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1 | INTRODUCTION

Receptor occupancy (RO) assessment in peripheral blood by flow cyto-
metry is a readily accessible biomarker, which can inform on the relative
degree of target engagement of a therapeutic monoclonal antibody (mAb)
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Abstract

Receptor occupancy (RO) assessment by flow cytometry is an important pharmacody-
namic (PD) biomarker in the clinical development of large molecules such as monoclonal
therapeutic antibodies (mAbs). The total-drug-bound RO assay format directly assesses
mADb binding to cell surface targets using anti-drug detection antibodies. Here, we gen-
erated a flow cytometry detection antibody specifically binding to mAbs of the I1gG4
P329GLALA backbone. Using this reagent, we developed a total-drug-bound RO assay
format for RG7769, a bi-specific PB29GLALA containing mAb targeting PD-1 and TIM3
on T cells. In its fit-for-purpose validated version, this RO assay has been used in the
Phase-l dose escalation study of RG7769, informing on peripheral T cell RO and
RG7769 antibody binding capacity (ABC). We assessed RG7769 RO in checkpoint-
inhibitor (CPI) naive patients and anti-PD-1 CPI experienced patients using our novel
assay. Here, we show that in both groups, complete T cell RO can be achieved (~100%).
However, we found that the maximum number of T cell binding sites for RG7769 pre-
dosing was roughly twofold lower in patients recently having undergone anti-PD-1
treatment. We show that this is due to steric hindrance exerted by competing mAbs
masking the available drug binding sites. Our findings highlight the importance of quan-
titative mAb assessment in addition to relative RO especially in the context of patients

who have previously received anti-PD-1 treatment.
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to its cell surface target [1-4]. RO assays can be used in combination with
other parameters to potentially inform on an optimal mAb concentration
in vivo in pre-clinical and clinical settings, for instance in a Phase-l dose
escalation (DE) scenario. Two main types of RO assays exist [1, 2]. Firstly,
the entirety of available cell surface target can be assessed in situations
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where non-drug competing detection antibodies are available. In the
same assay, using drug competing detection mAbs, it can be assessed
how much of the target is bound by the therapeutic mAb; this approach
is termed “free-vs-total” RO assay. Alternatively, if reagent choice is lim-
ited and non-drug competing reagents are not available, a “total-drug-
bound” format can be chosen. Here, the therapeutic mAb is detected via
an anti-drug antibody approach. However, when therapeutic mAbs of
IgG4 or IgG, isotype are applied, their differentiation from natural anti-
bodies is challenging as typically no specific reagents for the therapeutic
mAb exist, apart from anti-idiotype antibodies. These, however, may
interfere with the target binding of the therapeutic mAb and may result in
extra challenges in the presence of idiotypic anti-drug antibodies (ADA)
[5]. Determining the degree of RO is particularly important in DE studies
with immune-cell activating mAbs (such as superagonists), given that low
doses are usually administered. Here, in order to avoid over-activation of
leukocytes and the induction of cytokine shock, reliable whole-blood RO
data have been found to be of critical value in drug development [6, 7].

Assessing mAb target engagement is also important given the
increasingly routine use of cancer immunotherapy (CIT) drugs. In CIT,
mAbs are used to treat various cancer types [8]. Prominent examples
include checkpoint inhibitors (CPI) pembrolizumab and nivolumab of
the 1gG, isotype [9, 10]. These antibodies target programmed cell
death protein 1 (PD-1) on the surface of antigen-specific dysfunc-
tional (“exhausted”) T cells [11] by binding to defined PD-1 extracellu-
lar epitopes [12]. In addition, several other anti-PD-1 therapeutic
mAbs are in clinical development or already approved [10, 13-15],
highlighting the importance of this molecule for CIT. In the case of the
clinical development of CPls, some trials included RO by flow cyto-
metry to confirm the degree of PD-1 occupancy in patients and estab-
lish pharmacokinetics-pharmacodynamics (PK-PD) relationships. For
instance, in the nivolumab Phase | and Il trials, PD-1 RO was found to
be highly stable, resulting in persistently high target engagement
(in the range of 60%-80%) even 8 weeks post-dosing [10, 14].

Studies suggested that in many tumors, upon anti-PD-1 therapy,
other negative regulators of T cell activation can be co-expressed,
including T cell immunoglobulin and mucin domain-containing protein
3 (TIM3) [16, 17]. More recently, in order to simultaneously target
PD-1 and TIM3 in cancer patients, Roche developed RG7769 (also
termed RO7121661), a bi-specific mAb with an Fc gamma receptor
silent IgG, P329GLALA backbone [18-25]. RG7769 was designed so
that its anti-PD-1 affinity is higher than its anti-TIM3 affinity in order
to avoid the antibody from binding to non-T cells [24, 26]. It is cur-
rently being evaluated in NP40435, a multicenter Phase-l DE study
(NCT03708328, https://clinicaltrials.gov/ct2/show/NCT03708328).
Here, we assessed RO on immune cells in the peripheral blood of CPI-
naive and CPIl-experienced cancer patients.

Importantly, given the increasing fraction of anti-PD-1 CPI experi-
enced cancer patients and the relatively small size of cell surface PD-1
[12], we reasoned that prior exposure to a competitor-anti-PD-1 could
impact flow cytometry detection antibody binding to PD-1 as well as
RG7769 target engagement. This phenomenon has been termed “steric
hindrance” [27-30] and could prevent the correct assessment of overall
available cell surface PD-1 on T cells (“total receptor”). The potential
under-estimation of PD-1 expression in such a situation could entail that
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RO may report “false-positive” target engagement for the investigational
drug since it would not take into account target masked by competing
mAbs (“residual competitor RO”). This, in turn, could result in lower
absolute numbers of target receptor engagement by the investigational
drug due to residual target competitor RO and could be of relevance
with regards to drug MoA and potential PK-PD relationships.

