Received: 23 October 2020

Revised: 4 December 2020

Accepted: 20 December 2020

DOI: 10.1002/btpr.3119

RESEARCH ARTICLE

BIOTECHNOLOGY
PROGRESS

Safety risk management for low molecular weight process-
related impurities in monoclonal antibody therapeutics:
Categorization, risk assessment, testing strategy, and process
development with leveraging clearance potential

Haibin Luo?
Guoling Xi' |
Timothy M. Pabst?!

purification Process Sciences,
Biopharmaceutical Development Department,
Biopharmaceuticals R&D, AstraZeneca, One
Medimmune Way, Gaithersburg,

Maryland, USA

2Analytical Sciences, Biopharmaceutical
Development Department, Biopharmaceuticals
R&D, AstraZeneca, One Medimmune Way,
Gaithersburg, Maryland, USA

3Safety Science, Biopharmaceutical
Development Department, Biopharmaceuticals
R&D, AstraZeneca, One Medimmune Way,
Gaithersburg, Maryland, USA

“Regulatory Affairs, Biopharmaceutical
Development Department, Biopharmaceuticals
R&D, AstraZeneca, One Medimmune Way,
Gaithersburg, Maryland, USA

Correspondence

Haibin Luo and Yuling Li, Purification Process
Sciences, Biopharmaceutical Development
Department, Biopharmaceuticals R&D,
AstraZeneca, One Medimmune Way,
Gaithersburg, MD 20878.

Email: haibin.luo@astrazeneca.com;
luohaib@gmail.com (H. L.) and

Email: yuling.li@innoforce.com.cn (Y. L.)

| Yuling Li*
Matthew Cox!® |
| William K. Wang?

| David Robbins® | Sheau-Chiann Wang? |

Simone M. Nicholson® | Chenghong Wei* |

Abstract

Process-related impurities (PRIs) derived from manufacturing process should be mini-
mized in final drug product. ICH Q3A provides a regulatory road map for PRIs but
excludes biologic drugs like monoclonal antibodies (mAbs) that contain biological PRIs
(e.g. host cell proteins and DNA) and low molecular weight (LMW) PRIs
(e.g., fermentation media components and downstream chemical reagents). Risks
from the former PRIs are typically addressed by routine tests to meet regulatory
expectations, while a similar routine-testing strategy is unrealistic and unnecessary
for LMW PRIs, and thus a risk-assessment-guided testing strategy is often utilized. In
this report, we discuss a safety risk management strategy including categorization,
risk assessment, testing strategy, and its integrations with other CMC development
activities, as well as downstream clearance potentials. The clearance data from
28 mAbs successfully addressed safety concerns but did not fully reveal the process
clearance potentials. Therefore, we carried out studies with 13 commonly seen LMW
PRIs in a typical downstream process for mAbs. Generally, Protein A chromatography
and cation exchange chromatography operating in bind-and-elute mode showed
excellent clearances with greater than 1,000- and 100-fold clearance, respectively.
The diafiltration step had better clearance (greater than 100-fold) for the positively
and neutrally charged LMW PRIs than for the negatively charged or hydrophobic
PRIs. We propose that a typical mAb downstream process provides an overall clear-
ance of 5,000-fold. Additionally, the determined sieving coefficients will facilitate dia-
filtration process development. This report helps establish effective safety risk

management and downstream process design with robust clearance for LMW PRIs.

Abbreviations: ICH, International Council for Harmonization of Technical Requirements for Pharmaceuticals for Human Use; LDso, medium lethal dose; LOEL, lowest-observed-effect level;
NOEL, no-observed-effect level; PDE, permitted daily exposure; PRI, process related impurity.
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1 | INTRODUCTION

Process-related impurities (PRIs) are defined in the ICH (International
Council for Harmonization of Technical Requirements for Pharmaceu-
ticals for Human Use) Q6B as “impurities that are derived from the
manufacturing process.” PRIs can potentially affect the safety (such as
toxicity, immunogenicity, and biological activity) of a drug product.?
Regarding toxicity, a statement from Paracelsus is often quoted: “All
substances are poisons; there is none which is not a poison. The right

dose differentiates a poison and a remedy.”®

Therefore, safety risk
management to assure residual PRI levels within the safe dose is a
must for drug product.* ICH Q3A guidelines provide a regulatory road
map and illustrative decision tree for PRIs in chemical drugs,” however
it clearly states that biologic drugs are excluded. For biologic drugs,
safety risk concerns from PRIs are currently addressed primarily on a
case-by-case basis and carried out in different ways developed by
pharmaceutical companies.®

For biologic drugs like mAbs, PRIs generally arise from the cell
substrates (e.g., host cell proteins and host cell DNA), the cell culture
process (e.g., media components and antifoam), and the purification
process (e.g., Protein A leachate from affinity column and detergents
used for viral inactivation).! Safety risks of the biologically derived
macromolecules or biological PRIs (such as host cell protein, DNA and
protein A leachate) are managed through routine testing to assure to
be below acceptable ranges.®® The risk assessments, process clear-
ance, and assays for biological PRIs have been reviewed in multiple
recent publications.’®> Putatively acceptable residual levels that are
based on human consumption safety history or observations from
clinical trials are often used to guide process development, such as
100 parts-per-million (ppm) for residual host cell proteins (HCPs)*®
and 10 ng per dose for DNA.*

Most of the upstream PRIs (e.g., vitamins and anti-foam) and
downstream PRIs (e.g. buffers and reagents) have low molecular
weight (LMW) compared to the biological PRIs such as HCPs and
DNA. These PRIs are usually considered too small to constitute epi-
topes that can be recognized by the mammalian immune system,*¢
thus the immunogenicity risk is fairly low and can be neglected. Some
LMW PRIs (e.g. metal ions) potentially impact protein stability as dis-
cussed in a recent review paper® and the impact can be evaluated by
stability studies, therefore, these risks are not discussed in this report.
We are focused on the safety risk arising from potential toxicity of
the LMW PRIs. ICH Q3C (Ré),Y” Q3D (R1),*® QéB,* Q9,** and M7
(R2)?° guidelines provide relevant guidance and recommendations,
however, safety risk assessment for PRIs in biologics drugs remains
complicated.”?2?2 Testing every LMW might be the most assuring
approach to guarantee no safety risk to patients, but routine tests of
all LMW PRIs for every manufacturing lot are unrealistic and unneces-
sary. Therefore, a science-based safety risk assessment is highly

encouraged to meet regulatory expectations and pharmaceutical

companies often implement a safety risk assessment-guided-testing
strategy for LMW PRIs.>2223

In this report, we discuss a LMW PRI safety risk management pro-
cess that consists of multiple stages that can be integrated with CMC
development activities. The categorization, risk assessment approaches,
testing strategy, downstream clearance, decision tree, and process

development aiming for robust PRI removals are also discussed.

