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Abstract

The establishment of a robust and reproducible functional bioassay that reliably measures drug potency
while ascertaining its mode of action is essential in biologic drug development. Here we describe a simple
bioluminescent reporter gene bioassay for assessing biologics targeting immune checkpoints without the
complexity and variability of more traditional assay systems. This chapter provides an overview of key
considerations in reporter gene bioassay design and optimization, as well as development of thaw-and-use
cells as an assay reagent for biologic QC lot release.
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1 Introduction

Vaccines, blood and blood components, allergenics, tissues, and
recombinant therapeutic proteins are biological products, compris-
ing more than 50% of new drugs in development. Among the
different classes of biologics, monoclonal antibodies (mAbs)
represent the most broadly developed therapeutics. The continued
increasing R&D investment in biologic drug development reflects
their specificity and thus fewer off-target effects, as well as longer
exposure compared to small-molecule-based therapeutics.

Biologics have emerged as promising new approaches to immu-
notherapy, which aim to utilize the patient’s own immune system to
combat diseases such as cancer and autoimmunity. Some of these
approaches include recombinant cytokines, immune checkpoint
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mAbs, bispecific molecules, antibody-drug conjugates, and chime-
ric antigen receptor (CAR) T cell therapies. However, the inherent
complexity, functional heterogeneity, and sensitivity of biologics to
external storage conditions present unique challenges in drug dis-
covery and development, and the development and manufacture of
these products must be tightly controlled to ensure consistent
purity, potency, efficacy, and safety. To address these challenges,
functional, mechanism of action (MOA)-based bioassays are used
throughout the biologics drug discovery and development work-
flow to screen, characterize drug MOA, and monitor product
bioactivity, potency, and stability (Fig. 1).

A bioassay uses living material (animal, plant, tissue, or cells) to
measure the biological activity of a substance. In biopharmaceutical
drug development, bioassays are typically cell-based assays that are
used to measure the bioactivity and potency of a biologic drug. In
biologic drug development, it is challenging but critical to establish
a functional bioassay that meets the essential quality attributes for
measuring drug potency as described by regulatory guidelines.

Potency, a measurement of the strength of biological activity, is
a functional measure of the tertiary/quaternary structure of a
biologic drug as it relates to its therapeutic MOA. It is assessed in
a bioassay by comparing the dose–response curve of the test mate-
rial with that of a reference standard in a multiwell plate-based assay
format [1]. This property is a critical parameter of drug product
quality release testing and is also used to monitor drug stability,
demonstrate product comparability after a manufacturing process
change, and to assess lot-to-lot consistency during normal
manufacturing operations. It is, therefore, critical that potency
bioassays developed for use in biologics manufacturing and QC
lot release reflect the MOA of the drug.

Traditional approaches to developing potency bioassays have
relied on animal models and primary cells. These model systems
provide biological relevancy for characterizing a drug’s MOA, but
they are challenging to implement in a quality-controlled
manufacturing environment due to variability in the sourcing of
primary cells, complex assay protocols, and limited availability of
qualified reagents.

Fig. 1 Bioassays can fit into every stage of biological drug development
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In recent years, bioluminescent reporter gene bioassays have
been developed and validated for use in biologic drug
manufacturing and QC lot release. Reporter gene bioassays can
be designed to reproduce a biologic drug MOA while providing a
measure of drug potency without the assay complexity and varia-
bility of more traditional model systems. This chapter provides an
overview of key considerations in reporter gene bioassay design,
clone selection, assay optimization, and qualification for
manufacturing and QC lot release.

2 Assay Design

2.1 Choosing a Cell

Background

The first consideration in designing a reporter gene bioassay is to
choose an appropriate cell background. The cells must express
biologically relevant signaling molecules and pathways to recapitu-
late the in vivo functional response targeted by the drug. Primary
cells typically meet these criteria but are challenging to implement
in higher-throughput and quality-controlled environments due to
their variability and complex assay protocols. Many biologics drugs
are designed to recognize therapeutic targets expressed on the cell
surface, and, therefore, a cell line endogenously expressing the
target receptor is a good option. For example, a HER2+ breast
cancer cell line is a good option for measuring the potency of an
anti-HER2 biologic drug. However, many immortalized cell lines
endogenously express multiple receptors that can potentially acti-
vate the same signaling pathway. Therefore, it is important to
demonstrate assay specificity by showing that the reporter gene
response is dependent upon engagement of the target receptor.

Transformed cell lines are a less variable alternative to primary
cells that are easier to develop into a quantitative and reproducible
bioassay. If a cell line endogenously expressing a receptor target of
interest is not available, or if the cell line shows a significant non-
specific response, a biologically less relevant cell line genetically
engineered to express a specific target receptor can be used.
Regardless of which approach is taken, a bridging study is typically
required to demonstrate that the reporter gene bioassay exhibits
the engagement of the target upon the binding of the biologics and
an equivalent response compared to a primary cell-based assay.

2.2 Selecting

a Genetic Reporter

The Luciferase Assay System is an extremely sensitive and rapid
reagent for the quantitation of firefly luciferase. Linear results are
seen over at least eight orders of magnitude of enzyme concentra-
tion, and less than 10�20 moles of luciferase can be measured under
optimal conditions. Therefore, luciferase reporters are widely used
in cell-based assays due to their large dynamic range, homogeneity,
and simple add-and-read assay format.
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In addition, a biologically relevant promoter that exhibits rapid
and robust activation in response to the biologic product with
minimal nonspecific activation should be identified. A biologic
product may be able to activate multiple intracellular signaling
pathways, resulting in the activation of several transcription factors
and promoters. In this situation, a promoter that is most directly
coupled to the target pathway is preferred. For example, if a cyto-
kine drug is designed to promote cell proliferation, a promoter that
directly contributes to cell growth would be the most appropriate
choice. Criteria for evaluating candidate promoters include activa-
tion kinetics, response fold induction, and relevant EC50 values.

2.3 Identifying

a Positive Control

In order to make comparisons within and between bioassay opti-
mization runs, a positive control biologic must be identified and
used consistently throughout bioassay development. A biologic or
drug product could be used as the positive control.