Here, for the RG7769 Phase-| DE trial, we developed a “total drug
bound” RO assay protocol using anti-PGLALA-PE specifically binding to
the P329G mutation of RG7769 [18, 20] for peripheral T cells in lysed
patient whole-blood. Importantly, this fit-for-purpose validated assay not
only reports RO as a relative value of target engagement, but also allows
for a (quasi-)quantitative assessment [31] of RG7769 antibody binding
capacity (ABC) to patient T cells in CPI experienced and naive patients.
To our knowledge, this is the first time that the effect of a prior anti-
PD-1 therapeutic antibody on subsequently administered competing
biotherapeutics has been monitored by flow cytometry in a clinical set-

ting with regards to RO as a surrogate PD biomarker.

2 | MATERIALS AND METHODS

21 | Ethics statement

Human blood samples from healthy volunteers were collected under the
Blood Donation for Research Purposes program at F. Hoffmann-La
Roche, Basel, Switzerland. The clinical study, NP40435, was approved by
the Institutional Review Boards or independent ethics committees of the
participating centers and followed the Declaration of Helsinki and Inter-
national Conference on Harmonization Good Clinical Practice guidelines.

All patients provided informed consent to participate in trial NP40435.

2.2 | Preparation of white blood cells and
peripheral blood mononuclear cells from healthy
donor blood

Healthy donor blood was collected in sodium heparin (NaHep) tubes
(BD). For whole-blood experiments, lysis was performed by mixing 100 pl
of whole-blood with 1 ml of PharmLyse Red Blood Lysis buffer (BD) for
20 min at room temperature (RT) and then washed twice (centrifugation
at 300g for 5 min at RT) with PBS (gibco). For peripheral blood mononu-
clear cell (PBMC) preparation, fresh NaHep blood was diluted with PBS
(1:1) and transferred to Leucosep tubes (Greiner Bio-One) pre-filled with
Ficoll-Paque Plus (GE Healthcare). Tubes were centrifuged without break
(1000 g, 10 min, RT), non-sedimented leukocytes were transferred to a
fresh 50 ml tube (Falcon) and washed twice with PBS.

2.3 | Assessing RG7769 target expression and
PD-1 levels by flow cytometry

For PD-1 and TIM3 target expression experiments, 1 x 10° freshly
prepared PBMCs were seeded in 100 ul of RPMI 1640 with
GlutaMAX-I supplemented with 10% (vol/vol) fetal bovine serum
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(FBS; life technologies, subsequently termed “R-10 medium”) in a
round-bottom 96-well plate and challenged with 1 pg/ml of Staphylo-
coccus aureus enterotoxin B (SEB, Sigma S4881-1 mg) for 3 days. After
washing in PBS, cells were then stained on ice with CD45-PerCPCy5.5,
HI30, BiolLegend, 304028 (1:100); CD3-APC, OKT3, Biolegend,
317318 (1:100); CD56-PE, HCD56, BioLegend, 318306 (1:100), anti-
PD-1-PECy7, EH12.1, BD, 561272 (1:50) and anti-TIM3-BV421, Bio-
Legend, F38-2E2, 345008 (1:50) and analyzed after washing and
resuspension in PBS on a BD FACS-Symphony cytometer (five lasers:
355, 405, 488, 561, 637 nm). In order to assess PD-1 steric hindrance,
freshly prepared PBMCs (1 x 10°/condition) were activated with anti-
CD3:anti-CD28 magnetic beads (DynaBeads, ThermoFisher), for 48 h in
R-10 medium. They were then washed with PBS and incubated with
RG7769 or IgG,; PGLALA isotype control (“DP47”) in 96-well round-
bottom plates (GreinerBioOne) in a total of 100 pl of PBS containing
logarithmically increasing drug concentrations (100 pg/ml-=>100 pg/ml).
After 30 min at 4°C, cells were washed twice with PBS (150 pl/well),
then stained with 50 pl of flow cytometry staining master mix con-
taining CD3 APC-Cy7 (1:100, UCHT1, BD, 300426), CD19 BV421
(1:100, HIB19, BioLegend, 302220) and anti-PD-1 PerCP-Cy5.5 (1:50,
EH12.1, BD, 561273). Alternatively, cells were stained with CD3
BV421 (1:100, UCHT1, BD, 562426) and anti-PD-1 APC (1:50, MIH4,
BD, 558694) or anti-PD-1 APC (1:50, NAT105, BioLegend, 367406) or
anti-PD-1 PerCP-EF710 (1:50, J105, eBiosciences, 46-2799-42). Each
experiment contained a fluorescence minus one (FMO) control
matching the PD-1 channel and analyzed on a BD FACS Canto-ll instru-
ment (three lasers: 405, 488, 640 nm). Compensation was performed
using VersaComp antibody capture beads (Beckman, B22804). In order
to compare the steric hindrance effect, the median fluorescence inten-
sity (MFI) of each PD-1 flow cytometry detection antibody was normal-
ized to its maximum intensity after subtracting the anti-PD-1 channel
FMO signal.

