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Abstract

Self-assembling protein nanocapsules can be engineered for various bionanotechnology
applications. Using the dodecahedral scaffold of the E2 subunit from pyruvate dehydrogenase, we
introduced non-native surface cysteines for site-directed functionalization. The modified
nanoparticle’s structural, assembly, and thermostability properties were comparable to the wild-
type scaffold (E2-WT), and after conjugation of polyethylene glycol (PEG) to these cysteines, the
nanoparticle remained intact and stable up to 79.7 £ 1.8 °C. PEGylation of particles reduced
uptake by human monocyte derived macrophages and MDA-MB-231 breast cancer cells, with
decreased uptake as PEG chain length is increased. In vitro C4-depletion and C5a-production
assays yielded 97.6 + 10.8 % serum C4 remaining and 40.1 + 6.0 ng/ml C5a for E2-WT,
demonstrating that complement activation is weak for non-PEGylated E2 nanoparticles.
Conjugation of PEG to these particles moderately increased complement response to give 79.7 +
6.0 % C4 remaining and 87.6 + 10.1 ng/ml C5a. Our results demonstrate that PEGylation of the
E2 protein nanocapsules can modulate cellular uptake and induce low levels of complement
activation, likely via the classical/lectin pathways.
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INTRODUCTION

The use of conventional nanoparticulates such as liposomes, polymers, or gold nanoparticles
for bionanotechnology applications, including imaging, therapeutics, biosensing, catalysis,
and diagnostics, has been increasingly reported.12 Although these particles have been
extensively investigated, many issues still exist which raise concern for therapeutic and
biomedical applications, including toxicity, physical stability, and heterogeneity.34
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More recently, recombinant protein-based nanoparticles are being explored as alternatives
for such applications.3>-8 One major advantage of protein nanoparticles over conventional
polymeric or inorganic particles is the ability to manipulate precisely their architecture, size,
surface functionality, and assembly using recombinant tools and protein engineering.
Furthermore, due to their highly organized structure, these systems provide monodisperse
capsules that can be engineered at their internal, external, or intersubunit interfaces at
specific locations, allowing for high control over surface properties.? Protein-based particles
have included virus-like particles (e.g. Cowpea mosaic virus, adenovirus)10-12 and particles
of non-viral origin (e.g. ferritin cages, heat shock protein).3

However, applicability of these protein complex systems for certain purposes may be
affected by the biological responses towards them. For example, particles of viral origin may
be particularly prone to immunological recognition and clearance. Attachment of
polyethylene glycol (PEG) to nanoparticles has been proposed as enabling evasion by
phagocytic immune cells and reducing blood plasma protein (e.g. complement proteins)
adsorption.13-16 While studies of cellular immune responses to PEGylated virus-like
particles are well-documented,2:17 information on humoral innate immune responses to
such particles is less prevalent.

In this work, we created a modified protein nanoparticle scaffold with general applicability
for site-directed surface attachment of different classes of molecules, and we examined
cellular uptake and complement responses to them. The model protein is the dihydrolipoyl
acyltransferase enzyme (E2 subunit) of the pyruvate dehydrogenase multienzyme complex.
Prior work has shown that this assembly of enzymes can be distilled down to its structural
core scaffold (E2-WT) to yield a 24-nm protein nanocapsule composed of 60 identical self-
assembling subunits that maintains its structural integrity over a wide range of temperatures
and pH values.18-21 In its folded state, the internal hollow cavity of the E2 particle is
accessible by small molecules through its openings at the 5-fold axes of symmetry.
Redesigning the internal surface enables encapsulation of fluorescent dyes and small
molecule drugs, with applicability toward drug delivery.18:22 |nter-subunit interactions can
also be re-engineered to introduce environmentally-triggered behavior not observed in the
native scaffold.23:24 The E2 scaffold is of non-viral origin, and therefore does not possess
any infectious ability in its native wild-type state, which may render it less immunogenic
than virus-like particles. Even so, attaching short peptides to the N-terminus via recombinant
methods enables surface display of antigens for vaccine development.>:2%:26 |n this latter
case of surface functionalization, the recombinant approach requires extensive DNA
manipulation for each different antigen and is not applicable for larger proteins or non-
protein based moieties (e.g., synthetic polymers or carbohydrates).

