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ABSTRACT
As of early 2022, the coronavirus disease 2019 (COVID-19) pandemic remains a substantial global health 
concern. Different treatments for COVID-19, such as anti-COVID-19 neutralizing monoclonal antibodies 
(mAbs), have been developed under tight timelines. Not only mAb product and clinical development but 
also chemistry, manufacturing, and controls (CMC) process development at pandemic speed are required 
to address this highly unmet patient need. CMC development consists of early- and late-stage process 
development to ensure sufficient mAb manufacturing yield and consistent product quality for patient 
safety and efficacy. Here, we report a case study of late-stage cell culture process development at 
pandemic speed for mAb1 and mAb2 production as a combination therapy for a highly unmet patient 
treatment. We completed late-stage cell culture process characterization (PC) within approximately 
4 months from the cell culture process definition to the initiation of the manufacturing process perfor-
mance qualification (PPQ) campaign for mAb1 and mAb2, in comparison to a standard one-year PC 
timeline. Different strategies were presented in detail at different PC steps, i.e., pre-PC risk assessment, 
scale-down model development and qualification, formal PC experiments, and in-process control strategy 
development for a successful PPQ campaign that did not sacrifice quality. The strategies we present may 
be applied to accelerate late-stage process development for other biologics to reduce timelines.

ARTICLE HISTORY 
Received 10 January 2022  
Revised 28 March 2022  
Accepted 29 March 2022 

KEYWORDS 
Process characterization (PC); 
process performance 
qualification (PPQ); in- 
process control (IPC); 
Chinese hamster ovary (CHO) 
cell culture platform; scale- 
down model (SDM); design 
of experiment (DOE); failure 
mode and effects analysis 
(FMEA); quality by design 
(QbD); COVID-19 monoclonal 
antibodies (mAbs)

Introduction

Since the onset of the pandemic in late 2019, more than 
434 million confirmed cases of coronavirus disease 2019 
(COVID-19) and about 6 million deaths have been reported 
by the World Health Organization as of February 27, 2022.1 

Effective treatments against COVID-19 would represent 
a substantial advance in scientific, technological, and health- 
care system innovation around monoclonal antibody (mAb) 
treatments for infectious diseases.2 To accommodate this 
urgency, US Food and Drug Administration (FDA) has issued 
a guidance for chemistry, manufacturing, and controls (CMC) 
to provide recommendations to sponsors on the fast develop-
ment of mAb products targeting COVID-19.3 Different mAbs 
have been intensively researched for an effective treatment for 
COVID-19 patients.4–6 Several mAb products, including anti- 
SARS-CoV-2 antibodies casirivimab + imdevimab 
(Ronaprev),7 bamlanivimab + etesevimab,8 sotrovimab 
(Xevudy®),9 bebtelovimab,10 regdanvimab (Regkirona), tixage-
vimab + cilgavimab (Evusheld), and amubarvimab + 
romlusevimab,11 were developed at pandemic speed and they 
are either approved for emergency use or marketing applica-
tions are under consideration by numerous regulatory agen-
cies. Many more mAbs for COVID-19 are under development 
at different clinical stages.11,12

In parallel to product and clinical development, CMC pro-
cess development of mAbs for COVID-19 at pandemic speed is 
also required to meet urgent patient need. Process 

development for mAb manufacturing using Chinese hamster 
ovary (CHO) cells is relatively mature and has a long history of 
producing products with demonstrated safety to patients, high 
process yield, and suitable product quality requirements for 
human use. The entire product and process development from 
DNA for cell-line generation to biologics license application 
(BLA) submission usually takes 10 to 15 years.13,14 MAb pro-
cess development is divided into upstream and downstream 
portions. The focus of this report is the upstream portion, 
which starts from vial thaw of a cell bank in a small shake 
flask and proceeds to seed culture expansion and final large- 
scale bioreactor production. Cell culture upstream process 
development includes two different stages: 1) the early-stage 
process development for investigational new drug (IND) appli-
cation to the start of first-in-human (FIH) Phase 1 clinical 
trials, and 2) the late-stage development toward BLA submis-
sion for commercial use.

Early-stage process development consists of cell-line gen-
eration, lead clone selection, initial cell culture process devel-
opment with the lead clone research cell bank (RCB), master 
cell bank (MCB) creation from the lead clone RCB and MCB 
release, and the early-stage process definition or lock for the 
good manufacturing practice (GMP) FIH campaign. Unmet 
patient need and a highly competitive biopharmaceutical 
industry have encouraged a reduction of the early-stage pro-
cess development timeline, which is on the critical path of mAb 
product development, to about 12–16 months from DNA to 
IND.15 Different strategies have been implemented, including 
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robust cell culture platform,16 targeted integration for cell-line 
generation,17 and use of a non-clonal pool for toxicology (Tox) 
studies.18–20 To address COVID-19 pandemic needs, multiple 
reports have demonstrated that the early-stage process devel-
opment can be shortened further from 12–16 to approximately 
4–6 months for the development of neutralizing mAbs.15,21,22

Late-stage upstream process development consists of com-
mercial process development, process characterization (PC), 
and in-process control strategy development. In comparison to 
the early-stage upstream process, the major goals of commer-
cial process development, usually using MCB, working cell 
bank (WCB), or their cell age equivalent development cell 
banks (DCBs), are to improve upstream titer for cost reduc-
tion, process robustness, and scale-up manufacturing for 
a much larger quantity of commercial drug substance genera-
tion, while maintaining comparable product quality 
profile.23,24 Then, the commercial process is locked for pivotal 
GMP campaign to generate drug substance for Phase 2 and 3 
clinical trials, long-term stability study (LTSS), PC, and defin-
ing an in-process control strategy (IPC) for process perfor-
mance qualification (PPQ), which are regulatory requirements 
for BLA submission.24 Quality by design (QbD) principles have 
been used throughout all stages of process development in the 
industry. Pharmaceutical QbD is a systematic approach to 
development that begins with predefined objectives and 
emphasizes product and process understanding and process 
control, based on sound science and quality risk 
management.25–28

