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attribute criticality through clinical studies
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Recombinant therapeutic proteins, including antibodies,
contain a variety of chemical and physical modifications. Great
effortisexpendedduringprocessandformulationdevelopment
in controlling and minimizing this heterogeneity, which may
not affect safety or efficacy and, therefore, may not need to
be controlled. Many of the chemical conversions also occur
in vivo and knowledge about the alterations can be applied
to assessment of the potential impact on characteristics and
the biological activity of therapeutic proteins. Other attributes
may affect the drug clearance and thereby alter drug efficacy.
In this review article, we describe attribute studies conducted
using clinical samples and how information gleaned from
them is applied to attribute criticality assessment. In general,
how fast attributes change in vivo compared to the rate of mAb
elimination is the key parameter used in these evaluations.
An attribute with more rapidly changing levels may have
greater potential to affect safety or efficacy and thereby reach
the status of a Critical Quality Attribute (CQA) that should
be controlled during production and storage, but the effect
will depend on whether compositional changes are due to
chemical conversion or differential clearance.

Introduction

antibodies (mAbs), like other
therapeutic proteins, are enormously complex drugs typically
produced in mammalian tissue culture cells through recom-
binant DNA technology."* As a result of naturally-occurring
molecular heterogeneity, imperfect cellular processing, chemical
and enzymatic changes during manufacturing and additional
changes upon storage, antibody drugs display a wide variety of
minor chemical changes, collectively termed microheterogene-
ity.”> Common examples include glycan structural differences,
deamidation, oxidation and glycation.*®” Control of microhet-
erogeneity within predefined analytical specifications has been
used in quality control laboratories to guarantee consistent prod-
uct quality during cGMP manufacturing.®®

Therapeutic monoclonal
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The recent Quality by Design (QbD) initiative for therapeutic
biotechnology products, a joint pilot program between the US
Food and Drug Administration and the biotechnology industry,
is providing new guidance and expectations on QbD approaches
in manufacturing for therapeutic proteins.” As the name indi-
cates, QbD encourages developers to build quality into the drug
from the start. This approach requires significant knowledge of
the drug’s mechanism of action and how the drug’s attributes
affect quality. Physical or chemical changes known to affect the
safety or efficacy of the drug are considered critical quality attri-
butes or CQAs.'*!! Manufacturing is then designed to control the
desired levels of CQAs within defined limits, providing a consis-
tent product quality.! With this new QbD paradigm, the process
is defined by the target ranges for the CQAs which, in turn, pro-
vide assurance of consistent product quality."

Prior to designing a cell culture and purification process for
mAb manufacture, a quality target product profile provides a list
of quality attributes (QA) and what levels are critical and hence
need to be monitored and controlled.'*!" Such a list is obtained
using a risk-based approach, with knowledge gained through
clinical and animal studies on the molecule or related proteins.!>?
Since antibodies are a homologous class of molecules, knowledge
gained through prior experience or from published studies may
greatly aid in defining CQAs. The definition for quality actri-
bute is fairly broad and can potentially include raw materials in
addition to features of the drug molecule itself. In this review we
have focused on those attributes specific to the product, which we
term PQAs for product quality attributes. We discuss how track-
ing the PQA levels in clinical studies assists in the assessment of
actribute criticality and provide examples of how results are inter-
preted. While these studies are unlikely to determine an attri-
bute’s impact by themselves, when combined with other types of
information, they provide a critical tool to guide the developer in
making appropriate assessments regarding drug development.