Our investigation examined uptake of this protein scaffold before and after PEGylation by
primary human macrophages and by a human breast cancer cell line. We also investigated
the capacity of E2-WT and surface-modified E2 nanocapsules to activate human serum
complement proteins in vitro, by assaying for C4 consumption (an early marker in the
classical/lectin pathway) and generation of the cleavage fragment, C5a. C5a is an
anaphylatoxin released following complement activation via the alternative, classical, or
lectin pathways, and is therefore a good indicator of complement terminal pathway
activation and inflammation. Complement activation can set the course for subsequent
adaptive immunological responses, and such responses to PEGylated icosahedral protein
nanoparticles of non-viral origin have not yet to our knowledge been reported. Performing
these immune assays with the wild-type and PEGylated E2 particle will allow us to
determine in vitro whether any changes in uptake and complement activation are provoked.
This characterization will help determine general applicability of the E2 particle for future
bionanotechnological applications.
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MATERIALS AND METHODS

Materials

All buffer reagents were supplied by EMD Chemicals (Gibbstown, NJ), unless otherwise
stated. Dithiothreitol (DTT), isopropyl B-D-thiogalactopyranoside (IPTG),
dimethylsulfoxide (DMSQ), and potassium phosphate were supplied by Fisher Scientific
(Pittsburgh, PA). Phenylmethylsulfonyl fluoride (PMSF) and tris(2-carboxyethyl)-phosphine
hydrochloride (TCEP) were supplied by Pierce (Rockford, IL), and sodium azide was from
Merck KGaA (Gibbstown, NJ). Restriction endonucleases (BamHI, Ndel), T4 DNA ligase,
RNase, DNase, and Dpnl were from New England Biolabs (Ipswitch, MA) and PfuUltra
High-Fidelity DNA polymerase was from Stratagene (Gibbstown, NJ). Dye molecules
Alexa Fluor 532 Cs-maleimide (AF532) and Alexa Fluor 488 succinimidyl ester (AF488)
were purchased from Invitrogen (Carlsbad, CA). Polyethylene glycol (PEG) reagents used
were methyl-PEG,4-maleimide (PEG1200-maleimide, Pierce), methyl-PEG-maleimide with
PEG range of 1800-2200 Da (PEG2000-maleimide, Nanocs, New York, NY), and methyl-
PEG-maleimide with PEG range of 4500-5500 Da (PEG5000-maleimide, Nanocs). Host E.
coli strains were DH5a (Zymo Research, Orange, CA) and BL21(DE3) (Stratagene, La
Jolla, CA). Normal human serum (NHS) was isolated from whole blood and complement
activity was confirmed in standard hemolytic assays (data not shown). The MicroVVue C5a
EIA kit was purchased from Quidel (San Diego, CA).

Design and construction of surface cysteine mutants

To enable chemical attachment of non-native molecules to the surface of the protein
nanocapsules, we selected several potential external sites to perform site-directed
mutagenesis to cysteine. The thiol side chain of cysteine is advantageous because it enables
chemical conjugation at specific sites constructed via protein engineering. Although the E2-
WT subunit has one native cysteine, crystallographic structure and our prior investigations!®
demonstrated that this native site is buried within the protein and not accessible for chemical
conjugation. Selection criteria included external surface accessibility while retaining
interactions likely to preserve the protein’s 60-mer structure and stability.20 Other criteria
included locations in loop regions to minimize disruption to secondary structure (alpha-
helices, beta strands), and avoidance of the N-terminus and inter-subunit interface
interactions.20:23.24.27 Tq retain molecular accessibility into the interior hollow cavity, we
also favored positions that did not occlude the native 5-nm entrances to this cavity. Selection
was performed using the quaternary protein structure 1b5s (Protein Data Bank) viewed
through PyMOL.28 Based on these criteria, a set of five sites were selected for mutagenesis
to cysteine: threonine 219 (T219C), aspartic acid 278 (D278C), glutamic acid 279 (E279C),
threonine 334 (T334C), and methionine 338 (M338C).