Late-stage process development is usually not on the critical 
path for standard mAb product development, since late-stage 
clinical trials take much more time than process development. 
For a standard mAb product, it usually takes one year from the 
initiation of formal PC studies after the commercial process 
lock to the initiation of the PPQ campaign. Upstream PC 

studies to develop effective IPC strategies supporting a PPQ 
campaign include Failure Mode and Effects Analysis (FMEA), 
scale-down model (SDM) development and qualification, mul-
tiple PC studies using a qualified SDM, and PC and IPC report 
writing.29–31

Here, we present a case study on late-stage upstream process 
development within 4 months from upstream process lock to 
the start of PPQ campaign for a combination therapy using two 
mAbs (referred to as mAb1 and mAb2). This report describes 
different strategies to shorten the CMC development timeline 
for mAb1 and mAb2.

Results

Overall CMC timeline for mAb1 and mAb2 process 
development and characterization

As shown in Figure 1, the CMC timeline for a standard mAb is 
12–16 months for the early-stage process development from 
DNA to IND. To address highly unmet patient needs, we 
shortened the early-stage development to approximately 
6 months for mAb1 and mAb2 in parallel as a combination 
therapy. The main strategies are shown as follows (Figure 1). 
Targeted integration was used for cell-line generation of both 
mAb1 and mAb2. Both Tox study and FIH Phase 1 study 
materials were generated using non-clonal pools. The strategy 
was reported in detail in our previous studies on how to 
shorten the CMC timeline while achieving a good yield with 
comparable product quality.19,20 The 6-month timeline from 
DNA to IND filing in this study agrees with another recent 
report using similar strategies.21

Although late-stage process development may not be on the 
critical path of product development for a standard mAb due 
to much longer time requirements for clinical trials, late-stage 
process development may be on the critical path for a highly 

Figure 1. Standard mAb CMC timeline versus the accelerated development timeline of mAb1 and mAb2 together for early-stage CMC development towards IND filing and 
late-stage CMC development towards BLA submission.Non-clonal pools were used to generate Tox study and FIH Phase 1 study materials simultaneously. The early-stage 
timeline from DNA to IND was shortened from 12-16 to 6 months for the accelerated timeline. Late-stage process development including scale-up run was accelerated 
by using RCB and platform fit. The start of late-stage GMP manufacturing was accelerated using MCB and the platform process before the final process lock. Then formal 
PC studies and pivotal GMP campaign were started right after the process lock. Overall accelerated timeline from DNA to BLA would be shortened from a standard of 10- 
15 years to 2-4 years.
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accelerated mAb product, such as neutralizing mAb cocktails 
for COVID-19 treatment.15 To shorten the timeline for late- 
stage process development of mAb1 and mAb2, we started 
commercial process development using our CHO cell platform 
media and process16,32,33 using a RCB right after lead clone 
selection (Figure 1). The platform fit in lab-scale bioreactors 
followed by scale-up runs using the RCB vials were performed 
in parallel with other activities, including technology transfer 
to a GMP manufacturing facility, MCB manufacturing and 
conditional release, and pre-PC activities (e.g., SDM screening 
and development, process risk assessment by FMEA) 
(Figure 1). It took about 2–3 months to manufacture MCB 
and conditionally release MCB. Thus, using RCB could save 2– 
3 months to start late-stage process development in compar-
ison to using MCB. Instead of a WCB, to shorten the time, the 
MCB was used for PC studies and the PPQ campaign. In 
addition, we leveraged the N-1 seed cultures and media pre-
pared during the large-scale GMP campaign as much as possi-
ble for PC studies, which saved resources and time for lab 
operations.

However, the major focus of this report is how to shorten 
the timeline from 12 to 4 months for mAb1 and mAb2 from 
the upstream process lock for the initiation of PC studies to the 
start of the PPQ campaign (Figure 2), which are described in 
the following sections in detail.

Failure mode and effects analysis

Pre-PC risk assessment of different process parameters (PPs) 
and performance attributes (PAs) by FMEA is required as the 
first step for all PC studies. The description nomenclature of 
PAs and PPs at different criticalities may be different for IPC 
strategies used in different companies.29–31 In this study, the 
IPC nomenclature is shown in Table 1. Process outputs are 
measurements that cannot be directly manipulated or con-
trolled, such as in-process measurements, and are indicators 
of process performance and product quality. Process outputs 
are defined as three levels (Table 1). Critical performance 

attributes (CPAs) correspond to a property linked to critical 
quality attributes (CQAs), and excursions could lead to lot 
rejection. PAs are monitored to confirm process consistency, 
and excursions will lead to investigation. Monitored attributes 
(MAs) are not significantly correlated to product quality and 
are used to monitor the process. Process inputs are measure-
ments that can be directly manipulated or controlled and are 
classified based on their impact on process performance and 
product quality. Process inputs are also defined as three similar 
levels (Table 1). Critical process parameters (CPPs) may affect 
CPAs or CQAs, and excursions could lead to lot rejection. PPs 
may affect PAs, and excursions will lead to investigation. 
Monitored parameters (MPs) are unrelated to product quality 
and are used to monitor the process.

