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Concentration-therapeutic efficacy relationships have been observed for several therapeutic monoclonal
antibodies (TmAb), where low circulating levels can result in ineffective treatment and high concentrations
can cause adverse reactions. Rapid therapeutic drug monitoring (TDM) of TmAb drugs would provide the
opportunity to adjust an individual patient's dosing regimen to improve treatment results. However, TDM
for immunotherapies is currently limited to centralised testing methods with long sample-collection to
result timeframes. Here, we show four point-of-care (PoC) TmAb biosensors by combining anti-idiotypic
Affimer proteins and NanoBIT split luciferase technology at a molecular level to provide a platform for rapid
quantification (<10 minutes) for four clinically relevant TmAb (rituximab, adalimumab, ipilimumab and
trastuzumab). The rituximab sensor performed best with 4 pM limit of detection (LoD) and a quantifiable
range between 8 pM-2 nM with neglectable matrix effects in serum up to 1%. After dilution of serum
samples, the resulting quantifiable range for all four sensors falls within the clinically relevant range and
compares favourably with the sensitivity and/or time-to-result of current ELISA standards. Further
development of these sensors into a PoC test may improve treatment outcome and quality of life for
patients receiving immunotherapy.
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Introduction

Monoclonal antibodies (mAb) are valuable therapeutic agents
with widely employed immunotherapies for autoimmune
disorder management and cancer treatment."” Therapeutic
monoclonal antibody (TmAb) treatments are predominantly
immunosuppressive or immune targeting agents,* and
although TmAbs are generally well tolerated, there have been
instances of severe adverse reactions (SARs) due to their
promiscuous pharmacological profiles.>® Moreover, an
association between inadequate serum mAb concentration and
lack of therapeutic response, alongside interpatient variability
of TmAb pharmacokinetics suggest that regular therapeutic
drug monitoring (TDM) would be beneficial."! Regular
monitoring of ipilimumab trough concentrations between
dosages has positively impacted the survival rate of metastatic
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melanoma patients by preventing drug concentrations from
dropping below the minimum effective concentration.'?
Similarly, maintaining a trough concentration >1.5 ug mL™" of
TmADb therapy in Crohn's disease management can improve the
remission rate of patients by 76%."

The current TDM methods in use suffer from lengthy
processes and require large laboratory-based equipment
operated by trained personnel, making them unsuitable for
rapid dose adjustment.’*'® The introduction of a rapid point-
of-care (PoC) dose monitoring platform for TmAbs provides a
feedback mechanism so drug concentrations can be
maintained within the therapeutic range with the potential of
improving treatment efficacy and patient quality of life.’® To
overcome the lengthy processes (> hour) of detection
methods like enzyme linked immunoassays (ELISA),
homogenous immunoassays, also known as mix-and-read
assays, are being developed for diagnostic applications.’’ >
These simple assays forgo the need for immobilisation or
wash  steps, making them ideal candidates for
implementation into PoC settings.

One homogenous assay method is the split enzyme
system, commonly referred to as a proximity switch.** These
systems rely on splitting a reporter, usually an enzyme, into
two inactive fragments which produce no signal individually
or when mixed at concentrations well below the binding
affinity of the two fragments.>*® The inactive, split enzyme

© 2024 The Author(s). Published by the Royal Society of Chemistry
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fragments are each genetically or chemically fused to a
recognition element that bind non-overlapping epitopes of
the target analyte. Binding of the recognition elements co-
localises the two inactive reporter fragments, increasing their
effective concentration and prompting re-assembly of the
active enzyme, the activity of which can be
measured.'”#>>?7

Here, we describe the development of a homogenous, split
enzyme assay for the detection of four routinely used TmAb
treatments (adalimumab, ipilimumab, rituximab and
trastuzumab). The sensor combines Affimer proteins as
recognition elements with an established split-luciferase,
NanoLuc® Binary Technology (NanoBiT)."”'®>* Affimers are
non-immunoglobulin-binding proteins and offer the benefit
of being small, stable, and easily expressed as recombinant
proteins when fused genetically to  split-enzyme
fragments.'”?**®?° TmAbs, like all mammalian monoclonal
antibodies, contain two identical variable regions and thus
only one Affimer needs to be selected, as two copies can be
used to target non-overlapping epitopes (Fig. 1). With
previous work supporting the NanoBiT system as a method
of detecting proteins in biological fluids,"” we expected our
Affimer-NanoBiT system to provide a rapid and sensitive
alternative for TDM of TmAb levels that could be
implemented into a PoC setting.

Experimental methods
Sensor cloning

The DNA and primers (Integrated DNA Technologies) used in
this method are detailed in the “DNA and protein sequences”
and “Tables of primers” sections (ESIf), respectively. All
sensor constructs were generated in a PpET28a vector
containing Nhel, NotI, Spel and Sall restriction sites between
the Ncol and Xhol sites of the vector, with an in frame 6xHis-
tag sequence and stop-codon following Xhol. Sequential
restriction enzyme cloning was used to insert DNA encoding
LgBiT, SmBIT (101) or Affimer sequences between Nhel/NotI
and Spel/Sall and a (GSG); linker sequence between NotI and
Spel. The vector was digested with appropriate restriction
enzymes (NEB), dephosphorylated with antarctic phosphatase
(NEB), separated on an agarose gel, and then purified. All

TmAb

LoBIT  smeiT ‘ﬁ](’

