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Three critical aspects that define high concentration antibody products (HCAPs) are as follows: 1) formula-
tion composition, 2) dosage form, and 3) primary packaging configuration. HCAPs have become successful
in the therapeutic sector due to their unique advantage of allowing subcutaneous self-administration.
Technical challenges, such as physical and chemical instability, viscosity, delivery volume limitations, and
product immunogenicity, can hinder successful development and commercialization of HCAPs. Such
challenges can be overcome by robust formulation and process development strategies, as well as rational
selection of excipients and packaging components. We compiled and analyzed data from US Food and
Drug Administration-approved and marketed HCAPs that are =100 mg/mL to identify trends in formulation
composition and quality target product profile. This review presents our findings and discusses novel
formulation and processing technologies that enable the development of improved HCAPs at =200 mg/mL.
The observed trends can be used as a guide for further advancements in the development of HCAPs as more
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complex antibody-based modalities enter biologics product development.

Introduction

Monoclonal antibodies (mAbs) are therapeutic proteins
derived from a single clone or line of cloned cells that have
been successfully used to treat a wide array of debilitating and
life-threatening diseases in immunology, infectious diseases,
and oncology. Since their introduction as drugs, mAbs thera-
pies have become a tremendous therapeutic and commercial
success, and more than 120 mAbs therapies have been
approved by the US Food and Drug Administration (FDA)
and introduced in the market.' Because of their success in
treatment over the past 2 decades, the global therapeutic mar-
ket for mAbs was valued at approximately $115.2 billion in
2018 and surpassed over $150 billion in revenue by the end of
2019 and is projected to grow to about $300 billion by 2025.*
Currently, mAbs are also the most-marketed biologic, and
nearly 4000 mAbs are currently undergoing preclinical and
clinical developments, which further validate their prevalence
and potential for growth.’

Detailed descriptions of the antibody structure, its instabil-
ities and formulation approaches are included in a review by
Wang et al.° Briefly, mAbs are Y-shaped proteins composed of
two light chains and two heavy chains linked by a disulfide
bridge. In addition to high specificity, mAbs therapies have the
ability to target and interact with various antigens, receptors,
and immune checkpoints, giving them the ability to treat a
wide variety of disease states.” The variable regions on the
heavy chain and the light chain are composed of 110 amino

acids that make up the antigen-binding fragments (Fabs),
which includes the complementarity-determining region
(CDR) that accounts for the target specificity of the antibody.
The remaining protein sequence comprises the constant
regions, which culminate to form the Fc (fragment crystal-
lizable) regions. All these varying regions of the mAbs work
together to give the antibody its effector and receptor-binding
capabilities. Antibodies, also referred to as immunoglobulins
(Ig), can be further divided into five classes: IgA, IgD, IgE,
IgM, and IgG, which are named based on their constant
regions. As discussed below, most mAbs therapies are of the
IgG subtype.

High concentration antibody products (HCAPs) can be
broadly defined as injectable mAbs or polyclonal antibody
therapies, which typically have an overall product concentra-
tion of 2100 mg/mL. These high protein concentrations often
present additional physical stability challenges. Therefore, to
enable therapeutic use of HCAPs, they must be formulated,
stabilized, developed, and manufactured using robust pro-
cesses. The art and science of antibody formulation and stabi-
lization evolves over time, and several reviews™® '* and
books'*>™'® have described the basic concepts in antibody
drug product formulation development and manufacturing.”
718 Other reviews have highlighted issues associated with
protein aggregation, including possible mechanisms and how
manufacturing processes for antibody drug products should be
designed to overcome these challenges.lg’25 Similarly, several
studies have addressed challenges like viscosity, phase
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separation, and opalescence, which are particularly prevalent
in HCAPs.>*™

With the introduction of computational predictive
techniques® coupled with experimental methods,”* develop-
ability assessment of antibody candidates in early discovery is
now commonly included in the pharmaceutical development
process.”> > Biophysical characterization is a key component
of the developability assessment that should be done before a
candidate enters biopharmaceutical development. The use of
such techniques has enabled smart design of biopharmaceuti-
cals, wherein any potential aggregation or instability is identi-
fied and can be mitigated in the early stages of development.

HCAPs have become immensely popular and widely suc-
cessful in the therapeutic space for the following reasons.

Subcutaneous delivery of <2 mL dose volume

Without the use of enabling technologies or novel devices, the
maximum volume of products delivered via subcutaneous
(SC) administration is often considered to be 2mL.**?”
HCAPs enable the delivery of a larger amount of protein in
this <2 mL dose volume, which presents a unique advantage
over intravenous (IV) administration options, which often
require hospitalization or a visit to an infusion center for
administration by a health-care professional, as the SC admin-
istration can be performed in a doctor’s clinic or even at home.

Self-administration

The advantages of self-administration are coupled with those
of SC delivery. With SC administration, certain patients can
self-administer the dose using a prefilled syringe (PFS) or
autoinjector (AI) pen. Such administration gives more flex-
ibility and freedom to the patient in managing their dosing
schedule and living a normal life while managing a chronic
health condition.

Management of chronic diseases

Providing HCAPs as drug-device combination products for
self-administration presents a unique advantage with mana-
ging chronic diseases that require long-term drug administra-
tion and ensure patient compliance.

Manufacturing and logistics cost

During the manufacturing of HCAPs, the drug substance is
typically brought to a high concentration, frozen and shipped
to the drug product fill finish site. Since HCAPs have a high
protein concentration per unit volume of the drug substance,
the cost of shipping, storage, and inventory management is
significantly lower than lower concentration solutions.
Life-cycle management approaches that later introduce a
more patient-centric dosage form post-approval are becoming
increasingly popular. In some cases, a liquid dosage form is
introduced as a follow-on to an initially approved lyophilized
product. In other cases, the introduction of an SC route of
administration (ROA) as opposed to the IV ROA has offered
some of the advantages discussed above.’®*™*’ Further,

introducing a PFS or Al as a life cycle management strategy
for an initially approved ready-to-use product (packaged in
vial and delivered using a syringe and needle) has become a
notable trend in the industry.**

Several recent reviews have summarized trends in liquid
formulations of therapeutic proteins,* formulations of com-
mercially available antibodies in the US,' approved parenteral
protein formulations within the European Union,*® and US
FDA-approved therapeutic antibodies with high concentration
formulations.” However, the field of high concentration anti-
body formulation has greatly evolved, as summarized in sev-
eral studies.”’ > While these reviews have highlighted the
significance of HCAP development and challenges with the
development, manufacturing and testing of HCAPs, a sys-
tematic review of the HCAPs approved and commercialized
in the US has been missing. To fill this gap, in this review we
summarize the prescription information from individual pack-
age inserts of all HCAPs (monoclonal and polyclonal antibo-
dies) that were granted an FDA approval or emergency use
authorization (EUA). We further identify common trends and
strategies in HCAP development, including formulation, sta-
bilization, dosage form development, and packaging of com-
mercial HCAPs. We also discuss novel formulation and
processing technologies that enable the development of
improved HCAPs at 2200 mg/mL. The observed trends in
this review can guide future development of HCAPs.

Scope

Here, high-concentration antibody product (HCAP) is defined
as a solution or a lyophilized product upon reconstitution with
a protein concentration =100 mg/mL. The term HCAP is rela-
tive and subjective in nature and a cutoff of 100 mg/mL protein
concentration cannot be universally applied to all mAbs or
mAb-like modalities. Some reviews recommend that the term
“high concentration protein formulation” should rather refer
to concentrations at which protein-protein interactions as a
result of factors, such as crowding, solution properties, and
high viscosity are significant and can affect the stability and
delivery of such products.”>' Several mAb products are for-
mulated at concentrations <100 mg/mL. For example, Evenit®
(romosozumab-aqqg), Skyrizi™ (risankizumab-rzaa) and
Stelara™ (ustekinumab) are all formulated as solutions and
have a protein concentration of 90 mg/mL, only slightly miss-
ing the >100 mg/mL cutoff. Taltz® (ixekizumab), Xgeva'™
(denosumab) and Prolia™ (denosumab) are all formulated
as solutions and have a protein concentration of 80 mg/mlL,
70 mg/mL, and 60 mg/mL, respectively. While the unique for-
mulation and stabilization trends in such products (<100 mg/
mL but >50 mg/mL) can be studied and reviewed, the focus of
this review is limited to only antibody products that are > 100
mg/mL.

