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Cytopharmaceuticals: An emerging paradigm for drug delivery
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ARTICLE INFO ABSTRACT

Cytopharmaceuticals, in which drugs/nanomedicines are loaded into/onto autologous patient- or allogeneic
donor-derived living cells ex vivo, have displayed great promise for targeted drug delivery in terms of improved
biocompatibility, superior targeting, and prolonged circulation. Despite certain impressive therapeutic benefits
in preclinical studies, several obstacles retard their clinical application, such as the lack of facile and convenient
methods of carrier cell acquisition, technologies for preparing cytopharmaceuticals at scale with undisturbed
carrier cell viability, and modalities for monitoring the in vivo fate of cytopharmaceuticals. To comprehensively
understand cytopharmaceuticals and thereby accelerate their clinical translation, this review covers the main
sources of various cytopharmaceuticals, technologies for preparing cytopharmaceuticals, the in vivo fate of cy-
topharmaceuticals including carrier cells and loaded drugs/nanomedicines, and the application prospects of
cytopharmaceuticals. It is our hope that this review will elucidate the bottlenecks associated with cyto-
pharmaceutical preparation, leading to the acceleration of future industrialization of cell-based formulations.
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1. Introduction

Conventional targeted drug delivery systems (TDDSs) can be cate-
gorized into passive and active types. Passive TDDSs are generally de-
pendent on the enhanced permeability and retention (EPR) effect,
which is based on the longevity of TDDSs in blood and their accumu-
lation at pathological sites (e.g. tumor or inflammation site) with leaky
vasculature [1]. While active TDDSs depend on the attachment of
specific ligands of TDDSs to recognize and bind surface markers on
pathological cells or in their surrounding microenvironment [2]. Al-
though conventional TDDSs have increased the therapeutic efficacy and
decreased the undesired side effect because of the improved biodis-
tribution and pharmacokinetics of the delivered drugs to certain degree,
these systems are still limited by their unsatisfactory targeting effi-
ciency [3]. For example, a recent study found that in preclinical tumor
models, only 0.7% of intravenously administered drugs accumulated at
the diseased site [4]. There could be two main reasons for the poor
targeting efficiency of conventional TDDSs. First, conventional TDDSs
are usually identified as foreign agents that are easily cleared by the
reticuloendothelial system (RES), resulting in a short circulation time as
well as poor passive targeting capacity [5]. Second, even if the active
targeting strategy based on ligand-receptor interactions is applied,
targeting efficiency is not greatly improved. This is largely owing to the
heterogeneous expression of membrane receptors among individual
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patients and different tumors as well as during different tumor stages
within a single tumor [6]. Additionally, immune responses against the
administrated foreign TDDSs also dampen their benefits [5]. Novel
TDDSs with enhanced targeting efficiency and therapeutic efficacy are
thus greatly needed.

Cytopharmaceuticals represent a new cell-based formulation in
which drugs/nanomedicines are loaded into/onto autologous patient-
or allogeneic donor-derived living cells ex vivo. Since the unique char-
acteristics of living cells as carrier cells of cytopharmaceuticals, such as
a long circulation time, high motility, flexible morphology, active
tropism towards certain tissues, as well as low immunogenicity, cyto-
pharmaceuticals have emerged as attractive modalities for addressing
the aforementioned challenges of conventional TDDSs [7-9]. When
cytopharmaceuticals are infused into patients, their in vivo behavior is
completely inherited from the corresponding carrier cells. That is, cy-
topharmaceuticals can overcome the multiple in vivo physiological/
pathological barriers faced by conventional TDDSs, effectively deliver
the cargos (i.e. drugs or nanomedicines) to pathological sites with im-
proved targeting efficiency, and ultimately maximize treatment efficacy
and minimize side effects. For example, neutrophil cytopharmaceuticals
of liposomal paclitaxel (PTX) were linked to 1162- and 86-fold higher
PTX concentrations in the brain than Taxol and liposomal PTX, re-
spectively, slowing the recurrent growth of post-surgical glioma and
significantly improving survival rates [10]. Platelet
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Table 1
Pros and cons of nanomedicine and cyto-pharmaceutical.
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Ideal TDDSs Nanomedicine

Cyto-pharmaceutical

Long circulation time Cons: Rapid clearance by RES.

Solutions: i) Stealth coating by PEG or zwitterionic polymers [12]; ii)

Cloaking by circulatory cell membrane [13].

Pros: Natural stealth properties accompany with a long
circulation time.

Problems associated with solutions: Inducing immune response against PEG

[14] or complex preparation procedures [15].
Superior targeting efficiency
barriers [16].

Cons: Poor targeting efficiency due to the multiple physiological/pathological

Pros: Intrinsic tropism towards pathological sites and capacities
crossing physiological barriers.

Solutions: Modification with peptides, proteins, aptamer or antibodies [2].

Problems associated with solutions: Limited improvements [6].

High drug loading efficiency
nanomedicine.

Biocompatibility Cons: Nanotoxicology [17]
Solutions: Using biomimetic materials instead.
Controlled drug release

nanomedicine.

Pros: Easily turning the compositions or preparation parameters of

Pros: Easily controlled drug release by turning the compositions of

Cons: Limited drug loading capacity to maintain the innate
functions of carrier cell.

Solutions: Utilizing nanomedicine with high drug loading
efficiency.

Pros: Self-components with great biocompatibility.

Cons: Highly dependent on the disease status, carrier cell and
payloads.

Solutions: Introducing controllable switches, such as light or
temperature.

Problems associated with solutions: Need more development
for clinic applications.

cytopharmaceuticals of programmed death ligand-1 (PD-L1) improved
the half-life of PD-L1 from 5.5 to 35h, thereby improving the accu-
mulation of PD-L1 in tumor [11]. We also summarized the benefits and
drawbacks of nanomedicines and cytopharmaceuticals to better un-
derstand the challenges to their future development (Table 1).

