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Exploitation of CD3z to enhance
TCR expression levels and
antigen-specific T cell function
Abdullah Degirmencay, Sharyn Thomas, Angelika Holler,
Samuel Burgess, Emma C. Morris and Hans J. Stauss*

Institute of Immunity and Transplantation, Division of Infection and Immunity, University College
London, Pears Building, London, United Kingdom
The expression levels of TCRs on the surface of human T cells define the avidity

of TCR-HLA/peptide interactions. In this study, we have explored which

components of the TCR-CD3 complex are involved in determining the surface

expression levels of TCRs in primary human T cells. The results show that there is

a surplus of endogenous TCR a/b chains that can be mobilised by providing T

cells with additional CD3g,d,e,z chains, which leads to a 5-fold increase in TCR a/b
surface expression. The analysis of individual CD3 chains revealed that provision

of additional z chain alone was sufficient to achieve a 3-fold increase in

endogenous TCR expression. Similarly, CD3z also limits the expression levels

of exogenous TCRs transduced into primary human T cells. Interestingly,

transduction with TCR plus CD3z not only increased surface expression of the

introduced TCR, but it also reduced mispairing with endogenous TCR chains,

resulting in improved antigen-specific function. TCR reconstitution experiments

in HEK293T cells that do not express endogenous TCR or CD3 showed that

TCRa/b and all four CD3 chains were required for optimal surface expression,

while in the absence of CD3z the TCR expression was reduced by 50%. Together,

the data show that CD3z is a key regulator of TCR expression levels in human T

cells, and that gene transfer of exogenous TCR plus CD3z improved TCR surface

expression, reduced TCR mispairing and increased antigen-specific function.
KEYWORDS

TCR (T-cell receptor), TCR-T therapy, CD3-zeta, T cell function, TCR mispairing
Introduction

T cells play a crucial role in the adaptive immune system, recognising a vast array of

antigens through specialised T cell receptors (TCRs), consisting of ab or gd chains (1).

Produced in the endoplasmic reticulum (ER) of T cells, TCR chains assemble with four

CD3 chains, which form ed and eg heterodimers and zz homodimers (2). While it has been

shown that TCRa pairs with CD3ed and TCRb pairs with CD3eg (3); recent CryoEM
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structure analysis of TCR-CD3 revealed more grift interactions of

TCR-CD3 chains and showed CD3d has also an interaction with

TCRb constant domain (4). Following the completion of TCRab-
CD3edeg pairings, the fully assembled TCR-CD3 complex is

formed after zz homodimers join this pentameric structure

through TCRa chain binding (2). The assembly of the TCR-CD3

complex is vital for TCR surface expression since in the absence of

CD3 the TCR a and b chains undergo rapid degradation in the ER

(5). In addition to enabling TCR surface expression, CD3 plays a

key role in transmitting T cell activation signals through ITAMs

found in the cytoplasmic tails of each CD3 chain (5).

Being a key component of TCR surface expression, CD3 is also

crucial in TCR gene therapy, where efficient TCR-CD3 assembly is

required for optimal antigen-specific function. We have previously

shown that CD3 limits the TCR surface expression of TCR gene

engineered murine T cells. We found that the transduction of

CD3g,d,e,z together with TCRa/b markedly enhanced TCR

expression levels of engineered T cells and improved their ability

to protect against tumour growth in vivo (6). However, it has

remained unclear whether all four CD3 chains are required to

achieve enhanced TCR expression, and whether the findings in

mouse T cells would also apply to humans.

