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Abstract

Increasing numbers of trials employing anti-PD-1 immunotherapy emphasize the requirement for predictive biomarkers of
clinical response. Many studies examine the cell surface expression of PD-1 and other key regulators of T-cell activation
and inhibition. Here, we compared common commercially available anti-PD-1 diagnostic antibodies and tested whether
they can bind the PD-1 receptor in the presence of the therapeutic antagonists pembrolizumab and nivolumab. We observed
that currently no antibodies are available that can reliably stain all PD-1 receptors on T-cells from patients treated with anti-
PD-1 antibodies. Furthermore, none of the diagnostic antibodies detected the entire population of PD-1* T-cells relative to
indirect staining using the therapeutic antibodies themselves. To overcome this problem, here we present a reliable method
for quantifying PD-1 expression on immune cells from treated patients which can be included in any conventional flow or
mass cytometry antibody panel used for patient monitoring.
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blood-based markers are mostly unexplored. So far, serum
LDH is the only accepted biomarker in late-stage melanoma
[5]. Recently, reinvigoration of circulating exhausted T-cells,
in relation to pretreatment tumor burden was introduced
as a potential on-treatment predictor of response to PD-1
blockade [6]. Other promising candidates are frequencies
of myeloid-derived suppressor cells (MDSCs), T-cells and
regulatory T-cells (Tregs) in peripheral blood, which have
been shown to be associated with clinical outcome under
ipilimumab treatment [7, 8]. In late-stage melanoma patients
that did not receive checkpoint therapy, the presence of cir-
culating melanoma-associated antigen-specific T-cells was
associated with prolonged overall survival [9, 10]. Whether
any or all these blood-based marker-candidates also possess
similar predictive power for PD-1 blockade or combined
CTLA-4/PD-1 blockade remains to be seen. Generally, the
expression of PD-1 on T-cells is considered beneficial, as
it might provide a window on tumor-resident cells with
anti-cancer activity [11, 12]. Thus, many studies examin-
ing immune cells from cancer patients before and during
treatment with the therapeutic PD-1 antagonists pembroli-
zumab (pembro) or nivolumab (nivo) seek to quantify cell
surface expression of PD-1 and other key regulators of
T-cell activation/inhibition. For that purpose, the targeted
receptor should of course be detected as accurately as pos-
sible. Currently, most studies use commercially available
fluorescence-labelled anti-PD-1 diagnostic antibodies. Here
we have tested and compared different antibodies to detect
PD-1 on the surface of CD4* and CD8" T-cells to establish
the most feasible and reliable methodology to investigate
PD-1-expressing cells.

Materials and methods
Patients

Fresh blood samples from n=11 late-stage melanoma
patients undergoing pembrolizumab (2 mg/kg body weight
every 3 weeks) or nivolumab (3 mg/kg body weight every
2 weeks) therapy were obtained from the Department of
Dermatology, University Medical Center, Tiibingen. Sam-
ples were obtained before and at a median of 42 days (range
42-106 days) after the first injection. Fresh blood samples
from n=10 healthy donors were obtained from the local
blood bank. Peripheral blood mononuclear cells (PBMCs)
were isolated by Ficoll-Hypaque density gradient centrifuga-
tion and cryopreserved using freezing medium containing
10% DMSO until use.
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Flow cytometry

After thawing, cells were pre-incubated for 20 min with
10 pg/ml nivolumab (dissolved in staining buffer) or 10 pg/
ml pembrolizumab (dissolved in staining buffer) or pure
staining buffer (PBS, 2% FCS, 2 mM EDTA, 0.01% sodium
azide), followed by staining with anti-human IgG4-PE
(Southern Biotech; 1 ug/ml). Afterwards, cells were stained
for surface markers using CD4-BB515 (clone RPA-T4, BD
Biosciences), CD8-APC-H7 (clone SK1, BD Biosciences),
PD-1-BV421 (clone MIH4, BD Biosciences) or various
PD-1-APC antibodies (clone EH12.2H7, BioLegend; clone
MIH4, BD Biosciences; clone PD-1.3.1.3, Miltenyi Bio-
tec; clone NAT105, BioLegend; clone J105, eBioscience)
or corresponding isotype control antibodies from the same
manufacturer. Selected samples were washed and fixed and
permeabilized using the fixation/permeabilization solu-
tion (BD Biosciences) according to the manufacturer’s
instructions. Dead cells were excluded by ethidium mono-
azide (Biotinum) staining. Cells were acquired on a LSR
II cytometer (BD Biosciences) and analysed using FlowJo
(Tree Star). PD-1-expression was determined on CD4% and
CD8* T-cells within viable lymphocytes.

