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Biomaterials for Engineering Immune Responses

Siddharth Jhunjhunwala’

Abstract | The last few decades have seen rapid progress in the fields
of drug delivery systems, implantable scaffolds, and tissue engineering.
Broadly referred to as biomaterials, these inter-related areas of research
have many diverse applications. One such application is in the area of
immunology, where biomaterials may be used as tools to modify specific
immune responses. Here, individual components of the immune system
are described, followed by a discussion of the recent advances in bio-
material-based strategies for the modulation of immune responses.

1 Introduction

The immune system has many diverse functions
in the human body. While it is well recognized
that the immune system protects against invading
pathogens, recent literature has highlighted its
key role in also maintaining tissue homeostasis”
2. Hence, perturbations in immune cell numbers
or function result in a wide variety of disorders
that range from increased risk of infections to
cancer’ and even cardiovascular diseases® °.
Treating these pathophysiological conditions
involves the modulation of specific immune
responses, which may be achieved through a vari-
ety of therapeutic strategies. Approaches that are
currently used in the clinic generally rely on the
systemic administration of drugs (small mole-
cules and biologics) or adoptive transfer of engi-
neered cells, which are associated with drawbacks
such as toxicities and lack of adherence, or the
need for high-end infrastructure and technical
expertise.

Material-based nano-, micro- and macro-
engineering tools developed over the last few
decades offer solutions to the aforementioned
problems, and a number of researchers have uti-
lized these to establish new methods for engi-
neering immune responses (Table 1). Based on
the immune component that is being modu-
lated, these biomaterial-based approaches may
be broadly classified as: cell-specific (involving
alteration of cell function or utilizing cells for
delivering therapeutics), protein-specific (modi-
fying amount or function of extracellular pro-
teins of the immune system), or a combination
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of both. Centered on this classification, the review
is divided into three major sections, each discuss-
ing current biomaterial technology for engineer-
ing the function of specific immune components.
A final section provides perspectives on current
research in the area of immuno-modulatory bio-
materials and suggestions regarding thrust areas
for the future.

2 Cells of the Immune System

2.1 Neutrophils

Neutrophils are the most abundant immune
cells in human blood, are the first to respond to
inflammatory signals in wounded tissues, and
participate in a number of ways to clear patho-
gens® 7. In the context of engineered systems,
the action of neutrophils against foreign bodies,
such as biomedical implants, is well explored and
has been reviewed recently®. However, the idea
of modulating or utilizing neutrophil activity
for engineering immune responses is underex-
plored. One reason for this could be the relatively
short half-life (< 1 day) of circulating mature
neutrophils’, which provides very little time to
alter responses of these cells and expect to see
an effect on other cells and tissues. Nevertheless,
the ubiquity of these cells in circulation and their
ability to infiltrate most inflamed tissues makes
them a useful target to engineer, especially for
applications involving targeted delivery of drugs.
Indeed, Chu et al. utilized these characteristics
of neutrophils to deliver drugs to inflamed lungs
using crosslinked albumin nanoparticles that are
phagocytosed by neutrophils and transported
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across epithelial barriers to the site of inflam-
mation'’, More recently, a similar approach was
developed by Xue et al. for delivery of paclitaxel
to brain tumors (mouse model of glioma) using
neutrophils as they efficiently cross the blood
brain barrier'!. While the development of such
neutrophil-based drug delivery systems is still in
its infancy, they show tremendous promise.
Another reason that neutrophil modulation
has not been explored much is that until recently,
neutrophils were thought to play a limited role in
immune responses to non-pathogenic diseases.
A number of studies now show that neutrophils
are relatively abundant at sites of autoimmune
disease as well as in the tumor microenviron-
ment, and that there are a number of functional
subsets of these cells with potentially different  Subsets: Immune cells may
functions'>'?. Of these subsets, a significant pro- express a specific set of genes
. . . . . following activation that
portion are potentially suppressive, and it remains  gigerentiates them from their
to be seen if they may be exploited to either  non-activated or differently
reduce neutrophil-associated damage® '* or mod- ~ activated counterparts. One
. . . . . classic example is the Th1 and
ify the immunosuppressive tumor microenviron- i) helper subsets of CD4
ment. Alternately, pro-inflammatory neutrophils  expressing helper T cells.
present at sites of tissue damage may be targeted
through drug delivery carriers to inactivate them.
One such system has been described by Wang
et al. where they use an albumin nanoparticle
system to deliver a drug that blocks integrin sign-
aling in neutrophils, thereby neutralizing their
ability to enter or bind to inflammatory tissues'.
Similarly, Vij et al. developed non-steroidal anti-
inflammatory drug-loaded poly(lactic-co-glycolic
acid) (PLGA) nanoparticles, whose surface was
modified with antibodies to target neutrophils.
In a mouse model of obstructive lung disease, this
system showed good efficacy'®. While in theory
targeting of neutrophils (or other immune cells)
is possible using antibodies or ligands that bind
to cell-surface receptors, in practice the efficien-
cies are moderate at best (that is, particles are
likely going to be taken up by phagocytic cells
non-specifically), and there are very few unique
and cell-specific (or disease-specific) receptors
available for targeting.
A different approach to engineer neutrophil
responses is to modulate their production. While
there is ample information on the rate of neutro-
phil maturation in the bone marrow and their
half-life in blood'’, we do not yet know the maxi- ~ Half-Life: In this context,
mum rate at which these cells may be produced. timeg“ w};iChAh‘altflthel
number ol original ce! Is are
Increased production of neutrophils (granu-  removed from circulation.
lopoiesis) is known to occur following systemic
infection, which has been studied in detail by
Manz and colleagues'® ', and others®. As the
need for neutrophils in circulation or peripheral
tissues increases (following inflammatory stress),
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FDA: Food and Drug Admin-
istration of the Govt. of the
United States of America.
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granulocytic progenitors have been shown to
divide more?', and it has been observed that
immature neutrophils are released into circula-
tion from the bone marrow?. Theoretically, it
would be expected that a maximum rate of neu-
trophil production would be reached at some
level of inflammatory stress; however, the same
has not been demonstrated experimentally. Uti-
lizing pathogenic agents to achieve a level of local
inflammatory stress that results in neutrophil
production maxima may be difficult to achieve, as
these agents generally result in systemic issues in
the animal model used for such experimentation.
To avoid this specific problem, we have shown
that a sterile biomaterial implant model may be
used to generate local inflammation without sys-
temic side-effects. Additionally, the data suggest
that neutrophil numbers at implant-sites rises
with increasing implant numbers (a surrogate
similar to number of infecting organisms), but
eventually a plateau in cell accumulation is
reached'® 2!, Similarly, Fromen et al. observed
that injecting a large number of nanoparticles
that are phagocytosed by neutrophils resulted in
the accumulation of these cells in the liver (possi-
bly for clearance), and thereby reduced accumu-
lation of neutrophils at sites of tissue injury**. Put
together these reports are preliminary evidence of
potential maxima in neutrophil generation. Addi-
tional studies are required for confirmation of
true maxima in cell production. Further, it
remains to be seen if the potential limit to neu-
trophil production/recruitment/function
observed in these studies may be exploited for
improving biomaterial compatibility, or in other
conditions where neutrophil responses are not
desirable.

2.2 Dendritic Cells, B Cells and T Cells

Dendritic cells (DC) are professional antigen
presenting cells (APC) that link the innate and
adaptive arms of the immune system. Their pri-
mary function is to process biomolecular com-
ponents from pathogens (non-self) or apoptotic
cells (self), and present them to lymphocytes in
an immunogenic context leading to the initiation
of an adaptive immune response®. B and T cells
are the cellular arm of the adaptive immune sys-
tem, whose main goal is to eliminate pathogens
or cells displaying molecules that are non-self,
while inducing tolerance to cells presenting self-
molecules. Together, these three cells control a
significant proportion of immune response that
the body generates, and engineering their func-
tion would be useful for the treatment of a wide

A ey
9 Springer {13 FSs

variety of disorders. Concepts related to engi-
neering adaptive immunity are discussed in three
sub-sections below.

2.2.1 Immuno-Activation

The knowledge that the immune system is capa-
ble of ‘remembering’ past encounters with patho-
gens and preventing repeat infections resulted
in the human endeavor to develop safe methods
to generate memory immune responses against
dangerous pathogens. The primary approach
to achieve the same was to actively expose indi-
viduals to specific quantities of either the whole
pathogen or components of it, which did not
result in a full blown infection but was suffi-
cient to generate protective immune response®*.
This process, termed as inoculation, gave rise to
today’s vaccination strategies. Vaccines are com-
posed primarily of two components; an antigenic
component (live, attenuated or killed pathogen,
or a mixture of proteins from the pathogen) and
an adjuvant (which activates the antigen pre-
senting cell). However, a simple combination
of these components is often either insufficient
to generate strong and protective immunity, or
results in toxic side-effects”> . A number of fac-
tors influence the efficacy of vaccination. First,
both antigen and adjuvant must be co-delivered
to the same APC to induce strong and specific
response’” %%, Tt has been shown that delivery of
adjuvant in the absence of antigen could result
in unintended acute inflammation®” *. Sec-
ond, both components may need to be trans-
ported to precise tissue compartments, such as
the lymph nodes, to induce effective responses’”
32 Third, protein antigens (not associated with
the entire pathogen) may need to be displayed
in a specific geometry for the immune system to
recognize it as a pathogen-associated molecular
pattern resulting in robust responses”. Fourth
the kinetics as well as the amount of antigen play
a crucial role in determining the type of immune
response”” 7%,

Defined synthetic nano- and microparticles
(with specific size, shape and surface properties)
have enabled the development of vaccines that
are capable of overcoming many of the aforemen-
tioned problems. Virus-like particles (VLPs) are
possibly the most developed system, with a num-
ber of FDA-approved and commercially available
vaccines utilizing them for antigen-adjuvant
delivery (reviewed by Bachmann and Jennings®,
and Zeltins™). VLP-based vaccines are primarily
against viral pathogens, may be expensive to for-
mulate, and not all viral proteins self-assemble to

J. Indian Inst. Sci.l VOL 98:1149-68 March 2018ljournal.iisc.ernet.in



form particles. Hence, numerous other biomate-
rial systems are simultaneously being explored for
vaccine applications®®. One such system has been
developed by Mooney and colleagues is a PLGA
scaffold loaded with DC recruiting chemokine
(GM-CSF), activating adjuvant (CpG), and anti-
gens (tumor lysates) that generates robust anti-
tumor immunity’” %, This system is currently
being tested in a Phase I clinical trial for the treat-
ment of melanoma. The same system has also
been used to identify specific components of the
immune system that respond to vaccinations™.
While showing high efficacy, such depot systems
involving DC recruitment may be expensive to
manufacture and use clinically.