24 | Assessing anti-PGLALA-PE IgG Fc specificity

Freshly prepared PBMCs (1 x 10°/condition) were incubated with 10 pg
of rituximab (Roche), pembrolizumab 1gG, (InvivoGen, 375939001),
pembrolizumab-PGLALA (for comparison reasons, Roche), or isotype con-
trols IgG, LEAF (BioLegend, 400166), IgG,4 LEAF (BioLegend, 403702) or
DP47 (Roche) for 30 min on ice, then washed twice with PBS. Anti-
PGLALA binding was assessed by flow cytometry after incubation with a
PBS based staining master mix (50 pl/condition) containing CD45-
PerCPCy5.5 (1:100, HI30, BioLegend, 304028), CD3-APC-Cy7 (1:100,
UCHT1, BD, 300426), CD4-AF647 (1:100, RPA-T4, BioLegend, 300520),
CDB8-AF488 (1:100, BD, RPA-T8, 557696), CD19-BV421 (1:100, HIB19,
BioLegend, 302220 and anti-PGLALA-PE (Roche, 1:160), for 30 min on
ice. Cells were then acquired on a BD FACS-Symphony cytometer (five
lasers: 355, 405, 488, 561, 637 nm). Compensation was performed using
VersaComp antibody capture beads (Beckman, B22804). PGLALA-PE
expression was assessed on CD3" T cells and CD19* B cells. Refer to

Supporting Information for details on anti-PGLALA-PE generation.

2.5 | Development of RG7769 RO assay in vitro
with fresh PBMCs

For RO assay development in vitro, 1 x 10° freshly prepared PBMCs
were seeded in 90 pl of R-10 medium in a round-bottom 96-well plate
and mixed with 10 pl of 10-fold concentrated (logyo) concentrations
of RG7769 or DP47 (in PBS) resulting in final concentrations of
10 pg/ml=>10 pg/ml. Cells were incubated at 37°C for 20 min,
washed twice with PBS after centrifugation (300 g, 5 min, RT) and
incubated with 50 pl of PBS based flow cytometry staining master
mix. Initial experiments contained the following detection antibodies:
CD3-AF488, UCHT1, BioLegend, 300415 (1:100); CD56-PE, HCD56,
BioLegend, 318306 (1:100), and anti-PGLALA (M1.7.24) custom-
labeled with Alexa Fluor™ 647 antibody labeling kit (Invitrogen,
A20186) (10 pg/ml). Occasionally, in vitro RO was determined by
staining with a master mix containing CD45-PerCPCy5.5 (1:100,
HI30, BioLegend, 304028), CD4-V500 (1:100, RPA-T4, BD Horizon,
560768), CD56-APC (1:100, HCD56, Biolegend, 318310),
CD16-APC (1:100, 3G8, BD PharMingen, 561248), CD8-BV421
(1:100, RPA-T8, BioLegend, 301036), CD3-AF488 (1:100, SP34-2,
BD PharMingen, 557705) and anti-PGLALA-PE (1:160). Cells were
analyzed on a BD FACS-Symphony cytometer (five lasers:
355, 405, 488, 561, 637 nm). Compensation was performed using
VersaComp antibody capture beads (Beckman, B22804). RG7769
staining was assessed as the fraction of PE* CD3*, or CD3*CD4" or
CD3*CD8* T cells within the CD45" cell compartment. RO was cal-
culated using three tubes (tube 1—no PGLALA-PE; tube 2—satura-
tion; tube 3—concentration of interest) where the percentage of
anti-PGLALA" cells at a given concentration was normalized:

- 76POS(PE) 1ype 3 %0POS(PE) 7 pe 1
ROra7769 (%pos(PEmbe2—%vos<PE>mel x 100.

2.6 | Assessing RG7769 competition for PD-1 in
the presence of anti-PD-1

Fresh PBMCs (1x10°/condition) were incubated with nivolumab
(InvivoGen, 375938995), pembrolizumab (InvivoGen, 375939001) or
IgG,4 LEAF isotype (BioLegend, 403702) in 96-well round-bottom
plates (GreinerBioOne) in a total of 100 pl of PBS containing 10 pg/ml
to 100 pg/ml. After 30 min at 4°C, cells were washed three times with
PBS (150 pl/well), then incubated with RG7769 (10 pg/well in PBS).
After 30 min at 4°C, cells were again washed three times with PBS
(150 pl/well), then stained with 50 ul of master mix containing
CD45-PerCPCy5.5 (1:100, HI30, BiolLegend, 304028), CD4-V500
(1:100, RPA-T4, BD Horizon, 560768), CD56-APC (1:100, HCD56,
BioLegend, 318310), CD16-APC (1:100, 3G8, BD PharMingen,
561248), CD8-BV421 (1:100, RPA-T8, BiolLegend, 301036) and
CD3-AF488 (1:100, SP34-2, BD PharMingen, 557705) and anti-
PGLALA-PE (M.1.7.24, 1:160). Cells were analyzed on a BD FACS-
Symphony cytometer (five lasers: 355, 405, 488, 561, 637 nm). Com-
pensation was performed using VersaComp antibody capture beads
(Beckman, B22804).
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2.7 | Assessing RG7769 RO in NP40435 patient
peripheral blood