In this study we have performed a detailed analysis of the role of

TCRa/b and CD3g,d,e,z in the regulation of TCR surface

expression in primary human T cells. We found that TCR surface

levels are primarily regulated by CD3z, and that an abundant pool

of endogenous TCRa/b and CD3g,d,e chains can be recruited for

increased surface expression by providing human T cells with

additional CD3z. In the setting of TCR gene therapy, the co-

transduction of TCR and CD3z increased the surface expression

of the introduced TCR and enhanced the antigen-specific function.
Methods

Cell culturing

Human PBMCs (Human Peripheral blood mononuclear cells)

and HLA-A2+ T2 cells (can be efficiently loaded with exogenous

peptides as they lack the transporter associated with antigen

processing) were cultured in RPMI 1640 media (Lonza)

supplemented with 10% FCS (Merck), 2mM L-Glutamine (Gibco)

and 100U/ml Penicillin/Streptomycin (Invitrogen). HEK293T

(Human Embryonic Kidney Epithelial) packaging cells were

cultured in IMDM media (Lonza) supplemented with 10% FCS

and 2mM L-Glutamine and 100U/ml Penicillin/Streptomycin.
Activation of human PBMCs and CD8+
T cells

Human PBMCs were obtained from healthy volunteers via

National Health Blood Transfusion Service (Approved by UCL

Research Ethics Committee, Project ID: 15887/001). 48 hours prior

to retroviral transduction, bulk PBMCs were activated at 1x106

cells/ml with 20ml/ml anti-CD3/CD28 dynabeads (Gibco) and
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30U/ml Roche IL-2. In some experiments transduced human T

cells were stimulated in vitro for 7 days with T2 cells presenting the

TCR recognised peptides, followed by second round of peptide

stimulation for 7 days.

For T cell functional assays, PBMCs were MACS (Magnetic-

Activated Cell Sorting) sorted for CD8+ T cells following the

manufacturer’s instructions (Miltenyi Biotech). Sorted CD8+ T

cells were activated at 1x106 cells/ml with 20ml/ml anti-CD3/

CD28 dynabeads and 30U/ml Roche IL-2.
Antibodies and peptides

The following antibodies were used for the flow cytometric

analysis of the cells: anti-human antibodies CD3-PE-Cy7 (SK7,

BioLegend), TCRa/b-PE (IP26; Invitrogen) , IgG1-PE

(Invitrogen), IL-2 APC (MQ1–17H12, eBioscience), IFN-g-PE

(B27; Invitrogen), VLHDDLLEA Tetramer-PE (BML), PD-1-

BUV661 (BD) , LAG3-BUV803 (Inv i t rogen) , TIGIT-

AlexaFlour700 (Invitrogen). Other antibodies used were anti-

murine CD19-eFluor450 (1D3; Invitrogen), V5-APC (rabbit

polyclonal; abcam) and purified myc (Bio-Rad). Live/Dead-

eFluor780 (Invitrogen) was used to identify live cells. Peptides

used for the T cell functional assays were: pCMVpp65

(NLVPMVATV) for the CMV TCR and pHA1 (VLHDDLLEA)

for the HA-1.m2 and HA-1.m7 TCRs. The pHA2 (YIGEVLVSV)

peptide was used as a control peptide.
Retroviral vectors

DNA constructs were cloned into retroviral pMP71 vectors. For

the CD3 constructs, IRES GFP was placed at the 3’ end and viral 2A

sequences were used to separated constructs with polycistronic

genes. The TCR constructs consisted of a TCRa chain, a viral

P2A sequence, a TCRb chain, a viral T2A sequence, and truncated

murine CD19. A V5 tag was incorporated upstream of the TCR a
variable domain and two myc tags were placed upstream of the TCR

b variable domain.
Retrovirus production and
cell transductions

Retrovirus production and the transduction of primary human

T cells were performed as previously described (7). For the

retroviral co-transduction of HEK293T cells, 2x105 HEK293T

cells were seeded into wells of a 24 well tissue culture treated

plate in 500ul IMDM media and incubated for 30 mins at 37°C.

