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ABSTRACT

Background With immunotherapy gaining increasing
approval for treatment of different tumor types, scientists
rely on cutting edge methods for the monitoring of immune
responses and biomarker development in patients. Due

to the lack of tools to efficiently detect rare circulating
human tumor-specific CD4 T cells, their characterization in
patients still remains very limited.

Methods We have used combinatorial staining
strategies with peptide major histocompatibility complex
class Il (pMHCIIl) multimer constructs of different alleles
to establish an optimized staining procedure for in

vitro and direct ex-vivo visualization of tumor-specific
CDA4 T cells, in patient samples. Furthermore, we have
generated reversible multimers to achieve optimal

cell staining and yet disassemble prior to in vitro cell
expansion, thus preventing activation induced cell death.
Results We observed a vastly improved detection of
tumor-specific, viral-specific and bacterial-specific cells
with our optimization methods compared with the non-
optimized staining procedure. By increasing the variety
of fluorochromes used to label the pMHCII multimers,
we were also able to increase the parallel detection

of different specificities within one sample, including
antigen-specific CD8 T cells. A decrease in cell viability
was observed when using the full optimization method,
but this was mitigated by the removal of neuraminidase
and the use of reversible multimers.

Conclusion This new optimized staining procedure
represents an advance toward better detection and
analysis of antigen-specific CD4 T cells. It should facilitate
state-of-the art precision monitoring of tumor-specific
CDA4 T cells and contribute to accelerate the use and the
targeting of these cells in cancer immunotherapy.

INTRODUCTION

The identification of numerous tumor asso-
ciated antigens and neo-antigens recognized
by tumor reactive T cells in recent years
has fueled the rapid progress in the field
of cancer immunotherapy. Their exquisite
specificity has been exploited in the explora-
tion of several immunotherapeutic strategies

1,2

including cancer vaccines, adoptive T cell
transfer (ACT) and the use of immunomod-
ulatory agents. To date, cytotoxic CD8 T cells
have been the major focus of cancer immu-
notherapy due to their capacity to directly
recognize and eliminate cancer cells.'
However, CD4 T cells are becoming more
appreciated due to new evidence emerging
on their crucial role in cell-based therapies,
peptide-based vaccination and in the recog-
nition of neo-antigens.”™ Nonetheless, the
low frequencies of circulating tumor-specific
CD4 T cells, their low affinity T cell receptors
(TCRs) and the lack of tools to adequately
detect and isolate them have all hindered
their characterization at the antigen specific
level and their clinical exploitation remains
limited.

The direct measurement of antigen-
specific T cell responses is done through
the use of recombinant major histocompati-
bility complex (MHC) multimers assembled
with antigenic peptides major histocompat-
ibility complex (pMHC) used in multipa-
rameter flow cytometry or mass cytometry.
Major advances have been made in quan-
titative specific T cell frequency assays with
MHC class I peptide multimers (pMHCI),
including high multiplex panels of more than
1000 pMHCI DNA-barcoded multimers.’
However, little progress has been made
with pMHC class 1II (pMHCII) molecules.
Several hurdles might explain this gap, such
as low affinity TCR specific for MHC class 11
complexes,’ modest coreceptor contribution
to pMHCII binding avidity,” the conforma-
tional diversity of pMHCII complexes,10 the
high polymorphism of HLA-DP, HLA-DQ,
HLA-DR molecules and the poor quality of
PMHC class II multimers related to technical
difficulties in their generation.’ In regard to
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the latter, recent advances have improved the yields and
stability of pMHCII multimers. These include the addi-
tion of a leucine zipper instead of the transmembrane and
cytoplasmic domains preventing dissociation of the alpha
and beta chains,11 the addition of a C-terminal His-tag,
allowing gentle affinity purification of the complexes,"
the use of conditional peptide tags improving the degree
of peptide loading'® and the linking of the peptide
to the B chain via a long and flexible linker.'® In turn,
these advances have led to improved identification of
antigen-specific CD4 T cells, mainly in the context of
viral infections or autoimmunity,'* whereas very little data
are available to date on the detection of human tumor-
specific CD4 T cells in patients.

Here, we generated pMHCII multimers and reversible
pMHCII NTAmers' and used them in combination with
several molecules known to impact on TCR-pMHC inter-
actions to optimize antigen-specific CD4 T cell detection
and enumeration. These included galectin-3, a sugar-
binding lectin that is capable of forming a lattice on
the cell surface and binding to various glycosylated cell
surface receptors such as TCRs'® and impairing TCR-
pMHC interaction. This effect is reversed by the addi-
tion of N-acetyl-D-lactosamine (LacNAc), a competitive
galectin-binder.'” ' Furthermore, the removal of sialic
acid may increase'’ ' * multimer staining with pMHC
multimers.

