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As T cell activation leads to downregulation of T cell receptor (TCR) and coreceptor CD8, we developed a novel
FACS-based sorting method to enrich activated antigen-specific CD8* T cells. Using multiple established or low
percentage T cell cultures, with either single antigen specificity or multiple influenza A virus antigen specifi-

cities, we have optimized the sorting method for T cell activation time and stimulating antigen dose. We have
also sorted various numbers of antigen-specific CD8 * T cells into 96-well plates to demonstrate these T cells are
capable of expanding into nearly pure CD8" T cell lines. Our approach has the advantage of sorting antigen-
specific T cells without knowing their specific antigenic epitopes or restricting HLA. We believe this method can
be very helpful for successfully establishing CD8* T cell lines for various purpose, including immunotherapy.

1. Introduction

CD8* cytotoxic T lymphocytes (CTLs) play key roles in viral
clearance and tumor surveillance. CD8* T cells recognize specific
peptide-MHC class I complexes (pMHC-I) on the surface of antigen
presenting cells (APCs) with T cell receptors (TCRs). The TCR-CD3 is a
multi-subunit cell surface protein complex composed of an antigen-
binding TCR disulfide-linked a3 heterodimer and CD3 complex (Davis
and Bjorkman, 1988; Wegener et al., 1992; Krogsgaard et al., 2005); the
CD3 complex is formed by CD38¢ and CD3ye heterodimers, and CD3((
homodimers (Clevers et al., 1988; Smith-Garvin et al., 2009). Unlike the
TCR af chains, CD3 components possess large intracytoplasmic do-
mains responsible for coupling antigen recognition to various signal
transduction pathways (Wegener et al.,, 1992). CD3y, 8 and ¢ each
possesses an intracellular immunoreceptor tyrosine-based activation
motifs (ITAM), while CD3¢ possesses three ITAMs in a tandem ar-
rangement. Phosphorylation of these ITAMs leads to signal transduction
and ultimately T cell activation (Kane et al., 2000; Kuhns and Davis,
2012). It has been demonstrated that CD3-y phosphorylation mediates
the downregulation of TCR/CD3 complex after T cell activation
(Cantrell et al., 1985; Krangel, 1987; Valitutti et al., 1995).

CD8 is known as the coreceptor on cytotoxic T cells. It is a trans-
membrane glycoprotein which facilitates and amplifies pMHC-I trig-
gered T cell activation (Bierer et al., 1989; Janeway, 1992; Gao and
Jakobsen, 2000; Holler and Kranz, 2003). It binds to the a3 domain of
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the MHC that the TCR interacts with for optimal signal transduction
during T cell activation (Salter et al., 1990; Janeway Jr., 1992). When
CD8 molecule is blocked or in absence, such T cell activation is either
blocked or requires longer TCR engagement time (Arcaro et al., 2001).
Most importantly, CD8 engagement enhances and stabilizes the inter-
action of TCR/pMHC-I with lower affinity (Schott and Ploegh, 2002;
Laugel et al., 2007). Upon activation CD8" T cells not only down-
regulate their TCR (CD3) complexes (Valitutti et al., 1995) but also its
coreceptor CD8 (Xiao et al., 2007).

Establishing CD8™" T cell lines or clones in vitro has been an im-
portant technique and has played very important role in understanding
T cell biology and, more recently, T cell-based immunotherapy. For
instance, in vitro propagated CD8™* T cells have been used as essential
tools for discovering CD8* T cell epitopes and studying the mechan-
isms of immunodominance hierarchies during virus infection (Wu et al.,
2011; Grant et al., 2013; Clemens et al., 2016) and they have been used
to treat cancer patients in adoptive cell therapy (Rosenberg et al.,
2004). They can also be used to study mechanisms and kinetics of an-
tigen processing and presentation (Pang et al., 2006a). However, suc-
cessfully establishing CD8* T cell cultures is still largely an empirical
and lab-based phenomenon. The major difficulty of such T cell cultures
is that limited antigen-specific CD8* T cell precursors are often over-
whelmed by the nonspecific proliferation of T cells with irrelevant
specificities during early culture stage. It is often the case that although
some antigen-specific T cells are detected in many primary cultures,
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these T cells are eventually lost during the next round of antigen re-
stimulation. Hence, the key solution for successful in vitro CD8 " T cell
expansion is to isolate or enrich these antigen-specific CD8* T cells as
early as possible to avoid being over grown by irrelevant T cell popu-
lations.