_—

Add NanoGlo
Substrate

Add sample

Affimer
Affimer

Fig. 1 Schematic diagram of Affimer-NanoBiT mechanism of sensing
monoclonal antibodies. The luciferase fragments LgBiT and SmBiT101
are attached to the binding reagents via short GSG linkers to create
two separate sensor components. Antibody binding colocalizes the
LgBiT and SmBIiT, promoting reconstitution of the enzyme and
bioluminescence upon addition of Nano-Glo substrate.
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DNA was purified using the Illustra GFX PCR DNA and Gel
Band Purification kit (GE Healthcare). The synthetic DNA
encoding LgBiT was purchased from Genscript in pUC57
vector. Affimers were encoded in a previously described
pEtLECTRA vector.”® This insert DNA was PCR amplified with
primers encoding appropriate restriction sites, then treated
with DpnlI (NEB) to remove parental vector DNA. Insert DNA
encoding SmBiT101 and (GSG), linker sequences were
generated by PCR of overlapping primers encoding
appropriate restriction sites. Amplified insert DNA was
purified, digested with appropriate restriction enzymes and
then re-purified. The digested vector and insert were ligated
with T4 DNA ligase (NEB) and transformed into E. coli XL-1
competent cells (Agilent Technologies). Plasmid DNA was
purified using the ChargeSwitch Pro Plasmid Miniprep kit
(Invitrogen) and successful generation of constructs was
confirmed by sequencing (Genewiz) with T7/T7 term primers.

Sensor expression and purification

The pET28a vectors with sensor constructs were transformed
into E. coli BL21* (DE3) cells. A 1 mL starter culture was
added to 50 mL LB media (with 50 pg mL™" kanamycin) and
grown at 37 °C, 220 RPM before induction at ODgoo ca. 0.6
with 0.3 mM isopropyl-B-p-thiogalactoside (IPTG) and grown
overnight at 16 °C, 180 RPM. Cells were harvested at 4000xg
for ca. 20 min, resuspended in 4 mL lysis buffer (pH 7.4, 50
mM Tris, 300 mM NaCl, 10 mM imidazole, 0.1 mg mL™!
lysozyme, 1x cOmplete EDTA-free protease inhibitor (Merck),
0.001% v/v benzonase nuclease (Merck)) and incubated on a
roller mixer for 1 hour at 4 °C. Cells were lysed by sonication
(UP50H, Hielscher) for 2 min (5 s on/5 s off) at 100%
amplitude then pelleted at 17000xg for 20 min. The
supernatant was added to 250 pL Super Co-NTA resin
(Generon) that had been pre-equilibrated with wash buffer
(pH 7.4, 50 mM Tris, 300 mM NaCl, 10 mM imidazole) and
was then incubated on a roller mixer for 1 hour at 4 °C. The
resin was washed thrice with 5 mL wash buffer and protein
eluted with 3 x 0.5 mL elution buffer (pH 7.4, 50 mM Tris,
300 mM NaCl, 300 mM imidazole). Pure fractions (as
assessed by SDS-PAGE) were buffer exchanged into storage
buffer (50 mM Tris, 150 mM NaCl, pH 7.4) using Zeba spin
desalting columns (ThermoFisher). Protein concentration
was determined by BCA assay and aliquots stored at —80 °C.

Sensor characterisation
Target mAbs

Biosimilars of each of the target mAbs were purchased from
InvivoGen; rituximab (anti-hCD20-hIgG4 S228P), adalimumab
(anti-hTNF-a-hIgG1), trastuzumab (anti-HER2-hIgG4 S228P)
and ipilimumab (anti-hCTLA4-hIgG1).

NanoBiT assay (in buffer)

Assays were performed in PBSB (pH 7.4, PBS + 1 mg mL ™"
BSA) dilution buffer. 10 uL LgBiT sensor (5x final conc.), 10
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pL SmBIT sensor (5% final conc.) and 5 pL mAb (InvivoGen)
(10x final conc.) were added to a well of a white no-bind 384-
well plate (Corning) and incubated for 30 min, 25 °C,
shaking. Then 25 uL of 1:500 Nano-Glo was added to give a
final dilution of 1:1000. Luminescence was read (500 ms
integration) on a Tecan Spark plate reader. Parameter
changes for optimisation are depicted in the Results section
or ESLf

NanoBiT assay (with serum)

For experiments in 0-1% serum, assays were performed in
PBSB (pH 7.4, PBS + 1 mg mL™" BSA) dilution buffer. 10 pL
10 nM LgBiT + 10 nM SmBIT in PBSB (2 nM each final conc.)
and 5 pL mAb (InvivoGen; 10x final conc.) in PBSB were
added to 10 pL human serum (pooled human serum, Clinical
Trials Laboratory Services) at 5x the final concentration (in
PBSB) in a white no-bind 384-well plate (Corning) and
incubated for 30 min, 25 °C, shaking.

For experiments in 5 and 50% serum, assays were
performed by first preparing stock solutions (LgBiT, SmBIT,
mAb) in either 10% human serum with PBSB or 100%
human serum. 10 pL of 10 nM LgBiT sensor (5% final conc.),
10 pL of 10 nM SmBIT sensor (5% final conc.) and 5 uL. mAb
(InvivoGen; various concentrations at 10x the final conc.)
were added together in a well of a white no-bind 384-well
plate (Corning) and incubated for 30 min, 25 °C, shaking.

For all assays, bioluminescence was initiated by addition
of 25 pL of 1:500 Nano-Glo to give a final dilution of 1:1000.
Luminescence was read (500 ms integration) on a Tecan
Spark plate reader. Parameter changes for optimisation are
depicted in the Results section.

Data analysis

All data analysis was performed using GraphPad, Prism
software version 9.0. Graphs presented as fold gain refer to
[RLU (X nM TmAb)/RLU (0 nM TmAb)]. Optimisation
experiments presented as the mean of at least 2 repeats +
the standard error of the mean (SEM) unless specified otherwise.
Intra- and inter-assays presented as n = 3 or N = 3 + SEM.
Statistical significance was determined as P < 0.05, using one-
tailed homoscedastic ¢-tests.