The positive control biologic should be stable at the recom-
mended storage conditions (typically stored in aliquots at �80 �C),
and multiple lots should be tested to ensure lot-to-lot consistency.
A positive control is not the same as a reference biologic, which is
manufactured according to the same processes as a biologic product
and used to determine the relative potency of a biologic in later-
stage development and manufacturing QC lot release. However, if
a reference biologic is available, it can be used as a positive control
for bioassay development and during the later stages of bioassay
validation, system suitability testing, and potency determination for
lot release.

3 Assay Feasibility Studies

The goal of feasibility studies is to demonstrate proof-of-concept
that the bioassay will perform as expected using the cell background
and genetic reporter identified during the assay design phase.
Thorough characterization and demonstration of the underlying
biology of a bioassay is essential to avoid unnecessary time and cost
spent in the later phases of bioassay optimization and qualification.

Feasibility studies using genetically engineered cell lines can be
performed by transient transfection or through the creation of a
stable cell pool. Transient transfection is a good option if the cells
can be easily transfected with high efficiency and the target receptor
is expressed at a relatively high level. Factors such as cell back-
ground, expression construct, transfection method, and underlying
biology may all impact whether feasibility studies can be accom-
plished using transiently transfected cells. In some instances, a
stable cell pool will need to be established using antibiotic selection.
When using a new cell line to create a stable cell pool, it is important
to generate an antibiotic kill curve to determine the optimal
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concentration of antibiotic to use for selection. A concentration of
antibiotic strong enough to kill the nontransfected cells but not too
strong to kill all the cells should be used. Antibiotic selection
typically requires 2–5 weeks to complete depending on the cell
background and antibiotic selection marker.

Initial functional studies should be performed to generate a
10-point dose–response curve of a positive control biologic. At this
early stage of proof-of-concept study, a perfect curve with 2–3
points at upper asymptote and 2–3 points at lower asymptote is
not required. However, a lack of dose-dependent response may be
the result of low receptor expression or a nonfunctional genetic
reporter. The generation of a stable cell pool does not necessarily
equate to enough receptor expression for bioassay development,
and, therefore, receptor expression should be measured directly by
flow cytometry or other methods. If receptor expression is deter-
mined to be low, the cells can be further sorted to obtain a popula-
tion of higher-expressing cells. Importantly, while high target-
receptor expression may be desirable for some bioassay designs
(e.g., to measure the activity of a soluble ligand or antibody),
other bioassays that require complex interactions between multiple
cell types and receptor–ligand pairs may benefit from lower recep-
tor expression. In these cases, it is recommended to sort multiple
populations of cells with varying receptor expression levels for
functional testing. Finally, if no dose–response curve is observed
and relatively high target–receptor expression is demonstrated, it is
possible that the genetic reporter is nonfunctional. To assess this
possibility, soluble compounds that nonspecifically activate pro-
moter elements can be tested.

As noted above, some bioassay designs that use multiple cell
types and receptor–ligand pairs may benefit from lower receptor-
level expression. High target-receptor expression can lead to
increased basal activity and a reduced assay window due to the
dynamic equilibrium between the active and inactive forms of the
receptor. Therefore, while target–receptor expression can be infor-
mative to interpret feasibility data, the functional assay response
must be the primary criterion for decision making.

In summary, the goal of feasibility studies is to demonstrate
that the bioassay cell line can yield a dose-dependent response using
a positive control biologic. Even a less than twofold positive
response is typically sufficient to move toward further development
of the bioassay. If a dose–response curve cannot be generated using
a positive control biologic, even when the target–receptor expres-
sion and reporter function are confirmed, alternative assay design
strategies (e.g., alternative cell line or promoter) should be
considered.
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4 Cell Line Generation and Clone Stability Testing

4.1 Selecting Cell

Clones

The cell line developed for use as a functional bioassay should
consist of a single cell clone. This ensures stable integration of
genetic elements, reduces genetic drift or loss of the engineered
content, and results in more reproducible assay performance
over time.

Single cell clones are typically generated by limiting dilution
where a suspension of cells is diluted and dispensed into 96-well
(or higher-throughput) plates such that each well contains an aver-
age of at most one cell per well. The cells are then cultured and
expanded resulting in a population of cells derived from a single cell
clone. Limiting dilution is relatively easy to perform but does result
in wells with either no cells or more than one cell. Wells with more
than one cell may not be genetically identical and may result in the
generation of an unstable population. Multiclonal wells of adherent
cells can easily be identified by visual inspection, but suspended cells
remain a challenge.

If ectopic expression of the target receptor is used, another
approach used to generate single cell clones involves labeling the
target of interest with fluorescently labeled antibody and using
fluorescence-activated cell sorting (FACS) to sort the labeled cell
population into a 96-well plate at a density of one cell per well. This
technique requires a cell-labeling step and subjects the cells to high
pressure during sorting, which can be overly stressful for some cell
types when culturing from a single cell. Thus, not all wells contain-
ing single cells expand into clonal populations. Success rates will
vary depending on the growth characteristics of the cell line and
overall health of the cells prior to sorting. If antibody labeling is
performed as part of the FACS protocol, it is good practice to first
sort a pool of cells based on the antibody label, let the cells recover
in culture, and then blind sort (e.g., without antibody labeling)
single cell clones into plates. This approach limits cell handling on
the day of single-cell cloning and increases the success rate of clonal
cell expansion.

After limited dilution cloning (or FACS to sort single cells), the
cells are cultured in multiwell plates (typically 96 wells) until the cell
population has expanded to at least 20–30% confluent to allow
initial functional screening. During the initial phase of cell culture
and expansion, it is typical to see a wide range of cell growth rates
between individual clones. Some clones may grow as well as their
parental cell line while others may stop growing.