Particle systems loaded with antigens and
adjuvants, which actively or passively target
APC may be used as an alternative. Numerous
particle-based vaccine strategies that involve DC
targeting for modulation of function have been
developed (reviewed by Singh et al.*’), and over
a dozen are currently being tested in clinical tri-
als*'. Many others are still under development
in laboratories, and show tremendous promise.
Among these, a significant proportion is being
developed for mucosal delivery due to the ease of
administration using this route. Some of the early
work in this area was done by Alonso and col-
leagues, where they demonstrated that polyethyl-
ene glycol (PEG)-coated poly-lactic acid particles
were capable of carrying antigen across the nasal
mucosa with localization in lymph nodes* **. In
these studies, while immunoglobulin production
suggested effective activation of adaptive immu-
nity through DC, targeted delivery to these cells
was not shown. More recently, Irvine and col-
leagues have developed an antigen-encapsulated
multi-lamellar lipid vesicle that presents lipid-
based adjuvants on its surface resulting in strong
T cell and antibody responses**. Further, the same
group describes the use of this system for effective
nasal delivery of antigens, and elegantly showed
that lung APC is targeted to generate memory
T-cell responses*. Similarly, Swartz, Hubbell and
colleagues have developed an appropriately sized
polymeric nanoparticle capable of delivering
antigen to DCs in the lymph nodes. Their stud-
ies show that a 20-nm poly (propylene sulfide)
particles loaded with antigen preferentially (when
compared to 100-nm particles) localizes in the
lymphatics, is taken up by lymph node resident
DCs, remains there for up to 5 days, and generates
strong immune responses against the antigen*®
#7_ Further, this system may be delivered through
intradermal or pulmonary routes, activates DC
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and results in robust cytotoxic T-cell responses*®
¥, Progress on any of these or one of the many
other systems not discussed here holds promise
for the development of particle-based vaccines
against many human pathogens.

2.2.2 Tolerance

As our understanding of the role of APC in acti-
vating adaptive immune responses improved,
it became clear that the same interactions could
be used to suppress immunity or generate toler-
ance. APC activate T cells through three signals:
MHC-TCR interaction (signal 1), co-stimulation
(signal 2), and cytokines (signal 3)* [also dis-
cussed by Chandele in this issue]. Alteration or
absence of signal 2 and/or 3 results in the gen-
eration of antigen-specific T cells that are either
anergic (non-responsive), exhausted (unable to
initiate immune action against antigen-express-
ing pathogen/cell), suppressive or regulatory in
nature. This concept may be utilized to engineer
tolerance-generating DC’, which may be desired
in the context of disorders involving an overactive
immune system (autoimmunity, allergies, etc.), or
when immune activity is not desired (transplan-
tation or foreign body implantation).

Tolerogenic DC have been produced ex vivo
through a variety of methods: (i) by Steinman
and colleagues through ex vivo culture in the
presence IL-4 and GM-CSF resulting in imma-
ture DC°" °% (ii) by Giannoukakis, Trucco and
colleagues through treatment of DC with anti-
sense RNA that reduces levels of co-stimulatory
molecules®’; and (iii) through the use small mol-
ecules (reviewed by Thomson and colleagues™
>%). However, approaches involving ex vivo cell
modulation are expensive, and require facilities
that are beyond the reach of many. Alternatives
to these approaches are the use of particulate
systems capable of delivering the same agents to
DC in vivo. Indeed, Giannoukakis, Trucco and
colleagues have shown that a microsphere-based
approach may be used to deliver their combina-
tion of therapies to DC for inducing tolerance’®
>7. We have also shown that delivery of the small
molecule rapamycin in ~ 3-pm sized PLGA par-
ticles to DC results in immunosuppressive cells™®,
and suggested that a similar strategy may be used
for combinatorial delivery of different agents to
induce tolerogenic DC*. A number of similar
approaches utilizing particles and scaffolds have
been developed by Roy and colleagues, Shea and
colleagues, and Keselowsky and colleagues among

others, which have been recently reviewed here®”
61
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Tumor Lysates: Broken down
and possibly enzymatically di-
gested components of tumor
cells/tissue. Usually implies a
combination of peptides and
proteins.

Mucosa: The lining of body
cavities (such as oral, nasal,
gastrointestinal etc.)

Tolerogenic: Combination
of the words tolerance and
generating.
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Ligands: In this context, a
molecule (carbohydrate, pep-
tide or protein) that binds to
a specific larger biomolecule
(usually a protein).

Chemoattractant: A chemical

molecule, in this case proteins,

that attracts motile cells.
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2.2.3 Direct Modulation of T-Cell Function
Modulating T-cell activity through changes in
DC function normally ensures antigen-specific-
ity, which is otherwise cumbersome to achieve.
Nevertheless, bypassing DCs to engineer T-cell
function directly may be desirous in many cir-
cumstances. A classic example involves devel-
oping methods to improve activity of tumor
antigen-specific T cells, which do not function
effectively in the immunosuppressive tumor
microenvironment. While small molecules and
protein-based therapeutics to enhance activity or
block suppression of T cells are well known, deliv-
ering them to antigen-specific T cells is a chal-
lenge. Irvine and colleagues developed a method
of overcoming this problem through ex vivo
alterations to T cells that could help them func-
tion in immunosuppressive environments. They
showed that the efficacy of tumor antigen-specific
T cells may be greatly improved through ex vivo
attachment of synthetic nanoparticles containing
the cytokines IL-21 and a super-agonist version
of IL-15 (for activating T cells in an immunosup-
pressive tumor microenvironment) to the sur-
face of these cells. Such a modification resulted
in robust proliferation of the tumor (melanoma)
antigen-specific T cells, elimination of tumor
cells, and the establishment of a memory T-cell
population®’. In addition, the same strategy
was used to provide drugs that block suppres-
sion of T-cell activation resulting in anti-tumor
responses in a mouse model for prostate cancer®.
Fahmy and colleagues used a similar strategy of
attaching nanoparticles containing the immuno-
modulatory cytokine LIF (leukemia inhibitory
factor) onto helper T cells using an antibody
against the surface protein CD4 (expressed exclu-
sively on helper T cells), resulting in effector T
cell suppression and Treg generation, leading to
prolonged survival of heart transplants®*.

Another example of directly affecting T cell
function is recruiting specific sub-classes of cells
to tissue sites where they may normally not be
present. It is well known that cells move up a
chemoattractant gradient, and controlled release
technology may be used to established artificial
gradients for cell recruitment® . Utilizing this
technology, we developed a degradable micro-
particle system for releasing a regulatory T cell
(Treg)-specific chemokine, CCL22, and demon-
strated in vivo recruitment of these cells®’. Such a
system was able to suppress inflammation associ-
ated with periodontitis, as shown in a mouse and
canine model of the disease®®.

Alternately, T cells may be utilized for deliv-
ering therapies as shown by Vile and colleagues.
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Their strategy involved utilizing tumor antigen-
specific T cells to deliver therapeutic viral vectors.
The authors observed that viral vectors passively
adsorb onto T cell surfaces, which can be used
to modify tumor antigen-specific T cell surfaces
before adoptively transferring them into mice-
bearing B16 melanoma cells. The viral vectors
that ‘hitchhiked’ on T cells were able to transfect
tumor cells and enhance anti-tumor responses®.
Such ‘hitchhiking’ strategies have now been used
by many others to deliver drugs to a variety of tis-
sues in vivo.

2.2.4 Artificial Antigen Presenting Cells

An alternate approach to engineer DC function
is replacing them entirely with an artificial sys-
tem, termed as artificial antigen presenting cells
(aAPC). Cellular systems that function as aAPC
have been in widespread use for over two dec-
ades now. Cells from the fruit-fly (Drosophila)
were among the first to be modified to function
as aAPC by Sprent and colleagues’” ’!, and subse-
quently both mouse’ 7* and human’® >-derived
cell lines have been established for the same pur-
pose. While the cell-based systems are effective,
they lack in vivo translatability, and it is difficult
to control the number and type of molecules
(signals) presented by these cells (reviewed by
Kim et al.”®, and Turtle and Riddell”’).

Acellular systems that are capable of overcom-
ing these drawbacks have also been developed
simultaneously. One of the first such systems was
described by Curtsinger et al.”®, where they used
polystyrene particles coated with ligands and
antibodies that would bind to and initiate sign-
aling through proteins on the surface of T cells.
The ligands and antibodies were specifically those
that were involved in APC-T cell immunological
synapse formation (molecules that provide sig-
nal 1 and 2). Similarly, June and colleagues uti-
lized antibodies against CD3 and CD28 coated on
Dynal® magnetic beads (developed by John Ugel-
stad and colleagues) to induce T-cell activation
and expansion’® *. Induction of antigen-specific
T-cell proliferation was also possible using the
same system through a MHC-peptide tetramer in
place of the antibody against CD3 (reviewed by
Turtle and Riddell’”). Nevertheless, they are asso-
ciated with two major drawbacks—the surface
of this system was rigid, which prevented ligand/
antibody movement on the particle surface (as
would occur on DC), and it was unable to pro-
vide signal 3 (cytokines) for appropriate activa-
tion of T cells.
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The first problem was addressed around the
same time the rigid systems were being devel-
oped by Dustin and colleagues, who used sup-
ported lipid bilayers bearing molecules that
provide signal 1 and 2 to show that the immu-
nological synapse is dynamic®'. Soon after, Prak-
ken et al. described the development of liposome
system incorporating MHC-II-peptide to mimic
an APC®2. A similar liposome-based approach
having three pre-clustered antibodies to interact
with T cells was developed by Zappasodi et al.*.
Likewise, it has been shown that exosomes (lipo-
somal vesicles released by cells) from DCs and B
cells that have MHC-II molecules as well as co-
stimulatory receptors could be used as aAPC®* 3,
The advantage of liposome and exosome systems
is their ability to not only mimic the biochemical
signals, but also provide biomechanical cues that
are similar to a natural APC.

The second problem of the absence of signal
3 was addressed by Fahmy and colleagues, where
they encapsulated IL-2 in PLGA particles and
subsequently coated with antibodies against CD3
and CD28, to provide all three signals to T cells*>
87 The same group has developed carbon nano-
tube-based systems for similar applications®® %,
Similar work has been performed by Schneck and
colleagues on developing synthetic systems that
replicate APC function®> °!, and more recently
on addressing the issue of minimum aAPC par-
ticle size’”. A number of other aAPC systems
have been developed over the past two decades
for understanding the biology of the immuno-
logical synapse and for inducing T-cell activa-
tion (reviewed by Irvine and Doh®”, Delcassian
et al.®).

