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SUMMARY

Cellular therapy is enabling new approaches to tackle significant unmet needs in areas such as regenerative medicine and
immunotherapy. The pharmacology of cell therapeutics becomes of critical importance to assure that these new drugs work
reproducibly and effectively. Cell pharmacology can benefit from adapting principles of classical molecular drug pharmacokinet-
ics (PK) and pharmacodynamics (PD) to quantitatively understand rate-limiting constraints of cell fate after administration.
Future innovations focused on improvements in drug delivery using a PK/PD perspective can aid in designing a cell therapeutic
product to overcome any pharmacological barriers for a given disease application. Herein, we present a perspective on the
development of an ex vivo mesenchymal stromal therapeutic using a PK/PD framework and also present examples of general
cell engineering techniques that implicitly influence the PK/PD curve by genetically modifying cells to regulate their in vivo
duration, biodistribution, and activity. STEM CELLS TRANSLATIONAL MEDICINE 2019;8:874–879

SIGNIFICANCE STATEMENT

Attention to cell dosing, duration of therapeutic activity, and bioavailability are critical for the success of an emerging new class of
cell therapeutics. The conventional absorption, distribution, metabolism, and excretion criteria for chemical drugs are inadequate
for pharmacological evaluation of cell therapies and must be redefined. This study will illuminate pharmacokinetic/pharmacody-
namic models that are cast on mesenchymal stromal cells and broadly engineering techniques that are relevant for future manipu-
lation of cell pharmacology. Well-characterized cell pharmacology will enable achieving controlled delivery, predict outcomes, and
the risk–benefit ratio, while increasing the efficacy of early clinical studies.

INTRODUCTION

Cell therapeutics have unique mechanisms of action (MoA) that,
similar to other medicinal agents, need to reproducibly engage
biological targets in patients for a predictable treatment
response. This perspective will focus on the pharmacology of
cell therapeutics and how conventional pharmacology criteria
for molecular drugs can be redefined for cell therapies. Success-
ful development of standardized treatment protocols for cell
therapies will depend on a deep understanding of pharmacoki-
netics (PK) and pharmacodynamics (PD). PK is classically catego-
rized as quantifying the absorption, distribution, metabolism,
excretion, and toxicity. For cell therapy, this translates into
understanding the initial dose, administration route, duration of
cell bioavailability, and cell clearance. Quantitative cell tracking
methods in well-designed biodistribution studies are critical in
cell PK analysis. PD effects for cell therapy ideally translate to
measuring biomarkers and subject endpoints that are directly
affected by the MoA. An understanding of PD, and implicitly MoA,

can help optimize dosing frequency, stratify responders and nonre-
sponders, and manage side effects of the therapy on the body. For
example, increasing cell dose might not proportionally increase
therapeutic benefit due to natural cell trafficking after administra-
tion to organs such as lungs [1–4]. A PK/PD framework can, thus,
help design dosing justification, clinical trial strategy, and begin to
even define pharmaco-economics for cell therapy developers. To
this end, we provide a unique perspective on the development
of an ex vivo mesenchymal stromal cell (MSC) therapeutic
designed around an immunomodulation PK/PD paradigm. Then,
we broaden the discussion into molecular targeted approaches
using genetically engineered cell therapeutics.