Identification of all potential significant inputs from media, 
seed train, and production culture via FMEA are critical to the 
selection of parameters for PC studies and IPC strategy devel-
opment. The important FMEA steps are shown in 
Supplemental Figure 1. The impact of each process parameter 
on CQAs and PAs was first quantified through cause-and- 
effect analysis with different scores (Supplemental 
Figure 1A). Based on the scores, risk ranking (Supplemental 
Figure 1B) and PC strategies (Supplemental Figure 1C) were 
determined for all different PPs.

Due to an urgent timeline for development of this combina-
tion therapy and highly prioritized clinical trials, late-stage 
CMC development activities, including PC studies, were on 
the critical path. To save time, we leveraged cell culture plat-
form knowledge, other late-stage project experience using the 
same parental cell line and media, and a limited set of ongoing 
GMP manufacturing data for mAb1 and mAb2 to de-risk 
factors. The outcomes of FMEA exercise are visualized as an 
Ishikawa diagram (Figure 3a). For inoculum expansion and 
N-1 and N-2 seed bioreactor steps, the incubation temperature, 
culture duration, final viable cell density (VCD), and final cell 
viability were identified as potential PPs or PAs with medium 
risk. For media preparation step, final pH and osmolality were 
identified as potential PAs with medium risk. No potential CPP 

Figure 2. Standard mAb PC timeline versus the accelerated PC timeline of mAb1 and mAb2 togetherTiming of FMEA, SDM qualification, PC lab work, and IPC and PC report 
writing was shuffled for a more compacted schedule. Lab bioreactor run number for SDM development and PC studies was reduced leveraging platform knowledge. 
Based on different PPQ steps, IPC reports were approved in a rolling order when the data was ready. The accelerated PC timeline from upstream lock to PPQ start was 
shortened from a standard of 12 months to 4 months.
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or CPA was identified. Based on platform knowledge and other 
project experience, the risk of identified factors was decreased, 
and PC studies were not needed for the inoculum expansion, 
seed bioreactors, and medium preparation steps for mAb1 and 
mAb2. Instead, we used the existing operation ranges, already 
successfully implemented in the ongoing GMP campaigns for 
mAb1 and mAb2, to write IPC reports for inoculum expan-
sion, media preparation, N-1 and N-2 seed bioreactor steps.

For the production bioreactor step, cell age was identified as 
a high-risk parameter and potential CPP due to lack of existing 
clone-specific cell-line stability data (Figure 3a), which was 
evaluated in a limit of in vitro cell age (LIVCA) PC study 
using 5-L SDM. Based on ICH guidance, the LIVCA for pro-
duction use should be based on data derived from production 
cells expanded under pilot plant scale or commercial scale 
conditions to the proposed limit of in vitro cell age for produc-
tion use or beyond,34 while a LIVCA study at lab scale may not 
be required for regulatory filing. Because we did not have 
LIVCA results at manufacturing scale before PPQ campaign, 
to ensure that the cell line would meet the LIVCA requirement 
at large scale, we performed the LIVCA study using lab 
5-L SDM. The major goal of this lab PC LIVCA is to reduce 
the cell age risk before PPQ campaign.

The culture duration, pH, and temperature were identified 
as high-risk parameters, while initial VCD and feed volume 
were identified as medium risk parameters (Figure 3a). These 5 
parameters were included in a production design of experi-
ments (DOE) PC study. In summary of performance and 
quality attributes at the production bioreactor step 
(Figure 3b), Day 0–3 growth rate, peak VCD, final viability, 
and final titer were considered as key PAs with medium risk, 
while charge variant species including main peak and acidic 
species, size-exclusion chromatography (SEC) impurities 

including monomer and high molecular weight (HMW) spe-
cies, and N-glycans including total afucosylated species (i.e., 
sum of G0, G0-GN, G1, G2, Man3, Man5 and other high 
mannose species) were the key quality attributes with high 
risk to be evaluated in lab PC studies. However, host cell 
proteins (HCP) and low molecular weight species (LMW), 
two typical CQAs for biologics, were not listed as the key 
quality attributes for this upstream PC study because we do 
not have any HCP and LMW issues from upstream and both 
can be easily removed by the downstream process for this 
project. In addition, HCP is included as a key quality attribute 
in downstream PC studies to ensure that the final product 
quality is under control. LMW was only monitored for infor-
mation only without a numerical specification limit when the 
PC studies were performed. SEC monomer and HMW were in 
specification. Thus, LMW, equal to 100 minus monomer and 
HMW, is also indirectly controlled.

Scale-down model development and qualification

Since performing PC studies is not practically feasible at 
manufacturing scale, development of a SDM that represents 
the manufacturing process is essential to achieve reliable 
PC results. Normally, all scale-dependent parameters are 
carefully examined in lab-scale bioreactors. Manufacturing 
data from multiple runs are then used to determine accep-
table limits and demonstrate scale equivalency through two 
one-sided t-test (TOST) analysis.29,31 A qualified SDM must 
be used for all PC studies. In this report, to minimize time 
to start PC studies, a single screening run with different 
scale-dependent parameters in 5-L bioreactors was per-
formed to generate a preliminary SDM at-risk for formal 
PC studies, leveraging limited process development, scale- 
up 500-L, and 2000-L data. Near completion of PC studies, 
we retrospectively qualified the SDM using multiple PC 
control runs at 5-L scale and additional GMP campaign 
data at 2000-L scale. Based on our platform knowledge and 
other project experience, the risk of this retrospective 
approach was acceptable with significant time saving. We 
applied a tiered strategy for the SDM qualification with 
statistical TOST analysis first. If the TOST analysis failed 