Limit of detection (LoD) was defined as the lowest
concentration of analyte that produced a reading above a
minimal value (RLUy;p):

RLUmin = RLUblank + 1-645(SDblank) + 1'645(SD10W conc.)

in which RLUpjn is the average reading without analyte,
SDpiank = the standard deviation of samples without analyte
and SDjow cone. = the standard deviation of samples with
analyte at the lowest concentration for which a signal above
baseline is produced.*

Accuracy of assay performance was
percentage recovery:

measured as
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% recovery = (mean interpolated concentration/nominal
concentration) x 100%

and precision measured as percentage coefficient variation:

% CV = (SD interpolated concentration/mean interpolated
concentration) x 100%

Results
Selection and characterisation of binding proteins

An Affimer reagent phage display library was screened against
target antibodies trastuzumab, rituximab, adalimumab, and
ipilimumab, as described previously.”®?' Briefly, the binding
reagents selected for in three rounds of phage panning were
subject to ELISA validation, and a lead candidate was chosen
for each target TmAb and further characterised.”® Surface
plasmon resonance (SPR) was used to determine the affinity of
each anti-idiotypic Affimer protein. TmAb biosimilars were
covalently immobilised onto an SPR chip and titrated with serial
dilutions of respective Affimer reagents. Nanomolar affinities
were confirmed for all antibody-Affimer reagent complexes
(Table 1).

Split luciferase sensor development

Luciferase enzymes are commonly used in split enzyme
proximity switches with successful recombination seen from
multiple luciferases.*>* An engineered catalytic subunit of a
luciferase from the deep-sea shrimp (Oplophorus gracilirostris)
was isolated and termed NanoLuc.>*** The small size and high
stability of this luciferase subunit allows for splitting of
NanoLuc into two inactive fragments that recover their
enzymatic activity with reassembly, known as the NanoBiT
system.'”'®** Here we used the 18 kDa LgBiT and 11 amino
acid SmBiT101 peptide (VIGYRLFEKES) as the reporter
fragments. The LgBiT and SmBiT101 fragments were genetically
fused to either the N-terminus or C-terminus of the anti-
idiotypic binding reagents to produce four pair combinations
for each TmAb. A (GSG), peptide linker was inserted between
the NanoBiT fragment and the binding reagent. We will use one
letter codes for the LgBiT (L) and SmBiT101 (S) fragments, as
well as for the four Affimers raise against the four TmAbs

Table 1 Kp values calculated from evaluation of Langmuir model fits of
SPR curves (Fig. S17). All anti-idiotypic Affimer proteins have nM affinity
for their respective TmAb analytes and are within ~12-fold of one
another. Kp values are presented as a mean of three replicates + SEM.
(Aff-Ipi - ipilimumab n = 2)

Kp (nM) SEM (nM)
Aff-Trast — trastuzumab 0.75 +0.12
Aff-Ipi - ipilimumab 7.8 +0.8
Aff-Ada - adalimumab 9.8 +2.5
Aff-Rit - rituximab 4.0 +0.75

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(adalimumab, A; ipilimumab, I; rituximab, R; and trastuzumab,
T). The order of the one-letter codes represents N-terminal vs.
C-terminal constructs with, for instance, L-A denoting an
Affimer against adalimumab with an N-terminal LgBiT
fragment, connected via a (GSG), linker. Full protein sequences
are given in the supplementary information. All 16 possible
combinations were constructed and expressed in E. coli and
purified via a C-terminal 6xHis-tag (Fig. S27).

To determine the optimal sensor pair combinations for
TmAb quantification, 2 nM of each sensor pair was incubated
with a range of 0-100 nM respective TmAb, and after
addition of substrate, bioluminescence was measured (Fig.
S3+). Sensor pairs displayed responses ranging from 5-fold to
170-fold gain in bioluminescence. An obvious hook effect is
observed at >10 nM TmADb titres, which is likely due to the
excess of TmAb relative to the split enzyme-Affimer
constructs (2 nM). A 2 nM component concentration was
chosen as a starting point for initial experiments due to
previous success when detecting other biomarkers."”” When
TmADb is in excess, it is stochastically likely only one Affimer
binds to each TmAb (Fig. 2). Even without excess it is
possible that two SmBIT or two LgBiT fragments bind to the
same TmAb, which should reduce the ensemble signal. Still,
the binding affinity between the SmBiT101 and LgBiT
fragments will provide a slight thermodynamic advantage to
the formation of a SmBiT101-LgBiT-TmADb complex.

The best sensitivity and activity fold gain was seen by the
L-R/S-R sensor pair against rituximab and thus this
rituximab sensor was chosen to further optimise the assay
conditions (Fig. S4f). First, the ideal sensor concentration
was determined (Fig. S4At). Higher concentrations of LgBiT
and SmBIT components resulted in a larger relative light unit
(RLU) response but also contributed to much higher
background complementation. In contrast, the lowest
concentration had much lower background, but reduced the
maximum analyte-driven reconstitution. To account for both
extremes a mid-range concentration of 2 nM for each sensor
component was selected to maximise the ratio of analyte-
induced to background bioluminescence signal.

07— 11 1 P T S T B

¥ Adalimumab (L-A/ S-A)
®- Trastuzumab (L-T/T-S)
4 Ipilimumab (I-L/1-S)
-# Rituximab (L-R/S-R)

100

RLU (X nM TmAb) / RLU (0 nM TmAb)

TmAb/nM TmAb/nM

Fig. 2 Four sensor combinations were trialled for each target TmAb
and the optimal pair chosen for each. Raw luminescence data (left)
and fold gain data (right) from NanoBiT assays performed on the best
performing LgBiT/SmBiT101 pairs selected for each target TmAb.
Sigmoidal, 4 parameter logistic (4PL) fits were used on data points up
to concentrations of 10 nM. Due to the evident hook effect at
concentrations of 100 nM, these data points were not included in the
fit and the curve was extrapolated for these points. n = 1.
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The time-to-result is key for the successful development of
a point-of-care (PoC) dose monitoring platform. The shortest,
optimal assay time was thus determined at various substrate
concentrations  (Fig.  S4B-Ef).  Increasing  substrate
concentration increases the RLU, but also the time required
before maximum activity is observed (Fig. S4ET). After an
initial rise between 2 to 5 min, the signals slowly decayed
over time (Fig. S4C and Ef). When analysed in terms of fold-
gain, differences were significant but very small (Fig. S4B and
Dt). To optimise the assay for speed and sensitivity,
bioluminescence was recorded 2 minutes after addition of
the substrate (Nano-Glo) at a dilution factor of 1:1000 in the
final assay.

