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Abstract: Cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) is a check point protein expressed
on the surface of T cells and plays a central role in regulating the immune response. In recent years,
CTLA-4 has become a popular target for cancer immunotherapy in which blocking CTLA-4 can
restore T-cell function and enhance the immune response against cancer. Currently, there are many
CTLA-4 inhibitors in a variety of modalities, including cell therapies, which are being developed
in both preclinical and clinical stages to further harness the potential of the target for the treatment
of certain types of cancer. In drug discovery research, measuring the level of CTLA-4 in T cells is
important for drug discovery and development because it provides key information for quantitative
assessment of the pharmacodynamics, efficacy, and safety of the CTLA-4-based therapies. However,
to our best knowledge, there is still no report of a sensitive, specific, accurate, and reliable assay for
CTLA-4 measurement. In this work, an LC/MS-based method was developed to measure CTLA-4 in
human T cells. The assay demonstrated high specificity with an LLOQ of 5 copies of CTLA-4 per cell
when using 2.5 million T cells for analysis. As shown in the work, the assay was successfully used to
measure CTLA-4 levels in subtype T-cell samples from individual healthy subjects. The assay could
be applied in supporting the studies of CTLA-4-based cancer therapies.

Keywords: T-lymphocyte-associated protein 4 (CTLA-4); human T cells; LC/MS; quantification

1. Introduction

The adapted immune response of T cells is determined by T-cell antigen-receptor
(TCR) signaling, as well as the co-stimulatory and co-inhibitory molecules such as CD28
and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4). The carefully regulated dual
CD28/CTLA-4 mechanisms ensure that the anti-pathogen and anti-tumor immune effects
are carried out without autoimmune responses and collateral damage to normal tissues [1].
The expression of CTLA-4 has been demonstrated in lymphoid and myeloid cells as
well as tumor cells. It was proposed that the blockage mechanism of CTLA-4 could
be used in cancer treatments. The remarkable clinical results of ipilimumab, a CTLA-4
blocker, and its subsequent approval for the treatment of melanoma, opened a new era in
immune-oncology [2—4]. While the checkpoint blockers that include anti-CTLA-4 and anti-
programmed cell death protein-1/ligand-1 (PD1/PDL1) have demonstrated unprecedented
efficacy in treating a number of cancers such as non-small cell lung cancer, melanoma, and
urothelial carcinoma, the response rate remains unsatisfactory [2]. In contrast to CD28, the
biology of CTLA-4, as well as the mechanism of action of anti-CTLA4 therapies, is not fully
understood. While CD28 is constitutively expressed in all T cells, CTLA-4 is constitutively
expressed only in regulatory T cells. Its level is low or not detectable in naive, resting T
cells but can be measured in induced T cells, as well as CD4 and CD8 T cells in cancer [5].
In addition, it was found that most CTLA-4 resides in the cytoplasmic vesicles, which could
be trafficked to the plasma membrane upon activation.
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The expression of CTLA-4 in cells has been evaluated by qPCR at mRNA levels, as
well as by flow cytometry, Western blot, and immunohistochemistry including quantitative
digital image analysis [5,6]. While these methodologies have been used extensively in the
research of CTLA-4, they possess some inherent limitations including but not limited to
insufficient sensitivity, semi-quantification, and/or the inability to differentiate and measure
the intracellular proteins. Thus, a more sophisticated quantitative assay for CTLA-4 in
human immune cells is needed which, if available, will enable better understanding of
CTLA-4 biology, including the protein’s baseline expression, turnover, and mechanism
of T-cell activation. Equally important though, is the reliable measurement of CTLA-4
levels which would allow for a detailed quantitative pharmacological and toxicological
assessment of the target in cancer immunotherapies. For example, the measured level can
be used to determine the threshold of CTLA4 copies and/or the ratio of CD28 to CTLA4
required for the activation of CD8+ cytotoxic T cells for subsequent tumor killings. In
addition, knowledge of the CTLA-4 level in diverse biological matrices and settings may
also facilitate immune oncology drug discovery, including the understanding of target
engagement, patient selection and stratification, prognostic and predicative assessment
of drug responses. For these important reasons, we developed a quantitative method to
measure the CTLA-4 level in human T cells using the hybrid liquid chromatography-mass
spectrometry (LC/MS) technology.

In recent years, the LC/MS-based methodology, in particular when coupled with
immunoprecipitation, has been widely used for the analysis of a broad spectrum of protein
therapeutics as well as biomarkers [7-9]. For example, a hybrid LC/MS method has
been developed to measure PD-1 and PD-L2 in human tumor samples using a proteomics
approach as well as a hybrid LC/MS method [10-12].