We developed a modified whole-blood based protocol for RG7769
RO assessment to apply in a multicenter clinical trial. Briefly, three
assay tubes were prepared using 100 pl of whole blood (NaHep) each.
Tube 2, the positive control, was incubated with RG7769 (100 pg/ml,
37°C, 30 min). All blood was lysed with BD FACS Lyse according to
the manufacturer's recommendations. After washing with PBS, tube
1 (negative control) was stained with CD3 FITC (SK7, BiolLegend),
mlgG,, PE (MPC-11), BD Biosciences, CD8-APC (SK1, BioLegend),
CD45-APC-H7 (2D1, BD Bioscience), CD56-BV421 (HCD56, Bio-
Legend), CD4-BV510 (SK3, BioLegend), CD16-BV605 (3G8), BD Bio-
science). Tubes 2 and 3 were stained with CD3-FITC, anti-PGLALA-
PE (Roche, 1:160), CD8-APC, CD45-APC-H7, CD56-BVv421,
CD4-BV510, CD16-BV605. All antibodies were diluted according to
the supplier's recommendations. After washing, stained cells were
analyzed on a BD FACS Canto cytometer (10 color, 3 laser). The fit-
for-purpose assay validation was carried out at the service provider.
RO was calculated formula:

according to the following

= ((MFlrype 5 MFL : - .
ROrg7769 = (W) %x 100 as illustrated in Figure S1. During

the fit-for-purpose validation procedure, RO calculation was also com-
pared using the percent of anti-PGLALA-PE" cells. RO was assessed
on total (CD3*) T cells and CD4" and CD8" T cell subsets as well as
total NK cells (CD56*CD16* and CD56*CD16™ cells). The inter-assay
precision of the RO assay was determined in blood from two donors
on day O post-pulsing: Donor 1 at 0, 5 and 20 ng/ml and donor 2 at
0, 20 and 100 ng/ml. A single replicate of each sample was analyzed
over three independent analytical runs (18 samples total). Sample sta-
bility was determined in a similar fashion to the precision assessment
in NaHep blood from two donors treated with at O, 5, 20 or
100ng/ml. Each sample was analyzed on the day of blood draw
(0days) and 1, 2, 3 and 4 days from blood draw. A 20% CV was con-
sidered acceptable. RG7769 ABC was calculated for CD3*, CD4" and
CD8" T cells using BD QuantiBRITE® beads for tubes 1, 2 and 3. ABC
background binding (tube 1) was subtracted from maximum ex vivo
binding (tube 2) or RG7769 in vivo binding (tube 3). For patient sam-
ple analysis in this research article, FCS raw data files were analyzed
using FlowJo v10.5 (BD). For flow cytometry data clustering analyses,
the in-built UMAP (nearest neighbors: 15; minimum distance: 0.5;
5000 cells/condition) and FlowSOM clustering R plugins were used.

3 | RESULTS
3.1 | Development of an RG7769 specific total-
drug bound RO assay

We developed an RO assay to monitor RG7769 target engagement
prior to dosing and on-treatment in the peripheral blood of cancer
patients during DE in the clinical trial NP40435. Since RG7769 was
designed to primarily engage T cells by binding to cell surface PD-1

Journal of Quantitative Cell Science

[22, 24, 32], we evaluated the possibility of assessing total PD-1 on
CD3" T cells in the presence of RG7769. In freshly isolated PBMCs
incubated with RG7769 (100 pg/ml->100 pg/ml), we found that three
typical commercial flow cytometry PD-1 detection antibody clones
(EH12.1, NAT105 and J105) showed a strong signal reduction with
increasing RG7769 concentrations (Figure 1A,B). The overall reduc-
tion depended on the clone and ranged from 36% of the maximum
signal (J105) to 48% (NAT105) (Figure 1B). We also assessed clone
MIH4 but confirmed that its PD-1 detection performance was gener-
ally inferior [33] (data not shown). We thus concluded that the devel-
opment of an RO assay reporting total PD-1 would not be possible
without underestimating the amount of PD-1 expressed on RG7769*
T cells. Consequently, we developed a “total-drug-bound” anti-drug
RO approach similarly to previously used protocols where available
cell-surface target is indirectly assessed by staining for mAbs bound
to it [34, 35].

RG7769 contains the P329G-LALA mutation [19] (Figure 1C).
Consequently, we developed a phycoerythrin (PE) coupled anti-
P329GLALA detection antibody (clone M-1.7.24; “anti-PGLALA-PE”).
This clone was previously shown to be highly specific for the 1gG4-
P329GLALA antibody format in a soluble assay system [18], but had
not been tested in a cell-based assay by flow cytometry. Using anti-
PGLALA, we showed that RG7769 bound to activated T cells
expressing PD-1 and TIM3, but not activated natural killer (NK) cells
which exclusively expressed TIM3 (Figure S1A,B). This confirmed that
RG7769 primarily engages T cells via PD-1 [24]. After determining the
optimal staining dilution for a PGLALA-PE (10 pg/ml; Figure S1C), we
incubated activated PBMCs with native pembrolizumab (IgG.); a mod-
ified pembrolizumab (IgG;-PGLALA); and rituximab (wildtype 1gG,); or
the respective isotype controls (Figure 1D). We stained all conditions
with anti-PGLALA-PE and analyzed the PE staining pattern on T cells
(for pembrolizumab) or B cells (CD19", for rituximab, data not shown).
As expected, anti-PGLALA-PE only detected pembrolizumab-PGLALA
on T cells, but not native pembrolizumab or isotype control (DP47)
(Figure 1D). It also failed to detect rituximab (wildtype IgG4) on B cells
confirming high specificity (not shown). Taken together, these results
suggest that anti-PGLALA-PE will specifically detect P329GLALA on a
cell but no other idiotypes.