We show that the combined use of neuraminidase,
dasatinib, LacNAc as well as an anti-fluorochrome anti-
bodies (Ab)" *' improves the specific labeling of rare
human tumorspecific CD4 T cells. This optimized
multimer labeling assay enables the concomitant immu-
nomonitoring of tumor-antigen specific CD4 and CD8 T
cells from a single tube, thereby reducing the sample size
needed. Furthermore, we report on the successful direct
ex-vivo detection of tumor-specific CD4 T cells as well as
the isolation and clonal expansion of these cells, for TCR-
engineering and adoptive cell therapy approaches.

METHODS

Patients, blood samples and ethical approval statement
Peripheral blood from patients with stage III/IV mela-
noma was obtained from the Department of Oncology,
University Hospital (CHUYV), Lausanne, Switzerland, on
written informed consent based on the study protocol
(NCT00112242) approved by the IRB and Swissmedic.”
The patients had been subjected to a vaccination protocol
with the 30 amino acid peptide LSP (long synthetic
peptide) NY-ESO-1., ., administered subcutaneously in
combination with CpG-B (CpG-7909/PF-3512676) and
Montanide ISA-51, with or without low dose interleukin-2.
Blood was diluted with phosphate-buffered saline (PBS)
or RPMI 1640 (Invitrogen, Paisley, UK), mononuclear
cells were purified by centrifugation over Ficoll-Plaque
TM Plus (Amersham Bioscience, Uppsala, Sweden) and
washed three times with RPMI 1640. Lymphocytes were
directly cryopreserved in 50% RPMI (Gibco/Thermo
Fisher Scientific, Massachusetts, USA), 40% FCS (PAA
Laboratories/GE Healthcare, Illinois, USA), and 10%
dimethyl sulfoxide (DMSO) freezing medium (Sigma-
Aldrich, Missouri, USA). Vials of 10x10° peripheral blood
mononuclear cells (PBMC) from patients with melanoma
were stored in liquid nitrogen.

Peptide epitopes

Peptides were synthesized by the Peptide and Tetramer
Core Facility, UNIL-CHUYV, Epalinges, Switzerland, by
standard solid phase peptide synthesis on a multiple
peptide synthesizer (Intavis, Germany). All peptides
were >90% pure as indicated by ultra performance
liquid chromatography/mass spectrometry (UPLC-
MS) analysis. Lyophilized peptides were diluted in pure
DMSO at 10mg/mL or aliquots of 1mg/mL in 10%
DMSO were prepared and stored at -80°C. The peptide
epitopes and their restricting HLA elements are listed
in table 1.

Table 1 List of peptides used for cell stimulation and MHC class | and Il loading

Peptide name Peptide sequence Peptide origin HLA restriction HLA%
HA, ;51 PKYVKQNTLKLAT Hemagglutinin HLA-DRB1*07:01 25
NY-ESO-1, LLEFYLAMPFATP New York esophageal squamous HLA-DRB1*07:01 25

cell carcinoma 1

HA ., 51 PKYVKQNTLKLAT Hemagglutinin HLA-DRB1*04:01 24
MAGE-A3,,, s RKVAELVHFLLLKYR Melanoma-associated antigen 3 ~ HLA-DPB1*04:01 75
MAGE-A3,,, . KKLLTQHFVQENYLEY  Melanoma-associated antigen 3 ~ HLA-DPB1*04:01 75
TTour060 FNNFTVSFWLRVPK Tetanus toxoid HLA-DPB1*04:01 75
Melan-Ag ospom) ELALIGILTV MART-1 HLA-A*02:01 44
EBV,40.065 GLCTLVAML BMLF-1 HLA-A*02:01 44
CMV g oo NLVPMVATV pp65 HLA-A*02:01 44
Influenza matrix protein,, GILGFVFTL Influenza matrix protein H3N2 HLA-A*02:01 44
NY-ESO-1.,; s SLLMWITQC New York esophageal squamous  HLA-A*02:01 44

cell carcinoma 1
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Generation of pMHC Il multimers
Peptide-MHC II multimers were produced by the Peptide
and Tetramer Core Facility, UNIL-CHUYV, Epalinges, Swit-
zerland. The extracellular region of the HLA-DR/DPa
and HLA-DR/DPP chains were separately cloned into
pMT\BiP\V5-His A (ThermoFisher scientific). The alpha
chain construct harbors the acidic leucine zipper and
terminates by a tandem His-tag (HHHHHHGGGSGG
GSGSHHHHHH). The beta chain construct contains the
basic leucine zipper and terminates with AviTag sequence.
To generate cell lines expressing HLA-DR or HLA-DP, the
two plasmids with a third plasmid conferring puromycin
resistance, were cotransfected into Drosophila S2 cells
using Cellfectin (ThermoFisher Scientific) according
to the manufacturer protocol. Protein expression was
induced by addition of 1 mM CuSO4. MHC class II mole-
cules were purified from supernatants with Chelating
Sepharose FF (Merck). Peptide loading was performed
in 100 mM sodium citrate, pH 6.0 with 100 pM peptide at
37°C for 24 hours, buffer-exchanged on a HiPrep 26/10
desalting column (Merck) into AviTag buffer and subse-
quently biotinylated with the BirA enzyme according to
the manufacturer instructions (Avidity, Denver, Colo-
rado, USA). Biotinylated MHC class II-peptide complexes
were purified on a HisTrap HP column (Merck).
Peptide-MHC II monomers were multimerized using
streptavidin-conjugated dyes and then aliquoted and
kept at -80°C. Reversible pMHC II multimers (NTAmers)
were prepared similarly other than the use of a propri-
etary streptavidin-NTA conjugate.