In this paper, we describe the development of a highly specific and sensitive hybrid
LC/MS assay that quantitatively measures the CTLA-4 level in human immune cells with a
low detection limit of five copies per cell. The method was used to assess the CTLA-4 level
from various T- and B cells isolated from human blood samples. As shown in the paper,
the method could potentially be used as a tool for the study of CTLA-4 biology and the
measurement of CTLA-4 biomarkers in patient blood samples.

2. Results and Discussion
2.1. Assay Design

Based on previous publications, the CTLA-4 protein is localized in the intracellular
compartments as well as on the plasma membrane. Our assay is thus designed to allow for
extraction and quantitative measurement of the total CTLA-4 level from the cell samples.
There are two approaches in the immune extraction of the proteins from biological samples
in the hybrid LC/MS methodologies shown in Figure 1. In the first approach, the target
protein of interest is selectively captured by an antibody conjugated on magnetic beads. The
captured protein is then enzymatically digested on or off beads into peptides. One or more
unique peptides from the protein digest, from those with the highest mass-spectrometric
response and the lowest interference from matrices, are typically chosen as surrogates to
measure the protein abundance in the samples.

The second approach is termed Stable-Isotope Standards and Capture by Anti-Peptide
Antibodies (SISCAPA), in which the total protein is extracted from the samples and en-
zymatically digested into peptides. An antibody against a targeted surrogate peptide is
conjugated onto magnetic beads or packed in a column and is used to selectively extract
the target surrogate peptide for analysis by LC/MS.

Since CTLA-4 is a cross-membrane protein with hydrophobic domains which may
lead to loss due to aggregation and/or non-specific absorption onto vial surfaces, the
second approach with the anti-peptide antibody is thus believed to be superior and was
therefore used for the work described subsequently in the report. In our study, the total
protein from the cell samples was dissolved directly in 8 M urea, denatured, alkylated, and
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digested into peptides. This approach minimized the loss of the CTLA-4 analyte during
the sample—preparation process and thereby maximized its recovery.
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Figure 1. Two typical workflows for immunoprecipitation of the proteins from biological samples.

The assay was designed to measure the CTLA-4 protein in human T cells, which are
typically isolated from human whole-blood samples and thus are inherently of limited
sample quantities especially for cancer patients. To achieve the best sensitivity for such
samples, a 2D nano-LC/MS system was employed. The extracted samples were first
injected into a trap cartridge to enrich the analyte. Then, the analyte was eluted into a
nano-LC column running at a nano flow prior to MS detection.

2.2. Selection of the Reference Standard and Surrogate Peptide

Human CTLA-4 is a homodimer membrane protein that includes an extracellular
domain (ECD 36-161, UniProt P16410), a hydrophobic transmembrane section (162-182),
and a cytoplasmic domain (183-223). For practical reasons, recombinant proteins that
include the extracellular binding domain (36-161) were used as the reference material for
method development and preparation of spiked standard /QC samples.

One of the key steps in developing a hybrid LC/MS assay is to choose a surrogate
peptide that could render the optimal sensitivity, specificity, and minimal interference from
biological matrices. In the hybrid method that uses an anti-peptide antibody to selectively
extract the analyte (SISCAPA), the surrogate peptide is used for dual purposes: as the
target antigen to generate polyclonal antibodies for immunocapture, and as the surrogate
analyte for the target protein in LC/MS quantitation. Therefore, the surrogate peptide
selected should have a high immunogenic potential after anchoring to a carrier protein for
inducing polyclonal antibodies in rabbits. In our method development, the recombinant
CTLA-4 was digested and tuned on the Thermo triple-quadrupole mass spectrometer. The
most sensitive transition obtained was from peptide GIASFV[C]JEYASPGK, a y8+ ion at
m/z 911.4 from the doubly charged parent ion at m/z 743.3. Furthermore, the peptide was
chosen as the surrogate peptide for its additional favorable attributes: (1) a unique peptide
based on protein blast in human—protein databases; (2) a relative long peptide which was
hypothesized to be favorable in polyclonal antibody generation.

2.3. Assay Performance

A recombinant CTLA-4 protein with Fc was used as the reference material and spiked
into a surrogate matrix (0.1% BSA in PBS) to prepare standard curves. A representative
calibration curve and related selected extracted ion chromatograms are shown in Figure 2.
The linearity of the standard curve was R? = 0.9921. The accuracy of the back-calculated
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standard samples was within +20% of nominal concentrations. The dynamic range of the

assay was 0.1 to 6.4 ng/mL with the lower limit of quantification (LLOQ) at 0.1 ng/mL.

(Table 1).