2 | METHOD AND MATERIALS
21 | Chemicals, monoclonal antibodies, column
resins, and membranes

The chemicals used in this report were obtained from J.T. Baker
(Phillipsburg, NJ, USA) and Sigma-Aldrich (St. Louis, MO). The mAbs
(A and B) are humanized monoclonal antibodies comprising two iden-
tical heavy chains and two identical light chains, with molecular
weights around 150 kDa. mAb B has slightly higher hydrophobicity
(GRAVY index —0.386) than mAb A (GRAVY index —0.414), while
mADb A has slightly higher pl (9.3) than mAb B (8.1). Proteins used in
this study were purified to greater than 98% monomer purity.
MabSelect™ SuRe™ (MSS) Protein A resins were from Cytiva
(Marlborough, MA); POROS® HS50™ resins were from ThermoFisher
(Waltham, MA). TFF cassettes with Ultracel® 30 kDa membrane were
from Millipore (Burlington, MA). Soluble polysaccharide was from BD
Bioscience (Franklin Lakes, NJ).

2.2 | Risk assessment approaches, impurity safety
factor and clearance calculation

A risk assessment can be carried out using PDE (permissible daily
exposure), which is the maximum acceptable intake per day of an
impurity in pharmaceutical products.!” A PDE is usually derived pref-
erably from NOEL (no-observed-effect level) with the following

Equation (1):

NOEL x Body weight adjustment

P = I X F2x FaxFaxF5

&)

where F1 accounts for extrapolation between species, F2 is a fac-
tor of 10 to account for variability between individuals, F3 is a vari-
able factor to account for toxicity studies of short-term exposure, F4
is a factor that may be applied in cases of severe toxicity, and F5 is a
variable factor applied if LOEL (low observed effect level) is used.t”

For a LMW PRI with no available NOEL or LOEL, that is, PDE
cannot be determined through Equation (1), a safety risk assessment

can be carried out with an impurity safety factor (ISF) calculation.® ISF
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represents the distance between a toxicity dose and a PRI dose in a

product dose. ISF is calculated with the following Equation (2):

Toxicity dose

Impurity safety factor (ISF) = PRIdose inaproduct dose

(2)

Toxicity dose is the median lethal dose (LDsg) from animal studies
via the relevant administration route. The greater the ISF, the lower
the safety risk. The toxicologically acceptable ISF threshold value can
be determined carefully based on available data.

PRI dose in a product dose is calculated in the following
Equation (3):

PRI concentration

Product d
Product protein concentration>< roduct dose

3)

PRIdose inaproduct dose =

For a LMW PRI that has severe toxicity (carcinogenicity and gen-
otoxicity), a risk assessment can be carried out using threshold of toxi-
cological concern (TTC, 1.5pg/day) for lifelong exposure or
acceptable intakes for relevant exposure time recommended in ICH
M7.2° For a LMW PRI without available toxicity data, this approach
can be also used as the most conservative assumption.

Process clearance (fold) for downstream unit operations was cal-
culated with the following Equation (4):

(Initial PRI concentration/Initial protein concentration)
(Final PRI concentration/Final protein concentration)

(4)

Impurity clerance =

When the testing result for the PRI was “not detectable,” the

assay limit of detection (LOD) was used in the equation.

2.3 | Chromatography instrument and operations
Chromatographic experiments were carried out on an AKTA Avant
controlled by Unicorn software version 7.4 (Cytiva, Marlborough,
MA). The resin was packed into 0.66 cm inner diameter (ID) Omnifit
columns (Diba Industries, Danbury, CT) to a bed height of 19 £ 3 cm.
All steps were operated at a flowrate of 300 cm/hour. The purifica-
tion process was monitored using in-line AKTA sensors (pH, conduc-
tivity, and A,gg). The collection of elution product was based on Aygg
collection criterion of 50 mAU for both protein A chromatography
and cation exchange chromatography (CEX) experiments.

Protein A chromatography experiments were performed at room
temperature under the following conditions: 3 column volume
(CV) equilibration buffer (50 mM Tris-HCI, pH 7.4) before loading;
loading (30 mg protein/mL resins as load challenge); 3 CV wash buffer
(50 mM Tris-HCI, 0.5 M sodium chloride, pH 7.4); 5 CV elution buffer
(50 mM sodium acetate pH 3.6); 3 CV strip buffer (100 mM acetic
acid) for column regeneration; 3 CV sanitization buffer (0.1 M sodium

hydroxide); and 3 CV storage buffer (20% ethanol) for column storage.

PROGRESS

LMW PRIs were spiked into the feed at desired concentrations. The
flow through and wash fractions were collected from 0.75 CV post-
load or wash start to 1.25 CV post-load or wash end, respectively.
The two mAbs were prepared separately at 5 mg/ml with the equili-
bration buffer as feed. The feeds were spiked with the selected LMW
PRIs to the targeted concentrations.

CEX chromatography experiments were operated at room tem-
perature under the following conditions: 3 CV equilibration buffer
(50 mM sodium acetate, pH 5.0) for pre-loading equilibration; loading
(30 mg/mL resin as load challenge); 3 CV wash buffer (50 mM sodium
acetate, pH 5.0); 5 CV elution buffer (50 mM sodium acetate,
500 mM sodium chloride, pH 5.0); 3 CV strip buffer (50 mM Tris-HClI,
0.5 M sodium chloride, pH 7.4); 3 CV sanitation buffer (1 M sodium
hydroxide); 3 CV storage buffer (0.1 M sodium hydroxide). The flow
through fraction was collected from 0.75 CV after load start to 1.25
CV after wash end. The two mAbs were prepared separately at
5 mg/ml with the equilibration buffer as feeds. The feeds were spiked
with LMW PRIs to the targeted concentrations.

