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SUMMARY

The ability of nanoparticle surface functionalities to regulate immune responses during an
immunological challenge (i. e. inflammation) would open new doors for their use in non-
prophylactic therapeutics. We report here the use of functionalized 2 nm core gold nanoparticles to
control the immunological responses of /n vitroand in vivo systems presented with an
inflammatory challenge. The results showed that NPs bearing a hydrophobic zwitterionic
functionality boost inflammatory outcomes while hydrophilic zwitterionic NPs generate minimal
immunological responses. Surprisingly, tetra(ethylene glycol) headgroups generate a significant
anti-inflammatory response both /in7 vitroand /n vivo. These results demonstrate the ability of
simple surface ligands to provide immunomodulatory properties, making them promising leads for
the therapeutic usage of nanomaterials in diseases involving inflammation.
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INTRODUCTION

The ability to control immune responses by tailoring the nanoparticle (NP) surface chemical
identity has opened new avenues for therapeutics.2#New vaccine formulations have been
developed by the use of specific antigens at the NP surface,® or by inducing NP recognition
for adjuvancy.® These applications rely on the capability of enhancing immune responses
(adjuvancy) by either delivering the antigen of interest or by enhancing antigen
presentation. 7 By the use of this prophylactic approach, vaccines against cancer, 8 hepatitis
B, 9 and other diseases have been developed. 10 However, much less understood is the
behavior of nanomaterials in challenged systems, for example when an inflammatory event
is already present (remedial approach, Figure 1a). Controlling the immunological profile of
inflammatory responses in these activated systems is important for the treatment of diseases
characterized by excess inflammation,! such as arthritis,2 atherosclerosis,3 and
fibromyalgia.14

Nanoparticle surface chemistry plays a central role on the recognition and the type of
response that is being triggered by the immune system towards these materials.1-> For
example, the presence of surface charge greatly increases the adsorption of opsonins,
forming a protein corona with concomitant recognition by the mononuclear phagocytic
system. 1° This phenomenon can be overcome by the use of “stealth” functionalities (such as
poly(ethylene glycol) and zwitterions) that inhibit the non-specific adsorption of proteins.16
Interestingly, these functionalities trigger other types of immune responses on their own,
such as the activation of the complement system.17:18 Similarly, by decorating the NP
surface with hydrophobic moieties, specific types of innate immune responses can be
triggered.19:20 Despite these observations of relationships between NP surface chemistry and
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immune responses in unchallenged conditions, it is not clear how or which chemical
functionalities can be employed to control the immunological profile of challenged
systems.?!

We recently developed a series of uncharged NPs having specific surface functionality with
variable hydrophobicity while avoiding the formation of a protein corona. These particles
with zwitterionic and non-ionic tetra(ethylene glycol) (TEG) ligands were engineered to
directly study relationships between biological activities and NP surface chemistry.22 Here,
we report the use of these uncharged NPs to elucidate immunological responses when an
inflammatory challenge is presented. Using both /n vitroand vivo studies with murine
systems, we observed reduction of inflammatory responses for neutral TEG particles,
dramatically increased inflammation for NPs bearing a hydrophobic zwitterionic
functionality, and an unaltered response for hydrophilic zwitterionic particles. Our findings
indicate that these particles are promising leads for their use in adjuvant therapy
(hydrophobic NPs) and as anti-inflammatory agents (neutral NPs).

RESULTS AND DISCUSSION

Three different types of surface chemical functionalities were selected for our
immunomodulation studies (Figure 1b), with a 2 nm Au core used as the scaffold for their
presentation.23 TEGOH is structurally based on poly(ethylene glycol) coatings that are
commonly used in nanomaterials, a functionality that can be recognized by different
components of the immune system Jn vivo such as the complement system.16 Likewise,
ZDiPen was developed with the premise that hydrophobic NPs are capable of triggering
various types of innate immune responses, and have been used previously in the
development of vaccines.24 This NP was selected as the most hydrophobic particle from the
zwitterionic family that maintained solution stability. Finally, hydrophilic structures (like
ZDiMe) have been shown to maintain a stable pro-/anti-inflammatory balance.29 We
engineered all of these NPs to bear a neutral charge that dramatically decreases non-specific
adsorption of proteins, thus reducing interference and allowing the study of immune
responses intrinsic to the chemical functionalities (Figure S1). Likewise, to ensure the
minimal interference originated by endotoxins, we performed a Limulus amebocyte lysate
(LAL) gel cloth test to verify that all the NPs were free of endotoxins at the conditions of the
study (below 0.03 EU/mL - 100nM NP concentration).

