
Particle-mediated delivery of cytokines for immunotherapy

David A Christian and Christopher A Hunter*

Department of Pathobiology, School of Veterinary Medicine, University of Pennsylvania,
Philadelphia, PA, USA

Abstract
The ability of cytokines to direct the immune response to vaccination, infection and tumors has
motivated their use in therapy to augment or shape immunity. To avoid toxic side effects
associated with systemic cytokine administration, several approaches have been developed using
particle-encapsulated cytokines to deliver this cargo to specific cell types and tissues. Initial work
used cytokine-loaded particles to deliver proinflammatory cytokines to phagocytes to enhance
antimicrobial and antitumor responses. These particles have also been used to create a cytokine
depot at a local site to supplement prophylactic or antitumor vaccines or injected directly into solid
tumors to activate immune cells to eliminate established tumors. Finally, recent advances have
revealed that paracrine delivery of cytokines directly to T cells has the potential to enhance T-cell
mediated therapies. The studies reviewed here highlight the progress in the last 30 years that has
established the potential of particle-mediated cytokine immunotherapy.

Keywords
cancer; cytokine; immunotherapy; influenza; liposome; nanoparticle; PLGA; polymer; vaccine

Cytokines are potent modulating agents involved in immune homeostasis, regulating the
inflammatory response, promoting effective control of pathogens and enforcing tolerogenic
mechanisms. Administration of cytokines represents a mechanism to manipulate the immune
system for therapy of cancer, autoimmune disorders or infectious disease and their adjuvant
properties can increase vaccine efficacy. The advent of recombinant DNA technology has
allowed the production of cytokines at levels that make their clinical use viable and
approaches utilizing these proteins to modify disease processes have been remarkably
successful in animal models. These therapies have translated into some notable successes in
humans, but systemic cytokine administration often results in harmful side effects that limit
their efficacy. Like many other therapeutic proteins, when cytokines are administered
intravenously (iv.), they are rendered ineffective by protein degradation and excretion
mechanisms, or binding to nonspecific receptors. A second issue with systemic
administration is that, physiologically, the majority of cytokines act in a local paracrine
fashion thereby avoiding the toxicity and nonspecific effects associated with high systemic
concentrations. Coupling the rapid clearance of cytokine from serum with the high
concentrations needed to mimic paracrine delivery drives the need for repeated
administration of toxic doses of cytokine to achieve a therapeutic outcome [1–5]. As a
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result, there has been a concerted effort focused on strategies to deliver cytokines
specifically to cells or tissues of interest. One approach has been to use lipidand polymer-
based particles (which have been well-established as drug delivery vehicles) to encapsulate
cytokines such as IFN-γ, TNF-α, IL-2, IL-12, type I interferons, GM-CSF, IL-1α, IL-4,
IL-6, IL-7, IL-15, IL-18, IL-21 and leukemia inhibitory factor (LIF) for a wide range of
applications (Table 1). This diverse set of cytokines has a range of effects on innate and
adaptive responses as illustrated in Figures 1 & 2, respectively. Encapsulation and delivery
via these vehicles has two distinct advantages:

▪ The vehicle protects the cytokine from neutralization in vivo;

▪ When the vehicles are targeted to specific cell types, the delayed release of
cytokine from the vehicle allows sustained paracrine delivery of the cytokine.

Liposomes are vesicles composed of one or more lipid membranes surrounding an aqueous
lumen and are typically synthesized using the lipid film rehydration method shown in Figure
3A. Liposomal formulations have been used to encapsulate and deliver therapeutics (e.g.,
small molecules, proteins and oligonucleotides) for over 40 years [6,7], some of which are
now in clinical use [8]. More recent efforts have utilized these vesicles for the delivery of
antigens and adjuvants as a means to induce immune responses [9–12]. The biocompatibility
of liposomes makes them ineffective adjuvants alone, however liposomes can be altered to
directly activate innate immune cells by changing their surface chemistry or adding
pathogen-associated molecular patterns (PAMPs) to their surface [13,14]. Several liposomal
adjuvant formulations are currently in clinical trials [15–21]. A drawback of liposomes when
trying to target a specific tissue or cell type is that their physicochemical properties results in
their rapid clearance by the MPS and instability in plasma, which combine to limit their
circulation times. To prevent the opsonization that initiates clearance by the MPS and extend
the liposome half-life in circulation, polyethylene glycol (PEG) was chemically attached to
the liposomes (stealth liposomes) to provide a dense, hydrated brush on the liposome surface
[8,22]. However, liposomes are also limited by an inability to engineer their degradation to
control the release of the therapeutic cargo, which has prompted the exploration of synthetic
polymer systems capable of encapsulating and releasing therapeutics.

In the last 30 years, a wide range of biocompatible and biodegradable polymeric delivery
systems, ranging from gels to nanoparticles, have improved stability, circulation times and
release kinetics compared with lipid formulations, and have been used to improve the ability
to encapsulate and deliver therapeutic proteins [23–26]. Similar to liposomes, polymeric
micro- and nano-particles have been utilized successfully to deliver antigen, which in the
context of their inherent adjuvant activity [27,28] or incorporation of PAMPs to their surface
[29,30], makes them potent vaccine formulations. However, early studies of these novel
particles revealed that the processes required for their formation and degradation can induce
protein denaturation and thus compromise the integrity of the cargo [31–33]. While
polymeric particle synthesis techniques vary widely, particles are most commonly composed
of the US FDA-approved polylactic-coglycolic acid (PLGA) and are synthesized using the
water–oil–water emulsion technique as illustrated in Figure 3B. Formation of polymer
particles by this method requires that the protein be exposed to mechanical agitation and an
organic solvent–water interface, while degradation of these polymers usually results in a low
pH environment around the protein before release. These shortcomings have driven
additional work to optimize the conditions of encapsulation and release to prevent
denaturation of a range of proteins – making polymeric particles a viable tool for cytokine
delivery.