After ensuring the cells were attached, media was discarded

carefully and 250ml of each of the stated CD3 and TCR viral

supernatants were added. Transduction was performed by

centrifugation at 32°C, 2000rpm, 90 mins, no brake. The viral

supernatant was discarded, and each well was supplied with 2ml

fresh IMDM. 48–72h post transduction, cells were stained for Live/

dead, and the antibodies stated in the text. Data was collected by
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LSRFortessa (BD Biosciences) and the analysis was done by

FlowJo software.
Intracellular cytokine staining

3x105 T2 cells were loaded with the stated concentrations of

relevant or irrelevant peptide for 2 hours at 37°C, washed and then

co-cultured with 7–10 days post-transduced 3x105 CD8+ T cells for

18 hours. Assays were conducted in a 96 well plate, round bottom in

a volume of 250 ul/well of RPMI media supplemented with

Brefeldin A (Merck) at 1 ug/ul. Cells were stained for surface

markers and washed. Fixation and permeabilization of the cells

was performed by BD Cytofix/Cytoperm Kit as per manufactuer’s

instructions. and then stained for IL-2 and IFN-g for 1 hour at 4°C.
Data was acquired on a LSRFortessa and analysed using

FlowJo software.
Killing assay

7–10 days post-transduced CD8+ T cells were employed in

killing assays. HLA-A2+ T2 cells were loaded with cognate peptide

were labelled with 0.02uM CFSE whilst cells loaded with control

peptide were labelled with 0.2uM CFSE. Following peptide loading

for 2h, T2 cells were mixed at 1:1 ratio and 1x105 transduced CD8+

T cells were co-cultured with 1x105 mixed T2 cells for 18 hours.

Cells were stained with anti-human CD3 Ab and Live/Dead

antibodies, and data acquisition was done by LSRFortessa and

analysed by FlowJo software. Antigen specific killing of T cells

was calculated as % Specific Killing = 100- [(Relevant/Irrelevant T2

cells with T cells)/(Relevant/Irrelevant T2 cells with no T

cells)]*100.
Results

Endogenous CD3 levels limit TCR
expression in human T cells

We designed a retroviral vector cassette encoding all four

human CD3 chains separated by 2A sequences, and GFP

separated by an IRES element (Figure 1A). We also produced

vectors that contained only one CD3 chain (z or e or d or g) and
a control vector containing IRES GFP but no CD3 components.

GFP expression was used to demonstrate successful transduction of

primary human T cells, and TCR surface expression was

determined in gated cells expressing similar levels of GFP

(Figures 1B, C). Using antibodies specific for human a/b TCR

and human CD3e we found that the expression levels of TCR in T

cells transduced with the vector encoding all CD3 chains was

approximately 5-fold higher than in T cells transduced with the

GFP control vector (Figure 1C). The transduction of individual

CD3 chains revealed that z was able to increase TCR expression by

nearly 3-fold, while transduction with e resulted in only modest

improvement of TCR expression. Surprisingly, provision of
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additional g or d significantly decreased TCRa/b surface

expression in human T cells (Figure 1D). This is most likely due

to a competition for CD3e whereby high levels of g leads to high

levels of g/e dimers and a reduction in d/e dimers, while high levels

of d reduces g/e dimer formation. The reduction of either d/e dimers

or g/e dimer impairs the assembly of and surface expression of

intact TCR/CD3 complexes in T cells with excess g or d,
respectively. The observed changes in TCRa/b surfaces

expression were mirrored by similar changes in CD3e, although
the intensity of CD3e staining was less than the TCR staining. CD4

+ and CD8+ T cells showed similar responses to the provision of

exogenous CD3 constructs. Increases in TCR and CD3 expression

levels were seen in both T cell subsets following the provision of all

four CD3 chains or CD3z and CD3e alone (Figure 1E).
Not all four CD3 chains are required to
achieve optimal TCR surface expression

Next, we tested whether all CD3 chains were required for

optimal expression increase of endogenous TCRs in primary

human T cells. We first generated 4 vectors that contained three

CD3 chains but lacked either g,d,e or z. Transduction of T cells

revealed that the lack of z significantly reduced the ability of the

introduced CD3 chains to increase TCR surface expression

(Figures 2A, B). In contrast, the lack of g or d did not

significantly reduce the level of TCR upregulation that is seen

when all four CD3 chains were transduced into T cells, whereas

significantly less TCR expression was observed when e was the

missing in the transduction vector (Figures 2A, B). This suggested

that the endogenous levels of CD3z are the most rate limiting CD3

chain in determining TCR surface expression, followed by CD3e,
while endogenous CD3g and d are relatively abundant and do not

limit TCR/CD3 assembly and surface expression. This

interpretation is compatible with the observation that the

transduction of T cells with a vector encoding only z,e and

lacking g,d resulted in substantial upregulation of TCR surface

expression (Figures 2A, B).