Another aspect of the NanoBiT assay that could be
optimised was the incubation time between the Affimer
constructs and TmADb (at 25 °C) prior to substrate addition
(Fig. S4Ff). Maximum activity was already observed within
2.5 min, with the signal remaining stable thereafter.
Therefore, and to allow time to prepare multiple tests at
once, a 25 °C incubation step of >2.5 minutes should be
used before adding the substrate. Importantly, when all
reagents are prepared in advance, the time-to-results of the
optimised assay is under 10 minutes.

The functionality of the NanoBiT sensor assay in pooled
human serum was tested to establish its feasibility as a PoC
TDM test. No significant difference in maximum fold gain of
bioluminescence signal was detected in up to 1% pooled
human serum (P > 0.05) (Fig. S4Gt). However, sensor activity
was significantly diminished in 50% serum. We optimised
the serum sample dilution so that the therapeutic range of
rituximab was within the linear range of the interpolated
curve. The therapeutic range of rituximab is approximately
150-500 nM.*® In 0.1% serum the LOD of the rituximab
NanoBiT assay is ~8 pM (see below), therefore, a 1000x
dilution of samples result in TmAb
concentrations quantifiable in this assay.

Before applying the optimised protocol to the other three
sensor pairs, the specificity of each sensor was tested against
the four TmAbs and blank buffer as a measurement of
bioluminescence (Fig. 3). All sensors are highly specific to

serum would

107 1 1 1

Il Adalimumab
Bl Trastuzumab

1
5 - Bl Ipiimumab
E| Il Rituximab
1054 | B buffer
A T As I l I I e T - I I ! I

AdaBiT  TraBiT IpiBiT RitBiT

-
=)
>

Fig. 3 The four best performing sensor combinations for each target
TmAb are highly specific for their respective TmAb. Raw luminescence
from NanoBiT assays performed on the selected optimal LgBiT/
SmBIiT101 pairs for all four target TmAb. A final concentration of 2 nM
LgBiT and SmBIT were used with 5 ug mL™ (35 nM) of each TmAb.
Data are presented as a mean of 3 repeats with error bars representing
standard deviation.
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Fig. 4 All four TmAb NanoBiT sensors have similar quantifiable ranges.
Data on all sensors at 2 nM in response to increasing concentrations of
their respective TmAb. Assays were performed in 0.1% pooled human
serum, incubated for 5 minutes shaking at 25 °C, and RLU
measurements taken after 2 minutes. Standard curves were
interpolated for all four sensors using sigmoidal, 4 parameter logistic
(4PL) fits. A n = 3, performed on the same day with the same reagents.
B N = 3, performed on separate days, using fresh reagents. Data is
presented as fold gain activity and error bars represent + SEM.

their target TmAb, with no response to non-specific TmAb
targets significantly higher than buffer (P > 0.05).

Finally, performance and intra-assay and inter-assay
variability were determined for the four best-performing
sensor combinations for each of the TmAb. In the final
optimised assay, 10 pL of 10 nM SmBiT101 and 10 nM LgBiT
(2 nM final concentration) was incubated with 10 pL 0.5%
pooled human serum (0.1% final concentration) and 5 pL of
varying TmAb concentration from 0.005-2500 ng mL™" (~16
fM-17 nM) for 5 minutes shaking at 25 °C. 25 pL 1:500
dilution of Nano-Glo substrate (final dilution 1:1000) was
then added and bioluminescence readings were taken after 2
minutes. For intra-assay assessment, measurements were
taken as n = 3 performed on the same plate (Fig. 4 and S5A7)
and to determine inter-assay variation, 3 independent
measurements were taken on separate dates for each target
analyte, N = 3 (Fig. 4 and S5Bt). Concentrations from 0.005-
2500 ng mL™' (~16 fM-17 nM) were used to create a standard
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curve and concentrations interpolated back to determine
percentage recovery and percentage coefficient of variance
(CV) to assess accuracy and precision respectively.
Quantifiable ranges were subsequently calculated by
percentage recovery between 80% and 111% and percentage
CV < 20% (or <25% at limit of quantification)*’(Table 2).

Discussion

TDM is a valuable tool when using immunotherapies or
immunosuppressive agents which can improve patient
outcomes.”® TDM requires the measurement of drug
concentrations in blood samples immediately before and
immediately after each cyclical dosage to determine peak and
trough concentrations.* Knowledge of these values provides
the possibility of immediate dose adjustment for an
individual, as well as providing valuable data on the
pharmacokinetic (PK) and pharmacodynamic (PD) profile of
the drug in question. These parameters can inform clinical
staff on how to maintain an effective circulating drug
concentration. Currently, TDM is performed on rituximab,
ipilimumab, adalimumab and trastuzumab in an ELISA
format,**~** but these require long wash and incubation steps
leading to slow time-to-result thus limiting the effect of TDM.