At the same time that advances in lipid- and polymer-based particle delivery systems have
occurred, the field of cytokine biology has transitioned from describing immunological

Christian and Hunter Page 2

Immunotherapy. Author manuscript; available in PMC 2013 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



phenomena to a complex understanding of how cytokines and their receptors coordinate the
immune system, which has made them therapeutic targets [34]. In mouse models, the
administration or deletion of cytokines and their receptors has led to significant advances in
basic immunology that have provided insights into how to modify inflammatory processes.
For example, multiple cytokine antagonists are used clinically in humans, primarily in the
context of treating autoimmune disorders. Although IL-2, G-CSF and type I interferons are
in clinical use, the administration of cytokines to manipulate the immune response has been
challenging to translate into human patients. The ability to combine advances in particle
technology with a better understanding of cytokine biology will improve the feasibility of
cytokine therapy. Indeed, the use of liposomes and polymer particles to encapsulate
cytokines has shown promise as a therapeutic for treatment of cancer and infectious disease
and as a means to increase vaccine efficacy [35–37]. The aim of this article is to outline the
different methods used to engineer carriers to encapsulate and deliver bioactive cytokines
and review the ability of cytokine-loaded particles to achieve therapeutic outcomes.

Characterization & optimization of cytokine-loaded particle formulations
In vitro characterization & optimization

Liposomes—Approximately 30 years ago, Fidler and coworkers demonstrated the ability
of liposomes to encapsulate and deliver macrophage-activating factor (MAF) to
macrophages in vitro. This pioneering method of delivery was shown to be more effective
than free MAF at activating monocytes or macrophages to kill tumor or virus-infected cells
[38–41]. This work was expanded to show that coencapsulating MAF or IFN-γ with
immunomodulatory peptides such as muramyl dipeptide in the same liposome further
enhanced macrophage activity [42–44]. The finding that the effects of liposomal IFN-γ
were dependent on its release and binding to extracellular membrane receptors emphasized
that encapsulated cytokines must be released by their carrier outside the target cell to be
effective [45]. Subsequent studies revealed that IFN-γ is encapsulated in liposomes
primarily by electrostatic association with anionic lipids in the membrane and that the
addition of cholesterol to the membrane increases liposome stability, which slows cytokine
release [46–48]. Liposomal formulations that contained type I interferons and TNF-α have
also been developed [49–52], with Eppstein and coworkers showing that anionic,
multilamellar liposomes (MLVs) were most effective in encapsulating type I interferons
compared with unilamellar and multilamellar liposomes with neutral or cationic surface
charge. Further work showed that liposomal IFN-α was capable of antimitogenic and
antiviral activity [50,51] and was more effective than free IFN-α at inhibiting proliferation
of IFN-α-sensitive cell lines [53,54]. Similar studies with TNF-α demonstrated that anionic
liposomes containing cholesterol were more capable of encapsulating and maintaining the
bioactivity of the cytokine [49,52]. Finally, work by Anderson and coworkers showed that
the composition of liposomes could be tailored to deliver bioactive IL-1α, IL-2, IL-6 or
GM-CSF [55], which played an important role in helping to expand the array of cytokines
used in future liposome formulations.

Polymer particles—Encapsulation of cytokines in polymeric particles was first described
by Hora et al., when they used poly(DL-lactide-co-glycolide) to deliver IL-2 [56]. As
highlighted above, protein denaturation during the encapsulation process is a limitation of
these formulations and optimizing the conditions to minimize loss of bioactivity became a
priority. Cleland and coworkers found that IFN-γ was best stabilized during encapsulation
in PLGA by adding detergents and sugars to a buffered solution at pH 5 [31]. Importantly,
they also showed that in these particles, the slow release of IFN-γ caused a loss of
bioactivity due to the low pH induced by the acidic byproducts that result from degradation
of PLGA [57]. However, the structural stability required for the bioactivity of many
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cytokines is different and several studies have compared the functionality of different
formulations of IL-2, IFN-α, IL-12, GM-CSF and IL-18 after encapsulation and release
from the polymer particles [58–62]. The natural method of cytokine delivery to target cells
can also be considered in these formulations. For example, particles with surface-attached
TNF-α were designed to mimic the naturally occurring cell membrane-bound TNF-α [63].
Despite the harsh conditions associated with the processes of encapsulation and release from
polymeric particles, these optimized formulations provided an additional strategy for
particle-mediated cytokine delivery.

