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Abstract
Introduction: T‐cell antigen receptor (TCR) interaction with cognate peptide:MHC complexes trigger clustering of TCR:CD3 complexes and signal
transduction. Triggered TCR:CD3 complexes are rapidly internalized and degraded in a process called ligand‐induced TCR downregulation. Classic studies
in immortalized T‐cell lines have revealed a major role for the Src family
kinase Lck in TCR downregulation. However, to what extent a similar
mechanism operates in primary human T cells remains unclear.
Methods: Here, we developed an anti‐CD3‐mediated TCR downregulation
assay, in which T‐cell gene expression in primary human T cells can be
knocked down by microRNA constructs. In parallel, we used CRISPR/Cas9‐
mediated knockout in Jurkat cells for validation experiments.
Results: We efficiently knocked down the expression of tyrosine kinases Lck,
Fyn, and ZAP70, and found that, whereas this impaired T cell activation and
effector function, TCR downregulation was not affected. Although TCR
downregulation was marginally inhibited by the simultaneous knockdown of
Lck and Fyn, its full abrogation required broad‐acting tyrosine kinase
inhibitors.
Conclusions: These data suggest that there is substantial redundancy in the
contribution of individual tyrosine kinases to TCR downregulation in primary
human T cells. Our results highlight that TCR downregulation and T cell
activation are controlled by different signaling events and illustrate the need
for further research to untangle these processes.
KEYWORDS

CD4+ T cells, protein tyrosine kinases, T‐cell activation | T‐cell receptor, TCR
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INTRODUCTION

T cells are essential players in the adaptive immune responses that are needed to protect against infections and
cancer. T‐cell receptors (TCRs) on T cells recognize
peptide antigens presented on major histocompatibility
complex (MHC) by antigen‐presenting cells (APCs). This
specific recognition, bolstered by costimulatory molecule
interactions, induces signaling pathways that lead to
T‐cell differentiation, effector functions, and survival.1
The TCR is comprised of a genetically diverse α and β
chain that together confer antigen specificity. To form
the fully functional TCR, TCRα/β are noncovalently associated with the invariant CD3γε and CD3δε subunits
and the TCRζζ homodimer.2 The cytoplasmic domains of
CD3ε, CD3δ, CD3γ, and TCRζ all contain immunoreceptor tyrosine‐based activation motifs (ITAMs).3
After the TCR is triggered through recognition of peptide:MHC, intracellular signaling is initiated by phosphorylation of these ITAMs by Src family kinases, of
which Lck and Fyn are most abundantly expressed
throughout the lifespan of human T cells.4,5 Lymphocyte‐
specific protein tyrosine kinase (Lck) is the dominant
kinase initiating T cell activation through ITAM phosphorylation.6–8 Lck is non‐covalently attached to the
coreceptors CD4 and CD89,10 and is thereby recruited to
the TCR after recognition of a peptide:MHC complex.
Phosphorylated ITAMs serve as docking sites for the Syk
family tyrosine kinase ZAP70, which is activated through
phosphorylation by Lck.11,12 ZAP70, in turn, phosphorylates downstream molecules, such as LAT13 and
SLP76,14 which eventually leads to T cell activation.1,7,8,15
T cell activation is tightly regulated to induce specific
responses, while preventing hyperreactivity that could lead
to damage to healthy tissues and autoimmunity. One such
T cell regulation mechanism is the rapid internalization and
active degradation of the TCR upon TCR triggering, a process that is called ligand‐induced TCR downregulation.16–19
The extent of TCR downregulation is generally proportional
to the strength of signaling input, meaning that higher
affinity ligands induce greater TCR downregulation.20,21
In addition, we recently observed that clonally‐expanded
T cells also display persistent TCR downregulation, the
extent of which is programmed by the strength of the initial
T‐cell antigen recognition.22 Such T cells with adjusted TCR
expression display an increased threshold for cytokine production and renewed proliferation upon secondary antigen
encounter, and, therefore, presumably are better equipped
to execute a balanced immune response. These findings
underscore that downregulation of the TCR is an important
protective mechanism against hyperreactive T‐cell responses
that could harm the host.23,24 Understanding the molecular
mechanisms that underlie TCR downregulation is,
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therefore, important to fine‐tune immunotherapeutic approaches, either by preventing TCR downregulation in, for
example, CAR‐T‐cell therapies, or by inducing it in patients
with autoimmune disorders.
Because TCR triggering and TCR downregulation are
tightly linked,1,25,26 it is possible that the upstream molecular pathways of T cell activation and TCR downregulation are similar. Besides the importance of Lck for
T‐cell activation, it has also been described to be involved in
TCR downregulation. Specifically, Lck was described to
control TCR downregulation through phosphorylation of
ITAMs in CD3 and TCRζ.27 Chemical inactivation of Lck in
immortalized Jurkat T cells inhibited TCR downregulation,16,28 and, conversely, a constitutively active form
of Lck caused rapid internalization of cell surface TCR:CD3
complexes and their degradation in lysosomes.16 Although
the molecular pathways of TCR downregulation have been
studied in detail, the majority of these findings have been
obtained in mouse models and immortalized T‐cell lines,
instead of human primary T cells.7,8,11,11,15,16,29–31 Importantly, cellular processes such as the dynamics of TCR
internalization may differ markedly between primary
T cells and Jurkat cells, and between mice and man. For
instance, TCR recycling in T‐cell hybridoma cells is
reported to be faster than in naïve CD4+ T cells17 and the
constitutive degradation rate of TCRζ and CD3ε is slower in
primary cells than in Jurkat cells.32 Furthermore, human
primary T cells and Jurkat cells have distinctive patterns of
cytokine release and coreceptor expression, and they induce
different phosphorylation levels of target molecules.33
Because of these fundamental differences between human
primary T cells and Jurkat cells, we set out to investigate
the molecular mechanisms of TCR downregulation in a
more physiological setting and developed a model to study
this by efficient gene knockdown in human primary T cells.
Our data strongly suggest that Src family kinases as a
group are required for TCR downregulation in human
primary T cells. However, its members Lck and Fyn as
well as the directly downstream kinase ZAP70 are individually redundant in this process, despite having
profound impact on T cell activation and effector functions. Thus, this study highlights that TCR downregulation and T cell activation are separable molecular
processes and provides the tools to further unravel these
pathways in primary human cells.