Our group evaluated T cell culturing conditions previously in-
cluding culture sera, cytokines and feeder cells and developed a robust
human T cell culture method for monitoring both antigen-specific
CD4% and CD8" T cells during short-term cultures (Jackson et al.,
2004). We also optimized culture conditions for establishing murine
CD8* T cells (Zanker et al., 2013). In this study, we successfully es-
tablished a method to enrich antigen-specific CD8* T cell during pri-
mary T cell culture stage to dramatically boost antigen-specific T cell
purity and enhance the success rate of CD8" T cell cultures with
minimal knowledge of T cell epitope and its HLA restriction. Our novel
approach is based on the phenomenon that upon activation CD8* T
cells down-regulate their TCR (CD3) complexes and its coreceptor CD8.
Therefore, antigen-specific CD8* T cells can be detected and sorted as a
CD3'°CD8™" population by fluorescence activated cell sorting (FACS).
These features were utilized by our group to reveal low frequency an-
tigen-specific human CD4™ Tregs previously (Ebert et al., 2012). Using
this approach, we successfully enriched human antigen-specific CD8* T
cell populations, sometimes < 1% of total CD8" T cells.

2. Materials and methods
2.1. Human Peripheral Blood Mononuclear cells (PBMCs)

PBMCs of healthy donors used in this study were obtained from
Australian Red Cross Blood Service (ARCBS) in Melbourne under the
agreement 12-07VIC-17. PBMCs were isolated from blood buffy coats
using Ficoll-Hypaque gradient centrifugation, then resuspended in FCS
(Hyclone, South Logan, Utah) containing 10% dimethyl sulfoxide
(DMSO) and stored in liquid nitrogen until use.

2.2. Culture medium, synthetic peptides and antibodies

Unless otherwise stated, antigen presenting cells (APCs) were cul-
tured in RF-10 (RPMI 1640 supplemented with 10% FCS (Hyclone),
50 uM 2-ME, 2 mM1-glutamine and antibodies (penicillin 100 U/mL
and streptomycin 100 pg/mL) (all from Gibco, NY, USA)). Peptides used
in this study were synthesized by Mimotopes (Clayton, Victoria,
Australia). Influenza A virus (IAV) peptides Mlsg 6 (GILGFVFTL),
NP172_181 (LPRRSGAAGA), NP44_52 (CTELKLSDY), and a melanoma
peptide Melan A, 35 (EAAGIGILTV) were synthesized as crude, de-
salted peptides with a purity > 75%. Peptides were reconstituted to a
concentration of 1 mM in DMSO. APC-labelled anti-CD8 was purchased
from BD Biosciences, e450-labelled anti-CD3 was purchased from
eBioscience (San Diego, CA, USA). FITC-labelled anti-CD3 and PE-cy7
labelled anti-IFNy were purchased from Invitrogen (San Diego, CA,
USA).

2.3. Viruses and antigen presenting cell

The influenza A virus strain A/Puerto Rico/8/1934 H1N1 (PR8) was
propagated in 10 days old embryonated chicken eggs. Two days after
infection, the allantoic fluids were collected, aliquoted and stored at
—80 °C freezer until use. Recombinant vaccinia viruses (rVV) encoding
individual IAV proteins HA, NA, NP, NS1, NS2, M1, M2, PB1, PB2,
PB1F2, PA, and empty vector rVV-CR19 were kind gifts from Drs
Jonathan Yewdell and Jack Bennink (National Institutes of Health,
Bethesda, MD). Autologous B lymphocyte cell line (BLCL) was made
from donor PBMCs using EBV transformation (Wu et al., 2011) and
cultured in RF-10.
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2.4. Generation of poly-specificity or single peptide-specific CD8* T cell
lines in vitro