Generation of T cell clones

PBMC from patients with HLAs of interest were thawed
and CD4 T cells enriched using anti-CD4 microbeads
and MiniMACS magnetic separation columns (Miltenyi
Biotec, Bergisch Gladbach, Germany). These were then
stimulated with autologous irradiated CD4™ T cells in the
presence of a pool of peptides (5pM each), as indicated.
After 2 days of culture, 100 pL. of RPMI 1640 containing
8% of human serum, 2mM glutamine, 1% (vol/vol)
nonessential amino acids, 50pM 2B-mercaptoethanol,
penicillin (50U/mL) and streptomycin (50 pg/mL) (R8
media) was replaced with fresh media containing a final
concentration of 100IU/mL of human recombinant (hr)
IL-2. After 10 days of in vitro expansion, cultures were
tested for the presence of antigen-specific CD4 T cells with
pMHCII multimers loaded with the same peptide used in
the stimulation process. The detection of these cells was
performed with the standard multimer staining process:
the phycoerythrin (PE) or APC-conjugated multimers
were added to the cells at a final concentration of 10 pg/
mL in a volume of 25nL of R8 media and incubated
for 45min at room temperature (RT). Twenty minutes
before the end of the multimer incubation period, 25 L
of the following antibody cocktail was added directly to
each sample without washing: anti-CD3 AF700 (clone
HIT3a, Biolegend, London, UK), anti-CD4 FITC (clone
RPA-T4, Biolegend) and LIVE/DEAD fixable dead cell

stain (Vivid, Invitrogen, California, USA) diluted 1:800
in R8 media. Where indicated, anti-CD45RA ECD (clone
2H4L.DH11LDBY9, Beckman Coulter, California, USA)
and anti-CCR7 BV421 (clone G043H7, Biolegend) were
used. Samples were analyzed with the BD LSR II Flow
Cytometry Analyzer (Becton Dickinson, New Jersey, USA).
The data were analyzed using FlowJo software (FlowJo).
The positive cultures were then sorted using FACS cytom-
eters either Aria IIU or the Aria III (Becton Dickinson)
using the same staining protocol.

Individual, sorted, epitope-specific T cells were stimu-
lated with 1 pg/mL phytohemagglutinin (PHA) (Thermo
Fisher Scientific) in the presence of irradiated (30 Gy)
allogeneic PBMC feeder cells (10x10* per well) and
hrIL-2 (100IU/mL) and plated in Terasaki plates for
clone generation. The remaining sorted cells were stimu-
lated and cultured in a 96-well plate as a bulk of epitope
specific cells. T cells were cultured for a minimum of
2weeks postrestimulation before being used for experi-
ments or frozen.

Optimized and reversible multimer staining

For optimized CD4 T cell multimer staining, the cells
were plated in 96-well V bottom plates and centrifuged at
1500rpm (453g on Eppendorf 5810R). After removing
the supernatant, the cells were resuspended in 100pL
of R8 media containing LacNAc (Sigma-Aldrich) at a
final concentration of 5mM and incubated at 37°C for
a period of 2hours. Cells were washed with PBS, centri-
fuged and resuspended in 100pL of PBS containing
dasatinib (Axon Medchem, Virginia, USA) and neur-
aminidase from Clostridium perfringens (C. welchii) (Sigma-
Aldrich) at respective final concentrations of 50nM and
0.7U/mL and then incubated for 30 min at 37°C. After
a further PBS cell wash, standard multimer staining
was performed (see above) after which 0.5pg (10pg/
mL) of either mouse anti-PE unconjugated Ab (clone
PE00O1, Biolegend) or mouse anti-APC unconjugated Ab
(clone APC003, Biolegend) was added depending on the
labeling fluorochrome bound to the multimer and incu-
bated for 20min on ice in the dark. Cells were washed
and resuspended in PBS and analyzed with either the BD
LSR II Flow Cytometry Analyzer (Becton Dickinson) or
with the CytoFLEX S Flow Cytometry Analyzer (Becton
Dickinson). When reversible multimers were used in this
protocol, cells were treated with Imidazole at 100mM in
a volume of 100 pL of PBS for 2min at 4°C, either at the
end of the staining procedure or immediately after single
cell sorting.