2 | MATERIALS AND METHODS
2.1 | Cell lines
Human embryonic kidney cells that contain the mutant
version of the SV40 large T‐cell antigen (HEK293T cells)
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were used to generate lentiviruses. Platinum A (PLAT‐A)
cells are retroviral packaging cells, used to generate retroviruses.34 Both the HEK293T and PLAT‐A cell lines
were maintained in IMDM (Gibco) containing 10% fetal
bovine serum (FBS) (Sigma‐Aldrich) and 10,000 U/ml
penicillin/streptomycin. Jurkat cells are a human acute
leukemic T‐cell line, which was maintained in Rosewell
park Memorial Institute (RPMI) 1640 medium (Gibco)
with L‐glutamine, 50 μM β‐mercaptoethanol, 10% FBS,
and
10,000 U/ml
penicillin/streptomycin
(complete RPMI).

2.2
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| Primary cells

This study was performed according to the Amsterdam
University Medical Centers, location AMC Medical
Ethics Committee guidelines and all donors gave written
informed consent in accordance with the Declaration of
Helsinki. Human peripheral blood lymphocytes (PBLs)
were isolated from buffy coats by density gradient centrifugation on Lymphoprep (Nycomed) and Percoll
(Pharmacia). PBLs were activated in non‐tissue culture‐
treated six‐well plates (Greiner Bio‐One) coated with
2.5‐μg/ml plate‐bound anti‐CD3 (UCHT‐1) and anti‐
CD28 (CD28.2; both Biolegend) diluted in 0.1 M sodium
bicarbonate buffer, and cultured in complete RPMI
supplemented with 10 ng/ml interleukin‐2 (IL‐2)
(Preprotech). After activation, the PBLs were maintained in complete RPMI supplemented with IL‐2.

2.3 | Construction of retroviral and
lentiviral microRNA vectors and lentiviral
CRISPR vectors
For retroviral transductions, five to six microRNA oligonucleotide sequences per gene were selected from the
Genetic Perturbation Platform (Broad Institute) and ordered from Sigma‐Aldrich. A microRNA sequence targeting luciferase (RLuc) was used as control. Using
standard molecular cloning techniques, the microRNA
was cloned into a modified pMY backbone (Cell Biolabs)
containing the marker Ly6G or CD90.2 (van der Donk
et al. In preparation). To enable lentiviral microRNA
transductions, the marker and microRNA cassette were
cloned into a modified lentiCRISPR v2 backbone (Addgene #52961; kind gift from Prof. Dr. N. Zelcer). For
lentiviral CRISPR/Cas9 transductions, four CRISPR
guideRNAs were selected per gene from the Toronto
human knockout pooled library (TKOv3),35 ordered from
Sigma‐Aldrich, annealed, and cloned into the lentiCRISPR v2 backbone using standard molecular cloning
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techniques. A guideRNA targeting hAAVS1 was used as
control.

2.4 | Retroviral transfection of PLAT‐A
and lentiviral transfection of HEK293T,
and transduction of T cells
For retroviral transfection of PLAT‐A cells,34 2.5 × 106 cells
per condition were plated in Advanced TC six‐well plates
(Greiner Bio‐One), coated with poly‐D‐lysine (Sigma‐
Aldrich). The cells were incubated overnight at 37°C in the
presence of transfection complexes containing 2 μg pMY
vector, 0.4 μg pCL‐Ampho (Novus Biologicals36), 0.4 μg
DGCR8 siRNA (Qiagen37), P3000 and Lipofectamine 3000
(Thermofisher), supplemented with Opti‐MEM (Gibco).
For lentiviral transfection of HEK293T cells, 2.5 × 106 cells
were used per condition in a regular six‐well plate. The cells
were incubated overnight at 37°C in the presence of
transfection complexes containing 1 μg lentiviral vector,
0.6 μg pMDLg/pRRE (Addgene #12251), 0.2 μg pRSV‐Rev
(Addgene #12253), 0.3 μg pMD2.G (Addgene #12259),38
0.4 μg DGCR8 siRNA (not required for lentiviral CRISPR
experiments), P3000 and Lipofectamine 3000. After overnight incubation, the supernatants of transfected cells were
replaced with 1.5 ml complete RPMI. Forty‐eight hours
after transfection, viral supernatants were harvested, filtered over a 0.45‐μm filter, and used to transduce T cells.
The remaining HEK293T or PLAT‐A cells were washed
with phosphate‐buffered saline (PBS) and resuspended for
fluorescence‐activated cell sorting (FACS) analysis to determine the transfection efficiency.
Forty‐eight hours before transduction, PBLs were stimulated at 37°C on non‐tissue culture‐treated six‐well
plates that were coated with 2.5 μg/ml anti‐human CD3
(UCHT1) and anti‐human CD28 (CD28.2). For the transduction, 1 × 106 Jurkat cells or PBLs were plated on
retronectin‐coated plates (2.5 μg/ml; Takara), before adding
1 ml of virus‐containing supernatant. The cells were then
centrifuged for 2 h at 1000g at 32°C, followed by 3 h incubation at 37°C, after which 2 ml fresh complete RPMI
was added per well (for PBLs containing IL‐2). At 2 days
(before antibiotic selection) and 5 days (after antibiotic selection) after transduction, cells were harvested and stained
for flow cytometry as described below. Antibiotic selection
during 72 h was performed by adding 5 μg/ml puromycin
or 10 μg/ml blasticidin, depending on the vector.