GIASFACEYASPGK

Y =-0.00632447+0.166498"X R"2 =0.9921 W: 1/X*2

25

2.0
159
1.03
0.5
0.0

B Lt L L o L I R LR L) LA LA e LA LA L) R A LA LA ) LA R A LA ) R LA WA M
1 2 3

ng/ml

c¢) Blank with IS d) LLOQ (0.1 ng/mL)

17.55

60 |
40

| |
“ 207 I

Intensity

10

5

5000
4006
3006
2000
1008]

e) ULOQ (6.4 ng/mlL)

17.77

10008]
8000
6000]
4000]
2000]

O T e e
170 175 180 185 190 195 200 205

Time (min)

210

8000]

6000

4000

2000

Time (min) Time (min) Time (min)
Figure 2. The standard curve and representative LC-MRM MS chromatograms.
Table 1. A Representative Standard Curve of Total CTLA-4 Assay.
sampleType "0 gD Cone tngimD) it

Std1-1 0.1 0.07 —30% *
Std1-2 0.1 0.092 —8%
Std2-1 0.2 0.23 15%
Std2-2 0.2 0.131 —34% *
Std3-1 0.4 0.379 —5%
Std3-2 0.4 0.427 7%
Std4-1 0.8 0.84 5%
Std4-2 0.8 0.815 2%
Std5-1 1.6 1.581 —1%
Std5-2 1.6 1.489 —7%
Std6-1 32 3.122 —2%
Std6-2 32 2.94 —8%
Std7-1 6.4 6.954 9%
Std7-2 6.4 6.059 —5%

* Excluded from regression.
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The assay also showed high specificity. In the chromatogram of the blank samples in
the surrogate matrix, no interference peaks were found (Figure 2). Among all the samples
tested, the CTLA-4 level in the CD19+ B cell samples was below the LLOQ (Figure 3).
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Figure 3. The representative LC-MRM MS Chromatograms for cell samples with analyte (top) and
IS (bottom).

To determine the total percentage recovery of the reference standard spiked in human
cell samples compared to that spiked in the surrogate matrix (0.1% BSA in PBS), a recovery
experiment was carried out by spiking the reference standard at 0.400 ng/mL into B-cell
and pan T-cell samples (0.5 million cells for each). The samples were measured using
a standard curve in a surrogate matrix. The recovery was found to be 106% in spiked
B-cell samples, which have no measurable level of endogenous CTLA-4. The recovery
was slightly higher in the spiked pan T-cell samples (140%), which however included a
measurable level of endogenous CTLA-4 at 0.253 ng/mL in the 0.5-million-cell sample.
Since the endogenous CTLA-4 protein was different from the spiked reference standard,
determining the true recovery of the analyte during the extraction and tryptic digestion
was not feasible. However, the data demonstrated a comparable recovery of the CTLA-4
reference protein spiked in a surrogate matrix versus that spiked in B- and T-cell samples
(Table 2).

To determine the parallelism of the assay method for the T-cell samples, the same
batch of CD3+ pan T cells was used to prepare samples at 0.2, 0.5 and 1 million cells per
well. The samples were measured against a standard curve. The measured CTLA-4 levels
from cell counts in the range of 0.2 to 1 million cells per well showed acceptable parallelism
results with %CV at 11.4%. (Table 2)
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Table 2. Spiked Recovery and Parallelism of the CTLA4 Assay.

Sample Type Cell Nl}mber Nominal Conc. Back Calculated %W Diff
(Million) (ng/mL) Conc. (ng/mL)

Std 1 0.1 0.081 —19%

Std 2 0.2 0.199 0%

Std 3 0.4 0.477 19%

Std 4 0.8 0.822 3%

Std 5 1.6 1.60 0%

Std 6 3.2 3.12 —3%

Slzrllkg«; rgl(j?c. Mea(;t;r;:iﬁonc. Accuracy (%) R;salzf:;se
Human B Cell 0.5 0 0.068 (BLPQ) N/A
Human B Cell 0.5 0.800 0.920 106
Human T Cell 0.2 0 0.118 N/A 0.591
Human T Cell 0.5 0 0.253 N/A 0.506
Human T Cell 1.0 0 0.635 N/A 0.635
Human T Cell 0.5 0 1.474 140
CV of Response Factors 0.8 11%

[CTLA — 4] (

copy

2.4. Measurement of Human Blood Cell Samples

Human cells from multiple donors were purchased from commercial sources and
measured for the CTLA-4 levels. The representative extracted ion chromatograms from the
samples are shown in Figure 2 and the results are listed in Table 3. The copy number of
CTLA-4 protein per cell was calculated based on the measured total CTLA-4 concentration
in pg/mL using the following equation with the assumption that each endogenous CTLA-4
protein is a homodimer with two copies of the surrogate peptide which is the same as the
reference standard.

cell

) B [CTLA — 4](£%) x [Final Sample Volume](mL) x 6.022 x 102
[

¢y
Number of Cells in Sample] x 1012 (’;—g) x 115,000(MW of CTLA — 4 Standard)