Next, in order to determine saturating conditions for RG7769,
we incubated activated PBMCs from healthy donors with increas-
ing concentrations (1 pg/ml->100 pg/ml) of RG7769. This resulted
in a greater degree of RG7769* CD8" T cells than CD4" T cells
(Figure S1D). As complete binding by RG7769 was achieved
between 1 and 10 pg/ml, 100 pg/ml was chosen for saturation in
the total-drug-bound RO assay for RG7769. For the final fit-for-
purpose validation of the RO assay in lysed whole-blood, we devel-
oped a three-tube system, where tube 1, the negative control (=0%
RO), would be stained with a mlgG,g-PE isotype control. Tube
2, the positive control (=100% RO), would consist of whole-blood
saturated ex vivo with RG7769, and tube 3 consisted of the blood
containing in vivo bound RG7769 only. Post-lysis, tubes 2 and
3 would be stained with anti-PGLALA-PE to detect RG7769 as illus-
trated in Figure S1E.
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Development of total-drug-bound receptor occupancy (RO) assay to detect RG7769 on peripheral blood derived immune cells.

(A) CD3-CD28 activated peripheral blood mononuclear cells (PBMCs) were incubated with increasing concentrations of RG7769

(100 pg/mI=>100 pg/ml). PD-1 expression on CD3" T cells was analyzed using anti-PD-1, clone EH12.1, by flow cytometry in a representative
donor. (B) Pooled normalized relative CD3"* T cell PD-1 expression from two independent experiments assessing anti-PD-1 clones EH12.1,
NAT105 and J105. (C) Schematic depicting RG7769 engaging T cells via high-affinity anti-PD-1 and low-affinity anti-TIM3 binding on target cells.
RG7769 Fc harbors the P329 IgG; mutation (“PGLALA”) which can be specifically detected via anti-PGLALA-PE (M-1.7.24). (D) PBMCs from

n = 3 different donors incubated with pembrolizumab (IgG4 or PGLALA), rituximab (IgG1) or respective isotype controls (Iso 1gG4, Iso IgGa,
DP47-PGLALA), and detected via anti-PGLALA-PE. Pembrolizumab staining is shown for CD3* T cells [Color figure can be viewed at

wileyonlinelibrary.com]

3.2 | Superiority of MFI-based RO calculation
method for RG7769

Before use in NP40435, we validated the RO assay at the
bioanalytical laboratory. The flow cytometry gating strategy
(Figure 2A) focused on total CD3* T, CD4" and CD8" T cells, and NK
cells. In healthy volunteer steady-state blood, dose-dependent binding
of RG7769 to immune cells was assessed (Figures 2A,B and S2A).
Importantly, only T cells showed a clear increase in anti-PGLALA-PE*,
with CD8" T cells showing a stronger anti-PGLALA-PE signal than
CD4" T cells (Figure 2A), while there was no specific RG7769 binding

to NK cells and only inconsistent binding to non-T non-NK cells
(Figure 2B). The preferential binding to CD8" T cells confirms the pur-
ported binding pattern of RG7769, which was designed to preferen-
tially engage cytotoxic T cells in cancer patients [24].

Next, the cell subsets of interest and subset RO were validated
with regards to sample precision and stability over time. For this pur-
pose, a total of five different runs were carried out in two donors at
three different concentrations of RG7769. The assessment of the
major cell populations (total CD3" and CD4*, CD8" T cells a well as
NK cells [CD56"CD16* and CD56"CD16~ combined, Figure 2A.V])
met the acceptance criteria (<20% CV) with overall-precision ranging
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FIGURE 2 Validation of RG7769 receptor occupancy (RO) assay for whole-blood T cell RO analysis. (A) Gating strategy for RO calculation.
I In all conditions, single lymphocytes were identified by excluding cell doublets via FSC-H versus FSC-W followed by SSC-H versus SSC-W.
Il. Total lymphocytes were gated on via CD45 staining versus SSC-A. lIl. Within the CD45* compartment, T cells were identified via CD3
expression. A non-T cell gate (NOT-CD3") was set. IV. Within total CD3" T cells, CD4" (Q3) and CD8" single-positive (Q1) T cells were identified.
V. In the non-T cell population, NK cells were identified via CD56 versus CD16 (QI-1lI). Total NK cells were defined as CD56*CD16"~. Lower
right: Comparing the anti-PGLALA-PE staining intensity of CD3"* T cells, CD4" and CD8" T cells pulsed with RG7769. Orange: 1 ug/ml, red:
Saturation (100 pg/ml); gray: Negative control (1000 ng/ml + mlgG,p-isotype-PE). (B) Dose-response of RG7769 binding to healthy donor
lymphocytes. Using the gating strategy in A, CD45" lymphocyte single cells from blood pulsed ex vivo with RG7769 (0 ng/ml-=>100 ng/ml), were
identified. The control group (0 ng/ml) was stained with mlgG,,-PE isotype, cells with RG7769 with anti-PGLALA-PE. Five thousand
concatenated CD45" events were clustered according to CD3, CD4, CD8, CD56 and CD16 by UMAP. Left: Cell lineages identified using
FlowSOM include CD4" T cells, CD8* T cells, CD4~CD8™~ unconventional T cells as well as NK cell subsets. Right: PE* (RG7769%) T cells (blue)
[Color figure can be viewed at wileyonlinelibrary.com]


http://wileyonlinelibrary.com

= | [ @ISAC|CYTOMETRY

JUNKER ET AL.

Journal of Quantitative Cell Science

from 3.5% CV (CD8" T cells) to 7.8% CV (total NK cells) in freshly
lysed blood. RO calculation precision was assessed based on the MFI
of anti-PGLALA-PE, which we found to produce more robust results
than RO calculated based on the percentage of anti-PGLALA-PE* T
cells (Figure S2B and Table S1). Importantly, RG7769 RO met the
acceptance criteria for CD3" cells (9.6% CV) and CD4" T cells (15%
CV). CD8" T cell RO also passed the acceptance criteria (9.8% CV),
while NK cell RO did not (68.2% CV). Details of the precision assess-
ment are summarized in Table S1.

