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Abstract

The coreceptor CD8ab can greatly promote activation of T cells by strengthening T-cell receptor (TCR)
binding to cognate peptide-MHC complexes (pMHC) on antigen presenting cells and by bringing p56Lck to
TCR/CD3. Here, we demonstrate that CD8 can also bind to pMHC on the T cell (in cis) and that this inhibits
their activation. Using molecular modeling, fluorescence resonance energy transfer experiments on living
cells, biochemical and mutational analysis, we show that CD8 binding to pMHC in cis involves a different
docking mode and is regulated by posttranslational modifications including a membrane-distal interchain
disulfide bond and negatively charged O-linked glycans near positively charged sequences on the CD8b stalk.
These modifications distort the stalk, thus favoring CD8 binding to pMHC in cis. Differential binding of CD8 to
pMHC in cis or trans is a means to regulate CD8þ T-cell responses and provides new translational
opportunities.
© 2019 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Heterodimeric CD8ab functions as a coreceptor
and can greatly increase the sensitivity and breadth
of antigen recognition by CD8þ peripheral T cells
bearing the T-cell receptor ab (TCR) [1,2]. The
cytoplasmic tail of CD8a carries two vicinal cysteines
that bind p56Lck (Lck, lymphocyte-specific protein
tyrosine kinase) via a coordinate complex [3]. The
basic cytoplasmic domain of CD8b promotes asso-
ciation with lipid microdomains (rafts) and Lck [4, 5)].
By binding to major histocompatibility complex
(MHC) class I-peptide complexes (pMHC) asso-
ciated with the TCR, CD8 strengthens binding to
cognate pMHC and brings Lck to the TCR/CD3
complex, thus facilitating Lck-mediated phosphory-
thor(s). Published by Elsevier Ltd. This is
ses/by-nc-nd/4.0/).
lation of CD3 immunoreceptor tyrosine-based acti-
vation motifs [6e8]. In addition, CD8 can bind to
noncognate pMHC in the absence of TCR, which is
referred to as accessory function and promotes T
cell adhesion and activation [8]. During T cell
development, CD8 activity is regulated by changes
in glycosylation and sialylation of conserved threo-
nines in the distal CD8b stalk [9e11]. Similar
changes occur on T-cell differentiation and activation
[12e14]. It has been proposed that these changes
modulate the CD8 binding affinity for pMHC, which
remains controversial [9,15].
The structures of the CD8a and b stalks are

assumed to be extended and semirigid, capable of
spanning across the TCR and pMHC variable
domain to allow the CD8 Ig domain to bind to the
an open access article under the CC BY-NC-ND license (http://
Journal of Molecular Biology (2019) 431, 4941e4958

https://doi.org/10.1016/j.jmb.2019.10.019
https://doi.org/10.1016/j.jmb.2019.10.019
mailto:immanuel.luescher@unil.ch
https://doi.org/10.1016/j.jmb.2019.10.019
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


4942 CD8 Binding of MHC-Peptide Complexes
MHC constant domain [15e17]. Both CD8 stalks
contain a membrane proximal and a distal cysteine
[9]. Formation of a membrane proximal interchain
disulfide bond is important for CD8 chain assembly
and intracellular transport [18]. It is not known
whether there exists a second interchain disulfide
bond, which is not evident because the CD8a and b
stalks are asymmetric in terms of length and spacing
of their two cysteines.
The X-ray structures of CD8aa and CD8ab

immunoglobulin (Ig) domain in complex with pMHC
are similar [17,19]. In the murine CD8ab-Dd com-
plex, CD8b is positioned near the pMHC a1 variable
domain, which allows binding to cognate pMHC on
the target cell in spite of its shorter stalk. Before the
structure of CD8ab-pMHC complex was known,
mutational analyses were performed to identify the
CD8ab-pMHC docking orientation [20e23]. Several
of that data cannot be explained by the known
CD8ab-Dd structure, arguing that there exists a
second docking mode. It has been shown that
CD8ab can bind to pMHC on the same T cell (in
cis), which may involve a different binding orienta-
tion, similar to Ly49s that can bind pMHC in cis and
trans using different binding modes [24e29]. It is
noteworthy that activated CD8þ T cells express
abundant misfolded MHC class I heavy chains that
have been reported to interact with different mole-
cules, including CD8, which may involve phosphor-
ylation of its cytoplasmic domain [30].
In the present study, we examined whether the

CD8ab heterodimer can bind pMHC in a different
configuration. We used CD8-transduced T cell
hybridomas and primary murine T cells, mutational
and functional analysis, fluorescence resonance
energy transfer (FRET) and in silico modeling to
demonstrate the existence of a second CD8ab-
pMHC docking orientation. We show that CD8-
pMHC binding on the T cell, in cis, attenuates CD8
function and CD8þ T-cell responses, and is
regulated by posttranslational modifications, i.e.,
the presence/absence of a membrane distal inter-
chain disulfide bond and negatively charged O-
linked sugars on the CD8b stalk. The biological
significance of this new regulatory principle is
discussed.
Results

The stalks of CD8a and CD8b each comprise two
cysteines, one of which is membrane proximal and
the other distal (Fig. 1AeC). The stalk of CD8b is
shorter than that of CD8a, as is the distances
between its two cysteines. This implies that if CD8
binds to a TCR-associated pMHC of another cell, the
CD8b Ig domain is proximal to the MHC variable
domain [17]. Conversely, if CD8 binds to pMHC on
the same cell [24,25], it conceivably adopts a
reversed orientation, in which the CD8b Ig domain
is proximal to the MHC constant domain.

Modeling and validation of a reversed CD8-
pMHC binding orientation

Given the possibility that CD8ab can bind to pMHC
on the same T cell (in cis) and the inability of the
existing crystal structure of CD8ab-Dd (in trans) to
explain all experimental data, notably the effects of
several point mutations (Table 1), we explored
whether there exists a second docking mode for
the CD8 Ig domain on the MHC. To begin, we
modeled the CD8ab-Kb complex starting from
random orientations and performing protein-protein
docking using the HADDOCK software [31,32].
Ambiguous distance restraints (satisfied if any
subset of interatomic distances between two mole-
cular regions is low) were applied to approximately
define the target interface regions, without imposing
restrictions on the CD8 binding orientation. We
obtained two main clusters of energetically stable
configurations (Fig. 1D and E). One cluster showed a
configuration very similar to the CD8ab-Dd X-ray
structure (Fig. 1F and G) [17]. Strikingly, we also
obtained a slightly better scoring cluster, in which
CD8ab is rotated approximately 180� relative to Kb

and CD8a proximal to the Kb variable domains
(reversed orientation) (Fig. 1H and I). This model
showed contacts between the CD8a residues R8,
E27, N83 and K84 and the Kb a2 residues E102,
R111, Q115 and E128 and (Fig. 1I). To test these
predictions, we mutated the Kb residues pairwise
and combined, produced biotinylated Kb-peptide
complexes using the NP356-364 peptide from the
lymphocytic choriomeningitis virus (LCMV), and
immobilized these on plates. The CD8-mediated
adhesion of activated cytotoxic T lymphocytes (CTL)
was reduced by about 25% by the Kb E102A/R111A
double mutation, slightly more (28%) by the Kb

Q115A/E128A double mutation and about 37% by
the quadruple mutation (Fig. 1J and K). Because
none of these contacts exist in the CD8ab-Dd X-ray
structure [17], these results suggest that CD8-pMHC
binding can occur also in an alternate, reversed
binding orientation. Qualitatively similar results were
obtained when the same docking procedures were
applied to CD8ab and Dd (Fig. S1).
To test this, we took advantage of the known

structures of Fab fragments of the anti-CD8a mAb
YTS105 and the anti-CD8b mAb YTS156 in com-
plex with CD8 [33,34] and modeled both Fab in
complex with our two CD8ab-Kb models (Fig. S2A
and B). This unequivocally showed that the YTS105
Fab could bind unimpeded only when CD8ab is in a
coreceptor-like orientation, and conversely that
YTS156 Fab could bind only when CD8ab is in
the reversed orientation (Fig. 1G and H) [17,34]. We
then examined whether the YTS105 and YTS156