Statistics

Paired/unpaired ¢ tests were performed using GraphPad
Prism 5.

Results

Commercially available diagnostic antibodies
identify significantly fewer amounts
of PD-1-expressing cells

We first compared detection of PD-1 using different com-
mercially available diagnostic antibodies versus PD-1
detection by indirect staining with the therapeutic antibod-
ies themselves [pembrolizumab (pembro) or nivolumab
(nivo)]. Cryopreserved PBMCs from healthy donors were
incubated with or without the indicated anti-PD-1 thera-
peutic antibodies, followed by staining with a human anti-
IgG4 antibody and/or commercially available anti-PD-1
diagnostic antibodies. We determined the percentage of
PD-1*% cells (by either looking at the anti-IgG4 or anti-
PD-1 signal) within the CD4* and CD8* T-cell popula-
tions. For both CD4% and CD8" T-cells, the percentage
of PD-17 cells assessed using direct staining was signifi-
cantly lower compared to indirect approaches using nivo or
pembro as the primary antibody. Within CD4* T-cells, the
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average percentage of PD-17 T-cells was 22.6 +£9.6% using
nivo or 21.8 +8.5% with pembro (p =0.8431; unpaired
t test compared to nivo), or the commercially available
anti-PD-1 antibodies at 18.8 +8.3% for clone EH12.2H7
(later referred to as EH12; p=0.3548), 16.5+7.8% for
NATI105 (NAT; p=0.1354), 14.9+6.3% for PD-1.3.1.3
(313; p=0.0472), for 11.9+6.5% J105 (p=0.0091) and
8.0 +£4.0% for MIH4 (p =0.0003). Within CD8" T-cells,
the average percentage of PD-1* T-cells was 26.8 +8.5%
using nivo, 24.7 +6.1% with pembro (p =0.5367),
17.7+5.5% with EH12 (p=0.0105), 15.4 +6.3% with
NAT (p=0.0031), 14.2+4.4% with J105 (p =0.0006),
12.7+3.6% with 313 (p=0.0001) and 7.6 +2.2% with
MIH4 (p <0.0001) (Fig. 1a).

Fig. 1 Cryopreserved PBMCs a
from n =10 healthy donors
were pre-incubated with buffer
(a), Nivo (b) or Pembro (c),
followed by staining with a
human anti-IgG4 antibody or
diagnostic anti-PD-1 antibodies.
Percentages of positive cells
within all viable CD4" (left)
and CD8* T-cells (right) are
displayed. Each line connects
samples from one healthy
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Commercially available antibodies fail to bind
all expressed PD-1 molecules in the presence
of therapeutic PD-1 antagonists

We next tested whether the commercially available anti-
PD-1 diagnostic antibodies can bind the PD-1 receptor in
presence of the therapeutic antagonists pembro or nivo.
Importantly, none of the diagnostic antibody clones we
used for monitoring was able to bind to PD-1 at a signifi-
cant level when the therapeutic antibodies were present,
although staining using the MIH4 clone antibody led to
the highest percentage of PD-1" cells. After pre-incubation
with nivo, within CD4" T-cells, the average percentage of
PD-1" T-cells was 4.3 +1.8% for MIH4 (p < 0.0001; paired
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t test compared to MIH4 signal from pre-incubation with
buffer), 0.5+0.4% for J105 (p <0.0001), 0.4 +0.6% for
313 (p<0.0001), 0.3+0.4% for EH12 (p <0.0001) and
0.2+0.1% for NAT (p <0.0001) (Fig. 1b).

After pre-incubation with pembro, within CD4* T-cells,
the average percentage of PD-1" T-cells was 3.4 +2.0%
for MIH4 (p =0.0001; paired ¢ test compared to MIH4 sig-
nal from pre-incubation with buffer), 1.7+ 1.5% for 313
(p<0.0001), 1.6 +1.4% for EH12 (p <0.0001), 1.1 +0.9%
for J105 (p <0.0001) and 0.5+0.4% for NAT (p <0.0001)
(Fig. 1¢).