Imaging flow cytometry

Following sample thawing, clonal cells were split into two
wells of a 96-well V bottom plate. Half of the wells were
subjected to the standard multimer staining procedure
whereas the other half were treated with the optimized
staining procedure (OSP). The cells were stained with
multimers and cell surface markers. To avoid spillover
between fluorochromes, the panel was modified to
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contain: the PE labeled specific multimer, anti-CD3 APC
(clone UCHTI1, Beckman Coulter, California, USA),
anti-CD4 BV605 (clone OXT4, Biolegend) and LIVE/
DEAD fixable dead cell stain (Vivid, Invitrogen). The
remaining two wells were stained with the Mouse Anti-
Human TCR off PE (clone T10B9.1A-31, Becton Dick-
inson) for 45min in 25pL of R8 media at RT. Twenty
minutes before the end of the incubation period 25pL
of R8 media containing the previously mentioned CD3
APC, CD4 BV605 and LIVE/DEAD fixable dead cell stain
was added and incubated at RT. All samples were anal-
ysed with the Amnis Imaging flow cytometry (Luminex,
TX, USA) and data processed with the IDEAS Software
(Luminex, TX, USA).

Evaluation of cell viability

CD4 T cell clones were seeded in a 96-well V bottom
plate and subjected to standard or optimized multimer
staining procedures and put in culture in a round bottom
96-well plate in R8 media containing 100IU/mL of
hrIL-2. At time points 6 hour, 24 hours and 48 hours, the
cells were collected and stained for viability markers. Cells
were washed with PBS and resuspended in 25 pL of PBS
containing anti-CD3 AF700 (clone HIT3a, Biolegend),
anti-CD4 FITC (clone RPA-T4, Biolegend) and LIVE/
DEAD fixable dead cell stain (Vivid, Invitrogen) diluted
1:800 in PBS. The cells were incubated at RT for 30 min
and washed with PBS. They were resuspended in 25pL
of AnnexinV buffer 1X with AnnexinV-PE (Becton Dick-
inson) and incubated for 20 min at 4°C. Cells were then
washed and resuspended in AnnexinV buffer 1X and
analyzed with the CytoFLEX S Flow Cytometry Analyzer
(Becton Dickinson).

Functional evaluation

For the evaluation of the secreted cytokines on specific
stimulation, CD4 T cell clones were plated in a 96-well
U-shaped plate, left unstimulated, stimulated with 5pM
of specific HA, . .., or NY-ESO-1 , peptides or with 5pM
of an irrelevant peptide. The cells were incubated O/N
with the addition of 2.5 pg/mL of Brefeldin A. The cells
were then collected and transferred to a 96-well V-shaped
plate for flow cytometry staining. The cells were first
incubated for 30 min at RT with anti-CD3 BV421 (clone
UCHT1, Biolegend), anti-CD4 FITC (clone RPA-T4,
Biolegend) and LIVE/DEAD fixable dead cell stain
(Vivid, Invitrogen) diluted 1:800 in PBS. Cells were then
fixed and permeabilized following the recommendations
provided with the eBioscience Foxp3/Transcription
Factor Staining Buffer Set. Cells were washed twice with
the permeabilization buffer 1X provided with the kit
and then incubated for a period of 30 min at RT with the
anti-IFNy PE (clone B27, Biolegend) and the anti-TNFo.
AF700 (clone Mabll, Becton Dickinson) diluted in
permeabilization buffer 1X. The cells were washed and
analyzed with the CytoFLEX S Flow Cytometry Analyzer
(Becton Dickinson).

Statistical analysis

Statistical tests used were the Wilcoxon matched-pairs
signed-ranks test and two-way analysis of variance followed
by Tukey's multiple comparisons.

RESULTS

Optimal staining of antigen-specific CD4 T cells by pMHC
class Il multimers is achieved at room temperature

To systematically optimize pMHCII multimer labeling
of specific CD4 T cells, we first evaluated the effect of
temperature on the labeling of a collection of human
CD4 T cell clones of tumor-antigen and viral specific-
ities by design multimers, as illustrated in figure 1A.
We compared the staining efficiency at 4°C, 15°C, RT
and 37°C. Although distinct labeling and of HLA-DR7/
NY-ESO-1_,,specific CD4 T cell cloneswith the HLA-DR7/
NY-ESO-1,, ,, multimer was obtained at all temperatures,
maximal mean fluorescence intensity (MFI) was apparent
at RT compared with other temperatures (figure 1B-D).
The increase in MFI was not accompanied by an increase
in background staining, as assessed in criss-cross experi-
ments with irrelevant clones (figure 1E). Similar results
were obtained using viral specific clones (HA, ., specific
clones, restricted by HLA-DR7) (figure 1F). These results
suggest that optimal pMHCII multimer staining requires
exposure of CD4 T cells to multimers at RT.

The use of optimizing molecules improves pMHCII multimer
staining of human antigen-specific CD4 T cells

To determine whether the multimer staining quality could
be further improved, a set of candidate molecules indi-
vidually and in combination was included in the staining
procedure. CD4 T cell clones specific for NY-ESO-1.,
or HA, ., were pretreated with neuraminidase, dasat-
inib or both, before multimer staining. In addition to the
various cell treatments, a secondary antibody recognizing
the phycoerythrin fluorochrome incorporated into the
multimers was added prior to analysis. Addition of either
neuraminidase or dasatinib significantly increased the
fluorescent signal. Moreover, the addition of both had
an additive effect (figure 2A,B). The addition of the
secondary antibody further increased the detected MFI,
with no impact on background staining of an irrelevant
clone (figure 2C,D).