Fig. 1. CD8 stalk sequences andmodeling of a novel CD8ab-pMHC bindingmode. (A, B) The CD8a (A) and CD8b
(B) stalk sequences of different species are listed with conserved residues in bold, cysteines in magenta, prolines in green,
and threonines in brown. The numbers indicate the residues between the two cysteines. The numbers indicate the amino
acids between the two cysteines. (C) Amino acid sequences of the stalk regions of mouse CD8a122-169 and CD8b115-154,
spanning 48 and 40 residues, respectively. Color-coding as in A. The numbers indicate the cysteines. (DeG) In silico
CD8ab docking to Kb yielded 200 configurations whose Haddock scores (more negative¼ better) are plotted as function of
the root mean square deviation (RMSD) of CD8ab backbone atoms calculated on alignment of the MHC a3 domains,
relative to the X-ray structure of the CD8ab-Dd complex (PDB: 3DMM) (D) or the complex in the reversed orientation
obtained by superimposing CD8ab onto CD8aa in complex with Kb (PDB: 1BQH) (E). The configurations represented in
cluster 1 (blue) are distant from the orientation of the X-ray structure (3DMM), but close to the initial reversed orientation.
The configurations represented in cluster 2 (red) show slightly lower scores and are similar to the coreceptor orientation
(3DMM). (F) Structure of mouse CD8ab in complex with Dd (PDB; 3DMM). G. Docking model of the CD8ab-Kb complex in
coreceptor orientation. Ribbons in tan indicate Dd or Kb, green b2m, red CD8b and yellow CD8a. (H, I) Docking model of
the CD8ab-Kb complex in reversed orientation (H). The predicted hydrogen bonds between residues of CD8a (yellow) and
the Kb variable domains (in tan) are shown as green dashed lines (I). (J, K) Activated CD8þ splenic T cells were labeled
with crystal violet and incubated with anti-CD3 mAb 145.2C11 in 96-well plates coated with Kb LCMV NP205e212
complexes. After washing, the percentage of adhered T cells was determined via the crystal violet absorbance (J). Mean
values and SD were calculated from two experiments (K).
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Fab inhibit cytokine responses. To this end,
activated P14 TCRþ T cells bearing CD8abWT
were incubated with Db transduced P815 cells,
preloaded with the LCMV GP33 peptide variant
KAVYNLATM in the absence or presence of the
Fab fragments. Consistent with our modeling, YTS
156 Fab strongly inhibited the IFNg and TNFa
responses, whereas the YTS 105 did not (Fig. S2C
and D). It is noteworthy that YTS 156 Fab avidly
inhibited both cytokine responses already at low
concentrations, whereas YTS 105 Fab was inhibi-
tory only at high concentrations. These results
pointed toward the existence of “reversed” orienta-
tion of CD8ab available to bind with anti-CD8b,
resulting in inhibition of T cell activation. Similar
findings were obtained in a previous study, which
also pointed out steric constraints of YTS 105
antibody binding to T celleassociated CD8-pMHC
complexes [34]. It is noteworthy that the anti-CD8a
mAb 53.6.72 binds to an epitope similar as the one
recognized by mAb YTS 105 and inhibits CD8-
mediated adhesion, but not cognate pMHC binding
(Fig. S2E) [8,33e35]. This is consistent with our
finding that mutations targeting the reversed orien-
tation had a strong impact on CD8-mediated
adhesion (Fig. 1IeK).



Table 1. CD8ab binding to pMHC in cis or trans involves different contacts [19e21,23,64e66].
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Mutation of CD8b cysteine C137 and C150 has
opposing effects on CD8 Ig domain membrane
proximity and T cell function

The existence of two alternate binding configura-
tions of CD8ab requires structural elements confer-
ring flexibility, namely in the CD8 stalks. Indeed, the
CD8abepMHC cis binding mode requires a kink in
the CD8 stalk to bring the CD8 Ig domain closer to
the plasma membrane of the same T cell. We
examined whether interchain disulfide bonds in the
CD8 stalks could favor such a kink. The stalks of
CD8a and CD8b each comprise two cysteines, one
of which is membrane proximal and the other one
distal, a feature that is highly conserved among
mammalian species (Fig. 1AeC).
To understand the contribution of each cysteine to

the assembly andconfiguration ofCD8ab, wemutated
the CD8b stalk cysteines in position 137 or 150 to
serine, and introduced wild type (WT) CD8bWT,
CD8bC150S or CD8bC137S into T1.4 T cell hybridomas,
which express theT1TCRandwild typeCD8a, but not
CD8b [4,5] (Fig. S3). The CD8a expression in the
mutant CD8b transfectants was slightly lower com-
pared with the hybridomas expressing CD8bWT or
CD8a only. The CD8b expression in the CD8bC150S
mutant was lower compared with the CD8bC137S
mutant, possibly because of impaired intracellular
transport [18]. To gauge the distance of the CD8ab Ig
domain to the plasma membrane, we used FRET
measurements based on fluorescence lifetime ima-
gingmicroscopy (FLIM). LivingTcell hybridomaswere
stained with Alexa 488 labeled Fab fragments of the
anti-CD8b mAb 53.5.81 (donor) and the membrane
dye 1,10-dioctadecyl-3,3,30,30-tetramethylindodicarbo-
cyanine 4-chlorobenzenesulfonate (DiD) (acceptor).
The average FRET efficiency measured on hybrido-
mas expressing CD8abWT was substantially lower
than on thoseexpressingCD8abC150S, but higher than
on hybridomas expressingCD8abC137S (Fig. 2A,C,D).
Because CD8abC150S has solely the membrane distal
interchain disulfide bond (between CD8aC151 and
CD8bC137) and CD8abC137S has the membrane
proximal one (between CD8aC166 and CD8bC150),
these results indicate that the former disulfide bond
favors CD8 immunoglobulin domainmembrane proxi-
mity, whereas the latter disfavors it. When the cells
were washed with acidic buffer, to dissociate cell
surface pMHC complexes [26,27], a substantial
reduction in FRET efficiencies was observed, espe-
cially on cells expressing CD8abC150S (Fig. 2B). This
argues that the interchain disulfide bond between



Fig. 2. Mutation of the CD8b stalk cysteine 137 and 150 differently affect the CD8 Ig domain orientation and T1 T
cell hybridoma function. (A) T1.4 hybridomas expressing CD8ab wild type (WT) (blue) CD8abC137S (red) or CD8abC150S
(green) were labeled with Alexa 488 conjugated Fab fragments of the anti-CD8b mAb 53.5.8 and with lipophilic 1,10-
dioctadecyl-3,3,30,30-tetramethylindodicarbocyanine, 4-chlorobenzenesulfonate (DiD). The average proximity between
the CD8b Ig domain and the plasmamembrane was measured as a change in the fluorescence lifetime of the donor (Alexa
488) in the presence of the membrane acceptor (DiD). Each dot represents the FRET efficiency (E) of a cell and the bold
horizontal bars their mean values. (B) The experiment was repeated after removal of their surface pMHC complexes by
acid wash. (C, D) Histograms represent the number of cells in the indicated FRET efficiency ranges measured on T1.4
hybridomas expressing CD8abC137S (C) or CD8aC150S (D). Mean values and SDwere calculated from the data shown in A.
(E) T1.4 T cell hybridomas expressing CD8ab, CD8aa, CD8abC137S or CD8abC150S were labeled with Indo-1 and
incubated with P815 cells (ratio ¼ 1/1) previously pulsed with graded concentrations of PbCS(ABA) peptide. After 5 min
intracellular Ca2þ mobilization was measured by flow cytometry as a ratio of the Indo-1 fluorescence emissions at 405 and
525 nm. (F) Alternatively, the hybridomas were incubated with P815 cells previously incubated with 0 (open bars), 0.01 mM
(doted bars) or 0.1 mM (full bars) PbCS(ABA) peptide and after 16 h the IL-2 of the supernatants was measured by ELISA.
Mean values and SD were calculated from three experiments.
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CD8aC151 and CD8bC137 favors a conformation of the
CD8 stalk that increases CD8 Ig domain membrane
proximity, whereas themembrane proximal interchain
disulfide bond does not.
The above data suggest that expression of the two

