotec). Naı̈ve antigen-presenting cells were isolated from an unimmunized

(naı̈ve) WT mouse by depleting T cells from the spleen using the CD3ε microbead kit according to the manufacturer’s instructions

(Miltenyi Biotec). T cells were stained with CTV as described in the above section and plated in 96-well flat-bottom plates at

1.5 3 105 T cells per well with/without 2 3 104 antigen-presenting cells isolated from naı̈ve WT spleen. Cells were then stimulated

with medium only (control) or 100 mg NP-KLH for 96 or 120 hours, after which cells were stained for CD3, CD4 and CD8 and analyzed

by flow cytometry (FACSVerse BD). FCS Express 6was used to analyze the proliferation of CD4+ T cells based onCTV staining and to

determine the proliferation index as described above.

Differentiation of BMDCs from WT and Cd53�/� mice
Bone marrow cells were isolated and cultured in the presence of 200 ng/mL rFlt3L (eBioscience) in RPMI supplemented with 10%

fetal bovine serum (FCS, Hyclone), 1% glutamine (Cambrex), 0.5% antibiotic/antimycotic (Invitrogen) and 50 mM beta-mercaptoe-

thanol (Gibco) at 37�C, 10% CO2 for 9 days. Differentiated dendritic cells were analyzed for purity and composition by flow

cytometry.

Assessing MHC-I and MHC-II expression on primary murine spleen-derived dendritic cells
Single cell suspensions of murine spleens were made by DNAse and collagenase treatment, after which DCs were enriched by Ny-

codenz density centrifugation as described in (Vremec et al., 2000). The plasma membrane of cells was stained with antibodies in

PBS containing 1% BSA and 0.01% NaN3 (PBA) with 2% goat serum. Geometric mean fluorescence intensity was measured using

flow cytometry.

In vitro antigen presentation assay
Spleens from OT-II mice were processed as described above and CD4+ positive T cells were obtained by using CD4+ isolation kit

according to manufacturer’s instructions (Miltenyi Biotec). After isolation, cells were stained with CTV in accordance with the man-

ufacturer’s instructions. BMDCs were incubated with 10, 50 or 100 mg/mL OVA (Endograde, Hyglos GmbH) or 1 mg/mL CD4 helper

peptide (Anaspec) in complete RPMI-1640 for 1 hour (T helper peptide) or 6 hours (OVA protein) at 37�C. After incubation, cells were

washed and incubated in complete RPMI-1640 containing OT-II CD4+ T cells (50000 cells/well) for 72 hours. FCS Express 6 was

used to analyze the proliferation of CD4+ T cells based on CTV staining and to determine the proliferation index as described above.

In vivo antigen presentation assay
Spleens from OT-I mice were processed as described above and CD8+ positive T cells were obtained by using CD8+ isolation kit

according to manufacturer’s instructions (Miltenyi Biotec). After isolation, cells were stained with CTV in accordance with the man-

ufacturer’s instructions. 1 3 106 cells were injected intravenously in Cd53�/� and WT mice. The next day OVA immune complexes

(OVA-IC) were injected intravenously and after 48 hours mice were sacrificed. Subsequently spleens were processed, and T cell pro-

liferation was measured as described above. OVA-ICs were prepared by incubating different concentrations of soluble OVA (Endog-

rade, Hyglos GmbH) with purified polyclonal rabbit IgG anti-OVA for 30 min at 37�C.

RMA-Muc1 tumor rejection model
Cd53�/� and WT mice were challenged subcutaneously with 53106 RMA-Muc1 cells as described previously (Gartlan et al., 2013).

Tumor growth was assessed by measuring bisecting diameters of each tumor with slide calipers two to three times a week. Tumor

volume was calculated using the following published formula: 0.4(A 3 B2), in which A is the largest and B is the smallest dimension.

B16-OVA tumor cell immunization and ELISPOT
Tomeasure T cell responses, mice were immunized intradermally at the base of the tail with 53 106 g-irradiated B16-OVAmelanoma

cells in 100 mL of PBS. Antigen-specific T cell responses were determined by ELISPOT 14 days after immunization as previously

described (Gartlan et al., 2013).