We referred to the prescription information, including the
Description (Section 11) and How Supplied/Storage and
Handling (Section 16), of all HCAPs approved in the US in
compiling the information in this review. Data on all 46 (1 = 46)
approved high concentration mAbs (2100 mg/mL) were com-
pared, contrasted, and sorted based on 13 different identifiers.
These identifiers were as follows: International nonproprietary



name, brand name, initial FDA approval date, antibody target,
antibody isotype and subtype if applicable, indication, conc.
(mg/mL), ROA, dosage form (lyophilized solid (LYO) or solu-
tion (SOL)), primary container (PFS, Al/pen or vial), pH range,
formulation, and storage condition Table SI.

After the data from each product’s individual package insert
were collected, the information was analyzed and compiled
into either a bar graph, pie chart, or table. For the formulation
composition, we performed an in-depth review of the excipi-
ents used in stabilization of these HCAPs, their probable role
in formulation and stabilization of these HCAPs and tried to
identify common trends. The compiled data, observed trends,
and our findings are further discussed in the subsequent sec-
tions of this review.

REVIEW of HCAPs
Approvals of antibody products (1998-2021)

Since we have referred to the prescription information for each
of the 46 approved HCAP products in this review, we recorded
the year for their initial FDA approval as provided in the
prescription information. In several instances, the year of
initial FDA approval was substantially earlier than the
approval date for an HCAP product. For example, the
Orencia® HCAP liquid product in the ClickJect™ AI was
approved and launched in 2016, after an initial FDA approval
of the LYO product for IV infusion in 2005. As shown in
Figure 1, there has been a consistent increase in the number
of approved antibody products since 1998. Among the 46
products included in this review, the greatest annual number
of initial FDA approvals has occurred since 2015. Among the
46 reviewed HCAPs, six new antibody products were approved
each year in years 2015, 2017, and 2018 (initial approvals).

Route of administration

As shown in Figure 2, the SC ROA is the most used for HCAPs
(n=34), followed by IV (n=6), both SC and IV (n=2),
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intravitreal (n =3), and intramuscular (IM) (n=1). The SC
route is the most prevalent due to advantages, such as home
self-administration and rapid onset of action.”® SC injections
are popular for peptides, proteins, certain hormones (insulin),
and antibody products because they are often usually used to
treat chronic diseases in which at-home administration is
preferred for reasons such as patient convenience, decreased
burden on health-care professionals, ease of use, reduction in
hospitalization or in-patient costs, and overall reduction in
treatment costs when compared to the IV administration.”
12324 However, the SC ROA does suffer from a few draw-
backs, including patient variability (e.g., substantially different
body mass index), protein aggregation upon administration,
incomplete absorption, and potential differences in pharma-
cokinetic profile and bioavailability compared to an IV route.>
Predicting the bioavailability of antibodies following SC
administration can be challenging; unlike IV administrations,
which are 100% bioavailable, SC administrations can have
variable bioavailability, with values in the range of 60-80%.>
Typically, dose volumes of 2 mL or less can be conveniently
administered via SC administration. Antibody solutions,
therefore, need to be formulated at high concentrations
(>100 mg/mL) to deliver effective doses of 200 mg or more.
Concentrating protein solutions at such elevated levels can
lead to crowding due to reduced intermolecular distance and
the formation of a network of reversible protein-protein inter-
actions or self-associations. These interactions do not manifest
at low concentrations and can lead to protein aggregation and
instability in HCAPs.?*"*" Despite these drawbacks, SC admin-
istration is simpler and more practical than IV administration
due to its reduced burden on health-care staff, ease of patient
administration, and overall reduction of health-care costs.™
Protein solutions can also be administered via IM injection.
Since muscles are more vascularized than the SC matrix of the
skin, IM injections can lead to higher systemic exposure,
thereby making IM injections much less desirable. ****
Synagis® (palivizumab injection) is used to prevent serious
lung infection in children and babies caused by respiratory
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Figure 1. Number of product approvals each year among HCAPs between 1998-2021. (n = 46). A consistent increase in the number of approved antibody products
since 1998 with the greatest annual number of initial US approvals have occurred since 2015.
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Figure 2. Routes of administration among approved HCAPs (n = 46). Among the 46 HCAP, Subcutaneous (SC) route of administration is the most used for HCAPs (n =
34), followed by intravenous (IV) (n = 6), both SC and IV (n = 2), intravitreal (n = 3) and intramuscular (IM) (n=1).

syncytial virus (RSV) and is currently the only HCAP admi-
nistered by IM injection by a health-care provider.
Palivizumab injection is prescribed for infants and children
24 months and younger at the start of RSV season. A dose of
15 mg per kg of body weight is administered intramuscularly
prior to commencement of the RSV season, and the remaining
doses are administered monthly throughout the RSV season.

Three HCAPs are administered via intravitreal injection: 1)
Susvimo™ (ranibizumab injection 100 mg/L for ocular
implant), 2) Beovu- (brolucizumab-dbll), and 3) VabysmoTM
(faricimab-svoa). These products are indicated for the treat-
ment of patients with neovascular (wet) age-related macular
degeneration. One probable reason HCAP is developed for
intravitreal injection is due to the intravitreal dose volume
limitation of about 20-50 pL. Overall, very few intravitreal
injection products have been approved by the FDA
(Macugen®, Lucentis®, Eylea®, and Beovu®, Vabysmo'™)
Lucentis® (same active ingredient as Susvimo'™) and Eylea®
(aflibercept) are not HCAPs (<100 mg/mL concentration) as
defined in this review. All intravitreal injection products have a
dose volume of about 50 uL. As noted herein, while Beovu®
(brolucizumab-dbll) is formulated at 120 mg/mL, the dose per
injection is 6 mg that can be delivered in 50 uL dose volume.
Similarly, Susvimo® (ranibizumab injection) is supplied for
intravitreal use via implant. Each single-dose vial contains 10
mg of ranibizumab in 0.1 mL of solution (100 mg/mL). The
implant is designed to contain approximately 0.02 mL (2 mg)
of ranibizumab solution when filled. Similarly, Vabysmo™
(faricimab-svoa) is a 120 mg/mL solution supplied in a vial
that can deliver a 0.05 mL dose solution containing 6 mg of the
drug.

Therapeutic area

We classified the approved HCAPs in eight disease areas,
based on the indications for which they were approved. The
therapeutic areas include immunology, infectious disease, car-
diology, respiratory, neurology, ophthalmology, hematology,

and oncology. As shown in Figure 3, among the 46 HCAP
products, 20 products are prescribed in immunology, 4 each
for infectious diseases and cardiology, 5 for respiratory, 6 for
neurology, 3 for ophthalmology, 1 for hematology, and 3 for
oncology. Not surprisingly, the largest percentage of approved
HCAPs is indicated for immunology indications because of the
chronic nature of these diseases. Because of the need for long-
term management of immunological diseases, such as psoria-
sis, rheumatoid arthritis (RA), psoriatic arthritis, and ankylos-
ing spondylitis, self-administration or at home administration
by a caregiver via SC administration is the desired form of care.
Such SC therapies are typically administered by prefilled syr-
inges, Al, or injection pens, which are helpful when consider-
ing geriatric populations who may have low
dexterity.”***Across all approved antibody therapeutics,
which include both high and low concentration products,
about 40% of the products are indicated for use in immunol-
ogy disease areas.”

Antibody types, isotypes, and formats

Among the 46 HCAPs reviewed herein, two products are fixed
dose combinations (FDCs) containing two types of antibodies
each. REGEN-COV™ contains casirivimab (human IgGlk) and
imdevimab (human IgG1A) and Phesgo® contains pertuzumab
(humanized IgG1) and trastuzumab (human IgGlxk) as active
ingredients. The various categories of antibodies included
among the 46 HCAPs are shown in Figure 4. As noted, four
products are polyclonal antibodies. Most antibody products
are immunoglobulin G 1 (IgG1) (30 products). Among the
IgG1 antibodies, 2 are chimeric, 9 are human, pertuzumab is a
humanized IgG1, 13 human IgGlxk (kappa subtype), tocilizu-
mab is a humanized IgGlx (kappa subtype), faricimab-svoa is
a humanized bispecific IgG1 and 3 human IgGIA (lambda
subtype). There is a total of 5 human IgG2 antibodies,
among which fremanezumab is a human IgG2 Aa/kappa anti-
body. There are four human IgG4, while emicizumab-kxwh is
a bispecific humanized IgG4.
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Oncology (n=3)

Hematology (n=1)

Opthalmology (n = 3)
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Immunology
(n=20)
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Figure 3. Different therapeutic areas for which HCAPs are approved and marketed (n = 46). The number of products (n) in parentheses, and the total number of
products is 46. Among the 46 HCAP products, a majority of approved HCAPs are indicated for immunology indications, with 20 products prescribed in Immunology, 4
each for Infectious diseases and Cardiology, 5 for Respiratory, 6 for Neurology, 3 for Ophthalmology, 1 for Hematology, and 3 for Oncology.