We generated inflammation in our /n7 vitro and in vivo studies using lipopolysaccharide
(LPS), a bacterial agent that triggers strong inflammatory responses.2° As the readout we
measured the secretion of TNFa, a cytokine characteristic of pro-inflammatory cellular
profiles.26 TNFa is the major target for many inflammatory diseases, and reduction of
TNFa secretion is a well-established clinical treatment for inflammatory diseases.?’

Our initial /n vitro studies used the J774.2 murine monocyte cell line that is highly sensitive
to LPS stimulation.28 These monocytes are professional phagocytes, a type of cell that
interacts strongly with nanomaterials.2® Nanoparticle ZDiMe did not affect the secretion of
TNFa relative to the control (Figure 2a), suggesting that NPs coated with hydrophilic
zwitterionic functionalities have minimal interaction with the cells, an observation that is in
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agreement with the low cellular uptake of these NPs by the J774.2 cells (Figure 2b) and
consistent with prior studies showing the long circulatory lifetime particles with this
functionality.30

In contrast to hydrophilic zwitterionic particle ZDiMe, both TEGOH and ZDiPen decreased
the secretion of TNFa (Figure 2a), indicating a reduction of the inflammatory response to
LPS. The cellular uptake of these two NPs was higher than ZDiMe, in agreement with
previous reports depicting the greater cellular uptake of hydrophobic NPs, possibly due to a
stronger interaction with the hydrophobic portions of the cell membrane (Figure 2b).
However, TEG NPs were not taken up as readily as ZDiPen indicating that the anti-
inflammatory effect depends on both cellular uptake and on responses caused by the
functionality per se. We wanted to verify if these observations were valid in fully
differentiated macrophages, a more specific type of cells that may not be sensitive to these
molecular patterns. As such, studies with all of the above particles were repeated using
RAW 264.7 cells. As can be observed in Figure S2, similar results were obtained for these
cells, indicating that this anti-inflammatory response is generalizable among different types
of macrophages.

The secretion of reactive oxygen species (ROS) is an important aspect of inflammatory
responses that is directly related to the activation of immune cells.31:32 We measured
endogenous ROS generation by J774.2 cells after exposure to NPs and LPS, by the use of 2’,
7’-dichlorodihydrofluorescein diacetate, a pro-fluorophore that is activated by ROS.33 As
shown in Figure 2c, both ZDiPen and TEG reduced the response of the cells significantly
comparative to the baseline (cells alone). These results are consistent with our TNFa
findings, and indicate a decrease in the activation of the cells. We quantified live/dead cells
after 24 h of incubation using trypan blue to determine if the change in these responses was
indeed a reduction of activity and not simply a decrease in the viability of cells. As observed
in Figure 2d (and Figure S2e-f), J774.2 cells were viable for all the NPs under the conditions
of the study, with live/dead assays comparable to the controls, indicating no toxic effects of
the particles. We further analyzed if the viability of the cells was altered by the presence of
the NPs by the use of (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2(4-
sulfophenyl)-2H tetrazolium) (MTS). Interestingly, while ZDiMe and TEG had minimal or
no effect on the metabolism of the cells, ZDiPen decreased significantly the metabolic
activity as shown in Figure 2e. From these studies, we can surmise that the decrease in
immune response observed upon treatment with ZDiPen arises from decrease in cell
metabolism. The origin of the anti-inflammatory properties of TEG are more difficult to
explain. There are two possible identified mechanisms for immunomodulation by TEG. The
first is that TEG acts an antagonist for LPS, decreasing the response of the macrophage by
blocking receptors. The second mechanism is that TEG binds to the LPS, blocking
interactions of the LPS with the macrophage. Both options are viable in vitro, however the
latter mechanism would be unlikely in vivo (vide infra), where substantial anti-inflammatory
activity is observed with TEG.