Cell labeling, immunoprecipitation, and mass spectrometry
For surface labeling, Raji and CEM cells were washed three times in Hank’s buffered saline and incubated in PBS containing 0.5 mg/

mL EZ-link-Sulpho-NHS-LC-biotin biotin (Thermo Fisher Scientific). After 30 min of incubation at 4�C, cells were washed three times

in PBS to remove free biotin. Labeled cells were lysed at the concentration of 23 107/mL in lysis buffer containing 30mMTris, pH 7.4,

150 mM NaCl, 0.02% NaN3, protease inhibitors, 1% Brij97 (Sigma) and 1 mM EDTA. After 30 min at 4�C the insoluble material was

removed by centrifugation at 12,000 g and the cell lysate was precleared by addition of heat-inactivated goat serum and protein G–

Sepharose beads (GE Healthcare). Proteins were then immunoprecipitated by adding 1 mg mAb and 10 mL protein G–Sepharose

beads to 200–400 mL of the lysate. After a 2-hour incubation at 4�C under constant agitation, the beads were washed five times

in lysis buffer. The immunoprecipitates were separated by SDS/PAGE (5–15% gel) under non-reducing conditions and

transferred to a PVDF membrane (Amersham Biosciences). Biotin-labeled surface proteins were revealed using Alexa Fluor
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800-labeled streptavidin (Invitrogen). The data were acquired using the Odyssey Infrared Imaging System (LI-COR Biosciences). For

mass spectrometry analysis, Raji cells were lysed in the above lysis buffer supplementedwith 1mMEDTA. The insolublematerial was

removed by centrifugation at 12,000 g for 15 min, before preclearing of the lysates using beads coupled to goat immunoglobulins.

CD53 and CD81 were immunoprecipitated using Sepharose 4B beads coupled to the mAb TS53 or TS71. In order to identify and

exclude from further analysis proteins that are not specifically co-immunoprecipitated with the target proteins, immunoprecipitation

was similarly performed with an antibody to CD9 (TS9) that is not expressed by Raji cells. The proteins were separated by electro-

phoresis using 4-12%Tris-bis polyacrylamide gel (nupage, Invitrogen) under reducing conditions and stained with colloidal Coomas-

sie Blue (imperial stain, Pierce). About 25 gel slices containing proteins were excised for each IP and destained in 200 mL 0,1 M

NH4HCO3/acetonitrile v/v for 15 min, centrifuged and swollen in H2O repeatedly until completely destained. Gel pieces were

then incubated in 150 mL 100% acetonitrile for 10 min and dried. This was followed by rehydration in 0,1 M NH4HCO3 containing

30 mg/mL TCEP (Tris(2-carboxyethyl) phosphine hydrochloride) for 10 min at room temperature. The TCEP solution was replaced

with 55 mM iodoacetamide in 0,1 M NH4HCO3 for 30 min at room temperature in the dark. The gel pieces were washed in

150 mL 0,1 M NH4HCO3 for 10 min, before addition of 150 mL acetonitrile for 15 min, and then dehydrated in 100% acetonitrile,

and dried. The gel pieces were then covered with a solution of trypsin (13.33 mg/mL in 0,1 M NH4HCO3) and incubated overnight

at 37�C. After supernatant retrieval, the gel fragments were extracted twice by addition of 20 mL of Acetonitrile/5% formic acid

(70/30 v/v) and incubated for 20 minutes at 37�C. Supernatants were pooled, dried, and rehydrated in Acetonitrile/formic acid/

H2O (3%/0.5%/96.5% v/v). LC-MS/MS analyses were performed using an ESI linear ion trap-Orbitrap hybrid mass spectrometer

(LTQ-Orbitrap Velos, Thermo Fisher Scientific, Bremen, Germany) coupled in line with a nano-HPLC system (Ultimate 3000; Dionex)

for liquid chromatography. 5 mL of digested protein was injected in the system by using a pre-concentration column (C18 trap

column - PepMap C18, 300 mmID 3 5 mm, 5 mm particle size and 100 Å pore size; Dionex). The nano-column used in this study

was a PepMap C18 reverse phase (Acclaim pepmap RSLC 75 mm 3 15 cm, nanoViper C18, 2 mm, 100 Å). A linear 45 min gradient