Antibody isotypes and subtypes amongst approved HCAPs

humanized antibody Fab fragment
Human monoclonal single-chainFv (scFv)
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Figure 4. Antibody isotypes and subtypes amongst approved HCAPs. Most antibody products are Immunoglobulin G 1 (IgG1) (30 products). Among the IgG1
antibodies, there are 2 chimeric IgG1, 9 human IgG1, 13 human IgG1k (kappa subtype), and 3 human IgG1A (lambda subtype).

In addition to the full-length antibodies described above,
brolucizumab-dbll, the active ingredient of Beovu®, is a human
monoclonal single-chain Fv. Three products, Cimzia® (certoli-
zumab pegol), liquid and lyophilized dosage forms, and
Susvimo™ (ranibizumab) contain a humanized antibody Fab
as the active ingredient. It is worth noting that the four
HCAPs, Gammagard® (100 mg/mL), Hyqvia® (100 mg/mL),
Hizentra® (200 mg/mL), and Xembify® (200 mg/mL) are
derived from serum and are thus polyclonal, meaning that
they are composed of antibodies with multiple specificities
and isotypes. Our findings are in line with an observed indus-
try trend wherein the most commonly manufactured antibody
isotype for clinical and therapeutic use is human IgG1, which
includes IgG1k and IgGIA.”

Dosage form (lyophilized solid vs. Ready to use solution)

As shown in Figure 5, among the 46 products reviewed here,
the most prominent type of dosage form is the Ready-to-Use

Solution (SOL) (n =41). Only four products are marketed as
Lyophilized solid (LYO) (n = 4). It is important to note that all
4 LYO products in this list (Cimzia®, Cosentyx®, Nucala®, and
Xolair®), are also approved and marketed as SOL dosage forms.
This observed trend clearly demonstrates that the most desired
form of the mAb formulation is a solution that can be readily
administered without any further preparation,” while the lyo-
philized solid is not the preferred dosage form and product
presentation for HCAP. The lyophilization process, including
freezing and primary and secondary drying, can sometimes be
harsh on the proteins. The lyophilization process can lead to
physicochemical and interfacial instabilities in proteins as a
result of buffer or sugar crystallization and the associated pH
shift.**"*” According to an early estimate in 2006, only about
half of all commercial antibody products were considered
stable enough to be formulated in a liquid form, hence the
lyophilized form was preferable to inhibit protein aggregation.”
® LYO products were developed initially because of their short
development times. This trend has changed considerably in the
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Dosage forms of the approved HCAPs

Lyophilized product
(LYO) (n=4)

Ready-to-use Solution
(soL) (n =42)

Figure 5. Dosage forms of the approved HCAPs (n = 46). Among the 46 HCAPs reviewed here, the most prominent type of dosage form is the Ready-to-Use Solution
(SOL) (n=41), and only four products are marketed as Lyophilized solid (LYO) (n = 4).

past 15y and as noted herein, about 90% of currently approved
HCAPs are ready-to-use liquid dosage form. These SOL
dosage forms are usually preferred over LYO products since
they can be readily supplied for self-administration using a pen
or Al, thereby providing additional treatment flexibility to
patients and ensuring treatment adherence and compliance.
Further, the LYO dosage form may require longer processing
times and may cost more compared to the SOL dosage form,
due to the additional steps of freezing, primary and secondary
drying typically involved in the lyophilization process.

The four products mentioned above, Cimzia® (certolizumab
pegol), Cosentyx® (secukinumab), Nucala® (mepolizumab) and
Xolair® (omalizumab), can technically be classified as both
LYO and SOL, since both forms of these molecules are
approved. The formulation compositions of the SOL dosage
forms for each of these four products are unique and slightly
different from their corresponding LYO products. This obser-
vation signifies the importance of rational formulation devel-
opment and excipient selection based on the dosage form
being developed. A Cimzia® for injection (LYO) vial upon
reconstitution provides 200 mg/mL certolizumab pegol and
contains lactic acid, polysorbate and sucrose. Cimzia® injection
(SOL), supplied as a solution in a single-dose prefilled syringe,
delivers 200 mg/mL certolizumab pegol and contains sodium
acetate and sodium chloride. It is noteworthy that lactic acid is
used as a buffering agent for the LYO product, whereas the
SOL product is buffered with sodium acetate. Likewise, sucrose
is used as a lyoprotectant and tonicity agent in the LYO
product, whereas the SOL product uses sodium chloride as a
tonicity agent and does not contain a sugar stabilizer. While
the LYO product contains polysorbates, the SOL product does
not contain surfactants.

Cosentyx® injection (SOL), supplied in a Sensoready pen or
a prefilled syringe, contains 150 mg of secukinumab formu-
lated with L-histidine/histidine hydrochloride monohydrate,
L-methionine, polysorbate 80, trehalose dihydrate, and sterile
water for injection. Cosentyx® injection is also available as a 75
mg/0.5 mL prefilled syringe and has an identical composition
to the 150 mg dose prefilled syringe. Cosentyx® for injection
(LYO) contains 150 mg of secukinumab formulated with L-

histidine/histidine hydrochloride monohydrate, polysorbate
80, and sucrose. The formulation compositions of the SOL
and LYO dosage forms of Cosentyx® are different. While
both dosage forms are buffered with a histidine buffer and
contain polysorbate 80 as a surfactant, sucrose is the lyopro-
tectant in LYO and SOL includes trehalose as a stabilizer. The
SOL contains L-methionine, which is a common antioxidant
in liquid protein formulations.

Nucala® (mepolizumab) for injection LYO is supplied in a
single-dose vial and contains 100 mg mepolizumab, polysor-
bate 80, sodium phosphate dibasic heptahydrate, and sucrose.
Whereas Nucala® (mepolizumab) injection SOL dosage form is
supplied in a PFS or AI and contains 100 mg/mL mepolizu-
mab, citric acid monohydrate, ethylenediaminetetraacetic acid
(EDTA), disodium dihydrate, polysorbate 80, sodium phos-
phate dibasic heptahydrate, and sucrose. While the LYO pro-
duct is buffered with phosphate buffer (pH =7.0), the SOL
product is buffered with citrate-phosphate buffer (pH =6.3).
Unlike the LYO product, the SOL product also contains a
chelator (EDTA).

Xolair® (omalizumab) for injection of LYO dosage form is
stabilized with L-histidine, L-histidine hydrochloride mono-
hydrate, polysorbate 20, and sucrose. Xolair® injection SOL
dosage form is stabilized with L-arginine hydrochloride, L-
histidine, L-histidine hydrochloride monohydrate, and poly-
sorbate 20. While sucrose is used as a lyoprotectant in the LYO
dosage form, the SOL dosage form does not contain any sugar
and is stabilized using L-arginine hydrochloride, which is an
effective viscosity reducing agent.