An initial screen can be performed by replicating individual
wells into parallel plates and measuring the functional response
with or without one single concentration of a positive control
biologic. Functional responses can be categorized according to
whether they show a low, medium, or high response.
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Luminescence observed during the initial screen can vary dra-
matically among different cell clones. Clones showing high basal
relative luminescent unit (RLU) signal and producing a high-fold
induction in response to a positive control biologic are the best
candidates for further bioassay development. Clones showing
higher basal RLU will result in better assay performance as
measured by percent coefficient of variations (% CV). In general,
basal RLU should be at least 50- to 100-fold higher than instru-
ment background (wells with medium only). However, if low basal
RLU is generally observed in the initial screen, clones with higher-
fold induction will be chosen for further assay optimization to
increase the basal RLU.

When clones are further expanded, full dose–response curves
can be tested on a subset of clones. When comparing clone func-
tional responses, cells should be seeded at the same cell density so
that their yields are comparable on the day of harvest for the assay.
Cells should be plated at the same number of cells per well so that
comparisons can be made. Full-dose titration of the ligand or
biological product will give insight into the EC50, maximum fold
induction, shape of the response curve (hillslope and curve fit
parameters), and overall luminescence intensity. Even at this early
stage of bioassay development, some assays respond strongly using
normal serum concentrations whereas others benefit from low
percentage or alternative sera (e.g., charcoal-stripped serum).

Multiple criteria should be taken into consideration when
selecting a cell clone for bioassay development. For reporter gene
bioassays, luminescence fold-induction in response to a positive
control biologic is a key attribute. However, other parameters
such as signal background, peak signal intensity, and induction
time should also be considered.

If a bioassay is developed for use with a blocking antibody to
neutralize an agonist, the agonist concentration used for potency
measurement of the blocking antibody and slope response of the
agonist dose–response curve will impact the EC50 of the test block-
ing antibody. Higher concentrations of agonist will result in a
higher EC50 of the blocking antibody. It is important to mimic a
historically acceptable EC50 range when comparing clone
responses.

If ectopic receptors need to be added to the parent cell, flow
cytometry can be used to determine relative expression levels of
different clones, correlate response to expression level, and even
identify clones that most likely are not truly clonal. As shown in
Fig. 2, double peaks and broad peaks with a “shoulder” of fluores-
cence intensity often indicate a mixed culture of clones. While this
“clone” may temporarily meet the bioassay needs, it may ultimately
fail when undergoing passage stability.
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4.2 Performing Clone

Stability Testing

“Cell passage” refers to the number of cell population doublings,
which accounts for variable growth rates and is not affected by the
number of times the cells are passaged in a week. It is important to
establish the length of passage stability and acceptable level of loss
or change, which will depend on the individual requirements of a
clone. Long-term clonal stability ensures consistent cellular func-
tional responses throughout passages in terms of EC50 response,
fold induction, overall luminescence, cell growth, and receptor
expression during a defined amount of time in culture. Functional
instability can manifest as a decrease in luminescence while main-
taining fold induction or as a decrease in fold induction (Fig. 3). At
a minimum, cell clones must be stable enough to sequentially
prepare seed stocks, master cell bank, and working cell bank.

Stability studies can begin after initial functional screening and
selection of a limited number of clones that exhibit assay specificity
and good assay response. Cells are maintained under full antibiotic
selection pressure as indicated during preliminary kill curve tests
with the parental cell line. Cell culture medium with freshly supple-
mented antibiotics from reliable suppliers will help individual
clones maintain their original characteristics and minimize genetic
drift. Sufficient banks should be made for each testing clones at
passages as early as possible to serve as a source for subsequent seed
stock preparation or “backup” cells.

Fig. 2 Histograms of three different clones following FACS staining. (a) Isotype control. (b) Double peak
indicating mixed culture. (c, d) Two clones demonstrating slightly different levels of expression
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Several strategies can be used to prepare a candidate cell clone
for stability testing. Cells for each clone representing one or more
cell passages can be maintained in parallel over time as active cell
cultures. Cells will be harvested and frozen every 5–6 passages to
generate a series of staggered passages. Cells frozen at different
passages will then be thawed and grown in parallel for at least
2 weeks, followed by side-by-side functional measurement of basal
luminescence (measure of reporter gene stability), signal fold induc-
tion (measure of receptor expression), and EC50. Comparing func-
tional response data from different days is not a preferred approach as
many variables in assay and cell culture conditions will contribute to
the assay results and complicate data interpretation. To confirm
functional results, additional tests such as flow cytometry analysis
for receptor expression are recommended using the same staggered
passage cultures. Flow cytometry and functional response can be
used in tandem to demonstrate a stable clone (Fig. 4). Other cell
culture characteristics, such as cell population doubling time and cell
morphology, can also be noted during this expansion duration and
contributed to final clone selection.

5 Assay Optimization

Optimization of bioassays is important to ensure the best possible
sensitivity, signal-to-noise ratio, and assay window. The bioassay
must also be reproducible, ensuring that small day-to-day variations
do not significantly impact the results. Several critical factors during
bioassay optimization are considered below.

Fig. 3 Examples of clonal instability. (a) Decrease in luminescence across passages 7–16 (stable fold
induction noted). (b) Steady fold induction decrease across passages 7–42
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5.1 Standardizing

Assay Reagents

Quality cell culture and assay reagents are critical for consistent
bioassay performance. It is prudent to identify reliable suppliers of
quality sera, media, and cell culture supplements and establish assay
media formulation during bioassay development. Sera, in particu-
lar, can have significant impact on cell growth and assay perfor-
mance depending on grade, region of origin, and supplier. Always
anticipate supply constraints and test multiple media and sera sup-
pliers to ensure consistent performance of the bioassay.

5.2 Culturing Cells Passaging of cells according to a defined schedule is integral to
consistent assay performance. For most bioassay cell lines, a
Monday–Wednesday–Friday–Monday schedule is recommended.
Optimization of culture conditions often results in consistent
growth rate (doubling time) with high cell viability at the time of
harvest.