In vivo characterization of cytokine-loaded particles
In order to appreciate the limitations and potential of particle-encapsulated cytokines in
vivo, it is important to understand that the cytokine release rate, residence time at the site of
injection, biodistribution and bioactivity of cytokine varies for each formulation. Indeed,
there is literature that establishes that the route of administration and surface charge of
liposomes has a critical role in determining which tissues and cells received the cytokine
cargo. Thus, compared with free cytokines, the iv. injection of liposomes containing IFN-γ,
IFN-α, IL-2 or TNF-α enhances the plasma residence time of the cytokine [64–67].
Similarly, for intraperitoneal [64,68], intramuscular [69], subcutaneous [64,70–72] or
intranasal [64,73] administration of liposome and polymeric particles, these carriers can act
as depots and increase the cytokine residence time at the injection site. Changing the surface
chemistry of these particles by the addition of PEG or charge also influenced the residence
time in plasma and localization to different tissues. The outer PEG brush of nano-sized
stealthy liposomes extended cytokine circulation kinetics compared with MLVs that are
often tens of microns in diameter [65,67]. In addition, it was shown that liposome surface
charge influenced the distribution of the particles and hence the cargo. Thus, anionic charge
increased delivery to alveolar macrophages in the lung [74–76], while a neutral or cationic
charge targeted delivery to the liver and spleen [64,74]. In vivo, the composition of the
leukocyte populations in the blood, spleen and peritoneum, or at the site of injection were
shown to change after particle-mediated administration of IL-2 [65,72], GM-CSF [66,71],
TNF-α [66,77] and IL-7 [70]. A similar delivery strategy for IFN-γ or IL-1α was shown to
activate alveolar, peritoneal, liver and splenic macrophages in vivo by ex vivo assays for
killing tumor cells [73,76,78], killing the intracellular parasite Leishmania [79,80], or by
promoting cytokine production [81]. These initial studies clearly demonstrate the release of
bioactive cytokine in vivo and reveal that the route of administration can dictate the cell
populations receiving the encapsulated cytokine and can thus be used to target different
immune cells.

Systemic administration of cytokine-loaded liposomes & polymeric
particles
Targeting the MPS for antitumor & antimicrobial activities

Initial efforts to use liposomes or particles to encapsulate cytokines for therapy took
advantage of the ability of the MPS to clear particles from the bloodstream following iv.
injection to target proinflammatory cytokines to macrophages. Fidler and coworkers used
MAF encapsulated in micron-sized anionic MLV liposomes to target alveolar macrophages
and activate them to kill tumor metastases in the lungs [82–85]. Similar studies that used iv.
injection of liposomal IL-1α and TNF-α to activate macrophages also induced resistance to
metastatic tumors [86]. Interestingly, the intraperitoneal injection of particle-encapsulated
IL-2 [87] or IL-12 [88] – two cytokines that primarily stimulate a T-cell mediated immune
response –also decreased hepatic and subcutaneous cancer metastases, respectively, which
demonstrated that this strategy is also capable of inducing adaptive immune responses. In all
cases, the liposomal preparations were more effective at promoting the eradication of the
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tumor nodules in the lungs and improving survival time than administration of free cytokine,
despite using fewer and smaller cytokine doses.

Similar to the studies with cancer, encapsulated IFN-γ was shown to promote resistance to
viruses [89], bacteria [90,91] and parasites [80] in vivo. In prophylactic scenarios, IFN-γ
encapsulated in liposomes or polymer particles administered systemically prior to infection
could enhance innate antimicrobial effector mechanisms and promote resistance to challenge
[80,89–91]. In addition, liposomes containing IFN-γ and muramyl tripeptide
phosphatidylethanolamide, either individually or together, were used to treat mice infected
with Listeria monocytogenes [92] or Leishmania [80], two pathogens that infect
macrophages. In these studies, compared with free cytokine, the use of particles to passively
target cytokines to the MPS resulted in a lower bacterial or parasite burden in the spleen and
liver, which provides a proof-of-concept that may be broadly applicable to combat other
pathogens that affect the MPS.

Avoiding the MPS for therapeutic treatment
Although the ability of the MPS to clear particles from the blood is useful for delivery to
macrophages, it severely reduces the half-life of therapeutics and hinders the ability to target
other sites. Consequently, significant effort has gone into improving the circulation kinetics
of drug delivery vehicles as well as providing new ways to target them to sites such as
tumors or lymphocytes in secondary lymphoid tissues [8]. The most common approaches
combine the use of nanometer-sized stealthy particles with passive targeting to sites with
leaky vasculature, especially tumors [93]. Yuyama and coworkers made use of stealthy,
thermosensitive liposomes to deliver TNF-α to a tumor and then used heat to rupture the
liposomes and release the cytokine locally [94]. Other studies used a similar approach in
conjunction with either liposomal chemotherapy [95] or radiation therapy [96] to treat tumor
xenografts. In addition, the ability of stealthy liposomal IL-2 to shrink tumors was compared
with free IL-2 or PEGylated IL-2 [97] and revealed that stealthy liposomes enhanced tumor
shrinkage with significantly decreased toxic side effects when compared with treatment with
free cytokine. Finally, the ability of stealthy liposomal TNF-α to permeate the leaky
vasculature in the brain, associated with experimental cerebral malaria, showed that TNF-α
bound to the liposomal surface was more effective at reducing parasite burden and
preventing experimental cerebral malaria than either liposome-encapsulated TNF-α or free
TNF-α [98]. The ability of stealthy liposomes to avoid clearance by the MPS enhances their
use to deliver encapsulated cytokines to tissues with leaky vasculature, including tumors or
sites of infection and inflammation.