(flow rate, 300 nL/min) from 4 to 55% acetonitrile in 0.1% (v/v) was applied. After the acquisition of a full MS scan by the Orbitrap at

high resolution (30000 resolution, m/z range were 380–1700 Da) in the first scan event, the five most intense ions present were sub-

sequently isolated for fragmentation (MS/MS scan). The collision energy for the MS/MS scan events was pre-set at a value of 35%,

the isolation windowwas set at 3 Da, Dynamic exclusion option was enabled. The capillary voltage was set at 1.6 kV and the capillary

temperature was 275�C. The data were analyzed using the Proteome Discoverer 1.4 software. The MS/MS spectra were searched

against theUniprot humanProtein Database. Themaximal allowedmass tolerancewas set to 10 ppm for precursor ions and to 0.6 Da

for fragmented ions. Peptidemass is searched between 350Da and 5000Dawith time retention from 10min to 50min. Enzyme spec-

ificity was set to trypsin with a maximum of one missed cleavage. Carbamidomethylation of cysteine was set as a fixed modification.

Protein N-terminal acetylation, oxidation of methionine, and carbamidomethylation of histidine, aspartic acid and glutamic acid were

selected as variable modifications. Peptide identifications were validated by determination of false positives by Target decoy PSM

validator. It is high if the false positive rate (FDR or false Discovery rate) is less than 1%, low if the FDR is greater than 5%and average

(medium between 1 and 5%). Peptide identification Xcorr were calculated by the correlation of MS/MS experimental spectrum

comparedwith the theoretical MS/MS spectrum generated by the ProteomeDiscoverer 1.4 software. A relative quantitation was per-

formed with the Proteome Discoverer-integrated label free method which consists in comparing the mean peaks area of the three

best peptides of a given protein. The method of calculation is three dimensional relying on retention time, ion intensity and m/z ratio

of the peptide, with a mass error lower than 2 ppm. Proteins were considered only if they were identified with more than 2 peptides

corresponding to only one protein (unique peptides), except for tetraspanins.

Immunoprecipitation and CD45 staining
Cells were lysed in a lysis buffer (30 mM Tris pH 7.4, 150 mM NaCl, protease inhibitors) supplemented with 1% Brij 97 and 1 mM

EDTA. After 30 min incubation at 4�C, the insoluble material was removed by centrifugation at 10,000 x g and the cell lysate was pre-

cleared by addition of heat inactivated goat serum and protein G sepharose beads (GE Healthcare). Proteins were then immunopre-

cipitated by adding 2 mg mAb or 1 mL ascitic fluid and 20mL protein G-sepharose beads to 1 mL lysate. The immunoprecipitated pro-

teins were separated by SDS-polyacrylamide gel electrophoresis and transferred to a PVDF membrane (GE Healthcare). For

detection of CD45, the samples were reduced using beta-mercaptoethanol and CD45 was visualized using a combination of an

anti-CD45 Rabbit mAb (D9M8I, from Cell Signalling ref #13917) and a dylight-800 labelled secondary antibody. For the detection

of CD53 and CD81, the samples were kept unreduced and a combination of biotin-labelled antibodies (respectively TS53 and

TS81: charrin et al., ref Eur. J. Immunol. 2003. 33: 2479–2489) and Alexa Fluor 680-labelled streptavidin was used. All acquisitions

were performed using the Odyssey Infrared Imaging System (LI-COR Biosciences).

Proximity Ligation Assays
Proximity Ligation Assays (PLA) were performed using Duolink In Situ PLA Orange kit (Sigma-Aldrich), according to manufacturer’s

instructions. CEM T cells were fixed in 4% Paraformaldehyde (PFA) (Sigma), adhered on Poly-L-Lysine (PLL, Sigma-Aldrich)-coated

cover glass slides (EMS Diasum), and probed with the indicated antibodies. Negative control PLA: anti-CD151 (11G5a) and anti-

CD45 (ab10558); positive control PLA: anti-CD45 (MEM-28) and anti-CD45 (ab10558); CD53-CD45 PLA: anti-CD53 (MEM-53) and

anti-CD45 (ab10558); Isotype control PLA: isotype control antibodies. All antibodies were used at 10 mg/mL. After performing the