CASE STUDY OF PHARMACOLOGICAL MODELING OF MSC
THERAPEUTICS

The development of MSC therapeutics is an example where the
development of PK/PD relationships can potentially help explain
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product ineffectiveness [5], risk–benefit ratio, and define poten-
tial strategies to improve MSC therapy using drug delivery tech-
niques. It is firstly critical to specify the mechanism of action
(MoA) of MSCs for pharmacological modeling. Although several
therapeutic hypotheses for MSCs are reported, one MoA, in par-
ticular, has been highly reproduced and catalyzed the use of
MSCs for immune-mediated diseases: MSCs can modulate the
in vitro effector function of peripheral blood mononuclear cells
(PBMCs) [6–12]. This reaction occurs when MSCs and PBMCs are
separated by a transwell membrane, supporting the notion that
MSCs can act in an indirect manner (i.e., without cell–cell con-
tact). This immunomodulation MoA does not seem to be specific
to bone marrow MSCs, although they may be more potent in
this assay than other fibroblastic cell types [13]. This MoA is
well aligned with clinical unmet needs such as graft-versus-host
disease (GvHD) [14], where a single modulator may not manage
the disease well and a broader spectrum immunomodulator is
required. Indeed, children with GvHD were responsive to MSC
therapy in a recent successful trial [15].

Unlike a conventional molecular therapeutic, cells can sense
and respond to their environment in a way that can be directly
related to their MoA. Experiments that have blocked MSC sens-
ing, also referred to as licensing or activating MSCs, during
in vitro applications of immunomodulation have showed that
the suppression of PBMCs is lost under these conditions [16, 17].
These results lend credence to the importance of tracking this
sensing process precisely in mechanistic studies. Whether these
results hold up in clinical applications of MSCs remains of inter-
est, although our contention is that MSC sensing and response
cannot be overlooked because it objectively can cause a theoret-
ical difference in drug action as the therapeutic has literally
“changed” during use. By understanding and controlling MSC
sensing, we may be able to test for patients prior to treatment
that can activate this sensing mechanism to enrich for
responders, if it indeed is important for effective MSC therapy.
The microenvironment that has these signals in which MSCs act
would, consequently, also be considered in defining the immuno-
modulation response at the molecular level. Activation of MSCs
and extracellular molecules by local environmental cues, for
example, could be critical to measure and optimize this PK/PD
relationship. MSCs can become activated by inflammatory mole-
cules and synthesize factors such as TSG-6, PGE2, and kyneurine
when in coculture [1, 16, 18, 19]. Preactivation of MSCs may
even boost their immunoregulatory effects [20–23], particularly
if this could be aligned to each patient when considering
that MSC licensing is not a binary phenotype. A more recent
mechanism of action being investigated for MSC cell therapy is
through MSC-derived extracellular vesicles (EVs), which include
exosomes and microvesicles (MVs). EVs and MVs can influence
tissue responses to injury, infection, and disease [24]. MSC-
derived exosomes carry molecular content that includes cyto-
kines and growth factors, signaling lipids, mRNAs, and regulatory
miRNAs. Micro RNA-containing exosomes have been shown to
contribute toward immunomodulation by inhibiting macrophage
activation through suppression of Toll-like receptor signaling
[25]. EVs derived from MSCs have been shown to activate a pro-
liferative program in surviving epithelial cells after injury via a
horizontal transfer of mRNA [26]. Moreover, MSCs were found
to ameliorate ischemia/reperfusion-induced damage in tissue-
specific case of epithelial cells via microRNA-223 [27]. Recent

studies have shown that the content of MSC exosomes is not
static, but rather a product of the MSCs’ surrounding environ-
ment [28].

The description of MSCs interacting with leukocytes is a sim-
plified framework for a microsystems’ biology problem. In bio-
physical terms, the interaction between MSCs and immune cells
at its unit PK/PD volume can be viewed as a simplified chemical
reaction mediated by MSC secreted factors (PK) resulting in an
activated or differentiated cell immune population with altered
cell surface markers, effector function, and/or cytokine respon-
siveness. At therapeutic concentrations and time of exposure, a
durable immune response change can result that is measurable
by a switch in host-derived, systemic cytokine profiles, and phe-
notypic alteration of immune cell activation/differentiation
markers (referred to as PD). IV infusion of cell therapy can be
rate-limited by low viability and long-term engraftment of a cell
transplant. This results in a brief and temporary systemic biolog-
ical response. Longer-term exposure to control the exposure of
the subject to a cellular medicine is an example of a design goal
for a drug delivery technology. Critical variables of this immune
reaction that we recast in chemical reaction kinetic terms have
been studied by many investigators, for example: (a) stoichiome-
try—an effective MSC-immune cell ratio, (b) time—an effective
duration of coculture, and (c) catalysis—MSC activation and
response of soluble factor communication between MSCs and
immune cells [29]. These variables need to be controlled for an
effective immunomodulation response; for example, in order to
have a T-cell suppressive response in vitro, MSCs require
coculture at ratios of 1:10 or greater of MSCs:PBMCs for a
period of 3 days [29, 30]. These in vitro models have shown
that leukocytes alter their cell surface profile after exposure
to MSCs thereby defining a potential pharmacodynamic mea-
surement that can be assessed by flow cytometry. Considering
this dynamic reaction framework (albeit with simple assump-
tions) when translating MSCs from in vitro to in vivo applica-
tions is one approach for allometric scaling up to a human
therapy.