For generating poly-specificity CD8* T cell lines, 1 X 10° PBMCs
were resuspended in 200 pL acidic RPMI-1640 (pH adjusted to 6.8) and
infected with PR8 at a MOI of 10 for 1h in a 37 °C water bath. Later,
2mL of prewarmed RF-10 was added to the cells and incubated for a
further 4h. Cells were pelleted and subsequently co-cultured with
9 x 10 PBMCs for 12-15 days in RF-10 contains 20 IU/mL of human
recombinant interleukin 2 (hrIL-2) (Peprotech Inc., Rocky Hill, NJ,
USA). For generating peptide-specific CD8* T cell lines, 1 x 10° PBMCs
were resuspended in 200 pL RF-10 and pulsed with 10~7 M peptides for
1 h in a 37 °C water bath. Next, the peptide pulsed PBMCs were washed
and co-cultured with 9 x 10° PBMCs for 12-15 days in RF-10 contains
20 IU/mL of hrIL-2 (Jackson et al., 2004; Wu et al., 2011; Grant et al.,
2013). Unless otherwise stated, CD8 ™" T cells were cultured with RF-10
supplemented with Sodium Pyruvate (1x) and Non-essential amino
acid (1 x) (Gibco, NY, USA).

2.5. Intracellular cytokine staining (ICS) and antigen presentation kinetic
assay

The IFN-y ICS assay was performed as previously described (Wu
et al., 2011). For antigen presentation kinetic assay, the detailed
method was previously published (Pang et al., 2006b). Briefly, the
antigen-presentation of PR8-infected autologous BLCLs was blocked by
addition of BFA (Sigma-Aldrich, St Louis, USA) at different time points,
peptide-specific CD8* T cells were added for 4 h to assess the antigen-
presentation at that time point; the T cells were then harvested and
synchronized on ice before being stained together in a standard ICS.
Samples were analyzed using BD FACS Canto II machine (BD Bios-
ciences) and FlowJo software (Tree Star Inc., Ashland, USA).

2.6. Antigen-specific CD8™ T cell enrichment by sorting the CD3°¥CD8*"
population

Autologous BLCLs were pulsed with 10~7 M peptides for 1h then
cocultured with the CD8* T cells in the presence of BFA for 4h. In
addition, same T cells cocultured with un-pulsed BLCLs served as a
negative control and were used to guide CD3'°“CD8" population
gating. In cysteine-containing peptide, for example NP44_s5,, BLCLs were
pulsed with NP4, 55 in the presence of 500 uM TCEP (tris(2-carbox-
yethyl)phosphine, Pierce™), washed out excess peptides, then in-
cubated with NP,4_s,-specific CD8* T cells again in the presence of
500uM TCEP and BFA for 4h. After 4h activation, the cells were
stained with anti-CD3 (e450) and anti-CD8 (APC) for 30mins at 4 °C;
washed and resuspended in sorting buffer (5% FCS, 0.5uM EDTA in
PBS) and sorted for CD3'°"CD8'°" (downregulated) population using a
FACS ARIA III (BD Biosciences).

For T cell cloning, the CD3'°"CD8!°" population were sorted and
various cell numbers (1 cell/well, 3 cells/well, 10 cells/well, 100 cells/
well, 1000 cells/well, 5000 cells/well, 10,000 cells/well) were directly
deposited into U-bottom 96 wells containing 3 x 10° irradiated allo-
geneic PBMC feeder cells (1:1:1 mixed feeders from 3 different donors'
PBMC) in RF-5 (RPMI-1640 supplemented with 5% pooled human AB
sera, L-glutamine, 2-ME, Non-essential amino acids, Sodium pyruvate,
antibiotics, 300 IU/mL hrIL-2 and 1 pg/mL phytohaemagglutinin (PHA,
Invitrogen, San Diego, USA,) (Potter and Moore, 1975). Sorted cells
were cultured in the central wells of the plate to avoid medium eva-
poration. Only the central 60 wells from each 96-well plate were used
to culture the sorted CD8" T cells. The outer wells of 96 well plates
were filled up with sterile PBS to act as a buffer zone to minimized
medium evaporation over long periods of incubation. Half medium was
replaced with fresh one 24 h after sorting to reduce PHA concentration.
The cells were checked every second day and medium changed as re-
quired. Growing wells were first split in 2 X 96-well before being
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Fig. 1. 4-h activation provides optimal CD3CD8 downregulation peptide-specific CD8 " T cell lines.