Next, knowing that LacNAc, a competitive binder of
galectin, affects TCR mobility on the cell membrane, we
tested its effect on multimer staining. Clones were incu-
bated with multimers after treatment with LacNAc alone,
with the combination of optimizing molecules (dasatinib,
neuraminidase and secondary Ab) or with the optimizing
molecules plus LacNAc. The use of LacNAc alone did
not improve the multimer staining. However, when used
in combination with the other optimizing molecules, it
resulted in the highest specific MFI signals (figure 2E).
We used the Amnis Imaging flow cytometry technology
to directly visualize the multimer distribution on the
cell surface of clones labeled with either the standard
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or OSP. This confirmed the increased MFI with the OSP
compared with the standard procedure and revealed clus-
tering of fluorescently labeled multimers only with the
OSP protocol (figure 2F). Together, these results indicate
that the pretreatment of T cells with the optimizing mole-
cules LacNAc, neuraminidase and dasatinib followed by
incubation with a secondary cross-linking Ab, leads to
optimal multimer labeling as assessed by flow cytometry.

Optimizing molecules allow improved staining across multiple
antigen specificities and HLA restrictions
In order to validate the OSP across multiple antigen-

specificities, clones specific for HLA-DR7/ HA307_319,
HLA-DR7/ NY-ESO-1, .., HLA-DR4/HA, ., HLA-DP4/
MAGE-A3 HLA-DP4/MAGE-A3 or HLA-DP4/

111-125° 243-258 X R
were labeled with either the

tetanus toxoid (TT),,. o

standard procedure or the OSP (figure 3A). An increase
in MFI signals using the OSP was consistently observed
compared with the standard procedure. No specific
signal was observed when an irrelevant multimer was used
(figure 3A).

For immune monitoring purposes, improved identifica-
tion of tumor-specific CD4 T cells is necessary directly ex
vivo, in patient-derived PBMC samples. Ex-vivo samples
from HLA-DR7+ and HLA-DP4+ patients with stage IIT/
IV melanoma were labeled with either the standard
procedure or the OSP. Increased frequencies of tumor
antigen-specific CD4 T cells could be measured when
using the OSP compared with the standard procedure
(figure 3B,C) with no background staining difference
between the two (figure 3B-D).

Samples from stage III-IV melanoma patients prevac-
cination and postvaccination with the LSP NY-ESO-1
were stained with the HLA-DR7/NY-ESO-1_ , or HLA-
DR4/HA, ., multimers. HA,_ .~ specific cells were
detected at a higher frequency when using the OSP
compared with the standard staining procedure, but their
frequency did not vary during vaccination (figure 3E). An
increase in NY-ESO-1_.  specific CD4 T cell frequencies
was observed following vaccination and accentuated when
using the OSP (figure 3E). Furthermore, with the OSP, a
small population of NY-ESO-1,  -specific CD4 T cells was
readily detectable in samples prevaccination. The detec-
tion of larger proportions of viral-specific and tumor-
specific cells using the OSP was further demonstrated
after in-vitro expansion of CD4 T cells from patients’ post-
vaccination (figure 3G).

The use of the OSP in healthy donor (HD) samples
resulted in the detection of higher frequencies of NY-ESO-
1. o specific CD4 T cells compared with standard staining
(figure 3H). The NY-ESO-1. ; specific cells were predom-
inantly of a naive (N) phenotype (figure 3I). Further,
the HDs showed low frequencies of HA, .. specific
cells with a mixed differentiation phenotype. Overall,
mostly effector memory (EM) and central memory
(CM) cells were stained with the standard NY-ESO-1..
9 OF HA, .o specific multimer staining (figure 3F-I). A
larger proportion of N cells as well as CM and EM and

79-108

terminally differentiated effector memory cells (EMRA)
were detected with the OSP. NY-ESO-1,, ,-specific cells
displayed an evolution from mostly N cells prevaccination
in patients’ samples toward more CM and EM differenti-
ated cells postvaccination (figure 3F).

Overall, these results confirm the efficacy of OSP moni-
toring of antigen-specific CD4 T cells, also directly ex vivo

in HD and patient peripheral blood samples.

Combinatorial labeling of antigen-specific CD4 and CD8 T
cells using OSP in patient samples

Due to the limited amount of biological material avail-
able from patients, it would be advantageous if multiple
specificities could be investigated within the same indi-
vidual sample. For this purpose, a cocktail of pMHCI and
pMHCII multimers labeled with either one or a combina-
tion of two fluorochromes as described in figure 4A was
used. First, the feasibility of combinatorial staining for
CD4 and CD8 T cells was verified by spiking CD4 and CD8
T cell clones of the specificities indicated in figure 4A,
into PBMCs. All the specific clones could be detected
with the combination of multimers (figure 4B). The
OSP allowed for a much sharper discrimination between
specific and negative cells in the CD4 T cell population
than the standard labeling procedure (figure 4B,C). For
CD8 T cells, the optimization was effective in the detec-
tion of EBV,. ..., Flu - and Melan-A, . specific cells but
not in the case of CMV ... and NY-ESO-1, . - specific
cells (figure 4B,C).