24 | Tangential flow filtration (TFF) experiments
and clearance data analysis

Tangential flow filtration experiments were carried out using Pellicon
XL Cassettes from Millipore (Burlington, MA). TFF experiments were
operated under the following conditions at room temperature: the
membrane was flushed with equilibration buffer (50 mM sodium ace-
tate, 0.2 M sodium chloride, pH 5.0); loading; ultra-concentration to a
target concentration of 50 or 100mg/ml; 6 diavolume
(DV) diafiltration with the final formulation buffer (25 mM Histidine,
pH 6.0) and diafiltration using a constant retentate volume; chase
with formulation buffer; 0.5 M sodium hydroxide for cleaning; and
0.1 M sodium hydroxide for membrane storage. The impurity to be
tested was spiked before the start of diafiltration. Samples were taken
after each DV and tested by the corresponding qualified assay. Clear-
ance of the tested PRIs was analyzed with the following
Equation (5)%*:

C=Coxel™N (5)

where C is the final concentration of the PRI, Cy is the initial PRI
concentration, N is the number of DV, and S is the sieving coefficient.
S was determined by fitting the equation to the experimental data.
Unless mentioned otherwise the fittings had R factors greater
than 95%.

2.5 | Analytical assays and sample testing

The assays for the 13 LMW PRIs evaluated were qualified for preci-
sion and recovery. The amount of an LMW PRI in each test sample
was determined based on the corresponding calibration curve gener-
ated with the (BME) and

standards. Beta-mercaptoethanol
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monothioglycerol were measured with a fluorescence spectroscopy
assay that uses a fluorometric thiol reagent to generate fluorescent
adduct upon reacting with BME. Caprolactam was measured using the
assay described by Bradly et al?®> with minor modifications. Dextran
sulfate was measured by mixing sample with 1,9-dimethyl-methylene
blue dye. The blue dye binds to dextran sulfate to form a complex that
absorbs at 530 nm. Ethylenediaminetetraacetic acid (EDTA) and
Pluronic F68 were measured by an assay based on anion exchange
column separation with diode-array detection at 254 nm. The soluble
polysaccharide was measured by a commercial kit from ThermoFisher
(Waltham, MA). Methionine sulfoximine (MSX) was measured by an
assay based on reverse phase high performance liquid chromatogra-
phy and monitored with fluorescence detection (excitation at 230 nm
and emission at 450 nm). PEG 8000 was measured by an assay based
on reverse phase high performance liquid chromatography and evapo-
rative light scattering detection. The measurements of simethicone
and copper ion were based on silicon and copper level, respectively,
that were detected by inductively coupled plasma mass spectrometry.
Triton X-100 was measured by an assay based on reverse phase high
performance liquid chromatography and ultraviolet absorbance at
225 nm. Tropolone was measured by an assay based on ultraviolet

spectrophotometry and hallmark light absorbance at 392 nm.

3 | RESULTS AND DISCUSSION

3.1 | Safety risk management for LMW PRIs

Safety risk management for LMW PRIs consists of four interactive
parts (Figure 1). Part (1) is the categorization of LMW PRIs using an
initial safety risk identification step based the preliminary
manufacturing process. LMW PRIs are categorized on the basis of
their safety risk (or toxicity) levels, that is, low, medium, and high.
The safety risk level is determined according to the safety and toxic-
ity data available in scientific literature and public databases, as well
as information from regulatory guidance.? In brief, PRIs carry low

Part (1): Categorization / Part (3):Risk Assessment \
L m——— PRI hfls no safety margin or
- level is well above the safe dose
safe PRIs kol
i PRI has unacceptable safety
} . . BT Modtum) margin or level close to the
Medium risk: toxic PRIs & safe dose

PRI has significant safety
margin or level is well
below the safe dose

High risk: carcinogenic &

genotoxic PRIs Safety Margin

Risk Management Process

(art (4): Assay Development and Testiné\

Part (2): Process Development

Avoid high risk PRIs = Develop assay with sufficient
Use component with lower toxicity sensitivity

Minimize usage amount = Validate assay compatibility
Establish raw material criteria = Establish testing strategy
Leverage clearance capability =  Monitor assay performance

Ry P

FIGURE 1 Schematic of safety risk management process for
LMW PRIs

\\i‘ﬂ_’iﬁ/

safety risk are considered as “known-to-be-safe” and can be elimi-
nated from the safety risk management process. PRIs with reported
medium toxicity are considered to pose medium risk, while PRIs with
reported genotoxicity and carcinogenicity are considered to pose
high risk. PRIs with medium and high risks are carefully managed in
the following three parts. The Part (1) categorization mainly focuses
on toxicity of PRI and the risk associated with usage amount is eval-
uated in the following Part (3). Part (2) consists of process develop-
ment. As a rule of thumb, high-risk PRIs should be avoided; medium-
risk PRI usage should balance risk and process benefit after process
clearance knowledge is obtained; while low-risk PRI usage may have
more flexibility to maximize process benefits. Additionally, accep-
tance criterion can be set up for raw materials to simplify risk man-
agement and reduce the testing burden. Maintaining process
clearance data for LMW PRIs builds the knowledge base about the
process clearance potential for different PRIs, which has the poten-
tial to reduce future process development activities. Part (3) is a
safety risk assessment for the remaining high- and medium-risk PRIs
to further define their safety risk levels. Generally, when a PRI has a
significant safety margin or its residual level is well below the safety
dose, the PRI can be considered to pose a low safety risk. PRIs with
limited safety margin (a level close to the safety dose) or no safety
margin (the level is at or above the safety dose), additional actions
must be taken (such as testing or process change) to minimize their
safety risks. Part (4) consists of assay development and testing for
LMW PRIs that are identified in Part (3) to demonstrate process
clearance. A suitable assay with sufficient sensitivity needs to be
developed and confirmed compatible with the samples to be tested.
Appropriate testing points need to be selected and a PRI testing plan
is established for GMP manufacturing.

Overall, implementation of safety risk management processes
help to systematically eliminate safety risk and meet regulatory expec-

tations, as well as streamline CMC development.