Cytokine depots for vaccination & cancer therapy
Cytokine depots for anticancer vaccines

Fundamental studies of the immune response to tumors have demonstrated that effector cells
capable of recognizing tumor-specific antigens and eradicating malignant cells reside in the
tumor architecture. However, this microenvironment is immunosuppressive and antagonizes
the ability of these cells to limit tumor growth. While traditional chemotherapeutic and
surgical techniques have become increasingly effective in treating cancer, the persistence
and metastasis of tumor cells remains a major problem. Therefore, using immunotherapy to
promote an antitumor response while generating protective immunological memory provides
one method to improve cancer therapy and survival. The use of IL-2 or IL-12 in mice
induces an effective antitumor immune response, but clinical trials using systemic
administration of these cytokines have been limited by patient toxicity. An alternative
approach has focused on engineering autologous tumor cells to secrete proinflammatory
cytokines (e.g., IFN-γ and IL-2) and injecting them at the tumor site to initiate the antitumor
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immune response. These methods are rarely feasible for patients as they are technically
challenging and require large primary tumors capable of generating enough engineered cells
to be effective. Consequently, several groups have replaced engineered cells with cytokine
depots composed of liposomes or polymeric particles and have either administered these
particles with tumor-based antigens as a cancer vaccine strategy or directly injected these
particles into tumors to activate an antitumor immune response.

One approach to treating cancer involves the use of vaccines to aid in the eradication of
cancer cells that remain after tumor resection or that have metastasized. Cytokine-loaded
particles can enhance the tumor-specific immune response using the antigen provided by
irradiated tumor cells or tumor antigens co-encapsulated with the cytokine. After
immunization, the humoral and cellular immune responses were measured and mice were
then challenged with tumor cells and monitored for tumors and survival. In a model of
melanoma, polymer particles encapsulating GM-CSF increased leukocyte infiltration to the
site of injection as well as the fraction of mice without tumors [99]. Compared with free
IFN-γ, liposomal formulations increased both the fraction of mice that survived and the
number of mice without melanoma tumors, and were comparable with administration of
tumor cells engineered to express IFN-γ [100,101]. In a variety of models, administration of
liposomal IL-2 increased the fraction of mice that survived and remained tumor-free
following a challenge with tumor cells and provided equal or better protection than
irradiated tumor cells engineered to express IL-2 [65,102–106]. A mechanistic
understanding of these events is provided by studies which showed that liposomal IL-2
increased both the humoral response [102,105,106] and the cytolytic capacity of CD8+ T
cells in the spleen and draining lymph node [102,103,106] and that this resistance was
dependent on CD4+ and CD8+ T cells [105].

The efficacy of the cancer vaccines supplemented with liposomal IL-2 demonstrated in
mouse tumor models provided the foundation to move these formulations into the clinic.
Studies of tumor rejection in a mouse lymphoma model by administration of liposomes co-
encapsulating a tumor-specific idiotype and IL-2 [105] served as a basis for human studies
by Neelapu and coworkers [107,108]. In their first study, the tumor-specific idiotype was
isolated from each patient with advanced-stage follicular lymphoma and incorporated into
liposomes containing IL-2. Approximately 6 months after completion of chemotherapy,
patients still in clinical remission were given five doses of vaccine at months 0, 1, 2, 3 and 5.
These vaccinations proved capable of generating sustained, tumor-specific CD4+ and CD8+

T cells in all ten patients and tumor-specific antibody responses in four out of the ten
patients. After 50 months, six out of ten patients remained in continuous remission [107]. In
their second clinical trial, Neelapu and coworkers collected tumor samples from 11 patients
that had either partially responded to chemotherapy or had progressive disease. Total
membrane proteins were isolated from the tumors and encapsulated in liposomes with IL-2
to speed time to vaccination. After immunizations, no patients had evidence of
autoimmunity and 5 demonstrated tumor-specific T-cell responses. Of the 11 patients, one
achieved complete remission for up to 44 months after vaccination [108]. The second set of
clinical trials is currently underway as a Phase II trial using liposomal IL-2 to supplement
vaccine therapy in patients with stage III melanoma. This trial also examines the effect of
IFN-α-2b on the antibody and cellular responses to melanoma [201]. Together, these three
trials have demonstrated that cancer vaccines supplemented with liposomal IL-2 are well
tolerated by patients and are effective in inducing tumor-specific T-cell responses. The
completed trials show that these vaccines can be useful in patients that are in clinical
remissions, but strategies using vaccines to treat established tumors in patients with
progressive disease must still be optimized.
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Intratumoral injection of cytokine depots for anticancer therapy
While the vaccine studies described above administer tumor antigens with cytokine-loaded
particles, these particle formulations have also been used to treat primary tumors using
perior intra-tumoral injection. In these models, the primary tumor serves as the source of
antigen and the cytokine depot provided by the particles activates leukocytes in the tumor
microenvironment to promote the immune response capable of eradicating the primary
tumor and metastasized tumor cells. Initial work used peritumor injections of liposomal IL-2
and demonstrated enhanced antitumor responses compared with free IL-2, as measured by
tumor progression (metastases or tumor weight), numbers of activated macrophages and
survival [109,110]. Similarly, the local injection of polymeric microparticles loaded with
IL-2 for the treatment of brain or liver tumors, showed that this approach was more effective
at treating tumors and protecting against rechallenge than tumor cells engineered to express
IL-2 [111,112]. In one series of studies to look at effects of IL-2 on metastasis, liposomes
containing IL-2 were injected directly into metastasized nonimmunogenic B16 melanomas
that were surgically resected 21 days later and animals were then monitored for survival
[113]. Compared with treatment with soluble IL-2, liposomal IL-2 treatment resulted in
higher survival rates, slower tumor growth rates prior to resection and increased recruitment
of T cells and granulocytes into the tumor. In addition, liposomal IL-2 also provided a
protective response against B16 rechallenge at day 56. Consistent with the biology of IL-2
as a T-cell growth factor, the resistance to rechallenge is a clear indicator of the ability of
liposomal IL-2 to engage the adaptive immune response and induce T-cell memory.