Accurate detection of PD-1-expressing cells via PD-1
antagonists is possible in patients undergoing
checkpoint therapy

The above results suggested that accurately assessing the
percentage of PD-1" T-cells from patients being treated with

therapeutic anti-PD-1 is likely to be problematic. Thus, we
aimed to determine whether accurate detection of PD-1 via
the in vivo-bound therapeutic antibody itself is feasible.
To this end, cryopreserved PBMCs from n=11 melanoma
patients undergoing pembrolizumab (n=7) or nivolumab
(n=4) treatment obtained before and during therapy were
stained with an anti-IgG4 antibody followed by staining of
surface PD-1 using clone MIH4 (Fig. 2) or clone EH12 anti-
body (Supplementary Figure 1). MIH4 was chosen because
of all the diagnostic antibodies, it was able to bind the high-
est frequency of PD-17 cells in the presence of the thera-
peutic antibodies. Prior to this staining, samples were incu-
bated either with buffer, pembro or nivo. We included this
step, as we noticed an undefined loss of bound pembro on
isolated PBMC:s after freezing and thawing. This may have
been due to a complete loss or degradation of the antago-
nistic antibody. We assume the latter, because neither anti-
IgG4 nor other anti-PD-1 antibodies were able to bind. This
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Fig.2 a Cryopreserved PBMCs from n=11 melanoma patients
undergoing pembro/nivo treatment were obtained before (baseline,
BL) and 42 days (median) after the first anti-PD-1 injection (follow
up, FU). PBMCs were stained with anti-IgG4 antibody followed by
staining of surface PD-1 using clone MIH4. Prior to this staining,
samples were incubated either with pembro/nivo (saturation step, sat)
or buffer (unsaturated, uns). Mean percentages+SD of PD-1% cells,
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detected directly (white circles) or indirectly (black squares) within
CD4" (left) and CD8* T-cells (right) are displayed. Asterisks indicate
results from 7 test (*p <0.05, **p <0.01, ***p <0.001). b Alterations
to PD-1 expression during treatment were evaluated by calculation of
fold changes at follow up/baseline. Mean fold changes + SD, detected
directly (PD-1) or indirectly (IgG4) within CD4*% (white triangles)
and CD8" T-cells (black circles) are displayed
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phenomenon was absent or very minor in nivolumab-treated
patients (see Supplementary Figure 2).

Again, MIH4 antibodies bound significantly lower
amounts of PD-1-expressing cells compared to the thera-
peutic antibodies. At baseline, within CD4" T-cells, the
average percentage of PD-1* T-cells was 17.5+8.9%
using pembro/nivo and 6.3 +4.0% using MIH4 clone
(p=0.0011; unpaired ¢ test compared to pembro/nivo).
Within CD8% T-cells, the percentage of PD-1* T-cells
was 27.6 +14.8% using pembro/nivo and 10.6 +5.7%
using MIH4 clone (p =0.0019). Interestingly, therapeu-
tic antibodies were still detectable on the cell surface
in follow-up samples, while the MIH4 antibody failed
to identify all PD-1 expressing cells in those samples.
Within CD4* T-cells, the average percentage of PD-1*
T-cells was 5.7 +3.8% using pembro/nivo and 3.0 +2.3%
using MIH4 clone (p =0.0521; unpaired ¢ test compared
to pembro/nivo). Within CD8* T-cells, the percentage of
PD-1* T-cells was 13.4 +10.5% using pembro/nivo and
6.2 +5.8% using MIH4 clone (p =0.0585) (Fig. 2a). For

Fig.3 Examples of stainings
from four melanoma patients
undergoing pembro (left) or

+ Buffer

+ Pembro

Patient 1006

both pembro- and nivo-treated patients, an additional incu-
bation of the follow-up samples with the corresponding
therapeutic antagonist to saturate bound antibody, led to
an increased frequency of PD-1* T-cells and an improved
staining pattern (CD4% T-cells: 9.4 +4.8%; p=0.0008,
unpaired ¢ test MIH4 versus pembro/nivo. CD8* T-cells:
19.4+13.8%; p=0.0080) (see examples of staining in
Fig. 3). Comparing baseline and follow-up samples, we
saw a lower frequency of PD-1* T-cells (both CD4* and
CD8") using pembro/nivo for PD-1 detection in samples
from 10 of 11 patients under therapy, while using the
MIH4 clone, such a decrease was only observed in 6 of
these patients (for CD4; CD8: 8 of 11 patients) (Fig. 2b).
We have also tested whether this methodology can be com-
bined with additional protocols and performed fixation and
permeabilization for intracellular staining in 7 of the 11
patient samples. Interestingly, we did not observe altera-
tions regarding PD-1 expression in fixed versus unfixed
samples (Supplementary Figure 3).
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Discussion