Subsequently, RO stability over time (0-4 days post-phlebot-
omy) was assessed in samples from two healthy donors at 3 differ-
ent RG7769 concentrations: Donor 1: 0, 5 and 20 ng/ml; donor 2:
0, 20 and 100 ng/ml (a total of n = 6 samples over 5 days;
Tables S2-S4 and Figure S2B). Mean ROs were determined both
for the %-positive and the MFI-based calculation method. In all T
cell subsets, RO changed least from d1 post-phlebotomy onwards
and was found to be most stable in using the MFI-based method.
For CD3" T cells, for instance, the relative change of the mean RO
ranged from 0.1% (d2 to d1) over 6.7% (d3 to d1) to 11.4% (d4 to
d1), while in the %-positive calculation, changes were greater rang-
ing from 10.9% (d2-d1) over 37.2% (d3-d1) to 3.7% (d4-d1). Using
the MFI based approach, T cell RO was consistently, acceptably
accurate from di1-d4 post-phlebotomy in all subsets. However,
when using the %-positive based method, RO results were only sta-
ble up to d2 post-phlebotomy with relative RO changes from d3 to
d1 ranging from 28.5% (CD8") to 45.9% (CD4"). Details on T cell
subset RO stability are summarized in Tables S2-S4. The assay was
successfully transferred to the bioanalytical lab for routine sample
analysis (Figure S5). In addition to RO, T cell RG7669 ABC was
determined in NP40435 patients using the PE-QuantiBRITE®
method [36].

In summary, the MFI-based RO calculation method proved to be
more precise and robust, resulting in more consistent RO reporting in
T cells. This highlights the importance of assessing both readouts and
calculation methods in a fit-for-purpose RO assay validation especially
with regards to multicenter clinical trial implementation [3].

3.3 | RG7769 ABC analysis is critical to reveal
long-lasting competitor steric hindrance effects on T
cell PD-1

RO, as assessed in a typical total-drug bound assay format, generally
provides information on the relative degree of available cell surface
target occupancy at a given time. If several mAbs bind to the same
target, drug binding sites may be masked and RO assessment may be
misleading in such situations, resulting in high RO but lower overall
ABC. Since RG7769 targets PD-1, the target of several other CPIs, we
reasoned that this might impact RG7769 RO in affected patients.
Indeed, in NP40435, 26% of the patients were previously treated with
anti-PD-1 therapeutic antibodies at any time prior to RG7769 admin-
istration (Figure 3A). Therefore, they were considered CPl-experi-

enced. Most anti-PD-1 CPI experienced patients (60%) had received

the last dose of CPl >14 weeks prior to the first dose of RG7769.
Since long wash-out periods of several weeks have been observed for
some anti-PD-1 CPIs [10], we reasoned that in anti-PD-1 experienced
patients, RG7769 target engagement via PD-1 binding might be
affected due to pre-engagement of PD-1.

Initially, when we compared CD3* T cell RO in anti-PD-1 experi-
enced versus anti-PD-1 naive patients, we found no apparent differ-
ence between these groups. Both CPI experienced as well as naive
patients had ~100% CD3" T cell RO after the first infusion at C1D1
(Figure 3B). This was independent of RG7769 dosing (not shown).
However, this finding did not exclude the possibility of potentially
reduced cell-surface PD-1 available for RG7769 binding, caused by
previously administered anti-PD-1. Consequently, in order to better
understand if and how prior anti-PD-1 experience affected the
amount of drug binding sites, we analyzed if RG7769 competed with
anti-PD-1 CPlIs in a control experiment in vitro (Figure 3C). We incu-
bated activated PBMCs with nivolumab, pembrolizumab or 1gG,4
isotype (10 pg/ml=>10 pg/ml) followed by subsequent RG7769. Com-
pared to the isotype control, nivolumab resulted in a 75% signal
reduction (p = 0.001), while pembrolizumab resulted in a 69% reduc-
tion (p = 0.0008) at the highest concentration. This suggested that in
such a situation, RO alone would not capture the fact that a large per-
centage of total cell-surface PD-1 would not be available for immedi-
ate RG7769 binding.

With regards to patient RO, we reasoned that the greatest
PD-1 steric hindrance would be detectable prior to any RG7769
administration. We also expected competitor PD-1 residual occu-
pancy to fade over time. When re-analyzing the anti-PGLALA-PE
signal on T cells (Figures 3D and S3A), we found indeed that anti-
PGLALA-PE-MFI negatively correlated with the time elapsed since
the last reported administration of competitor anti-PD-1. Con-
cretely, for CD3" T cells, our analysis suggested that recently expe-
rienced patients (<14 weeks since anti-PD-1) bound less RG7769
than historically (>14 weeks) experienced patients. Further analysis
of RG7769 binding to CD3* T cells suggested that historically
anti-PD-1 experienced patients had a highly comparable anti-
PGLALA-PE MFI signal compared to CPl naive patients, while
recently experienced patients showed a significant 2.7-fold signal
reduction (p < 0.0001, Figure 3D,E). This effect was stronger in
CD4" T cells than in CD8" T cells (Figure S3B).