Despite the promising therapeutic benefits of cytopharmaceuticals,
no such product has been approved since the first red blood cell (RBC)-
based cytopharmaceutical of enzymes was investigated in 1973 [18].
Subsequently, more and more RBC-based cytopharmaceuticals have
been developed, some of which are currently under clinical develop-
ment. Later, immune cells-based cytopharmaceuticals, such as mono-
cytes/macrophages, T cells, NK cells and neutrophils have been de-
veloped, aiming at a library of diseases (Fig. 1) [19-23]. The current
stages of various cytopharmaceuticals including RBC-, T cell-, neu-
trophil-, macrophage-, and natural killer (NK) cell-based ones are re-
viewed in Table 2. In particular, RBC-based cytopharmaceuticals of

drugs, enzymes, or peptides have been applied to treat various malig-
nancies, such as pancreatic adenocarcinoma, acute lymphoblastic leu-
kemia, and triple negative breast cancer. Most of these studies are
currently in clinical trials. While cytopharmaceuticals based on other
cell types, such as T cells, neutrophils, macrophages, and NK cells, are
all in preclinical developments for the treatment of cancer [26], human
immunodeficiency virus (HIV) [27], Alzheimer's disease [28] etc. The
advantages and applications of cell-based formulations have been
thoroughly discussed in several excellent reviews [7-9]. In this review,
we intend to discuss possible obstacles hindering the clinical translation
of cytopharmaceuticals depending on the whole workflow including
sources, preparation techniques, and in vivo fate. It is our hope that this
review will elucidate the bottlenecks of cytopharmaceutical prepara-
tion, which could lead to the acceleration of future industrialization of
cell-based formulations.
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Fig. 1. The development timeline for various cytopharmaceuticals.
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Table 2
Representative pre-clinical and ongoing clinical trials of cytopharmaceuticals.
Carrier-Cell Name/Company Drugs/Nanomedicines Application NCT number Status
RBCs Eryaspase Asparaginase Pancreatic adenocarcinoma NCT03665441  Phase III
Eryaspase Asparaginase Acute lymphoblastic leukemia NCT03267030  Phase II
Eryaspase Asparaginase Triple negative breast cancer NCT03674242  Phase II/III
Erydel Dexamethasone sodium Ataxia telangiectasia NCT03563053  Phase III
phosphate NCT02770807
Orphan Technologies ~ Thymidine phosphorylase Mitochondrial NCT03866954  Phase I/11
neurogastrointestinal
encephalomyopathy
- Escherichia coli Immunotolerance/spleen - Preclinical
L-asparaginase,
autoantigens
- PLGA DOX Lung metastasis - Preclinical [61]
Stem cells - Silica purpurin-18 breast cancer/cancer - Preclinical [62]
NPs
- Silica DOX - - Preclinical [63]
Platelets - anti-PD-1 antibody Post-surgical breast and melanoma tumor - Preclinical [11]
- anti-PD-1 antibody Acute myeloid leukemia - Preclinical [64]
- Gold nanorods Head and neck - Preclinical [65]
squamous carcinoma
Neutrophils - Liposomal PTX Post-surgical glioma - Preclinical [10]

- Liposomal PTX
- Abraxane

- Silicon DOX and magnetic nanoparticles

- Nanoparticulated indinavir
- Catalase
- Cellular backpack
Monocytes/macrophages - Prodrug
T cells - IL 15 nanogel
- Liposomal SN38
Natural Killer Cell - Liposomal Trail
- Micelle DOX

Preclinical [66]
Preclinical [67]
Preclinical [68]
Preclinical [27]
Preclinical [28]
Preclinical [69]
Preclinical [70]
Preclinical [71]
Preclinical [24]
Preclinical [25]
Preclinical [72]

HepS-tumor -
SNU719 tumor -
Post-surgical glioma -
HIV -
Parkinson's disease -
Inflammation/breast tumor -
Lung metastasis -
Breast tumor -
Disseminated lymphoma -
Lymphatic metastasis -
Breast tumor -

2. A typical workflow of cytopharmaceuticals

Cytopharmaceuticals are formulated with ex vivo living cells and
drugs/nanomedicines in a specific manner, followed by infusion back
into patients to take effect. In brief, carrier cells are initially harvested
from autologous patients or allogeneic donors with unperturbed phy-
siological behaviors, such as migration and responsiveness to micro-
environmental signals. Then, with or without an ex vivo expansion,
drugs/nanomedicines are integrated into carrier cells via a facile and
benign “loading into” or “loading onto” strategy under a strictly ster-
ilized environment, thereby obtaining living cytopharmaceuticals.
Finally, after a standardized quality control including but not limited to
potency, purity and contamination, the prepared living cytopharma-
ceuticals are subsequently infused back into patients. The infused cy-
topharmaceuticals can circulate in circulation as a self-component that
avoids recognition by the RES, cross physiological/pathological bar-
riers, migrate into sites of disease owing to their intrinsic tropism, and
unload their cargos in a designed manner after which the carrier cells
die or persist according to their corresponding physiology. Of note, the
fate of infused carrier cells must be considered given that the biodis-
tribution, proliferation, and colonization of living cells could influence
the efficacy and biosafety of cytopharmaceuticals. In this section, we
will discuss the entire workflow of cytopharmaceuticals as indicated in
Fig. 2 for a better understanding.

2.1. Source of cytopharmaceuticals

The sources of cytopharmaceuticals include both carrier cells and
drugs/nanomedicines, which are both critical for a successful transla-
tion. In specific, the in vivo behavior of cytopharmaceuticals, such as
circulation, biodistribution etc, is predominantly determined by carrier
cell. For example, RBC-based cytopharmaceuticals exhibit a long cir-
culation time [8], whereas neutrophil-based cytopharmaceuticals dis-
play rapid accumulation at inflammatory sites [10]. By contrast, drugs/

nanomedicines loaded into or onto carrier cells are the final effector
agents. Thus, in this case, we will discuss each source, respectively,
regarding their advantages and disadvantages as sources of cyto-
pharmaceuticals, as well as the rational selection.