2.5 | Flow cytometry staining
All cells were first stained for viability using Fixable
Viability Dye eFluor™ 780 (1:1000) (eBioscience).
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For cell surface staining, cells were incubated in FACS
buffer (PBS containing 0.5% bovine serum albumin [BSA;
Sigma‐Aldrich] and 0.1% NaN3) containing antibodies for
10 min at 4°C. Then, cells were fixed with 2% paraformaldehyde (PFA; Electron Microscopy Sciences) for
5 min at 4°C. For intracellular staining, the fixation step
was followed by a permeabilization step in Perm/Wash
solution (BD Biosciences) for 5 min at 4°C, and an intracellular staining step with antibodies diluted in Perm/
Wash solution for 10 min at 4°C. The antibody clones
and manufacturers used are listed in Table S1. Single‐cell
measurements were performed on a FACS Canto flow
cytometer (BD Biosciences) and FlowJo V10 software
(TreeStar) was used to analyze the data. For each flow
cytometry experiment, viable single cells were gated,
after which Jurkat cells were selected on CD45 expression, and PBLs were selected on CD8 or CD4 expression.
For transduction experiments, the Jurkat cells were gated
on FLAG, and PBLs on Ly6G or CD90.2 (or both) and
then on CD4. Exceptionally, the Ly6G+ Lck‐KD, and
Ly6G+CD90.2+ Lck/Fyn‐KD PBLs were not gated on
CD4, but the total T cells were assessed.

2.6

| Fyn antibody conjugation

As there is no commercial flow cytometry antibody
available for Fyn, we conjugated our immunoblot antibody for Fyn (Table S1) to a fluorochrome with a
Lightning‐Link® conjugation kit (Expedeon) according to
the manufacturer's instructions.

2.7 | Optimization of T cell
stimulations: Testing the steric hindrance
of antibodies using a primary and
secondary staining
To investigate steric hindrance of antibodies, 1 × 105
Jurkat cells or PBLs were seeded per well in tissue‐
treated 96‐well plates (Greiner Bio‐One). Cells were
stained in several rounds to test the accessibility of the
target protein for the secondary, fluorochrome‐labeled
antibody after staining with a primary antibody. First,
cells were stained with FACS buffer, or 2.5 μg/ml of
various anti‐CD3 antibodies (purified UCHT1, purified
OKT3, purified SK7, purified HIT3a, or fluorescein isothiocyanate [FITC]‐labeled UCHT1) for 10 min at 4°C.
After washing, the cells were stained with an antibody
solution to assess different surface markers. For Jurkat,
the secondary antibody solution contained 5 μg/ml
fluorochrome‐labeled anti‐CD45 and anti‐TCRβ.

ET AL.

For PBLs, the secondary antibody solution contained
5 μg/ml fluorochrome‐labeled anti‐CD4, anti‐CD8α, anti‐
CD27, anti‐CD45RA, and anti‐TCRβ. Cells were fixed
with 2% PFA, followed by intracellular staining with
anti‐TCRζ, and analyzed with flow cytometry. The percentage of hindrance by each antibody was determined
from the mean fluorescence intensity (MFI), using the
buffer control as reference, such that the expression of an
indicated molecule in the buffer control was set at 100%
(e.g., Expression % TCRβ = [MFI condition 1/MFI buffer
control] × 100%). Cells were stimulated with the anti‐
CD3ε clone UCHT1, unless indicated otherwise.

2.8 | TCR downregulation assay
A TCR downregulation assay was set up and performed
to determine the extent of TCR expression of stimulated samples versus unstimulated controls. A non‐
tissue culture‐treated 96‐well plate was coated overnight at 4°C with either an isotype control (antimouse
immunoglobulin G [IgG] [−]) or anti‐human CD3 (low
dose 0.25 μg/ml [+]; high dose 2.5 μg/ml [++]) and
anti‐human CD28, diluted in 0.1 M sodium bicarbonate
buffer. Samples are stimulated with the high dose,
unless indicated otherwise. Plates were blocked with
2% BSA in PBS and washed once with PBS. T cells
(1 × 105) were seeded per well and incubated for the
indicated duration at 37°C. After incubation ice‐cold
MACS (magnetic‐activated cell sorting) buffer (PBS
supplemented with 0.5% BSA and 2 mM EDTA) was
added and cells were transferred to a noncoated 96‐
well plate. The cells were stained for flow cytometry as
described above, including antibodies targeting TCRβ,
TCRζ, and CD69.
This assay was performed in the presence of various
inhibitors. The cells were preincubated in the presence
of 20 μM PP2 (Sigma‐Aldrich), 100 nM Dasatinib
(Sigma‐Aldrich), 50 μM Imatinib Mesylate (Selleckchem), or 1 μM Bafilomycin A1 (Invivogen) for 1 h at
37°C before directly being transferred to the antibody‐
coated plate. Stimulation and staining is similar as
described above.

2.9 | Immunoblot analysis
After antibiotic selection, the cells were spun down and
resuspended in radioimmunoprecipitation assay buffer
(Cell Signaling) supplemented with protease and phosphatase inhibitors (Roche). Then, five‐times concentrated
Laemmli sample buffer was added and the lysates were
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incubated for 10 min at 95°C before separation by sodium
dodecyl sulfate‐polyacrylamide gel electrophoresis. Proteins
were transferred to nitrocellulose membranes (GE Healthcare Life Science) or Immobilon®‐FL PVDF membranes
(Sigma‐Aldrich) by immunoblot and stained with Ponceau
red (Sigma‐Aldrich), followed by blocking in 5% milk
(Sigma‐Aldrich). Blots were incubated O/N at 4°C with
indicated primary antibodies diluted in 1% milk in Tris‐
buffered saline with Tween‐20 (TBST): Anti‐β‐actin and
anti‐Fyn. Secondary antibodies, diluted in 1% milk, were
IRDye 800CW goat‐anti‐mouse IgG (H+L) and IRDye
680RD goat‐anti‐rat IgG (H+L) (Li‐Cor). Measurements
were performed on the Odyssey, and analyzed with Odyssey V3.0 software (Li‐Cor Biosciences).
To assess total phosphorylation by immunoblot,
5 × 106 Jurkat cells were stimulated with either anti‐
mouse IgG1 or anti‐mouse IgG1 and anti‐human CD3
(UCHT1). The cells were stimulated for 2 or 5 min at
37°C, followed by direct addition of 10×‐excess ice‐cold
FACS buffer. Cells were lysed and blotted as described
above, except that blots were blocked in 5% BSA in PBS,
and the primary (anti‐mouse/human β‐actin, anti‐
phosphorylated tyrosine) and secondary antibodies were
diluted in 1% BSA/TBST.