When expanding cells, seed them into flasks and measure the
seeding density. Seed suspension cells at a defined cell density
(number of cells per mL) in a set volume of medium per flask
size. For adherent cells, use cell numbers per cm2 for calculating
cell seeding density in each flask. Volume differences between flasks
can affect gas exchange and cell performance. Therefore, a standar-
dized media volume per flask (e.g., 20 mL per T75 flask) is recom-
mended. Cell seeding and harvesting densities are best tested
empirically for effects on cell performance. Seeding cells too
densely results in overgrown cultures that typically are detrimental
to assay performance. On the other hand, seeding cells too sparsely
can result in increased costs. Test a range of seeding densities
during a standardized 2- or 3-day passage to determine the best
range so that variations in cell seeding density (e.g., inaccurate cell

Fig. 4 Stable functional response confirmed with surface expression. (a) Cells from passages 18 to 40 were
analyzed for receptor expression by flow cytometry; isotype control included. (b) Bioassay using cells from
passages 18 to 40
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count at seeding) have as little impact on reproducibility of the
bioassay as feasible. Record cell harvesting density, doubling rate,
and viability at the time of harvest as integral data for the bioassay.

5.3 Plating Cells While optimizing bioassay conditions, it is important to test a range
of cell numbers per well in order to determine how signals are
detected. Since instrument detection sensitivity can vary, it is
important to consider the signal-to-background ratio to determine
the level of signal that can be obtained using a positive control
above the background noise of the machine. Background noise is
indicative of the lowest sensitivity that can be determined for the
bioassay. If the bioassay includes a coculture of multiple cell types
(e.g., effector and target cells), cell–cell interaction and cell ratio
can have a significant impact on the assay window and sensitivity.
Test a range of cell ratios to ensure optimal performance of a
bioassay with cell cocultures. For adherent-suspension cell interac-
tions, adherent cells can be plated overnight to reach 80–100%
confluency the next day and interact with 50,000 suspension cells
per well in a 96-well plate. For suspension–suspension cell interac-
tions, a 1:1 ratio (e.g., 50,000 cells for each cell type) in each well of
a 96-well plate will be a good starting point.

5.4 Induction Time Assay incubation time can also have a significant impact on
reporter-based bioassay performance. Induction time should be
optimized by performing a time course experiment at 4, 5, and
6 h, or overnight (18–24 h) to determine the maximal performance
and assay robustness. When harvesting and staging the bioassay
with adherent cells, significant response differences may be
observed when using traditional trypsin or weaker enzymatic alter-
natives as surface proteins and receptors can be temporarily dam-
aged. Certain bioassay cells may need an overnight “recovery” after
plating to achieve an optimal and consistent response. A solid
understanding of the nuances of a cell clone will greatly improve
the odds of a successful bioassay or its transfer to another facility.

5.5 Assay Buffer

and Media

For cell culture media, a common practice is to use a general, well-
established medium composition according to the cell origin doc-
ument and recommendations from commercial cell line providers
(ATCC, DSMZ) and supplement it with fetal bovine serum (FBS)
(e.g., normal, heat-inactivated, or gamma-irradiated) and together
with nutrients that support cell growth. Since FBS is a natural
product without clearly defined composition, test sera from differ-
ent commercial sources, and even different lots from the same
commercial source, are used to confirm that they do not cause
significant assay variation. The optimal percentage of FBS is typi-
cally between 0.5% and 10%. In some situations, components of
FBS can interfere with the bioassay, in which case the use of
dialyzed FBS should be considered. Being able to lower FBS
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concentration in assay buffer without impacting cell health, lumi-
nescence signal, and assay robustness will help to minimize varia-
tions introduced by different FBS lots.

5.6 Plate Edge

Effects

Plate edge effect is an inconvenient phenomenon caused by more
media evaporation along the edges of the microplate during incu-
bation. The edge effect can cause many problems, including vary-
ing volumes and concentrations, which can alter cell viability and
assays results. In general, only the inner 60 wells of a 96-well plate
are used for most bioassay applications to avoid plate edge effects
on data. If a bioassay has a short induction time (e.g., less than
5–6 h) plate edge effects are of less concern. To test for edge effects,
generate a plate “heat map” where each well gets the same treat-
ment (typically the EC50 of the test biologic). Luminescence across
the plate will indicate whether there are significant position-
dependent effects.

5.7 Hook Effect Occasionally, upon careful inspection of the fitted data, a “hook
effect” may be noticed at the highest concentration(s) tested that
may impact the curve fit. To troubleshoot, confirm the stock bio-
logic does not contain a toxic component (such as sodium azide,
detergent, or stabilizer) which may carry over to the first dilution
(highest concentration) sample tested, thereby impacting the cell
health and decreasing luminescence. Sometimes antibodies are
prone to hook effects when used at high concentrations. Preparing
a series of tightly spaced data points across a narrow concentration
range can shed insight as to where along the concentration range
the hook appears. Altering the starting dilution concentration, with
anticipation of the highest potency desired, will typically resolve the
problem.

5.8 Design

of Experiments (DoE)

Assay optimization can be performed by assessing one parameter at
a time. However, interplay between assay parameters can signifi-
cantly impact the robustness and repeatability of a bioassay. There-
fore, multifactorial analysis performed by varying multiple
experimental parameters in a single experiment is recommended
for assay optimization. Design of experiment (DoE) is a commonly
applied method of multifactorial analysis that is used to define the
relationships between assay parameters that impact assay output. It
is extensively used for the implementation of Quality by Design in
both research and industrial settings. DoE can be simple or com-
plex, depending on the application and number of critical assay
parameters being evaluated. Figure 5 shows an example of a simple
DoE experiment used to demonstrate the robustness of a bioassay
previously optimized one parameter at a time.

In this example, five assay parameters (two conditions per
parameter, one being the final optimized condition) were tested
in a single experiment (Fig. 5a). Statistical analysis software (JMP)
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was used for the assay setup design and data analysis (Fig. 5c). The
assay was successful as it demonstrated a positive response to the
biologic in all cases (Fig. 5b), but some assay parameters, such as
cell number, had bigger effects on the assay readout than others

Fig. 5 Example DoE design and data analysis. (a) Five critical assay parameters were tested in a single DoE
experiment. (b) Aggregate data of differences in relative luminescence (RLU), assay window (fold induction),
and EC50 of a control biologic when the number of effector cells is varied. Bars show mean � standard
deviation. (c) Example of data analysis using JMP software. Shown are the effects of effector cell number on
fold induction, RLU, and EC50. The desirability index is shown where fold induction and RLU are equally
weighted
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(e.g., plating time). Again, this is only a simple DoE used for a
specific purpose. A more detailed explanation of how to perform
DoE is outside of the scope of this chapter. Consult a biostatistician
to assist in DoE use for bioassay optimization.