It was found that the CD4+/CD25+/CD127-regulatory T cells showed the highest
CTLA-4 levels, averaging between 349 and 1132 copies per cell in the samples from two
donors. In the CD19+ B cell samples, the CTLA-4 level proved to be below the LLOQ
(equivalent to < five copies per cell). The levels of CTLA-4 from other cell types were: PMBC
46-98 copies per cell; CD3+ pan T 67-112 copies per cell; CD4+ Helper T 27-77 copies per
cell; and CD8+ cytotoxic T <12.5-19 copies per cell. The results are consistent with previous
reports. It should be pointed out that since regulatory T cells have significantly higher
levels of CTLA-4 compared with other type of cells, they could elevate the CTLA-4 level of
the cell samples that contain them, such as PBMCs and CD3+ Pan T cells. This seemed to
be the case as the CTLA-4 levels of these two types of cell showed higher copies per cell vs.
the CD4+ helper T and CD8+ cytotoxic T cells. The result of the study also indicates that
the purity of the cell samples is important since a small impurity of regulatory T cells could
artificially elevate the overall measured CTLA-4 level in other types of cell samples, such
as the helper T and cytotoxic T samples. The purity of most of the cells was > 90%. Among
the different T-cell types, the CD8+ cytotoxic T cells demonstrated the lowest CTLA-4 level
and the three samples measured were with results close to the LLOQ of 12.5 copies per cell.
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Table 3. Measured Total CTLA-4 Concentration in Human T, B, and Cultured Jurkat Cells.

Measured CTLA-4

Cell Samples Lots Purity (Viability) Gender Age (Copy per Cell)
14034019 >90% (>95%) M 29 <5
CD19+B

16039855 N/A (>95%) M 23 46
20062721 N/A (>95%) F 51 98
PBMC 20062803 N/A (>95%) F 43 46
20061999 >90% (>95%) M 39 67

20063759 >90% (>95%) M 54 112
CD3+ PanT 16038257 >90% (>95%) M 29 97
20063853 >90% (>95%) M 58 77
20064018 >90% (>95%) M 38 27
CD4+ Helper T 21067658 >90% (>95%) M 27 56
18048894 >90% (>95%) M 52 19
18048997 >90% (>95%) F 39 13

CD8+ Cytotoxic T
19057442 >90% (>95%) M 23 <12.5
20062260 >80% (>95%) M 47 1132
CD4+/CD25+/CD127-Regulatory T

20063080 >80% (>95%) M 42 349

CTLA-4 Expressing Jurkat T cell 23,000

PD1/PD-L1 and CTLA-4 represented the two central classes of targets in immune
oncology that demonstrated promising efficacies after inhibition. PD-L1 was found el-
evated on the cell surface of certain tumors such as non-small cell lung cancer. PD-L1
immunohistochemistry (ICH) assays were approved by the FDA as a companion diagnosis
for risk/benefit predictions [13]. LC/MS assays were also developed to quantitatively
measure PD1/PD-L2 in tumor tissues [10-12].

The expression of CTLA-4 was reported to be predominantly in T cells, as well as
other blood cells and tumor cells. The research into CTLA-4 biology has been focused on
its function in T cells, especially the immune suppression of regulatory T cells [14]. Quanti-
tative imaging analysis by CTLA-4 immunohistochemistry (ICH) was used to measure the
CTLA-4 expression of the tumor-infiltrating lymphocytes [5]. Previous studies have shown
that CTLA-4 is predominantly and constitutively expressed in Tgeg cells [15], and the
CTLA-4 expression is higher in CD4+ T cells than in CD8+ T cells from healthy subjects [16].
In this work, an LC/MS method was developed and used to quantitatively measure the
total of CTLA-4 in subtypes of T cells from healthy subjects. The results showed that the
CTLA-4 levels in human T cells are Treg >> CD4+ T > CD8+ T, which are consistent with
the abovementioned publications. The results also demonstrated significant variations
(two-three-fold) among subjects in each T-cell subtype. The LC/MS assay demonstrated the
feasibility of quantitatively measuring CTLA-4 in fewer than one million subtype T cells,
thus enabling its potential application as a companion diagnosis together with liquid biopsy
in immunotherapy development. There have been other publications that reported the
measured soluble CTLA-4 levels in biological fluids. However, the identities of the analytes
were subject to debate [17,18]. The LC/MS assay developed herein has the potential to
measure soluble CTLA-4 ECD in biological fluid and tissue samples with high specificity
and less ambiguity.
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3. Materials and Methods
3.1. Chemicals and Reagents