Effects of PQAs on Safety or Efficacy

A given product quality attribute has the potential to affect
the safety or efficacy of therapeutic mAbs through a variety of
mechanisms. Efficacy can be affected by changing the antibody’s
interaction with its target or an off-target ligand. Chemical
modification of a critical complementarity-determining region
(CDR) residue is an example of an attribute that exerts a direct
effect on target binding. Such a change, which may occur at
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relatively low levels, may increase under varying cell culture or
purification conditions, leading to variability in manufacturing
lots. Changes may also be generated in vivo during the process of
drug distribution or systemic circulation. Deamidation at Asn-
33 and oxidation at Trp-105 in the light chain and heavy chains,
respectively, of two therapeutic mAbs represent examples of this
class of attributes.""" Alternatively, a PQA may affect efficacy by
changing the in vivo concentration by impacting clearance rates.
Attributes that have been shown to impact FcRn binding, e.g.,
oxidation of Met-252 and -428, are candidates that may impact
efficacy in this indirect fashion.'® Finally, a PQA may alter the
safety profile of the therapeutic antibody either by causing an
increase in potential immunogenicity or by causing an increase
in off-target binding. Studies monitoring formation of potential
safety-related PQAs can be used to estimate the impact of drug
PQA levels on patient exposure. Ultimately, the impact of prod-
uct quality attributes on safety may require appropriate toxicol-
ogy and clinical studies.

Effects of PQA on Clearance

Two general approaches have been used to study the indirect
impact of an attribute on clearance rates. In one approach, thera-
peutic protein preparations have been generated that differ in the
attribute’s levels, either through genetic manipulation,” addition
of metabolic inhibitors to cultures,”® purification strategies” or
enzymatic treatment.?’ The samples differing in the levels of the
attribute are then injected into animals to determine the impact
on overall clearance rate. In another approach, the levels of the
attribute are analyzed from patient serum over time after a single
preparation of the therapeutic protein has been administered.?"*
Changes to the attribute levels with circulation time are inter-
preted as arising from differences in clearance rates.

Both approaches have advantages and disadvantages. The
first, the enrichment approach, has the advantage of directly
measuring the drug clearance, not inferring clearance based on
attribute level changes; however, an assumption is made that
the specific attribute of interest is the sole significant difference
between the samples. It may be possible that other attribute dif-
ferences can account for the clearance differences between the
two samples. Thus, studies not thoroughly demonstrating that
samples are chemically and structurally comparable except for
the attribute of interest may draw incorrect conclusions about
the attribute’s impact. Finally, these studies are limited to ani-
mals, typically rodents, though the goal is often to understand
the effect in humans. Unfortunately, changes that impact human
antibody clearance can be obscured in mice due to FcRn bind-
ing differences between species.”? A more relevant animal model
involves expressing human FcRn in mice lacking the mouse ver-
sion.?® This, however, carries additional complexities as the result
of affinity differences of the endogenous mouse antibodies and
the injected human antibody toward the human FcRn.”

The second, a post-administration collection approach, can
follow a collection of attributes (microheterogeneity) simulta-
neously, which is not possible with the enrichment approach.
Methodologies, such as peptide mapping with mass spectrometry
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detection, have the selectivity required to enable many attributes
to be independently monitored. Since changes to a single adminis-
tered sample are followed, the effect of specific microheterogeneity
can be monitored without the confounding influence of multiple
components of sample heterogeneity inherent to the enrichment
approach. The potential for bias exists, however, when the drug
is purified from biological samples using methods that may
introduce bias specifically with respect to the attribute of inter-
est, e.g., use of target-based affinity purification of a mAb used
to study an attribute that decreases the affinity of the antibody
for its target. Such an event can be identified with controls, but,
on a practical level, both antibody binding sites would have to
contain the attribute in order to escape affinity purification—a
statistically low probability event given the typically low levels of
actribute being followed. Although linkage of the change in attri-
bute level to differential clearance is indirect, this approach has a
major advantage of evaluating impact in humans, thus allowing
analysis of human therapeutic mAb in human subjects. If other
mechanisms besides clearance are responsible for the changes in
actribute levels, such as metabolism of the attribute by in vivo
mechanisms, the study might falsely interpret these changes as
differential clearance, especially if proper in vitro controls are not
performed.