Category A: Is PRI known to be sale?
Step 1.
Categorization | Category Bl: PRI has no PDE limit

Category B2: PRI has PDE limit
Category C: Genotoxic or Carcinogenic PRI

|
v

Low
Safety Risk

Step 2a. based on worst-case assumption
Category B1: Ts PRI ISF > Defined Value? >

Category B2: Is PRI Dose < PDE limit? v
Category C: Is PRI Dose < TTC? Low
Step 2. Safety Risk
Safety Risk I In-Process Testing I
Assessment
Step 2b. based on in-process testing results
Category B1: Is PRI ISF > Defined Value?
Category B2: Is PRI Dose < PDE limit? *‘
Category C: Is PRI Dose < TTC? Low
Safety Risk
Step 3. —|Assay Improvement or Process modiﬁcationl

FIGURE 2 Decision tree for LMW PRIs risk assessment. PDE,
permitted daily exposure; TTC, threshold of toxicological concern
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3.2 | Categorization, safety risk assessment
approaches, and decision tree for LWM PRIs

Categorization of LMW PRI is an initial risk identification step. Gener-
ally, LMW PRIs can be categorized into three groups based on toxico-
logical risks: A, B, and C (Figure 2).

Category A contains LMW PRIs that inherently pose no safety risk
and are termed “known-to-be-safe”” PRIs within the safety risk assess-
ment. Many LMW PRIs derived from upstream processes are nutrients
(such as amino acids, vitamins, salts, lipids, carbohydrates and trace ele-
ments) required for cell growth. Many of these PRIs can be found in
humans as naturally existing chemicals, that is, human metabolites.
Metabolites and the concentration range in humans can be found in
the Human Metabolome Database.??” ICH Q3A° guideline states that
“...impurities that are also significant metabolites present in animal
and/or human studies are generally considered qualified” to be in the
drug substance. Weidolf et al proposed an utilization of metabolite
exposure and maximum theoretical impurity concentration to define
qualification of PRI in drug product.2® With usually low concentrations
being used, the metabolite type LMW PRIs should pose no safety risks
and can be considered to be “known-to-be-safe.” For downstream pro-
cesses, most buffers and salts (such as sodium acetate and sodium chlo-
ride) are in the GRAS (Generally Recognized as Safe) list issued by the
U.S. FDA. Some PRIs (polysorbate 80 and arginine) are excipients in
approved drugs and have been proven safe. Detailed risk assessments
and in-process testing are usually unnecessary for Category A PRIs and
can be eliminated from the rest workflow as showed in Figure 2.

On the contrary, PRIs with reported acute severe toxicity (such as
genotoxicity and carcinogenicity) have the highest safety risks and
thus are classified as Category C PRI (such as nitrosamines2°2?). Cate-
gory C PRIs should be avoided as a rule of thumb. LMW PRIs with
toxicological risks between Categories A and C, that is, medium safety
risks, are classified into Category B. As shown in Figure 2, Category A
is considered to pose no safety risk, while Categories B and C PRIs
need to follow Step 2 risk assessment for further evaluation.

Generally, safety risk assessment involves comparing the PRI dose
level in a single dose of the product to the established safety dose
level. Depending on the PRI category, different approaches can be
used for risk assessment. For Category B PRIs that have established
PDE limit (Category B2), risk assessment is carried out by comparing
the PRI dose in a product dose to the PDE. The PRI dose in a product
dose is calculated using Equation (4). PDE values for common PRIs in
chemical drugs and elemental impurities are recommended in ICH
Q3CY” and Q3D,'® respectively. Unfortunately, many of the LMW
PRIs used in biologic manufacturing processes are not provided with
PDE values in these two guidelines. For PRIs that do not have PDE
values available, ICH Q3C recommends an equation (Equation (3)) to
generate PDE from NOEL or LOEL.Y” However, for some PRIs utilized
in biologic drugs, NOEL or LOEL values are not available.?®
Schenerman et al?® proposed an approach termed “impurity safety
factor (ISF)” to measure the distance between the PRI level in a dose
of product to the established toxicity dose. The PRI is considered to
pose no safety risk only when the ISF is greater than the defined

PROGRESS

threshold value. Subsequently, the CMC Biotech Working Group, con-
sisting of industry experts, adopted this ISF approach in a white paper
entitled “A Mab: A Case Study in Bioprocess Development®; and the
PhRMA working group included the ISF approach in its advice on
applying “quality by design for biotechnology products.”” To measure
safety risk of Category B1 PRIs, ISF values can be calculated using
Equation (2). The threshold ISF value can be carefully determined
based on the dose-response relationship.2® For Category C PRIs, risk
assessment is performed by comparing PRI dose in a product dose to
a TTC value (typically 1.5 pg/day).zo

Step 2 safety risk assessment is divided into two sub-steps, as
shown in Figure 2. Step 2a risk assessment uses worst-case assump-
tions. The main assumption is that the PRIs are copurified with the
product to final drug substance, that is, process clearance is not con-
sidered. If the resultant ISF is greater than the defined threshold value
or the worst-case PRI level is less than the established safety dose
(PDE and TTC), the PRI can be considered a low safety risk. Other-
wise, process clearance needs to be demonstrated for this PRI by ana-
lytical testing. Step 2b safety risk assessment is performed based on
the in-process testing results. Similarly, if the resultant ISF value
determined using testing results is less than the defined threshold
value or the residual PRI dose is lower than PDE and TTC, the PRI can
be considered as a low safety risk. If the resultant ISF value is too high
then either the process (e.g. reduce the amount of PRIs used or
improve the process to get sufficient removal) or the analytical
method (e.g., poor sensitivity) need to be improved, and the ISF
should be recalculated until it is acceptable.

Additionally, for PRI that has no available safety/toxicity data or
PRI without chemical identity, risk assessment can be carried out
assuming that the PRI has the highest safety risk and follow the
assessment workflow for a Category C PRI.

