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Abstract

While it is well known that proteins are only marginally stable in their folded states, it is often less
well appreciated that most proteins are inherently aggregation-prone in their unfolded or partially
unfolded states, and the resulting aggregates can be extremely stable and long-lived. For
therapeutic proteins, aggregates are a significant risk factor for deleterious immune responses in
patients, and can form via a variety of mechanisms. Controlling aggregation using a mechanistic
approach may allow improved design of therapeutic protein stability, as a complement to existing
design strategies that target desired protein structures and function. Recent results highlight the
importance of balancing protein environment with the inherent aggregation propensities of
polypeptide chains.
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Controlling aggregation is a key to successful biopharmaceutical products

Protein-based pharmaceuticals are among the fastest growing categories of therapeutic
agents in the clinic and as commercial products, and typically target high-impact areas such
as various cancers, auto-immune diseases, and metabolic disorders [1,2]. Although
commercial scale purification processes typically result in high purity, “monomeric” protein
when products are first manufactured, most if not all therapeutic proteins will form net
irreversible aggregates over time as products are stored, transported, and/or administered to
patients [3,4]. At a minimum, aggregates are an impurity that must stay within product
specifications so as to meet the requirements of regulatory agencies — typically, these are
small amounts of aggregate on a mass percentage basis (e.g., only a few percent of the total
protein material, with minimal changes over the time scale of a year or more). However,
more recently there has been growing concern and evidence that the presence of aggregated
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proteins (even humanized or fully human proteins) can significantly increase the risk that a
patient will develop an immune response to the active protein monomer. This can result in
the patient becoming “immune” to the drug — i.e., the drug no longer is effective for the
patient — and in rare cases it may also cause serious safety issues [5]. Becoming drug-
tolerant is a serious problem, as many of these drugs treat chronic, life-altering or life-
threating illnesses, and there are not typically many or any competitor products available for
patients that are resistant to a given drug. In extreme and rare cases, patients have developed
an immunity to their own endogenous proteins, as in the case of pure red cell aplasia [6].

It remains unclear and somewhat controversial whether all aggregate types are potentially
immunogenic, and how additional clinical factors can affect immunogenicity [5,7-9]. As a
result, it is not known a priori which aggregate species are most important to control.
Therefore, regulatory agencies must err on the side of caution and require that the properties
and amount of all detectable aggregate species be well controlled, reproducible, and
monitored experimentally in therapeutic protein products [8-10]. A large amount of time,
effort, and financial resources can be expended to address these factors during development
of protein-based therapeutics for clinical trials and commercial manufacturing. A better
understanding of the molecular nature of how different aggregates form, which aspects of
the protein molecules and their sample environments mitigate this process, and whether or
how aggregation can be prevented altogether, could significantly reduce the time to market,
cost to patient or insurer, and potential immunogenicity of future therapeutic products.

Protein aggregation (sometimes referred to as non-native aggregation) denotes the
process(es) by which protein molecules assemble into stable complexes composed of two or
more proteins, with the individual proteins denoted as the monomer. The monomer could be
composed of a single folded chain, multiple protein chains that are disulfide bonded to one
another — such as with monoclonal antibodies (MAD), or a natively multimeric complex.
Aggregates are often held together by strong non-covalent contacts, and require some degree
of conformational distortion (unfolding or misfolding) in order to present key stretches of
amino acids that form the strong contacts between monomers (Figure 1). This type of
aggregation is very difficult to reverse (e.g., the aggregates do not dissociate to a significant
degree upon dilution or shifts in pH). Aggregation of this kind is distinct from protein
assembly in the context of protein crystallization [11] and protein-protein binding that
involves stoichiometric complexes of folded proteins[12].