Another group of aAPC systems are self-
assembled biomaterials that are able to present
high densities of antigen in a spatially organ-
ized manner to induce B- and T-cell responses.
A repetitive and ordered arrangement of pro-
teins on the surface of pathogens results in direct
B-cell activation through antigen-specific B-cell
receptors, and it has been shown that the num-
ber of antigens displayed dictates the type and
strength of the immune response®. Collier and
colleagues utilized this feature to develop pep-
tide-based self-assembled systems that directly
engage with adaptive immune cells. They have
shown that incorporating antigenic epitopes into
a peptide assembly results in the robust produc-
tion of antibodies directed against the epitopes
in the absence of any additional adjuvant®, and
that such a system could be used to develop a
vaccine-like therapy against malaria®”. Further
development of the same system, resulted in
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control over the dose of antigen displayed and
capability of simultaneous display of multiple
proteins, thereby enabling strong multi-antigenic
immune responses’®. Importantly, in the absence
of the antigenic epitopes, the self-assembled pep-
tide was not immunogenic’® *°. Others have also
developed self-assembled systems for activating
immune responses, which are discussed in greater
detail by Webber and colleagues in another article
of this issue.

aAPC may also be used to generate toler-
ance, which is achieved by presenting signals
that induce T-cell death or act as inhibitors/
modulators of T-cell activation. An example
of the former approach, Schiitz and colleagues
have developed a killer aAPC by attaching a
HLA-A2-Ig dimer molecule (that may be loaded
with peptides) and an antibody against FAS
(that interacts with FAS expressed on T cells)
on epoxy beads, which induces apoptosis in
antigen-specific T cells'?’, 1!, An example of the
latter is our work on inducing Treg by activat-
ing naive T cells in the presence of immuno-
modulatory small molecules and cytokines.
We show that a combination of IL-2, TGF-p
and rapamycin is able to stably induce Treg in
the presence of artificial activation signalsm,
and that controlled release of these molecules
from PLGA particles'® could potentially be
used as a method to generate tolerance. A sim-
ilar approach was utilized by McHugh et al. to
deliver IL-2 and TGF-f to T cells using nanopar-
ticles whose surface was modified with an anti-
body against CD4'*,

While many of the aforementioned systems
are being used in research laboratories, the clini-
cal translation of aAPC for in vivo use is yet to
occur. A major challenge with translation is the
number of unique molecules or entities that are
required to form a fully functional aAPC. For
example, a simple acellular aAPC system has at
least four distinct components—base material
(lipid, metal, polymer, etc.), linker to attach anti-
bodies on material surface, an antibody or ligand
mimicking MHC-TCR interaction, and another
antibody or ligand providing co-stimulation.
Understanding toxicity, compatibility and deg-
radation of all of these materials individually as
well as in combination may prove to be a major
challenge.

2.3 Other Immune Cells

2.3.1 Monocytes and Macrophages

Monocytes and macrophages play important and
well-documented roles in protecting our body
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against pathogens, maintaining tissue homeo-
stasis, and assisting with the repair and regen-
eration of injured tissues'®™'"”. Simultaneously,
these cells are also known to contribute to or be
the cause of many pathologies, including pro-
moting an immunosuppressive microenviron-
ment in tumors'®> %8 Thus, it is believed that
engineering monocyte/macrophage function
has the potential to treat many diseases. Modu-
lating their activity may be achieved through
methods and technologies described above for
neutrophils and DC, and will not be discussed
here as they have been reviewed recently'*®
107. 199 In addition to these approaches, mac-
rophages may be used to study biological pro-
cesses occurring at various tissue sites due to
their ubiquitous presence in the body. A num-
ber of nanoparticle-based materials for in vivo
imaging of macrophages have been developed
(reviewed by Weissleder et al.''?), and examples
of their utilization are recent studies on detect-
ing macrophages in atherosclerotic plaques or
imaging tumor-associated macrophages''' to
characterize efficacy of anti-tumor treatments''%.
Similar studies on in vivo macrophage function
at diseased tissue sites promise to provide better
mechanistic understanding of the disease itself.
A number of other immune cell types, such as
NK cells, eosinophils, basophils, mast cells, and
innate lymphoid cells, have diverse roles in limit-
ing pathogenic infections as well as maintaining
homeostasis. However, studies on engineering
their activity are sparse, possibly because a lot
remains to be understood about their biology.

3 Proteins (Extracellular) of the Immune
System

One of the cornerstones of modern immuno-
logical research is the study of non-cellular fac-
tors (proteins) present in blood that helps in the
fight against infections. In fact, the first immu-
notherapies developed (last decade of the 19th
century) were mixtures of proteins present in
the blood (primarily antibodies), then termed as
antitoxins or antiserum''®. Since then a number
of extracellular peptides and proteins have been
identified, which have active roles in immune
responses against pathogenic organisms as well
as for the maintenance of tissue homeostasis.
Possibly the most well-studied, engineered, and
utilized among these proteins are immunoglob-
ulins, also referred to as antibodies. Antibodies
are examined in detail in another article in this
issue (Dhar and Das), and hence will not be dis-
cussed here.
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3.1 Complement

Another group of well-studied proteins
are those that belong to the complement sys-
tem. The complement system consists of multi-
ple circulating proteins, which upon activation
assist in establishing an inflammatory immune
response by recruiting various cells, enable clear-
ance of antibody-bound infectious agents (clas-
sical pathway), and could result in direct killing
of pathogens or host cells through the creation
of pores in the membrane (alternate pathway)>*
14 Their activity is important for neutraliza-
tion of pathogens as well as the opsonization of
antibody-bound cells (which could be foreign
cells, pathogen-infected cells or aberrant cells).
However, their activity is also known to cre-
ate problems for biomaterial implants as well
as biomedical devices that come in contact with
blood'!””. With respect to biomaterials being
implanted in vivo, complement proteins along
with a host of other serum proteins revers-
ibly bind and form a coating on implant sur-
faces''®. The protein layer leads to the activation
and adhesion of immune cells such as mono-
cytes'! 711 which usually results in fibrosis of
the implant. Similarly, binding of complement
proteins, among others, to blood contact devices
results in activation of coagulation cascades as
well as secretion of inflammatory mediators'®.
Avoiding these complications, engineering the
surfaces of implants and devices has been one of
the major research topics in the field of biomate-
rials, and has been reviewed by Ekdahl et al.'?!.

Independent of the research on avoiding com-
plement binding to biomaterial surfaces, a signifi-
cant amount of work has focused on strategies to
improve complement binding to tumor cell sur-
faces. Host cells unlike pathogens, express a vari-
ety of membrane-bound proteins that regulate
complement binding to cell surface, and hence
are not killed. Tumors exploit this strategy by
overexpressing complement regulatory proteins
(CRP) to prevent complement-mediated cell
cytotoxicity following administration of tumor
antigen-specific antibodies'*’. To overcome this
problem, Kirschfink and colleagues (among
many other groups) have shown that antisense
oligonucleotides against the CRPs CD46 and
CD55'%, or siRNA against CD46, CD55 and
CD59'** may be used to increase sensitivity of
tumors to complement attack. Additionally, the
same group has shown that siRNA against CRPs
may be encapsulated into liposomal particles for
increased delivery to tumors'?, which can also
be actively targeted using transferrin molecules
coupled to the liposome'?®. These strategies are
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able to increase complement-dependent tumor
cell cytotoxicity either by themselves or when
used in combination with tumor antigen-specific
antibodies and macrophages. Nevertheless, fol-
lowing the observation that mice lacking spe-
cific complement proteins show increased tumor
growth, number of reports have suggested that
complement proteins may assist in carcinogenesis
through recruitment of immunosuppressive cells,
or by promoting cancer cell metastasis (reviewed
by Pio et al.'?”). Hence, the strategy of modulat-
ing complement regulatory protein expression for
the treatment of tumors is being reconsidered.

3.2 Cytokines

Typically associated with cellular immunity,
cytokines are being discussed here in their role
as extracellular mediators of immune responses.
Cytokines collectively refers to a large number of
relatively low molecular weight proteins that are
involved in diverse functions such as activation
of the immune system (both inflammatory as
well as regulatory activation), promoting cellular
proliferation, recruitment of immune cells, and
even in developmental processes. Their aberrant
function has been linked to many disorders, and
numerous therapeutic strategies are being devel-
oped to modulate their activity. While a few anti-
body-based approaches to limit cytokine activity
are already available in the market (reviewed by
Dhar and Das), altering cytokine activity using
particulate systems has been a major focus of
biomaterials research over the last decade. A few
of these strategies that affect activities of spe-
cific cells have been discussed in previous sec-
tions. Here, approaches that affect a plethora of
immune functions through modulation of single
cytokine activity will be elaborated.

Two specific cytokines belonging to the inter-
leukin 1 family, IL-1o and IL-1f, are among the
most studied and targeted for therapeutic pur-
poses. Both cytokines are pro-inflammatory and
major players in a number of inflammatory and
autoimmune diseases. Suppressing their activ-
ity is achieved through an endogenous mol-
ecule, IL-1 receptor antagonist (IL-1Ra), which
has been developed and FDA approved [recom-
binant version of IL-1Ra, named Anakinra first
developed by Amgen (USA) and now licensed by
Swedish Orphan Biovitrum AB (Sweden)] as a
therapeutic for rheumatoid arthritis. While show-
ing high efficacy, IL-1Ra needs to be administered
at frequent and high doses, and increases suscep-
tibility to infections and allergic responses'?®. To
overcome the first problem, a team of researchers
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from Cytos Biotechnology Ltd. (now Kuros Bio-
sciences, Switzerland) developed a vaccine against
IL-1a and IL-1pP using bacteriophage VLP, which
upon administration resulted in reduced cartilage
damage in a collagen-induced arthritis model in
mice'”. The same group has shown that their
IL-1a vaccine may be used for protection against
atherosclerosis'*® and the IL-1f vaccine shows
high efficacy in a mouse model for type-2 diabe-
tes’’! and safety in humans'*?>. While the safety
data in humans is promising, approaches that
involve vaccination against self-proteins can carry
the risk of developing autoimmune responses
over the long-term, and suppressed responses
against infectious agents.

An alternate approach to solve the issues asso-
ciated with systemic delivery of IL-1Ra or induc-
ing systemic immune responses against the IL-1
cytokine family is the use of particulate systems
for the local delivery of IL-1Ra. Garcia and col-
leagues have developed an acrylate-based block
co-polymer that encapsulated IL-1Ra in self-
assembled nanoparticles, which upon injection
into intraarticular spaces of a rat model showed
increased local retention time and efficacy in
inhibiting IL-1-mediated signaling'>. Using a
slightly modified polymer backbone to develop
nanoparticles of larger size, the same group then
showed that IL-1Ra could be delivered to the joint
tissue for up to 14 days'** (compared to 3 days
in the previous study) and these particulates
blocked IL-1 B signaling in vitro'*. It remains to
be seen if such strategies will show efficacy in pre-
clinical animal models and can be developed into
therapeutics for clinical use.

Another cytokine that is targeted for thera-
peutic purposes is TNF-a. Both monoclonal anti-
bodies (Adalimumab) and fusion proteins that
are TNF-a inhibitors (Etanercept) are currently
being used in the clinic, and function by block-
ing the activity of TNE. To improve the biological
stability and bioavailability of etanercept, meth-
ods to encapsulate it in particle formulations
have been developed by Jung et al.'*® and Ferreira
et al.'”’. A different approach used by Lin et al. is
the fabrication of a PEG hydrogel containing a
peptide agonist to TNF-a, which was capable of
sequestering the soluble TNF-a and preventing
its harmful activity on cells encapsulated in the
hydrogels'*. Similar single cytokine modulat-
ing strategies have been used for altering IL-10
amounts. Jain et al. delivered IL-10 coding plas-
mid DNA using alginate nanoparticles in a rat
model of arthritis resulting in increased IL-10
presence and repolarization of macrophages to
the M2 phenotype'”. Contrastingly, Pradhan
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et al. delivered IL-10 siRNA in combination with
oligonucleotide CpG adjuvant to DC, resulting
in enhanced Th1 to Th2 cytokine ratio'*’. While
many of these approaches are promising, pleiot-
ropy and redundancy is known to be high among
cytokines and their receptors'*!, which suggests
that targeting any one molecule may not result in
the efficacy required for clinical application.