The TmAb NanoBiT assays developed here measured
TmAD drug levels accurately and precisely, down to reported
trough concentrations for all four therapeutics with a time-
to-result of under 10 minutes. Intra-assay variability for the
Sensors low, with high sensitivity, accuracy
and precision when detecting TmAb in 0.1% pooled human
serum. When assessing inter-assay variability, the sensors
against rituximab and adalimumab exhibited high sensitivity,
accuracy, and precision (Table 2). Sensors against
trastuzumab and ipilimumab showed high sensitivity and
accuracy, the precision of these sensors was improved by
analysing fold-gain data. Normalisation of the data against

was

Table 2 Sensitivity (LoD), accuracy (% recovery), and precision (% CV) of TmAb NanoBiT assays, as determined from raw bioluminescence (Fig. 4A, S5A

and Cf), or fold gain data (Fig. 4B, S5B and D), to define a quantifiable range

Intra-assay fold gain Inter-assay raw data Inter-assay fold gain

Sensor target Feature Intra-assay raw data
Rituximab (L-R/S-R) Sensitivity (LoD) 8 pM
Quantifiable range 8 pM-17 nM
% recovery 82-110%
% CV 1-15%
Trastuzumab (L-T/T-S)  Sensitivity (LoD) 17 pM
Quantifiable range 33 pM-2 nM
% recovery 82-110%
% CV 1-10%
Ipilimumab (I-L/I-S) Sensitivity (LoD) 8 pM
Quantifiable range 134 pM-2 nM
% recovery 91-101%
% CV 1-10%
Adalimumab (L-A/S-A) Sensitivity (LoD) 8 pM
Quantifiable range 33 pM-4 nM
% recovery 92-105%
% CV 1-5%

8 pM 17 pM 4 pM

8 pM-17 nM 17 pM-269 pM 8 pM-2 nM
82-110% 95-109% 96-106%
0.5-18% 5-18% 5-24%"

17 pM 269 pM 67 pM

33 pM-2 nM 540 pM-5 nm? 269 pM-17 nM
82-110% 88-109% 88-110%
1-10% 53-54% 3-17%

134 pM 33 pM 17 pM

134 pM-2 nM 33 pM-269 pM” 33 pM-5 nM
93-110% 92-111% 86-111%
1-6% 15-61% 1-20%

8 pM 67 pM 33 pM

33 pM-8 nM 67 pM-2 nM 67 pM-5 nM
92-108% 88-109% 81-109%
1-9% 0.5-18% 1-19%

“ 9% CV precision metrics >20% only at the limit of quantification. ” Quantifiable range based on % recovery only.
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blank measurements to give fold-gain values recovered the %
CV values of these sensors to provide a wider range of
quantification. Substantial intra- and inter-assay variability is
commonly seen in binding assays when using raw data due
to a range of condition variations.** Utilising blank or
background signal to produce normalised ratio values works
as a local control which limits confounding factors and
specimen-to-specimen variability, giving more consistent
results.” The use of fold-gain data improved LoD and the
upper limit of quantification (ULOQ) (Table 2).

Bioluminescent reporters are appealing for PoC
applications as they do not require external excitation and
have been used in the development of homogenous assays
for the detection of mAbs.**™*® One such example is the
LUMinescent AntiBody Sensor (LUMABS) which has been
adapted for quantification of trastuzumab®® (Table S1%).
Similar to our design, LUMABS is a homogenous assay that
does not require wash steps, however, requires 2.5 hours of
incubation prior to signal output. The sensitivity of this
system for trastuzumab detection is 5% lower than our
reported sensitivity, however, due to the ratiometric nature of
the LUMABS signal, undiluted serum samples can be used.
Including the time taken to dilute serum, our NanoBiT
sensor would still be 10x faster than LUMABS. Paper-based
adaptions of LUMABS for mAb detection have decreased the
time-to-result, however this has not yet been used for
quantification of TmAbs.*® LUMABS use antibody epitopes as
recognition elements which are highly selective but require
prior knowledge of epitope binding. Our use of Affimer
proteins, which can be selected through phage display,
broadens the scope of targets the NanoBiT system can be
adapted to. As an alternative to epitopes, de novo proteins
have since been implemented into LUMABS.*’

The sensitivity of the NanoBiT biosensor would allow for
substantial dilution of patient samples to keep analyte
concentrations within the range of quantification. Trough
concentrations of rituximab are reported between 8-400
nM,"® with circulating levels <84 nM after the first cycle of
treatment associated with poor treatment outcome for
follicular lymphoma patients.*> With a 1000x dilution of
serum samples, the minimal effective concentration (Cpin)
falls within our NanoBit assay range of quantification. The
current standard for serum rituximab measurements is an
ELISA with a limit of detection (LoD) of 3 ng mL™" (=31 pM)
in commercial kits using a 1000x diluted serum sample
(Table S17}). Our LoD (4 pM) and LLOQ (8 pM) are thus in the
same range with the significant advantage of a shorter
timeframe, with sample collection to result possible within
10 minutes if reagents are preprepared. Similarly, the
quantifiable range for our ipilimumab and trastuzumab
sensors cover the reported trough concentration range and
Cmin values for both drug therapies,**”° while the LoD and
LLOQ are in the same range as commercially available ELISA
kits (Table S1f). The sensitivity of these biosensors also
compares favourably to other split luciferase assays
developed for monoclonal antibody detection.’™> Besides

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the improvement in time-to-result, homogenous assays as
employed here do not require any wash steps and are thus
ideally suited to be developed into bedside or PoC sensors.

During the maintenance period (between dosing),
adalimumab concentrations >50 nM in paediatric cases and
>35 nM in adult cases are associated with irritable bowel
disease (IBD) and Crohn's disease remission.*>>*** Currently
our adalimumab sensor has a LLOQ of 67 pM and after
serum dilution samples with adalimumab concentrations
<50 nM would be just outside of the quantifiable range.
During the optimisation stage of this work there was
minimal difference in assay activity in up to 1% serum. To
this end, higher serum concentrations could be trialled to
obtained lower LLOQ for the adalimumab sensor. Assay
optimisation was performed on the rituximab sensor L-R/S-
R, so it is unsurprising that this was the best-performing
sensor. Performance of the adalimumab sensor could
possibly be further improved with individual optimisation.