2.10 |

Cytokine production assay

A non‐tissue culture‐treated 96‐well plate was coated
with 0.1 M sodium bicarbonate buffer or 2.5 μg/ml anti‐
human CD3 and 2.5 μg/ml anti‐human CD28 diluted in
buffer, and incubated overnight at 4°C. Plates were
blocked with 2% BSA in PBS, and washed once with PBS.
T cells (2 × 105) were seeded per well and resuspended in
either RPMI with Brefeldin‐A (eBioscience; unstimulated
control and antibody stimulated samples) or with
Brefeldin‐A, PMA (50 ng/ml, Sigma‐Aldrich) and ionomycin (1 μg/ml, Sigma‐Aldrich) (positive control) and
incubated for 5 h at 37°C. Cells were stained for flow
cytometry as described above.

2.11 |

|
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Statistical analysis

Graphpad Prism v8 (GraphPad Software) was used to
generate all graphs and for statistical analyses. Statistics
were performed using a Student's t test for pairwise
comparisons (Figures 1, 4–6). Multiple comparisons
within groups were performed using an RM one‐way
analysis of variance with a Tukey's multiple comparisons
test (Figure 2). p < .05 were considered statistically
significant.
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3 | R ES U L T S
3.1 | Antigen‐experienced human
T cells display lower TCR expression levels
First, we investigated whether we could detect evidence
of persistent TCR downregulation in human T cells,
similar to what has been described recently in animal
models.22 To this end, we isolated peripheral blood
lymphocytes (PBLs) from five healthy donors and compared TCRβ surface levels on antigen‐experienced
(CD45RA− CD27−) with those on naïve (CD45RA+
CD27+) CD4+ T cells (Figure 1A,B). Surface TCRβ levels
were significantly reduced on antigen‐experienced compared to naïve T cells (Figure 1C; p < .001). Similarly,
antigen‐experienced T cells had lower levels of intracellular TCRζ compared to naïve T cells (Figure 1D;
p < .001). These data strongly suggest that human
antigen‐experienced CD4+ T cells have lower TCR expression compared to their naïve counterparts. Therefore, TCR downregulation appears to form an integral
part of human T‐cell responses.

3.2 | CD3/CD28 crosslinking induces
TCR downregulation in primary human
T cells
To investigate the mechanisms underlying TCR downregulation in PBLs, we optimized an antigen‐
independent TCR downregulation assay using plate‐
bound antibodies against CD3ε and CD28.17,25,39
Though T cell stimulation with anti‐CD3ε/CD28 antibodies is a well‐known and effective method to study
ligand‐induced TCR downregulation, it is important to
consider that the CD3ε and TCRβ subunits are present
in close proximity on the T‐cell surface. This implies
that anti‐CD3ε antibodies used to stimulate T cells,
could sterically hinder the binding of fluorochrome‐
labeled anti‐TCRβ antibodies used for the flow
cytometry‐based readout. In previous studies, such a
potential blocking effect of anti‐CD3 antibodies was not
investigated.31,32,40 To optimize the T cell stimulation
for PBLs and Jurkat cells, we investigated the steric
hindrance of five different anti‐CD3ε antibodies, by
staining PBLs (Figure S1A,B) and Jurkat cells
(Figure S1C,D) at 4°C. Detection of surface TCRβ by
flow cytometry was impaired after staining with HIT3a
and OKT3, suggesting steric hindrance. The capacity to
induce TCR downregulation in PBLs (Figure S1E,F) and
Jurkat cells (Figure S1G,H) was assessed by stimulation
with the different plate‐bound anti‐CD3ε antibodies.
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F I G U R E 1 Reduced TCR expression in
antigen‐experienced primary human CD4+ T
cells. Human PBLs from healthy donors were
gated (A) to select CD4+, CD45RA+CD27+,
naive and CD45RA−CD27− antigen‐
experienced T cells and measure surface
TCRβ and total TCRζ expression within these
separate populations (B). Data in (A) and
(B) are one representative experiment
of the five biological replicates depicted in
(C) and (D). (C,D) Aggregate MFI data
for surface TCRβ (C) and total TCRζ
(D) expression for n = 5 donors in one
experiment, with each symbol representing
an individual donor. MFI, mean fluorescence
intensity; PBL, peripheral blood
lymphocytes; TCR, T‐cell receptor. Paired
Student's t test, ***p < .001

Surface TCRβ and total TCRζ expression were both reduced in response to stimulation with UCHT1 in PBLs
as well as Jurkat cells. Interestingly, FITC‐labeled
UCHT1 induced the lowest level of steric hindrance of
all antibodies in both cell types (Figures 2A,B,
and S1I,J). Thus, UCHT1 induced minimal steric hindrance, while efficiently inducing TCR downregulation
and was, therefore, selected for all subsequent assays.