4 Organs of the Inmune Systems
and Cell Production

Most immunological reactions involve a combi-
nation of multiple soluble factors and cells, and
modulating any one may not sufficiently affect
an immune response. This understanding has
led to an interest in altering multiple immune
components simultaneously, and one strategy to
achieve this is through fabrication of engineered
secondary lymphoid (spleen, lymph nodes and
Peyer’s patches) organs. The idea of creating a
lymphoid tissue stems from the observations
that new lymphoid-like structures (tertiary lym-
phoid organs) are formed during infections,
transplant rejection, and in autoimmune disease
(reviewed by Drayton et al.'*? and Aloisi and
Pujol-Borrell'¥).  Artificially creating tertiary
lymphoid organs holds promise for inducing a
coordinated and specific immune response. Sue-
matsu and Watanbe were among the first to fab-
ricate a tissue-engineered lymphoid structure
using sponge-like collagen scaffold. These scaf-
folds were loaded with a mouse stromal cell line
expressing the chemokine LT-a and containing
DC, which resulted in the recruitment of a large
number of T and B cells, and the formation of
compartmentalized structures similar to a natural
lymph node'*!. Additionally, Watanbe and col-
leagues showed that transplantation of explanted
artificial lymph node (generated in mice) to naive
wild-type mice resulted in the production of
secondary immune responses, and transplanta-
tion to SCID mice resulted in the production of
memory B and T cells'®. More recently, the same
group has modified these scaffolds by replac-
ing the stromal cells with chemokine-releasing
gelatin hydrogels, which also leads to the estab-
lishment functional lymph nodes'*®. Around
the same time as the original publication by
Suematsu and Watanbe, Irvine and colleagues
formulated a porous PEG hydrogel loaded with
DC and T cells that could be used for creating
new lymphoid structures'*’. They were also able
to modify the gels using collagen to increase the
number of immune cells present in the scaffold
and functionalize them with polysaccharides for
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chemokine and cytokine binding'*®, However,
the establishment of an artificial lymph node
alone is not sufficient to obtain desired immune
responses. Additional modulation, possibly in the
form of sustained release of adjuvants as shown
by Jewell et al.'*’, or presentation of specific anti-
gens as demonstrated by Mooney and colleagues
(reviewed by Gu and Mooney?®), or creating an
immunosuppressive environment as shown by
us'®, would generally be necessary. Further, ques-
tions regarding the provision for single specific or
multiple antigenic stimuli to ensure that the stim-
ulated T and B cells do not cross-react with self-
antigens, and the immuno-compatibility as well
as degradability of the components used to make
the artificial lymph nodes need to be answered
prior to the translation of such technology into
the clinic.

Aside from modulating function, engineer-
ing tools may also be used to produce immune
cells. One of the first advances in this area was
brought about by Scadden and colleagues, who
constructed thymus (a primary lymphoid organ)
mimicking scaffolds that brought together mouse
thymic stromal cells and human hematopoi-
etic progenitor cells to induce the production of
T cells bearing a diverse set of T cell receptors
(capable of recognizing different ligands)"'*’. Sim-
ilarly Krupnick et al. used crushed bones mixed
with type-I collagen to produce a scaffold that
developed both new bone and bone marrow fol-
lowing implantation in mouse small bowel mes-
entery'”!. Using biomaterial-based matrices and
microfluidic chips, many comparable approaches
have since been developed for ex vivo and in vivo
culture of bone marrow cells and immune cell
production'>> 1%, Recently, Singh and colleagues
developed a novel method for ex vivo genera-
tion of lymphoid tissue, which they term as B-cell
organoids'* '*°. In this approach, engineered
stromal cells were co-cultured with naive B cells
in a hydrogel scaffold made of gelatin reinforced
with silicate nanoparticles, which resulted in
robust B-cell proliferation and activation. Such
systems enable fundamental studies on immune
cells, help in the establishment of in vitro mod-
els for research, and develop a method to gener-
ate human or human-derived cells for therapeutic
purposes.

5 Perspectives

Over the past few decades, a diverse array of
biomaterials have been developed or are under
development in laboratories across the world.
Each new biomaterial differs from others in its
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material composition or physical properties
(such as shape and size). While it is believed that
the availability of a large pool of chemically and
physically diverse biomaterial tools may enable
better and faster development of therapeutic
technologies, there is a risk of focusing excessively
on developing new biomaterials and diverting
resources away from the eventual goal of clinical
translation. With regard to this issue, two sug-
gestions are put forth: (i) increased attention
towards studies that assess safety of previously
developed immuno-modulatory biomaterials
(especially the effects of non-specific interactions,
which are usually much more than expected),
such that the same base material may be used for
other applications; and (ii) an emphasis on aca-
demic—industry collaborations to ensure develop-
ment of biomaterials that show good efficacy in
laboratory studies.

Of the numerous biomaterials for modulat-
ing immunity (Table 1), only a few are in clini-
cal trials*!, and a significant majority of those
are particulate- and scaffold-based vaccines. This
trend is possibly due to the prominence of immu-
nological studies on infectious diseases and the
generation of memory responses against patho-
gens, over the last half century. With recent focus
on understanding immune involvement in tissue
homeostasis, tumor development, and genera-
tion of tolerance, there is an expectation that bio-
material technologies will have an increased role
to play in future therapeutics for the treatment
of cancer and autoimmune diseases. However,
research on these fronts has also led us to recog-
nize that the immune system is more than the
sum of its individual components. While there
are a few examples of pathological conditions
where an individual molecule or a specific path-
way in a cell is affected, more often the condition
is a result of the actions (or misactions) of a num-
ber of different immune components. Hence,
greater emphasis needs to be placed on systems
approaches to study immunity (an example is the
systems immunity program for infectious dis-
eases'*®), and develop technologies that modulate
multiple immune pathways simultaneously.

Finally, a large number of technologies which
work well in the laboratory and in preclinical
animal models (primarily rodent) of research do
not translate to humans. One of the reasons for
the lack of translation is the difference in mouse
and human biology. These differences are espe-
cially true with respect to the immune system'*”
158 and while a few of the differences have been
identified a lot remains to be discerned"’. Immu-
nologists and clinicians working on the immune
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system have recognized this discrepancy, and
have initiated efforts to correct it'"**'®%, These
efforts range from a greater emphasis on study-
ing the human immune system to using “dirty”
(harboring or having been exposed to normal
pathogens) mice’®® ' and humanized mouse
models'®*. Biomaterial engineers and scientists,
however, continue to primarily rely on historic
rodent models of research. A shift towards testing
biomaterials developed to engineer immunity on
human immune cells as well as in rodent models
that more accurately replicate human systems is
required.

Acknowledgements

SJ is supported in part by the Ramanujan Fel-
lowship from the Department of Science and
Technology, Government of India and the R.L.
Mazumdar Young Investigator Fellowship at the
Indian Institute of Science.

Received: 21 January 2018 Accepted: 7 February 2018
Published online: 17 February 2018

References

1. Senovilla L, Galluzzi L, Zitvogel L, Kroemer G (2013)
Immunosurveillance as a regulator of tissue homeosta-
sis. Trends Immunol 34(10):471

2. Editorial (2013). Immunity in the tissues. Nat Immunol
14(10): 977

3. Gajewski TF Schreiber H, Fu Y-X (2013) Innate and
adaptive immune cells in the tumor microenvironment.
Nat Immunol 14(10):1014

4. Mann DL (2011) The emerging role of innate immu-
nity in the heart and vascular system: for whom the cell
tolls. Circ Res 108(9):1133

5. Epelman S, Liu PP, Mann DL (2015) Role of innate and
adaptive immune mechanisms in cardiac injury and
repair. Nat Rev Immunol 15(2):117

6. Amulic B, Cazalet C, Hayes GL, Metzler KD, Zychlinsky
A (2012) Neutrophil function: from mechanisms to dis-
ease. Annu Rev Immunol 30(1):459

7. Nauseef WM, Borregaard N (2014) Neutrophils at
work. Nat Immunol 15(7):602

8. Jhunjhunwala S (2017) Neutrophils at the biological-
material interface. ACS Biomater Sci, Eng

9. Lahoz-Beneytez J, Elemans M, Zhang Y, Ahmed R,
Salam A, Block M, Niederalt C, Asquith B, Macallan D
(2016) Human neutrophil kinetics: modeling of stable
isotope labeling data supports short blood neutrophil
half-lives. Blood 127(26):3431

10. Chu D, Gao J, Wang Z (2015) Neutrophil-mediated

delivery of therapeutic nanoparticles across blood ves-
sel barrier for treatment of inflammation and infection.
ACS Nano 9(12):11800

@ Springer jﬁ%ﬁﬁ

61



S. Jhunjhunwala

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

62

A ey
9 Springer {13 FSs

Xue J, Zhao Z, Zhang L, Xue L, Shen S, Wen Y, Wei Z,
Wang L, Kong L, Sun H, Ping Q, Mo R, Zhang C (2017)
Neutrophil-mediated anticancer drug delivery for sup-
pression of postoperative malignant glioma recurrence.
Nat Nanotechnol 12(7):692

Gabrilovich DI, Nagaraj S (2009) Myeloid-derived sup-
pressor cells as regulators of the immune system. Nat
Rev Immunol 9(3):162

Treffers LW, Hiemstra IH, Kuijpers TW, van den Berg
TK, Matlung HL (2016) Neutrophils in cancer. Immu-
nol Rev 273(1):312

Jhunjhunwala S, Aresta-DaSilva S, Tang K, Alvarez D,
Webber MJ, Tang BC, Lavin DM, Veiseh O, Doloff JC,
Bose S, Vegas A, Ma M, Sahay G, Chiu A, Bader A, Lan-
gan E, Siebert S, Li J, Greiner DL, Newburger PE, von
Andrian UH, Langer R, Anderson DG (2015) Neutro-
phil responses to sterile implant materials. PLoS ONE
10(9):¢0137550

Wang Z, Li ], Cho ], Malik AB (2014) Prevention of vas-
cular inflammation by nanoparticle targeting of adher-
ent neutrophils. Nat Nanotechnol 9(3):204

Vij N, Min T, Bodas M, Gorde A, Roy I (2016) Neu-
trophil targeted nano-drug delivery system for chronic
obstructive lung diseases. Nanomed Nanotechnol Biol
Med 12(8):2415

Cowland JB, Borregaard N (2016) Granulopoiesis
and granules of human neutrophils. Immunol Rev
273(1):11

Takizawa H, Boettcher S, Manz MG (2012) Demand-
adapted regulation of early hematopoiesis in infection
and inflammation. Blood 119(13):2991