2.1.1. Living cell carriers

The introduction of living cell carriers endows cytopharmaceuticals
with cell behaviors, e.g long circulation time, high motility, and
tropism towards specific tissues. There are two main categories of living
cell carriers based on their intended functions: carriers that prolong the
blood circulation time of the drug, such as erythrocytes; and carriers
that improve the accumulation of drugs into hard-to-reach sites of
disease via the homing ability of cells involved in various disease pro-
cesses, including immune cells (T cells, neutrophils, monocytes, mac-
rophages, and NK cells), stem cells, and platelets. Notably, most carrier
cells are autologous or homologous to minimize the risk of patient re-
jection. Additionally, the criteria, e.g human leukocyte antigen (HLA)
type, should be also matched between the donor and patient. In parti-
cular, the isolation of living carrier cells is tricky regarding the cellular
purity and viability.

Erythrocytes. Erythrocytes (RBCs) comprise the largest population
of blood cells (> 99%). Approximately 2 million new erythrocytes are
continuously produced per second in the human body, and simple
centrifugation can completely isolate RBCs. This simple, cost-effective
acquisition method makes RBCs preferred among all carrier cells re-
garding convenience, and this might explain why most cytopharma-
ceuticals under clinical development are RBC-based. Moreover, another
attribute of RBCs as carriers is that they can circulate for approximately
3 months in humans and approximately 40 days in mice. Additionally,
biconcave RBCs lack organelles with a surface area of up to 160 um?.
The drug-loading capacity of RBCs is theoretically large because the
entire inner space and the extended cell surface can be used as a drug
reservoir [8,29-31].

Platelets. Platelets are fragments of cytoplasm derived from
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Fig. 2. A typical workflow for cytopharmaceuticals.

megakaryocytes within the bone marrow [32], and they can be har-
vested from the peripheral blood of autologous patients or allogeneic
healthy donors. In addition to their abundance, platelets exhibit rapid
responses to vascular injury induced by stroke, myocardial infarction,
tumor progression, and surgery via their role in hemostasis [33]. Al-
though these favorable merits of platelet make them preferred candi-
dates for preparing cytopharmaceuticals, the positive contribution of
platelets to disease progression should be addressed prior to pro-
ceeding. For example, studies revealed that the activation and ad-
herence of platelets to tumor cells can promote tumor growth and
metastasis [34,35]. Additionally, the easy activation of platelets during
extraction, purification, and loading processes might represent ob-
stacles for the future application of platelet-based cytopharmaceuticals.

Leukocytes. Leukocytes (white blood cells) represent a key com-
ponent of the immune system because they clear cellular debris and
foreign materials to defend the body against infections and diseases.
They consist of neutrophils, eosinophils, basophils, monocytes, and
lymphocytes [36,37]. Although the lifespan of leukocytes (up to
20 days) is shorter than that of RBCs [37], their intrinsic features, such
as the ability to home to specific tissues (inflammatory tissues and
lymph nodes) and immune responses [37-39], make them attractive as
drug carriers. Specifically, neutrophils, monocytes/macrophages, and
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lymphocytes have exhibited promise in delivering therapeutics to var-
ious sites of disease.

Neutrophils, also known as polymorphonuclear granulocytes, are the
most abundant leukocyte type in humans (comprising 50%-70% of
leukocytes) [39]. They are critical components of the innate immune
system, and they can migrate quickly to sites of infection or in-
flammation, after which they can kill invading pathogens via phago-
cytosis, degranulation, or the formation of neutrophil extracellular
traps (NETs), accompanied by the release of an array of pro-in-
flammatory cytokines [40,41]. In addition, neutrophils have been de-
monstrated to highly infiltrate tumor sites and pre-metastatic niches
[42,43]. Their tropism to diseased sites supports their promising tar-
geting potential in various diseases. As an abundant leukocyte type,
neutrophils can be harvested from autologous patients or allogeneic
healthy donors and transfused into patients. Moreover, the adoptive
infusion of neutrophils for treating neutropenia has been safely per-
formed in the clinic for decades [44-47]. While, due to their relatively
short lifespan, isolated neutrophils must be quickly transferred to avoid
any decay of viability, which makes their ex vivo manipulation tricky.
However, the short lifespan of neutrophils can be advantageous from
the perspective of biosafety because carrier neutrophils might positively
contribute to the progression of disease after systemic transfer [48].
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Fig. 3. Clinically approved nanomedicine for therapy and diagnostic till 2019.

Finally, the intrinsic phagocytosis of foreign materials enables the
simple and feasible fabrication of neutrophil cytopharmaceuticals.

Monocytes are mononuclear leukocytes and the precursors of mac-
rophages. Monocytes circulate in the bloodstream, migrate to diseased
sites in association with infection or inflammation, and differentiate
into macrophages [49]. Macrophages play multiple roles in inflamma-
tion, including the secretion of pro-inflammatory cytokines and clear-
ance of bacteria/cellular debris [50]. The ability of monocytes/mac-
rophages to access hard-to-reach tissues [51], such as hypoxic/necrotic
areas, makes them ideal carriers for drugs to treat hypoxic diseases.
Like neutrophils, their superior phagocytic capability enables the
spontaneous preparation of monocyte/macrophage cytopharmaceu-
ticals. Given the phenotype reversal of macrophages at sites of disease,
which means the inflammatory macrophages (M1) will polarize into
alternatively activated macrophages (M2) in immunosuppressive mi-
croenvironments and contribute to the progression of disease, manip-
ulation of the fate of macrophage cytopharmaceuticals appears neces-
sary for their further development. Notably, the clinical translation of
the adoptive transfer of chimeric antigen receptor macrophages makes
the translation of macrophage-based cytopharmaceuticals more pro-
mising.