It should be noted that all the dosage forms in this review are
single use products and do not contain antimicrobial preserva-
tives. Antimicrobial preservatives are known to have deleterious

effects on protein stability and potentially induce aggregation.”
68-70

Protein concentration

The observed protein concentrations for the 46 HCAPs are
shown in Table S1. As discussed above, Cimzia®, Cosentyx®,
Nucala®, and Xolair® are all approved and marketed as both
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SOL and LYO products. In Table S1, the protein concentra-
tion (mg/mL) for both LYO and SOL dosage forms of these
four products is shown only once since the protein concen-
tration for both SOL and LYO products is identical.
Dupixent®, Emgality®, Kevzara®, and Repatha® HCAPs are
marketed and approved in two different product strengths
(protein concentrations), hence in Table S1, the protein
concentration for each of these strengths is taken into con-
sideration. Dupixent® has two approved product strengths
(150 and 175 mg/mL), Emgality® has two approved product
strengths (110 and 120 mg/mL), Kevzara® has two approved
product strengths (131.6 and 175 mg/mL), Repatha® has two
approved product strengths (120 and 140 mg/mL). Among
the 46 total products reviewed here, 25 products had protein
concentration in the range of 100-125 mg/mL, 17 products
were in the 126-150 mg/mL range, 2 products were in the
151-175 mg/mL range, 1 product was in the 176-199 mg/mL
range, and 5 products had protein concentration of 200 mg/
mL. Benlysta®, Cimzia® LYO and SOL, Hizentra® and
Xembify® all have a protein concentration of 200 mg/mL.
Based on our findings, 200 mg/mL is the highest protein
concentration achieved among currently commercialized
HCAPs.

Formulation composition and key aspects of stabilization

The different types of excipients typically used in protein
formulation, their function, and some representative examples
of each class of excipients are shown in Table 1. We identified
seven important classes of excipients, namely tonicity-modify-
ing agents, sugar and polyol stabilizers, buffer, surfactant,
amino acid stabilizers, viscosity modifiers, chelators, and anti-
oxidants. These classes of excipients and observed trends for
their use in stabilization of HCAPs are discussed below.

Tonicity-modifying agents

Before discussing tonicity agents, it is important to first under-
stand the definition of, and the difference between, tonicity
and osmolality. As described by Strickley and Lambert,'
“Tonicity involves non-permeable molecules and is a measure
of the osmotic pressure gradient between two solutions sepa-
rated by a permeable membrane. Osmolality involves both
non-permeable molecules and permeable molecules and is a
measure of the osmotic pressure of a solution.” To make a
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solution isotonic with human blood before injection, tonicity
agents, such as disaccharides (sucrose, trehalose), polyols (sor-
bitol, mannitol), and sodium chloride, are added to the for-
mulation to achieve tonicity close to the osmolality of blood
(300 mOsm/kg).1 As seen in Figure 6, sucrose, which is in 18 of
46 products, is the most frequently used tonicity agent for
HCAP formulation. Trogarzo® and Vabysmo'™ contain
sodium chloride, in addition to sucrose. Trehalose, another
disaccharide, is found in five products. The polyols sorbitol
and mannitol were found in four and two products, respec-
tively. Sodium chloride is found in four products. Thirteen of
the products do not contain a disaccharide, polyol, or sodium
chloride as tonicity agent, but some of these products contain
amino acids L-arginine, glycine, and L-proline, which might
function as tonicity agents. Xolair® (omalizumab SOL dosage
form), Enspryng® (satralizumab), Aduhelm® (aducanumab-
avwa), Evkeeza® (evinacumab-dgnb), Actemra® (tocilizumab),
and Hemlibra® (emicizumab-kxwh) do not contain disacchar-
ide, polyol, or sodium chloride, but instead contain L-arginine
or L-arginine hydrochloride. Arginine is a basic amino acid
that is widely used in biopharmaceutical processing, formula-
tion, and stabilization of biotherapeutics. It finds application as
a stabilizer during refolding of proteins and as an inhibitor of
protein aggregation.”" While the most common application of
arginine in formulating HCAPs is inclusion as a viscosity
reducing agent, it can also act as a tonicity agent. Polyclonal
antibody products Gammagard Liquid®, Hyqvia®, Hizentra®
and Xembify® do not contain sugars or sodium chloride as
tonicity adjusting agents, but contain the amino acids glycine
or proline, which are known to act as tonicity agents and
stabilizers.”>”> Gammagard Liquid®, Hyqvia®, and Xembify®
contain glycine, whereas Hizentra® contains proline. Siliq™
(rodalumab) and Repatha® (evolocumab) contain proline as a
tonicity agent. Siliq™ is formulated in glutamate buffer with
proline and polysorbate 20, while Repatha® is formulated in
acetate buffer with proline and polysorbate 80.

Sugar and polyol stabilizer

As seen in Figure 7, among the 46 HCAPs we reviewed, 18
products contain sucrose, 5 contain trehalose, 4 contain sorbi-
tol and 2 contain mannitol. Seventeen products do not contain
a sugar or polyol stabilizer. Sucrose is the most commonly used
excipient because it is not only a tonicity agent but also a
protein conformational stabilizer.”*””” Disaccharides (sucrose,

Table 1. List of excipients generally used in protein formulations and their functions.

Excipients Function Examples

Buffer Maintain stable pH environment Histidine, Phosphate, Acetate, Citrate, etc.

Sugar and polyol Conformational stabilizer for the antibody Disaccharides — Sucrose, Trehalose, Maltose.
stabilizers Polyols — Sorbitol, Mannitol

Tonicity Agent Maintain iso-tonicity Sucrose, NaCl, Trehalose, Mannitol

Surfactant Reduce interfacial stress Polysorbate 20 and 80, Poloxamer 188

Amino acid stabilizers
interactions

Prevent metal induced degradation
Reduce solution viscosity
Inhibit oxidation

Chelating agent
Viscosity Modifiers
Antioxidants

Stabilize the antibody by buffering or charge interactions or blocking hydrophobic

Arginine, Proline, Glycine, Histidine,
Methionine

DTPA, EDTA
Arginine, Proline, Glycine, NaCl
Methionine
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Tonicity agents utilized in formulation of
approved HCAPs

Glycine (3)

Glycine and Chloride (1)

L-Proline (3)

L-Arginine HCI (6)

Sodium chloride
and Sucrose (2)

Mannitol (2)
Sorbitol (4)

Sucrose (16)

Trehalose (5)

Sodium chloride

(4)

Figure 6. Tonicity agents utilized in formulation of approved HCAPs (n = 46). The number of products that contain the tonicity agent (n) in parenthesis and the total
number of products is 46. Among the 46 HCAPs, sucrose is the most frequently utilized tonicity agent for HCAP formulation and found in 18 of 46 products. Trehalose
can be found in five products. The polyols sorbitol and mannitol were found in four and two products, respectively. Sodium chloride is found in 4 products. Thirteen of
the products do not contain a disaccharide, polyol, or sodium chloride as tonicity agent, but some of these products contain amino acids L-arginine, glycine, and L-

proline.

trehalose, and maltose) and polyols (sorbitol, mannitol) are
commonly employed in protein stabilization since they act as
conformational stabilizers, primarily stabilizing the protein by
the preferential exclusion mechanism.”®”® For example,
sucrose, sorbitol and trehalose are increasingly used as stabi-
lizers in HCAP development.®*®* While these disaccharides
and polyols can be used in HCAPs, their physicochemical
properties, crystallization, and their behavior in protein solu-
tions during typical biopharmaceutical process unit operations
should be carefully assessed. One such example of biopharma-
ceutical unit operation is freezing of biological drug substances
at large scale, which enables manufacturing flexibility and
storage of the material for a longer duration, thereby allowing
scheduling of manufacturing campaigns and improved man-
agement of the drug product supply chain. Trehalose,®>**%*
sorbitol,*” and mannitol®>®® are known to crystallize in protein
solutions during freezing and can adversely affect the stability
of proteins; therefore, their use in an HCAP formulation and
stabilization should be carefully evaluated. Connolly and col-
leagues identified an optimal range of trehalose-mAb (w/w)
ratio of 0.2-2.4%, capable of physically stabilizing mAb for-
mulations during long-term frozen storage.> Sundaramurthi
and Suryanarayanan studied the crystallization behavior of
trehalose in the presence of 1) a crystallizing (mannitol) solute,
2) a non-crystallizing (sucrose) solute, and 3) a combination of
mannitol and a model protein.®” Their findings indicate that
mannitol, by readily crystallizing as a hemihydrate, accelerates
trehalose dehydrate crystallization. However, by remaining
amorphous, sucrose completely inhibits trehalose dehydrate
crystallization. These studies indicate that while crystallization
of disaccharides or polyols can be a concern, this can be easily
mitigated by using higher protein to sugar ratios or by incor-
porating amorphous excipients like sucrose in the formulation.
One of the major advantages of sucrose is that it does not
crystallize and remains amorphous during freezing, making it

the most widely accepted and used stabilizer in both LYO and
SOL dosage forms of HCAPs.