It remains the case that only a minority of patients responds
to checkpoint blockade and many centers are seeking bio-
markers predicting clinical response to anti-PD-1 therapy.
In this respect, it is important to accurately assess PD-1
expression in patients’ T-cells. However, our study revealed
that at the time of writing, no anti-PD-1-antibodies that can
reliably stain all PD-1 receptors on ex vivo T-cells from
patients being treated with therapeutic anti-PD-1 antibodies
were available. Consistent with this, Ribas et al. reported
that the therapeutic anti-PD-1 antibody pembrolizumab and
both of the diagnostic anti-PD-1 antibody clones EH12 [13]
and MIH4 [14] compete for the same epitope. Additionally,
Tan et al. reported that although pembro and a second thera-
peutic anti-PD-1 antibody nivolumab showed very similar
patterns of binding to PD-1, their targeted epitopes do not
overlap. Nonetheless, due to the comparably small size of
the PD-1 molecule and the close proximity of these two
binding sites, there is steric hindrance between pembro- and
nivo-binding sites. Furthermore, because structural analyses
of the PD-1 receptor indicated different conformations taken
up on binding to different ligands (pembro, nivo, PD-L1), it
is unlikely that PD-1 can be reliably detected when ligands
are present/bound [15]. Thus, using commercially available
antibodies for the ex vivo detection of PD-1 in samples from
patients undergoing anti-PD-1 therapy, a large fraction of
PD-1-expressing cells probably remains unidentified (i.e.,
false-negative events). This technical failure would not be
expected to be homogeneously distributed amongst all tested
individuals, and therefore interpretation of such data will
necessarily lead to misinterpretations leading to, for exam-
ple, incorrect clustering of patients into clinically relevant
groups.

Although Brahmer et al. already used this improved PD-1
detection method for patients undergoing anti-PD-1 therapy
in 2010 [16], many studies published thereafter used sub-
optimal PD-1 detection. For example, Das et al. analysed
PBMC:s from patients undergoing nivo therapy and failed to
detect PD-1* cells during therapy using clone J105 antibody
[17]. Huang et al. failed to confirm associations between
PD-1* Ki-67* CD8* T-cells with tumor burden and pro-
longed overall survival in the one of their two cohorts where
PD-1 was detected using clone MIH4 antibody [6]. Ribas
et al. abstained from analysing PD-1 expression in a cohort
of pembro-treated patients for exactly the reason discussed
above, i.e., competition for diagnostic and therapeutic anti-
body-binding epitopes [13, 14]. Most recently, Krieg et al.
used EH12 clone to detect PD-1-expressing cells in patients
undergoing pembro/nivo treatment [18].

To overcome this limitation, here we propose a method
allowing the identification of PD-1-expressing cells by an
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indirect detection method using visualization of the thera-
peutic PD-1 antibody itself, which remains bound to cells
ex vivo after their isolation and even cryopreservation.
This can be accomplished using a fluorescent, or metal
labelled secondary anti-IgG4 antibody. In agreement with
Brahmer et al., we have observed that the therapeutic PD-1
antagonist shows highly saturated binding (98%) on CD4*
and CD8* T-cells even weeks after the last intravenous
injection [16, 17]. However, we recommend staining all
patient samples, both before and during anti-PD-1 treat-
ment, with the therapeutic anti-PD-1 antibody ex vivo
followed by its detection via a secondary antibody. This
protocol leads to a very high degree of saturated PD-1
receptors with anti-PD-1 antibodies, even in cryopreserved
samples.

In addition to the ex vivo “patient setting” where thera-
peutic antibodies are present, a commonly employed PD-1
staining protocol for untreated samples from healthy blood
bank donors consistently identified fewer PD-1% cells rela-
tive to indirect targeting of the therapeutic antibodies, in an
experimental setting using the same diagnostic antibodies,
fluorochromes, compensation matrix and antibody concen-
trations. We therefore conclude that indirect PD-1 staining
using the therapeutic antibody itself is a feasible and reliable
methodology that can be combined with conventional flow
and mass cytometry antibody panels and protocols, ensuring
a consistent and comparable quantification of PD-1 expres-
sion patterns. This is of major importance as the T-cells, the
main target of PD-1 blockade, must be identified and ana-
lysed as precisely as possible, especially because the PD-17
T-cell compartment includes the tiny fraction of cells that
recognize tumor-associated antigens and tumor neoantigens
[11].
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