Lymphocytes, consisting of T cells, B cells, and NK cells, are primarily
found in the bloodstream and central lymphoid organs [52]. Lympho-
cytes display multiple functions in human immunity. For instance, cy-
totoxic T cells can recognize and reach abnormal cells and directly kill
them via cytotoxic effectors including perforin and granzyme [53].
Obviously, lymphocytes could serve as potential carriers for cyto-
pharmaceuticals because of their superior ability to penetrate certain
physiological barriers. However, vulnerable autologous lymphocytes
are difficult to harvest because of the poor conditions of patients and
their labor-intensive ex vivo expansion [54]. In addition, allogeneic T
cells carry the risk of graft-versus-host unless the human leukocyte an-
tigen barriers are removed via complicated gene edition [55]. Notably,
the approved adoptive transfer of chimeric antigen receptor T cells
demonstrates the potential translation of T cell-based cytopharmaceu-
ticals.

Stem cells. Stem cells, including induced pluripotent stem cells,
neural stem cells (NSCs), and mesenchymal stem cells (MSCs), can be
harvested from patients, cultured, and expanded ex vivo, after which
they can be infused back into patients. The isolation and expansion of
stem cells are generally labor-intensive. These cells have been of in-
terest because of their applications in regenerative medicine and tissue
engineering [56]. However, their use as carrier cells for
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cytopharmaceuticals, particularly tumor-targeted treatments, is also
attractive. Like leukocytes, MSCs can penetrate many tissues after sys-
temic administration and exit blood vessels via expression of cell ad-
hesion molecules [57]. MSCs have several merits as ideal carrier cells
including i) self-renewal and expansion when cultured ex vivo and ii)
substantial disease tropism, including but not limited to tumors. It
should be stated that stem cells can home to tumors and other patho-
logical sites, e.g. areas of neurodegeneration, which offers the oppor-
tunity for stem cell-based cytopharmaceuticals to treat various diseases
[58,59]. However, concerns regarding the malignant potential of stem
cells after in vivo transfusion might limit their use in cytopharmaceu-
ticals [60].

2.2. Drugs/nanomedicines

In a pursuit of sheer convenience for clinical application, approved
drugs are considered the first choice of cytopharmaceuticals prepara-
tion. A library of approved drugs, including PTX, doxorubicin (DOX),
dexamethasone sodium phosphate, alcohol dehydrogenase, aldehyde
dehydrogenase, and therapeutic enzymes, have been formulated into
cytopharmaceuticals (Table 2). However, to avoid direct interactions
between drugs and carrier cells, which might lead to altered cell be-
havior or drug degradation, approved nanomedicines would be better
choices. Specifically, liposomal doxorubicin (Doxil™/Caelyx™) was the
first anti-cancer nanomedicine approved by the Food and Drug Ad-
ministration (FDA) in 1995 [73]. Subsequently, several nanomedicines,
such as Myocet™, DaunoXome™, Depocyt™, Abraxane™, Genexol-PM™,
and Onivyde™, have been improved by the FDA for treating multiple
cancer types, and investigations of other clinical uses are ongoing. In
total, 29 nanomedicines gained approval through the end of 2019 [74].
Of these drugs, liposomal formulations represented 44.8% (13 pro-
ducts) of treatments, followed by inorganic nanoparticles (12 products
[41.4%]) and other nanoparticles (polymers and proteins; four products
[13.8%]; Fig. 3) [75]. Notably, the limited number of approved nano-
medicines might be one of the bottlenecks for the further development
of cytopharmaceuticals.

2.3. Techniques for preparing cytopharmaceuticals

To obtain cytopharmaceuticals, the aforementioned drugs/nano-
medicines should be loaded into or onto living cells. Notably, the pre-
paration of cytopharmaceuticals differs largely from that of novel
pharmaceuticals because the carriers are living cells. The improved
drug delivery capacity of cytopharmaceuticals is largely dependent on
the physiologic functions of carrier cells. Therefore, it is essential to
develop loading methods that do not disrupt the physiologic functions
of carrier cells. That is, feasible and facile loading processes as well as
drugs/nanomedicines with no or low toxicity are required. In addition,
the drug-loading capacity of cytopharmaceuticals should be considered
because this property determines the dosage and therapeutic regimen
for various diseases. To date, two methods for achieving successful drug
loading have been developed: i) leveraging the intrinsic uptake capacity
of carrier cells or the passive diffusion of drugs to load drugs into the
intercellular space and ii) backpacking the drugs onto the cell surface
via adsorption or conjugation (Fig. 4).

2.3.1. “Loading into” strategy

Cellular compartments offer an opportunity to store drugs inside the
cytoplasm. The most convenient method for loading drugs inside the
cytoplasm is to utilize the phagocytic activity of carrier cells. This
method is likely limited to certain phagocytic cells, such as neutrophils
or macrophages. Our group has leveraged the natural phagocytic ca-
pacities of neutrophils to fabricate neutrophil cytopharmaceuticals of
liposomal PTX or albumin-bound PTX nanoparticles (Abraxane)
without a loss of cellular viability during circulation (Fig. 5A)
[10,66,67].
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Fig. 4. Natural or engineered cell-surface properties for fabrication of cell-membrane-attached cytopharmaceuticals. (A) The non-covalent attachment sites mediated
by hydrophobic and negatively charged cell surface along with the ligand. (B) Naturally available reactive groups generating from lysine and cysteine. (C) Manually
introduced biorthogonal reactive groups by lipid insertion, glycometabolism as well as membrane fusion. (D) Oxidation of cell surface saccharides generating

reactive aldehydes.