Based on the promising /n vitro activity of the NPs, we next examined the /in vivo relevance
of these results by using LPS-challenged mice. In particular, we wanted to observe if
TEGOH and ZDiPen maintained their capability to reduce inflammation, and determine if

Chem. Author manuscript; available in PMC 2017 August 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Moyano et al.

Page 5

ZDiMe was not immunomodulatory. We first established a baseline of the response by
measuring TNFa blood levels (overall secretion) when C57BL/6 mice were challenged by
intraperitoneal (IP) injection with different concentrations of LPS. Mice were sacrificed after
2 h of the treatment and blood was extracted and processed as described in the ESI. A
concentration of LPS of 200 ng/mice was chosen since this concentration was the lowest that
induced a significant and robust TNFa readout (Figure S5a). We then performed IP
injections of LPS, followed by injection with TEGOH, ZDiMe and ZDiPen (injection
scheme in Figure S3b). In addition to TNFa levels, we also measured the concentration of
gold in the different organs by inductively-coupled plasma mass spectrometry (ICP-MS), to
observe how different functionalities affect the biodistribution of these NPs. As shown in
Figure 3a, no significant change in the inflammatory response was observed with ZDiMe in
either unchallenged or challenged mice, mirroring the results /n vitro. Based on these results,
it can be concluded that hydrophilic zwitterionic structures do not perturb the immune
system and do not trigger a significant response. This result, coupled with the fact that these
structures have been shown to possess extended blood circulation times,30 indicates the
utility of hydrophilic zwitterions for the generation of non-immunogenic delivery vehicles.1’

The results obtained for ZDiPen contrast strongly with those of ZDiMe, showing a strong
pro-inflammatory response (Figure 3a). This outcome is particularly intriguing since this
hydrophobic NP responded very differently /in vitro, where an anti-inflammatory response
was observed (Figure 2a). These /n vivo results suggest the involvement of other
components of the immune system in the mechanism that orchestrates the NP-induced
inflammatory responses, such as the complement system, a part of the immune system
hypothesized to be triggered by hydrophobic moieties.34 However, it is important to observe
that the biodistribution profile was very distinct than that for ZDiMe (Figure 3b). Despite the
fact that both NPs have the same surface charge and size, the presence of a hydrophobic
headgroup strongly decreased the concentration of NPs in the blood while increasing levels
in the spleen. This result coupled with the strong interaction with cells observed in the
cellular uptake studies suggest that that the change in the /n vitro/in vivo behavior possibly
arises from differences in the interaction with other components of the immune system, such
as the complement system or non-specific hydrophobic-driven interactions with other cells.
The highly strong synergistic response obtained by the combination of LPS and ZDiPen, a
level that cannot be achieved by either LPS or ZDiPen alone, indicates the potential utility of
these functionalities for adjuvant therapies that would not require covalent conjugation
between the antigen and the NP.3°

Perhaps the most surprising result of the /n vivo studies was the anti-inflammatory effect of
TEGOH, which decreased the secretion of TNFa. /7 vivo (Figure 3a) relative to Cells+LPS,
a result that mimics our findings /n vitro. Interestingly, while TEGOH triggered an
inflammatory response in unchallenged systems on its own (an effect that has been observed
in the past for similar NPs36), these levels are maintained in the presence of LPS suggesting
a “buffering” effect of the stimuli. Likewise, the biodistribution of TEG was similar to that
of the hydrophilic ZDiMe, indicating that this particle is not eliminated as quickly as the
hydrophobic ZDiPen. This result suggests that the immunological response does not
necessarily correlate with biodistribution, in the same way that cellular uptake does not
correlate with TNF secretion /n vitro. Recent studies have reported the generation of
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antibodies against PEG-like structures when NPs are injected in the body, indicating the
interaction of this type of functionalities with components of the immune system involved in
adaptive immunity (i.e. immune cells such as macrophages), a process that is related to the
extended of the PEG chain and the size of the particle. Since in our case the immunological
response was observed both /n vitroand in vivo, however, a cell-mediated mechanism is
probably directing the response. This mechanism is consistent with the potential role of TEG
as an antagonist for LPS binding and activation, a possibility that is under exploration.
While binding of LPS to TEG and subsequent interaction cannot be ruled out, the separate
injections of these two agents makes this possibility less likely. The fact that there is a
decrease in inflammatory response indicates the potential of these NPs for use in anti-
inflammatory therapies, a property that was not observed in the previous studies performed
in the absence of an inflammatory stimulus.3°