From an immunogenicity perspective, the key features of protien aggregates are: that they
do not easily dissociate in vivo (aggregation is effectively irreversible), and that they retain
some fraction of their original folded secondary and/or tertiary structure. The combination of
these features contributes to making aggregates more prone to elicit an immune response
when compared to the parent monomer [7,13,14], although it is anticipated that even the
parent monomer could be immunogenic for some choices of human sequences [15]. Protein-
based vaccines offer a useful example of these principles when immunogenicity is desirable:
they are much more effective at eliciting an immune response when they are presented as
many proteins assembled on an adjuvant particle that is similar in size to protein aggregates;
conversely, the free monomer protein elicits little or no immune response [16].
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A mechanistic view of protein aggregation can help to motivate current and recently
developed strategies to control the aggregation processes, and provide context for next-
generation approaches based on engineering new proteins or redesigning existing proteins to
imbue them with greater aggregation resistance. The aggregation propensity and behavior of
a given protein is also dependent on its environment, i.e. the solution pH, ionic strength,
concentration of co-solutes, and exposure to different bulk liquid-fluid and liquid-solid
interfaces. There are inherent difficulties in achieving active and properly folded protein
therapeutics, while also balancing their inherent propensities to form aggregates. This
review presents how and why a mechanistic approach to design and control of aggregation
can be valuable, as well as highlighting areas for improvement. It also outlines some
principles that can be useful for improving protein stability in a final product, and that aid in
selecting design metrics during discovery stages when different protein candidates and/or
classes are being evaluated.

Mechanisms dictate formation rates and key characteristics of aggregates

Therapeutic proteins, such as MADbs, can form different types of aggregates (Figure 1). A
folded MADb contains two identical Fab (antigen binding) regions or domains, and one Fc
(conserved) region or domain. The Fab domains contain the amino acid sequences that
determine the specificity and affinity of a given MADb to a given epitope. Some degree of
conformational distortion or “misfolding” is typically needed to allow highly aggregation-
prone stretches of amino acids (so called “hot spots”) to become exposed and available to
form strong inter-protein contacts between the proteins that make up an aggregate.

Aggregation-prone sequences may exist in more than one place within the same protein
[17]. These may become exposed transiently via local or partial unfolding (structural
distortion) of an initially folded monomer, or if one first forms small, reversibly folded
oligomers or “clusters” [18]. Under conditions in which the folded state is favored over the
unfolded states, monomers can initially self-associate reversibly (Figure 1, left) either as
folded or partially unfolded species. These early stages are reversible, at least putatively,
because there are kinetic bottlenecks that allow the hot-spot sequences to sample
conformations that enable strong interactions between chains of adjacent proteins [19]. The
forces that drive folding of an isolated protein molecule are also present when two or more
protein chains interact with one another. The same forces that drive folding also drive
aggregation, and as a result, “hot spot” sequences tend to be stretches of amino acids that are
highly hydrophobic, lack charges, and are prone to form beta sheets when paired with
adjacent strands (Box 1) [20].

Experimentally, the rate-limiting steps for aggregation typically occur after unfolding,
except in the case of extreme temperatures, in which unfolding is rate-limiting. As such,
experimental measurements often cannot qualitatively distinguish between unfolding before
association and association before unfolding [19]. The former is supported by indirect
assessments in which monomer conformational stability explains the temperature
dependence of aggregation quantitatively or semi-quantitiatively [21-24]. The latter is
supported by indirect assessments such as correlations of aggregation rates with the
solubility (or chemical potential) of folded monomer [18].
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The smallest irreversible aggregate species are sometimes termed “nuclei”, by analogy with
nucleated polymerization or nucleated phase transitions. Such analogies to nucleation-and-
growth processes imply that subsequent growth stages (Figure 1, right) are much faster than
the creation of new nuclei [19]. However, in practice, aggregates do not always grow to
macroscopic length scales (> 10 to 102 microns), and instead remain as soluble oligomers
and multimers [18,25,26]. In either case, irreversible aggregation involves multiple events,
each of which are thermodynamically and/or kinetically unfavorable under most solution
conditions that are selected for manufacturing, storage, and administration of therapeutic
proteins. As a result, the net rates of aggregate creation are rather low, with target product
shelf lives on the order of two or more years in most cases [4,27].