Unfortunately, most cells lack phagocytic activity. For these cells,
the common strategy is to load the cells with drugs via passive diffusion
or endocytosis, which is usually limited by the physical/chemical
properties of drugs, resulting in relatively low drug encapsulation ef-
ficiency. Using hypotonic solutions to enable the consequent reflux of
drugs into the cytoplasm is thus a promising method. For instance,
hypotonic solution-treated RBCs swell and form transient pores in the
plasma, allowing the entry of drugs into the cytoplasm [8]. Notably,
several RBC-based cytopharmaceuticals under clinical development use
this hypotonic loading strategy. Additionally, electroporation is another
method to instantly open pores on cell membranes to enable the entry
of high-molecular-weight drugs. For example, nearly 5%-7.5% of rIL-2
is consistently encapsulated into RBCs via electroporation [76]. Al-
though improved loading efficiency of drugs can be achieved, the
method of disrupting the cell membrane integrity might cause perma-
nent damage to carrier cells, which is unfavorable for maintaining the
vitality of cytopharmaceuticals. Alternatively, the use of cell-penetrating
peptides or ligands to load therapeutics into carrier cells is under de-
velopment. Specifically, hyaluronic acid-modified iron oxides are
massively loaded into macrophages via the interaction of hyaluronic
acid and CD44 receptors on macrophages [77]. The cell-penetrating
peptide-mediated loading of the enzyme r-asparaginase into RBCs is
another proof-of-concept for efficient drug loading without disturbing
the physiology of carrier cells [78]. Last, after the membrane infusion of
drugs loaded into fusogenic liposomes, the drugs are transferred from
liposomes to carrier cells [79]. Of note, hydrophilic drugs are more
favorably encapsulated in these liposomes for the membrane fusion
method.

Despite the aforementioned advantages, there are two possible re-
strictions regarding this method: i) the degradation of internalized
drugs by carrier cells because of the harsh intracellular microenviron-
ment, including abundant enzymes and the acidic pH of endosomes/
lysosomes in carrier cells; and ii) the restricted retention of drugs inside
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the cytoplasm because most drugs are cell-permeable, permitting their
rapid escape from carrier cells, even during circulation. Considering the
first restriction, the cytoplasm of RBCs is an ideal cellular container for
drugs because they lack intracellular components [8]. Thus, several
drugs including chemical drugs and proteins have been loaded into the
cytoplasm of RBCs. However, this strategy is limited by the rapid
leakage of encapsulated drugs. For instance, only 20% of encapsulated
PTX remains inside RBCs after 48h of circulation in blood [80].
Therefore, a prodrug strategy to reduce the cell permeability of drugs is
necessary. For example, vitamin B12 prodrugs have a prolonged re-
tention time because of their cell-impermeable characteristics [81].
Another prodrug strategy chemically modifies drugs with ionic groups,
such as phosphate groups. In this manner, a single injection of RBC-
based cytopharmaceuticals of phosphorylated DEX provides a ther-
apeutic concentration of the drug for more than 30 days [82]. Mean-
while, the use of nanomedicines is a promising strategy to eliminate the
interactions between carrier cells and drugs in this scenario. Notably,
transforming drugs into nanomedicines can also improve the drug-
loading capacity of cytopharmaceuticals. For example, porous silica
nanoparticles with high loading efficiency of DOX are phagocytosed by
macrophages to yield a macrophage-based cyto-pharmaceutical with
enhanced drug contents [83]. Although nanoparticles provide a pro-
tective shell for encapsulated drugs, the engulfed nanomedicine must
survive the acidic pH and/or enzymes in endosomes/lysosomes, which
are the inevitable organelles involved in phagocytosis/endocytosis.
Moreover, the confined intracellular compartment of carrier cells limits
the drug-loading capacity of cytopharmaceuticals. In this respect, at-
taching drugs/nanomedicines onto the cell membrane would be more
beneficial.

Collectively, the “loading into” strategy is an easy-to-use pathway
for loading drugs/nanomedicines into living cells, which is preferred for
industrial production. However, the complexity associated with differ-
ences among individual cells, various intracellular microenvironments,
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Fig. 5. Examples of cytopharmaceuticals with different drug/nanomedicines locations. (A) Fluorescent image of cytoplasm-laden cytopharmaceuticals based on
neutrophil. Scale bar, 4 um. The nanomedicines are indicated by green signals [10]. (B) Scanning electronic microscope images of cell-membrane-attached cyto-
pharmaceuticals prepared from non-specific absorption of nanoparticles with different shapes. Adapted with permission from [108]. Copyright (2015) Elsevier Ltd.
(C) Membrane-attached cytopharmaceuticals mediated by ligand-receptor interaction, observed by Scanning electronic microscope. Red arrow indicates the cargos.
Adapted with permission from [109]. Copyright (2011) WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (D) Fluorescent image of membrane-attached cyto-
pharmaceuticals based on covalent conjugation. Pink fluorescence indicates the cargos. Adapted with permission from [24]. Copyright (2015) American Association
for the Advancement of Science. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

and the interference between drugs/nanomedicines and cells, might
compromise the reproducibility and stability of cytopharmaceuticals.
New techniques to precisely control the “loading into” process and fine-
tune the properties of nanomedicines while selecting suitable carrier
cells are required to develop cytoplasm-laden cytopharmaceuticals
(Table 3).

2.3.2. “Loading onto” strategy

The cell membrane is a double layer of lipids, proteins, and poly-
saccharides that features a range of reactive modules (e.g. amines,
thiols) and surface properties (e.g. negative charge, hydrophobicity) for
surface attachment. Two general strategies, including noncovalent at-
tachment and covalent conjugation, are available for attaching drugs/
nanomedicines to the surface of carrier cells (Fig. 4).