Buffer and formulation pH

When considering any mAb formulation, the pH range of the
solution is vital to formulation since proteins are stable against
chemical modifications and aggregation over a narrow pH
range.” For example, a lower pH could lead to protein degra-
dation and cleavage, while a high pH could cause protein
deamidation. It has been shown that even brief exposure of
an IgGl protein outside of optimal pH can cause small
amounts of aggregation to occur.”” Stabilizing buffers for
mAbs should be rationally selected, as reactions leading to
physicochemical instability are primarily driven by pH and
ionic strength of the buffer.® Buffers play a vital role in mAb
formulation because they not only affect storage stability of the
mADb but also the length of SC absorption after administration.
Additionally, both the type and the concentration of the buffer
can affect protein stability, thereby signifying the importance
of choosing the most optimal buffer composition.® For exam-
ple, one study showed that an increase in buffer tonicity greatly
increased the level of SC absorption, especially for neutral
excipient such as mannitol. Other tonicity agents, such as
sodium chloride, had a very minimal effect on SC absorption
due to fast distribution upon SC injection.”® Among commer-
cial antibody formulations, the buffer concentration is usually
between 0.003 M and 0.10 M for SC administration, with the
highest buffer concentrations administered via the IM route in
Synagis, at 0.025 M (histidine buffer)."

Figure 8 shows the prevalence of different buffers in the
formulation of the 46 HCAPs we reviewed. Histidine, indivi-
dually or in combination with other amino acids or inorganic
buffers, is the most prevalent buffer system used to stabilize
HCAPs (n =32). Among these 32 products, 25 use only histi-
dine as the buffer system. Enspryng® (satralizumab) and
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Disaccharide sugars and polyols utilized in
formulation of HCAPs

No disaccharied
or polyol (n=17)

Sorbitol (n = 4)

Mannitol (n = 2)

Sucrose (n = 18)

Trehalose (n = 5)

Figure 7. Disaccharide sugars and polyols utilized in formulation of approved HCAPs (n = 46). The number of products that contain the disaccharide or polyol (n) in
parenthesis and the total number of products is 46. Among the 46 reviewed HCAPs, 18 products contain sucrose, 5 contain trehalose, 4 contain sorbitol and 2 contain

mannitol. Seventeen products do not contain a sugar or polyol stabilizer.

Hemlibra® (emicizumab-kxwh) are buffered using a combina-
tion of histidine and aspartic acid. Takhzyro® is buffered using
citrate phosphate and histidine, while Vabysmo™ (faricimab-
svoa) and Dupixent® (dupilumab) use a histidine and acetate
buffer system. Cimzia® (SOL dosage form of certolizumab
pegol), Aimovig® (erenumab-aooe), and Repatha® (evolocu-
mab) are buffered using acetate. Beovu® (brolucizumab-dbll)
is buffered with sodium citrate. Orencia® (abatacept) and
Nucala® (mepolizumab) LYO dosage forms use a phosphate
buffer, and Nucala® (mepolizumab) SOL dosage form is buf-
fered with citrate phosphate. Lactic acid buffers the LYO
dosage form of Cimzia® (certolizumab pegol), whereas gluta-
mate buffers Siliq™ (rodalumab). As noted in the section on
tonicity agents, the polyclonal antibody products Gammagard
Liquid®, Hyqvia®, and Xembify® are buffered with glycine,
whereas Hizentra® contains proline. It is important to note
that Humira® (adalimumab) does not contain any buffer and
hence can be termed the only “buffer-free” mAb product. This
product contains mannitol, polysorbate 80, and sterile water
for injection besides the active adalimumab and is distinctly
different from the initial launch version of Humira®. The
initially approved and marketed Humira® was a lower concen-
tration product (50 mg/mL) that used a citrate phosphate
buffer. Buffer-free or self-buffering of high concentration anti-
body solutions has been extensively studied,***® and findings
suggest that at high concentration, the antibody itself can
buffer the solution, thereby eliminating the need for inorganic
or amino acid-based buffers.

Histidine is the most commonly used buffer because it
has a buffering capacity in the pH range of 5.5 to 7.0 and
does not have destabilizing effects on mAbs. Unlike other
biopharmaceutical buffers, such as sodium phosphate and
tris-hydrochloride, histidine buffers do not exhibit signifi-
cant pH shifts during freezing,”* making it equally suitable

for both SOL and LYO dosage forms. Moreover, histidine
is an inexpensive and cost-effective buffer.*” While histi-
dine is an inert buffer, some studies report its degradation
in a biologics formulation buffer. Wang and colleagues
report the investigation of a degradant in a biologics for-
mulation buffer containing L-histidine.”™" As described in
this study, histidine can degrade to urocanic acid. Histidine
degradation was slightly increased by Mn*? The chelating
agents, EDTA, and diethylenetriaminepentaacetic acid
(DTPA) counteracted the Mn*? effects. This degradation
is thought to be caused by microbial contamination of the
formulation buffer. Adding alanine or cysteine as an exci-
pient was found to reduce this degradation by 97% and
98%, respectively. Although histidine is a widely used buf-
fer for HCADP, its stability in development and manufactur-
ing should be appropriately controlled.

The pH range of the HCAP formulations is depicted in
Figure 9. Among the 46 reviewed HCAPs, 6 products have pH
in the 4.5-5.0 range, 12 products have pH in the range of 5.1-
5.5, 21 products have pH in the range of 5.6-6.0, four products
have pH in the range of 6.1-6.5, one product has pH in the
range of 6.6-7.0, and two have pH in the 7.1-7.5 range. As
expected, most antibodies are stabilized in the pH range of 5-6.
One of the critical aspects of stabilization of antibodies in liquid
formulations is the control of asparagine deamidation and
aspartate isomerization, especially if the residues are in the
CDRs of mAbs.”>”® The rate limiting step in both deamidation
and isomerization reactions at physiological pH is the formation
of the Asp intermediate, which involves the attack by nitrogen
of the peptide backbone on the carbonyl carbon of the aspar-
agine or the aspartate side chain. Asparagine deamidation is
promoted at neutral pH, whereas aspartate isomerization is
promoted at slightly acidic pH <5.0. Hence, most antibody
formulations are stabilized in the pH range of 5-6 to control
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Buffers utilized in formulations of approved HCAPs

glutamate (1)
Glycine (3)

L-Proline (1)
lactic acid (1)

Phosphate buffer (2)

sodium citrate (1)
citrate phosphate (1)

acetate buffer (3)
L-Histidine,acetic acid (1)

L-Histidine, sodium
acetate (1)

citrate phosphate
histidine (1)

histidine aspartic acid

@) histidine HCI (1)

Buffer-less formulation
1) Histidine (1)

L-histidine, L-histidine
HCl (21)

L-histidine (2)

histidine buffer (2)

Figure 8. Buffers utilized in formulations of approved HCAPs (n = 46). The number of products that contain a buffering agent (n) in parenthesis and the total number of
HCAPs is 46. Figure shows the prevalence of different buffers in the formulation of the 46 HCAPs, where Histidine, individually or in combination with other amino acids
or inorganic buffers, is the most prevalent buffer system used to stabilize HCAPs (n = 32). In addition, glycine (n = 3), glutamate (n = 1), L-Proline (n = 1), lactic acid (n =
1), phosphate buffer (n = 2), acetate buffer (n = 3), citrate buffer, and its combination (n = 2) have been used as alternate buffers. Formulation of 1 product is bufferless.

these chemical modifications, thereby achieving optimal stabi-
lity and a marketable product with a shelf life of at least 24
months.*”

Surfactants

The main function of surfactants is to minimize surface
adsorption and adhesion to packaging surfaces or containers,
reducing aggregation and particle formation. Surfactants pri-
marily act by reducing the interfacial stress that the antibody
would typically undergo during various drug product manu-
facturing unit operations, such as filtration, mixing, filling, and
during shipping of the finished drug product between manu-
facturing site, storage site, and the health-care sites (e.g., phar-
macies, hospitals, and home). Additionally, surfactants can be

used to reduce mechanical stress and decrease protein—protein
interactions, which could lead to aggregation.” Only three
surfactants are currently used in the marketed antibody for-
mulations: polysorbate 20, polysorbate 80, and poloxamer
188." As seen in Figure 10, among the 46 HCAPs reviewed
here, polysorbate 80 was the most used surfactant (n=28),
followed by polysorbate 20 (n=10) and poloxamer 188 (n =
3). Cimzia® (LYO dosage form of certolizumab-pegol) contains
polysorbate (the type of polysorbate is not described in pre-
scription information). Four products, Synagis®, Cimzia® (SOL
dosage form of certolizumab-pegol) and the polyclonal anti-
body products Gammagard Liquid® and Hyqvia®, do not con-
tain any added surfactant.

pH of stabilized formulations amongst approved HCAPs

>7.5
7.1-7.5(n=2) I
6.6-7.0(n=1) W

6.1-6.5 (n=4) I

pH ranges

5.6-6.0(n=21) | —

5.1-55(n=12) I

4.5-5.0(n=6) NN

<45

10 15 20 25

Number of HCAP products

Figure 9. pH of stabilized formulations amongst approved HCAPs (n = 46). Among the 46 reviewed HCAPs, 6 products have pH in the range of 4.5-5.0, 12 products
have pH in the range of 5.1-5.5, 21 products have pH in the range of 5.6-6.0, four products have pH in the range of 6.1-6.5, one product has pH in the range of 6.6-7.0,

and two have pH in the range of 7.1-7.5.