3.3 | Transient downregulation of TCR
complexes via lysosomal degradation
With the optimized assay, preactivated PBLs were
stimulated and the kinetics of ligand‐induced TCR
downregulation as well as CD69 upregulation as a marker of T cell activation were determined. Surface TCRβ
and total TCRζ expression was quickly downregulated
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F I G U R E 2 TCR downregulation includes internalization and lysosomal degradation. (A) Total relative TCRζ expression in human
CD4+ T cells after stimulation with different anti‐CD3ε clones. SK7 and HIT3a did not induce TCR downregulation. (B) Surface TCRβ
staining of human CD4+ T cells revealed that UCHT1 induced TCR downregulation, without causing steric hindrance. (C–G) Kinetics of
relative surface TCRβ (C) and total TCRζ (D) expression, CD69 upregulation (E) in human CD4+ and CD8+ T cells from healthy donors
(n = 3) after stimulation with anti‐CD3 (UCHT1)/CD28. Relative surface TCRβ (F) and total TCRζ (G) expression before, during, and after
TCR triggering of human CD4+ T cells. (H, I) Relative surface (black) and total (grey) TCRβ (H) and total TCRζ (I) expression of human
CD4+PBLs after 4h stimulation with anti‐CD3/CD28 in the presence of Bafilomycin A1. (C–I) Data are depicted as normalized MFI.
Symbols represent individual donors (n = 3) with bars depicting the median and 95% CI. (A, B) Data are from two independent experiments
with in total n = 3 individual donors. (C–I) Data from one experiment with n = 3 individual donors. CI, confidence interval; MFI, mean
fluorescence intensity; PBL, peripheral blood lymphocytes; TCR, T‐cell receptor

after stimulation, with similar kinetics for CD4+ and
CD8+ T cells (Figure 2C,D). TCR downregulation was
detected as early as 15 min after stimulation and reached
its maximum after 2–4 h, which is in accordance with
previous literature on human T‐cell clones.41 CD69 upregulation was consistently detected between donors and
increased further until 16 h after activation, which was,
therefore, selected as optimal timepoint in this assay (Figure 2E). During continued anti‐CD3 stimulation,
surface TCRβ and total TCRζ expression remained low,
but expression recovered after removal of the stimuli and
returned to baseline after 48 h (Figure 2F,G).
It is currently thought that the TCR:CD3 complex is
degraded in lysosomes after it is internalized upon T cell
stimulation.16,41 We, therefore, analyzed the expression
of surface as well as total levels of both TCRβ and TCRζ

in preactivated PBLs following anti‐CD3/CD28 stimulation using the lysosomal acidification inhibitor Bafilomycin A1 (Figure 2H,I). TCRβ‐degradation was
completely blocked by Bafilomycin A1, while surface
downregulation still occurred. Moreover, approximately
two‐fold higher levels of TCRζ remained in cells pretreated with Bafilomycin A1. Thus, these data confirm
that triggered TCR:CD3 complexes are internalized and
subsequently degraded in lysosomes.

3.4 | TCR downregulation is dependent
on tyrosine kinases
The first proteins downstream of TCR triggering and
signaling are the protein tyrosine kinases (PTKs) Lck
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F I G U R E 3 Chemical inhibitors suggest that TCR downregulation is dependent on multiple tyrosine kinases. Human CD4+PBLs were
stimulated with anti‐CD3/CD28 in the presence of protein tyrosine kinase inhibitors PP2, dasatinib, or imatinib. (A–C) Representative
histograms of surface TCRβ (A), total TCRζ (B) expression, and surface CD69 (C) expression. (D–F) Aggregate data normalized to the
unstimulated control for n = 3 individual donors examined in a single experiment, with the median and 95% CI depicted. (G) Lentiviral and
retroviral microRNA vectors and lentiviral CRISPR/Cas9 vectors for knockdown of TCRζ (CD247) expression. CI, confidence interval; MFI,
mean fluorescence intensity; PBL, peripheral blood lymphocytes; TCR, T‐cell receptor. Statistics were calculated by one‐way analysis of
variance followed by Tukey's test for multiple comparisons, *p < .05; **p < .005; ***p < .001; ****p < .0001

and Fyn.1,5,42 To investigate the role of these PTKs in
TCR downregulation of primary human T cells, preactivated PBLs from healthy donors were stimulated
with anti‐CD3/CD28 in the presence of different tyrosine kinase inhibitors. PP2 and dasatinib are tyrosine
kinase inhibitors with a broad range of targets in the Src
kinase family.43,44 In contrast, though imatinib is a well‐
known Abl inhibitor, it is also described as a more
specific inhibitor for Lck in T cells.44,45 PP2 and
dasatinib strongly inhibited TCR downregulation
(Figures 3A,B, and 3D,E). In addition, T cell activation

was fully blocked as the inhibitors prevented CD69
upregulation (Figures 3C and 3F). Strikingly, imatinib
inhibited TCRζ degradation just as efficiently as PP2
and dasatinib, but did not inhibit TCRβ downregulation
and only partially inhibited CD69 upregulation. These
data suggest that inhibition by imatinib is either
weaker, or more specific, leading to an intermediate
phenotype, whereas broad‐acting inhibitors PP2 or dasatinib blocked complete TCR downregulation. Thus,
these data suggest that a certain phosphorylation
threshold is required, or that a combination of
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Src‐family kinases, or another (yet unknown) kinase
besides Lck is involved, which is inhibited by PP2 and
dasatinib, but not by imatinib.44,45

3.5 | Genetic modification to investigate
TCR downregulation in T cells
Next, we more precisely investigated the role of the
individual kinases in TCR downregulation using
different genetic perturbation methods. To select the
optimal method for genetic perturbation in our T‐cell
models, we generated lentiviral and retroviral vectors
coding for microRNAs and lentiviral CRISPR/Cas9
vectors to knock‐down or knock‐out PTK genes, respectively. First, we compared the transduction and
genetic perturbation efficiency of each vector in PBLs
(Figure 3G). After transduction of PBLs with the lentiviral CRISPR/Cas9 vectors, only a minimal level of
Cas9‐FLAG‐staining was detected and no viable cells
remained after antibiotic selection (data not shown).
These data confirm reports by others46,47 that such
lentiviral CRISPR vectors are not a viable tool to
achieve gene knockouts in primary T cells. As an alternative method for PBLs, we compared lentiviral and
retroviral microRNA knockdown. For proof of principle, we used different vectors containing microRNAs
that target TCRζ (CD247) with different knockdown
efficiencies (Figure S1K,L). The lentiviral microRNA
vectors transduced PBLs very efficiently, as shown by a
high percentage of Ly6G positive cells (Figure S1M).
However, within the transduced population (Ly6G+) it
appears that the retroviral vectors induced better
knockdown of TCRζ (Figure S1N) and further reduced
surface expression of TCRβ than the lentiviral vectors
(Figure S10).1,48 In contrast to the PBLs, the lentiviral
CRISPR/Cas9 vectors were efficiently transduced into
Jurkat cells, and the proportion of viable cells remained high after antibiotic selection. Within the
FLAG+ population, efficient knockout of TCRζ was
achieved, and subsequent reduction of surface TCRβ
was observed (Figure S1P). Therefore, we used
CRISPR‐mediated gene knockout as the standard
method for Jurkat cells and retroviral microRNA‐based
gene knockdown for primary T cells.