Noncovalent attachment generally relies on the surface properties of
carrier cells, including negative charges for the adsorption of positively
charged nanoparticles, hydrophobicity for hydrophobic interactions
between drugs/nanomedicines and cells, as well as overexpressed re-
ceptors for the specific binding of corresponding ligand-modified na-
noparticles. Specifically, the membrane surface contains negatively
charged phosphate, carboxylate, and sialic acid groups that contribute
to a negative outer surface charge [84]. Cationic drugs/nanomedicines
can adsorb onto carrier cells via electrical attraction. However, posi-
tively charged drugs/nanomedicines could be harmful to carrier cells.
Rather than electrostatic interactions, the attachment of drugs/nano-
medicines onto the cell surface via hydrophobic interactions (van der
Waals forces and hydrogen bonding) is utilized in several cases of er-
ythrocyte-based cytopharmaceuticals (Fig. 5B) [85,86]. Alternatively,
the modification of drugs using membrane-mimicking lipids is another
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strategy for loading drugs onto the cell surface [87]. It should be noted
that the drugs attached on the cell surface via non-specific adsorption
might dissociate from carrier cells in circulation. Considering the spe-
cific interaction between ligands and receptors, overexpressed receptors
on the carrier cell surface can be utilized as anchorage sites for the
corresponding ligand-functionalized drugs/nanomedicines. For ex-
ample, CD45 on the surface of T cells is used as the anchorage site for
anti-CD45-modified nanogel containing T cell activity enhancers [71].
The CD44-hyaluronic acid interaction has been used to mediate the
attachment of cellular backpacks to the surface of macrophages
(Fig. 5C) [69]. In this ligand-receptor-mediated attachment strategy, if
the affinity is too strong, it is likely to trigger downstream signals,
leading to the unexpected activation of carrier cells. In turn, if the af-
finity is weak, the drugs/nanomedicines are prone to detach from
carrier cells before reaching the site of disease. A balance must be es-
tablished to achieve the intended delivery efficiency of cytopharma-
ceuticals.

In regard of stability, the covalent conjugation of drugs/nanomedi-
cines onto the cell surface appears more practical. Primary amine re-
sidues (lysine) and thiols (cysteine) are abundant on the cell surface,
making them readily available for the conjugation of drugs/nanome-
dicines. Various cross-linkers are used in this conjugation. In the case of
primary amines, N-hydroxysuccinimide ester is the most commonly
used linker to form stable amide bonds between drugs/nanomedicines
and the cell surface. The reaction conditions are mild and cytocompa-
tible. For instance, sulfosuccinimidyl-4-(N-maleimidomethyl)-cyclo-
hexane-1-carboxylate-modified PD-L1 is mixed with platelets in
Tyrode's buffer (with 1pM PGE1l) for 2h at room temperature to
complete the conjugation [11]. In the case of thiols, maleimide and 2-
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Table 3

Summary of techniques to prepare cytopharmaceuticals.

Ref

Cons

Pros

Methods

Types

[10,66,67,76-80]

High requirements on the integrity of drugs/nanomedicines during

circulation
Facile

Facile, high drug loading capacity

Endocytosis, Phagocytosis, Hyponic loading,

Electroporation
Non-covalent

“Loading into”

[69,71,84-87]

Unstable during circulation, risks of triggering the

undesired downstream cellular signals

i) Nonspecific adsorption (van der Waals, electrostatic interactions,

hydrogen bonds, hydrophobic interactions);

“Loading onto”

ii) Ligand-receptor interactions (such as CD44-Hyaluronic acid).

[11,24,88,89]

Risks of disturbance on carrier-cell physiology

Stable,
general

i) Coupling to native amine or thiol groups;
ii) Coupling to metabolically introduced or membrane-inserted

Covalent

biorthogonal groups;
iii) Coupling to aldehydes resulting from oxidized glycans.
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pyridyldithio groups are generally used because of the high reactivity
and cytocompatibility. For example, the T cell-based cytopharmaceu-
tical of 7-ethyl-10-hydroxycamptothecin (SN38) is fabricated via the
covalent conjugation of nanoparticulated SN38 onto the plasma mem-
brane of T cells via a reaction between cell-surface thiols and mal-
eimide-functionalized nanomedicines (Fig. 5D) [24]. Although corre-
sponding experiments demonstrated the cytocompatibility of the
aforementioned chemical conjugations, the long-term impact of the
occupation of the natural amines and/or thiols of cell-surface proteins
on cell physiology requires further characterization. Rather than the
natural amines and/or thiols on the cell surface, cell-surface sugars
have been oxidized into aldehydes for subsequent conjugation [88]. In
addition, the introduction of biorthogonal reactive groups, such as
azides, onto the cell surface via sugar metabolism has been explored for
covalent conjugation [89]. For certain carrier cells, especially those
with a relatively short lifespan, the metabolic introduction of reactive
sites might not be suitable. Alternative facile and general strategies for
introducing exogenous reactive sites onto the cell surface, such as
membrane insertion, are thus intriguing.

Therefore, the “loading onto” strategy might circumvent the possi-
bilities of drug degradation in the scenario of cytoplasmic-loaded cy-
topharmaceuticals. However, the outside backpacks face new chal-
lenges, such as the undesired detachment of drugs/nanomedicines
during circulation, especially when the carrier cells deform during the
transendothelial migration, or the likeness of endocytosing the drugs/
nanomedicines by carrier cells. Advances in the “loading onto” strategy
with the discoveries of new cell-surface markers and binding ligands as
well as establishment of benign biorthogonal chemistry, are beneficial
for further development of backpacked cytopharmaceuticals. Moreover,
the overattachment of foreign agents onto cells might change the sur-
face properties of carrier cells, leading to deviated in vivo behavior.
Thus, the amount and distribution of drugs/nanomedicines attached per
cell should be controlled, which might be in contradiction to the re-
quirements on the drug-loading capacity of cytopharmaceuticals.

2.4. In vivo fate of cytopharmaceuticals

The in vivo fate of cytopharmaceuticals, including drugs with
pharmacological activities and carrier cells, predominantly determines
the in vivo potency and biosafety. Most current studies are focusing on
the fate of drugs, especially drug distribution and release, which largely
contribute to the final efficacy of cytopharmaceuticals. To the best of
our knowledge, studies on the in vivo fate of carrier cells, which could
possibly result in long-term safety hazards because of the proliferation
and/or differentiation capabilities of living cells, have been limited. In
this section, we will discuss the in vivo fate of cytopharmaceuticals,
especially drug release (Fig. 6) as well as the fate of carrier cells.

2.4.1. Drug release from cytopharmaceuticals

The timely release of drugs from cytopharmaceuticals is critical, and
this process requires both limited drug release to maintain stability
during circulation and a disease-preferred release profile to achieve
therapeutic effects at sites of interest. It is worth noting that the pre-
vention of premature drug leakage from cytopharmaceuticals is in great
need, in order to avoid off-target toxicity and leaky drug-induced da-
mage to carrier cells. Thus, modalities for controlling drug release are
required to improve the effectiveness of cytopharmaceuticals.

