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In their recent paper, Boffito et al.l caution readers not to
forget the fundamentals of pharmacology in the rush to identify
antiviral therapeutics to combat the ongoing coronavirus disease
2019 (COVID-19) pandemic. Emphasis on the appropriate use of
nonspecific binding data is warranted because the underlying,
oft-misunderstood concepts are critically important to effective
research and development. Confusion over the appropriate way to
consider nonspecific plasma and tissue binding has persisted to
this day and it is clear from emerging literature that it is potentially
confounding effective pharmaceutical research on severe acute
respiratory syndrome-coronavirus 2 (SARS-CoV-2). However, many
of the pharmacokinetic and pharmacodynamic implications of such
binding have been known for decades, reviewed in very practical
terms,z'4 and incorporated into antiviral guidance documents from
both regulatory agencie55 and scientific congresses.6 Admittedly,
the implications can be confusing or even counterintuitive because
nonspecific plasma and tissue binding affects many aspects of
pharmacology simultaneously. Further complicating matters, even
among subject matter experts, there is a tendency to conflate
issues of nonspecific binding with other relevant aspects of
pharmacology and experimentation, leading to largely unproductive
and invalid challenges to the free drug hypothesis. For those that
are engaged in such work, it is worth reading the paper by Boffito
et al. as well as the aforementioned reviews and keeping in mind
some of the following concepts that have been formulated through
years of experience across many therapeutic areas.

UNBOUND DRUG CONCENTRATION
AND PHARMACOLOGICAL RESPONSE
The first issue that one must address when
considering the appropriate interpretation
of nonspecific binding in plasma and other
biological matrices is whether the pharma-
cological response is driven by unbound
concentration (referred to as the free drug
theory by Boffito ez al.). For many small
molecule drugs, unbound fraction is de-
termined by low-affinity interactions with
high-capacity nonspecific binding partners
like albumin or alpha-1-acid glycoprotein
in plasma and phospholipids in tissues. In
contrast, the pharmacological response is
typically determined by high-affinity in-
teractions with very low-capacity proteins.
In this circumstance, the unbound frac-
tion in both the plasma and tissues is typ-
ically independent of target binding and
constant in the pharmacologically relevant
range, with unbound drug concentration
driving the pharmacological response.
Of course, exceptions do exist where the
balance of these interactions leads to an
unbound fraction that is determined by
target binding which, in turn, can con-
tribute to distribution and drug clearance.
In these cases, unbound concentration
may indeed provide a false sense of target
coverage. However, this is relatively un-
common among small molecules as com-
pared with large molecule biologics that
have exquisite potency for the molecular
target and limited nonspecific binding in
plasma and tissues. A hallmark of this situ-
ation is target-mediated disposition, where
nonlinearities in unbound fraction, clear-
ance and/or distribution will exist over
the pharmacologically relevant range.7
However, with regard to small molecule
antivirals, the general utility of the protein
binding adjusted ratio of trough plasma
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concentration-to-iz vitro antiviral potency
(IQ) in predicting efficacy and the ab-
sence of reports regarding target-mediated
pharmacokinetics suggests that unbound
concentrations are commonly relevant for
antivirals. However, because each molecule
and molecular target pair represents a po-
tentially unique scenario, the potential for
target-mediated disposition should consid-
ered on a case-by-case basis.

UNBOUND PLASMA AS A SURROGATE
OF EFFECT SITE CONCENTRATION
Assuming that unbound concentration is
the driver of pharmacological response,
the next issue is how best to determine
unbound drug concentration at the site
of action. Because it is seldom practical
to measure unbound concentration at key
sites of action within tissues, unbound
plasma concentrations are commonly
used as a “best estimate” of unbound tis-
sue exposure. Of course, there are several
mechanisms by which unbound concen-
trations between plasma and sites of action
within tissue can differ dramatically (e.g.,
drug transporters, pH partitioning, slow
permeation, and bulk flow clearance). In
these cases, measures of unbound plasma
concentration may dramatically over or
underestimate unbound concentrations at
the effect site. Again, whereas the possibil-
ity of exceptions exists, the general utility
of the protein binding adjusted ratio of
trough plasma concentration-to-in vitro
antiviral potency (IQ) in predicting effi-
cacy suggests that unbound plasma con-
centrations typically provide a reasonable
estimate of unbound concentrations at the
site of action for antivirals.

EFFECT SITE CONCENTRATION

When considering effect site concentra-
tions, it is important to understand the
mechanisms by which drugs distribute to
the site of action since some have implica-
tions for unbound effect site concentra-
tion and some do not. For SARS-CoV-2,
lung tissue is clearly an important site of
action for efficacy and prevention of in-
fection. Like the plasma, lung concentra-
tion represents a composite measure of
unbound and bound drug (i.e., total con-
centration). Differences in the unbound
fraction between tissues like the lung and
plasma is common, representing the major

driver for total lung-to-total plasma ratios
(K) and the basis of distribution volume
(Eqs. 1, 2).

K f Uplasma

P .ﬁ't tissue

I/ss = Vp + Z Kp,tissuex X Vtissue (2)

Generally, total tissue concentration, Kp,
and 77 do not have implications for un-
bound tissue concentrations because they
represent relative partitioning of drug that
is unavailable to the molecular target.8 As
such, approaches that use total lung con-
centration or computational methods for
predicting lung KP are typically inappro-
priate for estimating pharmacologically
relevant target site exposure of potential
COVID-19 therapies. In cases where
mechanisms relevant to unbound drug
accumulation or impairment in lung exist
(e.g., transport and metabolism), methods
that provide unbound tissue concentration
or unbound lung-to-unbound plasma ratio
(lung K
logically relevant indicators of exposure.