Distinguishing Conversion from Clearance

A combination of experimentation and critical thinking is needed
to distinguish chemical conversion from differential clearance.
In a theoretical example of microheterogeneity, an antibody
has two forms, A and B. A post-administration collection study
has determined that over time in vivo, the level of the A form
decreases in relation to the B form. Knowledge of the chemical
mechanism that might be responsible for this change is needed to
determine whether this change is due to conversion or clearance.
Is the chemical or enzymatic conversion of A=B kinetically or
thermodynamically possible? Can the conversion be recreated in
vitro in either a buffer or serum sample? If a plausible pathway for
in vivo A—B conversion exists and the conversion can be recre-
ated in a closed in vitro system under physiological conditions,
a good argument for in vivo conversion can be made. On the
other hand, if; based on the chemistry, in vivo conversion of A=>B
seems implausible and the conversion cannot be duplicated in
vitro, increased clearance of A offers an explanation. In this case,
the existence of a logical mechanism by which attribute A might
be cleared faster, such as the existence of known A-specific recep-
tors, would lend credence to this explanation.

In Vitro Systems to Model In Vivo Conversion

In the simplest cases, a chemical conversion that occurs in vivo
may be modeled by a pH-buffered, protein-free in vitro system
such as PBS. Asparagine deamidation represents an example of a
chemical conversion that can be observed to occur at comparable
rates both in vivo and in vitro as it is primarily pH-controlled.*
In chis case, there is no need to invoke differential clearance
as the deamidation rate observed in vitro at physiological pH
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Figure 1. Schematic of the relationship between mAb PK profile, growth of an attribute proportion over time in vivo and the resultant attribute
exposure profile. The AUC of the attribute vs. time plot gives the patient exposure to the drug.

matches the observed in vivo conversion rate. In fact, the first-
order deamidation rate constants at susceptible asparagine sites
are so consistent at physiological pH that the degree of measured
deamidation can be used to estimate the elimination rate con-
stant and half-life of endogenous antibodies in vivo.”!

In other cases, more complex in vitro models may be required
to reproduce the in vivo conversion rates. Blood is composed of
many types of cells, proteins and small molecules. Depending
on the mechanism of conversion, any of these may have to be
included or mimicked, in the in vitro system to achieve conver-
sion rates similar to those observed in vivo. In some cases, it may
be easier to utilize plasma or serum as a model system rather
than attempt elaborate reconstitution experiments. Incubation
of mAb in human serum at 37°C was used to demonstrate that
trimming of high mannose (M6-M9) glycoforms occurred with
similar rates in this in vitro model system as in vivo, attributed
to the action of a-1,2 mannosidase activity in serum or blood.*
If a closed in vitro model system operating under physiological
pH and temperature re-creates, with similar kinetics, an A>B
conversion observed in vivo and the constituents of the model
system logically explain the conversion, it can be argued that the
changes observed in vivo are likely also due to conversions, not
differential clearance.

Estimating Quantitative Impact of PQAs

The final, but arguably most important, step in an in vivo study
is to assess the impact of the conversion or clearance on the evalu-
ation of criticality of the attribute. This appraisal, which includes
a determination of the speed and degree of the changes, will be
discussed separately for chemical or enzymatic conversion and for
differential clearance. In both cases, however, changes that occur
in vivo on a time scale shorter than overall drug clearance will
have the largest effect on the degree of exposure to the attribute
or total antibody clearance, respectively. The magnitude of these
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effects can be estimated by appropriate simulations once the rate
constants for total drug clearance and attribute conversion or
relative clearance have been determined.

In the general case of an attribute B arising through A—>B
conversion in vivo, the patient exposure profile to the attribute
will be given by the product of the antibody drug exposure pro-
file and the proportion of attribute converted [B/(A + B)]. This
is illustrated schematically in Figure 1. The magnitude of the
patient exposure to the attribute will be determined by the rela-
tive rates for attribute conversion vs. antibody elimination. In the
following discussion, an estimation of the quantitative impact on
patient exposure to the attribute is provided using simple first-
order kinetic simulations for both antibody elimination and
actribute conversion. Although neither attribute conversion nor
antibody elimination may be first order, these examples help
illustrate how the relative rates of these two processes influence
patient exposure to the attribute.