CD8b stalk mutations affect CD8 function. To test
this, we asked whether T cell hybridomas expressing
the CD8bWT or mutant CD8b chains would display
different functionality. T1 T cell hybridomas expres-
sing CD8aa, CD8abWT, CD8abC150S or CD8abC137S
were assayed for response to P815 cells pulsed with
1 mMPbCS(ABA) peptide, by measuring intracellular
Ca2þ flux. Compared with CD8abWT cells, the
CD8abC150S mutation impeded intracellular Ca2þ

flux to nearly the same low level as observed for
CD8aa expressing cells (Fig. 2E). By contrast the
CD8abC137S mutation slightly increased intracellular
Ca2þ levels. These differences were more striking at
lower antigen concentration (0.1 mM PbCS(ABA)
peptide). Similar findings were obtained when
antigen-induced IL-2 release was assessed
(Fig. 2F). This increase is explained by that the
CD8bC137S, mutation decreases the CD8 Ig domain
membrane proximity i.e., allows a fully extended
configuration, in which CD8 is best reactive as
coreceptor (Fig. 2AeD) [17].
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We next extended these investigations to primary
T cells, on which CD8 is subject to activation/
differentiation dependent posttranslational modifica-
tion [12,14,15]. First we assessed the CD8 Ig domain
membrane proximity on activated primary T cells
expressing CD8abWT, CD8abC137S or CD8abC150S
by means of donor fluorescence reduction. To this
end the cells were stained with Alexa 488 labeled
anti-CD8b 53.5.81 Fab fragment alone or together
with octadecyl-rhodamine B (R18), which being
lipophilic, binds to the plasma membrane and
absorbs the Alexa 488 fluorescence in a distance-
dependent manner [26]. The R18-mediated reduc-
tion of Alexa 488 fluorescence intensity (MFI) was
larger on CD8abC150S (73.6%) than on CD8abC137S
expressing cells (61.1%) (Fig. 3A and B), indicating
that the CD8 Ig domain of CD8abC150S was closer to
the membrane than that of CD8abC137S.
To assess the function of activated primary T cells,

we transduced splenic T cells from P14-TCR
Fig. 3. Mutation of the CD8b stalk cysteine 137 and
proximity and responses of primary CD8D T cells. (A) Sp
transduced with CD8a cistronically linked to CD8bwild type. Aft
a-CD8b-Fab fragment (red histograms) or costained with octa
red numbers indicate the corresponding Alexa-488 MFI and th
caused by R18, calculated as 100� [MFIAlexa 488 alonedMFIAlex
(in %) on cells expressing CD8ab WT (blue bars), CD8abC137S
SD were calculated from three experiments. (CeE) Alternative
previously pulsed with the indicated concentrations of GP33
TCRþ T cells (100%) were enumerated by flow cytometry on int
of CD107A (LAMP1) (E). Mean values and SD were calculate
transgenic CD8b knockout (KO) mice with CD8a
plus CD8bWT, CD8abC150S or CD8abC137S. Similar
to the hybridoma, CD8a expression in transfectants
with mutant CD8b was slightly lower compared with
the hybridomas expressing wild type CD8b or CD8a
only (Fig. S4). We assessed the IFNg response of
these cells on incubation with Db transfected
P815 cells (P815/Db) pulsed with the LCMV 33e41
peptide variant KAVYNLATM. As assessed by
intracellular cytokine staining, the IFNg response of
cells expressing the CD8bC150S mutant was mark-
edly reduced relative to cells expressing CD8abWT
(nearly threefold lower number of IFNgþ cells), while
those expressing CD8abC137S showed about 20%
more IFNgþ cells than wild type (Fig. 3C). Similar
differences were observed at different peptide
concentrations, or when TNFa responses were
assayed (Fig. 3D). In addition, the CD8bC150S
mutation resulted in marked loss of the cytotoxic
response, as assessed by CD107a surface
150 differently affect the CD8 Ig domain membrane
lenocytes from CD8b KO, P14 TCR transgenic mice were
er 8d the CD8þ T cells were stained with Alexa-488 labeled
decyl rhodamine B (R18) (blue histograms). The blue and
e black ones the reduction of the Alexa 488 fluorescence
a 488þR18]/MFIAlexa 488 alone. (B)Reduction of Alexa 488MFI
(red bars) or CD8abC150S (green bars). Mean values and
ly the cells were incubated with Db/P815 cells (E/T ¼ 3/1)
peptide variant KAVYNLATM. After 4 h the CD8abþ P14
racellular staining of IFNg (C), TNFa (D) or surface staining
d from two or more experiments.
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expression, compared with the CD8abWT transfec-
tant (Fig. 3E). Thus, loss of the membrane proximal
CD8ab interchain disulfide bond severely impaired
the functional avidity of CD8þ T cells and increased
the CD8's Ig domain membrane proximity, whereas
loss of the distal bond had the opposite effects and,
in some instances, slightly increases T-cell
response.

CD8b stalk sialylation and MHC I expression
increase CD8ab Ig domain membrane proximity
and inhibit T cell function

Based on the observation that extensive glycosy-
lation and sialylation of conserved CD8b stalk
threonines inhibits CD8 function and T cell activation
[9,11,12,36,37], we hypothesized that interactions
between negatively charged sialic acids and adja-
cent clusters of positively charged residues promote
bending of the CD8 stalk distal to the CD8aC151-
CD8bC137 disulfide bond and poise the CD8
Ig domain to bind pMHC on the T cell in cis
(Fig. 4A and B).
To test this, we treated naive CD8þ T cells with

neuraminidase, to remove the negatively charged
sialic acids, and assessed the membrane proximity
of the CD8 Ig domain by means of donor fluores-
cence quenching. The cells were stained with Alexa
488 labeled anti-CD8b 53.5.81 Fab fragment alone
or together with R18 and were analyzed by flow
cytometry. Neuraminidase treatment decreased the
Alexa 488 mean fluorescence intensity (MFI) by
about 20% compared with untreated naïve T cells
(Fig. 4C). To further examine how sialic acid
residues, affect the proximity of the CD8 Ig domain
membrane proximity, we used FRET measurements
based on FLIM. The same cells were stained with
Alexa 488 labeled Fab fragment of mAb 53.5.81 and
the membrane dye DiD. The average FRET effi-
ciency (E), reporting the distance between the CD8b
Ig domain (donor) and the cell membrane (acceptor),
was measured via change in fluorescence lifetime of
the donor. The FRET efficiency decreased on
neuraminidase treatment by approximately 17%
(Fig. 4D). These results demonstrate that removal
of negatively charged sialic acids decreases the
CD8 Ig domain membrane proximity and argue that
CD8-pMHC binding in cis is favored by sialylated O-
linked sugars in the CD8b stalk.
In a complementary approach, we examined the

membrane proximity of the CD8 Ig domain on
CD8abþ T cells expressing Kb and Db (MHCþ) or
not (MHCe). To this end, we knocked down Kb and
Db on P14 TCR CD8þ T cells bearing CD8abWT,
CD8abC137S or CD8abC150S. Knockdown led to
95e97% reduction in Db or Kb expression relative
to untreated cells, while the expression of CD8a and
CD8b was comparable in all groups (Fig. S5). The
cells were labeled with Alexa 488 53.5.81 Fab with
and without R18 and analyzed by flow cytometry
(Fig. 4E and F). The reduction of the Alexa 488
fluorescence (MFI) in the presence of R18 was
substantially lower on MHC� than on MHCþ cells
(Fig. 4G). Similar results were obtained when using
FLIM-FRET. This indicates that knockdown of MHC I
molecules decreased the CD8 Ig domain's mem-
brane proximity. To test whether this would translate
in functional effects, we examined whether reduced
surface expression of MHC-I on CD8þ T cells
enhances their antigen recognition. MHCþ or MHCe