Biosensor performance has so far been validated by
spiking pooled human serum, further assessment using
patient samples would provide better insight into the real-
world applications. The 1:1000 dilution factor applied to
spiked samples to maintain TmAb concentrations within the
quantifiable range, would suggest that any matrix effects
would be negligible. However, there are elements within
patient samples that are not represented by pooled serum
from healthy individuals. Tumour shedding in advanced
HER2+ breast cancer produces circulating exosomes
containing HER2 extracellular domain (ECD) which can bind
to and reduce the pharmacological effect of trastuzumab.>
Biological treatments, such as immunotherapies, carry the
risk of developing anti-drug antibodies (ADAs). For patients
treated with trastuzumab, ipilimumab and rituximab, the
risk of ADA formation is low,>® however, the prevalence of
ADAs in adalimumab treatment is much higher.”” HER2 ECD
and ADAs typically interact with the variable regions of
TmAb, with inhibitory effects. The remaining free
(pharmacologically active) TmAb concentration is the target
of TDM.”® We can speculate, with recognition elements
targeting the variable regions of TmAb, that our sensing
system would not bound, TmAb
concentrations. Future testing of our TmAb NanoBiT sensors
on samples taken from patients undergoing these treatments
would help inform on the applicability as a PoC test.

measure inactive

Conclusion

In conclusion, a TmAb NanoBiT assays was developed by
combining anti-idiotypic Affimer proteins and NanoBiT split
luciferase technology to provide a platform for rapid
quantification of four immunotherapies. Assay conditions
such as incubation time, sensor component and substrate
concentration were optimised to develop an assay with a
possible time-to-result within 10 minutes. Low pM LoD

values and quantifiable ranges that fall within the
therapeutic ranges of ipilimumab, rituximab and
Sens. Diagn., 2024, 3,104-111 | 109
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trastuzumab were determined in 0.1% spiked human serum.
The sensors for detection of these three TmAbs had
comparable or improved performance metrics to the current
ELISA standards. The possibility of a time-to-result within 10
minutes without any wash steps make our sensors an
appealing alternative to ELISA detection, with the prospect of
implementing into a PoC device in the future.

The concentration-therapeutic efficacy relationship of
therapeutic monoclonal antibodies means that serum drug
concentrations outside of the therapeutic window can have
negative  impacts on patient health. TDM for
immunotherapies is currently limited by centralised testing
methods with long sample-collection to result timeframes.
Our TmAb NanoBiT assays with a time-to-result within 10
minutes could thus improve patient welfare by providing the
opportunity for rapid, precise dose adjustments to improve
treatment outcomes and prevent adverse reactions.

Author contributions

Emma Campbell: methodology, investigation, analysis,
writing - original draft, review & editing, Hope Adamson:
conceptualisation, methodology (sensor expression and
purification, initial experimentation), Timothy Luxton:
methodology (rituximab sensor optimisation), Christian
Tiede: methodology (initial Affimer protein screen), Darren
C. Tomlinson: methodology, supervision of Affimer protein
isolation, Lars J. C. Jeuken: supervision, writing — review &
editing, Christoph Wilti: supervision.

Conflicts of interest

The authors declare the following competing financial
interest(s): the Affimer reagents used in this report are owned
by the University of Leeds (UoL) but licensed to Avacta Life
Sciences. The UoL received royalties from Avacta Life
Sciences as part of the license agreement, which is managed
by the commercialization team. The authors declare no
competing financial interest.

Acknowledgements

We thank Dr. Iain Manfield for help with SPR and The
Wellcome Trust (062164/Z/000/Z) for funding the Biacore SPR
machine. EC was funded by DSTL and a BBSRC Doctoral
Training Centre (project 2270574). TL was supported by the
University of Leeds with a PhD scholarship. HA, CW, CDT
and LJCJ were funded for this work by the Medical Research
Council, MRC (MR/N029976/1). We greatly thank BBSRC
White Rose DTP and Defence Science Technology Laboratory
(contract number DSTLX1000142352) for their funding of a
four-year PhD project which facilitated this work.

References

1 A. M. Scott, J. P. Allison and J. D. Wolchok, Cancer Immun.,
2012, 12, 14.

10 | Sens. Diagn., 2024, 3,104-1M

View Article Online

Sensors & Diagnostics

2 F. H. Du, E. A Mills and Y. Mao-Draayer, Autoimmun.
Highlights, 2017, 8, 12.

3 J. Jossen and M. Dubinsky, Curr. Opin. Pediatr., 2016, 28,
620-625.

4 A. Paci, G. Veal, C. Bardin, D. Levéque, N. Widmer, J.
Beijnen, A. Astier and E. Chatelut, Eur. J. Cancer, 2014, 50,
2010-2019.

5 T. T. Hansel, H. Kropshofer, T. Singer, J. A. Mitchell and A. J.
George, Nat. Rev. Drug Discovery, 2010, 9, 325-338.

6 M. M. Goldenberg, Clin. Ther., 1999, 21, 309-318.

7 M. R. Smith, Oncogene, 2003, 22, 7359-7368.

8 S. Zhao, L. Chadwick, E. Mysler and R. J. Moots, Curr.
Rheumatol. Rep., 2018, 20, 57.

9 J. S. Hunt, H. L. Chen, X. L. Hu, T. Y. Chen and D. C.
Morrison, Cytokine+, 1992, 4, 340-346.

10 M. F. Press, C. Cordon-Cardo and D. J. Slamon, Oncogene,
1990, 5, 953-962.

11 T. Oude Munnink, M. Henstra, L. Segerink, K. Movig and P.
Brummelhuis-Visser, Clin. Pharmacol. Ther., 2016, 99,
419-431.

12 Y. Feng, A. Roy, E. Masson, T.-T. Chen, R. Humphrey and
J. S. Weber, Clin. Cancer Res., 2013, 19, 3977-3986.

13 D. ]. Gibson, M. G. Ward, C. Rentsch, A. B. Friedman, K. M.
Taylor, M. P. Sparrow and P. R. Gibson, Aliment. Pharmacol.
Ther., 2020, 51, 612-628.

14 M. El Amrani, S. M. Bosman, A. C. Egas, C. E. Hack, A. D. R.
Huitema and E. M. van Maarseveen, Ther. Drug Monit.,
2019, 41, 640-647.