Peripheral blood lymphocyte samples from HLA-DR7",
HLA-DP4" and HLA-A2" patients with melanoma were
used to evaluate the efficiency of combinatorial multimer
labeling with and without the optimization procedure
directly on ex-vivo cells. Multiple antigen specificities
were detected within the samples which benefited from
the optimization, with a higher frequency of specific cells
detected and a higher staining intensity achieved when
using the OSP (figure 4D). These results demonstrate
the feasibility of integrating the OSP with combinatorial
multimer labeling for sensitive detection of both class
I and class Il-restricted T cells of multiple specificities
within a single patient sample.

The usage of reversible multimers improves cell viability of
tumor-specific CD4 T cells on subsequent expansion

Besides its applicability for direct ex-vivo immune moni-
toring, the OSP might be advantageous in sorting specific
cells for in vitro expansion for adoptive cell transfer
therapy. In this regard, the impact of the OSP on CD4
T cell viability was evaluated using HLA-DP4/MAGE-
A3, s Testricted clones with either an intermediate or
high MFT (figure 5A). Once the labeling procedure was
complete, the cells from each condition were seeded and
cultured for periods of 6hours, 24hours and 48hours
before viability assessment. With the intermediate MFI
clones, substantial cell death was apparent in cloned T
cells after OSP treatment, irrespective of the presence of
the multimer (figure 5B). In contrast, the cloned T cells
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Figure 3 (Continued)
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Figure 3 In-vitro and ex-vivo improvement of multimer staining across multlple specificities. (A) Clones specific for HLA-
DR7/HA,, ,,, (n=4), HLA-DR7/NY-ESO-1,, ., (n=4), HLA-DR4/HA, . .., (n=4), HLA-DP4/MAGE-A3,,, ,,, (n=3), HLA-DP4/
MAGE-A3,,, .., (N=4) and HLA-DP4/TT,, ... (n=3) were stained using standard (blue) and optimized staining procedures (red).
For negative controls, the staining was performed in the absence of the multimer (black) or with a nonspecific multimer (purple).
(B) Representative dot plots of ex-vivo staining to detect HLA-DR7/HA,, .., (top) and HLA-DR7/NY-ESO-1,, ., (bottom) specific
CD4 T cells in DR7* patient samples (left) or in mismatched DR7" patient samples (right) using standard or the OSP. Dot plots
are gated on live lymphocytes, CD3". (C) Detection of epitope-specific CD4 T cells in ex-vivo samples by standard (blue) and
optimized multimer staining (red). Specificities investigated include HLA-DR7/HA,, ... (n=17), HLA-DR7/NY-ESO-1,, ., (n=15),
HLA-DP4/MAGE-A3,,, ,,, (n=20), HLA-DP4/MAGE-A3,,, .., (n=16), HLA-DP4/TT,,. ... (n=16). Frequencies of multimer positive
cells among total CD4* CD3* cells. (D) HLA-mismatched ex-vivo samples were stained using multimers for each one of the
previously mentioned specificities, comparing the standard (blue) to the optimized staining procedure (red). Frequencies of
multimer positive cells among total CD4* CD3* cells (n=3). (E) Samples from patients with melanoma, either prevaccination
(n=2) or post-4 to 5 vaccinations (n=3) or post-8 vaccinations (n=3) were stained with HLA-DR7/HA, , ... or HLA-DR7/NY-
ESO-1,, ,, multimers comparing the standard (blue) to the optimized staining procedure (red). (F) The phenotype of multimer
positive cells in standard stained or optimized multimer stained populations was evaluated with the addition of the CCR7 and
CD45RA markers. Naive (blue), CM (red), EM (green) and EMRASs (purple) frequencies were analyzed at the different timepoints
during vaccination (n=2, n=3, n=3, respectively, for each time point). (G) Standard multimer staining (blue) or optimized multimer
procedure (red) post-in vitro stimulation with HA, . ... or NY-ESO-1,, .. peptides of samples from patients wiht melanoma
postvaccination. (H) HLA-DR7/HA, . .., or HLA-DR7/NY-ESO-1,, ., multimer staining for the detection of specific cells in two
HLA-DR7 healthy donors (n=2). Standard protocol (blue) is compared with the optimized protocol (blue). (I) Representation of
the CD4 T cell phenotype among the multimer positive cells of healthy donors stained with the HLA-DR7/HA, , ... or HLA-DR7/
NY-ESO-1,, ., multimers (n=2). Represented in the pie-chart are the naive population (blue), CM (red), EM (green) and EMRA
(purple). CM, central memory; EM, effector memory; EMRA, terminally differentiated effector memory cells; OSP, optimized
staining procedure.
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Figure 4 Combinatorial optimized staining for improved in vitro and ex-vivo detection of multiple antigen-specificities.