P14 TCRþ CD8þ T cells expressing CD8abWT,
CD8abC137S or CD8abC150S were incubated with Db

transduced P815 cells that were pulsed with the
LCMV GP33 peptide variant KAVYNLATM, and T-
cell responses measured by intracellular IFNg and
TNFa staining. Both cytokine responses increased
on Db and Kb knockdown (Fig. 4H and I); a 25e30%
increase was observed for the CD8abC150S expres-
sing cells, while a more modest increase (8e12%)
was detected for CD8abC137S expressing cells.
These results indicate that knockdown of MHC I
molecules and the CD8abC137S mutation decreased
the CD8 Ig domain membrane proximity and
enhanced T cell antigen recognition.
These results argue that CD8 binds to pMHC

complexes on the same T cell. To directly test this,
we labeled CD8 transduced T cell hybridomas with
the cleavable cross-linker 3,30-dithiobis(sulfosucci-
nimidyl propionate (DTSSP). After immunoprecipita-
tion of MHC I molecules from detergent lysates and
reducing SDS-PAGE, Western blotting revealed
CD8a (Fig. S6A). Conversely, on immunoprecipita-
tion of CD8, it revealed MHC I heavy chains
(Fig. S6B). Mutation of CD8b C150 (CD8abC150S)
increased the amount of cross-linked CD8-pMHC
complexes relative to wild type, whereas mutation of
CD8b C137 (CD8abC137S) decreased it. Consistent
with our FRET data (Fig. 2AeD), these results
demonstrated that CD8ab associated with pMHC
complexes on T cell hybridomas (in cis). Further-
more, we investigated CD8-pMHC association on
activated, primary CD8þ T cells by confocal micro-
copy. To this end cell-associated pMHC complexes
were stained with Alexa 647 labeled anti Db/d/Kb/d

mAb 34-1-2S and with FITC labeled anti-CD8b YTS
156 mAb. After incubation in the cold, the two
fluorescent images showed a colocalization with a
Pearson correlation coefficient of approximately 0.82
(1 ¼ complete colocalization) (Fig. S6C). By con-
trast, when using the anti-CD8a mAb YTS 105, a
colocalization of only about 0.14 was observed
(Fig. S6D). A slightly higher colocalization (0.24)
was observed when FITC labeled anti-CD71 mAb
was used (Fig. S6E). Consistent with our and others
biochemical experiments (Fig. S6A and B)
[24,25,29], these results demonstrate that i) CD8ab
binds to pMHC I complexes on the same T cell and ii)
the YTS 156, but not the YTS 105 mAb is permissive



Fig. 4. Desialylation and MHC I KO decrease CD8 Ig domain membrane proximity and increase CD8D T-cell
responses. (A) A cartoon representing CD8a (yellow) and CD8b (red) Ig domains and the CD8 stalks as chains of beads
(amino acids) (color code: blue: basic; brown: conserved T; light brown: nonconserved T; magenta: C; green: P; red: D and
E). On naive CD8þ T cells the CD8b stalk carries negatively charged sialylated O-linked sugars (brown shapes and red
pentagons for sialic acids), which undergo ionic interactions with adjacent positively charged CD8b sequences. Together
with a distal interchain disulfide bond, CD8aC151 (3) - CD8bC137 (4) (magenta bar), these bend the CD8 stalks and poise
the CD8 Ig domain (yellow and red shapes) to bind to pMHC (violet shapes) on the T cell (in cis). (B) Detail view of the
CD8b stalk, showing threonines decorated with branched sugars, capped by negatively charged sialic acids undergoing
ionic interactions with adjacent positively charged residues. (C) Naïve splenic CD8þ T cells were treated (magenta bar) or
not (blue bar) with neuraminidase and stained with Alexa 488 labeled anti-CD8b 53.5.81 Fab fragment with or without R18
and analyzed by flow cytometry. The reductions of Alexa 488 fluorescence (MFI in %) were calculated as described for
Fig. 3A,B and the SD from four experiments. (D) Alternatively, the cells were stained with Alexa 488 labeled 53.5.81 Fab
fragment and DiD and the proximity between the CD8b Ig domain and the cell membrane was measured as change in
fluorescence lifetime of the donor (Alexa 488) in the presence of the membrane-located acceptor (DiD). Each dot
represents the FRET efficiency (E) of a cell and the horizontal bars their mean values. (EeF) Sorted Db�Kb- (E) and
DbþKbþ (F) P14 TCRþ T cells were stained with Alexa 488 labeled 53.5.81 Fab fragment in the absence (red histograms)
or presence (blue histograms) of octadecyl rhodamine B (R18) and analyzed by flow cytometry. The blue numbers indicate
the Alexa 488 MFI in the presence and the red ones in the absence of R18 labeling; black numbers indicate the reduction
of Alexa 488 MFI in presence of R18 and were calculated as described for Fig. 3A, B. G. The reductions of Alexa 488 MFI
was assessed on sorted CD8abþ Db�Kb- (MHC�) and CD8abþ DbDKbþ (MHCþ) cells and represented by a full and a
hatched bar, respectively. Mean values, SD and p values were calculated from three experiments. (H, I) Splenocytes from
CD8b KO, P14 TCR transgenic mice were transduced with CD8a cistronically linked to CD8b wild type (blue bars),
CD8bC137S (red bars) or CD8bC150S (green bars) in the absence or presence of mirRNA targeting Db and Kb, respectively.
After 10 days CD8abþ DbDKbþ and CD8abþ Db�Kb- cells were sorted and their IFNg (D) and TNFa (E) responses
assessed on incubation with P815 cells previously pulsed with 10 nM of KAVYNLATM peptide. The full bars indicate
responses of MHCþ and hatched bars of MHCe T cells. Mean values and SD were calculated from two experiments.
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to CD8 binding to pMHC in cis, which proves,
together with modeling, that binding in cis involves
primarily the reversed docking orientation (Figs. S2A
and B) [34].

Biochemical analyses reveal two CD8ab iso-
forms

Our results thus far indicate that CD8ab exists in
two forms: one containing a membrane distal
disulfide bond, which favors an approximation of
the CD8 Ig domain to the membrane and reduced
availability to bind pMHC in trans, and the other
lacking this posttranslational modification and favor-
ing a greater distance from the membrane and
increased availability of CD8 for binding pMHC in
trans. We next assessed whether CD8 shows two
biochemically different forms. We first examined
T1.4 T cell hybridomas transfected with CD8bWT,
CD8bC137S or CD8bC150S. After detergent lysis
immunoprecipitated CD8 were analyzed on 8%
nonreducing SDS-PAGE. Western blotting with
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anti-CD8 mAb revealed that CD8abWT contained
two species, migrating with apparent Mr of
73e75 kDa and 68e70 kDa, respectively (isoform
1 and 2) (Fig. 5A). Under reducing conditions CD8a
migrated with an apparent Mr of about 38 kDa and
CD8b of 30 kDa, giving a Mr for CD8ab of 68 kDa.
Isoform 2 was exclusively expressed on the CD8abC
þ and isoform 1 on CD8abC137S

þ hybridomas. This was
observed irrespective of whether immunoprecipita-
tion was performed with anti-CD8a or anti-CD8b
antibody. Free CD8b was observed in case of the
CD8abC150S mutant, indicating that the CD8aC151-
CD8bC137 interchain disulfide bond was not quanti-
tatively formed or partially lost during the experiment.
The same results were obtained when surface
biotinylated CD8 was analyzed (Fig. S7A). The
corresponding 12% reducing SDS-PAGE showed
the expected CD8a and CD8b chains (Figs. 5B,C
and S7B,C). The heterogeneous bands observed in
the CD8b blots reflect heterogeneities in glycosyla-
tion and sialylation [9,11,12].
We then examined splenic CD8þ T cells from P14