PD, and more specifically allometric scaling, is the next
topic to cover more deeply and yet another lesson from
molecular therapeutics that can be adapted to guide MSC
therapy. Foreknowing a MoA, we anticipate the ability for
MSC therapeutics to ideally prove this therapeutic concept
in vitro, in animal studies, and in larger subjects in veterinary
and human trials. Yet, a paradoxical issue with the systemic
use of MSC therapeutics for immunomodulation is the overall
lack of predictive and reproducible measures of the body’s
response (PD) when scaling from successful in vitro and animal
studies to human trials. Allometric scaling of drug dosing
from animal studies to human studies is a paradigm that
exists for molecular therapeutics [31–36], but is not well
established for MSCs. The criteria by which to allometrically
scale is therefore worth further evaluation to see what drug
criteria is not being satisfied when going from animal to
human studies.

This perspective, thus far, summarizes a particular view of
MSC therapeutics that may explain where product ineffective-
ness can be explained in the case of systemic uses of this cell
therapy product. Our contention is that PK does not meet PD
criteria for systemic uses of MSCs, as modeled by in vitro
coculture experiments. IV infusion of MSCs for systemic
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treatments cannot control the immunomodulation reaction
kinetics that is found to be effective in smaller scale model sys-
tems. Typical clinical doses of as many as 100–200 million cells in
a 70 kg patient diminish to only 10% within the first 48 hours
[37]. Preclinical PK/PD studies have historically revealed two
important observations that have transformed the view of MSCs
as a “cell replacement” therapy to a “transient” cell therapy:
(a) infusion of MSCs lead to quick therapeutic effects in dif-
ferent injury models largely without direct MSC contact to a
diseased tissue and (b) quantitative studies of MSC bio-
distribution after IV injection showed a short-lived fate of
MSCs [3, 19]. Furthermore, IV-MSCs are shown to get trapped
in the lungs with a half-life of 24 hours [1, 2, 38], resulting
in pulmonary thromboembolism due to pro-coagulation in
transplanted MSCs [39–42] and are thereby limited by a
maximum tolerable dose that can be administered safely
without pulmonary toxicity. Instant blood-mediated inflam-
matory reaction has been noted for culture-expanded MSCs
that is also a limit to dosing and thus PK as well [43]. Studies
have shown that MSC differentiation can lead to pulmonary com-
plications and, in the context of renal disease, result in significant
loss of kidney function [44, 45]. In addition, because transplanta-
tion depends on engraftment for therapeutic effectiveness, treat-
ment kinetics is inherently delayed. Current literature supports
that active immunologic processes may be responsible for the
short in vivo persistence of MSCs. Allogeneic IV-MSCs elicited a
memory T-cell response and rapid clearance of subsequent intra-
venous doses by the immune system [46]. Activated natural killer
cells, known to eliminate foreign cells, have also been shown to
facilitate MSC lysis [47, 48]. Furthermore, immunocompromised
mice demonstrated higher sensitivity to MSC-derived secreted
factors after a cell transplant compared with wild-type mice
[4]. Collectively, these studies suggest that recognition and
immune clearance of MSCs could severely limit bioavailability,
thereby greatly reducing therapeutic efficacy and duration of
therapeutic activity. An alternative hypothesis, that justifies
why in animal studies immunosuppression is observed despite a
rapid clearance of MSCs, is that efferocytosis is an essential part
of the MoA [49, 50]. Studies have shown that inactive MSCs can
be just as effective at inducing tolerance as live MSCs [51], but
recent reports demonstrate that the potency of inactive or apo-
ptotic MSCs is limited [52]. Furthermore, direct transplantation
of both live or apoptotic cells may not be the safest or most
effective means of administering MSCs and their therapeutic fac-
tors. The limits on half-life and maximal dose of IV-MSCs may
explain the failure to scale promising results from mouse
models to human trials. Patient responses to IV-MSCs in clinical
testing, although not consistent in all patients, can be insightful
cases to understand what aspects of the PK/PD paradigm have
been tipped in favor of a therapeutic effect.