15 E. M. Schmitz, D. van de Kerkhof, D. Hamann, J. L. van
Dongen, P. H. Kuijper, L. Brunsveld, V. Scharnhorst and
M. A. Broeren, Clin. Chem. Lab. Med., 2016, 54, 1211-1219.

16 E. Chatelut, J. J. M. A. Hendrikx, J. Martin, J. Ciccolini and
D. J. A. R. Moes, Pharmacol. Res. Perspect., 2021, 9, €00757.

17 H. Adamson, M. O. Ajayi, K. E. Gilroy, M. J. McPherson,
D. C. Tomlinson and L. J. C. Jeuken, Anal. Chem., 2022, 94,
8156-8163.

18 N. McArthur, C. Cruz-Teran, A. Thatavarty, G. T. Reeves and
B. M. Rao, ACS Omega, 2022, 7, 24551-24560.

19 T. Yokozeki, H. Ueda, R. Arai, W. Mahoney and T.
Nagamune, Anal. Chem., 2002, 74, 2500-2504.

20 H. Adamson, M. Ajayi, E. Campbell, E. Brachi, C. Tiede, A.
Tang, L. Adams, R. Ford, A. Davidson, M. Johnson, M.
McPherson, D. Tomlinson and L. Jeuken, ACS Sens., 2019, 4,
3014-3022.

21 S. Banala, S. J. Aper, W. Schalk and M. Merkx, ACS Chem.
Biol., 2013, 8, 2127-2132.

22 J. Su, J. Dong, T. Kitaguchi, Y. Ohmuro-Matsuyama and H.
Ueda, Analyst, 2018, 143, 2096-2101.

23 A. S. Dixon, M. K. Schwinn, M. P. Hall, K. Zimmerman, P.
Otto, T. H. Lubben, B. L. Butler, B. F. Binkowski, T.
Machleidt, T. A. Kirkland, M. G. Wood, C. T. Eggers, L. P.
Encell and K. V. Wood, ACS Chem. Biol., 2016, 11, 400-408.

24 M. Drikic, S. Olsen and J. De Buck, BMC Vet. Res., 2019, 15,
374.

25 Z. Guo, L. Murphy, V. Stein, W. A. Johnston, S. Alcala-Perez and
K. Alexandrov, J. Am. Chem. Soc., 2016, 138, 10108-10111.

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sd00126a

Open Access Article. Published on 01 November 2023. Downloaded on 6/10/2026 2:30:32 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Sensors & Diagnostics

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

Y. Ni, B. J. H. M. Rosier, E. A. van Aalen, E. T. L.
Hanckmann, L. Biewenga, A-M. M. Pistikou, B.
Timmermans, C. Vu, S. Roos, R. Arts, W. Li, T. F. A. de Greef,
M. M. G. ]J. van Borren, F. J. M. van Kuppeveld, B.-J. Bosch
and M. Merkx, Nat. Commun., 2021, 12, 4586.

K. K. Ng, Z. E. Reinert, J. Corver, D. Resurreccion, P. J.
Hensbergen and J. A. Prescher, Sensors, 2021, 21, 7485.

H. Adamson, A. Nicholl, C. Tiede, A. A. Tang, A. Davidson,
H. Curd, A. Wignall, R. Ford, J. Nuttall, M. J. McPherson, M.
Johnson and D. C. Tomlinson, BioTechniques, 2019, 67,
261-269.

C. Tiede, R. Bedford, S. J. Heseltine, G. Smith, I. Wijetunga,
R. Ross, D. AlQallaf, A. P. Roberts, A. Balls, A. Curd, R. E.
Hughes, H. Martin, S. R. Needham, L. C. Zanetti-Domingues,
Y. Sadigh, T. P. Peacock, A. A. Tang, N. Gibson, H. Kyle,
G. W. Platt, N. Ingram, T. Taylor, L. P. Coletta, I. Manfield,
M. Knowles, S. Bell, F. Esteves, A. Magbool, R. K. Prasad, M.
Drinkhill, R. S. Bon, V. Patel, S. A. Goodchild, M. Martin-
Fernandez, R. ]J. Owens, J. E. Nettleship, M. E. Webb, M.
Harrison, J. D. Lippiat, S. Ponnambalam, M. Peckham, A.
Smith, P. K. Ferrigno, M. Johnson, M. J. McPherson and
D. C. Tomlinson, eLife, 2017, 6, €24903.

D. A. Armbruster and T. Pry, Clin.
2008, 29(Suppl 1), S49-S52.

A. A.-S. Tang, C. Tiede, D. J. Hughes, M. J. McPherson and
D. C. Tomlinson, Sci. Signaling, 2017, 10, eaan0868.

K. E. Luker, M. C. Smith, G. D. Luker, S. T. Gammon, H.
Piwnica-Worms and D. Piwnica-Worms, Proc. Natl. Acad. Sci.
U S. A, 2004, 101, 12288-12293.

R. Paulmurugan and S. S. Gambhir, Anal. Chem., 2003, 75,
1584-1589.

R. Paulmurugan, Y. Umezawa and S. S. Gambhir, Proc. Natl.
Acad. Sci. U. S. A., 2002, 99, 15608-15613.

L. G. G. C. Verhoef, M. Mattioli, F. Ricci, Y.-C. Li and M.
Wade, Biochim. Biophys. Acta, Mol. Cell Res., 2016, 1863,
284-292.

U. Jager, M. Fridrik, M. Zeitlinger, D. Heintel, G.
Hopfinger, S. Burgstaller, C. Mannhalter, W. Oberaigner, E.
Porpaczy, C. Skrabs, C. Einberger, J. Drach, M. Raderer, A.
Gaiger, M. Putman and R. Greil, Haematologica, 2012, 97,
1431-1438.