The overall process of aggregation for proteins in this context is not under thermodynamic
control, and is therefore path-dependent. Steps that are “upstream” of the rate-limiting steps
will pre-equilibrate, and the relevant parameters for those upstream steps can be determined
thermodynamically [21,28-30]. However, the identities of the species that are ultimately
formed “downstream” depend on the irreversible path or paths that dominate for a given
sample condition, as well as history and lifetime of the sample. Ultimately, a combination of
the sample conditions and the protein sequence and structure determines what types of
aggregates are formed [25,31,32].

Aggregated proteins are expected to be more immunogenic than their parent monomers. It is
currently speculated or inferred from animal studies that the severity of immune responses
also depends on the native-like residual structure in aggregates and the size of the
aggregates, which indicates the number of repeating epitopes that are presented [13,33]. As
such, aggregates should not be conceptually “lumped” into a composite pool, but need to be
scrutinized for their differences in size, local or residual folded structure in the constituent
monomers, and their “morphology.”. The term morphology refers to the three dimensional
geometry of how the monomers are “packed”, such as whether the aggregates are linear or
branched polymers, rodlike or globular assemblies, etc. Portions of a given aggregate
species could be more or less “ordered” in terms of local packing or secondary structure.
Therefore, unlike for aggregates of small peptides or intrinsically disordered polypeptides,
denoting aggregates of initially folded proteins as simply “ordered” or “amorphous” would
neglect their molecular-scale structural features [34].

Which mechanisms prevail?

Multiple aggregation pathways exist and can even occur in parallel: growth can occur by
monomer addition, aggregate agglomeration, or phase separation, each leading to different
types of aggregates (Box 2). Unfortunately, it is not yet possible to predict which pathways
will be most prevalent for a given protein and choice of sample conditions. One could argue
that the “intrinsic” aggregation propensity (IAP) of protein would be that of its fully
unfolded amino acid sequence. Statistical algorithms exist to rank stretches of amino acids
by similarity to aggregation prone sequences in polypeptide databases. However, it is very
difficult to predict or detect whether such “hot spot” sequences are actually exposed in real
proteins unless they exist in solvent-exposed loops or on the surface of folded proteins.
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If one focuses on the interactions between proteins with exposed “hot spots”, then changes
in sequence that alter those “hot spots”, or other amino acids (e.g. charged residues) that
cause inter-protein repulsions, could alter IAP [19,35]. As such, the IAP of a protein is an
inherent function of its primary structure and the residual secondary and tertiary structure in
its aggregation-prone intermediates [19]. The interactions between “hot spots” on
neighboring proteins may be mitigated or eliminated altogether by altering the sequence if
the hot spots can be identified correctly [35-37]. In general, there can be multiple “hot
spots” within the same protein, and the structural identity of the key partially-unfolding
monomer intermediates that participate in aggregation may change with solution conditions
(e.g. pH, ionic strength, temperature, pressure, dissolved co-solutes, etc.) [17,38].

The solution environment, adsorption to bulk interfaces, or chemical degradation can alter
the concentrations of intermediates and the interactions between them. There is therefore no
sole mechanism for aggregation. Although the range of possible aggregation pathways has
not been elucidated experimentally for many proteins, it has been mapped out to a
reasonable extent for at least one MAb [25], and a globular protein under analogous solution
conditions [31]. Based on these examples, as one increases the pH far above the pl of a
protein, and/or reduces the ionic strength of the solution, protein aggregates do not grow as
easily, and vice-versa (Figure 2), consistent with results from a number of MAb systems
[25,32,39-44], an eye lens crystallin [36,45], an aggregation-prone cytokine [46,22], and
model globular proteins [34,31].

Aggregation still occurs upon unfolding. The electrostatic repulsions are not sufficient to
completely stop the “hot spot” regions from forming strong contacts, because those “hot
spots” are often highly hydrophobic stretches of amino acids. This highlights a balance
between the portions of the protein that drive aggregation and those that resist it (or at least
slow its progression). In some cases, aggregation does not proceed beyond small oligomers,
possibly because there is a monomer-oligomer equilibrium that is mediated by electrostatic
repulsions, and specific salt effects [25,40,42,43]. Moving from the lower left to the upper
right in Figure 2, electrostatic repulsions become weaker and short-ranged. Although growth
occurs initially via addition of aggregation-prone monomers, subsequent growth becomes
dominated by aggregate-aggregate coalescence and even phase separation of the previously
formed aggregates [25,31,32,40,43].