T cells were activated by M1sg ¢ or NP172_1g1 peptide; at different time points (Oh, 0.5h, 1h, 2h, 4h, 6h, 8, and 16 h) the T cell activation-induced CD3CD8
downregulation was assessed by flow cytometry. a) the kinetic of CD3CD8 downregulation in M1sg_ge specific CD8* T cells; b) CD3CD8 downregulation kinetics of
NP;,,_1g-specific CD8 " T cells. Data shown are representative of two independent experiments.

transferred into 48-well plate when cell numbers reached to about 2
million per well.

3. Results

3.1. CD3 and CD8 are quickly down-regulated on antigen-specific CD8* T
cells after activation

To simplify the method development process, two CD8* T cell lines
specific to influenza A virus Matrix 1 protein (Mlsg g6 restricted to
HLA-A*02:01) and Nuclear Protein (NP,;5_15; restricted to HLA-
A*55:01) (Grant et al., 2013) were initially established. We first in-
vestigated the kinetics of TCR and CD8 downregulation. The two CD8*
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T cell lines were activated by 10~®M peptide-pulsed APC and their
activation-induced TCR and CD8 downregulation, at various time
points (Oh, 0.5h, 1h, 2h, 4h, 6 h, 8h, and 16 h) were monitored. As
shown in Fig. 1, a population of the M1sg_¢¢ specific T cells (25.5%) and
the NP;,5 157 specific line (15.1%) responded within an hour after
stimulation.

The activation-induced TCR and CD8 downregulation gradually
increased over time, peaking at 4 h after activation. Although the later
time points, especially the overnight (16 h) point, showed even more
significant downregulation, some T cells were clearly overstimulated
and underwent apoptosis as previously reported (Alexander-Miller
et al., 1998). We, therefore, concluded that a 4-h activation of these
CD8* T cells provided optimal CD3 and CD8 downregulation.
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Fig. 2. 10”7 M peptides induce optimal CD3CD8 downregulation in antigen-specific CD8 ™ T cells.

APCs were pulsed with serially diluted peptides for 1 h in complete medium then washed and incubated with T cells for assessing M1sg_¢6- and NP;,5_1g;-specific
CD8™ T cell percentage at various peptide concentrations by a standard ICS. a) M1sg_gs-specific T cell IFN-y expression and CD3CD8 downregulation; b) NP;75_1g:-
specific T cell IFN-y response and CD3CD8 downregulation. Data shown are representative of two independent experiments.

3.2. Sub-micromolar antigen doses induce sufficient T cell activation-
induced CD3CD8 downregulation

It is well established that over stimulating T cells could lead to T cell
exhaustion (Wherry and Kurachi, 2015). To avoid T cell over-
stimulation and yet to find out the optimal antigen dose range for ac-
tivating CD8* T cells to sufficiently downregulate CD3 and CD8, we
performed peptide titration experiments and monitored T cell lines'
CD3 and CD8 downregulation stimulated by various peptide con-
centrations. Fig. 2 shows the two CD8™" T cell lines' IFN-y response and
CD3CD8 downregulation at 4h after stimulation by various peptide
concentrations. It was obvious that IFN-y response required less antigen
stimulation than that required for CD3CD8 downregulation. For ex-
ample, 1078 M of Mlsg g6 peptide activated almost all specific T cells
(48.5%) to produce IFN-y, but only about half of these cells (26.7%)
showed obvious CD3 and CD8 downregulation (Fig. 2a). Such differ-
ence seemed to be T cell specificity dependent, because lower NP;,5 181
peptide concentration was able to stimulate its specific T cells to pro-
duce IFN-y (10"°M activated 80%); while much higher NPq75 181
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peptide concentration (10”7 M) was required to stimulate the same T
cells to downregulate CD3 and CD8 (Fig. 2b). Taken together from these
data, we concluded T cell stimulation with 10~7 M peptide should in-
duce optimal CD3 and CD8 downregulation in antigen-specific CD8* T
cells while avoiding significant T cell over stimulation.