(A) Panel of fluorescent multimers used in the experimental mix. On the left list of pMHCII multimers and on the right of
pMHCI multimers. (B) Representative dot plots of the detection of multiple antigen-specific T cells spiked in PBMC stained
either with the standard (blue) or optimized multimer procedure (red). Gated on live CD3* CD4* or CD8" cells. (C) Fold
change representation of the increased MFI comparing standard and optimized staining procedures for the different antigen
specificities. CD4 T cells are represented on the left and CD8 T cells on the right (n=3). (D) Representative dot plots of a
combinatorial ex-vivo multimer staining on HLA-DR7*/HLA-DP4*/HLA-A2" patients with melanoma. Both standard and
optimized staining are represented. Gated on live, CD3* CD4" or CD8" cells. pMHCII, peptide MHC class II.
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Figure 5 The optimization procedure impacts on cell viability. (A) Dot plots representing HLA-DP4/MAGE-A3,,

CD4 T cell

3-258

clones of intermediate (left) and high staining intensity (right). Dot plots are gated on live CD3* CD4" cells. (B) Cell viability at

time points 6 hours (blue), 24 hours (red) and 48 hours (green) of different HLA-DP4/MAGE-A3

CD4 T cell clones. On the

243-258

left the histogram includes clones of both intermediate and high staining intensity (n=6). In the center are represented only the
intermediate stained clones (n=3) and on the right the high stained clones (n=3). Cells were gated on live, CD3* CD4" cells. (C)
The effect on viability of individual or combined molecules at different time points 0 hour, 6 hours, 24 hours and 48 hours on CD4

and CD8 T cells in healthy donor PBMC.

with high MFI exhibited a reduction in the frequency
of dead cells following the OSP in the absence of the
multimer, suggesting that the persistence of the multi-
mers may have a negative impact on cell viability. To eval-
uate which molecule in the OSP was causing an increase
in cell mortality, PBMC from healthy donors were treated
with LacNAc, dasatinib, neuraminidase or a combination
of all three followed by culture during 6hours, 24 hours
and 48hours before cell viability assessment. The addi-
tion of LacNAc did not affect cell survival (figure 5C) and
dasatinib only impacted cell viability of CD4 T cells, at
later time points. In contrast, neuraminidase had a strong
negative impact on viability by the 6hour time point
either alone or in combination with the other compounds
(figure 5C). Altogether, these results suggest that neur-
aminidase should be avoided to preserve the viability of
specific CD4 T cells when using the OSP in settings of

in vitro T cell expansion. The mechanism behind this
loss in cell viability with the OSP seems to be linked to
the improved binding of multimers to TCRs, potentially
leading to activation-induced cell death (AICD).

To address this possibility, reversible multimers
(NTAmers), which consist of pMHCII monomers linked
by a Ni**-nitrilotriacetic acid (NTA)-His tag-containing
scaffold (figure 6A), were generated and compared with
the design multimers used thus far in this work. On addi-
tion of a nontoxic low concentration of imidazole, the
NTAmers decay within seconds into pMHCII monomers
and PE-labeled streptavidin NTA, molecules, causing
dissociation of the pMHCII-TCR complex (figure 6B,C).
HLA-DP4/MAGE-A3, , .. cloned T cells of high staining
intensity were labeled using the same conditions as in
figure 5B but replacing the multimer with the NTAmer.
An increase in cell viability was apparent when using
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+-Specific clone MFI on removal of neuraminidase to improve survival. Standard protocol (blue), optimized protocol without
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for both HA, . .., and NY-ESO-1,, ., specificities, comparing cells sorted using the standard protocol (blue) and the optimized
protocol (red). H) Screening of growing clones with HLA-DR7/HA, . .., or HLA-DR7/NY-ESO-1,, ,, multimers. Cells were initially
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representative HLA-DR7/NY-ESO-1,, .. multimer positive clone sorted using the optimized staining procedure. IFNy and TNFo.
expression was evaluated in unstimulated cells, after stimulation with an irrelevant (HA,, .., peptide) or the specific peptide
(NY-ESO-1,, ,, peptide) (from left to right). (J) Histogram representation of the functionality of the HA, ... or the NY-ESO-1,, ..
specific clones initially seeded by sorting using the standard protocol (blue) or the optimized protocol (red) (n=3). MFI, mean
fluorescence intensity; pMHCII, peptide MHC class II; TCR, T cell receptor.
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NTAmers, which was comparable to that observed using To confirm the feasibility of using the above described
the OSP in the absence of multimers (figure 6D). As  conditions for subsequent cell culture and functional
expected, viability was further improved by removing  evaluation, aliquots of cells generated by the in vitro