3.6 | Lck and Fyn are individually
redundant for ligand‐induced TCR
downregulation
To more precisely investigate the contribution of Lck in
TCR downregulation, we transduced PBLs with vectors
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containing the surface marker CD90.2 and microRNAs
targeting Lck (Lck‐KD), and assessed the contribution of
Lck in TCR downregulation in PBLs. The transduction
and knockdown was efficient, as represented by expression of surface CD90.2 (Figure 4A) and total Lck
(approximately 70% KD), respectively (Figures 4B and
S2A). As expected, Lck knockdown also led to CD4
downregulation, confirming effective depletion of Lck49
(Figure 4C). Knockdown was also confirmed with immunoblot (Figure 4D, p < .01, approximately 92% KD).
Next, the Lck‐KD cells were stimulated with plate‐bound
anti‐CD3/CD28 antibodies to examine TCR downregulation. No difference in surface TCRβ downregulation and TCRζ degradation between the nontarget
microRNA and the Lck‐KD cells was detected
(Figure 4E–H). In contrast, CD69 upregulation was significantly impaired in the Lck‐KD cells (Figure S2B,C;
p < .01). Similarly, gene knockout of Lck in Jurkat cells
by CRISPR/Cas9 did not impair TCR downregulation
(Figure S2D–G) even though Lck knockout was complete
according to immunoblotting (Figure 4I). The Lck‐KO
Jurkat cells had only a 80% lower Lck expression by flow
cytometry, which is likely due to background levels of the
antibody in flow cytometry (Figure S2D). Lck knockout
in Jurkat cells strongly impaired tyrosine phosphorylation, both at baseline and after stimulation with anti‐CD3
(Figure S2H), suggesting successful disruption of Lck.
The Lck‐KO cells were stimulated with anti‐CD3/CD28
to investigate the effect on TCR downregulation and
CD69 upregulation. Surprisingly, in contrast to the PBLs,
this did not affect CD69 upregulation; however, similar
to the PBL knockdown TCR downregulation was unaffected (Figure S2E–G). To investigate the effect of PTK
inhibitors on TCR downregulation of Jurkat cells, nontarget gRNA or Lck‐KO Jurkat cells were stimulated with
anti‐CD3/CD28 in the presence of dasatinib or imatinib.
In contrast to PBLs, though these inhibitors block CD69
upregulation, they did not impair TCR downregulation
(Figure 4J–L). These results underscore that signal
transduction in Jurkat cells differs from PBLs, and
therefore it is important to study TCR downregulation in
primary cells. Furthermore, these data suggest that the
effect of imatinib on Jurkat cells is not exclusively
mediated by its action on Lck but possibly by other Src
family kinases. These data could also imply that apart
from Src family kinases, another family of kinases is involved in TCR downregulation. Together, these data
confirm that Lck is required for T cell activation of both
primary human T cells and Jurkat cells, but is not essential for full TCR downregulation.
Fyn is another important tyrosine kinase in T cells,15
and Fyn and Lck have overlapping functions.6,15,50,51
However, the contribution of Fyn to T cell activation and
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TCR downregulation in primary human T cells is unclear. Therefore, we transduced PBLs with vectors containing the surface marker Ly6G and microRNAs
targeting Fyn (Fyn‐KD) (Figure 4M,N and S2I,J). Fyn‐KD
did not inhibit TCR downregulation (Figure 4O–R), despite Fyn knockdown being highly efficient (approximately 90% KD, based on immunoblot). Though not
significant, a trend of impaired CD69 upregulation was
suggested in the Fyn‐KD cells (Figure S2K,L). However,
despite efficient knockdown of Fyn we conclude that its
role in T cell activation is less pronounced than Lck,
which is in accordance with data obtained in
mice.15,29,51,52 Together, these data suggest that Lck and
Fyn are individually dispensable for TCR downregulation, but that especially Lck is essential for full
T cell activation.

3.7 | ZAP70 is dispensable for ligand‐
induced TCR downregulation, but not for
T cell activation
Next we investigated the role of ZAP70, as ZAP70 has
been suggested to play a nonredundant role in both
TCR activation and downregulation.31 ZAP70 was
knocked down in PBLs with microRNAs. Expression
levels of ZAP70 were strongly reduced in the ZAP70‐
KD cells (approximately 99% KD) (Figures 5A,B and
S3A). ZAP70 knockdown reduced CD69 upregulation
(Figure S3B,C) and impaired the production of IL‐2
and IFN‐γ upon stimulation with anti‐CD3/CD28
(Figure S3D). However, analogous to Lck and Fyn,
ZAP70 knockdown did not prevent TCR downregulation (Figure 5C–F). Similarly, knockout of
ZAP70 in Jurkat cells had no significant effect on TCR
downregulation, whereas it impaired CD69 upregulation (Figure S3E–H). Thus, these data suggest that
ZAP70 is not essential for TCR downregulation.
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3.8 | Concomitant knockdown of Lck
and Fyn modestly impairs ligand‐induced
TCR downregulation in T cells
On the basis of data obtained in mice, where depleting
Lck and Fyn simultaneously strongly impaired T‐cell
function,6,15,51 we investigated the effect of simultaneously knocking down Lck and Fyn in PBLs
(Figure 6A–D and S4A). Lck/Fyn double knockdown
(dKD) cells (CD90.2+ Ly6G+) were stimulated with plate‐
bound anti‐CD3/CD28 antibodies, and TCR downregulation as well as cytokine production was assessed.
Although Lck/Fyn dKD cells did not show altered TCR
downregulation in response to stimulation with a high
dose of anti‐CD3/CD28 (Figure 6E,F), significantly impaired TCRβ downregulation was observed in cells stimulated with a lower anti‐CD3/CD28 dose. Notably, this
effect was not observed for TCRζ levels (Figure 6G,H).
Lck/Fyn dKD also reduced CD69 upregulation
(Figure S4B,C) and decreased cytokine production after
anti‐CD3/CD28 stimulation (Figure S4D). Thus, despite
effective dKD, TCR downregulation was only modestly
affected. Together, these data strongly suggest an important role for Lck and Fyn in T cell activation and
effector functions. However, the incomplete abrogation
of TCR downregulation and the finding that stronger
TCR triggering overrides this phenotype imply that other
signaling events are involved.