Boettcher S, Ziegler P, Schmid MA, Takizawa H, van
Rooijen N, Kopf M, Heikenwalder M, Manz MG (2012)
Cutting edge: LPS-induced emergency myelopoiesis
depends on TLR4-expressing nonhematopoietic cells. ]
Immunol 188(12):5824

Manz MG, Boettcher S (2014) Emergency granulopoie-
sis. Nat Rev Immunol 14(5):302

Jhunjhunwala S, Alvarez D, Aresta-DaSilva S, Tang K,
Tang BC, Greiner DL, Newburger PE, von Andrian UH,
Langer R, Anderson DG (2016) Splenic progenitors aid
in maintaining high neutrophil numbers at sites of ster-
ile chronic inflammation. J. Leukoc, Biol

Fromen CA, Kelley WJ, Fish MB, Adili R, Noble ], Hoe-
nerhoff MJ, Holinstat M, Eniola-Adefeso O (2017)
Neutrophil-particle interactions in blood circulation
drive particle clearance and alter neutrophil responses
in acute inflammation. ACS Nano 11(11):10797
Murphy K, Travers P, Walport M, Janeway CA Jr (2008)
Janeway’s immunobiology, 6th edn. Garland Science,
New York

Gross CP, Sepkowitz KA (1998) The myth of the medi-
cal breakthrough: smallpox, vaccination, and Jenner
reconsidered. Int J Infect Dis 3(1):54

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

Bachmann MEF, Jennings GT (2010) Vaccine delivery:
a matter of size, geometry, kinetics and molecular pat-
terns. Nat Rev Immunol 10(11):787

Gu L, Mooney DJ (2015) Biomaterials and emerging
anticancer therapeutics: engineering the microenviron-
ment. Nat Rev Cancer 16(1):56

Hawiger D, Inaba K, Dorsett Y, Guo M, Mahnke K,
Rivera M, Ravetch JV, Steinman RM, Nussenzweig MC
(2001) Dendritic cells induce peripheral T cell unre-
sponsiveness under steady state conditions in vivo. ]
Exp Med 194(6):769

Zinkernagel RM (2003) On natural and artificial vacci-
nations. Annu Rev Immunol 21(1):515

Storni T, Ruedl C, Schwarz K, Schwendener RA, Renner
WA, Bachmann MF (2004) Nonmethylated CG motifs
packaged into virus-like particles induce protective
cytotoxic T cell responses in the absence of systemic
side effects. ] Immunol Baltim Md 1950 172(3):1777
Bourquin C, Anz D, Zwiorek K, Lanz A-L, Fuchs S,
Weigel S, Wurzenberger C, von der Borch P, Golic M,
Moder S, Winter G, Coester C, Endres S (2008) Tar-
geting CpG oligonucleotides to the lymph node by
nanoparticles elicits efficient antitumoral immunity. ]
Immunol Baltim Md 1950 181(5):2990

Fifis T, Gamvrellis A, Crimeen-Irwin B, Pietersz GA, Li
J, Mottram PL, McKenzie IFC, Plebanski M (2004) Size-
dependent immunogenicity: therapeutic and protective
properties of nano-vaccines against tumors. ] Immunol
Baltim Md 1950 173(5):3148

Manolova V, Flace A, Bauer M, Schwarz K, Saudan P,
Bachmann MF (2008) Nanoparticles target distinct
dendritic cell populations according to their size. Eur ]
Immunol 38(5):1404

Klenerman P, Hill A (2005) T cells and viral persistence:
lessons from diverse infections. Nat Immunol 6(9):873
Johansen P, Storni T, Rettig L, Qiu Z, Der-Sarkissian A,
Smith KA, Manolova V, Lang KS, Senti G, Mullhaupt B,
Gerlach T, Speck RE, Bot A, Kundig TM (2008) Antigen
kinetics determines immune reactivity. Proc Natl Acad
Sci 105(13):5189

Zeltins A (2013) Construction and characterization of
virus-like particles: a review. Mol Biotechnol 53(1):92
Hotaling NA, Tang L, Irvine DJ, Babensee JE (2015)
Biomaterial strategies for immunomodulation. Annu
Rev Biomed Eng 17(1):317

Ali OA, Huebsch N, Cao L, Dranoff G, Mooney DJ
(2009) Infection-mimicking materials to program den-
dritic cells in situ. Nat Mater 8(2):151

Ali OA, Emerich D, Dranoff G, Mooney DJ (2009)
In situ regulation of DC subsets and T cells mediates
tumor regression in mice. Sci Transl Med 1(8):8ral9

Ali OA, Verbeke C, Johnson C, Sands RW, Lewin SA,
White D, Doherty E, Dranoff G, Mooney DJ (2014)
Identification of immune factors regulating antitumor
immunity using polymeric vaccines with multiple adju-
vants. Cancer Res 74(6):1670

J. Indian Inst. Sci.l VOL 98:1149-68 March 2018ljournal.iisc.ernet.in



40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

J. Indian Inst. Sci. IVOL 98:1149-68 March 2018ljournal.iisc.ernet.in

Singh M, Chakrapani A, O’Hagan D (2007) Nanopar-
ticles and microparticles as vaccine-delivery systems.
Expert Rev Vaccines 6(5):797

Dacoba TG, Olivera A, Torres D, Crecente-Campo ],
Alonso MJ (2017) Modulating the immune system
through nanotechnology. Semin Immunol 34:78

Tobio M, Gref R, Sénchez A, Langer R, Alonso M]J
(1998) Stealth PLA-PEG nanoparticles as protein carri-
ers for nasal administration. Pharm Res 15(2):270

Vila A, Sénchez A, Evora C, Soriano I, Vila Jato JL,
Alonso MJ (2004) PEG-PLA nanoparticles as carriers
for nasal vaccine delivery. ] Aerosol Med 17(2):174
Moon JJ, Suh H, Bershteyn A, Stephan MT, Liu H,
Huang B, Sohail M, Luo S, Ho Um S, Khant H, Good-
win JT, Ramos J, Chiu W, Irvine DJ (2011) Interbilayer-
crosslinked multilamellar vesicles as synthetic vaccines
for potent humoral and cellular immune responses. Nat
Mater 10(3):243

Li AV, Moon ]JJ, Abraham W, Suh H, Elkhader J, Sei-
dman MA, Yen M, Im E-J, Foley MH, Barouch DH,
Irvine DJ (2013) Generation of effector memory T
cell-based mucosal and systemic immunity with pul-
monary nanoparticle vaccination. Sci Transl Med
5(204):204ra130

Reddy ST, Rehor A, Schmoekel HG, Hubbell JA, Swartz
MA (2006) In vivo targeting of dendritic cells in lymph
nodes with poly(propylene sulfide) nanoparticles. J
Control Release 112(1):26

Reddy ST, van der Vlies AJ, Simeoni E, Angeli V, Ran-
dolph GJ, O’Neil CP, Lee LK, Swartz MA, Hubbell JA
(2007) Exploiting lymphatic transport and comple-
ment activation in nanoparticle vaccines. Nat Biotech-
nol 25(10):1159

Nembrini C, Stano A, Dane KY, Ballester M, van der
Vlies AJ, Marsland BJ, Swartz MA, Hubbell JA (2011)
Nanoparticle conjugation of antigen enhances cytotoxic
T-cell responses in pulmonary vaccination. Proc Natl
Acad Sci 108(44):E989

Ballester M, Nembrini C, Dhar N, de Titta A, de Piano
C, Pasquier M, Simeoni E, van der Vlies AJ, McKinney
JD, Hubbell JA, Swartz MA (2011) Nanoparticle conju-
gation and pulmonary delivery enhance the protective
efficacy of Ag85B and CpG against tuberculosis. Vac-
cine 29(40):6959

Steinman RM, Hawiger D, Nussenzweig MC (2003) Tolero-
genic dendritic cells. Annu Rev Immunol 21(1):685
Dhodapkar MV, Steinman RM, Krasovsky ], Munz C,
Bhardwaj N (2001) Antigen-specific inhibition of effec-
tor T cell function in humans after injection of imma-
ture dendritic cells. ] Exp Med 193(2):233

Dhodapkar MV, Steinman RM (2002) Antigen-bear-
ing immature dendritic cells induce peptide-specific
CD8(+) regulatory T cells in vivo in humans. Blood
100(1):174

Giannoukakis N, Phillips B, Finegold D, Harnaha J,
Trucco M (2011) Phase I (Safety) study of autologous

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Biomaterials for Engineering Immune Responses

tolerogenic dendritic cells in type 1 diabetic patients.
Diabetes Care 34(9):2026

Hackstein H, Thomson AW (2004) Dendritic cells:
emerging pharmacological targets of immunosuppres-
sive drugs. Nat Rev Immunol 4(1):24

Morelli AE, Thomson AW (2007) Tolerogenic dendritic
cells and the quest for transplant tolerance. Nat Rev
Immunol 7(8):610

Phillips B, Nylander K, Harnaha J, Machen J, Lakomy
R, Styche A, Gillis K, Brown L, Lafreniere D, Gallo M,
Knox J, Hogeland K, Trucco M, Giannoukakis N (2008)
A microsphere-based vaccine prevents and reverses
new-onset autoimmune diabetes. Diabetes 57(6):1544
Engman C, Wen Y, Meng WS, Bottino R, Trucco M,
Giannoukakis N (2015) Generation of antigen-specific
Foxp3+ regulatory T-cells in vivo following adminis-
tration of diabetes-reversing tolerogenic microspheres
does not require provision of antigen in the formula-
tion. Clin Immunol 160(1):103

Jhunjhunwala S, Raimondi G, Thomson AW, Little SR
(2009) Delivery of rapamycin to dendritic cells using
degradable microparticles. ] Control Release 133(3):191
Jhunjhunwala S, Little SR (2011) Microparticulate
systems for targeted drug delivery to phagocytes. Cell
Cycle 10(13):2047

Stewart JM, Keselowsky BG (2017) Combinatorial drug
delivery approaches for immunomodulation. Adv Drug
Deliv Rev 114:161

Pearson RM, Casey LM, Hughes KR, Miller SD, Shea
LD (2017) In vivo reprogramming of immune cells:
technologies for induction of antigen-specific tolerance.
Adv Drug Deliv Rev 114:240

Stephan MT, Moon JJ, Um SH, Bershteyn A, Irvine DJ
(2010) Therapeutic cell engineering with surface-con-
jugated synthetic nanoparticles. Nat Med 16(9):1035
Stephan MT, Stephan SB, Bak P, Chen J, Irvine DJ
(2012) Synapse-directed delivery of immunomodula-
tors using T-cell-conjugated nanoparticles. Biomaterials
33(23):5776

Park J, Gao W, Whiston R, Strom TB, Metcalfe S, Fahmy
TM (2011) Modulation of CD4+ T lymphocyte lineage
outcomes with targeted. Nanopart Med Cytokine Deliv
Mol Pharm 8(1):143

Zhao X, Jain S, Benjaminlarman H, Gonzalez S, Irvine
D (2005) Directed cell migration via chemoattractants
released from degradable microspheres. Biomaterials
26(24):5048