The surface expression profiles of CD3e showed a similar

pattern as the expression profiles of TCRa/b (Figure 2C).

Interestingly, transduction of T cells with the vector containing

only g,d,z resulted in a 2-fold increase in CD3e surface expression
compared to that of T cells transduced with control, indicating that

surplus endogenous e chains were available for the assembly of

additional TCR-CD3 complexes.
CD3 d and e are essential to reconstitute
TCR surface expression in HEK293T cells

The previous experiments have identified which CD3 chains are

rate limiting and which are abundant in primary human T cells. In

the next set of experiments, we wanted to determine which CD3

chains are essential to achieve TCR surface expression. For this

purpose, we used the HEK293T (Human Embryonic Kidney) cells

that lack endogenous CD3 and TCR. We used vectors expressing all
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four CD3 chains, or various chain combinations as illustrated and

described in Figures 3A, C.We also used a vector encoding an HLA-

A0201-restricted TCR specific for CMV, where the a and b chains

were tagged with V5 and myc epitopes, respectively, to measure

TCR expression with antibodies specific for these tags (8)

(Figure 3B). Co-transduced HEK293T cells were analysed for

GFP and CD19 expression, to identify GFP+CD19+ positive cells

that were successfully co-transduced with both the CD3 and the

TCR vectors (Figure 3C). Co-transduction of all four CD3 chains

and the TCR resulted in efficient TCR a/b surface expression,

whereas co-transduction of GFP control vector and TCR did not
Frontiers in Immunology 04
result in TCR surface expression (Figure 3C). We then tested

vectors with three CD3 chains and found that the absence of the

d or e chain nearly abolished TCRa/b surface expression

(Figures 3C–E). In contrast, the effect of absence of the g or z
chain was less detrimental as TCR expression was retained,

although much reduced compared to the expression achieved

with all four CD3 chains (Figures 3C–E). We observed that the

CD3 d and e chains were sufficient to achieve low levels of TCRa/b
expression on the surface of transduced cells (Figures 3C–E). As

before, the expression pattern of CD3e in the co-transduced

HEK293T cells mirrored the observed TCRa/b expression
A

B

D

E

C

FIGURE 1

Endogenous CD3 limits TCR expression in human T cells. (A) Schematic representations of the CD3 retroviral vectors encoding all 4 CD3 chains (i)
or only one of the CD3 chains (ii) and used to transduce primary T cells. (B) Representative example of seven independent experiments of primary T
cells transduced with either a GFP control construct, or the construct containing all CD3 genes, or individual genes. Shown is GFP expression,
indicating transduction efficiency. (C) Representative plots of seven independent experiments showing TCR and CD3 expression in GFP+ population
defined by the gates in panel (B). (D) Pooled data bar graphs showing MFI (median fluorescence intensity) of TCR and CD3 expressions in GFP+
gated primary T cells transduced with control or CD3 constructs (n=7). MFI (Mean +/- SEM) data has been normalised to control. Mann Whitney U
test was applied; *p<0.05, **p<0.01, ***p<0.001, ****p<0,0001, ns p>0.05. (E) Bar graphs showing TCR and CD3 expression in GFP+ pre-gated CD4
+ and CD8+ T cells transduced with control or CD3 constructs (n=5). MFI (Mean +/- SEM) data has been normalised to control.
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(Figures 3D, E). Finally, tetramer staining studies showed that the