4 | D I S C US S I O N
Here, we optimized the methods to genetically modify
and stimulate human primary T cells and investigate the
mechanisms of TCR downregulation. With PTK inhibitors, we strongly inhibited TCR downregulation, and
thereby suggest that Src family kinases as a group are
involved in TCR downregulation in human PBLs.

F I G U R E 4 Lck and Fyn are individually redundant for TCR downregulation in human PBLs. (A–D) Transduction efficiency of
nontarget microRNA (dark grey) or Lck microRNA vectors (light grey) was measured by CD90.2 (A) expression, and total Lck (B) and
surface CD4 (C) expression was measured within the CD90.2+ population of human PBLs. (D) Lck knockdown was confirmed and
quantified with immunoblot (representative example of n = 3 donors). (E–H) Transduced cells were left unstimulated (−), or stimulated
with a low (+) or high (++) dose of anti‐CD3/CD28 and surface TCRβ (E, F) and total TCRζ (G, H) was measured. (I) Immunoblots showing
the total Lck, Fyn, ZAP70, and β‐actin expression in Jurkat cells (representative example of n = 2). (J–L) Surface TCRβ (J), total TCRζ (K)
and surface CD69 (L) expression in Jurkat cells transduced with hAAVS1 or LCK CRISPR vectors stimulated with dimethyl sulfoxide,
dasatinib or imatinib. Each symbol represents a separate experiment (n = 2). Expression in nontriggered T cells is set at 100%, based on the
MFI. (M) Transduction efficiency of nontarget microRNA (dark grey) or Fyn microRNA vectors (light grey) was measured by Ly6G. (N)
Immunoblots showing the total Fyn and β‐actin expression within the Ly6G+ population (representative of n = 3 donors). (O–R) Human
PBLs transduced with Fyn microRNAs underwent the same stimulation as described for Lck, and surface TCRβ (O, P) and total TCRζ (Q, R)
was measured. (F, H, P, R) Each symbol represents an individual donor (n = 3) examined in a separate experiment. MFI, mean fluorescence
intensity; PBL, peripheral blood lymphocyte; TCR, T‐cell receptor. Significance is calculated with the paired Student's t test. **p < .01
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F I G U R E 5 ZAP70 is dispensable for ligand‐induced TCR downregulation in human CD4+ PBLs. Human PBLs were transduced with
retroviral nontarget microRNA (dark grey), or microRNA vectors targeting ZAP70 (light grey). After transduction, Ly6G (A), and total
ZAP70 (B) expression was measured; representative histograms are depicted. Transduced cells were left unstimulated (−), or stimulated
with a low (+) or high (++) dose of anti‐CD3/CD28 and surface TCRβ (C, D) and total TCRζ (E, F) expression was measured. (C–E)
Representative histograms where dark grey histograms indicate nontarget microRNAs and light grey histograms indicate ZAP70
microRNAs. (D, F) Each symbol represents an individual donor (n = 3) examined in a separate experiment, with bars depicting the mean
and standard deviations. PBL, peripheral blood lymphocytes; TCR, T‐cell receptor. Significance is calculated with the paired Student's t test

However, using genetic modification, we found that individual silencing of Lck, Fyn or ZAP70 did not inhibit
TCR downregulation. Lck and Fyn dKD partially inhibited TCR downregulation, but did not fully block this
process. These data suggest that Lck and Fyn have important yet partially redundant roles in TCR
downregulation.
Multiple studies have investigated the role of kinase
function in TCR downregulation in murine lymphocytes
or cell lines, but the subject has remained unresolved due
to conflicting data.23,53–55 These previous studies were
mostly performed with PTK inhibitors such as genistein,
herbimycin, or tyrphostin. In comparison, the newer
generation or optimized PTK inhibitors PP2, dasatinib
and imatinib used here, are more efficient and specific.
Of these compounds, PP2 and dasatinib are wide‐range
PTK inhibitors that fully blocked T cell activation and
strongly impaired TCR downregulation in our model. In
contrast, imatinib is postulated to be more specific in its
inhibition, with Lck as the sole predicted target in human T cells.44,45,56 Interestingly, we observed significant
inhibition of T cell activation and TCRζ degradation with
either PP2, dasatinib or imatinib, but the inhibition of T
cell activation and TCRβ downregulation was less pronounced with the latter. On the basis of literature we