PLA, 40,6-diamidino-2-phenylindole (DAPI) was used as nuclear stain and cells were embedded inMowiol (Sigma). Cells were imaged
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on a Zeiss LSM880 confocal microscope using the Airyscan Detector and a 63x oil immersion 1.4NA objective. The Zeiss Zen soft-

ware was used to control the microscope to adjust spectral detection of the emission of DAPI and PLA-Orange (corresponding to

Cyanine-3) and subsequent Airyscan Processing. Data was analyzed using Fiji image analysis software.

Micro-contact printing
CEMand Jurkat T cells were transiently transfected using the Neon transfection system ((Thermo Fisher Scientific) according toman-

ufacturer’s instruction, and cells were imaged 24 hours post-transfection with indicated expression constructs. Poly(dimethylsilox-

ane) stamps containing a regular pattern of circular spots with a diameter of 5 mm were prepared as described previously (van den

Dries et al., 2012; Zuidscherwoude et al., 2017). Stamps were incubated for 1 hour with phosphate-buffered saline (PBS) containing

anti-CD3 and anti-CD28 antibodies or isotype control antibodies (100 mg/mL) mixed with donkey anti-rabbit IgG (H&L)–Alexa Fluor

647 (10 mg/mL, Invitrogen) to visualize the spots. Stamps were washed with demineralized water and dried under a nitrogen stream.

The stamp was applied to a cleaned glass coverslip for 20 seconds and then removed. Transfected cells were seeded on the

stamped area and incubated at 37�C for 8 minutes. PFA was added to the cells to a final concentration of 2% PFA, or the coverslips

were washed with PBS and fixed with 2% PFA in PBS for 20 min at room temperature. Samples were washed with PBS and demin-

eralized water and embedded in Mowiol. Cells were imaged on an epifluorescence Leica DMI6000 microscope with a 633 oil 1.4 NA

objective, a metal halide EL6000 lamp for excitation, a DFC365 FX CCD camera (Leica), and GFP, DsRed, and Y5 filter sets (for GFP,

RFP, and Alexa Fluor 647, respectively; all from Leica). Focus was kept stable with the adaptive focus control from Leica. Data was

analyzed using Fiji image analysis software.

Transfection and fluorescence lifetime imaging microscopy (FLIM)
Jurkat T cells were transiently transfected using theNeon transfection system according tomanufacturer’s instruction, and cells were

imaged 24 hours post-transfection (Thermo Fisher Scientific). Phorbol 12-myristate 13-acetate (PMA) was used to induce the trans-

location of PKCq to the plasmamembrane. Live-cell microscopic analysis for FLIM in Jurkat T cells was performed on a SP8 confocal

microscope equipped with a 603 water 1.2 NA objective (Leica) using appropriate laser lines and settings. FLIM images were re-

corded using the same setup with an excitation light at 495 nm provided by a pulsed white-light laser (Leica). Fluorescence (from

500 to 535 nm) was collected with an internal photomultiplier tube and processed by a PicoHarp 300 time-correlated single-photon

counting system (PicoQuant). At least 50,000 photons were recorded for each individual cell. To obtain the fluorescence lifetimes,

photon histograms containing all photons pooled for each individual cell were reconstructed from the photon traces with a custom

programmed algorithm (C#.NET), and these histograms were fitted with single-exponential decay curves (OriginLab) to obtain donor

fluorescence lifetimes. A biexponential fit was used to obtain the percentages of bound donor. The typical lifetime of the donor was a

fixed fitting parameter in this analysis.