Recombinant human CTLA-4 extracellular domain (ECD) protein with a His-tag
was manufactured at Wuxi Biologics (Shanghai, China). Recombinant human CTLA-4 Fc
Chimera Avi-tag Protein (Biotin-labeled) was obtained from R&D Systems (Minneapolis,
MN, USA). The surrogate tryptic peptide of CTLA-4 H2N-GIASFVC(CAM)EYASPGK"-OH
(Cys modified by iodoacetamide with a carbamidomethyl group) and its stable isotope-
labeled internal standard H2N-GIASFVC(CAM)EYASPGK"-OH (K +8 Da) were purchased
from Thermo Scientific (Waltham, MA, USA). The Sulfo ChromaLink Biotin was obtained
from Trilink Biotech (San Diego, CA, USA). The Dynabeads™ MyOne™ Streptavidin T1
was purchased from Thermo Fisher (Chicago, IL, USA). Acetonitrile, water, and formic
acid (FA) were of HPLC grade or higher. A mass spectrometry grade Trypsin/Lys-C Rapid
Digestion kit was purchased from Promega (Madison, WI, USA). The Tris buffer (0.1 M,
pH 7.5), 1X PBS buffer (pH 7.4), PBST1 (PBS with 0.01% Tween 20), PBST5 (PBS with 0.05%
Tween 20), 10 M urea, 100 mM DTT in 1 M pH 7.5 Tris-HCl, 240 mM iodoacetamide (IAA)
in 100 mM pH 7.5 Tris-HCl, 3 M sodium acetate (pH 5.2), 4% BSA-PBST, 0.05% CHAPS in
1X PBS, 25 mM HCl in water, were prepared in-house.

3.2. Cell Samples

Human blood cells (B, CD4+ and CD8+ T, regulatory T) were purchased from Hemacare
(Los Angeles, CA, USA) and stored at —80 °C until use. The cell count number was pro-
vided by the vendor. The Jurkat T-cell line stably expressing human CTLA-4 and an
IL2-Luciferase reporter was purchased from Promega (Cat# C5186903, Madison, MI, USA)
and cultured in the following media: Gibco RPMI 1640 90% (Thermo Fisher Scientific,
Waltham, MA, USA); HyClone FBS 10% (Fisher Scientific, Hampton, NH, USA); MEM
non-essential amino acids 1X; sodium pyruvate 100 mM 1X; hygromycin B 200 ug/mL
(Thermo Fisher Scientific); and Promega G418 (Fisher Scientific). The cells were maintained
in a culture medium between 2 x 10° and 2 x 10° cells/mL. Cells were passaged by diluting
with a fresh culture medium to a seeding density of 4 x 10° cell/mL (2-day passage) or
2-3 x 10° cells/mL (3-day passage). The cells were counted with a Cellometer (Nexcelom,
Lawrence, MA, USA), washed with PBS (x2), centrifuged, and the harvested pellet was
stored at —80 °C until use.

Human T and B cells in 1 mL CryoStor freezing media were purchased from Hemacare,
with each vial containing 25 million Cryo-PBMCs, 10 million CD3+ Pan T cells, 25 million
PB Cryo-CD4 cells, 10 million PB Cryo-CDS8 cells, 10 million PB Cryo-B cells, or 1 million
PB Cryo-CD127D Tgeg cells.

3.3. Generation of Anti-Peptide Polyclonal Antibody

An anti-peptide polyclonal antibody was generated at BBI Solutions (Portland, ME,
USA). The peptide was extended by a Cys at the n-terminal and conjugated with keyhole
limpet hemocyanin (KLH). A total of 3 rabbits were used for immunization and antisera
collections. The primary immunization was administered with 250 pug of the antigen with
Complete Freund’s adjuvant. Subsequent boosts consisted of 125 g of the antigen with In-
complete Freund’s adjuvant every 3 weeks. The rabbits were bled and tested for titers. The
purifications were carried out 2.5 and 4 months after the initial challenges. The polyclonal
antibody was purified with Protein A and peptide antigen-affinity chromatography.

3.4. Preparation of Calibration Standard and Internal Standard

Calibration standards at 0.1, 0.2, 0.4, 0.8, 1.6, 3.2, and 6.4 ng/mL were prepared in 0.1%
BSA in PBS solution (surrogate matrix) by dilution from a stock solution of recombinant
human CTLA-4 Fc chimera Avi-tag protein at 1.5 mg/mL. The internal standard solution of
1 nM in 5% acetonitrile in water was prepared by diluting the stable labeled internal stan-
dard stock solution that was prepared by dissolving the peptide powder in 5% acetonitrile
in water.
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3.5. Sample Processing

Cell sample denaturation and homogenization: A volume of 0.1 mL of cell mixtures
was aliquoted into a vial containing 98 mg of urea which led to the final mixture volume
of about 0.2 mL with the urea concentration at 8 M, adequate for protein denaturing. The
suspended cells were then homogenized using an ultrasonics processor with a tip probe
(Zhengzhou TCH Instrument Co., Zhengzhou, China), followed by mixing with 20 uL of
1 nM internal standard solution.