surface expression levels of TCRs (Figure 3E) correlated with the

efficiency of tetramer binding (Figures 3F, G). The data also showed

that tetramer staining required a certain threshold of TCR

expression, which was only reached with all four CD3 chains and

with CD3z,e,d. Together, these data suggest that CD3 d/e dimers

are particularly important in initiating the assembly of a TCR-CD3

complex, which can then associate with g/e dimers and z/z
homodimers for efficient migrating from the ER to the cell

surface. In the absence of g/e and z/z some assembled TCRa/b-
CD3d/e complexes seem to escape ER degradation and reach the

cell surface, although at much lower levels than fully assembled

TCR-CD3 complexes containing all CD3 chains.
CD3z provision can be harnessed in TCR
gene therapy.

As primary human T cells contained surplus CD3g, d, e chains,
we explored whether the provision of additional z chains in the

context of TCR gene therapy would be sufficient to enhance the

expression levels and the antigen-specific function of introduced

TCRs. Hence, we placed the human CD3z gene downstream of

three different TCRs specific for the minor histocompatibility

antigens HA-1.m2 and HA-1.m7, and for the pp65 antigen of

CMV (Figure 4A). The TCR genes were tagged with the V5 and

myc epitopes to measure TCRa and b expression, and CD19 was

used to identify transduced T cells. For each TCR we also tested 3

variants that contained defined amino acid changes in the

framework of the TCR variable domains that we previously

demonstrated to improve TCR expression levels (7, 8).

Figure 4B shows a representative experiment of human T cells

transduced with the HA1.m2 wild type TCR or with the three

variants V1–3 (top panels). The bottom panels show expression

levels of each TCR in the presence of additional CD3z. The data

show that for each TCR, the inclusion of CD3z increased the
Frontiers in Immunology 05
percentage of T cells that express both introduced TCR chains

(V5+myc+) and reduced the percentage of cells that are single

positive for V5 or myc. In these single positive T cells the

introduced V5-tagged a chains have mispaired with endogenous

b chains, and the myc-tagged b chains have mispaired with

endogenous a chains. Figure 4C shows that additional z
consistently increased the percentage of T cells expressing the

introduced a and b chains for all 12 TCRs tested. In addition to

the increase in T cell numbers expressing both TCR chains,

exogenous CD3z also increased the level of surface expression in

transduced cells (Figure 4D), which correlated with increased

expression levels of CD3e (Figure 4E). Figure 4F shows the

summary of TCRa, b and CD3e expression levels of all 12 TCRs

in the absence and presence of CD3z.
Additional CD3 z boosted antigen specific
cytokine production and killing activity by
human T cells

As additional CD3z augmented the density of the introduced

TCRs on the surface of human T cells, we tested whether this

improved antigen specific T cell function. CD8+ T cells expressing

either TCR-only, or the TCR+z combination of the HA-1.m2, HA-

1.m7 or CMV-specific TCR were challenged with titrated

concentrations of relevant peptide. In these functional

experiments we compared the wild type TCR with the variant 3

modifications in the framework of the V-regions, because we

previously showed that the V3 modifications were most effective

in increasing TCR expression and function (7). This allowed us to

test whether addition of CD3z can further improve the functionality

of the V3 TCRs. Figure 5A shows that the addition of CD3z
improved the antigen-specific IFN-g and IL-2 production of the

wild type HA1.m7 TCR and also of the V3 variant. The

combination of V3+CD3z was most efficient in enhancing the

poor antigen-specific response of the wild type HA1.m7 TCR.
A B C

FIGURE 2

Not all four CD3 chains are required for maximal TCR expression. (A) Representative histogram plot of five independent experiments showing the
TCR expression in primary T cells transduced with control or stated CD3 constructs. Pooled data bar graphs showing the TCR (B) and CD3 (C)
expressions of gated GFP+ T cells. MFI data (mean +/- SEM) has been normalised to control (n=5). Mann-Whitney U test was applied: *p<0.05,
**p<0.01, ***p<0.001, ns p>0.05.
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FIGURE 3