When an attribute is generated through chemical or enzy-
matic conversions in production or storage, the concern may be
that the patient is exposed to an “unnatural” form, which may
impact safety or efficacy. Yet, the fact that the attribute can be
formed during cell culture conditions, conditions which are
often not significantly different from those in circulation, hint
that further formation of the PQA may occur in vivo. Figure 2
illustrates a theoretical example of A=B in vivo conversion after
IV dosing where negligible B levels existed at the time of dosing,
but changes in the B levels, as measured as the fraction of conver-
sion, B/(A + B), were measured over time in circulation. In this
simple example, the drug elimination rate is simulated by a single
first order decay, C = C e+, where C = drug concentration, C
is drug concentration at time of injection and k_, = the drug
elimination rate constant. Conversion of A=B is also simulated
as a first order process where the fraction of mAb with attribute
B is given as 1-¢**, where k, = the rate constant for A>B con-
version. Patient exposure to B depends on the ratio of the A—>B
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Figure 2. Effect of different rates of attribute formation relative to rate of mAb elimination

on patient exposure to an attribute forming in vivo. Calculated results, over two half-lives,

for a mAb with an initial concentration of 350 wg/mL, zero attribute at time of injection and

a first order clearance rate corresponding to a half-life of 30 days. (A) Proportion of mAb with
attribute over time in vivo, calculated for an attribute formed with first order kinetics and
three different hypothetical ratios of rate constant for attribute formation (k,) to rate constant
). (B) mAb concentration (black line) and calculated attribute
concentrations (colored lines) vs. time post injection. Numbers in boxes give the calculated
degree of systemic exposure to the attribute, as estimated by partial AUC, relative to that of

conversion rate to the drug elimination rate and is calculated as
B = C_e*m (1- e™), where B is concentration of attribute B.
When both rate constants are identical at 0.023 d*, correspond-
ing to a half-life of 30 days and the injected drug contains no
B form, 38% of the patient’s exposure to the drug, as mea-
sured by pharmacokinetic area under the curve (AUC), will be
to the B form over the time period corresponding to the first

two half-lives of the drug. Thus, when the
rate of conversion is similar in magnitude
to the rate of elimination, a significant frac-
tion of patient exposure will be to both drug
forms. Patient exposure to the B form would
increase with conversion rates increasing
relative to elimination and would decrease
concomitantly with decreased relative elimi-
nation rates (Fig. 2). Although numerical
values for systemic exposure calculated from
such a simple model will necessarily result in
approximations, they are nevertheless useful
in providing perspective on impact to patient
exposure. These considerations acquire spe-
cial importance when there is a difference
in activity between A and B forms. In this
case, exposure differences to the two forms
may result in differences in drug efficacy; the
relationship between patient exposure and
clinical efficacy may be simple or complex
and should be well-characterized for each
molecule. Differences in activity between
A and B forms greatly enhance the likeli-
hood that these attributes would need to be
well-controlled through specifications or in-
process controls.

Simulated changes in patient exposure

based on samples initially differing in the amount of attribute
B, where attribute A—B conversion also occurs over time in vivo
are shown in Figure 3. The general effect is that A=>B conversion
in vivo leads to diminished differences in patient exposure to B
as compared to the initial lot-to-lot differences; the significance
decreases as the drug is eliminated. The patient’s exposure to B
varies with both the initial levels of B and the rate of B formation
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Figure 3. Patient exposure to attribute as a function of attribute level of injection calculated for three different rates of attribute formation. Assumed
numerical parameters are the same as those for Figure 2. Blue trace, 0% attribute B at time of injection; red trace, 10% attribute B at time of injection.
A refers to the difference in area under the two curves expressed as a percentage of the total mAb AUC. k, = first order rate constant for attribute A~>B
= first order rate constant for mAb elimination.
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relative to the rate of drug elimination. If attribute for-
mation is fast relative to drug clearance, exposure to
the attribute is relatively high, but variations in initial
attribute level have minimal impact on overall attri-
bute exposure (Fig. 3A). Initial level differences impact
patient exposure more significantly when slow attribute
formation is coupled to relatively fast clearance (Fig.
3C). As shown in Figure 3A, an example with fast
actribute B formation relative to drug clearance, a 10%
lot-to-lot variation in attribute B generates only a small
(2.1%) difference in patient exposure. Process and
storage controls of the attribute levels would provide
little benefit because they would have little influence