Studies using cytokine-loaded particles for cancer therapy were expanded to include IL-12
alone and in combination with TNF-α, GM-CSF or IL-18. As shown in Figure 2, IL-12
activates both CD4+ and CD8+ T cells to make IFN-γ, which subsequently activates innate
immune cells to kill tumor cells (Figure 1). Initial experiments used poly(lactic acid)
polymer particles to encapsulate IL-12 and compared the antitumor response to encapsulated
PEG–IL-2 or GM-CSF. These particles were injected directly into established Line-1 murine
lung carcinoma tumors and IL-12 particles were shown to prevent tumor growth and
metastasis and provide protective immunity against rechallenge [114]. In a follow-up study,
it was shown that treatment of established tumors with IL-12-loaded particles prior to
surgical resection promoted the development of systemic antitumor immunity that was better
able to prevent disease recurrence and metastasis than surgery alone [115]. Furthermore,
particles containing IL-12 plus GM-CSF induced higher systemic levels of IFN-γ and IL-12
and were more effective than either cytokine alone at promoting resistance to primary and
metastatic tumors [116]. Interestingly, the ability of these particles to eradicate the primary
tumor was dependent on CD4+ and CD8+ T cells, while effects on metastasis were
dependent on NK/NKT cells [116]. The approach of combining cytokines in the same
particle was then expanded to include other cytokines and intratumoral injections of various
combinations of IL-12, TNF-α, IL-18 and GM-CSF were compared in order to determine
the most effective antitumor therapy [117–120]. The combination of IL-12 and TNF-α was
found to be the most effective in promoting control of tumors associated with induction of
tumor-specific T cells that produced IFN-γ and recruitment of polymorphonuclear cells and
CD8+ T cells into the tumor [117,118]. Furthermore, this immune response was capable of
impairing the growth of untreated tumors [119] and also led to the induction of a long-lived
memory population that provided resistance to tumor rechallenge [117–119]. The ability to
generate a memory T-cell population using these approaches suggests that cytokines such as
IL-7, IL-15 and IL-21 that influence T-cell homeostasis may not only be useful for therapy
applications, but that these particles can also provide tools to better understand cytokine
immunobiology.

While cytokine depots have shown the most promise for anticancer therapies, the challenge
for these formulations is to translate their efficacy in model systems into clinical
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applications. Importantly, studies by Bankert and others advanced particle-encapsulated IL-2
and IL-12 beyond murine tumors by studying the effect of intratumoral injection into human
tumor xenografts in SCID mice [121–125]. Initial studies injected IL-2-loaded polymer
particles with human tumor cells and resulted in murine NK cells mediating suppression of
tumor growth [121]. In similar experiments, when mice were administered IL-12-loaded
particles with peripheral blood lymphocytes and tumor cells from the same patient, tumor
engraftment was completely suppressed [122]. Importantly, the presence of IL-12 released
from the particles induced the transferred peripheral blood lymphocytes to produce IFN-γ.
These studies were then advanced by the implantation of nondisrupted pieces of human
tumor (lung, breast or ovarian) directly from biopsy tissue into SCID mice [123–125]. When
lipid- or polymer-based particles encapsulating rhIL-12 were injected into these tumors, they
induced human CD4+ and CD8+ T cells to make IFN-γ, which upregulated the inducible
nitrous oxide synthase in human leukocytes that is capable of suppressing tumor growth
[123]. Further phenotypic analysis of these human tumor-associated leukocytes showed that
the majority of the cells were CD4+ effector memory T cells that had been reactivated by
rhIL-12 [124]. These studies clearly demonstrate the ability of intratumoral injection of
cytokine-loaded particles to overcome the suppressive tumor microenvironment and activate
an antitumor immune response in human tumors and have provided a foundation for moving
this type of therapy into human trials.

Cytokine depots to supplement vaccination against pathogens
While the aim of cancer immunotherapy is to induce an adaptive cellular immune response
to eliminate tumors and limit metastasis, the basis for the long-term protection provided by
the majority of vaccines against pathogens is a long-lived antibody response. Indeed,
encapsulated cytokines as adjuvants can augment the humoral immune response in
vaccinations against viral and bacterial pathogens. For example, particles encapsulating
IFN-γ injected with antigens from influenza [126,127] or Yersinia pestis [128], promoted
the development of high-affinity antigen-specific antibody titers (IgA, IgG1 and IgG2a)
[126–128] as well as increased resistance to challenge with live virus [126,127].
Importantly, Griffin and coworkers showed that when IFN-γ was coencapsulated with Y.
pestis antigen in polymeric particles, antigen-specific antibody titers and T-cell responses
remained elevated for more than a year [128]. The cytokine IL-6 also has a role in B-cell
maturation and increasing high affinity antibody titers [129–131]. Liposomal IL-6 has been
used to augment antibody responses in a variety of settings including model antigens with or
without other adjuvants [129], HIV subunits [131] or challenge with Y. pestis [130]. It
should be noted that IL-6 has an important role in the differentiation of naive CD4+ T helper
cells to T follicular helper cells (Tfh) [132], which are required for B-cell maturation and
antibody class switching [133]. At present, it is unclear whether the increased antibody
responses observed when IL-6 was delivered via these particle formulations was a result of
increased Tfh differentiation and/or direct stimulation effects on plasma cells.