Generation of human polyclonal CD53-deficient CEM T cells by CRISPR/Cas9-mediated genome editing
One guide RNA pair targeting sequences TGATAGAGCCCATGCAGCCCAGG and GTGAGTCCTTACAGCAGATGTGG within the

CD53 gene were designed using the Massachusetts Institute Technology CRISPR design tool and subcloned into the px335

Cas9 vector as described before (Hsu et al., 2013; Pyzocha et al., 2014). CEM T cells were seeded on day 0 at an optimal density

of 33 105 cells/mL. On day 1 cells were transfected with 1 mg of each of the two guide RNA plasmids and 0.5 ug of pGFP2-C1 vector

with a Neon Transfection System Kit and Neon Transfection System (Thermo Fisher Scientific) according to manufacturer’s guide-

lines as described for this cell line. On day 3, CEM cells were selected by fluorescence-activated cell sorting based on GFP expres-

sion using FACS Aria III (BD Bioscience). Eight days later, CD53-negative CEM cells were selected by fluorescence-activated cell

sorting using an A488-conjugated antibody against CD53 (MEM53, Novus Biologicals). CD53 deficiency was validated by flow cy-

tometry and Western blotting.

FRAP of WT and CD53�/� CEM T cells
WT and CD53�/� CEM T cells were transfected using the Neon transfection system (Thermo Fisher Scientific) with 2 mg of plasmid

encoding for human sGFP2-CD45RO or sGFP2-CD45RA. 24 hours post-transfection cells were seeded in Willco dishes and FRAP

was performed using a Leica TCS SP8 SMDmicroscope equipped with a 603 water 1.2 NA objective (Leica) and an argon-ion laser

set to bleach with 40% power at the 488 nm wavelength. We measured the fluorescence intensity in the bleach zone as well as the

whole cell and background to correct for photobleaching and background signal. Immobile and mobile fractions were calculated

manually and confirmed using the easyFRAP web tool (Koulouras et al., 2018). Fitting of the average curve was performed with

OriginPro 8 (Originlab).

CD45 internalization assay
CD53�/� and WT CEM T cells were transfected using the Neon transfection system (Thermo Fisher Scientific) with 2 mg of plasmid en-

coding for humanmCherry-CD45RO ormCherry-CD45RA. 24 hours post-transfection, cells were labeled with an anti-CD45RO or anti-

CD45RA antibody and incubated at 37�C (5% CO2) for 0-, 3-, 6- and 24-hours post-labeling. Upon harvesting, cells were fixed in 4%

PFA, and stained with a secondary Alexa-647 antibody to quantify the amount of CD45RO or CD45RA antibody remaining on the sur-

face. Cells were thenmeasured using flowcytometry (FACSVerseBD), and analysiswas performedusing the FlowJosoftware package.
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Western blot CD45 isoform expression
53 106 WT andCD53�/� cells were harvested and lysed directly in 2x LaemmLi sample buffer (4% SDS, 20% glycerol, 0.004% bro-

mophenol blue and 0.125 M Tris-HCl) supplemented with 10% 2-mercaptoethanol. Proteins were separated by SDS-PAGE and

transferred to a polyvinylidene difluoride membrane (Millipore). Membranes were blocked with 5% BSA (Roche) in Tris-buffered sa-

line and probed with specific antibodies, followed by a secondary staining with IRDye-conjugated antibodies. Bands were detected

using the Odyssey infrared detector (LI-COR). Protein staining intensity was determined by Image Studio Lite software analysis.

Western blot CD45 dimerization
CD45 dimerization was detected by protein crosslinking (Xu andWeiss, 2002). For this CEMcontrol andCD53�/� cells (53 106 cells)

were washed twice with PBS and resuspended in 2 mM Sulfo-EGS (Thermofisher, cat#21566) and incubated for 1 hour at 4�C with

end over end rotating. After incubation, the sulfo-EGSwas quenched by adding Tris-HCl pH 7.6 (10mMfinal concentration) and incu-

bating on ice for 20 minutes. Next, the cells were washed twice with PBS and lysed in lysis buffer (10 mM Tris-HCl at pH 7.5, 150 mM

NaCl, 1% NP-40, 1 mM EDTA supplemented with phosphatase and proteinase inhibitors). For Western blot analysis, samples were

run on either 6% SDS-PAGE gels or NuPAGE 3 to 8% Tris-Acetate gels (Thermofisher, cat#EA0378BOX) and transfered to PVDF

membrane. Blots were blocked with Li-Cor Intercept TBS blocking buffer (Li-Cor, cat#927-60001) and probed with anti-CD45 fol-

lowed by detection with IRDye 800CW. Blots were scanned using a Typhoon Biomolecular Imager (Amersham). For quantification,

the area above the uncrosslinked CD45 bands was quantified as a percentage of total CD45 (crosslinked and uncrosslinked bands)

using Image Studio Lite 5.2.