TCRb chain transgenic mice that were infected or
Fig. 5. Interchain disulfide bonds define two CD8ab
hybridomas expressing the indicated CD8 forms were lysed in n
or CD8b (right side) immunoprecipitated, resolved on 8% non
mAb (WB KT112). The arrows indicate CD8 isoforms an
immunoprecipitates were resolved on 12% reducing SDS-PAG
antibodies. Representative experiments out of six are shown
untreated (Naïve) or 8d post LCMV infection (Immune) were r
detergent lysed, the isolated biotinylated molecules resolved on
Western blotted with anti-CD8a antibody. The arrows indicate
indicated in kDa on the left side. Representative gels are shown
were calculated from densitometry readings of blots from three
to CD8 isoform 1 and hatched bars to isoform 2 expressed on T
mice (Immunedday 8).
S

not with LCMV 8 days previously. Western blotting
on 8% nonreducing SDS-PAGE with anti-CD8bmAb
revealed two CD8ab species, migrating with appar-
ent Mr of 75e78 kDa and 70e73 kDa, respectively
(isoform 1 and 2) (Fig. 5D), with nearly threefold
more isoform 1 on T cells from uninfected mice,
regardless of whether Western blotting was per-
formed with anti-CD8a or anti-CD8b antibody
(Figs. 5D and S7). Conversely, the CD8 isoform 2
was slightly overexpressed on T cells from LCMV
infected mice (Figs. 5D,F, S8A,C). The reducing gel
showed the expected CD8a and CD8b chains
(Figs. 5E and S8B). The heterogeneous CD8b
bands reflect heterogeneities in glycosylation and
sialylation. It is noteworthy that total CD8þ splenic T
cells from LCMV infected mice were used, some of
which were not activated CTL.

pMHC binding in cis attenuates CD8 coreceptor
function

Our biochemical analysis and CD8 Ig domain
membrane proximity measurements are consistent
isoforms that affect T cell pMHC binding. (A) T1.4
-octylglucoside (1%) containing buffer and CD8a (left side)
reducing SDS-PAGE and Western blotted with anti-CD8b
d the numbers the Mr standards in kDa. (B, C) The
E and Western blotted with anti-CD8a (B) or anti-CD8b (C)
. (DeF) The spleens of P14 TCRb chain transgenic mice
emoved, their CD8þ T cells isolated, surface biotinylated,
8% nonreducing (D) or 12% reducing (E) SDS-PAGE and

the CD8 isoforms 1 and 2. Molecular weight standards are
out of three or more experiments. (F)Mean values and SD

experiments and represented in bar graphs. Gray bars refer
cells from untreated (Naïvedday 0) or from LCMV immune
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with the view that there exists two CD8ab isoforms;
one of which lacks and the other has a membrane
distal interchain disulfide bond, which infers different
propensities for binding pMHC in trans and cis,
respectively (Fig. 6A and B). An important feature of
CD8ab coreceptor function is to strengthen cognate
pMHC binding by coengaging TCR-associated
complexes. To directly measure this, T1.4 T cell
hybridomas expressing CD8abWT, CD8aa, CD8ab-
C137S or CD8abC150S were incubated with soluble
monomeric Kd/IASA-YIPSAEK(ABA)I complex and
their binding to TCR was measured by TCR
photoaffinity labeling (Fig. 6C) [4,5,8]. The highest
Fig. 6. CD8-pMHC binding in cis negatively regulates C
type CD8ab-pMHC binding mode (in trans); the CD8 stalks h
CD8aC166 (1) and CD8bC150 (2) allowing an upright orientatio
peptide (brown) complex on an antigen presenting cell (APC
(green and light blue), CD3eg (green and brown) and CD3xx (or
p56Lck (Lck) (green shape) and is active as coreceptor. (B)Car
shapes) in cis. Because MHC I molecules are excluded from lip
association. (C) Cartoon illustration TCR photoaffinity labeling
(magenta) was incubated with T cell hybridomas and UV i
complexes were immunoprecipitated and quantified. (D) T1.4 T
CD8aa (gray), CD8abC137S (C137S) (red) or CD8abC150S
soluble Kd-125IASA-YIPSAEK(ABA)I monomer in the absence
antibody SF1-1.1.1 (stripped bars); after UV irradiation the cova
and SD were calculated from three experiments; 100% refers t
T1.4 hybridomas expressing CD8ab (WT), CD8aa, CD8abC1
detergent (1%) and CD8b (F) or Lck (G) immunoprecipitated. T
reducing) andWestern blotted with anti-Lck antibody. Molecula
quantified and represented in bar graphs using the same colo
CD8ab. Mean values and SD were calculated from three expe
labeling, i.e., binding was observed on T1.4 T cell
hybridomas expressing CD8abC137S (Fig. 6D). By
contrast, the labeling on T1.4 T cell hybridomas
expressing CD8abC150S or CD8aa was over four- to
fivefold lower compared with WT CD8. In the
presence of Fab fragment of the anti-Kd mAb SF1-
1.1.1, which blocks CD8 binding to Kd [8] TCR
photoaffinity labeling was below 10% in all cases.
Finally, we reasoned that because pMHC com-

plexes are excluded from lipid rafts, CD8 binding to
pMHC in cis decreases its association with rafts and
thus with Lck, which would not be the case when
CD8 binds pMHC in trans (Fig. 6A and B)
D8 coreceptor function. (A) A cartoon of the coreceptor
ave one interchain disulfide bond (magenta bar) between
n and the CD8 Ig domain binding to cognate MHC (violet)-
), engaged by TCRab (blue), associated with the CD3ed
ange). CD8 is associated with lipid rafts (brown shape) and
toon illustrating CD8 inactivation by binding to pMHC (violet
id rafts (brown shape) this interaction decreases CD8-Lck
. Soluble MHC (violet) containing a photoreactive peptide
rradiated; the covalently cross-linked TCR (blue)-pMHC
cell hybridomas expressing CD8ab wild type (WT) (blue),
(C150S) (green) were incubated at 26 �C for 60 min with
(fully bars) or presence of Fab fragments of the anti-Kd

lent pMHC-TCR complexes were quantified. Mean values
o the value observed for the CD8abWT hybridoma. (EeH)
37S (C137S) or CD8aC150S (C150S) were lysed in Brij 78
he immunoprecipitates were resolved on SDS-PAGE (10%
r weight standards are indicated in kDa. The Lck blots were
r-coding as in D (H, I). Hundred percent refers to wild type
riments.
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[4,5,38e40]. To test this, we assessed the associa-
tion of CD8 with Lck on the T cell membrane. We
immunoprecipitated CD8b (Fig. 6E) or Lck (Fig. 6F)
from T1.4 hybridomas expressing CD8abWT,
CD8aa, CD8abC137S or CD8aC150S and under
reducing conditions Western blotted with anti-Lck
antibody. We observed that the CD8 association
with Lck was increased by the CD8abC137S mutation,
but decreased by the CD8abC150S mutation
(Fig. 6GeH). These results taken together support
the view that the membrane distal inter-chain
disulfide bond defines a CD8ab configuration that
promotes CD8 IgG domain membrane proximity and
inhibits CD8 function by favoring CD8 binding to
pMHC on the T cell (in cis).
Discussion

The stalks of CD8a and CD8b are remarkably
different in length, glycosylation and charge patterns
and positioning of their cysteines, all of which are
evolutionary conserved traits (Fig. 1AeC). Repla-
cing the CD8a stalk with the one of CD8b or vice
versa has dramatic effects [41,42]. CD8ab binding to
cognate pMHC complexes in the coreceptor config-
uration on another cell [17] or to pMHC on the same
T cell may involve different docking modes, which is
similar to what has been shown for Ly49 (Fig. 1FeH)
[24e28]. Our modeling identified a stable CD8ab-Kb

complex, in which the CD8 Ig domain is approxi-
mately 180� rotated compared with the known
complexes (Fig. 1DeH) [17]. In the reversed
orientation, contacts are formed between CD8a
and Kb a2 domain and adjacent Kb a3 domain
residues that are not found in the coreceptor type
structure (Fig. 1H and I, Table 1). Indeed, mutations
of the predicted Kb a2 contact residues inhibited the
adhesion of CD8þ T cells to immobilized Kb-peptide
complexes by about 37% (Fig. 1J and K).
Before the CD8ab-Dd structure was elucidated,