Site-directed mutagenesis was performed following protocols described in Supporting
Information. The starting DNA template encodes the wild-type E2 scaffold (E2-WT) in a
pGEM vector and includes amino acids 174-427, as described previously.18 Gene sequences
of the mutants were confirmed by DNA sequencing and cloned into the expression vector
pET-11a. Plasmids were transformed into E. coli strain BL21(DE3) for protein expression.

Protein expression and purification

Protein expression was performed following previously-reported protocol.18 In summary,
cells were grown in Luria-Bertani (LB) media containing 100 Mg/ml ampicillin and induced
at ODggp 0.7-0.9 with 1 mM IPTG at 37 °C for 3.5 hours. For scale-up, purification, and
analysis, we selected one of the mutants (E279C) based on criteria described in Results and
Discussion. Purification was performed as previously described!8 and included using a Q-
Sepharose anion exchange column and a Superose 6 size exclusion column (GE Healthcare),
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with the exception that 1 mM DTT was added to all of the lysis, purification, and storage
buffers to prevent cross-linking of protein nanocapsules in solution. Proteins were stored at
4 °C for short-term or —80 °C for long-term storage in 50 mM potassium phosphate (pH 7.4)
and 100 mM NacCl (herein referred to as “phosphate buffer”) containing 0.02 % sodium
azide, 1 mM DTT, and 5 mM EDTA. Protein concentrations were quantified using a Micro-
BCA kit (Pierce).

Confirmation of structural assembly and thermostability

Stability and structural analyses of the protein nanocapsules were carried out as previously
described.18 Briefly, secondary protein folding was characterized with far-UV circular
dichroism (CD) on a Jasco 810 spectropolarimeter (Jasco, Easton, MD). The thermostability
of the five mutants was screened by heating the soluble fractions of freshly lysed cells to
elevated temperatures ranging between 37 — 95 °C, followed by centrifugation to remove
insoluble proteins. Thermostabilities of the purified E279C mutant were quantified by
measuring molar ellipticity at 222 nm from 40 °C to 95 °C. The onset of unfolding (T,) and
midpoint of unfolding (T,,) temperatures were determined using a nonlinear least squares
fitting program in MATLAB according to the method by Greenfield.2% Protein molecular
weights were confirmed via electrospray ionization mass spectrometry (ESI-MS, Micromass
LCT Premier Mass Spectrometer, Waters) using E2-WT and fluorotriazines as standards for
calibration. Particle size was determined using dynamic light scattering (DLS) with a
Zetasizer Nano ZS instrument (Malvern, Westborough, MA). Because the E2 assembly
comprises 60 identical subunits which are associated by non-covalent interactions, ESI-MS
data yields the molecular weight of a single subunit while the milder conditions of DLS
measure the size of the particle in solution. Molecular weight (ESI-MS), Ty, To, and particle
size are presented as an average + standard deviation of three separately prepared samples.
Transmission electron microscopy (TEM, Philips CM20) was performed on protein samples
stained with 2% uranyl acetate on carbon-coated Formvar grids.

Functionalization with polyethylene glycol (PEG) and dye molecules

Stock PEG1200-maleimide, PEG2000-maleimide and PEG5000-maleimide solutions were
prepared in DMSO under argon gas, stored dessicated at —20 °C, and brought to room
temperature immediately before use. Purified E279C protein was incubated with 8.5 molar
excess of TCEP for 40 minutes at room temperature, and PEG-maleimide was added to
E279C (1 mg/ml) at a 20-fold molar excess with respect to the E2 subunit and reacted for 2
hours at room temperature with agitation. DTT, TCEP, and excess PEG-maleimide were
removed with Zeba desalting columns (40 kDa MWCO, Pierce) using phosphate buffer as
the exchange solution. Protocols for attaching dye molecules are described in Supporting
Information. AlexaFluor 532 C5-maleimide (AF532M) was conjugated to Cys, and
AlexaFluor 488 succinimidyl ester (AF488) reacted with primary amines (lysines) on the
protein nanocapsule. The resulting PEG- and dye-conjugated particles were analyzed as
described above.