In summary, optimization of bioassay conditions includes many
critical steps to achieve consistent bioassay performance. The list
presented in this chapter is not exhaustive, and other important
factors may need to be addressed and optimized depending on the
bioassay system.

6 Development of Thaw-and-Use Cells

While many bioassays use a Master Cell Bank (MCB) and Working
Cell Bank (WCB) for continuous production, thaw-and-use
(T&U) cells (also called ready-to-use or assay-ready cells) can be
used for a bioassay straight out of the vial [2, 3]. These cells offer
convenience and reproducibility and are rapidly being adopted for
cell-based bioassays. Through manufacturing process development
and optimization, T&U cells can be produced in large quantities
with each batch harvested from the same working cell bank at
defined scale-up conditions. Assay variations caused by daily cell
culture are eliminated through a controlled process. Bulk produc-
tion and storage of cell banks save on labor and time, reduce long-
term development costs, and facilitate assay transfer between dif-
ferent laboratory sites. The simple and homogeneous nature of the
reporter bioassay format goes hand-in-hand with more easily
adoptable T&U cells.

This section will discuss general considerations in producing
T&U cells for reporter bioassays. In particular, critical factors
affecting cell culture, cell freezing, and long-term storage in the
context of functional testing parameters will be examined.

Cell culture conditions prior to harvesting for T&U cells are
critical for bioassay performance. Different culture vessels can
impact cell quality and assay performance by affecting cell growth
characteristics (cell growth rate and viability) and protein expres-
sion level (Fig. 6). T-flasks are standard vessels during the early
stage of bioassay development; for large-scale cell production,
many choices of culture vessels are available to produce several liters
of culture. Testing a variety of culture vessels, such as flasks, spin-
ners, roller bottles or bioreactors, is important for developing a
process for scale-up. These vessels should be tested and chosen
depending on the cell types (adherent or suspension), desired
batch sizes, and other practical factors such as ease of handling,
yield, and production cost. During cell expansion, cell seeding
density, culture volume per vessel, and cell passing schedule need
to be standardized to ensure batch-to-batch consistency. The cell
doubling rate and viability should be recorded at each passing to
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monitor cell growth and help troubleshoot in the event of unex-
pectedly low production yield and undesired assay performance.

Cell-freezing conditions are another critical factor impacting
T&U cell performance. Freezing conditions for T&U cells can be
very different from WCB and MCB because T&U cells will be
directly seeded into microplates for biological potency testing.
Cell-freezing media can be optimized for the concentrations of
FBS and cryoprotectant or choices of cryoprotectants. Many
serum-free freezing medium products are commercially available
but need to be carefully evaluated to make sure they do not impact
cell performance. At the time of cell harvest, freezing medium

Fig. 6 Example of the selection of culture vessels impacting protein expression and assay performance. (a)
FACS analysis showing different expression level for a cell surface target of a biologic product, from the cells
produced by T flask, culture vessel I, and vessel II. (b, c) Functional bioassay showing different assay
performance from the cells produced by T flask, vessel I, and vessel II. The cells produced from culture vessel I
showed lower target expression level (a), higher basal luciferase activity and RLUs in the absence of drug
stimulation, (b) and lower drug-induced assay window (c) when compared with the cells from T flask control
and vessel II
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should be precooled to 4 �C before adding to the cell pellet, and the
cell suspension should be kept on ice while cells are dispensed into
cryovials. The cell-dispensing time course, or DMSO tolerance
time, should be carefully studied to minimize the loss of cell viabil-
ity at the end of the dispensing. For the cell-freezing process, a
controlled, programmable electronic freezing unit (e.g., CryoMed
Freezer) with the ability to rigorously maintain the rate of cooling is
highly recommended to ensure consistent viability and assay per-
formance for the whole batch production, which may contain
hundreds to a thousand vials. Manufacturers of controlled freezers
typically recommend cell type-specific freezing programs though
further modifications may still be necessary after the cell lines are
engineered with exogenous protein expression to improve the
consistency of cell quality and functionality. Unlike the majority
of tumor cell lines, which are very sensitive to freezing conditions,
certain common cell lines such as CHO-K1 and HEK293 are not
overly sensitive to the cell-freezing protocol. Other freezing cham-
bers (Mr. Frosty, Styrofoam box, or CoolCell) can also be used to
produce satisfactory results. However, they are not recommended
in a manufacturing setting for producing large quantities of T&U
Cells due to the possibility of introducing large intrabatch variation.

Once the T&U cell batches are made, they should be trans-
ferred and stored in the vapor phase of liquid nitrogen or a�140 �C
freezer. Functional performance was compared in multiple cell lines
stored at �80 �C or in liquid nitrogen. The data showed that some
cell lines, such as CHO-K1, can maintain good cell viability after
2–3 weeks in �80 �C freezers, although the viability might still
change during longer time periods. Other cell lines, such as Jurkat
T cells, lost 20% cell viability during the same time duration
(Table 1). In general, we highly recommend storing the T&U
cells at liquid nitrogen temperature to maintain consistent assay
performance for the long term.

Table 1
Change of cell viability for thaw-and-use cells upon short-term storage at �80 ˚C

Days

Postthaw cell viability

Jurkat, % Raji, % CHO, % HEK293, %

Stored at �80 �C 0 86 91 99 82
3 85 91 97 89
7 77 92 98 89

10 72 91 95 87
14 69 91 94 87
17 65 91 93 85

T&U cells produced with Jurkat, Raji, CHO-K1, or HEK293 cell lines were transferred from liquid nitrogen storage to

�80 �C freezers and stored for the time period as indicated, up to 17 days. The cells were transferred back to liquid

nitrogen storage after each time point until all test conditions were complete. The cells were then thawed, and postthaw
viability was measured by trypan blue staining
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7 Bioassay Prequalification

At this point, a bioassay must be further qualified for potency
testing of drug products by demonstrating the accuracy, precision,
linearity, and range following a series of repeated assays. Classic
prequalification outcomes and metrics include establishing that
the reporter bioassays can be performed using cells from continu-
ous cell culture or in cryopreserved T&U format. If cells are used
from continuous cell culture, their staging is critical for a consistent
assay response. The previous section on assay optimization details
some of the factors affecting cell functional responses.