There are several alternate approaches that investigators are
evaluating to better control for MSC bioavailability including
local injections [53], the use of surface-modified MSCs to
improve homing to target organs [54–56], or even engineered
MSCs with increased survival signaling [57]. We have explored
the systemic use of MSC bioreactors to control the interaction
with immune cells ex vivo [58]. This technology solution is
designed to control and scale these critical reaction conditions,
modeled by in vitro experiments, in an ex vivo bioreactor com-
partment. This ex vivo approach can potentially overcome dose
limits, risks [59], and side-effects of IV cell transplantation. The

device allows for intimate exchange between MSCs and a
patient’s immune cells in a manner akin to transplantation by
enabling the same sensing and response to a patients’ blood acti-
vating signals. The bioreactor system was designed to provide
engineering controls for critical features that were found in vitro
to be associated with effective MSC immunomodulation. By
immobilizing MSCs in a reactor, we confine and concentrate the
interaction of MSCs to target immune cell within the volume of
the bioreactor thereby decreasing the reaction volume. Using a
clinical reactor with a surface area of �2.0 m2, we can theoreti-
cally immobilize >10 billion cells within this device without con-
cern of escape or lung toxicity issues. In this way, we can
theoretically restore therapeutic MSC: leukocyte ratios back to a
<1:10 ratio very easily within the bioreactor (Table 1). Immune
cells are continuously exposed ex vivo to ensure sufficient reac-
tion condition of MSC ligands binding to immune target cell
receptors during the transit time of immune cells in a single pass
in the reactor. By controlling for the duration of reactor use,
essentially the interaction frequency of MSCs and immune cells.
We have shown that the ex vivo reactor can be used independent
of cell transplantation to provide immunological and tissue-sparing
support in several models of inflammatory organ failure [60, 61].
Prior to treatment, the cells are seeded and stabilized in the
device. Following application, the device can then be disconnected
and discarded once the MSCs have assisted in the recovery of the
patient. Ultimately, this makes for a safe and favorable chemical
reaction environment where we can control immune cell change
as a function of bioreactor dosage (i.e., number of MSCs and dura-
tion of exposure).

OUTGOING PERSPECTIVE ON CELL ENGINEERING AND

BIOMANUFACTURING

Emerging cell therapies are being combined with other molecular
agents or genetically modified to “actively” control PK/PD proper-
ties with a target protein expression system in mind (Fig. 1).
These cell engineering techniques, in essence, shift the pharmaco-
logical properties of a cell therapy with the intent of matching PK
with PD for a reproducible treatment effect. PD will be specific
for each cell therapy application so we limit the breadth of scope
in discussion save for asserting that reverse engineering this pro-
cess is ideal where a known therapeutic target specification is in
place, for example the production of factor VIII for gene therapy

Table 1. Theoretical comparison between IV and ex vivo
(EV) MSCs

Parameter IV MSCs EV MSCs Δ (EV/IV)