mutational analyses were performed to identify the
orientation of CD8ab binding to pMHC, which
suggested the existence of two CD8-pMHC docking
modes [20e23]. Indeed, the X-ray structure of the
trans CD8-Dd complex failed to explain the effect of
several mutations, most of which are explained by
our modeled CD8-pMHC complex in the reversed
orientation (Fig. 1H and I, Table 1) [17]. For example,
mutation of CD8a R8 and E27 showed strong effects
on T cell hybridomas and CD8þ T cell thymic
selection [21,43]. In our model these residues
made contacts with Kb a2 residues, which is not
the case in the CD8ab-Dd structure. Furthermore, in
our model the CD8a residues S31, Q34, and S108
made contacts with distal MHC a3 residues
(Table 1), which was also the case in the CD8aa-
Kb, but not in the CD8ab-Dd X-ray structure,
demonstrating that there exist a CD8ab-pMHC
complex in which CD8a is positioned proximal to
the MHC variable domain [17,19e23]. CD8 contacts
with the MHC variable domains are also strongly
suggested by the MHC allele specificity of CD8-
pMHC binding, because the polymorphism of MHC
molecules is found mostly in their variable domains
[9,44]. Furthermore, the existence of a second,
reversed CD8-pMHC binding mode was demon-
strated by antibody blocking experiments, such as: i)
the anti-CD8a mAb 53.6.72 blocks CD8-mediated T
cell adhesion, but not cognate pMHC binding,
indicating that there exist two different CD8-pMHC
binding modes (Fig. S2E) [8,35]; ii) the anti-CD8b
mAb YTS 156 showed colocalization with pMHC
complexes on T cells, whereas the anti-CD8a mAb
YTS 105 did not, which together with modeling and
the observation that the former mAb blocked the
coreceptor-like and the latter the reversed CD8-
pMHC binding mode (Figs. S2AeD and S6C,D),
demonstrates that cis binding involved the reversed
CD8ab orientation on the MHC [17,33,34].
We observed opposing effects of serine mutations

of the membrane proximal (C150) and distal (C137)
CD8b cysteines on structure and function of the
coreceptor (Figs. 2 and 3). However, the reduced
Ca2þ flux and cytokine responses of transduced T
cell hybridomas and primary activated T cells
observed for the CD8bC150S mutation may in part
be explained by reduced CD8 surface expression
(Figs. S3 and 4). Indeed, the corresponding
CD8aC166S mutation caused impaired CD8a-CD8b
chain assembly and intracellular transport to the cell
surface [18]. On the other hand, mutation of the
membrane distal cysteines (CD8aC151S and
CD8bC137S) had no apparent effect on CD8 surface
expression (Figs. S3 and 4) [18] and the increase in
T-cell responses observed for the CD8bC137S muta-
tion suggested that the distal interchain disulfide
bond has regulatory properties (Figs. 2E,F and
3CeE). This increase was underestimated, because
a substantial fraction of the reference wild type CD8
lacked this bond, as seen by the appearance of free
CD8b on nonreducing SDS-PAGE on serine muta-
tion of CD8b C150, which removed the membrane
proximal disulfide bond (CD8aC166S and CD8bC150S)
(Figs. 5A and S7A). Moreover, disrupting this
disulfide bond substantially reduced the average
membrane proximity of the CD8 Ig domain, which
plausibly explains the increase in T cell reactivity,
because CD8 to act as coreceptor needs to be in a
fully extended configuration (Figs. 2, 3 and 6A) [17].
The CD8aa stalk has an extended and semirigid
structure [15,16], but for the CD8b stalk all that is
known is that it is 8e10 residues shorter and that
there are 2e4 residues fewer between its two
cysteines (Fig. 1AeC) [9]. If these form two
interchain disulfide bonds, this asymmetry predicta-
bly infers a kink in the CD8 stalk, thus bringing the
CD8 Ig domain closer the membrane (Figs. 2AeD,
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3A,B and 6B). It is interesting to note that proline
residues are located N-terminal of the distal stalk
cysteines (Figs. 1A,B, 4A and 6A,B). Proline has low
cis-trans isomerization energy and therefore is often
found in bends and hinge regions [45,46].
Because of the long and semirigid nature of the

CD8 stalks and the asymmetric positioning of their
distal cysteines, the CD8aC151-CD8bC137 interchain
disulfide bond is expected to infer major conforma-
tional changes. We suggest that the two CD8
isoforms observed on nonreducing gels reflect this,
i.e., that the difference in electrophoretic mobility is
accounted for by the presence (isoform 1) or
absence (isoform 2) of the membrane distal inter-
chain disulfide bond (Figs. 5A,B and S7A). These
changes were linked to CD8 function. The
CD8bC137S mutation increased T-cell responses,
whereas the CD8bC150S mutation decreased it
(Figs. 2E,F and 3CeE). In accordance with this,
the inactive CD8 isoform 1 was dominant on naïve T
cells, which are poorly antigen reactive, whereas the
active isoform 2 was abundant on activated CD8þ T
cells, which are highly antigen reactive (Figs. 5DeF
and S8) [12,13]. Taken together, our results indicate
that the presence of the membrane distal interchain
disulfide bond substantially increased the proximity
of the CD8 Ig domain to the cell membrane, thus
favoring CD8 binding to pMHC on the T cell in cis
(Figs. 2 and 3). The more CD8 binds to pMHC on the
T cell (cis), the less CD8 is available for binding to
pMHC molecules on another cell (trans), which is
required for CD8 coreceptor function (Fig. 6A and B)
[17]. A similar negative regulatory principle governs
Ly49s activity and NK function [26e28].
It remains to be explained how CD8 function,

namely interchain disulfide bond formation, is
regulated. It is known that T cell development and
differentiation involves changes in the glycosylation
and sialylation of threonines in the CD8b stalk and
that these modulate thymocytes and T cell reactivity
[10e14,36]. These changes have been proposed to
alter the binding affinity of CD8 for pMHC via
conformational changes [9], a view that has been
questioned later [15]. Our data suggest that these
changes modulate T cell reactivity by altering the
proportion of the activating and inactivating CD8
isoforms (Figs. 2, 3 and 5). The CD8b stalk shows
clusters of positively charged residues distal to the
second cysteine and adjacent to threonines whose
glycosylation changes on T cell differentiation (or
thymocyte maturation) (Fig. 1A and B). We propose
that this enables interactions between negatively
charged sialic acids and positively charged residues,
which “bend” the CD8 stalk (Fig. 4A and B). As a
result, the CD8 Ig domain becomes membrane
proximal and poised to bind pMHC on the T cell.
Indeed, our FRET and fluorescence quenching
experiments showed that the membrane proximity
of the CD8 Ig domain was decreased by both
enzymatic sialic acid removal and MHC knockdown
(Fig. 4CeG). These treatments increased T-cell
responses, corroborating the view that CD8 binding
pMHC in cis is a negative regulatory principle
(Figs. 4H,I and 6A,B) [9e13,36]. This is consistent
with the observation that CD8ab is exceptionally
active on double positive thymocytes, which have
very low MHC I expression [47,48]. This has
translational relevance, as it has been shown that
CD8þ T cell reactivity and tumor control requires
CD8b desialylation or sialic acid blockade
[37,49,50].
The interdependence between the CD8 isoforms

and changes in CD8 glycosylation and sialylation
remain to be elucidated. Conceivably, formation of
the distal CD8 interchain disulfide bond (isoform 1)
requires CD8b to be fully glycosylated and sialy-
lated, i.e., to assume a bent configuration. However,
other factors may be involved as well. For example,
CD8þ T cell priming increases thiol expression and
disulfide exchange reactions [50,51], which may
promote reduction of the distal CD8 interchain
disulfide bond. Indeed, T cells with high thiol surface
expression show high antitumor activity [52]. It is
important to note, however, that T cells (and
thymocytes) depending on their stage of differentia-
tion and development can express different glycans,
and that these can affect and CD8 function and T cell
reactivity in diverse ways [15,53e56].
We have established that binding of CD8 to pMHC

on the T cell inhibits T cell activation and thus is a
means to tune CD8þ T-cell responses (Figs. 2e4).
In addition, for efficient activation of CD8þ T cells,
CD8 needs to coengage TCR-associated cognate
pMHC complexes and bring active Lck to the TCR/
CD3, which both are spoiled by CD8 binding pMHC
in cis (Fig. 6). Indeed, because pMHC complexes
are excluded form lipid rafts, CD8 binding to pMHC
on the T cell decreases CD8-association with Lck,
which in turn diminishes CD8 function (Fig. 6EeH)
[4e6,38e40]. Available evidence argues that this
novel negative regulatory principle is induced on one
hand by negatively charged glycans in the CD8
stalks and by the presence of membrane distal CD8
interchain disulfide bond on the other (Figs. 2e4)
[13,36,37].
In conclusion, we showed that CD8 function and

hence CD8þ T cell reactivity was inhibited by CD8
binding to pMHC on the T cell (in cis) in the reversed
orientation. This inhibition was regulated by post-
translational changes of the CD8 stalk that altered its
configuration and CD8 function by balancing CD8-
pMHC binding in cis or trans (Figs. 2e4). Ligand
binding in cis versus in trans is a means to regulate
the activity of different receptors, such as Ly49s,
Notch, the sialic acid-binding receptors siglec-G,
CD22 and neurophilin 1 [56]. Similar to CD8, several
Ly49s can bind pMHC in cis and trans, respectively,
which requires structural changes in the Ly49 stalk