initially hypothesized that imatinib acts specifically on
Lck, whereas PP2 and dasatinib have a stronger phenotypic effect, because they inhibit other nonredundant
kinases besides Lck. However, our findings do not directly support that Lck is the main target of imatinib and
dasatinib in our systems. First, dasatinib and imatinib
block TCR downregulation to a similar extent in wild‐
type Jurkat cells compared to Lck‐KO cells. Second, we
did not observe similar phenotypes in Lck‐KD/Lck‐KO
compared to imatinib treated cells in either the Jurkat or
PBL experiments. The different phenotypes resulting
from imatinib and dasatinib treatment could alternatively be explained by a less‐potent inhibition of its
target by imatinib compared to dasatinib. Concurrently,
there could be an even wider network of kinases partially
involved in TCR downregulation, which are inhibited by
dasatinib and PP2, but not by imatinib. Future research
will have to address the validity of these hypotheses.
The importance of Lck in T‐cell development, T‐cell
activation, and TCR downregulation has been extensively
studied. It has been established that TCR downregulation
is an essential part of thymocyte development.57,58 Cumulative evidence from data in murine thymocytes,
Jurkat cells, and artificial overexpression studies suggested that Lck is an essential kinase in TCR activation
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F I G U R E 6 Lck and Fyn double knockdown modestly impairs TCR downregulation in human CD4+ PBLs. Representative histograms
of surface CD90.2 (A) and Ly6G (B) expression, and total Lck (C) and Fyn (D) expression human PBLs transduced with retroviral
nontarget microRNA vectors (dark grey), or microRNA vectors targeting Lck and Fyn (light grey). Representative histograms
(E,G) and aggregate data (F,H) of surface TCRβ (E,F) and total TCRζ (G,H) expression in transduced cells left unstimulated (−),
or stimulated with a low (+) or high (++) dose of anti‐CD3/CD28. (F,H) Each symbol represents an individual donor (n = 3) in a
separate experiment, with bars depicting the mean and standard deviations. PBL, peripheral blood lymphocytes; TCR, T‐cell receptor.
Significance was calculated with the paired Student's t test. *p < .05

and downregulation.16,30,59 Contrary to these results, we
find no evidence that Lck is individually required for
TCR downregulation in either CRISPR/Cas9‐modified
Jurkat cells or in modified human PBLs. Therefore, we
also investigated the kinase Fyn, whose function is similar to Lck. However, also in Fyn‐KD cells, we did not
observe impaired TCR downregulation, which concurs
with the hypothesis of individual redundancy. A contribution of Lck and Fyn together would be in line with
data obtained from mouse models investigating T cell
development.29,52 Furthermore, Lck and Fyn also function in concert during T cell activation in mice.15,51,60 In
concordance with these mouse studies, we found a small
but significant inhibition of TCR downregulation and
CD69 upregulation in human PBLs with Lck and Fyn
knockdown. However, our results simultaneously clearly
show that TCR downregulation still occurred to a great
extent despite the efficient knockdown of both Lck and
Fyn, implying that these kinases are relatively more redundant for ligand‐induced TCR downregulation in PBLs
than for tonic TCR downregulation in thymocytes.
Therefore, we propose that other protein kinases may be
involved in TCR downregulation, which could include
kinases from other families.

We further hypothesized that inhibition of ZAP70
would interfere with TCR downregulation, as Dumont
et al.31 previously observed a modest phenotype in
patients with congenital ZAP70 deficiencies. ZAP70 is
generally thought to be essential to relay activating signals from TCR triggering mediated by Lck and Fyn61,62
and we expected strong inhibition of T cell activation and
TCR downregulation when inhibiting this nonredundant
downstream‐signaling molecule. Indeed, we observed
abrogation of T‐cell effector functions in the form of
cytokine production and CD69 upregulation in response
to ZAP70 knockdown. Despite the importance of ZAP70
in T cell activation and cytokine production, we found
that its role is individually dispensable for TCR downregulation. The discrepancy between our observations
and Dumont et al.31 could be explained by the method
and moment of ZAP70 depletion. TCR downregulation in
T cells from donors with a congenital ZAP70 deficiency
may be subject to compensatory mechanisms, whereas
depletion of ZAP70 in circulating PBLs circumvents this
issue.
It should be noted that all that our results are obtained with anti‐CD3/CD28 antibody‐mediated TCR
triggering, and more physiologic stimulation with

236

|

peptide:MHC triggering and native costimulation could
present alternative results. Our data suggests that TCR
downregulation occurs relatively early after stimulation,
whereas CD69 upregulation usually takes longer.
Therefore, we stimulated the T cells with anti‐CD3/CD28
for 16 h, and measured TCR downregulation and CD69
upregulation simultaneously. We can hereby exclude the
duration of stimulation as a factor that influences the
discrepancy between TCR downregulation and CD69
upregulation, suggesting that the differences observed
are due to effective knockdown. Finally, our results are
obtained in T cells that are activated at least 1 week
before the functional experiments. At the moment of
functional assays (7–10 days postactivation), T cells had
reverted to their original size and CD69 expression levels,
but we cannot exclude that the previous activation of
these T cells affects their signaling upon recurrent stimulation. It is possible that a partial inhibition by inhibitors or microRNA knockdown of Lck, Fyn or ZAP70
inhibits T cell activation but allows TCR downregulation,
because TCR downregulation would require a lower
phosphorylation or signaling threshold. Although we
cannot fully exclude this hypothesis, our data showing
that low‐dose anti‐CD3/CD28 stimulation induces less
TCR downregulation, but similar CD69 upregulation,
argue against this. Together, our data also underscore the
profound differences between Jurkat cells and human
PBLs, for instance when interpreting the effect of PTK
inhibitors on TCR downregulation, or CD69 upregulation
in the different models. This illustrates the importance of
reinvigorating the mechanistic studies of TCR downregulation in primary cells, now that the genetic toolbox
has expanded.
In summary, this study has made clear that TCR
downregulation is a process with marked differences
between formerly used mouse and cell‐line models, and
human PBLs. Although tremendous progress has been
made to understand the molecular pathways of T‐cell
signaling in recent decades, research on the mechanisms
of TCR downregulation has lagged behind.1,63 The importance of a better understanding of TCR downregulation is apparent, as it has direct clinical
implications for the understanding of both autoimmune
disorders as well as the improvement of immune therapies by increasing the reactivity of T cells. In this light it
is important to note that we find clear evidence of lower
TCR levels in antigen‐experienced PBLs isolated from
healthy donors. This observation supports recent findings
obtained in mice, which showed that TCR downregulation in vivo can persist for long periods of time and
is likely a mechanism to fine‐tune T‐cell responses to
antigens with varying affinities.22 Together, this study
highlights the importance and complexity of studying
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TCR downregulation in human primary T cells. Though
we show that Src family kinases drive this process, we
emphasize that more research is needed to understand
the individual molecules and pathways involved. Our
study provides useful tools to answer these questions.
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