Calibration standards denaturation: An aliquot of 25 uL of each calibration standard
was transferred to a 96-well Thermo Kingfisher plate containing 28 mg urea per sample
well and mixed with 20 pL. of 1 nM internal standard solution.

Tryptic digestion: Each of the denatured cell samples and the calibration standards
was mixed with 10 puL of 50 mM DTT in 1 M pH 7.5 Tris-HCI. The plate was then incubated
with shaking at 550 rpm at 37 °C for 1 h. An aliquot of 10 uL of 120 mM IAA in 100 mM
pH 7.5 Tris-HCl was added to each well and the samples were incubated in the dark with
shaking at 550 rpm at room temperature for 30 min, then under light for 20 min. Each
sample was mixed with 500 pL of 100 mM pH 7.5 Tris-HCI and 50 pL of 0.1 ug/uL of
Trypsin/LysC in 100 mM pH 7.5 Tris-HCI. The samples were then digested overnight by
incubating with shaking at 550 rpm at 37 °C. To adjust the pH, 20 uL 3 M sodium acetate
(pH 5.2) was added to each well after digestion.

Immunoaffinity enrichment: The anti-peptide antibody was biotinylated with the Sulfo
ChromalLink Biotin following the vendor’s protocol. An aliquot of 20 uL of 0.075 mg/mL of
biotinylated anti-peptide antibody was added to each well containing the digested sample.
The plate was incubated at 8 °C with shaking at 850 rpm for 90 min. Each sample was then
mixed with 10 pL Streptavidin T1 Dynabeads and incubated at 25 °C for 1 h at 950 rpm,
and then placed onto a Kingfisher system. All samples were subjected to duplicate washes
with 0.05% CHAPS in 1X PBS (400 pL), a single wash with 0.017% CHAPS in 1X PBS
(400 pL) prior to eluting with 150 uL of 25 mM HCl. The eluted peptides were injected for
LC-MS analysis.

3.6. Liquid Chromatography and Mass Spectrometry

A Thermo Ultimate 3000 UHPLC system and Ultimate 3000 RSLC nano system
(Waltham, MA, USA) interfaced to a Thermo TSQ Quantiva triple-quadrupole mass spec-
trometer with an EasySpray nano source (Waltham, MA, USA) were used for peptide
quantitation. A total of 100 pL of immunoaffinity-enriched peptide eluates from each sam-
ple was injected onto a C18 PepMap trap column (0.3 mm x 5 mm, 5 um, 300 A, Thermo
Fisher) with 0.5% TFA in water at the flow rate of 0.2 mL/min for 3 min. Subsequently, the
peptides eluted from the C18 trap column were separated using a PepMap™ C18 Column
(3 um, 100 A, 75 pm X 15 cm, Thermo Fisher) running at 60 °C. Mobile phases A and B
were 0.1% FA in water, and acetonitrile containing 0.1% FA, respectively, and the total flow
was 0.6 uL./min.

The nano-LC gradient employed was as follows: maintained at 3% B for 6 min for
loading; then ramped to 11% B in one minute; continued to ramp to 19% B in 15 min; and
then held at 80% B for 2 min. The mass spectrometer was operated at an MRM positive
ionization mode, and the transitions at 743.3 > 911.4 and 747.3 > 919.4 were used for the
analyte and corresponding internal standard, respectively.

The LC/MS data were acquired and processed using Thermo Xcaliber software 4.0.
Linear calibration curves were established based on the peak area ratio (analyte/IS) vs.
concentration using 1/X weighting to enable the assay optimization as well as quantification
of unknowns.

4. Conclusions

A highly sensitive and specific hybrid LC/MS assay has been developed and applied
to quantitatively measure CTLA-4 levels in human blood cells. The assay is sensitive
enough to measure as low as 5 copies of CTLA-4 per cell using 2.5 million cells per sample,
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or 12.5 copies per cell using 1 million cells per sample. The measurement was believed to be
reliable based on the surrogate spiked CTLA-4 recovery assessment in relevant cell matrices.
The novel method provided a practical quantitative method for the total of CTLA-4 level in
human T cells, which could be widely applicable in studying CTLA-4 as an important drug
target for developing immunotherapies for cancer treatment.

Author Contributions: Conceptualization, D.W., C.J. and M.G.Q.; Methodology, D.W., J.C., L.D. and
C.J.; Formal analysis, K.L.H. and J.C. ; Investigation, M.G.Q.; Resources, K.LH., K.A.-H., T.T.Z.,
M.S,, T.S. and B.W,; Data curation, L.D. and S.C.; Writing—original draft, D.W., J.C., C.J. and M.G.Q.;
Writing—review & editing, D.W.,, KLH,, ]J.C,, LD, S.C, KA.-H,, TT.Z, CN.C, MS., TS., BW,,
C.J. and M.G.Q.; Supervision, M.G.Q. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available up on request.
Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples in the study are not available from the authors.