neuraminidase from the staining procedure (figure 6E) stimulation depicted in figure 3G were sorted with the
with maintained superior staining intensity compared standard protocol or the OSP and seeded in single
with the standard protocol (figure 6E). cell cultures. Clonal efficiency was calculated for each
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patient and for both antigens (figure 6G). In regard
to the NY-ESO-1, , specificity, no major difference was
observed between cells sorted with the standard protocol
or the OSP. However, since the initial number of NY-ESO-
1. ospecific cells detected using the OSP in patients
Lau 1293 and 1352 was on average 3.7-fold greater than
with the standard protocol, many more clones could be
generated (figure 6G). HA, . -specific cells gave more
positive wells with the standard protocol compared with
the OSP but when screening for multimer positive clones
they resulted to be non-specific for HA, . ,(figure 6H),
in contrast to the clones issued from the OSP sorted
cells. For the NY-ESO-1_,  specificity, most clones were
positively stained by the specific multimer. Finally, we
excluded any functional impairment in OSP sorted clones
as on specific peptide stimulation we observed significant
expression of both IFNy and TNFa (figure 61,]).
Together, these results suggest that specific T cell
viability and functionality can be efficiently preserved by
replacing standard multimers with reversible NTAmers
and with the removal of neuraminidase to the optimi-
zation combo for efficient tumor-specific CD4 T cell

expansion.

DISCUSSION
Peptide-MHC multimers have been widely used since
their first description back in 1996** and have been an
invaluable tool for the detection of specific T cells. In this
study, we have developed and validated novel combinato-
rial pMHC class II multimer staining procedures to detect
human antigen-specific CD4 T cells, in ex-vivo patient
samples. In addition, we show innovative solutions to
enhance the yields of viable antigen-specific CD4 T cells
after multimer-guided, flow cytometry-based cell sorting.
Despite the clear above described benefits of the OSP
staining as compared with the standard procedure, a
reduced cell viability was observed using OSP, which could
hamper the adoption of this methodology for cell expan-
sion in the context of ACT. We identified in the neur-
aminidase treatment the main cause of this cell mortality,
in line with previous studies documenting its toxicity.* **
To a lesser extent, we also observed a reduction in cell
viability by dasatinib treatment. Despite this fact, dasat-
inib has been implemented in several tetramer staining
procedures for CD8 T cell identification, without mention
of any negative impact on cell fitness.”' * ** Additionally,
by performing the optimized staining in the absence of
the multimer we observed an increase in cell viability,
confirming a direct impact of the TCR-pMHC class II
multimer binding on cell survival. This has already been
described in antigen-specific CD8 T cells, possibly due to
the AICD induced by the TCR and pMHCI interaction.”’
In line with this observation in CD8 T cells, our results
using the Amnis Imager show increased TCR clustering
and enhanced interaction between TCR and pMHCII
complexes during the OSP, supporting the concept
of AICD induction also in CD4 T cells. Further, in this

study, we mention for the first time the use of pMHCII
NTAmers to successfully reduce cell mortality in isolated
CD4 T cells. In the future, this technology could be used
also for other applications, such as the measurement of
TCR affinities and of the constant of TCR dissociation
(K, as reported for CD8 T cells.”® For this endeavor,
the use of the OSP might be key to ensure strong initial
pMHCII NTAmer binding to TCRs of low affine tumor-
specific T cells.

In an era of personalized immunotherapy, it has
become vital to monitor patient responses to thera-
pies.®®* The use of CD4 T cells as part of cancer therapy
is coming of age, yet their monitoring remains elusive.
Being able to follow the evolution of such cells is key
for vaccination and adoptive cell-transfer based thera-
pies. The large difference in percentages and phenotpye
of cells detected using the standard or the optimized
staining reflects discrepancies previously reported by
others using other technologies.” The combination of
different peptide-MHC multimers and the evaluation
of phenotypic markers is expected to generate clues as
to CD4 T cell differentiation and polarization, at the
antigen specific level. Furthermore, TCR affinity studies
will be possible, either using the 2D binding methodology
or new highly sensitive methods such as the whole cell
surface plasmon resonance.” Another key aspect will be
the improvement and implementation of the expanded
combination of fluorochromes or metals for combinato-
rial multimer labeling, or the use of DNA barcodes,32 that
would allow the concomitant visualization of tens of spec-
ificities as in our case and of hundreds or even thousands
in one single patient sample. Moreover, the strategy to
label samples with antibodies specific for both CD4 and
CD8 T cells will allow concomitant visualization and isola-
tion of antigen-specific cells in MHC class I and class II
restricted T lymphocytes.

CONCLUSION

In conclusion, we believe this study provides significant
advancement in direct human tumor-specific CD4 T cell
analysis by pMHC class II multimers. We propose two
optimization techniques depending on the reasoning
behind the detection of the specific CD4 T cells. If immu-
nomonitoring is the focus (screening the specific cells
and sequencing their TCR), then the optimization tech-
nique would include the use of LacNAc, dasatinib, neur-
aminidase, standard multimers as well as the secondary
cross-linking Ab. However, if the focus is preserving cell
viability after multimer-guided, flow cytometry-based cell
sorting for further cell culture or use in cell-based thera-
pies, then reversible NTAmers should be used and neur-
aminidase omitted. It remains to be shown which TCR
affinity levels and TCR repertoire are detected with the
optimized protocol compared with the standard one,
and if the highest MFI levels correspond to T cells with
the highest TCR affinity. We expect that our improved
ability to dissect CD4 T cells at an antigen-specific level
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will decisively help with the successful targeting of these
cells in immunotherapy.
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