For relative potency testing, T&U cells provide an important
advantage over continuous culture cells as they repeatedly yield a
consistent response across the batch of cells. This consistent
response makes prequalification development far simpler as it elim-
inates the variability often associated with staging continuous cul-
ture cells. Large numbers of T&U cell vials can be prepared and
stored below �140 �C, ensuring consistent responses for many
years.

Accuracy and precision among replicates are important for any
bioassay, especially for successful potency testing. Replicate preci-
sion will allow for better discernment of small potency differences
and overall absolute reproducibility (e.g., EC50 and response to a
standard concentration range during the test). Poor replicates with
%CV > 5% can be an indication of some protocol or assay variable
that was not fully optimized. Following good pipetting practices,
including the choice and condition of equipment, can play a major
role in bioassay success. It is undeniable that, for cell dispensing and
serial dilution purposes, quality data depend on pipettes in good
operating shape and without any biases they may introduce during
dispensing. Choose the proper pipette for the working volume
needed and ensure all channels of a multichannel pipette are in
good working order without internal piston leakage. For dispens-
ing purposes, electronic pipettes provide rapid and accurate dis-
pensing, and facilitate larger and complicated experiments.

Begin by establishing and understanding the ligand or biologic
product response as previously discussed in the section on assay
optimization. Protocol optimization to generate a consistent EC50

is important as this impacts the EC80 and EC20 results. Agonist
EC20 and EC80 are especially critical if used in blocking bioassays.
The appropriate agonist concentration at either EC80 or EC20

depends on how big the assay window is. An agonist EC80 will be
chosen if the assay has a fold induction less than a few hundred.
When fold induction reaches over a thousand for certain bioassays,
the assay will suffer from “over-sensitivity” and the potency assay
will tend to fail during statistical analysis due to the large variation
in RLU at the upper asymptote. In this case, the EC20 will be
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selected instead to reduce assay variation while still maintaining
assay robustness.

Establishing the dilution series of the ligand or effector mole-
cule is an important first step for potency assay development and
prequalification. Identifying any potential biases or location effects
across the entire plate, including rows, edges, and corners, will
dictate which wells can be reliably used for samples. Often, the
peripheral outside rows and columns of a 96-well plate can be
prone to bias, but this issue should be empirically tested and not
assumed. With 96-well plates, using the inner 60 wells for samples
is a safe starting point until the outer rows and columns can be
demonstrated to lack bias. Often, plate location bias can be reme-
died by changes in the protocol, such as preplating cells for a
minimum of 1 h prior to sample addition. With the identification
of which wells can be used for samples, the number of points for
each dilution series can be established.

Sample placement and location throughout the plate is depen-
dent on the number of series and data points for each series and any
additional controls that might be used as part of assay acceptance.
Place samples throughout the useable area of the plate in a non-
clustered fashion to minimize any unintended response bias,
including any potential luminometer plate reader bias. Alternating
rows or columns is usually sufficient.

Potency assays typically encompass full dose responses of the
test, reference, and control biologic samples. It is imperative to
choose a dilution range such that a full response is created. The
responses are then fitted using curve-fitting software, often as a
four-parameter curve. Any potency difference is noted as a left or
right shift across the x-axis if the curves are determined to be
parallel either by an F-test or equivalency test. Each fitted curve
should have an adequate number of data points to accurately estab-
lish the upper and lower asymptotes and as many points as possible
on the linear range of the response curve containing the inflection
point. Generally, the starting concentration of the test sample is
serially diluted (e.g., three- to fivefold) before adding it to the cells,
but other dilution schemes are possible. As shown in Fig. 7, the
dilution series chosen will impact where the data points end up
being located across the bioassay response. The dilution factor,
starting concentration of sample, and number of data points in
the series can all be manipulated to achieve a full response for the
samples. Ultimately, this sample concentration range will need to
accommodate samples with a potential change in potency with a
response shift relative to the reference. For the purposes of assay
prequalification, potency samples can be prepared by intentional
dilution to create mock potency samples representing 50%, 70%,
140%, and 200% of the reference. After a series of repeated tests,
this potency range and the resulting recoveries are used to establish
the linearity response of the potency assay.
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Special considerations should be noted for designing blocking
bioassays, where a single concentration of ligand, typically the EC80

response, is inhibited by a titration of blocking antibody. It is
important to understand if the antibody reacts to a surface receptor
on the reporter cell or the ligand itself. Protocol adjustment should
reflect the antibody’s target: for a surface receptor; the antibody
sample may need to be added first and preincubated with cells prior
to addition of the ligand. If the antibody targets the ligand itself,
the antibody and ligand should be coincubated for some amount of
time before addition to the reporter cell as a sample. To create a
robust protocol, this preincubation time should be empirically
determined with a time course experiment as shown in Fig. 8.

8 Qualifying Potency Bioassays

Once the assay optimization and prequalification phase is com-
pleted, the assay moves into the qualification phase. During this
phase, the assay design is confirmed to be capable of generating
reproducible results for the specified purpose. Therefore, for a
reporter gene bioassay, the assay qualification can be defined as a
set of experiments performed under defined assay conditions,
aimed to demonstrate that the method is capable of reliably mea-
suring the relative potency (RP) of the drug under investigation.
For best practices, the assay qualification should be conducted
following a preapproved test protocol generated during the

Fig. 7 Dilution series of an agonist-blocking antibody can impact curve fit.
Agonist blocking by an antibody drug was demonstrated, starting at 20 μg/ml,
using a series of data points across the entire response range (1:4.25-fold in
black), one series with a bias of points at the lower asymptote (1:2.5-fold in red),
and a third series (1:10-fold in green) with a bias at the upper asymptote
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prequalification phase that outlines the assay conditions, plate lay-
out, number of sample replicates, and experimental design for each
parameter investigated.