Wang Y, Irvine DJ (2011) Engineering chemoattractant
gradients using chemokine-releasing polysaccharide
microspheres. Biomaterials 32(21):4903

Jhunjhunwala S, Raimondi G, Glowacki AJ, Hall SJ,
Maskarinec D, Thorne SH, Thomson AW, Little SR
(2012) Bioinspired controlled release of CCL22 recruits
regulatory T cells in vivo. Adv Mater 24(35):4735
Glowacki AJ, Yoshizawa S, Jhunjhunwala S, Vieira
AE, Garlet GP, Sfeir C, Little SR (2013) Prevention

@ Springer éﬁ%ggﬁ

63



S. Jhunjhunwala

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

64

A ey
9 Springer {13 FSs

of inflammation-mediated bone loss in murine and
canine periodontal disease via recruitment of regula-
tory lymphocytes. Proc Natl Acad Sci 110(46):18525
Cole C, Qiao J, Kottke T, Diaz RM, Ahmed A, Sanchez-
Perez L, Brunn G, Thompson J, Chester J, Vile RG
(2005) Tumor-targeted, systemic delivery of therapeu-
tic viral vectors using hitchhiking on antigen-specific T
cells. Nat Med 11(10):1073

Cai Z, Brunmark A, Jackson MR, Loh D, Peterson PA,
Sprent J (1996) Transfected Drosophila cells as a probe
for defining the minimal requirements for stimulat-
ing unprimed CD8+ T cells. Proc Natl Acad Sci USA
93(25):14736

Sun S, Cai Z, Langlade-Demoyen P, Kosaka H, Brun-
mark A, Jackson MR, Peterson PA, Sprent J (1996) Dual
function of Drosophila cells as APCs for naive CD8+
T cells: implications for tumor immunotherapy. Immu-
nity 4(6):555

Schoenberger SP, Jonges LE, Mooijaart R], Hartgers F,
Toes RE, Kast WM, Melief CJ, Offringa R (1998) Effi-
cient direct priming of tumor-specific cytotoxic T
lymphocyte in vivo by an engineered APC. Cancer Res
58(14):3094

Latouche J-B, Sadelain M (2000) Induction of human
cytotoxic T lymphocytes by artificial antigen-presenting
cells. Nat Biotechnol 18(4):405

Thomas AK, Maus MV, Shalaby WS, June CH, Riley
JL (2002) A cell-based artificial antigen-presenting cell
coated with anti-CD3 and CD28 antibodies enables
rapid expansion and long-term growth of CD4 T lym-
phocytes. Clin Immunol Orlando Fla 105(3):259

Maus MV, Thomas AK, Leonard DGB, Allman D, Addya K,
Schlienger K, Riley JL, June CH (2002) Ex vivo expansion
of polyclonal and antigen-specific cytotoxic T lympho-
cytes by artificial APCs expressing ligands for the T-cell
receptor, CD28 and 4-1BB. Nat Biotechnol 20(2):143

Kim JV, Latouche J-B, Riviere I, Sadelain M (2004) The
ABCs of artificial antigen presentation. Nat Biotechnol
22(4):403

Turtle CJ, Riddell SR (2010) Artificial Antigen-present-
ing cells for use in adoptive immunotherapy. Cancer J
16(4):374

Curtsinger J, Deeths MJ, Pease P, Mescher MF (1997)
Artificial cell surface constructs for studying receptor-
ligand contributions to lymphocyte activation. ] Immu-
nol Methods 209(1):47

Levine BL, Bernstein WB, Connors M, Craighead N,
Lindsten T, Thompson CB, June CH (1997) Effects
of CD28 costimulation on long-term proliferation of
CD4+ T cells in the absence of exogenous feeder cells. J
Immunol Baltim Md 1950 159(12):5921

Levine BL, Cotte J, Small CC, Carroll RG, Riley JL,
Bernstein WB, Van Epps DE, Hardwick RA, June CH
(1998) Large-scale production of CD4+ T cells from
HIV-1-infected donors after CD3/CD28 costimula-
tion*. ] Hematother 7(5):437

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Grakoui A, Bromley SK, Sumen C, Davis MM, Shaw AS,
Allen PM, Dustin ML (1999) The immunological syn-
apse: a molecular machine controlling T cell activation.
Science 285(5425):221

Prakken B, Wauben M, Genini D, Samodal R, Barnett J,
Mendivil A, Leoni L, Albani S (2000) Artificial antigen-
presenting cells as a tool to exploit the immune “syn-
apse”. Nat Med 6(12):1406

Zappasodi R, Di Nicola M, Carlo-Stella C, Mortarini
R, Molla A, Vegetti C, Albani S, Anichini A, Gianni AM
(2008) The effect of artificial antigen-presenting cells
with preclustered anti-CD28/-CD3/-LFA-1 monoclo-
nal antibodies on the induction of ex vivo expansion
of functional human antitumor T cells. Haematologica
93(10):1523

Zitvogel L, Regnault A, Lozier A, Wolfers J, Flament C,
Tenza D, Ricciardi-Castagnoli P, Raposo G, Amigorena
S (1998) Eradication of established murine tumors
using a novel cell-free vaccine: dendritic cell-derived
exosomes. Nat Med 4(5):594

Raposo G, Nijman HW, Stoorvogel W, Liejendekker R,
Harding CV, Melief CJ, Geuze HJ (1996) B lympho-
cytes secrete antigen-presenting vesicles. ] Exp Med
183(3):1161

Steenblock ER, Fahmy TM (2008) A comprehensive
platform for ex vivo T-cell expansion based on biode-
gradable polymeric artificial antigen-presenting cells.
Mol Ther 16(4):765

Steenblock ER, Fadel T, Labowsky M, Pober JS, Fahmy
TM (2011) An Artificial antigen-presenting cell with
paracrine delivery of IL-2 impacts the magnitude
and direction of the T cell response. J Biol Chem
286(40):34883

Fadel TR, Steenblock ER, Stern E, Li N, Wang X, Haller
GL, Pfefferle LD, Fahmy TM (2008) enhanced cellular
activation with single walled carbon nanotube bundles
presenting antibody stimuli. Nano Lett 8(7):2070

Fadel TR, Li N, Shah S, Look M, Pfefferle LD, Haller GL,
Justesen S, Wilson CJ, Fahmy TM (2013) Adsorption of
multimeric T cell antigens on carbon nanotubes: effect
on protein structure and antigen-specific T cell stimula-
tion. Small 9(5):666

Perica K, Bieler JG, Schiitz C, Varela JC, Douglass J,
Skora A, Chiu YL, Oelke M, Kinzler K, Zhou S, Vogel-
stein B, Schneck JP (2015) Enrichment and expansion
with nanoscale artificial antigen presenting cells for
adoptive immunotherapy. ACS Nano 9(7):6861
Kosmides AK, Meyer RA, Hickey JW, Aje K, Cheung
KN, Green JJ, Schneck JP (2017) Biomimetic biode-
gradable artificial antigen presenting cells synergize
with PD-1 blockade to treat melanoma. Biomaterials
118:16

Hickey JW, Vicente FP, Howard GP, Mao H-Q, Schneck
JP (2017) Biologically inspired design of nanoparticle
artificial antigen-presenting cells for immunomodula-
tion. Nano Lett 17(11):7045

J. Indian Inst. Sci.l VOL 98:1149-68 March 2018ljournal.iisc.ernet.in



93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Irvine DJ, Doh J (2007) Synthetic surfaces as artificial
antigen presenting cells in the study of T cell recep-
tor triggering and immunological synapse formation.
Semin Immunol 19(4):245

Delcassian D, Sattler S, Dunlop IE (2017) T cell immu-
noengineering with advanced biomaterials. Integr Biol
9(3):211

Bachmann MEF, Rohrer UH, Kiindig TM, Biirki K, Hen-
gartner H, Zinkernagel RM (1993) The influence of
antigen organization on B cell responsiveness. Science
262(5138):1448

Rudra JS, Tian YE Jung JP, Collier JH (2010) A self-
assembling peptide acting as an immune adjuvant. Proc
Natl Acad Sci 107(2):622

Rudra JS, Mishra S, Chong AS, Mitchell RA, Nardin
EH, Nussenzweig V, Collier JH (2012) Self-assembled
peptide nanofibers raising durable antibody responses
against a malaria epitope. Biomaterials 33(27):6476
Hudalla GA, Sun T, Gasiorowski JZ, Han H, Tian YF,
Chong AS, Collier JH (2014) Gradated assembly of
multiple proteins into supramolecular nanomaterials.
Nat Mater 13(8):829

Chen J, Pompano RR, Santiago FW, Maillat L, Sciam-
mas R, Sun T, Han H, Topham DJ, Chong AS, Collier JH
(2013) The use of self-adjuvanting nanofiber vaccines
to elicit high-affinity B cell responses to peptide anti-
gens without inflammation. Biomaterials 34(34):8776
Schutz C, Fleck M, Mackensen A, Zoso A, Halbritter D,
Schneck JP, Oelke M (2008) Killer artificial antigen-pre-
senting cells: a novel strategy to delete specific T cells.
Blood 111(7):3546

Schiitz C, Oelke M, Schneck JP, Mackensen A, Fleck M
(2010) Killer artificial antigen-presenting cells: the syn-
thetic embodiment of a “guided missile”. Immunother-
apy 2(4):539

Jhunjhunwala S, Chen LC, Nichols EE, Thomson AW,
Raimondi G, Little SR (2013) All-trans retinoic acid
and rapamycin synergize with transforming growth fac-
tor- 1 to induce regulatory T cells but confer different
migratory capacities. ] Leukoc Biol 94(5):981
Jhunjhunwala S, Balmert SC, Raimondi G, Dons E,
Nichols EE, Thomson AW, Little SR (2012) Controlled
release formulations of IL-2, TGF-B1 and rapamycin for
the induction of regulatory T cells. J Control Release
159(1):78

McHugh MD, Park J, Uhrich R, Gao W, Horwitz DA,
Fahmy TM (2015) Paracrine co-delivery of TGF-p and
IL-2 using CD4-targeted nanoparticles for induction
and maintenance of regulatory T cells. Biomaterials
59:172

Ginhoux F, Jung S (2014) Monocytes and macrophages:
developmental pathways and tissue homeostasis. Nat
Rev Immunol 14(6):392

Ogle ME, Segar CE, Sridhar S, Botchwey EA (2016)

Monocytes and macrophages in tissue repair:

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

J. Indian Inst. Sci. IVOL 98:1149-68 March 2018ljournal.iisc.ernet.in

Biomaterials for Engineering Immune Responses

implications for immunoregenerative biomaterial
design. Exp Biol Med 241(10):1084

Spiller KL, Koh TJ (2017) Macrophage-based therapeu-
tic strategies in regenerative medicine. Adv Drug Deliv
Rev 122:74

Noy R, Pollard JW (2014) Tumor-associated mac-
rophages: from mechanisms to therapy. Immunity
41(1):49