33 |
amAb

Safety risk assessment of LMW PRIs in

Figure 3 illustrates the safety risk assessment progress for a mAb. The
process started by collecting data including the projected maximum
dose of the mAbs, cell culture titer ranges, process (upstream and
downstream) details, and safety/toxicity references. With the data
input, 105 LMW PRIs were categorized as shown in Figure 3: 96 Cate-
gory A PRIs were identified and there were no Category C PRIs. These
96 PRIs were considered to pose no safety risk and were eliminated
from the assessment workflow. The remaining nine PRIs (after elimi-
nating the 96 PRIs) were identified as Category B2 PRIs and therefore
Step 2a assessment was carried out for the nine PRIs. Step 2a results
suggested that six out of the nine PRIs posed no safety risk even with-
out accounting for process clearance. The remaining three PRIs were
considered to pose safety risks without accounting for process clear-
ance. Accordingly, in-process testing for three PRIs was added to the
testing plan for GMP manufacturing, and testing was carried out
accordingly at the viral filtration step to demonstrate the process

clearance. The three PRIs (an antifoam, an anti-shear protectant, and a
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Data Collection

FIGURE 3 Anexample for

[ Dose ][ Titer ][

PRI list ] [ Process details ] [ PRI Safety/toxicity References ]

safety risk assessment for
LMW PRIs

Categorization

: 96 Category A PRIs E 2a. Risk assessment ba'sed
8 : on Worst-case assumptions

without accounting for

[ 9 Category B2 PRIs ]
‘ process clearance

3 PRIs had safety risks ’

0 Category C PRIs }

[ ThePRIspose | [ The 6 PRIs pose |

low safety risk | | low safety risk |

Process Process Technology
Development Scale-up Transfer

Testing strategy and plan

* Dose & process data ¢ Identification of PRIs that need
* PRI categorization in-process testing

+ Initial risk assessment .

.

Assay development

FIGURE 4

chemical reagent for cell line selection) were not detected in the sam-
ples by the corresponding assays. Step 2b assessment was carried out
using the corresponding assay detection limits and the results demon-
strated that the three PRIs posed no safety risks. Therefore, the
105 PRIs in this example posed no safety risk and their safety risks
were successfully managed.

3.4 | Integration of safety risk management
progress with CMC development activities

Figure 4 illustrates the alignment of the safety risk management pro-
cess with CMC development activities. The safety risk management
process can begin once a preliminary manufacturing process is deter-
mined. PRI related process information (PRI list, usage concentration,
process flow, and PRI introduction point) and the projected product
dose are used for the initial safety risk assessment. The initial PRI
safety risk assessment typically uses data from bench scale and serves
a first round of risk identification, and assays should be developed as
needed. When data from process scale-up runs become available, the
risk assessment is reperformed to confirm the initial safety risk. With
the assessment results, a testing strategy and testing plan for GMP
manufacturing can be established. After the GMP manufacturing is
completed, testing data are collected and used for a final step of the
safety risk assessment. Similar safety risk assessments can be per-
formed for every GMP manufacturing and the results are tracked. This
data not only can prove the robust removal of LMW RPIs but facili-

tates the commercial manufacturing process control strategy .

Safety Risk Assessment

In-process testing:
Residual level below assay
detection limii for each PRI

2b. Risk assessment
based on testing results

e ST

GMP Manufacturing Regulatory
&In-process Testing Filling
N

*  Manufacturing data
* In-Process testing
results

¢ Final risk assessment
« Regulatory filling
preparation

Interactions of LMW PRI risk management with CMC development activities

35 |
28 mAbs

Clearance data for 6 LMW PRIs from

Removal of LMW PRIs by downstream manufacturing processes is
one aspect that determines their risk level. Therefore, downstream
process clearance is critical for the PRI safety risk mitigation. Knowing
the process clearance potential should help risk mitigation. Figure 5
shows the clearance data from large-scale GMP manufacture of 28 dif-
ferent mAbs. A, B, C, D, E, and F represent six different PRIs that need
in-process testing based on Step 2a safety risk assessment results.
The 28 mAbs were manufactured with similar downstream platform
processes (including the same process flow, the same chromatography
resins, and highly similar operation concentrations). The testing point
for all six PRIs was at the viral filtration step rather than the final tan-
gential flow filtration (TFF) step to reduce the impacts of high protein
concentration of TFF product to the impurity assays. The testing
results were all “not detectable” as measured by the corresponding
assays. The PRIs in the 28 mAbs posed no safety risks after the risk
assessment with the testing results. The clearance values were calcu-
lated with Equation (4). The usage concentration was different for dif-
ferent PRIs in the same mAb, while the usage concentration for the
same PRI in different mAb was also different. As expected, a broad
range of clearances for different PRIs was observed. For example, in
mAb 1, PRI A, B, and F had 220-, 521-, and 2,233-fold clearance,
respectively. PRI A had 220-fold clearance in mAb 1 and significantly
greater clearance of 3,544-fold in mAb 7. PRI C and D generally had
greater clearance than the PRI A, B, E, and F. The maximum demon-

strated clearance for the studied PRIs was greater than 10,000-fold



LUO ET AL. B|OTECHNOLOGY 7 of 13
PROGRE
105 [ e
(] ] Qo6
S 104 o ® e s @ o ©
£ (5] (A ] (5] ©
: 970 © o © 0 o0
2wfy ARnOLe - opnd on % 6%0°%02
:'la AP ®noBBEToo0 - “mueng no
s |Anm n B o Anfon @ n 0
2 10
10!
AV S R 5 A IR AMNDIII XL AT RN AN D
VRV VRVVWVWVWNINNNNINANNNAYAY VIV VAV
Yy T T ITIITITITONONN S I I B O MR R MU R G RO
S S S S S S S S ST TETTTTTSS
FIGURE 5 Process clearance of LMW PRIs by downstream process for 28 mAbs. A, B, C, D, E, and F represent six different LMW PRIs. The

impurity clearance (fold) was calculated using by Equation (4). The Y-axis in log-10 scale represents the impurity clearance in fold. The 28 mAbs
have similar molecular weights of 145-152 kDa. mAb 1, 9, 16, 19, and 24 have isoelectric point (pl) at 6.5-7.0; and mAb 2, 3, 11, 22 have pl at
7.0-8.0; the rest mAbs have pl at 8.0-8.5. mAb 1 and 3 are IgG4; mAb 8 and 9 are IgG2; and the rest mAbs are IgG1. The data for mAb 7, 11,
12, 13, 20, 22, 24, and 77 is from 500 L scale; the rest is from 2,000 L scale

and the minimum clearance was greater than 100-fold. All six of the
PRIs were effectively removed and the residual levels determined by
the in-process testing results were acceptable for toxicology consider-
ations and thus posed no safety risks. These results suggest the down-
stream process used by the 28 mAbs robustly removed the six
different PRIs even when some PRIs were used at significantly higher
concentrations. For the same LMW PRI, removal by the downstream
process varied, but was generally similar across different mAbs. Addi-
tionally, the potential clearance can be greater as the demonstrated
clearance is limited by assay detection limit. The demonstrated clear-
ance is the sum of multiple steps, therefore the clearance of each step
is unclear. Understanding the maximum clearance of each step is help-
ful for process design (such as PRI usage concentration and where to
introduce) as well as selecting the appropriate testing point. Addition-
ally, it is possible that clearance potential of the same purification step
can vary for different PRIs, which can be caused by undesired reten-
tion mechanisms. These retention mechanisms can be weak interac-
tions between resin or mAb and PRIs due to certain physical
properties, such as electrostatic attractions and hydrophobic interac-
tions. Therefore, it is important to evaluate mAb downstream pro-
cesses, with PRIs possessing different physical properties.