References

1.

10.

11.

12.

13.

Chambers, C.A.; Kuhns, M.S; Egen, ].G.; Allison, J.P. CTLA-4-Mediated Inhibition in Regulation of T Cell Responses: Mechanisms
and Manipulation in Tumor Immunotherapy. Annu. Rev. Immunol. 2001, 19, 565-594. [CrossRef]

Seidel, J.A.; Otsuka, A.; Kabashima, K. Anti-PD-1 and Anti-CTLA-4 Therapies in Cancer: Mechanisms of Action, Efficacy, and
Limitations. Front. Oncol. 2018, 8, 86. [CrossRef] [PubMed]

Hodji, FS.; Mihm, M.C,; Soiffer, R.].; Haluska, F.G.; Butler, M.; Seiden, M.V.; Davis, T.; Henry-Spires, R.; MacRae, S.; Willman, A;
et al. Biologic activity of cytotoxic T lymphocyte-associated antigen 4 antibody blockade in previously vaccinated metastatic
melanoma and ovarian carcinoma patients. Proc. Natl. Acad. Sci. USA 2003, 100, 4712-4717. [CrossRef] [PubMed]

Phan, G.Q.; Yang, ].C.; Sherry, RM.; Hwu, P.; Topalian, S.L.; Schwartzentruber, D.J.; Restifo, N.P.; Haworth, L.R.; Seipp, C.A;
Freezer, L.].; et al. Cancer regression and autoimmunity induced by cytotoxic T lymphocyte-associated antigen 4 blockade in
patients with metastatic melanoma. Proc. Natl. Acad. Sci. USA 2003, 100, 8372-8377. [CrossRef] [PubMed]

Brown, C.; Sekhavati, F.; Cardenes, R.; Windmueller, C.; Dacosta, K.; Rodriguez-Canales, J.; Steele, K.E. CTLA-4 Immunohisto-
chemistry and Quantitative Image Analysis for Profiling of Human Cancers. J. Histochem. Cytochem. 2019, 67, 901-918. [CrossRef]
[PubMed]

Miller, R.E.; Fayen, ].D.; Mohammad, S.F; Stein, K.; Kadereit, S.; Woods, K.D.; Sramkoski, R.M.; Jacobberger, ] W.; Templeton, D.;
Shurin, S.B.; et al. Reduced CTLA-4 protein and messenger RNA expression in umbilical cord blood T lymphocytes. Exp. Hematol.
2002, 30, 738-744. [CrossRef] [PubMed]

Neubert, H.; Shuford, C.M.; Olah, T.V.; Garofolo, E.; Schultz, G.A.; Jones, B.R.; Amaravadi, L.; Laterza, O.F.; Xu, K.; Ackermann,
B.L. Protein Biomarker Quantification by Immunoaffinity Liquid Chromatography—Tandem Mass Spectrometry: Current State
and Future Vision. Clin. Chem. 2020, 66, 282-301. [CrossRef] [PubMed]

Neubert, H.; Xu, K. New opportunities with quantification of protein therapeutics by LC-MS. Bioanalysis 2018, 10, 971-973.
[CrossRef] [PubMed]

Sugimoto, H.; Wei, D.; Dong, L.; Ghosh, D.; Chen, S.; Qian, M.G. Perspectives on potentiating immunocapture-LC-MS for the
bioanalysis of biotherapeutics and biomarkers. Bioanalysis 2018, 10, 1679-1690. [CrossRef] [PubMed]

Morales-Betanzos, C.A.; Lee, H.; Gonzalez Ericsson, PI.; Balko, ].M.; Johnson, D.B.; Zimmerman, L.J.; Liebler, D.C. Quantitative
Mass Spectrometry Analysis of PD-L1 Protein Expression, N-glycosylation and Expression Stoichiometry with PD-1 and PD-L2
in Human Melanoma. Mol. Cell. Proteom. 2017, 16, 1705-1717. [CrossRef] [PubMed]

Zhang, Q.; Salzler, R.; Dore, A.; Yang, J.; Ma, D.; Olson, W.C.; Liu, Y. Multiplex Immuno-Liquid Chromatography-Mass
Spectrometry—Parallel Reaction Monitoring (LC-MS-PRM) Quantitation of CD8A, CD4, LAG3, PD1, PD-L1, and PD-L2 in Frozen
Human Tissues. J. Proteome Res. 2018, 17, 3932-3940. [CrossRef] [PubMed]

Zhu, Y,; Zalaznick, J.; Sleczka, B.; Parrish, K.; Yang, Z.; Olah, T.; Shipkova, P. Immunoaffinity microflow liquid chromatogra-
phy/tandem mass spectrometry for the quantitation of PD1 and PD-L1 in human tumor tissues. Rapid Commun. Mass Spectrom.
2020, 34, €8896. [CrossRef] [PubMed]