Table 1 Definition and criticalities of performance attributes and process 
parameters

Process Performance/ Consistency Control of CQA

Process 
Output

Monitored 
Attribute

Performance 
Attribute

Critical Performance 
Attribute

(MA) (PA) (CPA)
Process 

Input
Monitored 

Parameter
Process 

Parameter
Critical Process 

Parameter
(MP) (PP) (CPP)

Figure 3. Failure mode and effects analysis (FMEA) results for mAb1 and mAb2. A) risk assessment on all upstream performance attributes (PAs) and process parameters. B) 
key PAs and quality attributes identified at the production bioreactor step. Parameters and attributes are color coded as high (red), medium (blue), and low (black) risk.
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for a small number of parameters, then practical equiva-
lence evaluation using secondary criteria, such as product 
specification limit or assay equipment variation range.

SDM screening experiment
For the first 5-L SDM experiment, different scale-dependent 
parameters were screened, e.g., agitation rates (220, 260, and 
300 rpm), overlay air flow rates (0.02, 0.04, and 0.06 liter 
per minute (LPM)), and sparged air flow rates (0.005, 0.013, 
and 0.021 LPM), while keeping scale-independent parameters 
constant (e.g., temperature, pH, and dissolved oxygen (DO)). 
Both overlay and sparged air flow rates were constant for the 
same bioreactor during the entire run, while sparged oxygen 
flow rates were variable to maintain 40% DO via cascade 
control mode. The 220 rpm agitation conditions were unable 
to maintain 40% DO due to oxygen flow limitation, so the 
agitation was increased by 40 rpm when the sparged oxygen 
flow rate reached 90% of maximum for those 5-L bioreactors 
with an initial agitation of 220 rpm (Supplemental Table 1). 
Minimum differences were observed in all cell culture PAs and 
CQAs under all screening conditions for mAb1 (Supplemental 
Table 1), which indicated that the cell culture process was 
consistent and robust with respect to scale-dependent para-
meters. Based on platform knowledge and other project experi-
ence, 290 rpm, 0.04 LPM top air and 0.013 LPM bottom air 
were selected as SDM conditions for mAb1.

A similar SDM screening run was performed for mAb2 
except agitation rates shifted to higher levels (e.g., 260, 290, 
and 320 rpm) because 220 rpm was too low to maintain DO at 
40%. All cell culture performance and quality attributes also had 
minimum differences across the 5-L screening conditions for 
mAb2 (Supplemental Table 2). It should be noted that it was 
acceptable that the in-process SEC monomer values at harvest 
were slightly lower than the specification limit for mAb2 
(Supplemental Table 2), because downstream purification 
could remove HMW and LMW species, and thus the monomer 
results for mAb2 met the specification limit in final drug sub-
stance after downstream processing. In summary, the same 
preliminary SDM condition as mAb1 was selected for mAb2 
(e.g., 290 rpm, 0.04 LPM overlay air and 0.013 LPM sparged air).

Retrospective SDM qualification
The cell culture performance and metabolite profiles between 
scales are shown in Supplemental Figure 2. Most trends 
between scales were similar or exhibited small differences for 
both mAbs, except that NH4 for mAb1 and VCD for mAb2 in 
the second half of cell culture duration showed a relatively large 
difference. Overall results were satisfactory for a SDM, in 
which only one of 10 PAs showed a relatively large difference.

To demonstrate equivalence between SDM and manufac-
turing-scale, a TOST analysis for equivalence was performed 
with SAS JMP 13.1 software for each attribute using θ as the 
maximum allowable difference. For evaluation of quality and 
PAs, ±θ was set to ±3 standard deviations of the manufacturing 
scale data to account for process variability. θ is used for TOST 
analysis as the first approach for equivalence testing. 
A conclusion of equivalence is achieved if the lower confidence 
limit and upper confidence limit differences are contained in 
the -θ to +θ interval.29,31 If an attribute failed in TOST analysis, 

practical equivalence was evaluated based on secondary cri-
teria, e.g., 20% of the product specification limit or normal 
variation ranges of the assay method and instrument. The 
arbitrary number of 20% above is based on our platform 
knowledge and previous project experience, which is agreed 
within different function groups in our company. TOST ana-
lysis is just a pure statistical method. Some of the key quality 
attributes even with a small difference between SDM and 
manufacturing data may fail in TOST analysis, if the standard 
deviations for those attributes are very small. Thus, a second 
criterion, such as 20% specification limit, is necessary to eval-
uate the practical significance.

To fully qualify the SDM, 5-L SDM or control data (n = 9) 
during PC studies and 2000-L GMP campaign data (n = 7) 
were compared before the PPQ campaign. Nine of the impor-
tant attributes were selected for TOST analysis, including 4 key 
cell culture PAs and 5 key quality attributes (Figure 3b). Main 
peak, total afucosylated species and titer failed, while the other 
6 attributes passed TOST equivalence analysis for mAb1 
(Figure 4). Those three failed attributes were further evaluated 
for practical equivalence. The normalized titer difference 
between scales was only 0.12, which was less than 0.2, 20% of 
1 (normalized weight/L), the normalized titer limit as 
described in the process description for mAb1. Therefore, the 
final titer difference between scales was not considered to be 
practically different (Supplemental Table 3). For the practical 
evaluation of charge variant species, 20% of the specification 
limit for acidic species was used for all three groups, i.e., acidic, 
main, and basic species, because the acidic species has the 
greatest impact on product quality among the three groups. 
Since the main peak difference between scales was less than 
20% of the acidic species limit, the main peak attribute passed 
the practical equivalence evaluation for mAb1 (Supplemental 
Table 3). Using the same strategy, the total afucosylated species 
passed the practical equivalence evaluation for mAb1 
(Supplemental Table 3).