Cellular uptake by macrophages and breast cancer cells

All blood samples were collected in accordance with the guidelines and approval of the
University of California Irvine Institutional Review Board. Human monocyte derived
macrophages (HMDM) were derived from human peripheral blood monocytes as previously
described30 and MDA-MB-231 breast cancer cells (ATCC, Manassas, VA) were cultured as
described previously.?2 HMDM (harvested using Versene-EDTA) were resuspended at
1x10°% cells/ml in phagocytosis buffer (RPMI 1640, 25 mM HEPES, 5 mM MgCl,). MDA-
MB-231 cells were plated at 2x10° cells/well in Dulbecco’s Modified Eagle’s Medium
supplemented with 10 % fetal bovine serum and 1 % L-glutamine. AF488-labeled protein
(E2-WT control and PEGylated E279C) were added to the cell suspensions at a range of
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concentrations (1, 10, or 30 pg/ml) and incubated for 1 hour (for HMDM, n=4) or 4 hours
(for MDA-MB-231, n=3) at 37 °C and 5% CO,. Uptake of AF488-labeled protein was
analyzed by flow cytometry using the FACSCalibur (Becton Dickinson, San Jose, CA). Data
is presented as an average + standard deviation of mean fluorescence intensity (MFI) value
relative to control (E2-WT) MFI values. Statistical significance was determined using a two-
tailed Student’s t-test assuming unequal variances.

Complement activation assays

Activation of the classical/lectin complement pathway by E2-WT and PEGylated E279C
was measured using a C4-depletion assay as previously described in detail.31:32 Briefly,
proteins were diluted to a final concentration of 1 mg/ml in phosphate buffer and incubated
with an equal volume of normal human serum (NHS) for 30 minutes at 30 °C to allow for
complement activation, prior to incubation of serial dilutions with antibody-sensitized sheep
erythrocytes (EA) in the presence of C4-depleted normal guinea pig serum. Phosphate buffer
and aggregated human IgG antibody served as the negative and positive controls,
respectively. 1gG antibody (10 mg/ml) was incubated at 63°C for 15 minutes, diluted to 2
mg/ml, and centrifuged at 13000 RPM for 5 minutes to remove large aggregates. Samples
and controls were then quantified by measuring the amount of EA lysis over the range of
dilutions, with lower cell lysis corresponding to greater C4 consumption in the initial NHS/
E2 mixture. Dilutions were optimized to ensure that sub-maximal lysis was observed in the
most dilute samples. Details of data analysis are described in Supporting Information. Data
is reported as % C4 remaining relative to phosphate buffer averaged over 10 independent
experiments and statistical significance was determined using a two-tailed Student’s t-test
assuming unequal variances.

Since the C4-assay measures early activation, it was import to evaluate whether activation
progressed to terminal complement pathway activation. Therefore, production of C5a was
measured to determine the activation extent of the entire complement pathway and whether
the alternative pathway may be involved. Human serum was incubated with both PEGylated
and non-functionalized E2 protein using the same procedures as described for the C4
depletion assays with the exception that EDTA was added to final concentration of 20 mM
following incubation to arrest further complement activation, and C5a production (and its
more stable cleavage product, C5a-des-Arg) was measured using the MicroVue C5a EIA kit
following the manufacturer’s instructions. Data is reported as absolute C5a concentration
averaged over 3 separate experiments, and statistical significance was determined using a
two-tailed Student’s t-test assuming unequal variances.