3.3. Sorting CD3""CD8"" T cells after activation enriches antigen-specific
CD8™ T cells

Having worked out the optimal antigen dose (10~7 M) and stimu-
lation time (4h), we wanted to test the sensitivity of our T cell en-
riching approach. To achieve this, a T cell culture with relatively low
antigen-specific T cell purity (around 2%) was activated and enriched
by sorting CD3'°"CD8!°" T cells. The sorting gate was set according to
the control group that was cocultured with un-pulsed BLCLs. The gating
example is shown in Fig. 3a. Only a CD3"#"CD8"8" population can be
observed from the un-stimulated group (Fig. 3a, upper panel); while a
CD3'°"CD8™" subpopulation was obviously found in the stimulated
group (Fig. 3a, lower panel). M1sg ¢6-specific CD8* T cells were sorted
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Fig. 3. Sorting CD3'°"CD8!°" T cells after activation enriches peptide- or virus-specific CD8" T cells.

a) An example for gating CD3CD8 downregulated M1sg ¢6-specific T cells responding to peptide-pulsed or un-pulsed APCs. CD8 " T cell culture was established as
described in the M&M using PR8 infected PBMCs. CD8* T cells were stimulated with M1sg_g6 peptide-pulsed (107 M) APCs for 4 h, stained with anti-CD3 and anti-
CDS8 and analyzed by flow cytometry. Gates were set according to T cell group co-cultured with un-pulsed BLCLs. First, gated on CD8™* T cells then displayed as CD3
(Y-axis) and CD8 (X-axis). An oval gate was then applied to CD3'°"CD8'°" population (Fig. 3a, right panel). b) BLCLs pulsed with M1sg ¢ peptide (107 M) were
used to stimulate low purity M1sg_gs-specific CD8™ T cells; then the CD3'°“CD8'°" population was sorted and assessed by ICS. ¢) The rVV-infected BLCLs were used
as APCs to stimulate a bulk IAV-specific CD8* T cell culture, then the CD3“%CD8!"" T cells were sorted and assessed by ICS. rVV-CR19 infected APCs served as a

negative control.

and cultured in 48-well plate; an ICS was performed to assess the purity
of antigen-specific CD8™ T cells 72 h after sorting. As shown in Fig. 3b,
T cells were enriched about 40 times (from 2.16% to 85.5%) after
sorting CD3'°"CD8!°" T cells. This result indicated that sorting CD3CD8
downregulated T cells after antigen stimulation could efficiently in-
crease the purity of antigen-specific CD8* T cell population.

Generally, working out unknown antigenic epitopes is not only a
time-consuming process it also often requires a large number of epi-
tope-specific T cells to screen synthetic overlapping peptides. To
achieve quality data, T cell lines with good purities are highly desired.
However, it is often the case that lower purity T cell cultures are dif-
ficult to maintain for its specificity. As the above sorting was conducted
using T cell lines with known peptide-specificities, we were curious to
know whether our novel method would allow us to enrich CD8* T cells
with unknown specificity.
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We therefore established a bulk T cell culture using autologous
BLCLs infected with IAV as stimulating APCs. 15 days later, CD8* T
cells with various IAV specificities and purities (as a percentage of the
total CD8™ T cells in the culture) were expected. At this stage, auto-
logous BLCLs were infected with recombinant vaccinia viruses (rVV)
expressing individual IAV antigen, such as HA, M1, M2, PB1 or PB2, for
16 h, then used as APCs to stimulate each IAV antigen-specific T cell
population in the bulk culture. 4h later, activated T cells as a
CD3°"CD8!Y population were sorted into 96-well plate. 72 h later the
purities of sorted antigen-specific T cells were assessed by ICS. As
shown in Fig. 3c, the M2-specific T cell population was 9.22% before
sorting and it reached to 82.8% after sorting indicating nearly 10-fold
enrichment; similarly, the T cell population specific to PB2 was 0.27%
before sorting and it reached 22.1% after sorting, nearly 100-fold en-
richment. Other T cell populations specific to HA, M1, and PB1 also
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Fig. 4. CD3CD8 downregulation-guided sorting show good CD8" T cell sur-
vival and expansion.

a) Activated M1sg_ge-specific CD8 ™ T cells were sorted into 96-well plate with
ranged numbers including 1, 3, 10, 100, 1000, 5000, 10,000 cells per well; and
each well contained 3 x 10° irradiated allogeneic feeder cells and was cultured
in RF-5 containing 300UI/mL hrIL-2 and 1 pg/mL PHA. Cells were carefully
maintained for two weeks and the specificities and purity were assessed by ICS
at day 15 for IFN-y production. NA represents not expanded wells after two
week's culture. b) A summary of various cell numbers sorted based on CD3CD8
downregulation in three independent experiments.

reached 10-40-fold enrichment. Taken together, these results indicate
that sorting according to antigen-specific CD3CD8 downregulation can
efficiently enhance virus-specific CD8* T cell purity.