4953CD8 Binding of MHC-Peptide Complexes
[26e28]. Negative regulation of CD8 function serves
to tune CD8þ T cell reactivity and apoptosis
[13,14,52,53]. This negative regulation is exploited
by tumors to avert immune attacks [37,49]. Our
findings provide new perspectives for T cell engi-
neering in translational settings.
Materials and Methods

AntibodiesdMonoclonal anti-CD8a 53.6.72, anti-CD8b
H35-17, anti-TCRb H57 and anti-CD45.1 A20.1 were from
the American Type Culture Collection (ATCC); the anti-
CD8b 53.5.8 and KT112 mAb were a gift from Dr.
Eichmann, (Max Planck Institute, Freiburg); rabbit anti-
CD8a was from Antibodies-online.com and anti-Lck clone
3A5 from Santa Cruz Biotechnology.
CD8 transfected T1 T cell hybridomasd Mouse CD8b

cDNA was introduced into the pSP72 cloning vector
(Promega) and mutated using two-steps nested PCR.
The CD8bC137S and CD8bC150S mutants were sequenced
using T7 and SP6 universal primers. The [BamHI-XhoI]
fragments carrying wild type or mutant CD8b ORF were
subcloned into the [BamHI-SalI] open pMI expression
vector, which contained a human CD2 reporter gene [57].
The CD8aþ T1.4 cell hybridoma was a gift from Dr.
Malissen, CIML, Marseilles) and was cultured in DMEM
containing 5% FCS, 50 mg/ml penicillin, 50 mg/ml strepto-
mycin, 100 mg/ml neomycin, 50 mM b-mercaptoethanol,
4 mg/ml of G418 (Calbiochem, San Diego, CA), as
described [5]. Retroviral gene transfer was as follows:
the CD8b-carrying pMI plasmids were first introduced into
the Phoenix fNX-A retrovirus packaging cell line via
calcium phosphate precipitation [57]. The resulting super-
natants were used to transfect the CD8aþ, CD8b� T1.4
hybridoma. After four days the transfected hybridomas
were FACS-sorted for high CD8a and CD2 expression,
cultured in DMEM and FACS-cloned for high CD2
expression.
TCR and CD8 cotransduction of splenocytesd Retro-

viral transfer of CD8 and TCR genes were performed
essentially as described [58,59]. In brief, CD3þ spleno-
cytes from P14 TCR transgenic, CD8bKO mice were
stimulated with Dynabeads containing mouse anti-CD3
and CD28 antibodies (ThermoFisher) for 24 h in the
presence of IL-2 (20 U/ml) (Roche). Retroviral super-
natants were added in RetroNectin precoated 24-well
plates and centrifuged for 90 min at 2000-x g and 32 �C.
Stimulated T cells were added into the plates and after
overnight incubation; retroviral supernatant was replaced
by fresh medium containing IL-2 (20 U/ml). After 5 d IL-15
(12 U/ml) was added to preserve CD8þ T cells and loose
CD4þ T cells. The Dynabeads were removed 8 d post
transduction. The cotransduced CD8þ T cells were used
12d post transduction. Retroviruses were produced by
means of Phoenix Eco cells cultured in T150 flasks and
transfected with 14.3 mg pCL-eco packaging plasmid and
21.4 mg target plasmid using TurboFect Transfection kits
(ThermoFisher). Viral supernatants were harvested after
48 h and centrifuged at 20,000-x g for 2 h. The pellet was
resuspended in 400 mL RPMI 1640 medium.
Knockdown of Db and KbdFor the miR coexpression

the NeoR/KanR-IRES-ZsGreen1 cassette from the pLMN
vector (https://www.biocat.com/shrna/shrna-sets/
TRMSU2000-14972-GVO-TRI) was replaced by the CD8
variants under study. The shRNA included in the miR-30
backbone is acgacgcggagaatccgagata. The gene 14972
designates mouse H2-K and D census H-2 histocompat-
ibility sequences. We used dual-target shRNA of Db and
Kb, and CD8b variants in primary CD8aþ T cells from
CD8b KO, P14 TCR transgenic mice. After 10 days of
transduction, CD8abþDbþKbþ and CD8abþDb�Kb- cells
were FACS sorted and analyzed by flow cytometry and
FRET.
Flow cytometry and intracellular Ca2þ and cytokine

measurementsd T cell hybridomas were washed in PBS
and resuspended at 2 � 106 cells/ml in serum free
OptiMEM medium (Life Technologies, Merebeke, Bel-
gium) containing 1% BSA (FACS buffer). For intracellular
Ca2þ mobilization measurments P815 cells (1 � 106 cells/
ml) were pulsed with graded concentrations of PbCS(ABA)
(SYIPSAEK(ABA))I peptide for 1 h at 37 �C and incubated
with T cell hybridomas (1 � 106 cells/ml) previously
labeled with 5 mM indo-1 (Sigma, Buchs, Switzerland) at
37 �C for 45 min. After incubation for 2 min at 37 �C at an E/
T ratio of 1/3, Ca2þ dependent Indo-1 fluorescence was
measured on a LSR II (BD) and IL-2 release by T cell
hydridomas was assessed as described [4,5]. Intracellular
cytokine staining of IFNg and TNFa in primary T cells was
performed as described previously [60].
FRET measurements by fluorescent microscopydFor

FRET experiments Alexa 488 Fab fragments were
produced as follows: anti-CD8b mAb 53.5.81 (rat IgG1)
purified on protein-G sepharose (Amersham, GE Health
Science) was digested with pepsin for 2 h at 37 �C (Pierce
Chemical Co., Rockford, IL, USA) followed by dialysis
against PBS at 4 �C overnight. The resulting (Fab)2-
fragments were reduced with 20 mM of cysteamine in
10 mM EDTA for 1 h at 37 �C and the resulting Fab
fragments (2.5 mg) incubated with of with 150 mmol of
Alexa 488 maleimide (Invitrogen) for 2 h at ambient
temperature. Excess of Alexa 488 maleimide was
removed by dialysis against PBS at 4 �C overnight. For
FRET experiments T1.4 hybridoma expressing CD8ab,
CD8abC137S or CD8abC150S were incubated with 12 mm/ml
of Alexa Fluor 488-labeled 53.5.81 anti-CD8b Fab
fragment in PBS containing 5% FCS for 30 min on ice.
After one wash with PBS the cells were incubated with
5 mM of DiD (1 mM stock solution in DMSO; Life
Technologies) in PBS for 5 min at room temperature.
After one wash the cells were imaged in LabTek 8-
chamber coverslips (NUNC, Rochester, NY) using a
confocal inverted Olympus IX71 microscope (Olympus,
Hamburg, Germany). Fluorescent probes were excited by
pulsed laser diodes LDH-P-C-470 and LDH-D-C-635,
PicoQuant, Berlin, Germany operating at 20 MHz. Possi-
ble bleak-through effects were eliminated by alternating
excitation using low output power. The laser light from both
lasers was coupled to an optical fiber, collimated by an air
space objective (UPLSAPO 4X, Olympus) and up
reflected to a water immersion objective (UPLSAPO 60x,
Olympus) with a 470/635 dichroic mirror. The emission
light was split on two avalanche photo diodes by a 635
dichroic mirror and 515e550 nm and 697e758 nm band
filters (Chroma Rockingham, VT) for Alexa Fluor 488 and
DiD, respectively. The detectors were connected to two
independent electronic circuits of HydraHarp, PicoQuant,

https://www.biocat.com/shrna/shrna-sets/TRMSU2000-14972-GVO-TRI
https://www.biocat.com/shrna/shrna-sets/TRMSU2000-14972-GVO-TRI
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Germany. Each of the 512 � 512 pixels contained
information on individual photon arrival times with a
subnanosecond time resolution. If sufficient photons per
pixel are collected, time-resolved histograms for individual
pixels can be obtained. The FRET efficiency, E, was
calculated as described previously [61], i.e.,