For mAb2, main peak, total afucosylated species and 
final cell viability failed, while the other 6 attributes passed 
TOST equivalence analysis (Figure 4). Using the same 
strategy as mAb1, the main peak and total afucosylated 
species passed the practical equivalence evaluation for 
mAb2 (Supplemental Table 3). For cell counting attributes 
for mAb2, a large variation range of 16.8% for final cell 
viability and 6.3 × 106 cells/mL for final VCD were 
observed across 7 different Vi-Cell instruments in the 
same 5-L bioreactor laboratory (unpublished data), of 
which the Vi-Cell with the lowest counting numbers was 
randomly chosen for this PC study. It should be noted that 
all 7 Vi-Cell instruments tested in the development lab and 
the Vi-Cell used in GMP facility were maintained by the 
vendor and passed the quality test using the vendor’s pro-
tocol. The difference of 14.9% in final cell viability between 
SDM data measured using the lab Vi-Cell and GMP cam-
paign data measured by the Vi-Cell in the GMP facility 
(Supplemental Table 3) was smaller than 16.8%, the dif-
ference observed between different Vi-Cell instruments. In 
addition, most other quality attributes and cell culture 
attributes were comparable between scales for mAb2 
(Figure 4 and Supplemental Figure 2). Therefore, it was 
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considered that the difference in final cell viability between 
scales was most likely caused by different Vi-Cell instru-
ments rather than true cell culture difference between scales 
for mAb2.

In summary, most key attributes for both mAb1 and mAb2 
SDM passed TOST analysis (Figure 4), while those that failed 
in TOST analysis passed the practical equivalency evaluation 
using secondary criteria (Supplemental Table 3). Thus, the 
SDM used in PC studies was fully qualified for both mAb1 and 
mAb2.

Fed-batch production PC studies using 5-L SDM 
bioreactors

The purpose of the PC studies was to demonstrate manufactur-
ing process robustness by understanding the relationship 
between operational parameters and final cell culture perfor-
mance and quality attributes using the SDM described above. 
Two PC studies each for mAb1 and mAb2 were performed for 
this highly accelerated program, including a production DOE 
experiment using 23 × 5-L bioreactors and a LIVCA experiment 
using 8 × 5-L bioreactors, respectively. For the worst-case 
experiments, key PPs are combined to create a worst-case out-
come to a particular parameter for that step. This worst-case 
material is passed on to subsequent steps to determine if the 
proposed key parameter ranges are acceptable.30 To save time, 
the worst-case linkage PC study was moved out after PPQ 
because it is required for BLA submission and not for PPQ 
specifically. The seed expansion and raw material PC experi-
ments were not required for mAb1 and mAb2, based on the 
pre-PC risk assessment using our established platform knowl-
edge from other projects, as described previously.

The overall workflow of the production DOE study is pre-
sented in Supplemental Figure 3A. As described previously 
(Figure 3), 5 production bioreactor process inputs ranked as 
medium or high risk were included in a multivariate DOE 
study (Supplemental Table 4). The effects of these process 

inputs on cell culture process PAs and product quality attri-
butes were examined in the DOE study. This DOE study was 
designed to probe some two-factor interactions and quadratic 
terms among the factors of interest. The design included 20 
experimental conditions (n = 1) and 3 center-point (control) 
conditions using 23 × 5-L bioreactors. Main effects, two-way 
interactions, and quadratic effects were evaluated for all 5 
factors. The prediction variance was below 1 for up to 99% of 
the design space, with a relative prediction variance of 0.35. 
The power of all main effects was ≥96.5%, interactions ≥ 92.6%, 
and quadratics ≥ 62%, assuming a signal-to-noise ratio of 3:1. 
There were no significant effect correlations in the final design. 
These 4 design diagnostics suggested that the overall experi-
mental design was acceptable. Statistical models were gener-
ated to determine if each parameter significantly influenced 
each attribute of interest.

Production DOE experiment
The results of this DOE study were assessed by statistical 
evaluations for the operation of the production bioreactor 
step. Model scaled estimate and the associated impact factor 
following the equation in Supplemental Figure 3B were used 
to evaluate whether parameters and interactions significantly 
affected key process attributes. For calculation of the impact 
factor, the 2000-L attribute mean values were used for the cell 
culture process PAs, e.g., peak VCD, final viability and final 
titer, in the impact factor calculation, while the specification 
tolerance limits were used for the key quality attributes, e.g., 
acidic species, main peak, SEC monomer, SEC HMW, and total 
afucosylated species (Supplemental Figure 3B). The impact 
factors for different PPs on cell culture performance and qual-
ity attributes from the DOE study were summarized for both 
mAb1 and mAb2 in Supplemental Table 5. Generally, only 
attributes for which the range was >10% of mean were used for 
model generation. A parameter is considered to have 
a statistically significant impact on an attribute if the impact 
factor is ≥0.2 for a PA and ≥0.1 for a key quality attribute 

Figure 4. TOST analysis for key quality and performance attributes of mAb1 and mAb2 between 5-L SDM and 2000-L manufacturing.Maximum allowable difference (MAD) 
was set to ±3 standard deviations of the manufacturing scale data (blue dash line). The difference between 5-L and 2000-L (■) was normalized by setting 2000-L average 
as zero (red dash line). Titer and main peak of mAb1, and main peak and afucosylation of mAb2 were equivalent in mean only because one side of the error bas was out 
of MAD interval. Afucosylation of mAb1 was inequivalent. Final cell viability of mAb2 failed to be equivalent. As these attributes did not pass TOST analysis, a practical 
equivalence was evaluated based on secondary criteria in Supplemental Table 3.
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(Supplemental Figure 3B). In this study, the impact factor, 
measured attribute data, and platform cell culture knowledge 
were all used to determine if each parameter had a practically 
significant impact on each attribute of interest. As summarized 
in Supplemental Table 5, attributes of mAb1 and mAb2 were 
impacted differently by the tested parameters.