3.4. High purity CD8™ T cell lines can be established from sorted
CD3"CD8"" antigen-specific T cells

To further investigate the potential of this approach, various
number of cells (1 cell/well, 3 cells/well, 10 cells/well, 100 cells/well,
1000 cells/well, 5000 cells/well, 10,000 cells/well) were sorted and
deposited into U-bottom 96-well plate with 3 x 10° allogeneic feeder
cells and cultured in RF-5. Two weeks later, an ICS was conducted to
assess the purity of these T cells. All the expanded antigen specific T
cells achieved 90% purity after CD3CD8 downregulation-guided sorting
(Fig. 4a). However, no single T cell clone was successfully established
from these experiments, although high purity T cell cultures (> 90%)
were derived from 3 cells/well group. Fig. 4b summarises cell expan-
sion results from the above-mentioned groups in three independent
experiments. For example, from 3 cells/well group, an average of 12%
wells expanded and became high purity T cell lines. However, in the
1000 cells/well group 90% expanded successfully. Furthermore, all the
expanded wells eventually contained high purity T cell lines. Taken
together, CD3CD8 downregulation-guided sorting was not only able to
increase T cell purity but also has the potential to derive pure T cell line
from very limited cell numbers (3 cells per well was demonstrated in
these experiments).
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3.5. CD3CD8 downregulation-guided sorting enriches multiple small
antigen-specific CD8™ T cell populations

To determine the reproducibility and sensitivity of this approach, a
primary bulk T cell culture with multiple small IAV-specific CD8 * T cell
responses was established from a known donor according to our pub-
lished method (Wu et al., 2011; Grant et al., 2013). The IAV specificity
was then assessed using a panel of recombinant vaccinia viruses (rVV)
encoding 11 individual IAV proteins (Chen et al., 2001). As shown in
Fig. 5a, among all CD8™" T cells only 2.85% IAV-specific CD8 ™" T cells
were identified by obvious CD3CD8 downregulation. Importantly, these
[AV-specific T cells responded to 9 different IAV proteins (HA, M1, M2,
NA, NP, NS1, PA, PB1, and PB2) and all the specific T cell populations
were smaller than 1% of the total CD8* T cells (Fig. 5b). The IAV-
specific T cells were then activated by IAV-infected BLCLs and about 1
million CD3'°"CD8!°" cells were sorted into a well in a 48-well plate.
These T cells formed clusters 24 h after sorting, suggesting that they
were healthy and activated (Observed by phase contrast microscopy
daily, data not shown). 72 h later, 10* cells were used to assess speci-
ficity and purity for each IAV antigen. The total IAV specific T cell
purity increased from 2.85% to 45.8% (Fig. 5¢). To further confirm the
specificity of these CD3!°"CD8!°" sorted cells, BLCLs were again in-
fected with the rVV panel encoding 11 single IAV proteins and used to
stimulate the enriched T cells in a standard ICS. As shown in Fig. 5d,
specificities of every single protein were increased in the sorted
CD3'°“CD8™" group, indicating that CD3CD8 downregulation-guided
sorting was able to greatly enrich a low percentage, poly-specificity
IAV-specific T cell population.