CD3ed initiate TCR reconstitution in HEK293T cells. (A) Schematic representation of the CD3 constructs retroviral vectors. GFP was used as a
transduction marker. (B) Schematic representation of the retroviral vector map of the CMV TCR construct. V5 and Myc tags allow the expression
levels of TCRa and TCRb chains to be determined through anti-V5 and anti-Myc antibodies, respectively. CD19 was used as a transduction marker.
(C) Representative example of three independent experiments showing the TCRa and TCRb expressions of HEK293T cells co-transduced with
control or CD3 constructs along with CMV TCR gated on GFP+CD19+ cells as indicated in the left hand-side plot. (D) Bar graphs showing
expressions of TCRa, TCRb and CD3 of HEK293T cells co-transduced with control or CD3 constructs along with CMV TCR. MFI data (mean +/-
SEM) has been normalised to control (n=3). (E) Pooled data bar graphs showing the percentage of GFP+CD19+ gated HEK293T cells expressing the
introduced CMV TCR (n=3). Unpaired t-test was applied; *p<0.05, **p<0.01, ***p<0.001, ****p<0,0001 (F) Representative FACS plots of three
independent experiments showing tetramer binding of control or several CD3 constructs + HA-1.m2 V3 TCR co-transduced HEK293T cells. (G) Bar
graph showing the percentage of Tetramer positive HEK293T cells (n=3). Unpaired t-test was applied; * p<0.05, **p<0.01, ns>0.05. Cells pre gated
on Live>Singlets>GFP+CD19+.
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FIGURE 4

Following antigen-specific TCR transduction, CD3z provision enhances TCR expression and reduces mispairing. (A) Schematic representation of the
retroviral TCR+z constructs. TCR only vectors did not contain CD3z. (B) Representative FACS plots of three independent experiments showing
primary T cells transduced with the wild-type HA-1.m2 TCR (WT) or three variants V1, V2, V3 (top panel) and their CD3z added versions (bottom
panel). Q2 numbers are the percentages of cells expressing both a and b chain of the introduced TCR. (C) Pooled data (mean +/- SEM) of three
independent experiments showing the percentage of transduced cells expressing both introduced TCR chains for all TCR versions tested with or
without CD3z. (D, E) Pooled data (mean +/- SEM) of three independent experiments showing TCRa/b (D) and CD3 (E) expressions of primary T cells
transduced with the TCR versions of 3 antigen specific TCRs with or without CD3z. (F) Summary pooled data of relative MFI of TCRa/b and CD3
expression of all 12 TCRs tested in 3 independent experiments, comparing transduction with TCR only, and TCR+z. The MFI values of TCR+z are
relative to that of TCR only. Mann-Whitney U test was applied. ****p<0,0001.
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FIGURE 5

CD3z provision increases antigen specific cytokine production and killing activity of CD8+ T cells. 7-10 days post-transduced T cells were co-
cultured with relevant or irrelevant peptide loaded T2 cells at 1:1 ratio. (A) Representative FACS plots of three independent experiments showing the
IL-2 and IFN-g expression of primary T cells transduced with HA-1.m7 WT or V3 without CD3z (top panel) or with CD3z (bottom panel) following
stimulation with 10uM peptide. (B) Pooled data (n=3) showing the percentage of T cells expressing both IL-2 and IFN-g at the stated peptide
concentrations. Unpaired t-test was applied; *p<0.05, **p<0.01, ***p<0.001. (C) Pooled data (n=3) showing target cell killing at the stated peptide
concentrations by T cells transduced with the indicated TCRs. Unpaired t-test showed no significant difference between TCR only and TCR+CD3z
(D) Pooled relative killing data of all three TCRs tested in 9 independent experiments. At each peptide concentration the killing activity of the zeta
added TCRs is relative to the killing activity seen with TCRs without zeta. (C) Wild type TCRs without and with CD3z. (E) V3 TCRs without and with
CD3z. Mann-Whitney U test was applied; *p<0.05, **p<0.01, ***p<0.001, ns p>0.05.
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The analysis of the HA1.m2 and CMV TCRs confirmed that the V3