Proportion of mAb with Attribute

on patient exposure and hence minimal impact on the
safety or efficacy of the drug. Conversely, as shown in
Figure 3C, when lot to lot variations in attribute B are
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large compared to the amount of attribute B that can

form in vivo over the time period in question, larger dif-
ferences in exposure to attribute will result. In this case
greater attention might be paid to process and storage
control. Other information, including potential impact
on efficacy, theoretical safety concerns regarding attri-
bute B, as well as prior clinical exposure, can factor into
the decision making.

An attribute that alters the rate of elimination could
also affect the drug’s efficacy. In such cases, how the re/-

ative rate of attribute elimination (rate of change in the

Figure 4. Effect of different relative attribute clearance rates on patient

exposure to mAb. Calculated results, over two half-lives, for a mAb with an initial
concentration of 350 pg/mL, 20% attribute B at time of injection and a first order
mADb clearance rate corresponding to a half-life of 30 days. (A) Proportion of

mAb containing attribute B as a function of rate constant for reduction in the
proportion of attribute B (k) and rate constant for mAb elimination (k _,,).

(B) Calculated decrease in patient exposure (partial AUC) to mAb as a result of
three different first order relative elimination rates of the attribute. The black curve
represents mAb elimination in the absence of faster attribute elimination. Colored
curves show mADb elimination kinetics with different relative attribute elimination
rates matching the respective colors in (A).

proportion of mAb containing the attribute) compares

to the absolute rate of mADb elimination will determine

the quantitative impact on systemic exposure to drug. Again,
using a model that employs first order rate constants for both
mAb elimination (k_, ) and relative attribute elimination (k,),
we can calculate the mAb concentration at any time tas C = C e
knit(1 - B /C, (1 - e™)), where B /C represents the proportion of
mAb with attribute B at injection. The impact of this on AUC is
illustrated in Figure 4 for a hypothetical mAb example where an
actribute, present at a proportion of 0.2 relative to total mAb at
time of injection, is cleared more quickly than bulk mAb. When
the rate constants for relative attribute elimination and bulk mAb
elimination are identical, systemic exposure to mAb is decreased
by 7.6% over the first two elimination half-lives. Although mod-
est in numerical terms, a difference of this magnitude may lead to
a failure of the bioequivalence criteria in human studies. Attribute
B might be deemed a critical quality attribute based on these con-
siderations. In contrast, a numerically larger proportional expo-
sure to an increasing attribute, such as discussed in the context
of Figure 2, need not have and, in practice, frequently does not
have, any impact on safety or efficacy provided the clearance of
the attribute is similar to that of bulk mAb.

Information from Endogenous Antibodies
Information gleaned from the analysis of attributes on the endog-
enous antibodies of healthy subjects can provide additional clues

about criticality. Therapeutic antibody product quality attributes
that are also found in significant levels on endogenous human
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antibodies would seem less likely to represent a safety concern.
Myeloma proteins, such as the multiple commercially available
human IgGl and IgG2 forms,” represent another potential
source of purified human antibodies for attribute evaluation, as
long as the atypical background of these molecules and potential
effect on attributes, is kept in mind. The monoclonal nature of
the myeloma proteins allows site specific modifications in the Fab
region to be studied, which would be difficult with polyclonal
pools of endogenous antibodies.