3.6 | Typical downstream process for mAbs and
the clearance potentials for LMW PRIs

Figure 6a shows a typical downstream process for mAbs, similar to the
processes discussed in a recent review article.®° Protein A chromatogra-
phy, cation exchange chromatography operated in bind-and-elute mode
and a diafiltration step should have significant clearance potential for
LMW PRIs, while virus inactivation and virus filtration are not expected

to contribute to clearance. Figure 6éb demonstrates how PRIs are

removed in Protein A chromatography and cation exchange chromatogra-
phy. Briefly, mAbs are retained on the column through bindings to the
resin ligands and LMW PRIs are removed by flowing through the column;
any residual PRIs can be further removed by the following re-equilibration
and/or wash steps. Most LMW PRIs in the feed are removed and should
be absent in the eluate. Figure é6c illustrates how LMW PRI can be
removed during diafiltration. Diafiltration of tangential flow filtration (TFF)
is used to prepare the mAb of interest into the target formulation. The
typical pore size (or molecular weight cut-off) of a TFF membrane used
for mAbs (150 kDa) ranges from 30 to 50 kDa, therefore, mAbs are effec-
tively retained and can be recovered in “retentate.” Due to the signifi-
cantly smaller size, PRIs can pass freely through TFF membranes and are
removed in the “permeate.” The removal of PRI depends on the number
of diafiltration cycles, that is, diavolume (DV); the more diafiltration cycles,
the greater the removal for LMW PRIs. Typically, greater than five DVs
diafiltration is used to achieve a fair balance between effective buffer
exchange and consumption of diafiltration buffers.°

To fully evaluate the clearance potential of downstream pro-
cesses, we carried out systemic spiking and clearance studies on three
downstream unit operations (Protein A chromatography, cation
exchange chromatography, and tangential flow filtration) using 13 PRIs
that have been reported to be commonly used in manufacturing pro-
cesses (summarized in Table 1). These PRIs have molecular weights
ranging from 70 to 9,000 g/mol and have different physical properties
such as charge and hydrophobicity.

3.7 | Clearance of LMW PRIs in Protein A
chromatography

The results from the spiking/clearance study on Protein A chromatog-

raphy are summarized in Table 2 and Figure 7a. As shown in Table 2,
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FIGURE 6 Downstream process flow and clearance potential.
(a) A typical downstream process for mAbs. (b) Schematic illustration
of LMW PRI removal in Protein A chromatography and cation
exchange chromatography. (c) Schematic illustration of LMW PRI
removals during diafiltration process

the spiked PRIs were mainly in the flow-through fractions. Generally,
these PRIs were not retained by the Protein A column. The residual
levels of all studied PRIs in the eluate fraction were very low, com-
pared to their starting levels in the feed. The results suggest that Pro-
tein A chromatography provides a robust clearance for LMW PRIs,
consistent with the recent study on different PRIs.*

Interestingly, low levels of dextran sulfate and Triton X-100 were
detected in the Wash fractions but they were not detected in the Elu-
ate fraction. The results indicate that these two PRIs were weekly
retained on the Protein A column during loading, likely due to weak
interactions with the mAb proteins or the resins. These weak interac-
tions were effectively disrupted by the wash condition because the
two PRIs were not detected in the Eluate. Therefore, a wash condition
can further improve PRI removal capability of Protein A chromatogra-

phy. Due to potential weak interactions between LMW PRIs and the

mAb, mAb properties (such as charge and hydrophobicity) may affect
LMW PRIs removal. As shown in Figure 7a, clearance of the same PRI
was similar between the two different mAbs, suggesting the contribu-
tion from mAbs to PRI removal may be negligible.

As shown in Figure 7a, more than 1,000-fold clearance was
achieved for all tested LMW PRIs. Clearance for EDTA, polysaccha-
ride, MSX, PEGB8000,
10,000-fold. Along with the historical data summarized in Figure 5

and Triton X-100 were greater than

and the recent publication,* we propose that similar clearance for the
same LMW PRI can be achieved for different mAbs in Protein A chro-
matography. These results suggest that Protein A chromatography
provides robust clearance for LMW PRIs. Furthermore, certain LMW
PRIs, like dextran sulfate and Triton X-100 in our study, may be
retained on the Protein A column by weak interactions; however, a
wash step prior to the elution can efficiently remove these PRIs by

effectively disrupting the weak interactions.

3.8 | Clearance of LMW PRIs in cation exchange
chromatography

The results from spiking/clearance studies from cation exchange chro-
matography are summarized in Table 3 and Figure 7b. Except for dex-
tran sulfate and Triton X-100, all of the spiked PRIs in the feed were
removed in the column flow-through, and the remaining level in the
elution fraction was very low with most as “not detectable.” The
clearance for BME, polysaccharide, monothiol glycerol, Pluronic Fé8,
and simethicone was more than 1000-fold. Unlike Protein A chroma-
tography, removal of dextran sulfate by cation exchange chromatogra-
phy was not as effective compared to the other tested PRIs.
Considering that dextran sulfate is negatively charged under the pH
conditions,®? its interactions with the positively charged mAbs may
reduce the clearance. The removal of Triton X-100 on cation
exchange chromatography was also less than that on Protein A chro-
matography. Similar clearance of dextran sulfate and Triton X-100 on
cation exchange chromatography were also observed on mAb B
(Figure 7(b)), suggesting that mAb-specific interactions are unlikely
the major reason. The retention mechanism is likely weak interactions
between Triton X-100 and the mAb; however, further investigation is

needed to confirm this hypothesis.