We decided to quasi-quantitatively assess the number of
RG7769 binding sites per T cell (ABC) using the PE quantiBRITE®
method in CPI naive and historically or recently CPl experienced
patients (Figures 3F and S3C). This comparison suggested that recent
anti-PD-1 experience resulted in a twofold reduction in the number of
binding sites per CD3"* T cell available to RG7769 pre-infusion (mean
ABC = 81.25 in recently CPI* patients versus174 in historically CPI*
or CPI naive patients, p = 0.0008) (Figure 3F). Similar results were
found for CD4" and CD8" T cells (Figure S3C). In summary, the
detailed analysis of RO in combination with (semi)quantitative ABC
assessment suggests that, while RG7769 effectively binds to virtually
all available binding sites already at C1D1, the actual number of

RG7769 binding sites initially available may be roughly twofold
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reduced in recently, but not historically, anti-PD-1 experienced [12]. This highlights the potential functional implications of long-
patients. This finding may likely be explained by the restricted PD-L1 lasting PD effects of anti-PD-1 therapies, and the importance of ratio-
interacting epitope on PD-1 targeted by anti-PD-1 mAbs (Figure 3G) nal PD-1 biomarker panel design in affected patients.
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RO by flow cytometry is a PD biomarker approach used in large mole-
cule development to confirm target binding and inform on dose selec-
tion [1, 7, 37]. RO is a measure of the degree of target occupied at a
given drug dose and can be assessed on immune cells using flow cyto-

I

metry [1]. Different RO formats exist: The “free-vs-total” assay format
requires non-competing detection antibodies for the mAb cell surface
target, while the “total-drug-bound” format requires highly specific
anti-drug detection antibodies [3, 37]. A conceptual drawback of the
latter format is that the anti-drug detection method only provides
information on the relative degree of cell surface target available for
binding at a given time. In situations where different mAbs bind to the
same target [12, 27], RO values may report “false positive” target
engagement, since they would report complete RO in situations
where a competitor drug still maintains residual target occupancy.

CIT aiming to re-invigorate “exhausted” T cells includes CPIs of
the 1gG,4 isotype targeting PD-1 on the surface of antigen-specific T
cells [11, 12]. Here, during the clinical development, RO by flow cyto-
metry was used as a PD biomarker using an anti-lgG,4 total-drug-
bound approach [14, 35]. Importantly, conventional therapeutic anti-
bodies [38, 39] can interact with Fc gamma receptors on non-effector
cells present for instance in the tumor microenvironment. This in turn
can lead to internalization and removal of the therapeutic antibody,
impacting the activation of antigen-presenting cells [40] as well as the
local anti-tumor responses [39], which has led to the development of
Fc gamma receptor inert therapeutic mAbs, including the fully Fc
effector silenced IgG; format, IgG,-P329GLALA [18-20, 25]. In order
to specifically detect mAbs with this backbone on target cells, in the
present study, we adapted an anti-P329G antibody [20] previously
used in soluble assay formats [18] for flow cytometric analysis by gen-
erating anti-PGLALA-PE. This is an advantage since idiotype-specific
detection mAbs do not allow to distinguish between different drugs
of the same idiotype. Further restrictions of this approach include
anti-drug antibodies (ADAs) which may bind to idiotypic therapeutic
mAbs; this phenomenon can interfere with the readout [5]. We show
that anti-PGLALA-PE specifically detects IgG1-PGLALA bound to
immune cells. Consequently, we propose that this would also be of

advantage in situations where ADAs against therapeutic mAbs are

formed [5, 41-43]. Currently, a number of 1gG1-PGLALA based
bispecific antibodies, immunocytokines and antibody fusion pro-
teins are in pre-clinical or clinical development [24, 44-49] requir-
ing custom tailored PD biomarker assays. We believe that anti-
PGLALA-PE represents a powerful detection antibody for the
development of immunophenotyping and other flow cytometry
based PD assay protocols as it allows the specific detection of the
drug that otherwise would not be possible in a matrix with human
immunoglobulins.

One CIT candidate with the IgG;-PGLALA configuration currently
undergoing clinical development is RG7769, a bispecific mAb
targeting PD-1 and TIM3 [22]. RG7769 is designed to primarily
engage T cells via sell-surface PD-1 but would only engage TIM3 via
an avidity-driven mechanism [24]. We confirm that this antibody
binds to PD-1* T cells with no binding to steady-state NK or other
cells. In vitro, RG7769 is unable to engage activated NK cells exclu-
sively expressing TIM3.

In CIT, therapeutic mAbs are often administered at saturating
doses [10]. Despite this, precise knowledge of RO remains an impor-
tant PD parameter [37]. It helps assess the degree and duration of
mADb-target interaction in patients that are no longer dosed with a
particular mAb, or treated in short succession with different mAbs to
the same target or cell populations. Here, in order to develop an RO
assay for bioanalytical use in early clinical trials of RG7769, we
assessed the feasibility of a free-vs-total format requiring PD-1 detec-
tion antibodies not competing with therapeutic anti-PD-1 mAbs. We
screened detection antibodies for PD-1 assessment in the presence of
RG7769 and pembrolizumab and nivolumab. We confirm previous
reports [33] claiming that there are no commercial antibodies allowing
for the simultaneous assessment of therapeutic anti-PD-1 and total
cell surface PD-1. Consequently, we developed a “total-drug bound”
RO assay relying on mAb detection via anti-PGLALA-PE, to support
dose finding in the clinical development of RG7769. In its fit-for-
purpose validated format, the RO assay provides more reliable results
using the anti-PGLALA-PE MFI calculation method as opposed to
using the percentage of anti-PGLALA-PE* cells. This highlights the
importance to assess both calculation methods in RO assay fit-for-
purpose validations and selecting the most appropriate readout [3].