Western blot for p-Tyr and pCD3 zeta (Y142)
For CEM T cells

Prior to the activation assay, WT and CD53�/� cells were incubated for 1 hour with RPMI without serum. For each timepoint 23 106

cells were incubatedwithmouse anti-CD3 antibody (OKT3, Bio XCell, cat. no. BE0001-2) at a concentration of 1 mg/mL for 10minutes

on ice. After this incubation, cells were further incubated with goat anti-mouse antibody (Pierce. cat. no.31160) at a concentration of

5 mg/mL for 10 minutes on ice. Cells were transferred to 37�C and incubated for 2 or 5 minutes. Incubation was stopped by directly

adding 5 mL of ice-cold PBS while transferring the cells to ice. After washing, the cells were lysed with lysis buffer containing 1%

n-dodecyl-b-D-maltoside, 50 mM Tris [pH 7.5], 150 mM NaCl, 2 mM EDTA with Protease and phosphatase inhibitors. After incuba-

tion for 10 minutes on ice, the lysates were spun for 15 minutes at 10,000 rpm and the supernatant was collected for analysis by

western.

For primary murine T cells

Mouse spleens were dissected from WT and Cd53�/� mice. Single cells were obtained by homogenization using a 100 mm cell

strainer in PBS with 2 mM EDTA and 0.5% BSA. After homogenization, cells were counted, and T cells were isolated using a

pan-T-cell isolation kit according to the kit protocol. After the isolation, cells were washed and incubated in RPMI without serum

for 3 hours to let the cells rest. For each activation time point, 53 106 cells were collected, washed with ice-cold RPMI 1640 without

serum and incubated with hamster anti-CD3 (clone 145-2C11, Invitrogen cat. no. 16-0031-82) and anti-CD28 (clone 37.51, Bio X Cell

cat.no. BE0015-1) at a final concentration of 10 mg/mL for 10 minutes on ice. Antibodies were crosslinked using goat anti-hamster

(Biolegend cat. no. 405501) by incubating at a final concentration of 10 mg/mL on ice for 10 minutes. Cells were transferred to 37�C
and incubated for 2 or 5 minutes. Control cells were kept on ice. Incubation was stopped by directly adding 5 mL of ice-cold PBS

while transferring the cells to ice. After washing, the cells were lysed with lysis buffer containing 1% n-dodecyl-b-D-maltoside,

50 mM Tris [pH 7.5], 150 mM NaCl, 2 mM EDTA with Protease and phosphatase inhibitors. After incubation for 10 minutes on ice,

the lysates were spun for 15 minutes at 10,000 rpm and the supernatant was collected for analysis by western.

Bothmurine andCEMcells were then analyzed bywestern after separation on a 10%SDS-PAA gel. Membraneswere blockedwith

Intercept TBS (Li-Cor, cat. no. 927-60001) for 1 hour at room temperature and incubated with different antibodies overnight at 4�C
diluted in Intercept TBS. In case of the anti-tyrosine antibody 4G10, 0.1% Tween was included during the incubation. After extensive

washingmembranes were incubated with secondary antibodies and after washing scannedwith Typhoon imager. Bands were quan-

tified with Image Studio Lite 5.2 (Li-Cor).

Phospho-flow of CD3 zeta chains and Lck
T cells were isolated as described previously. Stimulation and fixation of cells were performed as previously described (Rip et al.,

2020). Per well, 5 3 105 splenocytes were plated in 96-wells round-bottom plates at 4�C. Cells were subsequently washed with

RPMI–5% FCS, followed by centrifugation at 400 g for 2 min at 4�C. The cells were stained with unlabeled anti-CD3/anti-CD28

(at concentration 10 mg/mL) in case of stimulated samples or RPMI-5 %FCS media in case of unstimulated samples for 30 min at

4�C. Samples were stained with the fixable live/dead viability (final dilution 1:1000) during the last 20 min of stimulation. The cells

were subsequently washed and resuspended in RPMI-5% FCS media. The cells were stimulated by adding anti-armenian hamster

IgG (at final concentration 10 mg/mL) to establish receptor crosslinking at 37�C for 5 min. In addition, anti-armenian hamster IgG only

treated cells were included as control. When stimulation timewas over, equal volume of fixation concentrate buffer (diluted 1 in 1 with

the supplied Fixation and Permeabilization diluent; Invitrogen) was added and cells were incubated for 10 min at 37�C to fix the cells.