Phase-separation or precipitation of proteins can also occur without a significant
conformational change (e.g., “salted out” native aggregates). Such aggregates are distinct
from the species of interest here because phase-separation and precipitation can be
reversible upon dilution or shifts in solution conditions. Phase-separated or precipitated
proteins are better considered in the context of a reversible amorphous solid-liquid or liquid-
liquid transition [47]. Experimentally, precipitation of folded monomers is often accelerated
by cooling. This is opposite to what is expected for non-native aggregation, although cooling
does lead to higher aggregation rates or greater precipitation for non-native aggregation in
some cases [47-49]. More generally, when solution conditions change, the chemical
properties of unfolded species may change, leading to aggregation by different mechanisms
than in previous conditions. Additionally, the overall aggregation rates at a given
temperature can change dramatically as the net charge of the proteins decrease (Figure 2).
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This occurs because of the altered conformational stability of the parent monomer (Box 2).
As a result, the net effect on aggregation rates can be a complex function of pH and ionic
strength [17,25,31,41].

aggregation resistance

Multiple factors must be accounted for when attempting to prevent (through protein design
or controlling solution conditions) certain or all types of aggregates from forming on
practical time scales. The choice of solution conditions and the material for the sample
container are part of how a given protein is “formulated” to optimize its stability, along with
other drug-product properties, and have been reviewed extensively elsewhere [3,4,10,50].
This section focuses on protein design or engineering through the alteration of protein
sequence and structure by mutagenesis. Protein design is much more complex than simply
eliminating aggregation-prone sequences (Box 1). For example, simply eliminating large
stretches of hydrophobic amino acids from a folded will likely also disrupt folding. As such,
there must be a balance between ameliorating aggregation and ensuring proper folding.

Engineering or alteration of “wild-type” protein sequences is a long-standing strategy when
considering design targets such as improved or altered protein-ligand binding, enzyme
folding, stability, and activity, and in vivo folding and expression levels for recombinant
proteins [51-58]. Introducing changes in the amino acid sequence to influence key steps for
in vitro aggregate formation of therapeutic proteins has received more attention only in
recent years [36,59-68]. Most approaches implement one of a few main strategies: (i)
experimental screening techniques that can empirically test large protein libraries to identify
candidate proteins that are less prone to misfold or aggregate (e.g., when exposed to heat
stress), (ii) knowledge-based approaches such as comparing structures and sequences of
analogous proteins from different organisms that have evolved to tolerate stresses that
promote aggregation, (iii) applying mechanistic knowledge of which relevant physical and
chemical factors may predispose a given protein to aggregate. The former two strategies are
informatic in nature, and do not rely on understanding the underlying physical mechanisms
that mediate aggregation. As such, they also cannot easily determine “why” a given protein
variant is more or less aggregation-prone. In contrast, the third strategy offers a means to
address key aspects of protein design to control both aggregation rates and the properties of
aggregates when they do form.

There are many different experimental and computational methods for searching through the
extremely large number of possible mutations one could select for a given starting protein
sequence. Consistent with the stages involved in “nucleating” new aggregates, approaches
for searching the protein “design space” can be categorized as those for identifying
sequences that either (i) lower the free energy of the folded state to decrease the populations
of unfolded monomers that have exposed “hot spot” regions for aggregation, (ii) make
relatively non-specific interactions between folded proteins or unfolded proteins more
repulsive, and interactions between proteins and solvent more favorable, or (iii) reduce or
eliminate “hot spots” that are inferred to have highly specific, strong interactions between
polypeptide chains.
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Each of the different approaches has met with some degree of success. Examples include:
cellular libraries that have identified proteins that are more resistant to aggregation upon
heat stress [66,69], screening of protein expression levels as a metric for aggregation
propensity [70], systematic enumeration of variable-domain sequences in antibody
fragments to improve heat-stress stability [53,61], computational algorithms to
“supercharge” a protein surface without sacrificing folding stability [60], structure-based
approaches to improve domain-domain interfaces of multi-domain proteins so as to drive
(re)folding over aggregation [71-73], and a priori computational design to improve folding
and/or binding [36,74,75] or reduce “hot spots” [36,62,76]. Some of these examples are
qualitatively or quantitatively mechanistic in nature, whereas others are phenomenological
or empirical screens.