Levels of background endotoxin in the samples and solutions were determined using a
Pyrogent Plus Gel Clot LAL Assay (Lonza, Walkersville, MD). Endotoxin concentrations in
protein nanoparticle samples were nearly 80 times lower than the minimum values which
activate complement in vitro.33 This indicates that any complement activity observed is not
due the presence of endotoxins.

RESULTS AND DISCUSSION

All surface cysteine mutants were expressed, soluble, and thermostable

All five mutants with external cysteines (Cys) yielded soluble proteins and were
overexpressed at the relatively high levels observed for the wild-type E2 scaffold (E2-WT)
(Figure 1A). Our thermostability screen showed that all mutants remain soluble up to
approximately 80 °C, which is remarkably stable and similar to the thermostability of E2-
WT (Figure 1B). Our previous investigations found that protein scaffold solubility and
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correct 60-mer assembly is closely coupled;18 therefore, these thermostability results
suggest correct quaternary complex assembly of all five Cys mutants.

Because protein nanocapsule structure, expression, and thermostability appeared comparable
between all mutants, we chose one mutant to investigate further based on examining the
PDB crystallographic structure of the E2 scaffold. Position 279C (Figure 2) is surface
accessible, does not obstruct the entrance leading to the internal hollow cavity, and gives
relatively uniform spacing over the external surface to minimize steric hindrance for
chemical coupling. Therefore, E279C was chosen for subsequent studies.

E279C exhibit characteristics similar to E2-WT

Following purification of E279C, ESI-MS results revealed a single, distinct peak with a
molecular weight of 28091 + 1 Da corresponding to a single subunit of the nanocapsule,
(theoretical is 28091 Da), confirming high purity and incorporation of Cys into E279C
(Figure S-1). Protein folding, quaternary structure and assembly, and thermostability of the
E279C mutant were similar to those of the E2-WT scaffold. DLS analysis of intact 60-mer
particles showed a single peak with an average hydrodynamic diameter of 28.0 £ 0.8 nm,
compared to the previously-reported value of 26.6 + 0.6 nm for E2-WT (Figure 3A).18 DLS
also revealed that the DTT reducing agent added to the phosphate buffer prevented cross-
linking between Cys and subsequent aggregation of the protein; removal of DTT yielded
large aggregates > 100 nm.

The CD wavelength scans revealed molar ellipticity minima at 208 and 222 nm, indicative
of the E2 scaffold’s characteristic high alpha-helical content (Figure 3B). Additionally, a
thermostability scan at 222 nm showed that the E279C protein is highly stable, with an onset
of unfolding temperature (T,) of 80.0 = 1.5 °C and a midpoint of unfolding temperature
(Tm) of 89.5 + 1.9 °C, both of which are close to E2-WT values (Figure 3C). Protein
solubility (Figure 1) and correct 60-mer assembly have been found to be closely coupled in
the E2 complex.18 This demonstrates that introduction of a non-native cysteine residue into
the external surface of the E2-WT subunit does not alter its overall conformation, assembly,
or thermostability, rendering it a good candidate for further applications and studies.

Nanocapsule surface can be functionalized with both small molecule dyes and polymeric
macromolecules

The E2 scaffold is a self-assembled complex of 60 subunits; therefore, a single cysteine
mutation theoretically yields 60 accessible thiol sites on the external surface of the protein
nanocapsule. To evaluate the chemical accessibility of these thiols, we reacted AlexaFluor
532 C5-maleimide (AF532) with protein and obtained conjugation ratios of 15.2 + 1.7 and
58.3 + 12.5 (dye molecules per protein nanocapsule) for E2-WT and E279C, respectively.
These values are comparable to those obtained for Cys engineered into the internal hollow
cavity of E2.18 Although the E2-WT control indicates a low level of nonspecific interactions
or conjugation to AF532,34 the significantly higher conjugation ratio of AF532 to E279C
mutant shows that the engineered surface cysteines are indeed accessible for conjugation to
near-saturation.