Using In Vivo Results
to Evaluate Quality Attribute Criticality

Clinical study data can be used together with other relevant
information to assess an attribute’s criticality. Specifically how
such an evaluation is done is outside the scope of this review, but
it could include various in vitro activity data, clinical experience
and previous experience with related molecules containing the
actribute of interest. Two examples are discussed to illustrate the
connection between data obtained from clinical attribute studies
and evaluation of quality attribute criticality. In the first, deami-
dation was studied in vivo and in vitro for three (both IgG1 and
IgG2) injected therapeutic mAbs.?’ Among the conserved sites,
only Asn 384 was found to be deamidated at an appreciable rate
and all mAbs exhibited similar deamidation kinetics, both in
vivo and in vitro, suggesting that deamidation is primarily pH
controlled. Endogenous IgGl and IgG2 were collectively found
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to be 23% deamidated at this site. This value was then used to
calculate a very reasonable circulating half-life of 30 days for the
endogenous antibodies, using the measured therapeutic mAb
deamidation rate constant. Significant conversion rates in vivo
raises the question of the importance of controlling lot-to-lot
variability with respect to this PQA. In view of the large degree
of deamidation occurring in vivo, relatively smaller deamidation
differences among drug lots appear less important. Additionally,
the authors demonstrated quantitatively how significant initial
lot-to-lot differences in degree of deamidation result in much
smaller patient exposure differences to this attribute, similar to
what is simulated in Figure 3C. Since deamidation at Asn 384
is not known to affect safety or efficacy, it may be reasonable to
assign this as a non-critical PQA. A practical consequence might
be that specifications with respect to degree of deamidation be
broadened or potentially eliminated. Because this attribute
behaves similarly among IgGl and IgG2 antibodies, this infor-
mation can be applied to specification setting on new antibody
drugs that have yet to enter clinical studies. This feedback loop
using “lessons learned” is an essential element of QbD.

A second example is represented by the reshuffling, in vivo,
of IgG2 disulfide isoforms, which may exhibit different activi-
ties.?? The fact that disulfide variants occur among endogenous
IgG2 antibodies and that reshuffling, to an apparent equilib-
rium state, occurs in vivo over a relevant time scale, reduces the
significance of initial lot-to-lot differences in disulfide isoform
distribution. In vivo reshuffling rate constants may be used to
evaluate the potential impact quantitatively, which may factor
into assessing the criticality of this attribute. However, in this
case, activity differences that might exist between the differ-
ent disulfide forms would be weighed in conjunction with the
reshuffling information. Viewed this way, the in vivo informa-
tion becomes critical to placing any initial lot-to-lot isoform and
perhaps activity, differences into the proper context, leading to
a more relevant assessment of attribute criticality. Using QbD
principles, this information should then feed back to influ-
ence the possible control or specification strategy around this
attribute.

Analytical Methodology and Controls
for In Vivo Attribute Characterization

PQA analyses from in vivo studies first require purification of the
antibody drug from patient or animal serum. Best results can be
obtained through affinity purification with the target ligand or
anti-drug antibodies, which can provide a high degree of purifi-
cation with relative ease of use. Concentrations of serum-purified
therapeutic antibody can range from hundreds of micrograms
per milliliter to sub-microgram per milliliter levels, depending
on the dosing, route of administration and time after injec-
tion.?"** These low concentrations of mAb must first be puri-
fied from a matrix of endogenous antibodies and other proteins
present at total concentrations over 50 mg/mL, so care must be
taken to ensure that the proper degree of purification has been
achieved for all the samples analyzed. In one study, we observed
that approximately 70% of a mADb can be recovered from human
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serum by such procedures, with purity estimated as greater than
95% by microchip CE-SDS, for our lowest purity sample.? In
addition, proper controls should be performed demonstrating
that the isolation procedure does not alter the attribute levels.