Degradation is one of the most well-recognized sustained-release
mechanisms in conventional nanodrug delivery systems [90], because
most nanoparticulated carriers are composed of biodegradable poly-
mers that undergo enzymatic and/or hydrolytic degradation after in-
ternalization into cells. This appears contradictory to the desired sta-
bility of cytopharmaceuticals (especially the nanomedicine-based,
cytoplasm-laden ones) because large amounts of enzymes are present in
carrier cells. As a result, control over the degradation rate inside carrier
cells is of great importance to enable timely drug release from
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cytopharmaceuticals. For instance, drugs were released from DOX/li-
posome-laden macrophages at tumor sites owing to macrophage death
induced by leaky DOX via liposomal degradation [91]. However, this
degradation-mediated drug release profile might not be satisfactory,
since drug diffusion is inevitable and independent of degradation to a
certain extent. Triggered drug release is thus of great significance.

By leveraging the responses of carrier cells to disease signals, cy-
topharmaceuticals can be designed to release drugs in response to these
signals. For example, our group has used inflammatory cytokines in
tumors to trigger the release of anti-tumor drugs from neutrophil cy-
topharmaceuticals via the formation of NETs accompanied by rupture
of the cellular membrane [10,66,67]. Leveraging the overexpressed
protease legumain during the differentiation of monocytes into mac-
rophages, Li and colleagues loaded legumain-sensitive nanoparticulated
mertansine into monocytes to achieve on-demand drug release in the
case of monocyte differentiation into macrophages inside metastatic
tumors [70]. In addition to direct release from carrier cells, cyto-
pharmaceuticals can be designed to release drugs/nanomedicines in an
indirect manner, such as that mediated by exosomes [82] or metabo-
lites. For example, adipocyte-based cytopharmaceuticals containing
DOX-fatty acid prodrugs can release the prodrug as a metabolite that is
subsequently accumulated by tumor cells [92]. It is worth noting that
disease signal-triggered drug release is highly dependent on the patient
condition, which might be variable among individuals. Concerning
good controllability, external stimulus-mediated drug release is favor-
able.

Stimulus-sensitive nanomedicine has been well documented
[93,94], which is featured by a temporal and spatial drug release profile
in response to light, pH, ultrasound, and temperature. In the cyto-
pharmaceutical settings, stimulus responsiveness has been explored
recently. For example, a peptide therapeutic can be introduced onto the
surface of erythrocytes via a photo-cleavable lipid anchorage, and after
the local application of a light source at the site of disease, the peptide
is released to act on its biological target [95]. Monocyte-based cyto-
pharmaceuticals containing echogenic polymer/C5F12 bubbles and
DOX formed pore-like defects after ultrasound treatment, which led to
the liberation of drugs [96]. Similarly, heat generated from co-en-
capsulated iron oxide has been utilized to release payloads [97]. Al-
though external stimulation responsiveness models exhibited unique

advantages concerning the control of drug release, the further appli-
cation of this model requires the resolution of certain limitations [98],
such as the poor tissue penetration of light and the modest spatial re-
solution of magnetic fields.

Taken together, multiple strategies have been explored for well-
controlled drug release from cytopharmaceuticals. However, the com-
plex environment in vivo might comprise the presupposed release be-
havior. In addition, the sophisticated design of nanoparticles for con-
trolled release might impede the feasibility for the large-scale industrial
production. Moreover, the non-invasive and precise in vivo detection
methods should be established to permit the non-invasive real-time
monitoring of drug distribution.

2.4.2. The in vivo fate of carrier cells

The in vivo fate of carrier cells is closely related to the potency and
safety of cytopharmaceuticals, which also requires a comprehensive
study. Concerning the in vivo fate of carrier cells, studies should include
i) examine whether drug/nanomedicine loading alters the in vivo fate of
carrier cells, and ii) assess the distribution, colonization, proliferation,
differentiation, and persistence of carrier cells.

For the first issue, the rational choice of loaded therapeutic agents
as well as the loading method largely contributes to the unperturbed
physiological functions of carrier cells, as discussed in previous sec-
tions. For example, PTX-resistant MSCs were used to load PTX
(~0.10 pg PTX per cell) without causing any loss of cellular viability
[99]. The half-life of cytopharmaceuticals based on liposomal nano-
medicine displayed a similar circulation time as that of its naive
counterparts because of the biocompatibility of liposomes. Moreover,
the loading amount is another determinant, especially for cyto-
pharmaceuticals fabricated using the “loading onto” strategy [67]. It
has been reported that approximately 3-4 polystyrene nanoparticles
with a size of 200 nm on the surface of RBCs have no influence on the
circulation time. However, when the amount of loading reached ap-
proximately 24 nanoparticles per RBC, the cells are cleared from the
circulation more rapidly than their naive counterparts [100].

Regarding the latter issue, the positive contributions of carrier cells
to the targeted disease should be avoided, especially for carrier cells
that can proliferate and persist for prolonged periods at the diseased
site. Several strategies have been developed to kill carrier cells after
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they deliver drugs to the sites of disease. Monocyte-based cyto-
pharmaceuticals containing echogenic polymer/C5F12 bubbles and
DOX can form pore-like defects after ultrasound treatment, which
might induce the loss of carrier cell viability as a result of perturbation
of the cell membrane [96]. Similarly, heat generated from co-en-
capsulated iron oxide has been utilized to kill carrier cells [97].

Additionally, the current technologies for monitoring the in vivo fate
of carrier cells mainly focus on labeling the cells with fluorescent,
isotope, or contrast agents. For example, taking advantage of a >'Cr
RBC labeling technique, the infused RBCs have a near-physiological
survival time with a cell life of 89-131 days [101]. However, labeling
carrier cells with such tags might change the in vivo behavior of cyto-
pharmaceuticals. Moreover, the current analytic methods cannot
monitor the entire life cycle of carrier cells, thus necessitating further
improvement.