E¼ 1� CtDAD
CtDD

¼ 1�

ð∞
0

tFDAðtÞð∞
0

tFDðtÞ

where CtDD and CtDAD are average donor and donor-
acceptor fluorescence lifetimes and FDA(t) and FD(t)
indicate the time-resolved fluorescence intensities in
the presence or absence of FRET, respectively. To
calculate E only photons emitted from the plasma
cell membrane were analyzed. This was achieved by
selecting pixels for the analysis that i) contained
signal from the membrane and ii) were displayed by
means of the phasor plot approach (see below) to
the center of a cluster that corresponds to the donors
undergoing FRET within the cell membrane. The
diameter of the cluster center was set to 256 ps in
this study. The phasor approach [62] is based on
calculating the following coordinates for every pixel:

�
Re
Im

�
¼ 1

PL
i¼1

Ii

2
666664

XL
i¼1

Ii cos
2pn
L

ði� i0Þ

XL
i¼1

Ii sin
2pn
L

ði� i0Þ

3
777775

where Ii is fluorescence intensity in the ith time-
correlated single photon counting (TCSPC) channel,
L the number of TCSPC channels, n is an arbitrarily
chosen integer (here n ¼ 4) corresponding to the
frequency in the Fourier space, i0 is a channel
position of the decay rising edge; i0 is commonly
determined by measuring TCSPC histogram of a
single exponential dye (fluorescein). The calculation
is followed by construction of a 2D histogram of Re
and Im coordinates. Individual clusters in the phasor
plot correspond to various spatially resolvable decay
functions.
TCR photoaffinity labelingdT cell hybridomas (7 � 10-

6 cells/ml) were incubated in a 12 well plates with
Kd-125IASA-YIPSAEK(ABA)I (0.5e1.5 � 107 cpm/5 � 10-
7 cells). After 1 h of incubation at 26 �C and UV irradiation
at 312 ± 40 nm for 30 s with 90 W, the cells were washed
twice and lyzed for >60 min on ice in 1 ml PBS containing
1% n-octylglucoside and a mixture of protease inhibitors
(Roche, Rotkreuz, Switzerland). TCR was immunopreci-
pitated using H57-coupled Sepharose beads. The immu-
noprecipitates were resolved on SDS-PAGE (10%
reducing) and radioactivity was quantified by phosphoima-
ging using a Fuji BAS1000 PhosphorImager [8].
Immunoprecipitation and Western blottingd T cells

(5 � 107 cells) were washed in PBS supplemented with
1 mM MgCl2 and 0.1 mM CaCl2 and incubated or not with
0.2 mg/ml sulfosuccinimidyl 6-biotinamido-hexanoate
(sulfo-NHS-LC-biotin, Pierce) for 30 min at 4 �C under
agitation. After addition of 5% FCS for 100 at 4 �C, cells
were washed twice in PBS. The cells were lyzed on ice for
1 h in 2 ml lysis buffer (20 mM Tris, pH 8.0; 150 mM NaCl,
5 mM iodoacetamide, 1% n-octylglucoside and protease
inhibitors (Roche)). The lysates were centrifuged at
12,000 rpm for 15 min and the supernatants incubated
for 30 min at 4 �C with Sepharose beads. The super-
natants were incubated under agitation overnight at 4 �C
with H35, 53.6.72 or 3A5 antibody conjugated Sepharose
4B beads. Alternatively, biotinylated molecules were
recovered by overnight incubation at 4 �C with mono-
meric-avidin ultralink resin (Pierce, ThermoFisher Scien-
tific). After three washes with buffer containing 20 mM
Tris, pH 8.0; 500 mM NaCl and 1% TritonX and protease
inhibitors (Roche), the immunoprecipitates were eluted
with 40 ml Glycine buffer (0.1 M, pH 3.0), neutralized with
4 ml Tris buffer (1 M, pH 8.0), boiled in Laemmli buffer
(±5% b-mercaptoethanol) and resolved on SDS-PAGE,
transferred onto nitrocellulose membrane and labeled
using antibodies. For detection the enhanced chemolu-
minescence (ECL, Amersham-Pharmacia) was used as
recommend by the supplier. Isolation of CD8þ spleno-
cytes from naïve or LCMV-infected P14 TCRb chain
transgenic mice was performed as described previously
[61].
Modeling the CD8ab-Kb complexesd An initial struc-

ture of the CD8ab-Kb complex in the reverse orientation
was constructed based on the X-ray structure of the
CD8aa-Kb complex19 (PDB 1BQH). The structure of the
CD8ab immunoglobulin domain was taken from the X-ray
structure of the CD8ab-Dd complex [17] (PDB 3DMM).
Using USCF Chimera [63] we superimposed CD8a and
CD8b of CD8ab to the MHC variable domain-proximal and
distal CD8a entities of CD8aa, respectively. Starting with
this initial structure, sets of contact residues were identified
in both Kb and CD8ab. We then performed protein-protein
docking using the HADDOCK software [31,32]. Ambig-
uous distance restraints (satisfied if any nonspecified
subset of interatomic distances between two molecular
regions is low) were applied to approximately define the
target interface regions, without restricting the CD8 binding
orientation. We followed the standard HADDOCK protocol
and stared from random orientations of the dissociated
molecules; 3000 complex structures were generated using
rigid body energy minimization, out of which 300 were
refined using semiflexible simulated annealing; 200 were
further refined in the presence of solvent molecules. Final
refined structures were clustered using an RMSD cutoff of
5 Å. An independent docking of CD8ab to Dd starting from
the 3DMM structure (coreceptor orientation) yielded
qualitatively similar results (Fig. S1), indicating that dock-
ing orientations obtained do not depend on the initial
CD8ab orientation or on the MHC allele. The best-scoring
CD8ab-Kb docking poses in the coreceptor-like and
reverse orientation were used to construct models of
these complexes bound to the YTS105.18 or YTS156.7.7
Fab. As templates, we used the X-ray structures of the Fab
bound to CD8aa (PDB 2ARJ) [33] and CD8ab (PDB 3B9K)
[34], respectively. In each case, the CD8 chain closest to
the Fab in the CD8-Fab crystal structure was super-
imposed with the corresponding CD8 chain in the CD8ab-
Kb model using UCSF Chimera.
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Confocal Microscopy

Isolated CD8þ splenocytes from C57BL/C mice
were incubated in anti-CD3 and anti-CD28 coated
plates for 24 h. The activated CD8 T cells were
washed in PBS (2�) and incubated on multiport
microscope slides in serum-free IMDM medium at
37 �C for 30 min to allow CD8 T cell adhesion onto
glass slides. The cells were fixed with 4% PFA at RT
for 20 min, washed with PBS and incubated with
PBS containing 1% BSA in at RT for 15 min. After
washing with PBS (3�), cells were incubated with
anti-FITC labeled CD8b mAb YTS 156 or anti-CD8a
YTS 105 together with APC labeled anti-Dd/b/Kd/b

mAb 34-1-2S-APC (3 mg/ml for 1 h on ice). After
washing the samples were mounted, sealed and
examined with a Zeiss LSM 710 confocal micro-
scope and images were recorded in multitracking
mode. Colocalization analysis was performed using
the Pearson coefficient method in the Fuji software.

Statistics

Results were expressed as mean ± the standard
deviation SD. Statistical analysis was performed
using GraphPad Prism (version 7; San Diego, CA,
USA). Nonparametric data sets were determined by
one-way ANOVA test with two-tailed p value.
Parametric data sets were determined by two-way
ANOVA test. p values of 0.05 or less were
considered as statistically significant. Significance
levels: *p � 0.05; **p � 0.01; ***p � 0.001;
****p � 0.0001.
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