3.9 | Clearance of LMW PRIs during diafiltration

For diafiltration, we carried out spiking studies with six PRIs rep-
resenting several types of PRIs with different chemical properties
including: copper ion (positively charged), MSX (charged but neutral),
EDTA (negatively charged), tropolone (slightly hydrophobic), caprolac-
tam (highly hydrophobic), and Pluronic F68 (surfactant). The 30 kDa
MWCO (molecular weight cut-off) TFF membrane effectively retained
150 kDa mAb proteins while most of the PRIs passed through the
TFF membrane during diafiltration into the permeate. The concentra-
tion as a function of diavolumes (DVs) for the PRIs tested is shown in
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TABLE 1 Summary of the LMW PRIs used in the clearance studies
LMW PRIs Usage in process MW (g/mol) Physical properties Usage purpose
BME Upstream 78.1 Uncharged Support cell growth®®
Copper ion Upstream 79.5 Positively charged Support cell growth and facilitate antibody
disulfide bond formation®”
Caprolactam Upstream; downstream 113.2 Uncharged and hydrophobic Leachate from containers and tubes®®
Dextran sulfate Upstream ~4000 Negatively charged Prevent cell aggregation®®
EDTA Downstream 292 Negatively charged Prevent enzyme inhibition and disulfide
bond reduction*®
Polysaccharide Upstream ~5000 Uncharged Support cell growth**
MTG Upstream 108.1 Uncharged Support cell growth*?
MSX Cell banking 180.2 Positively charged Support cell selection*®
PEG 8000 Upstream; downstream ~8000 Uncharged Protein stabilizer**
Pluronic F68 Upstream; downstream ~8000 Uncharged surfactant Cell shear protectant and protein stabilizer*>*¢
Simethicone Upstream 238.5 Uncharged Antifoam*’
Triton X-100 Downstream 625 Nonionic surfactant Virus inactivation*®
Tropolone Upstream 122.1 hydrophobic Support cell growth*’

Abbreviations: BME, beta-mercaptoethanol; EDTA, ethylenediaminetetraacetic acid; MTG, monothioglycerol; MSX, methionine sulfoximine.

TABLE 2 Clearance of LMW PRIs during Protein A chromatography

Concentration Concentration in Concentration Concentration
LMW PRIs in feed (pg/ml) flow-through (ug/ml) in wash (pg/ml) in eluate (pg/ml)
BME 1,005 931 <1 <1
Dextran sulfate 977 691 3.3 <0.5
EDTA 1,633 1,319 <0.5 <0.5
Polysaccharide 047 0.40 <0.00005 0.0001
MTG 648 623 <0.8 <0.8
MSX 81 76 <0.01 <0.01
PEG8000 16,726 15,452 <15 <15
Pluronic F68 33,285 29,111 <25 <5
Simethicone 240 220 <1 <1
Triton X-100 10,975 9,544 1.3 <0.1
Tropolone 1,938 1,681 <1 2.8

Figure 7c. As shown in Figure 7c, copper ion and MSX were effec-
tively removed by diafiltration. A typical 6 DV diafiltration resulted in
greater than 300-fold clearance for these two PRIs. Equation (5) was
fitted to the data shown in Figure 7c and the sieving coefficients for
copper(ll) and MSX were estimated to be 1.09 and 1.02, respectively,
suggesting nearly ideal sieving. Significant removal of EDTA,
tropolone, and caprolactam was also achieved by diafiltration,
although the clearance for the three PRIs was not as effective as cop-
per ion and MSX. Accordingly, the obtained sieving coefficients for
these three PRIs were in the range of 0.58-0.83. Very limited clear-
ance was obtained for Pluronic F68, even with a spiked concentration
(450 pg/ml) that was significantly lower than the critical micelle con-

centration (1,900 pg/ml).:“2 Poor clearance is expected when the

Pluronic F68 concentration is higher than critical micelle concentra-
tion because the size of the micelles is greater than the TFF mem-
brane MWCO. The sieving coefficient for Pluronic F68 was estimated
out to be 0.11.

Copper ion had a sieving factor slightly greater than one likely
due to electrostatic repulsions between the positively charged copper
jon and the positively charged mAb.333* Similarly, EDTA removal was
not as effective as copper ion or the neutrally charged MSX
(possessing one negatively and one positively charged group) due to
electrostatic attractions with the positively charged mAb. As a result
of the interaction with the mAb, extended diafiltration would be
needed to achieve greater clearance of the PRI. For example, to
achieve 100-fold clearance for EDTA, it would take six DVs. Removal
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TABLE 3 Clearance of LMW PRIs during cation exchange chromatography

Concentration in flow-through (ug/ml)

LMW PRIs Concentration in load (pg/ml)

BME 869 651
Dextran sulfate 643 330
EDTA 615 508
Polysaccharide 0.47 045
MTG 661 520
MSX 68 56
PEG8000 16,797 12,539
Simethicone 240 220
Triton X-100 9,885 5,622
Tropolone 312 211

of tropolone and caprolactam was compromised with sieving coeffi-
cients of 0.7 and 0.6, respectively. Tropolone and caprolactam are
hydrophobic and their clearance is likely associated with weak inter-
actions with the mAb. Therefore, for negatively charged or hydro-
phobic PRIs, mAb properties, such as charge and hydrophobicity,
are expected to affect the clearance of these PRIs. To test the
hypothesis, diafiltration clearance studies for copper ion, EDTA, and
Tropolone were performed on mAb B. Under the diafiltration buffer

pH of 6.0, in theory, mAb A (pl 9.3) likely carries more positive

Concentration in eluate (pg/ml)
<1
45.6
<0.5
0.0006
<0.8
<0.01
<20
<13
94.2
<1.8

charges than mAb B (pl 8.1) while mAb B is more hydrophobic than
mADb A. Clearances for copper(ll), EDTA, and tropolone were similar
for the two mAbs. The results suggest that different mAbs have
negligible impact on the clearance of the three PRIs. Generally,
these results demonstrated that diafiltration provides effective
clearance for positively or neutrally charged LMW PRIs, while clear-
ance for negatively charged and hydrophobic PRIs can be less effec-
tive. However, additional clearance can be achieved by extending
diafiltration.
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Overall, Protein A chromatography and cation exchange chroma-
tography generally can provide greater than 1,000- and 100-fold
clearance for the PRIs, respectively. A typical 6-diavolume diafiltration
process can provide greater than 100-fold clearance for positively and
neutrally charged PRIs, while clearance of negatively charged or
hydrophobic PRIs was impacted, but desired clearance can be
achieved by extending the diafiltration process. For example, to get a
100-fold clearance for EDTA and Tropolone, it would take about 5.7
and 8.2 DV, respectively.