The DOE study outcomes with recommended ranges and 
criticality of tested parameters for IPC strategies are presented 
in Table 2. The impact factors for pH in the tested range were 
<0.1 on all process and quality attributes (Supplemental 
Table 5), so pH for both mAbs did not have practically sig-
nificant effects in the range tested and was recommended as 
a potential MP (Table 2). For the same reason, both daily feed 
amount and culture duration for mAb1 did not have practically 
significant effects on all attributes and were recommended as 
MPs (Table 2). Although the impact factors for temperature 
and initial VCD in the tested ranges were <0.2 on performance 
attributes and <0.1 on presumptive CQAs (Supplemental 
Table 5), one 5-L bioreactor using the combination of lower 
temperature and higher initial VCD in the production DOE 
study resulted in <50% final cell viability at harvest on day 14, 
which missed the harvest specification on cell viability > 50% in 
the process description. Therefore, both temperature and 
initial VCD had practically significant effects and was recom-
mended as a potential PP (Table 2). Based on the impact 
factors in Supplemental Table 5 and the criteria in 
Supplemental Figure 3B, temperature and culture duration 
for mAb2 had practically significant effects on one or more 
presumptive CQAs and were recommended as PPs, while the 
initial VCD for mAb2 did not have practically significant 
effects and was recommended as MP (Table 2). Although the 
impact factor on SEC HMW for the mAb2 feed amount was 
>0.1, all SEC HMW data for mAb2 were generated from in- 
process samples at harvest and all were within the HMW 
specification limit for final drug substance after downstream 
processing (data not shown). Additionally, SEC HMW could 
be removed by downstream purification, so the feed amount 
for mAb2 was considered not to have a practically significant 
effect and thus recommended as a MA (Table 2).

Limit of in vitro cell age experiment
The LIVCA study was the second PC experiment performed in 
this report, used to define an acceptable range for allowable 
number of cell generations. The strategy for the LIVCA study is 
shown in Supplemental Figure 4. For each mAb, two trains, 
starting from the respective MCB, were sub-cultured and DCBs 

were made at passages 6, 12, and 18. Each vial of the MCB and 
three DCBs was thawed and expanded through a series of 6 
shake flask passages and a last scale-up passage in 5-L N-1 seed 
bioreactors. The 5-L production bioreactors (n = 2) were 
inoculated at 25 generations for MCB, and at 43, 63, and 83 
generations beyond the MCB for the DCBs (Supplemental 
Figure 4). There were no significant differences in cell culture 
performance attributes for all 5-L bioreactors with different cell 
generations, except that NH4 was significantly higher for mAb1 
at 63 and 83 generations during the second half of production 
(Supplemental Figure 5). NH4 has been reported as a well- 
known inhibitor on CHO cell culture performance.35 However, 
we do not understand why the NH4 difference was observed for 
mAb1 between different seed passages (Supplemental 
Figure 5) and between SDM and manufacturing 
(Supplemental Figure 2), which will be further studied in 
future. Nonetheless, all the quality attributes and genetic sta-
bility data were similar from all 5-L samples for both mAb1 
and mAb2 (data not shown). These results indicate that both 
cell lines are stable up to 83 generations from MCB.

In-process control strategy development

The IPC strategy is a planned set of controls derived from 
current product and process understanding that ensures con-
sistent process performance and product quality.36 The IPC 
strategy (e.g., parameter criticality, setpoints and ranges) 
obtained from the PC studies is important to define allowable 
operating ranges for the subsequent PPQ campaign, as 
required by regulatory agencies before BLA submission. An 
IPC strategy is essential to ensure controlled and reproducible 
production of drug substance. The process inputs (e.g., MP, 
PP, CPP) and outputs (e.g., MA, PA, CPA) were previously 
discussed for IPC strategy development (Table 1). For this 
highly accelerated program, to initiate the PPQ campaign as 
soon as possible, we wrote IPC reports using PC study memor-
andums as appendices rather than final approved PC reports. 
Although PC study appendices contained the same PC data as 
final approved PC reports, writing technical memorandums as 
appendices to support IPC reports took much less time than 
writing and approving full PC reports, allowing PC reports to 
be completed later.

In this work, we wrote three IPC strategy development 
documents for both mAbs, which constitute the typical num-
ber of IPC documents as required for a standard mAb within 
our company. As presented in the FMEA section, we wrote two 

Table 2 DOE output summary with recommended ranges and criticality of tested parameters for IPC strategies

Studied Parameter Studied/ Recommended Range*

Attributes with Practically Significant Effects

mAb1 mAb2

pH Upper/Lower Deadband 6.7/7.3 to 6.9/7.5 No (MP) No (MP)
Temperature Setpoint (°C) 35.5 to 37.5 Final Viability (PP) UPLC Titer, Main Peak, Acidic Species, Total afucosylated Species (PP)
Daily Feed Amount (% initial volume) 3.28 to 4.00 No (MP) No (MP)
Initial VCD (×106 cells/mL) 4.0 to 6.5 Final Viability (PP) No (MP)
Culture Duration (days) 13 to 15 No (MP) Total afucosylated Species (PP)