3.6. CD8™ T cells that downregulate CD3CD8 less dramatically can also be
enriched

Some T cells are very sensitive to antigen stimulation and subse-
quently show a dramatic CD3CD8 downregulation pattern after T cell
activation, as shown above. However, some CD8* T cells may not
downregulate their CD3 and CD8 so dramatically after antigen stimu-
lation. We therefore sought to investigate whether our novel sorting
method was also capable of enriching such CD8" T cells and, if so,
whether similar purity could be achieved after a single sort. For ex-
ample, it has been demonstrated that posttranslational modification of
cysteine could affect immunogenicity and antigenicity of cysteine-
containing peptides (Chen et al., 1999), leading to reduced T cell ac-
tivation. We first selected a viral epitope that contains a cysteine in its
first amino acid position (NP44-52 CTELKLSDY) (Wu et al., 2011) to
test our novel enrichment method. As the peptide stock was dissolved in
DMSO which is an oxidant, cysteines could easily be oxidized to form
dimer peptides through disulfide bonds (Chen et al., 1999). NP44_so-
specific CD8™ T cells were stimulated by peptide-pulsed APCs in the
presence of 500 uM Tris(2-carboxyethyl)phosphine (TCEP) to reduce
dimer peptide formation. As shown in Fig. 6a, NP44_s,-specific CD8* T
cells failed to show dramatic CD3CD8 downregulation after activation.
2.43% of NP,44_so-specific CD8* T cells were detected and sorted ac-
cording to the unstimulated group. Impressively, T cell purity increased
by 10-fold assessed at 72 h after sorting.

We then investigated MelanA,g_ss specific CD8" T cells as this
peptide binds HLA-A*02:01 weakly (Valmori et al., 1999). As shown in
Fig. 6b, the CD3CD8 downregulation was rather subtle. Again, our
sorting gates were set according to the unstimulated group, only 1.2%
antigen-specific CD3°"CD8!°" T cells were detected and then sorted.
Interestingly, an ICS assay conducted 72h after the sorting again in-
dicated a 10-fold enrichment was acheived for this MelanA,¢_3s-specific
CD8™ T cells. Taken together, the above results indicate that CD3CD8
downregulation-guided sorting is able to enrich antigen-specific CD8*
T cells that show much less dramatic CD3CD8 downregulation and also
capable of purifying activated CD8 " T cells specific to a cysteine-con-
taining peptide or a peptide with weak HLA-binding ability.
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Fig. 5. Multiple small IAV-specific CD8* T cell specificities were simultaneously enriched by CD3CD8 downregulation-guided sorting.

Primary T cell culture was established using IAV PR8-infected PBMC as described in the method. a-b) After 2 weeks' culture, IAV-specific CD8* T cell responses were
assessed by their reactivity to the 11 individual IAV proteins expressed by rVV infected autologous BLCLs in an ICS assay. The IAV infected BLCLs served as a positive
control and the rVV-CR19 vector infected BLCLs served as a negative control (Fig. 5b). TCR and CD8 were also stained and gated the CD3'°"CD8'°" population
according to the unstimulated group (Fig. 5a, upper left panel). c-d) CD3'°*¥CD8'°" population was sorted and cultured for 3 days before being assessed for the overall
IAV response and responses to the individual IAV antigens by ICS for IFN-y as described above.

4. Discussion and conclusion

In this study, we have established and optimized a novel method for
enriching antigen-specific CD8* T cells. We have demonstrated that
using CD3CD8 downregulation-guided sorting can greatly enrich an-
tigen-specific CD8 ™" T cells. We have successfully employed this method
first to enrich established immunodominant CD8* T cell line (Fig. 3b),
later single IAV protein-specific T cells (Fig. 3c); and finally, a poly-
specificity, low purity IAV-specific bulk CD8* T cell population. We
have further demonstrated that enriched CD8* T cell populations using
this method maintained broad T cell specificities (Fig. 5) and they are
capable of expansion from very low numbers.

This method could potentially be widely applicable to any antigen-
specific CD8™ T cell enrichment, especially at the early stage of T cell
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culture which is the most problematic time for most, if not all T cell
cultures in worldwide laboratories. Comparing to the mostly utilized
tetramer-guided antigen-specific T cell sorting, our novel antigen-spe-
cific T cell enriching method has the following major advantages: first,
our novel approach enriches any antigen-specific CD8 " T cells without
the need to know HLA restriction or minimum epitope sequence, as
both are critical for the tetramer-guided T cell sorting (Altman et al.,
1996; Sims et al., 2010; Hunsucker et al., 2015). In this regard, our
approach should be more convenient with much wider application;
second, tetramers are expensive to make, and they often have limited
shelve life. So, our approach will be cheaper and always ready to run;
and finally, tetramer-guided sorting is mostly only applicable to in-
dividual T cell population specific for a single pMHC. However, our
approach, as demonstrated in this study, is able to enrich many antigen-
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Fig. 6. CD3CD8 downregulation-guided sorting can enrich CD8" T cells with limited CD3CD8 downregulation after antigen activation.