3. Application of cytopharmaceuticals

Considering the advantages of cytopharmaceuticals, their applica-
tions include various diseases with several products under clinic de-
velopment. As stated previously, several excellent reviews discussed the
various applications of cytopharmaceuticals [7-9]. In this section, we
will discuss several considerations before initiating a clinical evalua-
tion.

Cytopharmaceuticals are considered personalized treatment mod-
alities because the used carrier cells are obtained from autologous pa-
tients or allogeneic donors with matched HLA types. In addition, the
application of various cytopharmaceuticals is primarily governed by the
pathological status of the disease. Thereby, the translation of cyto-
pharmaceuticals for different indications should be strictly dependent
on the thorough understanding of the disease.

Solid tumors are highly heterogeneous and inflamed tissues that
recruit almost all types of circulatory cells, such as neutrophils,
monocytes/macrophages, NK cells, T cells, and platelets, to orchestrate
an immunosuppressive microenvironment [102]. Although this prop-
erty of tumors largely limits the therapeutic benefits of several treat-
ment modalities, such as chemotherapy and immunotherapy, it can be
leveraged to design cytopharmaceuticals for improved therapeutic
outcomes. For example, our group reported neutrophil-based cyto-
pharmaceuticals containing PTX nanomedicines, which can effectively
deliver the loaded nanomedicines to the tumor site following the in-
flammatory signals of local surgery, radiotherapy or thermotherapy,
thus leading to augmented anti-tumor effect [10,66,67]. In addition,
macrophage-based cytopharmaceuticals of DOX provided enhanced
DOX accumulation in solid tumors and thus an improved anti-tumor
efficacy [83]. Human MSC-based cytopharmaceuticals of silica nano-
particulated DOX displayed enhanced tumor accumulation after sys-
temic transfusion and resulted in elevated anti-tumor efficacy [62].
Platelet-based cytopharmaceuticals of gold nanorods were developed to
suppress the growth of head and neck squamous cell carcinoma in a
feedback manner [65].

Tumor metastasis, including colonization, and proliferation of dis-
seminated tumor cells in secondary organs, contribute largely to the
death of tumor patients [103]. The primary tumor orchestrates a me-
tastatic niche by mobilization several suppressive cells [104], such as
monocytes and neutrophils, into the niche to support the growth of
tumor cells. Taking advantage of this property of metastasis, NSCs can
be exploited to deliver drugs to inhibit brain metastasis [105]. More-
over, T cell-based cytopharmaceuticals can actively deliver anti-cancer
drugs to disseminated tumors in lymph nodes [24].

Disease related to inflammation, infection, and tissue damage can re-
lease chemokines and inflammatory cytokines and generate a gradient
that attracts circulating leukocytes and platelets to sites of disease. This
inspired the exploration of cytopharmaceuticals based on leukocytes
and platelets. For example, idiopathic pulmonary fibrosis, which is in-
itiated by injury of type II alveolar epithelial cells, releases chemotactic
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factors that specifically recruit chemokine receptor-positive cells in-
cluding monocyte-derived multipotent cells (MOMCs). Bearing this in
mind, MOMC-based cytopharmaceuticals were developed to deliver
programmed therapeutics to synergistically reverse pulmonary fibrosis
[106]. Macrophage-based cytopharmaceuticals of antiretroviral drug
(indinavir) nanoparticles were targeted to the brain to effectively re-
duce HIV replication [27]. In addition, macrophage-based cyto-
pharmaceuticals were employed to reduce inflammation in the brain to
alleviate Parkinson's disease [28].

Diseases that require prolonged drug circulation in blood can be treated
using RBC-based cytopharmaceuticals with reduced dosages. For ex-
ample, a single systemic injection of RBC-based cytopharmaceuticals of
phosphorylated DEX maintained a therapeutic DEX concentration for
more than 30days in the treatment of ataxia telangiectasia [82].
Moreover, RBC-based cytopharmaceuticals of certain enzymes have
been widely used to detoxify exogenous chemicals, such as lead,
paraoxon, methanol, and ethanol [107].

Despite the great promise cytopharmaceuticals have for the treat-
ment of various diseases, the costs associated with their acquisition and
manipulation must be reduced before their broad and affordable clin-
ical application.

4. Future perspectives

In an effort to translate academic findings from the bench to the
bed, various translational hurdles depending on the workflow and in
vivo fate of cytopharmaceuticals, including the simple isolation of car-
rier cells and standardized preparation protocols, must be addressed. To
do so, we might make efforts from several aspects: i) develop integrated
and automated production equipment to realize large-scale production
with minimal possibilities of contamination by bacteria, mycoplasma,
and endotoxins; ii) optimize the preparation techniques to improve the
yield of cytopharmaceuticals considering sample loss during purifica-
tion and preservation; iii) establish quality standards for various cyto-
pharmaceuticals and the corresponding rapid detection methods during
each production step given that cytopharmaceuticals are living pro-
ducts; and iv) commit to the continuous development of nanomedi-
cines, which are key sources of cytopharmaceuticals. In addition, the
drug-loading capacity of cytopharmaceuticals requires further optimi-
zation to ensure an expected efficacy of loaded drugs, with fewest
biosafety concerns.

5. Conclusions

The emergence of cytopharmaceuticals has expanded the repertoire
of TDDSs, offering new treatment modalities for patients, especially
those with hard-to-reach pathological sites. Moreover, cytopharma-
ceuticals have exhibited unique benefits for drug delivery, such as ac-
tive targeting to sites of disease, prolonged circulation, and bio-
compatibility. We can envision that bona fide personalized medicine can
be developed through the application of cytopharmaceuticals because
various autologous cells can be loaded with an array of drugs for pa-
tients with different conditions. Despite the aforementioned challenges,
we firmly believe that through joint efforts of biologists, chemists, and
physicists, the translation of paradigm-shifting cytopharmaceuticals
will be realized.
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