*Recommended ranges are the same as studied ranges, combining in one column
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IPC reports, e.g., Inoculum Expansion IPC report and Raw 
Material and Media IPC report (data not shown), fully based 
on pre-PC risk assessments using platform knowledge, other 
project experience and limited at-scale GMP campaign data. 
The Seed and Production Bioreactor IPC report was the third 
document that required analysis from the production DOE and 
LIVCA studies. The IPC control ranges for PPs and PAs in seed 
and production bioreactor steps for mAb1 are shown in 
Figure 5, in which the only CPP identified was cell generation, 
while all MAs and MPs are not listed. The only two differences 
between mAb1 and mAb2 IPC strategy were that the initial 
VCD was a PP for mAb1, while culture duration was a PP for 
mAb2 (Figure 5).

Additionally, the IPC reports were written on a rolling 
basis in the order of Raw Material and Media IPC, 
Inoculum Expansion IPC, and Seed and Production 
Bioreactor IPC. Thus, the manufacturing batch records 
(MBRs) for medium preparation were written and 
approved prior to GMP medium preparation on the floor, 
while the MBRs for the vial thaw and inoculum expansion 
steps were approved afterward. Therefore, the seed and 
production bioreactor MBRs had more flexibility to be 
written and approved after the initiation of PPQ. In sum-
mary, all strategies described here were applied for the PPQ 
campaign support of mAb1 and mAb2, which was success-
fully completed at pandemic speed.

Discussion

To address a highly unmet patient need, such as treatments for 
COVID-19 patients,37 fast product development timelines for 
vaccines and neutralizing mAbs at pandemic speed have been 
required. Such a pace put CMC development, including both 
early- and late-stage cell culture process development, on the 
critical paths.2,15,38 In this report, we presented a case study for 
the comprehensive late-stage process development at pan-
demic speeds for two mAbs as a combination therapy. To the 
best of our knowledge, this represents the first such case study 
that the timeline for PC studies and IPC writing and approval 

can be shortened to 4 months from the upstream process lock 
to initiation of first vial thaw for the PPQ campaign. For 
comparison, a standard timeline for mAb PC studies and IPC 
report writing is approximately one year.

The 8 key strategies used for shortening PC studies and 
IPC strategy development timeline under the pandemic 
pace are as follows (Table 3 and Figure 2): 1) Use RCB 
vial and platform process fit, including cell line, media, and 
operating parameters for late-stage commercial process 
development and scale-up runs; 2) Use MCB instead of 
WCB for pivotal and PPQ GMP campaigns, while subse-
quent bridging studies between MCB and WCB will be 
done later; 3) Use platform knowledge, other related project 
experience, and limited GMP campaign data for pre-PC 
FEMA to de-risk factors, and in particular, focus PC studies 
on the most important parameters, e.g., production DOE 
and LIVCA studies, while not performing formal PC stu-
dies for other steps, i.e., vial thaw, inoculum expansion, and 
N-2 and N-1 bioreactors; 4) Retrospectively fully qualify 
SDM, when sufficient data from lab PC studies and GMP 
campaign batches are available, and in particular, run only 
one lab SDM screen with focus on scale-dependent para-
meters, while keeping scale-independent parameters con-
stant and preliminarily qualify SDM for formal PC studies 
at-risk based on limited process development, scale-up, and 
GMP campaign data; 5) Use satellite run strategy for lab PC 
studies, including media and seed culture manufactured in 
GMP facility, which can save resources and time for lab PC 
studies; 6) Expedite IPC report writing by using technical 
memorandums including all PC study data analysis and 
operating ranges already implemented in the GMP cam-
paigns before PPQ as appendices to support IPC report 
writing, which saved approximately two months in compar-
ison to the standard approach of writing and approving the 
formal PC reports prior to writing the IPC reports; 7) Move 
the worst-case linkage PC study after the PPQ campaign, 
because this PC study is nice to have but not required for 
PPQ; 8) Write and approve the IPC reports on a rolling 
basis in the order of Raw Material and Media IPC, 

Figure 5 IPC strategies in seed and production bioreactor steps for mAb1 and mAb2.Initial VCD was a PP for mAb1, while culture duration was a PP for mAb2. The only CPP 
identified was cell generation. The low limit for the final titer at harvest, as described in the process description, was normalized as 1 normalized weight/L. PA had no 
difference between two mAbs.
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Inoculum Expansion IPC, and Seed and Production 
Bioreactor IPC. Regarding this final point, the MBR for 
medium preparation was approved first before GMP med-
ium preparation on the floor. Then, the MBRs for the vial 
thaw and inoculum expansion steps were approved before 
the initiation of the PPQ campaign. Finally, Seed and 
Production Bioreactor IPC and MBRs were approved after 
the PPQ initiation, but before seed and production bior-
eactor runs.

It is worth noting that all these strategies may well set 
a standard for our future PC studies to shorten timelines. If 
a project is urgent, we should be able to use RCB for process 
development and MCB for late-stage, pivotal, and PPQ cam-
paigns. During FEMA assessment, platform knowledge is 
always a good justification to reduce PC study run numbers. 
After preliminary qualification of SDM with a limited number 
of replicates, the retrospective SDM qualification is a good 
strategy. Satellite 5-L runs can be used for lab PC studies, as 
long as the SDM protocol is followed. PC and IPC report 
writing strategies and moving the worst-case linkage PC 
study after the PPQ campaign are also applicable to our future 
PC studies and PPQ campaign for other biologics.