Given that this field is much less developed than those that focus on protein function or
folding, this review does not advocate for any particular mechanism-guided strategy, but
rather stresses the importance of adopting such strategies in the future. Using approaches
that only focus on elimination of insoluble or precipitated aggregates, or “amyloid”
aggregates, are of limited utility in the context of pharmaceutical proteins. Insoluble or
amyloid aggregation are extreme conditions that belie the importance of smaller aggregates
and so-called sub-visible particles that current evidence indicates are of greater concern for
immunogenicity in animal models [5]. This is perhaps more a question of how one
implements mechanistic design, because such implementation requires more than a reliance
on simple or “lumped” assays such as turbidity or dye-binding [77]. If one does not test
experimentally how changes in protein sequence or environment affect different mechanistic
stages of aggregation, then it is not possible to critique current or new design criteria that
target a given step or steps in the aggregation mechanism. There is therefore room for
improvements in both protein design and subsequent experimental characterization.

In the large majority of cases where mechanism-inspired or mechanism-guided design has
been tried, the implicit or explicit assumption is that the mutations in question primarily
affect only one of the steps involved in aggregation. While this may be the case, few
reported studies have actually experimentally confirmed which stages in the aggregation
process were qualitatively or quantitatively altered by a given mutation. Common practice is
to create a given protein variant or set of variants, and then perform a “stress test” on them
to check if experimental estimates of aggregation rate or propensity are different than wild-
type. Some of the most common stress tests include: thermal ramping to determine the onset
temperature of visible precipitation, monitoring dye-binding or turbidity, and measuring
shifts in calorimetric responses or spectroscopic signals during heating scans [71].

These simple sorts of tests must be used with caution, as the net process of aggregate
formation and growth involves multiple steps, and no single assay can presently distinguish
the different contributions [77]. This may be acceptable if one is only interested in selecting
protein variants that do not form the most easily detectable aggregate species. However, the
common stress tests need to be supplemented with additional experimental characterization
if mechanism-based algorithms are to be improved. In cases where, for example, changes in
conformational stability are compared to changes in aggregation rates for variants that were
designed to lower free energy of the folded state, there often are outliers that clearly indicate
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other factors affecting aggregation have changed as a result of mutations that were intended
to alter only monomer unfolding [36,78,79]. In at least one case, a mutation that was
introduced to reduce aggregation by eliminating hot spots was found to inadvertently harm
conformational stability. However, the change in protein-protein interactions was sufficient
to offset this detriment, and overall it resulted in a net aggregation-resistant variant [36].
Ultimately, if one seeks to gain or claim mechanistic insight regarding aggregation from
mechanism-guided protein design, then a posteriori experimental characterization of stages
in the overall aggregation process should be tested orthogonally. This will also allow for
better assessments of which design strategies are quantitatively more effective than others.

Concluding remarks and future perspectives

Many of the examples above and elsewhere in the literature focus primarily on aggregation
from the perspective of creation of the initial aggregate species, or implicitly lump all
aggregation processes together. For example, designs that eliminate hot spots are often
tested with data based upon the “growth” phase in polypeptide aggregation [35,63,80], but
the experimental rates are actually a convolution of nucleation and growth [19,77]. Existing
computational tools focus predominantly on predicting one of the following: changes in
conformational stability (folding or unfolding) for isolated protein chains, changes in
monomer-monomer interactions as folded proteins, or changes in strong “binding”
propensities of hot-spot peptides as if they were fully solvent exposed and able to aggregate
as excised polypeptides. Available algorithms do not account for different growth
mechanisms of aggregates, or for additional pathways such as adsorption to bulk solid-
liquid, liquid-liquid, or liquid-vapor interfaces.