modification combined with CD3z was most effective in enhancing

antigen-specific functionality of wild type TCRs, although the

CMV-V3 TCR mounted a strong response in the absence of

additional CD3z (Figure 5B). We also compared antigen-specific

cytotoxicity of human T cells transduced with TCR only, or TCR

+CD3z. Interestingly, the killing activity of the HA-1m7 TCR and

its V3 version did not increase in the presence of CD3z (Figure 5C),
although cytokine production of these TCRs was substantially

improved by CD3z (Figure 5B). For the wild type HA-1m2 and

CMV TCR the killing activity and cytokine production were both

improved by CD3z to a similar extent, while the V3 versions of

these TCRs showed enhanced cytokine production but little or no

improvement in cytotoxicity (Figures 5B, C).

The pooled cytotoxicity data of the three wild type TCRs

showed a significant increase of cytotoxicity at all peptide

concentrations, particularly at low concentrations (Figure 5D). In

contrast, the killing activity of human T cells transduced with the

modified V3 TCRs was unchanged at high peptide concentrations,

and inc r e a s ed k i l l i n g wa s on l y de t e c t ab l e a t l ow

concentrators (Figure 5E).

Together, the data indicate that the effect of additional CD3z on
cytotoxic activity varied substantially between the 3 different TCRs

tested. The data also showed that the ability of CD3z to increase

antigen-specific killing is particularly noticeable at low

antigen concentration.

In a final set of experiments, we tested whether addition of

CD3z in TCR transduced primary human T cells resulted in the

upregulation of T cell exhaustion markers PD1, LAG3 and TIGIT.

Human T cells were transduced with the CMV TCR without or with

CD3z, and then stimulated at day 0 with the TCR-recognised

CMV-peptide for 7 days, followed by another round of peptide

stimulation for an additional 7 days. Flowcytomerty was used to

determine PD1, LAG3 and TIGIT expression prior to peptide

stiulation at day 0, and after each round of petide stimulation at

day 7 and 14. The data in Figures 6A–C show the exhaustion

marker analyses of gated CD8+ T cells, indicating that CD3z did

not significantly alter the percentage of cells expressing PD1, LAG3

and TIGIT.
Discussion

In this study we showed that the level of TCR expression on the

surface of human T cells is regulated by the CD3 chains. The

majority of endogenously produced TCR a and b chains are not

assembled into TCR-CD3 complexes and thus not expressed on the

cell surface. Providing human T cells with all four additional CD3

chains resulted in a 5-fold increase in TCRa/b surface expression,

suggesting that in physiologic conditions T cells utilise no more than

20% of the endogenously produced TCRa/b chains. We also found a

hierarchy in the abundance of CD3 chains and identified g as the

most abundant chain, followed by d, e and z. Our data indicated that
the z chain is the key regulator of TCR surface levels, since provision

of additional edg had little effect on surface expression, while

provision of additional z alone resulted in 3-fold increase of TCR
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on the cell surface. A critical role of CD3z in TCR expression and T

cell function is supported by the observation that decreased z
expression, associated with reduced TCR expression and impaired

T cell function, has been described in tumour infiltrating T cells in

various human cancers (9). Although several mechanisms may

contribute to decrease z expression in tumour infiltrating T cells

(10–14) the restoration of sufficient CD3z expression levels provides

an attractive target for cancer immunotherapy.

While CD3z determines TCR expression levels in primary

human T cells, our experiments in HEK293T cells have shown

that TCRa/b surface expression can be achieved in the absence of z.
In contrast, the CD3d and e chains were strictly required to achieve

any detectable TCRa/b expression in transduced HEK293T cells.

This is consistent with recent structural details of the TCR/CD3

complex, showing a key role of the interaction between d/e dimer

and the TCRa chain in enabling the assembly of the complete TCR-

CD3 complex (4, 15). Although CD3d/e was sufficient to achieve

detectable TCR expression, it was very inefficient as the TCR surface

levels were only 1/10 (check MFI) of what was achieved when all

four CD3 chains were present. This suggests that, in the absence of g
and z, the majority of TCRa/b-CD3d/e complexes did not arrive at

the cell surface and were instead degraded intracellularly.