In conclusion, cell culture upstream PC studies and IPC 
strategy development were shortened from 1 year to approxi-
mately 4 months from the upstream process lock to the 

initiation of PPQ campaign. In the end, the PPQ campaign 
for mAb1 and mAb2 were successfully completed within 
a tight timeline, but without sacrificing the quality of the 
subsequent PPQ campaign. The strategies presented in this 
report may be applied for other biologics in a risk-based 
approach to accelerate late-stage process development.

Materials and methods

Cell line and media

The recombinant CHO K1 cell line with GS knockout (GS−/−) 
was used for IgG1 mAb1 and mAb2 production. The same 
proprietary chemically defined platform media, i.e., seed med-
ium, basal medium and feed medium, were used for both 
mAb1 and mAb2, except that methionine sulfoximine was 
added into the seed medium as a selection agent for mAb1, 
but not mAb2 for the seed expansion steps.

Cell culture operation

The same platform cell culture process was used in GMP cam-
paigns at 2000-L bioreactor scale for mAb1 and mAb2. Both 
GMP campaigns for mAb1 and mAb2 were run at 2000-L 
bioreactor scale as follows. One MCB vial was thawed and 

Table 3 Summary of strategies used for a standard and accelerated mAbs

Category Standard strategy Accelerated strategy

Late-stage process development (PD):
Cell bank used MCB or WCB RCB
Medium and process 

conditions
Optimization for 3-6 months Platform fit within 1-2 months

Scale-up runs MCB or WCB RCB

Late-stage, pivotal, and PPQ GMP campaigns:
PD, tech transfer, and 

MBR preparation
Staged one by one Simultaneously

Cell bank WCB MCB

Process characterization (PC):
FMEA After completion of PD and pivotal campaign with all data 

generated
In parallel with PD and pivotal campaign, when partial PD and pivotal 

campaign data generated, while leveraging platform knowledge and 
other project experiences

Media and seed culture 
used in PC

Generated in lab only Generated in either lab or GMP facility

SDM development Multiple screening runs for all parameters One run for scale-dependent parameters only
SDM qualification before 

PC studies
With sufficient SDM lab and large-scale data Preliminary qualification with limited PD and large-scale data

SDM qualification before 
PPQ campaign

NA Retrospectively qualify SDM using sufficient PC lab and pivotal campaign 
data

PC studies before PPQ Raw materials and medium preparation, inoculum 
expansion, seed and production bioreactors, LIVCA, and 
worst-case linkage studies

Focus on the most important PC studies: production bioreactor DOE and 
LIVCA

PC studies after PPQ NA Worst-case linkage PC study
PC report writing and 

approval
To support IPC reports Before PPQ initiation After PPQ initiation

PC memo writing and 
approval

NA To support IPC reports

In-process control (IPC):
PC data format to support 

IPC
Final PC reports PC memos as appendices

Raw Materials, Inoculum, 
and Seed Bioreactors 
IPC reports

Written before PPQ using PC data Written before PPQ using PD and pivotal campaign data as memos, 
platform knowledge, and other project experiences

Production Bioreactor IPC 
report

Written before PPQ using PC data Written after PPQ vial thaw, but before first production bioreactor run 
using PC data
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passaged in shake flasks, wave bioreactors, and then 200-L seed 
bioreactor at N-2 step for cell expansion in a batch mode every 
3–4 days. N-1 seed bioreactor at 500-L scale was run at fed-batch 
mode to ensure a sufficient final VCD for the inoculation of 
2000-L production bioreactor with a target initial VCD of 5 × 106 

cells/mL.33 The fed-batch production bioreactor was controlled 
at 36.5°C with daily feeding starting on day 2 using proprietary 
pH and DO control strategies for a full duration of 14 days.

The 5-L bioreactors for mAb1 and mAb2 SDMs were inocu-
lated with either N-1 500-L seed bioreactor dropout or N-1 lab 
5-L bioreactor seed culture using the same vial thaw protocol 
and similar passaging schedules as the N-1 500-L bioreactor 
seeds. All scale-dependent parameters at 5-L scale were con-
trolled the same as 2000-L scale. Scale-independent parameters 
at 5-L scale were described in the Results section.

In-process assays for cell culture performance and quality 
attributes

In-process cell culture performance assays were performed 
as follows. Cell culture broth was sampled from the bior-
eactor daily and was directly analyzed for gases, cell 
count, nutrients, and metabolites. Offline pH, pCO2 and 
pO2 were measured using a BioProfile pHOx analyzer 
(Nova Biomedical). VCD and cell viability were quantified 
off-line using a Vi-Cell XR automatic cell counter 
(Beckman Coulter). Glucose, glutamine, glutamate, lactate, 
and ammonia were quantified using a BioProfile FLEX 
analyzer (Nova Biomedical) for GMP campaigns, while 
using a CEDEX Bio HT analyzer (Roche) for 
5-L bioreactors. Titer was analyzed using a Protein 
A UPLC method. The normalized titer, expressed as nor-
malized weight/L, is equal to the true titer (g/L) at each 
time point divided by the day 14 titer specification limit 
in the process description.

Cell culture supernatant samples were purified by Protein 
A chromatography prior to all product quality measurements. 
These samples were then run for several in-process tests as 
follows. Charge variant species (reported as percent area for 
acidic, main, and basic peaks) were measured by imaged 
capillary isoelectric focusing. N-glycan profiles (e.g., G0, 
G0F, G1F, G2F, Man5) were measured using a commercially 
available RapiFluor-MS N-Glycan kit from Waters. SEC was 
used to measure percent areas for monomer, HMW and 
LMW species
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