Furthermore, most computational algorithms are narrowly focused on physiological
conditions that are of questionable relevance for many pharmaceutical proteins. Very few
protein drugs are processed or formulated and stored as final products at neutral pH or salt
concentrations that are isotonic with blood plasma, for a variety of practical reasons [81]. It
is promising that recent efforts highlight the importance of charged amino acids in protein
conformational stability [54,55], as pH is one the most important adjustable factors in
protein formulation [75]. In addition, the favorability of solvent exposure of different amino
acids depends on the presence of neutral and charged co-solutes such as sugars, salts, and
buffer species that are common additives in pharmaceutical products [33,75,76,77].
Although there is clear experimental evidence that these additives differentially affect the
exposure of different amino acids, there is little or no acknowledgement by most available
algorithms that the “solvent” is not just water, and near-neutral pH and isotonic salt
concentrations are far from the relevant conditions for many technological or commercial
applications of proteins.

In general, one must bear in mind that aggregation and different aggregation pathways and
rates are a function of both the protein and its environment. There is a clear need for
improved design algorithms that account for many or all of these factors when using protein
engineering to control aggregation in the context of many biotechnology applications, not
just for therapeutic proteins (Box 3).
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Box 1
Folding and aggregation are driven by the same forces

The molecular scale interactions that dictate the folded structure and stability for a given
sequence of amino acids include: (i) geometric constraints due to chemical bonds and
avoidance of steric overlaps, (ii) loss or gain of chain entropy due to folding or unfolding,
(iii) electrostatic repulsions between amino acids with the same charge (positive or
negative), (iv) electrostatic attractions between amino acids with opposite charges, (v)
van der Waals interactions (relative to those with solvent) between backbone and side
chain atoms, (vi) hydrogen bonding (mostly between backbone atoms), (vii) hydrophobic
attractions between nonpolar side chains. Contributions (i) to (iii) resist folding, whereas
contributions (iv) to (vii) promote folding. The delicate balance of these large, competing
contributions leads to a relatively small number of possible molecular configurations that
will provide a structured, folded state that is significantly lower in free energy than the
ensemble of significantly unfolded structures. This is a fundamental basis for why protein
structures are dynamic, and there is constant sampling between folded and (partially)
unfolded structures, even under conditions where the folded state is predominant [84].

However, many of the same forces that must be in balance to ultimately allow folding of
a single, effectively isolated, protein chain must also be present between two or more
protein chains once one considers finite protein concentrations. The balance of
interactions (i) to (vii) is difficult to achieve, and only a small number of different
secondary structure motifs are observed to be significantly stable in folded proteins. In
rough terms, these can be grouped into helices and different beta-sheet motifs. Helices
are stabilized by contacts that require amino acids to be near each other in the
polypeptide sequence (e.g., hydrogen bonding occurs between the backbone atoms on
residue n and n + 4, for the amino acids in an a-helix). Sheets form from strands of
amino acids that are distant from one another in the amino acid sequence, and are
stabilized by (iv) to (vii). For an unfolded protein, strands from different proteins can be
stabilized by forming sheets between proteins, presumably while paying a smaller
entropic penalty than forming sheets within the same protein, and are empirically
observed to be the predominant secondary structural motif that occurs in stable
aggregates. A common example for polypeptides and natively unfolded (or intrinsically
disordered) proteins is that of amyloid.
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Box 2
Colloidal electrostatic interactions influence on unfolding and aggregation

Electrostatic interactions between two charged molecules or side chains is fundamentally
given by Coulomb's law, Ejj ~ gjq; / rjj, with E;; denoting the magnitude and sign of the
interaction between moieties i and j (Ejj > for repulsive interactions, and vice versa), gi
and g; are the respective charges on i and j, and rj; is the center-to-center distance
between them. In a solution containing dissolved salt(s) and/or buffer species, Ej; is
modified due to net electric field provided by all of the positively and negatively charged
species in solution that surround charges i and j. To a first approximation, Ejj is
proportional to g;gj exp(-«fij) / rij. There is a “screening length”, 1/x; that dictates the
length scale over which charges i and j can feel electrostatic attractions or repulsions
(more precisely, how quickly the magnitude of E;j; decays as the separation between i and
j increases). For a given choice of salt (e.g., NaCl or KCI), the magnitude of x increases
as salt concentration increases [85,86].