a) Autologous BLCLs were pulsed with cysteine-containing NP44_s, (CTELKLSDY HLA-A*01:01) then incubated with NP,4_s,-specific CD8* T cells in the presence of
TCEP. After activation a small population of CD3'°"CD8!°" T cells were sorted and assessed for IFN-y production as described in the method. b) Melan Axg_ss specific
CD8* T cells were stimulated by peptide-pulsed HLA-A*02:01* BLCLs. T cell activation induced CD3'°"CD8'°" T cells were sorted and assessed via ICS.

specific T cell populations by a single run, which may allow our method
be used for antigen discovery in potentially complicated epitope dis-
covery experiments or quick assessments to rank major T cell response
to a particular antigen or pathogen.

In this study, we have not performed a side-by-side comparison
study with tetramer-guided sorting. As a result, we are not sure about
which method is more sensitive and/or more accurate. However, sev-
eral studies have reported that pMHC tetramer staining fail to detect
fully functional T cells as the TCR-affinity threshold for tetramer
staining is higher than that required for T cell activation (Derby et al.,
2001; Dolton et al., 2014). Furthermore, a more recent study has de-
monstrated that standard pMHC tetramer staining fail to detect relevant
functional T cell clonotypes and underestimated antigen-reactive T cell
populations (Rius et al., 2018) stressing the importance of using opti-
mized protocols for T cell study.

Although we trialled T cell cloning using this novel method, we
failed to acquire any antigen-specific T cell clone originated from single
cell culture. Judging from the results we have so far, especially those
from 3 cells per well cultures, we have every reason to believe this
approach should be suitable for T cell cloning. We believe it is likely a
cell culture related issue rather than a sorting related one, which is also
reflected by a relatively low success rate of 3 cells/well group. If it was
a sorting related issue, for example, cell damage during activation and/
or sorting, we would have expected the same negative outcome from 3
cells/well, or even higher number wells. The second possibility could be
a low rate related issue as we only trialled 60 culture for each cell
number although three trials were conducted. It might be possible that
should we have trialled a few hundred each time, we would have had a
few clones successfully.

During this study, we observed that a T cell line did not show any
CD3CD8 downregulation after being stimulated by 10~7 M peptide.
This was a long-term cultured CD8* T cell line and had been stimulated
for > 10 times and cultured for 6 months continuously. We then in-
creased the stimulating peptide concentration to 10~°M or 10™°>M,
also enhanced T cell activation time to 6-8 h. After such activation, a
small portion of CD3'°¥CD8'°" T cells could be detected in the 10™°M
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peptide stimulated group. We also observed that after CD3CD8 down-
regulation-guided sorting, EBV-specific CD8* T cells were dramatically
enriched. This could be due to the fact that autologous BLCL line was
used as APCs. Hence, the best approach to reduce such unwanted re-
sponse is to avoid using autologous BLCL. Instead, using an APC that
shares only the peptide presenting HLA allele(s). For example, T2 cell
line expresses HLA-A*02:01 can be used to replace HLA-A*02:01 po-
sitive autologous BLCLs. By doing this, all the EBV-specific CD8* T cells
restricted to other HLA alleles, rather than HLA-A*02:01 will be
avoided.

In conclusion, we have developed a novel method which utilizes the
basic T cell property of CD3CD8 downregulation after antigen-triggered
activation to enrich antigen-specific T cells. We have shown that this
method can be utilized to enrich various T cell populations with known
HLA-restrictions and peptide specificities. We have also shown that
such a method can be used to enrich T cell populations with diverse
specificities, unknown HLA restriction and unknown epitope sequence.
Most importantly, we expect this method to be used to enrich low an-
tigen-specific T cell populations at early, not yet established T cell
culture stage, at which culture failure seems inevitable, to go on to
establish relatively high purity T cell lines, or even clones without the
need for tetramers or even the critical information relating to HLA re-
striction and T cell fine epitope sequence. As once a T cell line, or a
clone is established, all this information can be easily derived. We also
hope this approach may contribute to future T cell immunotherapy.
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