Interestingly, the addition of z to the TCRa/b-CD3d/e increased

TCR surface expression levels to 80% (check MFIs) of the fully

assembled TCR-CD3 complex. The relative subtle TCR expression

defect seen in the absence of CD3g mirrors the relatively subtle

clinical phenotype of patients with g-deficiency compared to the

severe disease of patients with d-deficiency (16).

We have previously demonstrated that amino acid changes in

the framework of the variable a and b domains can enhance TCR

expression without changing antigen specificity (8). Here, we have

demonstrated that combining TCR V-region engineering and CD3z
gene transfer can further increase TCR expression and antigen-

specific T cell function. Compared to T cells transduced with wild

type TCRs, transduction with V-region engineered TCR and CD3z
enhanced antigen-specific T cell responses at least 3-fold at all

peptide concentrations tested. While the benefit of adding CD3z to
the V-region engineered CMV-TCR was small, the performance of

the engineered HA1-m2 and HA1-m7 TCR was doubled by the

presence of z. The data in this report supports the validation of this

strategy with in vivo preclinical modelling prior to its use in

humans. Although providing additional z does not change TCR

affinity and fine specificity, it does increase T cell avidity which

could result in the recognition of cross-reactive peptides that fail to

trigger low avidity T cells. Despite the observation that z reduced

the percentage of human T cells expressing mis-paired TCRs, the

level of mis-paired TCR expression in the remaining T cells is

expected to be increased. Safety concerns and possible toxicities of

mis-paired TCRs could be overcome by the deletion of endogenous

TCRs using CRISPR gene editing.

Recent publications have shown the benefits of disrupting

endogenous TCR genes in human T cells engineered to express

chimeric antigen receptors (CARs) or TCRs. The insertion of CARs

into the TCRa gene locus has improved the ability of T cells to

protect against tumour growth in murine models (17). In this

setting, CAR expression was regulated by the endogenous TCRa
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promoter, which resulted in lower levels of expression compared to

CAR expression from a retroviral promotor, and functionally

correlated with reduced constitutive CAR signalling and reduced

T cell exhaustion. The benefit of knocking out endogenous TCRa
and b genes and inserting an exogenous TCRa/b construct into the
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TCRa locus under the control of the endogenous promoter has also

been demonstrated recently (18). In this setting, removing

endogenous TCR a and b chains prevented any mispairing with

the introduced TCR chains. However, the surface expression level of

the introduced TCR was not determined by the TCRa promoter but
A

B

C

FIGURE 6

CD3z does not increase expression of T cell exhaustion markers. Exhaustion marker expression in human T-cells transduced with the CMV wild type
TCR (WT) or CMV wild type TCR plus CD3z (WT+z) prior to in vitro stimulation with APC presenting the TCR-recognised CMV peptide NLV (day 0),
or after two rounds of weekly peptide stimulation (day 7 and day 14). (A) Representative FACS plots (left) and percentage of PD1 positive cells in
gated CD8+ T-cells (right). (B) Representative FACS plots (left) and percentage of LAG3 positive cells in gated CD8+ T-cells. (C) Representative FACS
plots (left) and percentage of TIGIT positive cells in gated CD8+ T-cells. All FACS plots are gated on transduced T cells expressing CD19 and GFP.
Unpaired t-test was applied. ns p>0.05. D0: n=4, D7/14: n=5.
frontiersin.org

https://doi.org/10.3389/fimmu.2024.1386132
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Degirmencay et al. 10.3389/fimmu.2024.1386132
remain instead under the control of the endogenous CD3z chain.

Hence, it remains to be explored whether expression of introduced

TCRs from the endogenous TCRa promotor provides T cells with

functional benefits over TCR expression driven by promoters of

lenti and retroviral vectors, as in each case the regulation of surface

expression remains under the control of endogenous CD3z.
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