While polysorbates 20 and 80 are widely used in stabilizing
HCAPs, they are chemically diverse mixtures and may degrade
through oxidation and hydrolysis pathways.”* The hydrolysis
pathway can be either chemically induced or enzymatically
catalyzed. Several recent reviews have discussed the chemical
structure of polysorbates, their degradation,”*® analytical
techniques for identifying degradation products,”” and control
strategies for polysorbates in biopharmaceuticals.”® Since poly-
sorbate degradation may inadvertently affect the quality, effi-
cacy, safety, and stability of the protein formulation,
comprehensive development and characterization studies
should be performed during pharmaceutical development. In
a high-throughput screening study of excipients, poloxamers
were shown to be superior when compared to polysorbates at
protecting Antigen 18A aggregation at air-liquid interface.”” A
recent study compared polysorbates and poloxamer 188 in
their abilities to stabilize several mAb formulations; while
poloxamer 188 was found to offer protection against interfacial
stress in liquid formulations, visible protein-polydimethylsi-
loxane (silicone oil) particles were observed in some protein
formulations using poloxamer 188 during long-term storage at
2-8°C.'" The results of this study reiterate the importance of
comprehensive development and characterization studies to be
performed during screening and final selection of surfactant
during pharmaceutical development of each product.

Amino acids as stabilizers

In addition to the widespread use of histidine as a buffer,
amino acids can also act as tonicity agents (e.g., glycine and
proline), protein stabilizers (e.g., arginine), antioxidants (e.g.,
methionine), and viscosity reducing agents (e.g., arginine) in
antibody formulations."”*”* Figure 11 depicts the 81 instances
when an amino acid was used in stabilizing the 46 reviewed
HCAPs. As shown, L-histidine was used in 30 products, L-
histidine hydrochloride monohydrate was used in 23 products,
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L-methionine was used in 8 products, L-arginine hydrochlor-
ide was used in 6 products, glycine and L-proline were both
used in 4 products each, L-arginine was used in 3 products, L-
aspartic acid in 2 products (Enspryng® and Hemlibra®) and L-
lysine hydrochloride was used in Saphnelo®.

We further evaluated how many amino acids, or their salts,
are used in each of the 46 HCAPs. As shown in Figure 12
among the 46 HCAPs, 9 products do not use any amino acid
for stabilization of the formulation. These products are
Orencia®, Cimzia® (LYO and SOL dosage forms), Praluent’,
Nucala® (LYO and SOL dosage forms), Beovu®, Humira®, and
Aimovig®. These products are stabilized by sugars, non-amino
acid buffers (e.g., acetate and phosphate), and surfactants.
Another nine products use one amino acid to stabilize the
formulation;  the  polyclonal antibody  products
GammagardLiquid®, Hyqvia®, and Xembify® contain glycine
as the only amino acid, whereas Hizentra® contains proline as
the only amino acid stabilizer. Based on the prescription
information, glycine and proline are claimed as a buffer and
stabilizer in the polyclonal antibody products. Repatha® and
Siliq™ contain proline as the only amino acid stabilizer,
Anthim® and Takhzyro® contain histidine as the only amino
acid stabilizer and Susvimo™ contains histidine hydrochloride
as the only amino acid stabilizer.

A total of 15 products include two amino acids (and their
respective salts) in the formulation composition, wherein the
most common combination of amino acids and their salt used
is L-histidine (base) and L-histidine hydrochloride (11 pro-
ducts). Synagis® uses the combination of glycine and histidine
amino acids, Dupixent® contains L-histidine and L-arginine
hydrochloride, Kevzara® includes the combination of histidine
and arginine, and Vabysmo'™ contains L-histidine and L-
methionine. It should be noted that VabysmoTM also contains
acetic acid as a buffering agent besides L-histidine. Ten pro-
ducts use two amino acids (and their respective salts) in the

Surfactants in formulations of approved
HCAPs

No Surfactant (n = 4)

Polysorbate (n = 1)

poloxamer 188 (n = 3)

Polysorbate 80 (n = 28)

Polysorbate 20 (n = 10)

Figure 10. Surfactants in formulations of approved HCAPs (n = 46). The number of products that contain a surfactant (n) in parenthesis and the total number of HCAPs
is 46. Among the 46 HCAPs reviewed here, polysorbate 80 was the most used surfactant (n = 28) followed by polysorbate 20 (n = 10) and poloxamer 188 (n = 3). Four

products have no surfactant.
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Amino acids utilized in formulations of approved
HCAPs

Lareini
arginine (3) L-aspartic acid (2)

L-arginine
hydrochloride (6)

L-Methionine (8)

L-Proline (4)

L-histidine
hydrochloride
monohydrate (23)

L-lysine hydrochloride (1)
Glycine (4)

L-histidine (30)

Figure 11. Amino acids utilized in formulations of approved HCAPs (n = 46). Number of products that contain an amino acid (n) in parenthesis. Among 46 HCAPs, L-
histidine was used in 30 products, L-histidine hydrochloride monohydrate was used in 23 products, L-methionine was used in 8 products, L-arginine hydrochloride was
used in 6 products, glycine and L-proline both were used in 4 products each, L-arginine was used in 3 products, L-aspartic acid in 2 products, and L-lysine hydrochloride

was used in 1 product.

Number of amino acids used in each formulation for
stabilization of HCAPs

4 amino acids (n = 3)

3 amino acids (n = 10)

2 amino acids ( n = 15)

None (n=9)

One amino acid (n =9)

Figure 12. Number of amino acids used in each formulation for stabilization of HCAPs (n = 46). Among the 46 HCAPs, 9 products do not utilize any amino acid for
stabilization of the formulation. These products are stabilized using sugars, non-amino acid buffers (e.g., acetate and phosphate), and surfactants. Another nine

products utilize one amino acid to stabilize the formulation

formulation composition to stabilize the product. Cosentyx®
(SOL dosage form), Rituxan Hycela®, Darzalex Faspro®,
Herceptin Hylecta®, and Phesgo® utilize L-methionine in addi-
tion to the histidine-histidine HCI buffer. The probable role of
L-methionine in these formulations is of an antioxidant.
Xolair® (SOL dosage form) and Benlysta® include L-arginine
HCI in addition to the histidine-histidine HCL combination,
wherein the arginine likely acts as a viscosity reducing agent.
Enspryng® and Hemlibra® use L-arginine in addition to the
histidine-aspartic acid buffer combination. It is important to
note that neither of these products contain any sugar stabilizer.
Saphnelo® includes L-lysine hydrochloride in addition to the
histidine-histidine HCI buffer.

Finally, three products, Aduhelm®, Evkeeza®, and
Actemra®, use a total of 4 amino acids (and their respective
salts) as stabilizers in the HCAP formulation. Aduhelm®
and Actemra® contain L-methionine and L-arginine HCI
in addition to the histidine and histidine HCl combination.
Evkeeza® contains L-proline and L-arginine HCI in addition
to the histidine base and histidine HCl combination. It is
important to note that all three products contain only
amino acids (and their respective salts) with a surfactant;
they do not contain sodium chloride or sugar (or polyol) as
stabilizer. This indicates that a stable HCAP can be
achieved by using a rationally selected amino acid
combination.