Andén FT, Digifico E, Maeda A, Erreni M, Mantovani
A, Alonso MJ, Allavena P (2017) Targeting tumor asso-
ciated macrophages: the new challenge for nanomedi-
cine. Semin Immunol 34:103

Weissleder R, Nahrendorf M, Pittet MJ (2014) Imaging
macrophages with nanoparticles. Nat Mater 13(2):125
Majmudar MD, Yoo J, Keliher EJ, Truelove JJ, Iwamoto
Y, Sena B, Dutta P, Borodovsky A, Fitzgerald K, Di Carli
ME, Libby P, Anderson DG, Swirski FK, Weissleder R,
Nahrendorf M (2013) Polymeric nanoparticle PET/MR
imaging allows macrophage detection in atherosclerotic
plaques. Circ Res 112(5):755

Cuccarese MF, Dubach JM, Pfirschke C, Engblom C,
Garris C, Miller MA, Pittet MJ, Weissleder R (2017)
Heterogeneity of macrophage infiltration and thera-
peutic response in lung carcinoma revealed by 3D
organ imaging. Nat Commun 8:14293

Silverstein AM (2009) A history of immunology. Else-
vier, Burlington

Holers VM (2014) Complement and its receptors:
new insights into human disease. Annu Rev Immunol
32(1):433

Nilsson B, Ekdahl KN, Mollnes TE, Lambris JD (2007)
The role of complement in biomaterial-induced
inflammation. Mol Immunol 44(1-3):82

Anderson JM, Rodriguez A, Chang DT (2008) For-
eign body reaction to biomaterials. Semin Immunol
20(2):86

McNally AK, Anderson JM (1994) Complement C3
participation in monocyte adhesion to different sur-
faces. Proc Natl Acad Sci USA 91(21):10119

Tang L, Liu L, Elwing HB (1998) Complement activa-
tion and inflammation triggered by model biomaterial
surfaces. ] Biomed Mater Res 41(2):333

Kourtzelis I, Rafail S, DeAngelis RA, Foukas PG,
Ricklin D, Lambris JD (2013) Inhibition of bioma-
terial-induced complement activation attenuates the
inflammatory host response to implantation. FASEB J
27(7):2768

Kazatchkine MD, Carreno MP (1988) Activation of the
complement system at the interface between blood and
artificial surfaces. Biomaterials 9(1):30

Ekdahl KN, Lambris JD, Elwing H, Ricklin D, Nilsson
PH, Teramura Y, Nicholls IA, Nilsson B (2011) Innate
immunity activation on biomaterial surfaces: a mecha-
nistic model and coping strategies. Adv Drug Deliv Rev
63(12):1042

@ Springer éﬁ%ggﬁ

65



S. Jhunjhunwala

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

66

A ey
9 Springer {13 FSs

Gorter A, Meri S (1999) Immune evasion of tumor cells
using membrane-bound complement regulatory pro-
teins. Immunol Today 20(12):576

Zell S, Geis N, Rutz R, Schultz S, Giese T, Kirschfink M
(2007) Down-regulation of CD55 and CD46 expres-
sion by anti-sense phosphorothioate oligonucleotides
(S-ODNs)  sensitizes tumour cells to complement
attack: down-regulation of complement regulators on
tumour cells. Clin Exp Immunol 150(3):576

Geis N, Zell S, Rutz R, Li W, Giese T, Mamidi S, Schultz
S, Kirschfink M (2010) Inhibition of membrane com-
plement inhibitor expression (CD46, CD55, CD59)
by siRNA sensitizes tumor cells to complement attack
in vitro. Curr Cancer Drug Targets 10(8):922

Mamidi S, Cinci M, Hasmann M, Fehring V, Kirschfink
M (2013) Lipoplex mediated silencing of membrane
regulators (CD46, CD55 and CD59) enhances comple-
ment-dependent anti-tumor activity of trastuzumab
and pertuzumab. Mol Oncol 7(3):580

Cinci M, Mamidi S, Li W, Fehring V, Kirschfink M
(2015) Targeted delivery of siRNA using transferrin-
coupled lipoplexes specifically sensitizes CD71 high
expressing malignant cells to antibody-mediated com-
plement attack. Target Oncol 10(3):405

Pio R, Corrales L, Lambris JD (2014) The role of com-
plement in tumor growth. Adv Exp Med Biol 772:229
Kelly SH, Shores LS, Votaw NL, Collier JH (2017) Bio-
material strategies for generating therapeutic immune
responses. Adv Drug Deliv Rev 114:3

Spohn G, Keller I, Beck M, Grest P, Jennings GT, Bach-
mann MF (2008) Active immunization with IL-1 dis-
played on virus-like particles protects from autoim-
mune arthritis. Eur ] Immunol 38(3):877

Tissot AC, Spohn G, Jennings GT, Shamshiev A, Kur-
rer MO, Windak R, Meier M, Viesti M, Hersberger M,
Kiindig TM, Ricci R, Bachmann MF (2013) A VLP-
based vaccine against interleukin-1la protects mice from
atherosclerosis: immunomodulation. Eur ] Immunol
43(3):716

Spohn G, Schori C, Keller I, Sladko K, Sina C, Guler R,
Schwarz K, Johansen P, Jennings GT, Bachmann MF
(2014) Preclinical efficacy and safety of an anti-IL-1p
vaccine for the treatment of type 2 diabetes. Mol Ther
Methods Clin Dev 1:14048

Cavelti-Weder C, Timper K, Seelig E, Keller C, Osranek
M, Lissing U, Spohn G, Maurer P, Miiller P, Jennings
GT, Willers J, Saudan P, Donath MY, Bachmann MF
(2016) Development of an interleukin-1f vaccine in
patients with type 2 diabetes. Mol Ther 24(5):1003
Whitmire RE, Scott Wilson D, Singh A, Levenston ME,
Murthy N, Garcia AJ (2012) Self-assembling nanopar-
ticles for intra-articular delivery of anti-inflammatory
proteins. Biomaterials 33(30):7665

Singh A, Agarwal R, Diaz-Ruiz CA, Willett NJ, Wang
P, Lee LA, Wang Q, Guldberg RE, Garcia AJ (2014)

Nanoengineered particles for enhanced intra-articular

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

retention and delivery of proteins. Adv Healthc Mater
3(10):1562

Agarwal R, Volkmer TM, Wang P, Lee LA, Wang Q,
Garcia AJ (2016) Synthesis of self-assembled IL-1Ra-
presenting nanoparticles for the treatment of osteoar-
thritis: synthesis of self-assembled IL-1Ra-presenting
nanoparticles. ] Biomed Mater Res A 104(3):595

Jung Y-S, Park W, Na K (2013) Temperature-modulated
noncovalent interaction controllable complex for the
long-term delivery of etanercept to treat rheumatoid
arthritis. ] Control Release 171(2):143

Ferreira M, Barreiros L, Segundo MA, Torres T, Selores
M, Costa Lima SA, Reis S (2017) Topical co-delivery of
methotrexate and etanercept using lipid nanoparticles:
a targeted approach for psoriasis management. Colloids
Surf. B Biointerfaces 159:23

Lin C-C, Metters AT, Anseth KS (2009) Functional
PEG—peptide hydrogels to modulate local inflamma-
tion induced by the pro-inflammatory cytokine TNFa.
Biomaterials 30(28):4907

Jain S, Tran T-H, Amiji M (2015) Macrophage repolari-
zation with targeted alginate nanoparticles containing
IL-10 plasmid DNA for the treatment of experimental
arthritis. Biomaterials 61:162

Pradhan P, Qin H, Leleux JA, Gwak D, Sakamaki I,
Kwak LW, Roy K (2014) The effect of combined IL10
siRNA and CpG ODN as pathogen-mimicking micro-
particles on Th1/Th2 cytokine balance in dendritic cells
and protective immunity against B cell lymphoma. Bio-
materials 35(21):5491

Ozaki K, Leonard WJ (2002) Cytokine and cytokine
receptor pleiotropy and redundancy. J Biol Chem
277(33):29355

Drayton DL, Liao S, Mounzer RH, Ruddle NH (2006)
Lymphoid organ development: from ontogeny to neo-
genesis. Nat Immunol 7(4):344

Aloisi F, Pujol-Borrell R (2006) Lymphoid neogenesis
in chronic inflammatory diseases. Nat Rev Immunol
6(3):205

Suematsu S, Watanabe T (2004) Generation of a syn-
thetic lymphoid tissue—like organoid in mice. Nat Bio-
technol 22(12):1539

Okamoto N, Chihara R, Shimizu C, Nishimoto S, Wata-
nabe T (2007) Artificial lymph nodes induce potent
secondary immune responses in naive and immunode-
ficient mice. J Clin Invest 117(4):997

Kobayashi Y, Watanabe T (2016) Gel-trapped lymphor-
ganogenic chemokines trigger artificial tertiary lym-
phoid organs and mount adaptive immune responses
in vivo. Front Immunol 7:316

Stachowiak AN, Bershteyn A, Tzatzalos E, Irvine DJ
(2005) Bioactive hydrogels with an ordered cellular
structure combine interconnected macroporosity and
robust mechanical properties. Adv Mater 17(4):399
Stachowiak AN, Irvine DJ (2008) Inverse opal hydro-

gel-collagen composite scaffolds as a supportive

J. Indian Inst. Sci.l VOL 98:1149-68 March 2018ljournal.iisc.ernet.in



149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

microenvironment for immune cell migration. J
Biomed Mater Res A 85A(3):815

Jewell CM, Bustamante Lopez SC, Irvine DJ (2011)
In situ engineering of the lymph node microenviron-
ment via intranodal injection of adjuvant-releasing
polymer particles. Proc Natl Acad Sci 108(38):15745
Poznansky MC, Evans RH, Foxall RB, Olszak IT, Piascik AH,
Hartman KE, Brander C, Meyer TH, Pykett MJ, Chab-
ner KT, Kalams SA, Rosenzweig M, Scadden DT (2000)
Efficient generation of human T cells from a tissue-engi-
neered thymic organoid. Nat Biotechnol 18(7):729
Krupnick AS, Shaaban A, Radu A, Flake AW (2002)
Bone marrow tissue engineering. Tissue Eng 8(1):145
Torisawa Y, Spina CS, Mammoto T, Mammoto A,
Weaver JC, Tat T, Collins JJ, Ingber DE (2014) Bone
marrow—on—a—chip replicates hematopoietic niche
physiology in vitro. Nat Methods 11(6):663

Shih Y-R, Kang H, Rao V, Chiu Y-J, Kwon SK, Var-
ghese S (2017) In vivo engineering of bone tissues with
hematopoietic functions and mixed chimerism. Proc
Natl Acad Sci 114(21):5419

Purwada A, Jaiswal MK, Ahn H, Nojima T, Kitamura
D, Gaharwar AK, Cerchietti L, Singh A (2015) Ex vivo
engineered immune organoids for controlled germinal
center reactions. Biomaterials 63:24

Purwada A, Singh A (2016) Immuno-engineered orga-
noids for regulating the kinetics of B-cell development
and antibody production. Nat Protoc 12(1):168
http://www.systemsimmunity.org/about/. Accessed 17
Jan 2018