After fixation, plates were spun down and subsequently washed twice using eBioscience Wash Buffer (diluted 1 in 10 in Milli-Q;
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Invitrogen). Parallel to stimulated cells, 5 3 105 splenocytes per well were transferred to a 96-well round-bottom plate at 4�C. Sam-

ples were stained with the fixable live/dead viability stain (Invitrogen) for 20 min at 4�C and subsequently fixed with pre-diluted eBio-

science fixation and permeabilization buffer (Invitrogen) for 10 min at 37�C. After fixation, plates were spun down and subsequently

washed twice using pre diluted eBioscienceWash Buffer as described above. To proceed with flow cytometry procedures, fixed cell

samples were stained intracellularly for cell surfacemarkers such as CD4, CD8 andB220 in eBioscienceWashBuffer, in the presence

of an FcR-blocking agent (Human TruStain FcX; BioLegend) to avoid nonspecific binding of the antibodies. The samples were incu-

bated in the dark for 30 min at 4�C. Subsequently, plates were washed with eBioscience Wash Buffer, and samples were resus-

pended with either p-LCK (Y394), p-LCK (Y505) or pCD3z (Y142)-PE in eBioscience Wash Buffer and incubated for 30 min at

room temperature in the dark. In case of p-LCK(Y394), an additional incubation step was included with a donkey anti-rabbit PE-con-

jugated Ab (Jackson ImmunoResearch) in eBioscience Wash Buffer for 15 min at room temperature in the dark. Upon completion of

the staining, samples were washed and resuspended inMACS buffer (0.5%BSA and 2mMEDTA in PBS) andmeasured using a flow

cytometer (Lyric).

CD45 activity assay
Primary CD3+ T cells from the spleens ofWT andCd53�/�mice were isolated as described above. One day prior to cell isolation flat-

bottom high binding 96-well plates (Greiner Bio-one) were coated with 1 mg/mL anti-CD3 and 5 mg/mL anti-CD28 in 100 mL PBS per

well. Plates were incubated overnight at 4�C. Plates were washed two times with PBS to eliminate unbound antibody before addition

of cells. After isolation, cells were allowed to rest for 1 hour, then washed thoroughly with PBS and resuspended in culture medium.

T cells were then plated at concentration of 1.5 3 105 cells/well. Cells were then incubated for 24 hours at 37�C, 5% CO2. After in-

cubation cells were collected and washed twice with phenol red free (PRF) RPMI 1640 (Gibco) supplemented with 0.5% FBS. Cells

were equilibrated in PRF RPMI 1640 (Gibco) supplemented with 0.5% FBS for 15 minutes at 37�C, after which 0.5 mL of pCap-SP1

peptide (2 mM stock) was added to each well. The pCap-SP1 probe has been validated previously as a tool for the assessment of

CD45 activity (Stanford et al., 2012; Szodoray et al., 2016). Cells were then incubated for 15minutes at 37�C. Cells were then washed

once in PBA supplemented with 10 mM Na3VO4, then washed twice more with PBA. CD45 activity, as indicated by geometric mean

fluorescence intensity (gMFI) of the pCap-SP1 peptide, was measured by flow cytometry (FACSVerse BD). The pCap-SP1 gMFI of

stimulated and unstimulated paired WT and Cd53�/� samples were used to define a CD45 activity fold change.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical comparisons were made with GraphPad Prism 5 software, and data are expressed as mean ± SEM, SD, or 95% CI as

indicated in the figure legends. Differences between means were analyzed with Student’s t tests, Welch’s t test, Mann-Whitney U

test, one-way ANOVA, Kruskal-Wallis or two-way ANOVA as indicated in the legends. Statistical significance was set at p < 0.05.
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