Liu, D.; Wang, S.; Bindeman, W. Clinical applications of PD-L1 bioassays for cancer immunotherapy. J. Hematol. Oncol. 2017,
10, 110. [CrossRef] [PubMed]


http://doi.org/10.1146/annurev.immunol.19.1.565
http://doi.org/10.3389/fonc.2018.00086
http://www.ncbi.nlm.nih.gov/pubmed/29644214
http://doi.org/10.1073/pnas.0830997100
http://www.ncbi.nlm.nih.gov/pubmed/12682289
http://doi.org/10.1073/pnas.1533209100
http://www.ncbi.nlm.nih.gov/pubmed/12826605
http://doi.org/10.1369/0022155419882292
http://www.ncbi.nlm.nih.gov/pubmed/31609157
http://doi.org/10.1016/S0301-472X(02)00831-7
http://www.ncbi.nlm.nih.gov/pubmed/12135671
http://doi.org/10.1093/clinchem/hvz022
http://www.ncbi.nlm.nih.gov/pubmed/32040572
http://doi.org/10.4155/bio-2018-0151
http://www.ncbi.nlm.nih.gov/pubmed/30015519
http://doi.org/10.4155/bio-2018-0205
http://www.ncbi.nlm.nih.gov/pubmed/30371100
http://doi.org/10.1074/mcp.RA117.000037
http://www.ncbi.nlm.nih.gov/pubmed/28546465
http://doi.org/10.1021/acs.jproteome.8b00605
http://www.ncbi.nlm.nih.gov/pubmed/30277784
http://doi.org/10.1002/rcm.8896
http://www.ncbi.nlm.nih.gov/pubmed/32666620
http://doi.org/10.1186/s13045-017-0479-y
http://www.ncbi.nlm.nih.gov/pubmed/28514966

Molecules 2023, 28, 3311 11 of 11

14.

15.

16.

17.

18.

Oyewole-Said, D.; Konduri, V.; Vazquez-Perez, J.; Weldon, S.A.; Levitt, ].M.; Decker, WK. Beyond T-Cells: Functional Char-
acterization of CTLA-4 Expression in Immune and Non-Immune Cell Types. Front. Immunol. 2020, 11, 608024. [CrossRef]
[PubMed]

Rowshanravan, B.; Halliday, N.; Sansom, D.M. CTLA-4: A moving target in immunotherapy. Blood 2018, 131, 58-67. [CrossRef]
[PubMed]

Chan, D.V,; Gibson, H.M.; Aufiero, B.M.; Wilson, A.].; Hafner, M.S.; Mi, Q.S.; Wong, H.K. Differential CTLA-4 expression in
human CD4+ versus CD8+ T cells is associated with increased NFAT1 and inhibition of CD4+ proliferation. Genes Immun. 2014,
15, 25-32. [CrossRef] [PubMed]

Esposito, L.; Hunter, KM.D.; Clark, J.; Rainbow, D.B.; Stevens, H.; Denesha, J.; Duley, S.; Dawson, S.; Coleman, G.; Nutland, S.;
et al. Investigation of Soluble and Transmembrane CTLA-4 Isoforms in Serum and Microvesicles. . Immunol. 2014, 193, 889-900.
[CrossRef] [PubMed]

Sato, S.; Fujimoto, M.; Hasegawa, M.; Komura, K.; Yanaba, K.; Hayakawa, I.; Matsushita, T.; Takehara, K. Serum soluble CTLA-4
levels are increased in diffuse cutaneous systemic sclerosis. Rheumatology 2004, 43, 1261-1266. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.3389/fimmu.2020.608024
http://www.ncbi.nlm.nih.gov/pubmed/33384695
http://doi.org/10.1182/blood-2017-06-741033
http://www.ncbi.nlm.nih.gov/pubmed/29118008
http://doi.org/10.1038/gene.2013.57
http://www.ncbi.nlm.nih.gov/pubmed/24173147
http://doi.org/10.4049/jimmunol.1303389
http://www.ncbi.nlm.nih.gov/pubmed/24928993
http://doi.org/10.1093/rheumatology/keh303
http://www.ncbi.nlm.nih.gov/pubmed/15266059

	Introduction 
	Results and Discussion 
	Assay Design 
	Selection of the Reference Standard and Surrogate Peptide 
	Assay Performance 
	Measurement of Human Blood Cell Samples 

	Materials and Methods 
	Chemicals and Reagents 
	Cell Samples 
	Generation of Anti-Peptide Polyclonal Antibody 
	Preparation of Calibration Standard and Internal Standard 
	Sample Processing 
	Liquid Chromatography and Mass Spectrometry 

	Conclusions 
	References