) may provide more pharmaco-

However, the quantitative contribution of
such mechanisms to unbound lung concen-
tration is currently not well-understood.”
Furthermore, as Boffito et al’ point out,
methods for determining unbound expo-
sure in the lung have yet to be qualified in
support of developing such an understand-
ing. One significant limitation to such
methods is that they typically lump to-
gether different cell types present in the
lung (e.g., mucosal epithelial, alveolar mac-
rophages, endothelial, and interstitial) and
fail to discern unbound concentrations at
distinct subcellular sites of action. This
issue may be particularly relevant to SARS-
CoV-2, where some weakly basic molecules
accumulate in acidic endo-lysosomes via
pH partitioning and subsequently affect
viral endo-lysosome traffickingand mRNA
release.'® Given these complexities, assess-
ments of the potential for accumulation or
impairment in unbound concentration at
the site of action within lungs are typically
qualitative in nature and largely serve to
highlight potential caveats to the utility of
unbound plasma concentrations on a case-
by-case basis.
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TRANSLATION OF IN VITRO SYSTEMS

Antiviral potency, particularly the 90%
inhibitory concentration estimated using
cells infected with SARS-CoV-2 in vitro,
is a key parameter underwriting drug de-
sign and repurposing. As such, it is criti-
cal to understand the factors that affect
the translation of iz vitro potency to the
in vivo scenario. Differences in biolog-
ical context between in vitro and in vive
systems can create apparent disparitics in
potency and confound effective pharma-
ceutical research. The examples of lopina-
vir and remdesivir provided by Boffito ez
al. serve as a good reminder for how dif-
ferences in biological context between in
vitro and in vivo systems may affect the
drug concentration available at the site of
action. Some aspects, like differences in
the unbound fraction of lopinavir iz vitro
and iz vivo, are common and straightfor-
ward to measure. Other aspects, like the
rate and extent of intracellular remdesivir
activation, are less common and more dif-
ficult to measure. Beyond those covered in
these examples, many other mechanisms
of drug disposition may differ between
in vitro and in vivo systems. One that
may be particularly relevant, given the
widespread use of SARS-CoV-2 infected
VeroEG cells, is efflux via P-gp. Boras ez
al. have very recently reported a decrease
in antiviral half-maximal inhibitory con-
centration of > 100-fold for the investiga-
tional protease inhibitor, PF-00835231, in
SARS-CoV-2 infected VeroEG6 cells in the
presence of a P-gp inhibitor."! Consistent
with relatively low expression of P-gp in
the lungs, this potency was very similar
to that determined in more physiologi-
cally relevant cell lines (e.g., A549-ACE2
and polarized human airway epithelial
cells). Interestingly, the lopinavir exam-
ple of Boffito ez al. is a known P-gp sub-
strate, and this has been shown to affect
intracellular lopinavir distribution cell
lines expressing P-gp. Although it would
seemingly contradict recent clinical re-
sults'® and the reported potency in more
physiologically relevant Calu-3 cells, a
significant P-gp related shift in lopinavir
potency in SARS-CoV2 infected VeroE6
cells could paint a more optimistic picture
of potential antiviral efficacy in the lungs
than that previously provided. Of course,
biological context can affect antiviral
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potency in ways that are independent of
drug disposition (e.g., cell type, multiplic-
ity of infection, duration of infection, and
timing of treatment relative to infection).
Although this aspect receives compara-
tively less focus, much can be learned from
other therapeutic areas regarding the bio-
logical factors that affect potency between
in vitro and in vivo systems.13 Given the
number of potentially confounding fac-
tors, it is of little surprise that clinically ef-
fective concentrations across a wide range
of therapeutics are often not simply re-
lated to apparent iz vitro measures of po-
tency without consideration of differences

. . . 14
in biological context between systems.

IMPLICATIONS FOR DRUG DESIGN
AND CLINICAL OUTCOMES

Finally, perhaps the most counterintuitive
aspect of binding to plasma proteins and
other biological matrices is that, although
it is critically important to understand, it is
generally not considered to be a valid prop-
erty for optimization. Fundamentally, this
is related to the fact that unbound fraction
affects multiple aspects of pharmacokinetics
and drugaction simultancously, often resule-
ing in offsetting effects for clinically relevant
end points, such as dose and hal£life.”? For
these same reasons, as Boffito ez 4/. indicate,
differences in unbound fraction in disease
usually have negligible implications for the
therapeutic or safe dose.* As reviewed pre-
viously, there are exceptions that should be
considered on a case-by-case basis.>*

CONCLUSION

As Boffitio et al. state, no in vitro assay or
prior knowledge of pharmacokinetic/phar-
macodynamic can guarantee success in drug

design or repurposing for SARS-CoV-2 or
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any other therapeutic. However, experience
derived from decades of antiviral and other
therapeutic areas of research has revealed
key factors that, if appropriately consid-
ered, inform good decision making and ul-
timately increase the likelihood of success.
Of these, nonspecific binding in plasma
and other biological matrices has proven to
be among the most generally relevant and
facile aspects to consider. As such, this as-
pect should be considered in any compre-
hensive analysis of a molecule’s potential to
treat SARS-CoV-2 infection.
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