Many analytical methods have been employed to study attri-
bute changes in vivo. Two of the most prevalent tools for obtain-
ing detailed information regarding mAb structure and hence
PQAs, high performance liquid chromatography (HPLC) and
mass spectrometry (MS), are also suited for in vivo analysis.
The investigator must decide whether site specific information
is needed or whether whole molecule changes should be moni-
tored instead. Site specific methods, such as RP-HPLC peptide
mapping with MS identification, improve selectivity by identi-
fying and quantifying only those attributes on specific peptides
from sites on the protein of interest.?® For example, in the study
of specific Fc glycans as attributes, methods that rely on glycan
release from sample are, in principle, subject to interference from
any contaminating serum glycoprotein. Peptide mapping meth-
ods also allow sites of concern to be monitored independent of
interference from sites deemed unimportant. Deamidation on
a CDR that impacts antibody activity might be an example of
this type of modification.”” More selective peptide map-based
methods suffer from potential interference only when the modi-
fied peptide in question exists in multiple proteins or at multiple
sites in the protein under investigation. As an example, IgG1 and
IgG2 Fc glycosylation can be monitored independently in com-
plex samples by trypsin or Lys-C peptide mapping, since these Fc
glycopeptides differ at multiple residues between IgGl and IgG2
and correspondingly have different molecular weights and MS?
fragmentation patterns. This site-specific approach can serve to
increase the specificity and accuracy significantly, but may do so
at the expense of sensitivity, since all similar modifications are
not measured in aggregate. Nevertheless, site-specific informa-
tion often is a key factor in the evaluation of attribute critical-
ity. For example, Huang et al. used peptide mapping to follow
deamidation of a specific CDR Asn residue of a therapeutic anti-
body in vivo.*® Although other Asn sites deamidate in vivo on the
same time scale, peptide mapping allowed the site of interest to
be monitored in isolation. Methods monitoring global changes
to the antibody may be more sensitive because they sum similar
modifications at multiple sites. Modifications occurring at many
sites at similar rates would be expected to provide the greatest
sensitivity enhancement by using a global method. Examples of
such methods include mass analysis and chromatography on the
intact molecule. Glycation occurring at low levels at multiple
lysines can be effectively quantified by whole mass analysis of
(deglycosylated, if necessary) antibody chains, though additional
site information might be needed to properly evaluate the criti-
cality of this attribute.

Because antibodies are composed of multiple polypeptide
chains, information is lost when attribute levels are measured by
techniques that don’t retain the intact antibody structure. Peptide
maps quantify the level of attribute per heavy or light chain, but
have lost information regarding the combinatorial association of
the attribute-containing chains. For a low-level attribute found at
fraction X on heavy chains, the proportion of intact antibodies

505



containing the attribute could range from X (preferential pair-
ing) to (2X-X?) (random pairing). Fc glycoforms represent exam-
ples of attributes that have previously been shown to be present
on intact antibody molecules in ratios that differ from what is
expected based on random pairing.®' Therefore, in order to more
accurately estimate the effect, it may be more relevant to calculate
the fraction of antibodies with such an attribute as opposed to the
fraction of heavy chains containing this attribute. The pairing
preference of Fe-glycans can often be determined by intact mass
measurement of mAbs, which, in turn, can be used to calculate
the fraction of antibody containing a particular glycan-related
attribute.

Purity Considerations and Potential Artifacts

As the concentration of therapeutic mAb declines post-dosing
and the ratio of therapeutic IgG to endogenous IgG in serum
samples declines, a decrease in the purity of mAb samples puri-
fied from corresponding serum samples is possible due to non-
specific binding of endogenous IgGs to the affinity resin. Peptide
map-based analytics can decipher such interferences, so long
as peptides generated from the proteinaceous impurities dif-
fer in sequence from those from therapeutic mAb of interest.
Copurification of endogenous IgGs of the same subclass as the
therapeutic mAb may therefore lead to errors in interpretation
in situations where attribute levels differ significantly between
therapeutic IgG and endogenous IgGs. To illustrate, therapeutic
mAbs produced in CHO cell culture may contain both glycan
structures not found in measurable levels on endogenous human
IgG antibodies,*
quite different from those found on endogeneous IgG of the same

as well as specific glycoforms in proportions

subclass.’? A change in the level of such an attribute over time in
vivo may be attributed to altered rates of clearance, but could also
arise artifactually from dilution with the identical peptide from
endogenous antibodies of the same subclass, due to decreasing
sample purity.