CONCLUSION

We have demonstrated that surface chemistry of nanoparticles can be used to generate pro-
and anti-inflammatory responses in cells and animals challenged with LPS. These studies
provide important clues for the therapeutic use of nanomaterials in diseases involving
inflammation, as well as input for the design of non-immunogenic materials. Hydrophilic
zwitterionic motifs provide minimally immunogenic coverages suitable for delivery
applications. In contrast, hydrophobic zwitterionic particles are strongly pro-inflammatory in
LPS-challenged systems, suggesting their utility in adjuvant applications. Finally, PEG-like
structures have anti-inflammatory properties that emerge with challenged systems, providing
a potential role for these motifs in combatting inflammation in diseases such as rheumatoid
arthritis and atheroschlerosis. Taken together, these findings demonstrate the ability of
chemically “simple” functionality to provide lead structures for the use of NPs in non-
prophylactic applications, an important step towards the development of a new generation of
immunotherapies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Bigger Picture statement

Nanoparticle-based immunotherapies have to date been aimed towards the development
of prophylactic therapeutics such as vaccines. However, nanomaterials have the potential
to reduce or enhance immunological challenges already present in the body. Here, we use
engineered nanoparticles to demonstrate how pre-existing inflammatory effects can be
reduced or boosted by the chemistry of the nanoparticles surface. These findings open
new avenues for non-prophylactic applications of NPs, a critical step towards the
development of a new generation of immunotherapies.
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Highlights

O Functionalized AuNPs modulate the immune response under the LPS
challenge.

O ZDiPen AuNPs boost inflammatory response.
O ZDiMe AuNPs generate minimal immunological response.

O TEGOH AuNPs generate a significant anti-inflammatory response.
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stimulation with LPS, which induces a strong inflammatory response. (b) Chemical structure
of the NPs (2 nm diameter gold core) bearing different chemical groups while maintaining a



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Moyano et al.

>

TNFa expression (normalized)

Page 12
B 25- ’ c ;
1.2 = Without LPS =3 without LPS 45 - =3 without LPS
. With LPS . With LPS 5 mm With LPS
1.04 s 3 ]
X 35
08 . . £ =
} 5] 3 30
= £ 2
06 é S 251
5 o 204
0.4+ < <]
& O 154
3
0.2 Q 101
5]
0.0
Cells  ZDiMe ZDiPen TEGOH 4 0
-0.24 Cells  ZDiMe  ZDiPen TEGOH ZDiMe ZDiPen TEGOH
D ; E
=3 Without LPS i
120 = With LPS 3 Without LPS

. With LPS

MTS product (normalized)

Cells ZDiMe  ZDiPen TEGOH Cells ZDiMe ZDiPen TEGOH

Figure 2.
(a) TNFa secretion of J774.2 cells in the presence of the NPs, with and without LPS

stimulation after 3h incubation. Values normalized against the positive control (Cell + LPS).
(b) Cellular uptake of the different NPs for both LPS challenged and unchallenged
conditions. (¢) ROS generation of J774.2 cells under the same experimental conditions (LPS
challenge, 24 h). Values normalized against the normal cell response. (d) Cell viability of
J774.2 after 24 h incubation with the different NPs and LPS measured by trypan blue. (e)
MTS assay indicating the metabolism (vitality) of cells after 24 h exposure with NPs and
LPS. Values normalized against the responses of untreated cells. (*) indicates statistically
significant difference and (n.s.s.) indicates lack of statistically significant difference relative
to control (Cells alone in gray or Cell+LPS in red).
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Figure 3.
(a) /n vivo TNFa secretion 2 h after ZDiMe, ZDiPen and TEGOH (2.75 mg/kg) were

injected in mice with and without the presence of LPS (0.01 mg/kg). (b) Nanoparticle
distribution in the blood, lung and spleen of mice evidencing the fast elimination of ZDiPen
comparative to the other two NPs. Accumulation in other organs shown in Figure S3c.

Chem. Author manuscript; available in PMC 2017 August 11.



	SUMMARY
	Graphical abstract
	INTRODUCTION
	RESULTS AND DISCUSSION
	CONCLUSION
	References
	Figure 1
	Figure 2
	Figure 3