As highlighted in Figure 2, there are multiple subsets of T helper cells that are associated
with specific classes of immunity required to control different pathogens. Similar to the
ability of IL-6 to promote the generation of Tfh, other cytokines that can direct the T-helper
cell response (Figure 2) have also been encapsulated in liposomes or polymeric particles and
tested as adjuvants for vaccination against pathogens. While IL-12 is critical in directing the
Th1 response and resistance to intracellular infection [134,135], IL-4 is critical for a Th2
response and immunity to helminths. Liposomes loaded with antigens derived from bovine
herpes virus plus IL-12 or IL-4 and injected subcutaneously increased the number IFN-γ+

and IL-4+ splenocytes, respectively, and IL-12 also increased IgG1 and IgG2a antibody
titers [136]. Different administration routes were then tested to optimize this formulation for
the highest antibody and cellular response in the lungs [137]. Similar results were obtained
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using polymeric particles to encapsulate IL-12, the adjuvant AS01B and subunit antigens for
vaccination against Mycobacterium tuberculosis. Subcutaneous administration of this
formulation resulted in elevated IgG2a serum antibody titers, an increased number of IFN-
γ-secreting cells in the spleen and draining lymph nodes and increased resistance to
bacterial challenge [138]. These studies have demonstrated that sustained delivery of IL-12
by liposomes or particles enhances the Th1 response that drives the protective response to
vaccination against intracellular pathogens and opens the door for the use of cytokine-loaded
particles to promote other T-helper cell subsets for resistance to such pathogens as helminths
(Th2) and fungi (Th17).

Given the important role of IL-2 and IL-15 as growth factors for effector and memory T
cells, it makes sense that these cytokines might be useful in the context of vaccination
against viral and bacterial pathogens. Indeed, intranasal administration of particles co-
encapsulating IL-2 and polysaccharide antigens derived from Pseudomonas aeruginosa or
Aerobacter levanicum resulted in increases in antigen-specific antibody-secreting cell
numbers and IgA titers in the lungs and increased protection following lethal challenge
[139]. A similar study used liposomal IL-15 plus tetanus toxoid and demonstrated a modest
increase in toxoid-specific antibody titers compared with administration of free IL-15 [140].
For influenza, multiple studies have shown that co-encapsulating a viral antigen and IL-2 in
liposomes increases influenza-specific antibody titers [65,141–143] and provides better
protection against challenge with influenza [141,143]. Kedar and coworkers optimized these
formulations and demonstrated that liposomal antigen combined with separate liposomal
IL-2 induced the highest antibody titers and that the antibodies that were generated
crossreacted with a wide spectrum of influenza A strains [141–143]. One interpretation of
these data is that for effective influenza vaccination, the antigen and cytokine require
cellular pathways where the antigen is processed intracellularly and the cytokine must be
released prior to uptake and bind to cytokine receptors on the cell surface. It is important to
note that for effective vaccines against different pathogens, the antigen may also need to be
released prior to cell uptake, making co-encapsulation with the cytokine the optimal
formulation.

The studies discussed above provided a strong proof-of-concept that motivated translation
into the clinical setting and similar formulations containing a trivalent preparation of
antigens from three influenza strains encapsulated in liposomes and liposomal IL-2
(INFLUSOME-VAC) have advanced to human trials [144,145]. In young adults,
INFLUSOME-VAC induced higher seroconversion rates against two strains compared with
the commercial split virion vaccine and against all three strains compared with the
commercial subunit vaccine [145]. Similarly, in elderly patients INFLUSOME-VAC
induced higher seroconversion rates for two strains when compared with the commercial
vaccine [144]. These studies have demonstrated that vaccine formulations containing a
single cytokine can be used to enhance the protective humoral and cellular response against
either cancer or a pathogen. Such formulations have been shown to be more effective than
conventional vaccines in human patients and implies that cytokine-loaded particles may be
useful to improve current vaccines and for the development of new approaches to protect
against pathogens like HIV and malaria that have evaded current attempts at vaccination.