3.10 | Testing strategy and process development
with leveraging clearance potentials

It is obvious that the remaining level of LMW PRIs should be the low-
est at the end of the downstream process compared to any other
intermediate steps (Figure 6a). When knowledge for the downstream
process capability is limited, to account for the full clearance of the
entire downstream, testing point for the PRIs can be set at end of the
downstream process, usually at ultrafiltration/diafiltration pool
(i.e., Point 3). Drug substance is usually not preferred because excipi-
ents in the formulation may interfere with analytical assays. More-
over, testing drug substance blurs the line between in-process testing
and release testing, leading to a misconception that the PRI is part of
the release testing. On the other hand ultrafiltration/diafiltration
products typically have high protein concentration, which often nega-
tively impacts the analytical testing for PRIs. Sample dilution mini-
mizes the impacts but also compromises higher assay sensitivity
needed for demonstrating clearance. Therefore, UFDF and DS are not
preferred test points for PRI risk assessment.

As clearance knowledge for the downstream process is gained,
the testing strategy can be modified to simplify assay development
and qualification. For example, for LMW PRIs introduced in the
upstream process and during harvest of cell culture fluids, knowing
that the PRIs can be effectively removed by Protein A chromatogra-
phy can allow for the testing point to the Protein A elution pool (Point
1). In the platform process paradigm, the composition of the Protein A
elution pool is likely similar for different mAbs, and therefore assay
qualification may be leveraged across projects. At the same time, the
clearance data from different mAbs and different wash buffers helps
determine the true clearance capability of Protein A chromatography.
Similarly, for downstream PRIs introduced prior to the cation
exchange chromatography step, the testing point can be set to the
cation exchange pool (Point 2).

Process development should leverage clearance capability and
can benefit from established clearance knowledge.* For example,
detergent (such as Triton X-100) can be used as an alternate to low
pH for virus inactivation. As demonstrated in our study, Triton X-100
was not removed well in bind-and-elute cation exchange chromatog-
raphy, while its removal was excellent in Protein A chromatography.
The removal of Triton X-100 is similar to the clearance of detergent
LDAO (lauryldimethylamine N-oxide) on Protein A chromatography

|35

reported by Conley et al.”> Accordingly, virus inactivation using Triton
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X-100 or other detergents is often carried out ahead of the Protein A
chromatography step to maximize clearance and minimize safety risks.
For mAbs entering late stage development, since the clearance capa-
bility for PRIs of the downstream process has been established with
the historical data, maximum usage concentrations for PRIs can be
defined based on cumulative clearance data. On one hand, process
benefit from these PRIs can be maximized when greater usage
amount brings in more process benefits; on the other hand, an effec-
tive control strategy is in place for the PRIs because of historical
knowledge. Routine testing for some PRIs could be eliminated after
robust removal has been supported by sufficient clearance data. Simi-
larly, routine testing for some PRIs in mAbs that are manufactured by
platform process can be reduced or even eliminated when robust
clearance for the PRIs has been demonstrated.*

4 | SUMMARY

The intent of this report was to bridge remaining gaps in the safety
risk assessment for LMW PRIs in mAb drug substance/drug product
and outline a systematic risk management process. We discussed cat-
egorization of PRIs according to their toxicological concerns and the
corresponding risk assessment approaches that were proposed in
recent publications.**7?® An integration of the safety risk manage-
ment processes with CMC activities helps achieve effective risk man-
agement and potentially shorten development timelines. Through
analysis of historical data from 28 mAbs and clearance data from sys-
tematic spike/clearance studies, we demonstrated that the typical
mAb downstream process has the potential to provide robust clear-
ance for all LMW PRIs. In-process testing for many PRIs introduced in
the upstream and harvest processes can be eliminated because of the
robust removal demonstrated downstream. Based on our data, we
propose that similar mAb downstream processes should have similar
PRI clearance capability.

In terms of reasonably reducing testing burden, removal of all in-
process testing for PRIs and assuming good clearance certainly poses
significant risks. Based on the results presented in this work, assuming
no process clearance is highly conservative, and assuming some
degree of process clearance for typical mAb downstream process has
scientific basis and is reasonable. Our studies showed that Protein A
chromatography and cation exchange chromatography (operated in
bind-elute mode) had greater than 1,000- and 100-fold clearance,
respectively. The typical diafiltration process is also capable of remov-
ing LMW PRIs, generally more than 100-fold but the clearance poten-
tial can be affected by PRI chemical properties such as charge and
hydrophobicity as demonstrated in this study and several recent
reports.2#3* The downstream clearance potential must be considered
in the safety risk assessment to avoid any unnecessary testing. In the
absence of clearance data, the initial risk assessment (Figures 2 and 3)
based on the worst-case assumption that there is no clearance during
downstream processing is likely to lead to some testing. However, the
clearance data presented here suggests that it is quite reasonable to

assume some conservative level of clearance, which can help reduce
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the testing burden. For the overall process, a minimum clearance of
5,000-fold can be assumed for mAb purification processes, with
100-fold clearance from the Protein A chromatography step, 10-fold
clearance from the cation exchange chromatography (in bind-elute
mode), and fivefold clearance from the diafiltration process. With this
assumption, an additional assessment taking into account a minimum
process clearance can be added to the decision tree in Figure 2. After
accumulating sufficient clearance data, testing for some LMW PRIs
may be avoided for mAbs using the platform process. The gained
clearance potential of each unit operation also facilitates the process
development for a new mAb. It is noteworthy that clearance of dex-
tran sulfate and Triton X-100 by bind-elute cation exchange chroma-
tography was significantly lower than the clearance by Protein A
chromatography. The poor clearance of dextran sulfate may be
explained by the potential electrostatic interactions between dextran
sulfate and the resins or bound mAbs. The mechanism for the reten-
tion of Triton X-100 by the cation exchange chromatography would
need further studies. Furthermore, we found that the properties (such
as charge and hydrophobicity) of protein and/or PRI could impact the
clearance during tangential flow filtration through potential weak
interact rations between PRI and proteins. These undesired interac-
tion led to lower sieving coefficients for several commonly seen PRIs.
The sieving coefficients obtained in our study for the commonly seen
LMW PRIs can be used to guide diafiltration development to achieve
desired clearance. Taken together, this report establishes an effective
safety risk management and rational design of robust downstream
process for LMW PRIs.
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