F. A. D. Administration and C. f. D. E. a. R. (CDER),
Bioanalytical Method Validation, 2018, pp. 22-24.

A. Taddeo, D. Prim, E.-D. Bojescu, J.-M. Segura and M. E.
Pfeifer, J. Appl. Lab. Med., 2020, 5, 738-761.

S. Liu, H. Huang, R.-X. Chen, Z. Wang, Y.-P. Guan, C. Peng,
X.-J. Fang, Z.-J. Chen, S.-X. Guan, X. Zhu, Q.-G. Ren, Y.-Y.
Yao, H.-B. Huang, M. Huang, X.-D. Wang and T.-Y. Lin, Acta
Pharmacol. Sin., 2021, 42, 641-647.

N. L. Berinstein, A. J. Grillo-Lépez, C. A. White, 1. Bence-
Bruckler, D. Maloney, M. Czuczman, D. Green, J. Rosenberg,
P. McLaughlin and D. Shen, Ann. Oncol., 1998, 9, 995-1001.
Y. Feng, E. Masson, D. Dai, S. M. Parker, D. Berman and A.
Roy, Br. J. Clin. Pharmacol., 2014, 78, 106-117.

Biochem. Rev.,

© 2024 The Author(s). Published by the Royal Society of Chemistry

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

View Article Online

Paper

M. Lucafo, D. Curci, M. Bramuzzo, P. Alvisi, S. Martelossi, T.
Silvestri, V. Guastalla, F. Labriola, G. Stocco and G. Decorti,
Front. Pediatr., 2021, 9, 646671.

A. L. Quartino, C. Hillenbach, J. Li, H. Li, R. D. Wada, J.
Visich, C. Li, D. Heinzmann, ]. Y. Jin and B. L. Lum, Cancer
Chemother. Pharmacol., 2016, 77, 77-88.

A. V. Ramanakumar, P. Thomann, J. M. Candeias, S.
Ferreira, L. L. Villa and E. L. Franco, J. Clin. Microbiol.,
2010, 48, 791-796.

S. Ramachandran, M. Singhal, K. G. McKenzie, J. L. Osborn,
A. Arjyal, S. Dongol, S. G. Baker, B. Basnyat, J. Farrar, C.
Dolecek, G. J. Domingo, P. Yager and B. Lutz, Diagnostics,
2013, 3, 244-260.

M. van Rosmalen, Y. Ni, D. F. M. Vervoort, R. Arts, S. K. J.
Ludwig and M. Merkx, Anal. Chem., 2018, 90, 3592-3599.

C. Yang, F. Sesterhenn, J. Bonet, E. A. van Aalen, L. Scheller,
L. A. Abriata, J. T. Cramer, X. Wen, S. Rosset, S. Georgeon, T.
Jardetzky, T. Krey, M. Fussenegger, M. Merkx and B. E.
Correia, Nat. Chem. Biol., 2021, 17, 492-500.

K. Tenda, B. van Gerven, R. Arts, Y. Hiruta, M. Merkx and D.
Citterio, Angew. Chem., Int. Ed., 2018, 57, 15369-15373.

S. Liu, Z. Wang, R. Chen, X. Wang, X. Fang, Z. Chen, S.
Guan, T. Liu, T. Lin, M. Huang and H. Huang, Front.
Pharmacol., 2022, 13, 788824.

Y. Koguchi, N. Iwamoto, T. Shimada, S.-C. Chang, J. Cha, B.
Piening, B. Curti, W. Urba and W. Redmond, J. Immunother.
Cancer, 2020, 8, A455-A456.

Z. Yao, L. Drecun, F. Aboualizadeh, S. J. Kim, Z. Li, H. Wood,
E. J. Valcourt, K. Manguiat, S. Plenderleith, L. Yip, X. Li, Z.
Zhong, F. Y. Yue, T. Closas, J. Snider, J. Tomic, S. J. Drews,
M. A. Drebot, A. McGeer, M. Ostrowski, S. Mubareka, J. M.
Rini, S. Owen and I. Stagljar, Nat. Commun., 2021, 12, 1806.
S. K. Elledge, X. X. Zhou, ]J. R. Byrnes, A. J. Martinko, I. Lui,
K. Pance, S. A. Lim, J. E. Glasgow, A. A. Glasgow, K. Turcios,
N. S. Iyer, L. Torres, M. J. Peluso, T. J. Henrich, T. T. Wang,
C. M. Tato, K. K. Leung, B. Greenhouse and J. A. Wells, Nat.
Biotechnol., 2021, 39, 928-935.

Y. Mazor, R. Almog, U. Kopylov, D. B. Hur, A. Blatt, A.
Dahan, M. Waterman, S. Ben-Horin and Y. Chowers, Aliment.
Pharmacol. Ther., 2014, 40, 620-628.

X. Roblin, H. Marotte, M. Rinaudo, E. Del Tedesco, A.
Moreau, J. M. Phelip, C. Genin, L. Peyrin-Biroulet and S.
Paul, Clin. Gastroenterol. Hepatol., 2014, 12, 80-84.

V. Ciravolo, V. Huber, G. C. Ghedini, E. Venturelli, F.
Bianchi, M. Campiglio, D. Morelli, A. Villa, P. D. Mina, S.
Menard, P. Filipazzi, L. Rivoltini, E. Tagliabue and S. M.
Pupa, J. Cell. Physiol., 2012, 227, 658-667.

E. M. van Brummelen, W. Ros, G. Wolbink, J. H. Beijnen and
J. H. Schellens, Oncologist, 2016, 21, 1260-1268.

S. P. Menting, P. P. van Liimig, A. C. de Vries, J. M. van den
Reek, D. van der Kleij, E. M. de Jong, P. I. Spuls and L. L.
Lecluse, JAMA Dermatol., 2014, 150, 130-136.

J. D. Wright, F. D. Boudinot and M. R. Ujhelyi, Clin.
Pharmacokinet., 1996, 30, 445-462.

Sens. Diagn., 2024, 3,104-111 | 1M


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sd00126a

	crossmark: 