Viscosity reducing agents

Viscosity is a critical attribute to consider when developing an
HCAP. When the antibodies are formulated as concentrated
solutions (>100 mg/mL), the viscosity of the solutions is
expected to increase exponentially beyond the generally phar-
maceutically acceptable limit of 20cP for SC injections due to
the short-range protein-protein interactions. Weakening of
such protein—protein interactions by using co-solutes, thereby
enhancing the stability and reducing viscosity of a high con-
centration mAb solution, is an acceptable development
strategy.'’" Factors affecting the viscosity in high concentra-
tion solutions of mAbs have been extensively studied.'"*"'
Amino acids in their salt forms and several common salts, such
as arginine HCI, histidine HCI, lysine HCI, sodium chloride,
sodium sulfate, and sodium acetate, could potentially be used
as viscosity-lowering excipients in high concentration mAb
formulations.""" Amino acids arginine and lysine were found
to reduce the high viscosity of serum albumin solutions for
pharmaceutical injection.''* Similarly, the viscosities of the
bovine gamma globulin solution (250 mg/mL) and the
human gamma globulin solution (292 mg/mL) at physiological
pH were reduced to <50 cP by using 1 M arginine HCL'" In
one study, proline was found to be more effective than a
combination of glycine and trehalose at reducing the viscosity
of high concentration antibody formulation at a protein con-
centration of ~225 mg/mL.""* Uncharged amino acids, such as
glycine, alanine, phenylalanine, and tryptophan can modify
the hydrophobic interactions and possibly reduce viscosity.”
12116 Among the reviewed 46 HCAPs, we found a total of 23
instances wherein viscosity reducing agents (i.e., arginine and
its hydrochloride salt, proline, lysine hydrochloride, glycine,
and sodium chloride) were used (Figure 13). The most pre-
valent viscosity reducing agent was arginine (n=9), used as
arginine HCI (six products) and arginine (three products).
Sodium chloride is used in four products (Cimzia® SOL dosage
form, Emgality®, Trogarzo®, and Benlysta®). It should be noted
that, while sodium chloride in protein formulations serves
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primarily as a tonicity agent, it can also function as a viscosity
reducing agent. The definite role of sodium chloride in each of
these compositions is not disclosed in the product insert, but
we infer that it may also function as a viscosity lowering agent.
In addition to sodium chloride, Benlysta® also contains argi-
nine HClL. Proline is used in four products (Hizentra®,
Repatha®, Siliq™, and Evkeeza®). Besides proline, Evkeeza® con-
tains arginine HCI, Saphnelo® contains L-lysine HCI. Finally,
glycine is used as a buffering and stabilizing agent in four
products (Synagis®, and three polyclonal antibodies
Gammagard Liquid®, Hyqvia®, and Xembify). While it cannot
be verified if glycine acts as a viscosity reducing agent in these
products, we have listed it here since prior reviews have iden-
tified glycine as a probable viscosity lowering agent."

Chelators and antioxidants

When considering the long-term stability of antibody solu-
tions, chemical modifications, such as oxidation, must be
considered. Oxidation is prevalent mainly because it can
occur with or without a stimulus, the latter being referred to
as auto-oxidation.” The most commonly oxidizable amino
acids in antibodies include Met, Tyr, Trp, His, and Cys.® To
mitigate oxidation, chelators, such as EDTA or DTPA,'”!!®
and amino acids, such as methionine,''*~**'have been added to
stabilize protein solutions. The mechanism of stabilization
differs, where chelators chelate metal ions in solution, and
methionine acts as a sacrificial antioxidant. Among the
HCAP formulations reviewed here, Nucala® (SOL dosage
form) and Ajovy® use disodium EDTA as a chelator. A total
of seven products contain L-methionine, including Cosentyx®
(SOL dosage form), Aduhelm®, Actemra®, and four antibody
products co-formulated with recombinant human hyaluroni-
dase PH20 enzyme (rHuPH20; Halozyme Therapeutics, Inc.).
These four products are Rituxan Hycela® (rituximab and hya-
luronidase), Darzalex Faspro® (daratumumab and hyaluroni-
dase-fihj), Herceptin  Hylecta®  (trastuzumab  and
hyaluronidase) and Phesgo® (pertuzumab, trastuzumab, and

Viscosity reducing agents used in formulations of

L-lysine hydrochloride (n =1)

L-arginine (n =3)

L-Proline (n = 4)

approved HCAPs

Glycine (n = 4)

sodium chloride (n = 5)

L-arginine hydrochloride (n
=6)

Figure 13. Viscosity reducing agents used in formulations of approved HCAPs (n=23). The number of products that contain a viscosity reducing agent (n) in
parenthesis. Among the reviewed 46 HCAPs, there are 23 instances wherein viscosity reducing agents (i.e., arginine and its hydrochloride salt, proline, lysine

hydrochloride, glycine, and sodium chloride) were used.
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hyaluronidase-zzxf). It is worth mentioning that Nucala® (SOL
dosage form) and Cosentyx® (SOL dosage form) contain
EDTA and methionine, respectively, which are not found in
their respective LYO dosage form products.

Primary containers (vial vs prefilled syringe vs auto
injector or prefilled pen)

The three types of primary packaging configurations that are
typically used for mAb drug products are as follows: 1) glass
vials, 2) glass PFS, and 3) glass cartridges. Non-glass polymeric
materials, such as cyclic olefin polymer, have also been recently
used for biologics requiring ultra-low temperature storage. For
example, West’s Daikyo Crystal Zenith® (CZ) vials (cyclic
olefin polymer) are used for packaging of Imlygic™ (talimogene
laherparepvec). CZ vials offer a break-resistant, high-perfor-
mance alternative to glass for complex drugs. Biologics man-
ufacturers have effectively used PFS as a primary packaging
configuration.'** The PES offers some unique advantages com-
pared to vials, wherein the drug can be administered directly
by the patient or the caregiver with minimal drug preparation
and manipulation prior to administration. PES also offers the
advantage of requiring fewer drug overages as compared to
vials and minimizing drug wastage. Several PFS products also
have an added safety device that protects the caregiver from
accidental needle stick injury. Additionally, PFS has been
further developed into AI, thereby offering some unique
administration advantages. While the AI or PES offer conve-
nient administration and delivery options for the drug, the
primary packaging in such systems is still a glass container.
Glass vials are typically made of USP Type 1 glass. Although
glass containers are inert and generally provide a stable envir-
onment for biologics storage, there have been issues with glass
vials during long-term storage, resulting in product recalls due
to glass delamination that leads to the appearance of glass
particles in solution.'”> Glass delamination can occur when
thin layers of glass become detached from their container and
leach into solution. Since certain formulation buffers and their
pH can accelerate glass delamination, the selection of primary
packaging components becomes an extremely critical aspect of
successful parenteral drug product development.

One final aspect when considering primary packaging com-
ponents for biologics drug product is the type of rubber stop-
per used. Generally, polymer-coated rubber stoppers, which
are known to be inert toward biologics and do not induce
instability or protein aggregation, are used. While this may
seem unlikely, the material used by the rubber stopper can
leach into the drug solution and contribute toward product
immunogenicity. The above discussion highlights the impor-
tance of rational selection of primary packaging components
for storage of parenteral product.

Two main types of prefilled syringes that can be used for
biologic drug products are the staked needle syringe in which
the injection cannula is already pre-attached, and the Luer
Lock syringes in which the user attaches a hypodermic needle
prior to injection. Staked needle syringes are popular, as the
needle is attached and does not require much preparation
prior to dosage administration. To efficiently deliver the drug
solution, the PFS barrels are siliconized. As silicone oil-

inducing protein aggregation and subvisible particle formation
in biologics solutions have been reported,'**”'*” appropriate
development studies should be performed to evaluate the
sensitivity of each biologic drug to silicone oil.'*”'*®

Of the 46 HCAP products reviewed here, the most preva-
lent primary packaging configuration was glass vials (n =25)
(Figure 14). One product is marketed in both a vial and PFS
presentation, and a total of 20 products are marketed in PFS
presentations. While vials might be most prevalent, PFS packa-
ging has become increasingly popular in recent times. Among
the 20 products marketed in PFS presentation, 5 products are
marketed only as PFS, 10 products are marketed as both PFS
and Al presentations, and 4 products are marketed as both PFS
and prefilled pen. For both Al and prefilled pens, the primary
packaging is still a PES. Repatha® is marketed as PFS, Al and a
prefilled cartridge, which is administered using an on-body
infuser (Pushtronex® system). The higher prevalence of glass
vials as primary packaging components for HCAPs is logical
because glass vials can be used for both LYO and SOL for-
mulations. PFS are certainly gaining popularity as primary
packaging components because of the unique at-home self-
administration advantage they offer, thereby ensuring treat-
ment flexibility, patient compliance, and positive treatment
outcomes.