Biodistribution
(reaction volume)

5,000 ml
(human
blood
volume)

100 ml
(reactor
volume)

1/50

Half-life (duration) 1–3 hours >>72 hours >288×

Initial dose (cell number) 200 M >>200 M >1–5×

�MSC: leukocyte
compartment

<1:100 >5:1 >5,000×

Abbreviations: MSC, mesenchymal stromal cell; EV, ex vivo; �, The ratio
between MSCs to leukocytes is approximated in the table (rather than
an absolute precision calculation).
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applications based on a minimal level of protein expression for
physiological blood clotting [62, 63]. A set of “STED” parameters
have been proposed [64] that highlight key PK processes for
genetically modified cells defined as: spreading in the target tis-
sue, transduction efficiency, expression strength in the transduced
cells, and duration of gene expression. These PK parameters are
important characterization tests in vitro and in vivo that can act
as metrics by which a batch of cells with desired PK properties is
released for clinical use. Chimeric Antigen Receptor (CAR)-T-cell
therapy, for instance, can be simplified to a potency release assay
that evaluates the interaction between CAR-T cells and their bind-
ing targets. In vivo, although, CAR-T cells need to migrate to the
cancer target [65], which remains an important issue for solid
tumor penetration compared with bloodborne targets. Milone
and Bhoj present a thorough review on T-cell pharmacokinetic
data, factors affecting engraftment, and pharmacodynamic rela-
tionships [66]. Concurrent delivery of molecular drugs may con-
tinue to be required to augment donor cell efficacy and in vivo
persistence [67]. Cell surface engineering has been exploited for
improved targeting, cell viability, and pseudo-autocrine stimula-
tion of the donor cells by chemically conjugating drug loaded par-
ticles onto the plasma membrane of the cells [68]. Efforts to

maximize local biodistribution and decrease off-target toxicity
have also been accomplished by genetically engineering tumor
tropic cells to produce a therapeutic enzyme that can convert a
pro-drug into an active tumor-toxic effector drug [69]. Alterna-
tively, cells have been modified to deliver an oncolytic virus
that selectively replicates in tumor cells amplifying the anti-
tumor effect with subsequent rounds of infection and lysis
[70]. Time-dependent elimination of therapeutically delivered
cells can be achieved by engineering suicide switches into cells
in an attempt to model the effect of cell elimination
strategies to improve outcomes [71]. Designing potency and effi-
cacy studies while validating an underlying pharmacological
model can enable predictable efficacy and optimization strate-
gies in preclinical and clinical studies.

CONCLUSION

Finally, it is crucial to understand that drug delivery is intimately
linked to the quality of drug substance as well as any drug delivery
component and its reproducible manufacture in cGMP formats.
Scalable and sustainable manufacturing is lacking in the field of

Figure 1. Examples of engineering techniques to control in vivo cell pharmacokinetics. Examples of various engineering techniques to
improve (A) cell-based gene therapy to extend duration of protein therapy, (B) targeting cells to local tissue via cell surface engineering
[50], (C) pro-drug cell therapy concentrates drug action within a microenvironment to minimize systemic exposure and decrease off-target
toxicities [45], and (D) engineered suicide switches as a safety control of cell therapy.
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cell therapy and is an important consideration when deploying a
cell therapy solution. Combining a cell therapeutic and a drug
delivery technique is best done at the earliest stages of drug devel-
opment so that the quality of both components in a final product
is harmonized in lock-step. The manufacture of cell therapies
becomes important to interpreting studies and including cross-
compared results when different laboratories prepare cells with
significant variation. The use of reproducible in vivo data to model
and find standardized cell dosage, frequency, and applications is a
community effort that is enabled when the high-quality compo-
nents are robustly manufactured. A PK/PD profile can, thus, set
quality targets that have a dual-face to the manufacturer as a
framework for bioprocess engineering design and optimization of
an input drug substance and delivery component too.
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