Mestas J, Hughes CCW (2004) Of mice and not men:
differences between mouse and human immunology. J
Immunol Baltim Md 1950 172(5):2731

Masopust D, Sivula CP, Jameson SC (2017) Of mice,
dirty mice, and men: using mice to understand human
immunology. ] Immunol 199(2):383

Seok J, Warren HS, Cuenca AG, Mindrinos MN, Baker
HV, Xu W, Richards DR, McDonald-Smith GP, Gao H,
Hennessy L, Finnerty CC, Lépez CM, Honari S, Moore
EE, Minei JP, Cuschieri J, Bankey PE, Johnson JL, Sperry
], Nathens AB, Billiar TR, West MA, Jeschke MG, Klein
MB, Gamelli RL, Gibran NS, Brownstein BH, Miller-
Graziano C, Calvano SE, Mason PH, Cobb JP, Rahme
LG, Lowry SE, Maier RV, Moldawer LL, Herndon DN,
Davis RW, Xiao W, Tompkins RG, the Inflammation
and Host Response to Injury, Large Scale Collaborative
Research Program (2013) Genomic responses in mouse
models poorly mimic human inflammatory diseases.
Proc Natl Acad Sci 110(9):3507

Davis MM (2008) A prescription for human immunol-
ogy. immunity 29(6):835

Germain RN (2010) Vaccines and the future of human
immunology. Immunity 33(4):441

Casanova J-L, Nathan CE Nussenzweig MC (2016)
Human studies at JEM: immunology and beyond. ] Exp
Med 213(4):467

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

J. Indian Inst. Sci. IVOL 98:1149-68 March 2018ljournal.iisc.ernet.in

Biomaterials for Engineering Immune Responses

Tao L, Reese TA (2017) Making mouse models that
reflect human immune responses. Trends Immunol
38(3):181

Walsh NC, Kenney LL, Jangalwe S, Aryee K-E, Greiner
DL, Brehm MA, Shultz LD (2017) Humanized mouse
models of clinical disease. Annu Rev Pathol Mech Dis
12(1):187

Liu H, Moynihan KD, Zheng Y, Szeto GL, Li AV, Huang
B, Van Egeren DS, Park C, Irvine DJ (2014) Structure-
based programming of lymph-node targeting in molec-
ular vaccines. Nature 507(7493):519

Leuschner E Dutta P, Gorbatov R, Novobrantseva TI,
Donahoe JS, Courties G, Lee KM, Kim JI, Markmann
JE, Marinelli B, Panizzi P, Lee WW, Iwamoto Y, Milstein
S, Epstein-Barash H, Cantley W, Wong J, Cortez-Reta-
mozo V, Newton A, Love K, Libby P, Pittet MJ, Swirski
FK, Koteliansky V, Langer R, Weissleder R, Anderson
DG, Nahrendorf M (2011) Therapeutic siRNA silenc-
ing in inflammatory monocytes in mice. Nat Biotechnol
29(11):1005

Fenton OS, Kauffman KJ, Kaczmarek JC, McClellan
RL, Jhunjhunwala S, Tibbitt MW, Zeng MD, Appel EA,
Dorkin JR, Mir FF, Yang JH, Oberli MA, Heartlein MW,
DeRosa F, Langer R, Anderson DG (2017) Synthesis and
biological evaluation of ionizable lipid materials for the
in vivo delivery of messenger RNA to B lymphocytes.
Adv Mater 29(33):1606944

Su L, Zhang W, Wu X, Zhang Y, Chen X, Liu G, Chen
G, Jiang M (2015) Glycocalyx-mimicking nanoparticles
for stimulation and polarization of macrophages via
specific interactions. Small 11(33):4191

Maldonado RA, LaMothe RA, Ferrari JD, Zhang A-H,
Rossi RJ, Kolte PN, Griset AP, O’Neil C, Altreuter DH,
Browning E, Johnston L, Farokhzad OC, Langer R, Scott
DW, von Andrian UH, Kishimoto TK (2015) Polymeric
synthetic nanoparticles for the induction of antigen-
specific immunological tolerance. Proc Natl Acad Sci
112(2):E156

Roberts RA, Eitas TK, Byrne JD, Johnson BM, Short PJ,
McKinnon KP, Reisdorf S, Luft JC, DeSimone JM, Ting
JP (2015) Towards programming immune tolerance
through geometric manipulation of phosphatidylser-
ine. Biomaterials 72:1

Perisé-Barrios AJ, Gémez R, Corbi AL, de la Mata J,
Dominguez-Soto A, Muifioz-Fernandez MA (2015)
Use of carbosilane dendrimer to switch macrophage
polarization for the acquisition of antitumor functions.
Nanoscale 7(9):3857

Chittasupho C, Sestak ], Shannon L, Siahaan TJ, Vines
CM, Berkland C (2014) Hyaluronic acid graft poly-
mers displaying peptide antigen modulate dendritic cell
response in vitro. Mol Pharm 11(1):367

Zanganeh S, Hutter G, Spitler R, Lenkov O, Mahmoudi
M, Shaw A, Pajarinen ]S, Nejadnik H, Goodman S,
Moseley M, Coussens LM, Daldrup-Link HE (2016)

Iron oxide nanoparticles inhibit tumour growth by

@ Springer éﬁ%ggﬁ

67


http://www.systemsimmunity.org/about/

S. Jhunjhunwala

174.

175.

176.

177.

178.

179.

180.

181.

182.

inducing pro-inflammatory macrophage polarization
in tumour tissues. Nat Nanotechnol 11(11):986

Yen H-J, Hsu S, Tsai C-L (2009) Cytotoxicity and
immunological response of gold and silver nanoparti-
cles of different sizes. Small 5(13):1553

Nishanth RP, Jyotsna RG, Schlager JJ, Hussain SM, Red-
danna P (2011) Inflammatory responses of RAW 264.7
macrophages upon exposure to nanoparticles: role of
ROS-NFkB signaling pathway. Nanotoxicology 5(4):502
Chackerian B, Lowy DR, Schiller JT (2001) Conjugation
of a self-antigen to papillomavirus-like particles allows
for efficient induction of protective autoantibodies. ]
Clin Invest 108(3):415

Moon JJ, Suh H, Li AV, Ockenhouse CF, Yadava A,
Irvine DJ (2012) Enhancing humoral responses to a
malaria antigen with nanoparticle vaccines that expand
Tth cells and promote germinal center induction. Proc
Natl Acad Sci 109(4):1080

Thérien H-M, Shahum E (1988) Immunopotentiation
of the humoral response by liposomes: effect of a T cell
polyclonal activator. Cell Immunol 116(2):320

Shahum E, Thérien H-M (1994) Correlation between
in vitro and in vivo behaviour of liposomal antigens.
Vaccine 12(12):1125

Shahum E, Thérien H-M (1995) Liposomal adjuvan-
ticity: effect of encapsulation and surface-linkage on
antibody production and proliferative response. Int ]
Immunopharmacol 17(1):9

Getts DR, Martin AJ, McCarthy DP, Terry RL, Hunter
ZN, Yap WT, Getts MT, Pleiss M, Luo X, King NJ, Shea
LD, Miller SD (2012) Microparticles bearing encepha-
litogenic peptides induce T-cell tolerance and amelio-
rate experimental autoimmune encephalomyelitis. Nat
Biotechnol 30(12):1217

Lewis JS, Zaveri TD, Crooks CP, Keselowsky BG (2012)
Microparticle surface modifications targeting den-
dritic cells for non-activating applications. Biomaterials
33(29):7221

183.

184.

185.

186.

187.

188.

189.

190.

Lewis JS, Roche C, Zhang Y, Brusko TM, Wasserfall CH,
Atkinson M, Clare-Salzler MJ, Keselowsky BG (2014)
Combinatorial delivery of immunosuppressive factors
to dendritic cells using dual-sized microspheres. ] Mater
Chem B 2(17):2562

Lewis JS, Dolgova NV, Zhang Y, Xia CQ, Wasserfall CH,
Atkinson MA, Clare-Salzler MJ, Keselowsky BG (2015)
A combination dual-sized microparticle system modu-
lates dendritic cells and prevents type 1 diabetes in pre-
diabetic NOD mice. Clin Immunol 160(1):90

Hunter Z, McCarthy DP, Yap WT, Harp CT, Getts DR,
Shea LD, Miller SD (2014) A biodegradable nanopar-
ticle platform for the induction of antigen-specific
immune tolerance for treatment of autoimmune dis-
ease. ACS Nano 8(3):2148

McCarthy DP, Yap JW-T, Harp CT, Song WK, Chen J,
Pearson RM, Miller SD, Shea LD (2017) An antigen-
TH1/17
immune tolerance therapy. Nanomed Nanotechnol Biol
Med 13(1):191

Temchura VV, Kozlova D, Sokolova V, Uberla K, Epple
M (2014) Targeting and activation of antigen-specific

encapsulating nanoparticle platform for

B-cells by calcium phosphate nanoparticles loaded with
protein antigen. Biomaterials 35(23):6098

Stephan SB, Taber AM, Jileaeva I, Pegues EP, Sentman
CL, Stephan MT (2014) Biopolymer implants enhance
the efficacy of adoptive T-cell therapy. Nat Biotechnol
33(1):97

Hume PS, Anseth KS (2010) Inducing local T cell apop-
tosis with anti-Fas-functionalized polymeric coatings
fabricated via surface-initiated photopolymerizations.
Biomaterials 31(12):3166

Yoon YM, Lewis JS, Carstens MR, Campbell-Thompson
M, Wasserfall CH, Atkinson MA, Keselowsky BG (2015)
A combination hydrogel microparticle-based vaccine
prevents type 1 diabetes in non-obese diabetic mice. Sci
Rep 5(1):13155

Siddharth Jhunjhunwala completed his Ph.D.
in Bioengineering from University of Pittsburgh
(Pittsburgh), and postdoctoral fellowship from
" . the Massachusetts Institute of Technology (Cam-
bridge). He joined the Centre for BioSystems
Science and Engineering at the Indian Institute

of Science as an Assistant Professor, and has been there
since 2016. Siddharth is a Ramanujan Fellow and has been
awarded the R.I. Mazumdar Young Investigator Fellowship.

68

A ey
9 Springer {13 FSs

J. Indian Inst. Sci.l VOL 98:1149-68 March 2018ljournal.iisc.ernet.in



	Biomaterials for Engineering Immune Responses
	Abstract | 
	1 Introduction
	2 Cells of the Immune System
	2.1 Neutrophils
	2.2 Dendritic Cells, B Cells and T Cells
	2.2.1 Immuno-Activation
	2.2.2 Tolerance
	2.2.3 Direct Modulation of T-Cell Function
	2.2.4 Artificial Antigen Presenting Cells

	2.3 Other Immune Cells
	2.3.1 Monocytes and Macrophages


	3 Proteins (Extracellular) of the Immune System
	3.1 Complement
	3.2 Cytokines

	4 Organs of the Immune Systems and Cell Production
	5 Perspectives
	Acknowledgements
	References