The following parameters are typically assessed during a
reporter bioassay qualification: sample and assay suitability criteria,
specificity, repeatability, intermediate precision, accuracy, dilution
linearity, and range.

At the completion of the assay qualification, a report is gener-
ated that summarizes results, analysis, and conclusions on the assay
achieving its intended purpose.

8.1 Bioassay Method

and System Suitability

Acceptance Criteria

A defined assay procedure is generated at the conclusion of the
assay optimization/prequalification and prior to the assay qualifica-
tion. A written method that includes the drug serial dilution, plate
layout, number of samples and standard replicates on each plate,
reagent concentrations, and incubation time is generated and made
available to all the scientists performing the assay qualification.
Typically, for a reporter gene bioassay, the plate layout will include
multiple replicates of the drug sample and the drug standard, which
are then used to calculate the relative potency of the drug sample.
The relative potency of the drug is typically calculated as the EC50

ratio of the sample and standard curves [4, 5].

Fig. 8 Time course of antibody and ligand. A time course for the preincubation of
an agonist with antibody drug demonstrates a response bias at short incubations
where equilibrium has not been reached between the antibody and its agonist
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In addition to the assay conditions, the method should include
a series of system suitability and sample acceptance criteria. Each
plate should be evaluated against these criteria prior to proceeding
with evaluating the qualification parameters. Doing so will ensure
that only valid assays are included in the qualification analysis. The
system and sample acceptance criteria should be derived from the
assay prequalification data and usually will include a measure of how
well each standard and sample curve fits, a measure of the replicates
agreement, a minimum signal-to-noise ratio (or A/D ratio) for
each sample and standard curve, and a measure of parallelism
between the standard and the sample curve. Parallelism between
the sample and standard curve can be assessed by several statistical
analysis models [4, 5].

During assay qualification, the relative potency of the sample is
calculated and reported for each plate that meets all the assay and
sample acceptance criteria. For each plate that does not meet the
assay and sample acceptance criteria, the plate is invalidated and
repeated. If a high incidence of failed assay/samples acceptance
criteria is observed during the assay qualification, steps should be
taken to investigate the failed results and address the cause. If
necessary, additional assay optimization or prequalification experi-
ments may be conducted to ensure the consistency of the assay
performance across different days and as performed by different
scientists.

8.1.1 Qualification

Parameters

The following parameters are typically evaluated for a reporter
bioassay:

1. Specificity.

2. Precision.

(a) Repeatability.

(b) Intermediate precision.

3. Relative accuracy.

4. Dilutional linearity.

5. Range.

A definition of each parameter for general analytical procedure
can be found in the ICH Harmonized Tripartite Guideline [6, 7].

Specificity is the ability of the bioassay method to specifically
detect the potency of a drug. The bioassay should be specific to the
receptor or signal pathway of the drug under investigation. Speci-
ficity can be tested using formulation buffer prepared as a sample to
ensure the noninterference of the buffer with the bioassay. Addi-
tionally, the specificity can be tested using a sample drug not specific
to the targeted pathway. In both cases, no dose–response curve
should be observed when compared to the standard curve tested on
the same plate.
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Precision of a method expresses the closeness of agreement
between a series of measurements obtained from multiple testing
of the same sample. Precision of the bioassay is considered at two
levels: repeatability and intermediate precision. Repeatability (also
defined as intraassay precision) expresses the precision under the
same operating conditions over a short interval of time. The preci-
sion of the method is expressed as the %CV of the series of
measurements.

In a reporter gene bioassay, repeatability can be tested over one
assay setup by one analyst. Sample and standard preparations are
loaded into multiple assays plates in one experimental setup accord-
ing to the method. If available, the drug product can be used as
sample; alternatively, reference standard material can be used to
prepare a “mock” sample. The sample and standard dilutions
should be prepared independently. The number of plates included
in the single setup will depend on the complexity of the method
(4–6 plates are recommended). Each assay plate will generate a
single reportable percent relative potency value and the intraassay
precision will be reported as the %CV or % geometric coefficient of
variation (%GCV) of all the reportable percent relative potency
values.

Intermediate precision (also defined as interassay precision)
expresses within-laboratory variations such as different days, differ-
ent analysts, different equipment, and different lots of bioassay
reagents. In a reporter bioassay, the intermediate precision experi-
ments are performed by at least two analysts in multiple indepen-
dent assay setups and on different days. Similar to repeatability, the
drug product or reference standard can be used as a sample. Each
analyst will prepare all assay reagents and samples independently
and will use a different luminometer to analyze the plates. A differ-
ent lot of thawed cells can be used by Analyst 2 in this portion of the
qualification. Each assay plate (8–12 plates total is recommended)
will generate a single reportable percent relative potency value and
the interassay precision will be reported as the %CVor %GCVof all
the reportable percent relative potency values.

The accuracy of an analytical procedure expresses the closeness
of agreement between an accepted reference value and the value
found. The accuracy of the reporter bioassay can be measured using
a reference standard to prepare samples at different concentrations
relative to the nominal drug concentration. Typically, samples at
50%, 75%, 100%, 125%, and 150% are prepared and tested against
the reference standard material prepared at 100% of the nominal
drug concentration. It is also not uncommon to dilute samples at
50%, 70%, 140%, and 200%. The individual and mean relative
potency values for each sample concentration are reported. The
individual and mean % biases (from 100% nominal value) are also
calculated and reported.
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The linearity of an analytical procedure is its ability (within a
given range) to obtain test results that are directly proportional to
the concentration of the sample. For the reporter bioassay, the
linearity is calculated by plotting the experimental log relative
potency values for each concentration versus the theoretical log
relative potency values on a linear scale and by performing a linear
regression analysis. The coefficient of determination (R2), slope,
and y-intercept from the linear regression analysis are calculated and
reported.

The range of an analytical procedure is the interval between the
upper and lower sample concentration for which it has been
demonstrated that the analytical procedure has a suitable level of
precision, accuracy, and linearity. The analysis and conclusions
derived from the assessment of the repeatability, intermediate pre-
cision, relative accuracy, and dilutional linearity are used to establish
the bioassay range over which results can be reliably reported.