Changing pH changes the net charge and charge distribution on a protein and this
changes the net inter-protein and intra-molecular repulsions or attractions. To a first
approximation, this does not alter the non-electrostatic attractions between proteins or
within proteins due to favorable van der Waals contacts and hydrophobic attractions.
Therefore, decreasing the net charge on the proteins ultimately can result in strong
attractions. Greater charge-charge repulsions within a protein can increase the unfolded
population(s) because the charges are able to maintain larger rjj values in the unfolded
state(s). The aggregation “hot spots” are so strongly attractive (e.g. due to hydrophobic
interactions) that they are still able to bind and form stable nuclei, albeit perhaps more
slowly because of the higher charge-charge repulsions between proteins

Compared to monomer-monomer interactions, the monomer-aggregate and aggregate-
aggregate repulsions are even greater because a protein in an aggregate « feels the
repulsive charges from multiple proteins in its neighboring aggregate £, and to a lesser
extent a monomer trying to add onto an existing aggregate « or f feels those additional
repulsive forces. The magnitude of this effect depends on both net charge and x; and this
causes aggregate growth to be suppressed at sufficiently high net charge and r. It also
causes growth by monomer addition, followed by growth by aggregate-aggregate
coalescence, to become prevalent as net charge or k decrease. The figure here
schematically illustrates the effects described above.
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Box 2 — Figure I.
Aggregation propensity based on net charge and screening length.

Trends Biotechnol. Author manuscript; available in PMC 2015 July 01.



Roberts Page 18

Trends Biotechnol. Author manuscript; available in PMC 2015 July 01.



1duosnue Joyny vd-HIN 1duosnue N Joyny vd-HIN

1duosnuel Joyiny vd-HIN

1, Partly \
Partly Unfolded  Unfolded

Page 19

Oligomers &
Soluble Filaments

Monomers “clusters”

N,
Folded
“clusters”

Macro. Particles
& Phase Sep’'n

Agglomerated
Aggregates

Figure 1.
Schematic diagram illustrating multiple non-native aggregation pathways for a multi-domain

protein such as a monoclonal antibody composed of a single Fc fragment and two identical
Fab fragments. Red strands denote “hot spot” sequences that are prone to form strong,
effectively irreversible inter-protein contacts that stabilize aggregates, but are primarily
hidden or buried in fully folded monomers. Double-arrows denote effectively reversible
steps. Single arrows denote irreversible steps. Nuclei are defined as the smallest net-
irreversible aggregate size; growth from nuclei to form soluble aggregates spanning length
scales on the order of 10 to 102 nm occurs primarily via addition of other partly unfolded
monomers (upper right) or by the agglomeration of existing aggregates (lower right)
[19,25,39,40]. Aggregates can become visible to the naked eye if they are sufficiently large
and/or undergo phase separation [87-89]. If unfolding / aggregation is mediated by protein
adsorption to bulk interfaces [90-92], and/or chemical changes such as deamidation [93—
95], oxidation and other reactions [96,97], or fragmentation [98,99], then additional steps
may also be kinetically important in the possible aggregation mechanism(s).
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Figure 2.
Schematic illustrating shifts in aggregation mechanisms and examples of aggregates that do

not grow easily (see also Box 2), to those grown by monomer addition (lower left image,
from [46]), aggregate agglomeration to form globular aggregates (middle image, from [44]),
and aggregate phase separation to form macroscopic particles (upper image, from [87]].
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