One conceptual drawback of this method is that RO here only

FIGURE 3 Assessing RG7769 binding to T cells in anti-PD-1 experienced patients. (A) Comparison of the frequency of NP40435 patients
with prior aPD-1 experience with aPD-1 naive patients. (B) Comparison of RG7769 CD3" T cell receptor occupancy (RO) pre- and post-infusion
in NP40435 patients. (C) Control in vitro experiment assessing the effect of PD-1 competition on RG7769 binding to CD3" T cells. Activated
peripheral blood mononuclear cells (PBMCs) were incubated with 1gG, isotype, nivolumab or pembrolizumab (100 pg/ml=> 100 ug/ml), then
pulsed with RG7769 (10 pg/ml), and analyzed for T cell anti-PGLALA-PE binding. The pooled MFI for PE is shown (data from two independent
experiments). (D) Linear regression of max. RG7769 (MFI) to CD3* T cells in NP40435 anti-PD-1" patients prior to RG7769 infusion (C1D1_pre)
as a function of the last reported prior anti-PD-1 administration. R? = .8338, p = 0.0015. (E) anti-PGLALA-PE staining on CD3" T cells of
representative NP40435 patients. Maximum anti-PGLALA-PE assessed post ex vivo blood saturation with RG7769, in recently (up to 14 weeks)
or historically experienced (>14 weeks) patients versus naive patients prior to RG7769 (C1D1_pre). Anti-PGLALA-PE intensities are shown for
ex-vivo saturation and neg. control. (F) CD3" T cell RG7769 mean ABC in recently (<14 weeks) or historically (>14 weeks) aPD-1" patients versus
naive. Data are pooled from (E). ABCs were compared to aPD-1 naive (Welch ANOVA test). (G) Schematic of RG7769 binding to T cells in aPD-1*
patients. Left: RG7769 engages T cells via high-affinity anti-PD-1 engagement if PD-1 is freely available. Right: In situations where prior aPD-1 is
engaging PD-1, RG7769 has to displace prior bound aPD-1 antibodies. Steric hindrance may occur if competing mAbs target an epitope in the
PD-L1 interaction side of PD-1 [Color figure can be viewed at wileyonlinelibrary.com]
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assesses available cell surface target. In NP40435, we expected that
some patients might be pre-exposed to competitor anti-PD-1 mAbs
potentially resulting in residual PD-1 occupancy and confounding true
RG7769 target engagement. Hence, we aimed to simultaneously mea-
sure target engagement in relative terms binding and RG7769 binding
capacity using the (quasi)quantitative ABC method [31, 36].

In our current study, we found that 26% of patients presented
with previous anti-PD-1 therapy. With regards to overall RO using
our specific anti-drug detection approach, we observed no differ-
ence in anti-PD-1 experienced versus naive patients, with RG7769
RO reaching ~100% in both groups. Importantly, though, since
nivolumab and pembrolizumab were shown to bind to an epitope in
the PD-L1 interaction side of PD-1 [12], and given the relatively
confined extracellular domain responsible for PD-1 interaction with
PD-L1, we assessed these mAbs with regards to RG7769 binding
competition. We found that residual competitor RO reduced the
binding of RG7769 to activated T cells in vitro. In line with this, we
observed a reduction in the maximum anti-PGLALA-PE signal on
peripheral blood T cells of NP40435 patients dosed with RG7769.
This strongly suggests that therapeutic PD-1 inhibitors may lead to
very long-lasting PD effects on the assumed target cells. This effect
diminished over time but was still prevalent up to 14 weeks post-
competitor anti-PD-1 dosing. Indeed, for PD-1 targeting CPlIs, sta-
ble PD effects have previously been suggested. High nivolumab RO
prevailed over at least 8 weeks post-dosing [10, 50]. Our results
suggest that this residual RO may entail steric hindrance for other
PD-1 targeting mAbs for at least up to 14 weeks. If unaccounted
for, residual competitor RO could, for instance, result in reduced
numbers of novel PD-1 specific mAbs (including bispecifics) to T
cells. Such a scenario might entail suboptimal target engagement
and T cell activation especially in the case of low-affinity anti-PD-1
binders. In recently (<14 weeks) CPI experienced patients, residual
competitor PD-1 RO resulted roughly in a twofold reduction of
RG7769 ABC.

We assume that RG7769 will displace pre-existing competitor
anti-PD-1 even in situations of residual competitor PD-1 RO due to
its high-affinity anti-PD-1 binding [24]. Consequently, we do not
expect this to be a limiting factor in NP40435. Detailed analyses of
the RG7769 PK-PD relationship and RO over time are not shown in
this manuscript and are currently being performed.

In summary, our results have strong implications for flow cyto-
metry immunophenotyping, RO assay development and data interpre-
tation in samples with previous exposure to anti-PD-1 antibodies
[51]. They suggest that steric hindrance by prior anti-PD-1 treatment
may lead to the false-negative estimation of T cell PD-1 using routine
flow cytometry reagents. With regards to CPI PD biomarker assay
development, this could systematically entail incorrect assessment of
target engagement since therapeutic mAbs can then only bind to
remaining, non-pre-engaged PD-1 [29]. In the case of RG7769, this
effect is masked by the relative nature of the RO value, which does
not contain information on the number of drug molecules bound to T
cells with “complete” target engagement. Consequently, we propose

to routinely quantitatively assess mAb binding to target cells in
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addition to RO in patients with previous administration of therapeutic
anti-PD-1 in order to provide more mechanistic granularity to
RO. More generally, our findings could also be of relevance for the
development of other large molecules such as agonistic mAbs where
dosing is critical for patient safety and ROs below 100% need to be
achieved during DE [6, 7].
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