Subcutaneous delivery of large volume HCAPs using
hyaluronidase

ENHANZE"® drug delivery technology enables the SC delivery
of >2 mL doses of therapeutic mAbs. This technology is based
on the use of a proprietary recombinant human hyaluroni-
dase PH20 enzyme (rHuPH20; Halozyme Therapeutics,
Inc.)."**""*! Among the HCAP products we review here,
Rituxan Hycela® (rituximab and hyaluronidase), Darzalex
Faspro® (daratumumab and hyaluronidase-fihj), Herceptin
Hylecta® (trastuzumab and hyaluronidase), and Phesgo® (per-
tuzumab, trastuzumab, and hyaluronidase-zzxf) are co-for-
mulated with rHuPH20. Hyqvia® (Immune Globulin Infusion
10% (Human) with Recombinant Human Hyaluronidase) is
supplied as a dual vial unit, with one vial for Immune
Globulin Infusion 10% (Human) and one vial for hyaluroni-
dase. The Immune Globulin Infusion 10% is to be sequen-
tially administered subcutaneously following an initial
administration of the hyaluronidase. With several products
already approved, it may not be surprising to see more
HCAPs adapting to the ENHANZE drug delivery technology
and co-formulation of the mAbs with hyaluronidases.

Fixed dose combinations

The introduction of FDC therapies, which contain two or
more protein drugs in a specific product presentation, has
contributed to the evolution of the mAb formulations land-
scape. This type of dosing regimen has two main advantages:
1) it is less complicated, and 2) it eliminates the need for dose-
calculation based on body weight, thereby reducing errors in
dosage. Among the HCAPs reviewed here, only two are FDC
products, REGEN-COV*® and Phesgo.
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Primary packaging configuration of approved HCAPs

PFS and PFS in
Pen (n=4)

PFS and PFS in an
Autoinjector (n =
10)

Prefilled Sryinge
(PFS) (n=5)

Vial and Prefilled Syringe
(PFS) (n=1)

PFS, PFS in Autoinjector and prefilled cartridge
in on-board infusor (n=1)

Vial (n = 25)

Figure 14. Primary packaging configuration of approved HCAPs (n =46). The primary packaging configuration for each of the HCAP, number of products (n) in

parentheses, and the total number of HCAPs is 46.

REGEN-COV® (casirivimab and imdevimab), which targets
SARS-CoV-2 spike proteins in patients infected with the virus.
The FDA issued an EUA for this product. REGEN-COV® (co-
formulated casirivimab and imdevimab) is supplied as 600 mg/
600 mg per 10 mL (60 mg/60 mg per mL) in a vial. Individual
packages are also available for casirivimab and imdevimab,
which are supplied as 1,332 mg/11.1 mL (120 mg/mL) or 300
mg/2.5 mL (120 mg/mL) for each of the antibodies. The FDC
and individual antibodies can be given by IV infusion or SC
administration. The SC administration of the co-formulated
casirivimab and imdevimab involves administering 2.5 mL of
the formulation using 4 different syringes prepared from the
vial.

Phesgo (pertuzumab, trastuzumab, and hyaluronidase-zzxf)
injection is another FDC, which is supplied in two product
presentations. The first product contains 1200 mg pertuzu-
mab, 600 mg trastuzumab, and 30,000 unit hyaluronidase/15
mL (80 mg, 40 mg, and 2,000 units/mL) solution in a single-
dose vial. The second product contains 600 mg pertuzumab,
600 mg trastuzumab, and 20,000 unit hyaluronidase/10 mL
(60 mg, 60 mg, and 2,000 units/mL) of solution in a single-
dose vial. Although only two HCAPs have used this approach
so far, the fixed dose approach is a viable option for delivering
combination therapeutics.

Conclusion

As discussed below, our review of 46 approved HCAPs has
enabled us to draw a number of observations about high
concentration antibody drug products.

Formulation excipients and stabilization

Histidine is the most widely used buffer, sucrose is the most
widely used tonicity agent and sugar stabilizer, several HCAPs
use two or more amino acids as formulation excipients, poly-
sorbate 80 is the most widely used surfactant, arginine is the

most widely used viscosity lowering agent, EDTA is used as a
chelator in some HCAPs, and some HCAP products use
methionine as an antioxidant. All these excipients are used in
a unique combination and at distinct concentrations for each
drug product to reduce protein aggregation, increase stability,
mitigate viscosity, and ultimately provide a stable commercial
HCAP.

Amino acids as stabilizers

Several HCAP products use only amino acids (and their
respective salts) and surfactants as stabilizers and do not con-
tain sugars or non-amino acid buffers (e.g., Xolair® SOL dosage
form, Enspryng®, and Hemlibra®). As many as four different
amino acids (and their respective salts) are used in stabilizing
some HCAPs (e.g., Aduhelm®, Evkeeza®, and Actemra®). These
products also contain only amino acids and surfactants as
stabilizers and do not contain any sugars or non-amino acid
buffers.

Buffer-free HCAPs

HCAP can be formulated and stabilized without any buffer.
Humira® is an example of such a “buffer-free” or “buffer-less”
formulation.

Protein concentration

HCAP with a protein concentration as high as 200 mg/mL has
been successfully developed and commercialized.

Dosage form

Solution dosage forms are preferred over lyophilized dosage
forms for the obvious advantages they offer. Only four HCAPs
are LYO and all four of these products are also approved and
marketed as SOL dosage forms.
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pH of formulation

Most HCAPs are formulated in a pH range of 5-6.

Route of administration

SC administration is the most preferred route.

Primary packaging

The primary packaging configuration also plays a key role in
product administration as the SC route relies heavily on at-
home administration, explaining the prevalence of the Al and
prefilled syringes for administration. Storage is also a large
consideration for mAb therapies, hence why the glass vial
packaging was the most prevalent packaging configuration.

ENHANZE® drug delivery technology

Several HCAPs utilize ENHANZE® drug delivery technology.
This technology is expected to be increasingly used to enable
SC delivery of high concentration antibody therapeutics soon.

Fixed dose combinations

Few HCAPs are FDCs. The number of approved FDCs is
expected to increase in the future as they enable convenient
combination therapy.

There is a tremendous urgency and need for the develop-
ment and commercialization of mAb products that exceed
>200 mg/mL, especially in treating immune-related disorders
that require higher doses (>30-50 mg/kg) delivered by SC
administration. To achieve higher mAb concentration, high
solution viscosity poses a major technical hurdle that needs to
be overcome. Substantial research and development efforts are
ongoing in both academia and industry to identify and develop
novel excipients and FDA-approved excipient combinations to
reduce the viscosity of high concentration mAb products. The
use and approval of novel excipients in biologics formulations
has been slow, but the FDA’s Center for Drug Evaluation and
Research has recently launched the voluntary Novel Excipient
Review Pilot Program, which is intended to allow excipient
manufacturers to obtain FDA review of certain novel excipi-
ents prior to their use in drug formulations

Other novel formulation processing technologies include
Xeris Pharma’s XeriJect technology and Elektrofi’s particle
suspensions technology. Xeris Pharma claims to have devel-
oped formulated suspensions with a protein concentration in
excess of 400 mg/mL, far exceeding current aqueous formula-
tion systems with maximum achievable protein concentrations
of 50-250 mg/mL. Elektrofi claims their technology has been
used to produce concentrations greater than 400 mg/mL with-
out exceeding viscosity limits and while preserving the full
activity of the biologic. These and other yet-to-be disclosed
technologies in development could lead to HCAPs that not
only exceed 200 mg/mL product concentrations but also pos-
sess other advantages, such as room temperature stability,
which would eliminate cold-chain requirements during sto-
rage of bulk drug product in smaller containers and

transportation of final drug product to clinical sites and phar-
macies in smaller container and delivery systems. Such inno-
vative technologies may also lower the overall cost of many
therapeutic mAbs that have proven to be lifesaving but expen-
sive to patients.

Abbreviations
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