8.2 Qualification

Report

Subsequent to the execution of the protocol, all qualification
results, data analysis, and conclusions are summarized in a report.
It is recommended that information about critical equipment and
reagents used (such as FBS and T&U cells) is also included.

The report should also contain a statement summarizing the
qualification status of the bioassay method.

9 Challenges for IO Bioassay Development and Conclusion

Developing a cell-based functional assay to reflect the MOA of a
drug that will be accessible at early stages of drug discovery will
provide a smooth transition to support product lot release. Current
methods to measure the potency of drugs for immunotherapy
targets rely substantially on in vitro binding assays, primary T cell-
based cytokine release assays, and in vivo model systems. Although
in vitro binding assays satisfy high-throughput needs, lack of corre-
lation with cellular functional response makes this method unreli-
able to screen out functional antibody candidates. Although
antibody candidates can display high binding/blocking affinities,
they may not display any functional response at the cellular level.
Primary cell-based assays and in vivo model systems better reflect
MOA but operate at lower throughput. High reliance on primary
cells without continuing culture ability, as well as donor-to-donor
variations, limit their ability for antibody screening in early drug
discovery and lot release analysis. There is an urgent need for a
simple, robust, plate-based functional bioassay to measure the
potency of a drug candidate. Such an assay requires high sensitivity
with appropriate specificity, precision, and accuracy for drug screen-
ing and characterization in early drug discovery, lot release, and
stability studies. Luciferase reporter bioassays are designed based
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on cellular signal cascades responding to drug treatment. Activa-
tion of the corresponding pathway triggers luciferase gene tran-
scription, and a luminescent signal can be read out using a
luminometer. Due to its inherent sensitivity, large signal dynamics,
and simplicity to set up, this reporter assay platform has been widely
used in high-throughput screening for decades. The assay specific-
ity is even more reliable for biologic development due to the cell
surface nature of all targets. Some concerns for small-molecule
screens, such as false positives or signaling events distal from recep-
tor activation, are less applicable for large molecules. During bioas-
say development, cells are considered critical reagents and
reproducibility is extremely important to qualify an assay for drug
lot release. Further development of reporter-based functional
assays into a T&U format eliminates the burdens of daily cell
culture and variables introduced by cell health and cell preparation
from other factors that could directly contribute to assay variability.
Proper functional QC and optimized criteria for the number of
cells per vial, cell viability, and mycoplasma and bacteria contami-
nation testing will ensure assay consistency and ease of bioassay
transfer from one location to another.

Designing a successful cell-based bioassay reflecting a drug’s
MOA requires a clear cellular mechanism, and many designs rely on
publications demonstrating target validation in vivo with a well-
studied antibody as positive control. Accessibility of the control
antibodies is critical to validate bioassays. In many cases in immu-
nooncology, the targets of interest have been recently identified and
antibodies are either proprietary or inaccessible from any commer-
cial sources. Collaborations with pharma–biotech companies or
reputable academic labs are critical to validate the assay design.
Even when the antibodies in publications can be accessed from
commercial sources, most of those antibodies are purified for
research use only. The formulation of the products, especially the
presence of the preservative sodium azide, often produces a hook
effect at high antibody concentration, creating major challenges for
assay optimization. In addition, these research-grade antibodies are
mostly qualified for cytokine release, flow cytometry, and Western
blotting. Therefore, it can prove challenging to apply these anti-
bodies to T&U cells to demonstrate the suitability of a bioassay for
testing biological potency.

Many immunotherapy drug targets show promising responses
in mouse models without a clear understanding of their cellular
mechanism of action, which creates a hurdle for designing cell-
based assays for antibody screening and assay validation. Some
targets are clinically relevant but a clear understanding of their
ligand or corresponding receptors is unavailable. B7-H4, for exam-
ple, was discovered as a B7 family member molecule that is respon-
sible for T cell immunity [8]. Ligation of T cells with B7-H4 has a
profound inhibitory effect on Tcell growth, cytokine secretion, and
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development of cytotoxicity. However, the T cell receptor respond-
ing to B7-H4 is still unknown as well as how the inhibition is
mediated. In other cases, some targets are reported to have multiple
ligands, and the clinical significance of each target–ligand interac-
tion is largely still under investigation. The V-domain immuno-
globulin suppressor of T cell activation (VISTA) is a negative
immune-checkpoint protein that controls a broad spectrum of
innate and adaptive immune responses [9, 10]. However, the
ligand-or-receptor paradigm of VISTA in regulating T cell activa-
tion is unclear. VSIG3, VSIG8, and VISTA all interact with VISTA
[11–13]. The immunoinhibitory molecule Lymphocyte-Activation
Gene 3 (LAG-3, CD223) synergistically regulates T cell function
with PD-1 to promote tumoral immune escape [14, 15]. Major
histocompatibility complex Class II (MHC-II) is the canonical
ligand for LAG-3, but it remains controversial whether MHC-II
is solely responsible for the inhibitory function of LAG-3. It was
reported recently that a newly identified ligand Fibrinogen-like
Protein 1 (FGL1), a liver-secreted protein, is a major LAG-3 func-
tional ligand independent from MHC-II [16]. FGL1 inhibits
antigen-specific T cell activation, and ablation of FGL1 in mice
promotes T cell immunity. Poor clinical outcomes from several
MHC-II blocking anti-LAG-3 mAbs evaluated in clinical trials for
the treatment of advanced human cancer may suggest that these
antibodies do not block the clinically relevant ligand. Moreover,
identifying and determining the availability of a biologically rele-
vant cell line background to study the cellular pathway of a target of
interest is critical and sometimes a limiting factor in designing a
valid cell-based assay.

Immunotherapy is a novel, rapidly evolving cancer treatment
with exciting benefits, but it also presents unique challenges for
validating targets and determining their clinical roles in cancer
treatment. With many immunotherapy trials in clinics, what is
known today is very likely to change tomorrow. Developing cell-
based functional bioassays that reflect the true MOA in this
dynamic area, and embracing the challenges, will guide future
research in this rapidly growing field.
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