In addition, as the sensitivity of available methods improves,
special consideration should be given to avoiding spurious con-
clusions based on mis-interpretation of data. The ability to ana-
lyze moderate to minor changes in specific attribute levels in low
concentration and relatively impure samples is a tribute to the
ongoing improvements made in analytical technologies; however,
every observed change may not translate into an actual conver-
sion in vivo. In the analysis of therapeutic IgGs, co-purification
of endogenous IgGs can lead to spurious mass shifts found on
particular peptides (data not shown), which are actually related
to amino acid substitutions between variable regions or the con-
stant regions of IgG subclasses. For example, in the heavy chain,
the Lys-C generated peptide T393-K409 differs only by a V397M
substitution between IgGl and IgG2.'¢ If one were analyzing a
therapeutic IgG1 purified from serum with a low level of non-
specifically purified endogenous IgG2, this sequence difference
would lead to the observation of a peptide with a mass shift of
32 Da, which increased in concentration relative to the level of
“un-modified” peptide over time. Depending on the presence or
quality of the obtained MS?* spectrum, this apparent mass shift
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could be misinterpreted as increasing levels of double oxidation
of the peptide or, alternatively, as arising from a mutant version
of the mAb with a different clearance rate. In this case, constant
region sequence examination between IgGl and IgG2 subclasses
would offer a clue as to the presence of this potential artifact.
Other analytical artifacts may arise from concentration, reac-
tant ratio or enzyme-substrate ratio differences between samples.
When a change in PQA level correlates with the length of time
the drug was in a trial subject, the possibility that the change was
due to differing ex-vivo concentrations of mAb throughout the
experimental procedures may need to be ruled out. If changes in
methionine (Met) oxidation levels over time are observed in vivo
using peptide mapping, at least two mechanisms, in addition
to chemical conversion in vivo, could account for the apparent
changes. Solvent exposure of Met residues within the intact pro-
tein is known to correlate with oxidation sensitivity.'®*-¢ If the
same amount of proteolytic enzyme is used to digest the re-puri-
fied mADb regardless of concentration, a greater percentage of low
concentration mAb is fully digested prior to the higher concen-
tration mAb. Since the proteolytic peptides are solvent-exposed,
the product of (solvent exposure x time) is increased in the low
concentration sample due to the change in enzyme substrate
ratio. Alternatively, a simple change in reactant ratios caused
by the decreased mAb peptide concentration could increase the
ratio of oxidized to non-oxidized peptide. Many concentration or
purity-related artifactual attribute changes can be ruled out with
a simple serum spiking experiment. In such an experiment, the
therapeutic mAb is spiked into serum at concentrations similar
to those observed in trial subjects at various time points. Since
the serum-spiked mAb is immediately re-purified and analyzed,
any attribute artifacts related to purity or concentration can be

identified.
Summary

Traditional manufacturing of biotherapeutics has placed a high
degree of importance on achieving product consistency at time
of lot release with respect to multiple quality attributes, each of
which will fall somewhere along a continuum of criticality with
respect to drug safety and efficacy. Consistency based specifi-
cations, however, have been used only as surrogate markers of
product quality, the purpose of which is to assure proper safety
and efficacy of the drug in the human body. Importantly, PQAs
are not necessarily static after administration, but may change
in ways that affect the impact and hence potential criticality, of
the PQA. A valid assessment of the criticality of attributes, as
required by the QbD paradigm, would therefore benefit from an
evaluation of attribute impact in vivo.

Our goal here has been to outline and evaluate practical
ideas regarding how tracking PQA levels in clinical studies can
ultimately aid in assessing attribute criticality. The important
role played by in vivo studies of attribute stability toward this
end, which will help to deliver on the promise of QbD, dictates
that it be employed during the key decision-making phases
of therapeutic mAb development. In vivo studies can directly
measure or help model, systemic exposure to an attribute
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which is a prerequisite for determining its impact. In addi-

tion, information gained about comparative systemic exposure
to or clearance of, an attribute can be key to understanding
bioequivalence data. Ultimately, a thorough understanding of
product quality attribute behavior in the patient’s body should

contribute to the development of safer and more efficacious
mADb therapeutics.
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