Direct attachment of cytokine-loaded particles to T cells for paracrine
delivery

As highlighted in Figure 2 and at various points in this article, T-cell populations represent
the basic underpinning of adaptive immunity and have central roles as effector cells and
memory cells and are involved in the maintenance of peripheral tolerance. It has been a
long-term goal to manipulate these populations for immunotherapy, especially in the
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treatment of cancer. While the studies discussed above have shown that administration of
cytokine-loaded particles in vivo can influence T cells, two groups have developed methods
to enhance the specificity of particle-mediated cytokine delivery to these cells. Fahmy and
Steenblock first designed IL-2-loaded PLGA particles to act as artificial APCs, where the
particle surface was functionalized with streptavidin to allow for the attachment of
biotinylatedαCD3 andαCD28 [146]. These beads were then capable of binding CD3 and
CD28 on the T-cell surface to activate T cells, while the release of the IL-2-promoted T-cell
expansion. To determine whether these particles could be used to induce naive CD4+ T cells
to differentiate into a specific T-helper cell lineage, the same particles were targeted to CD4
using anti-CD4 antibody and encapsulated either IL-6 or LIF; cytokines known to induce T-
helper 17 (Th17) cells or Tregs, respectively. By attaching these particles to naive CD4+ T
cells and culturing them in vitro in the presence of TGF-β and IL-2, the particles were able
to release their cytokines and induce the appropriate CD4+ T-cell subset [147,148]. The
ability of CD4-targeted, LIF-loaded particles attached to T cells in vitro to induce Tregs in
vivo was demonstrated by improved tolerance of an allograft transplant in a murine host
[147,148]. These data illustrate the effectiveness of targeting cytokine-loaded particles to
specific surface molecules on CD4+ T cells to deliver signals capable of altering the
differentiation of naive CD4+ T cells in vivo for therapeutic applications.

The second approach to functionalize T cells used novel lipid particles partially composed of
maleimide-functionalized lipid, which allowed for the chemical conjugation of the particles
to free thiols in proteins presented on the surface of CD8+ T cells [149]. Irvine and
coworkers used this methodology to target IL-15 super agonist (IL-15sa) and IL-21, to
tumor antigen-specific CD8+ T cells in vitro. Importantly, the combination of IL-15sa and
IL-21 has been shown to augment CD8+ effector and memory cell populations [150]. These
functionalized T cells were then transferred into mice bearing B16 melanoma tumors and the
transferred cells and attached lipid particles were enriched in the tumor – indicating that the
particles did not inhibit the ability of T cells to migrate. Compared with systemically
administered IL-15sa and IL-21, the particle-mediated paracrine delivery of IL-15sa and
IL-21 resulted in an 80-fold increase in expansion of tumor-specific CD8+ T cells in mice
bearing established tumors and showed complete arrest of tumor growth and 100% survival
after 30 days [49]. While these data validate this approach to directly target cytokine to T
cells, it is limited to cell transfer models as efforts to target drug delivery vehicles to specific
cell types in vivo has proven to be a significant challenge. However, in the setting of cancer
therapy, there are many studies in which autologous NK and T cells are expanded and
activated in vitro before being given back to patients. Indeed, recent studies in human
patients have shown that autologous CD8+ T cells engineered to be specific for the B-cell
antigen CD19 were effective in the treatment of chronic lymphoid leukemia [151].
Combining this type of therapy with the direct attachment of particles loaded with cytokines
capable of supplementing the expansion and efficacy of these T cells could increase the
likelihood of successful treatment in a growing number of cancer or infectious models.

Conclusion & future perspective for particle-mediated cytokine therapy
The utility of particle systems – whether lipid or polymer based – to deliver
immunomodulatory cytokines in vivo has been investigated for several decades. These
studies have demonstrated the ability to encapsulate and deliver a wide range of cytokines
that affect both the innate and adaptive immune response for purposes ranging from cancer
therapy, to vaccine supplementation, to treatment of pathogens. Investigators in this field
have spent significant time developing novel ways to administer these cytokine-loaded
particles to induce the most effective immune response. While accumulation of systemically
delivered particle-encapsulated therapeutics in the MPS can be undesirable, this in vivo
clearance system serves as an efficient means to deliver particles loaded with
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proinflammatory cytokines to innate immune cells to enhance the immune response against
cancer or a pathogen. At present, the most promising means to administer these cytokine-
loaded particles is by using them as cytokine depots in either vaccine or anticancer therapies.
A number of studies in mice have demonstrated the potential of delivering a wide variety of
cytokines in vivo using these strategies in multiple experimental systems. These studies have
begun to be translated into the clinic as liposomal IL-2 formulations have been used in
clinical trials to supplement vaccines for cancer therapy as well as for prophylactic vaccines
against influenza. It is likely that more liposomal formulations with cytokines other than
IL-2 will soon follow and polymeric particle formulations, which are further down the
pipeline, are making their way into the clinic through recent clinical trials using polymer-
encapsulated chemotherapeutics. The most recently devised method to deliver cytokines is
the attachment of cytokine-loaded particles directly to T cells in vitro to influence T-cell
differentiation and expansion in vivo. The field of particle-mediated delivery of therapeutics
is continuously working to improve the design of novel lipid- and polymer-based particles
[8,152,153] to increase their usefulness in future clinical applications, while the rapid
progress in the understanding of cytokine biology will help to identify which particle-
encapsulated cytokines should be used to enhance the desired immune response.
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Executive summary

Characterization & optimization of cytokine-loaded particle formulations

▪ In vitro characterization and optimization:

- Liposomes were optimized to encapsulate macrophage-activating
factor, IFN-γ, type I interferon, TNF-α, IL-1α, IL-2, IL-6 and
GM-CSF, and were subsequently shown to be more effective
than free cytokine at inducing the appropriate cellular responses
to the cytokine.

- Work encapsulating cytokines in polymeric particles began
tailoring each formulation to maintain cytokine bioactivity from
encapsulation through release.

▪ In vivo characterization of cytokine-loaded particles:

- Properties of cytokine-loaded particles were tuned to control
biodistribution and release of the cytokine in vivo.

- The delivery of bioactive cytokine was assayed by inducing cells
to kill tumor cells, infected cells or produce cytokines.

Systemic administration of cytokine-loaded liposomes & polymeric particles

▪ Targeting the MPS for antitumor and antimicrobial activities:

- Intravenous injection of cytokine-loaded particles targeted to the
MPS induce tumor killing.

- Prophylactic, systemic administration of cytokine-loaded particle
can enhance protection against infectious challenge.

▪ Avoiding the MPS for therapeutic treatment:

- Engineering stealthy particles by attaching polyethylene glycol to
the surface allows increased accumulation of the particles and
encapsulated cytokine to tissues with leaky vasculature (e.g.,
inflamed tissue and solid tumors).

Cytokine depots for vaccination & cancer therapy

▪ Cytokine depots for anticancer vaccines:

- Particles loaded with GM-CSF, IFN-γ or IL-2 administered with
tumor antigens were more effective at eliciting tumor-specific T-
cell responses that serve to protect mice from subsequent tumor
challenge.

- In clinical trials, cancer vaccines supplemented with liposomal
IL-2 have been well tolerated by patients and were shown to
induce tumor specific T-cell responses in patients either with
progressive disease or in clinical remission.

▪ Intratumoral injection of cytokine depots for anticancer therapy:

- Intratumoral injections of particles loaded with IL-2 or
combinations of IL-12 and TNF-α, GM-CSF or IL-18 served to
activate immune cells in the tumor microenvironment, resulting
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in decreased growth of the primary tumor, eradication of tumor
metastasis and resistance to tumor rechallenge.

- Human tumor xenografts – including nondisrupted tumors from
tissue biopsy – in SCID mice were injected with IL-12-loaded
particles, which activated human leukocytes in the tumor to
suppress tumor growth.

▪ Cytokine depots to supplement vaccination against pathogens:

- Supplementing prophylactic vaccines against pathogens with
particles loaded with a variety of cytokines was shown to
enhance high-affinity antibody titers, cellular responses and
resistance to challenge with the pathogen.

- Influenza vaccines containing liposomal IL-2 have shown
increased efficacy compared with the commercial vaccine in both
young and old adults in clinical trials.

Direct attachment of cytokine-loaded particles to T cells for paracrine delivery

▪ Cytokine-loaded particles can be engineering for direct attachment to T cells
in vitro, allowing for paracrine delivery of the encapsulated cytokines to the
T cells.

▪ Transfer of T cells labeled with cytokine-loaded particles in vivo showed
enhanced functionality of the cytokine when compared with systemic
treatment with soluble cytokine.
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Figure 1. Roles of particle-encapsulated cytokines in the regulation of innate immune cells
Cytokines first serve to recruit such innate cell populations as macrophages, neutrophils,
dendritic cells and NK cells to a site of inflammation, where cytokines then provide the
cellular cues for these populations to expand. As these populations arrive and expand, a
different set of cytokines activates and matures these cells, inducing effector mechanisms
that include killing the pathogen, killing infected cells, antigen presentation to adaptive
immune cells and production of cytokines that supplement either innate or adaptive immune
cells.
†Indicates cytokines not yet studied in particle formulations.
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Figure 2. Roles of particle-encapsulated cytokines in the regulation of adaptive immune cells
Initial exposure of adaptive immune cells to cytokines during an inflammatory response
serves to activate these populations and induce differentiation toward different subsets.
These cytokine cues are especially important for the differentiation of the different CD4+ T-
cell subsets. Once these adaptive immune cells differentiate, a different set of cytokines is
required for expansion and survival of each subset. For example, IL-7 is required for CD8+
memory T cells but not CD8+ effector T cells and the cytokines required for plasma cell
homeostasis include IL-6, BAFF and APRIL, while the cytokines required for memory B
cells are not known.
†Indicates cytokines not yet studied in particle formulations.
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Figure 3. Common methods to synthesize cytokine-loaded liposomes and polymeric particles (see
image on opposite page)
(A) Liposomes are most commonly synthesized via film rehydration. In this process, a
solution of organic solvent containing lipids is evaporated to leave a lipid film on the interior
of a glass vial or flask. This film is rehydrated with an aqueous solution containing a
cytokine along with a variety of buffers and salts. Physical agitation (e.g., vortexing and
sonication) is used to induce budding of liposomes from the lipid film surface, which results
in micron-sized multilamellar vesicles encapsulating the cytokine. The vesicles can then be
made unilamellar and nanosized (100–200 nm) by sonication or freeze/thaw. (B) The water–
oil–water method is one of the most common methods to generate polymeric particles
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containing a cytokine. An aqueous solution containing the cytokine is added dropwise to an
organic solvent containing the dissolved polymer. During this addition, mechanical agitation
(vortex, sonication) is used to create a water/oil emulsion. This emulsion is then added to an
aqueous solution that usually contains polyvinyl alcohol, which serves as an emulsion
stabilizer. This new emulsion is then sonicated to create nano-sized droplets of polymer and
cytokine. The solvent is then removed by evaporation and the remaining aqueous solution is
lyophilized to remove the water and yield a dry powder containing nano-sized polymeric
particles loaded with cytokine.
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