Conjugation of PEG with the E279C particle was confirmed through ESI-MS (Supporting
Information). Since PEG1200-maleimide from our source is monodisperse, we expected a
distinct peak for PEG1200-E279C at 29330 Da for a single PEG conjugated subunit. The
presence of this single peak at 29330 + 1 Da (Figure S-2) and the absence of the non-
functionalized E279C peak at 28091 Da show that Cys-279 had reacted with PEG to near-
completion. The specificity of the PEG reagents for E279C thiols was further confirmed by
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performing the PEGylation procedures with E2-WT; ESI-MS yielded a peak for non-
functionalized E2-WT only, demonstrating no detectable reaction with the E2-WT control.

Characterization of PEGylated particles confirmed that intact structure and thermostability
had been retained after functionalization (Figure 4). DLS measured the hydrodynamic
particle diameters to be 37.3 + 3.6, 41.6 £ 6.4, and 41.4 + 4.6 nm for PEG1200-E279C,
PEG2000-E279C, and PEG5000-E279C, respectively (Figures 4A and S-3). The average
particle diameters are within the expected range, and secondary aggregation peaks are
absent. CD data showed that PEGylation does not affect the structural integrity or the high
thermostability of the nanocapsules, with the onset of unfolding (T,) at 79.7 + 1.8 °C, and
the midpoint of unfolding transition temperature (T,) at 89.2 + 1.3 °C for PEG1200-E279C
(Figures S-4 and 4B). TEM micrographs of PEG1200-E279C further confirm the presence
of intact particles following the conjugation reaction (Figure 4C). A summary of the
physicochemical characterization for the E279C and PEG1200-E279C particles can be
found in Table S-2 (Supporting Information).

Our strategy leaves solvent-exposed lysines on the PEGylated nanoparticles available for
secondary functionalization. These reactive sites can be used to couple a range of molecules
to the particle, including fluorescent dyes or therapeutic compounds. We demonstrated the
availability of these sites by labeling with AF488 (Supporting Information). These
nanocapsules, functionalized with two different chemical entities, were used to investigate in
vitro cellular uptake. The ability to introduce multiple functionality to the protein particles is
important toward applicability. Our prior work demonstrates that by functionalizing the E2
particles with doxorubicin, we can obtain drug loading, pH-dependent release, and
cytotoxicity toward breast cancer cells.22

PEGylation inhibits cellular uptake of nanoparticles

Uptake by HMDM (from multiple donors) and the MDA-MB-231 human breast cancer cell
line were significantly lower for PEGylated E279C nanoparticles relative to non-PEGylated
(E2-WT control) in all protein concentrations tested (Figures 5, 6, and S-5). For HMDM
cells, uptake levels, relative to E2-WT, decreased to 74.8 + 13.8, 54.6 + 15.7, and 36.3 £ 8.3
% MFI for PEG1200-E279C, PEG2000-E279C, and PEG5000-E279C, respectively, at a
protein concentration of 1 ug/ml. A similar trend was seen at 10 ug/ml (76.3 + 12.4,59.4 +
21.0, and 32.6 = 8.3 % MFI, respectively) (Figure 5). Observing uptake properties in the
absence of serum allows us to determine the intrinsic recognizability of our particle without
other contributing factors (e.g. opsonins or antibodies). For MDA-MB-231 cells, relative
uptake levels decreased to 70.8 + 13.9, 62.4 £ 10.5, and 37.4 + 7.2 % MFI, respectively, for
30 Mg/ml protein, with a similar trend also seen at 10 pg/ml (75.3 £9.1,67.3+9.3,46.8 +
5.8 % MFI, respectively) (Figure 6).

PEGylation of biomaterials and nanoparticles has been utilized as a strategy to evade
immune recognition, improve solubility, and increase in vivo half-life.15:16:35-38 For
nanoparticles similar in size to ours, reduced in vitro cellular uptake has been observed
following PEG functionalization.16:3940 Qur data is consistent with this and also shows the
trend of reduced uptake with increasing PEG chain length, with PEG5000-E279C particles
showing significantly less uptake compared to PEG1200-E279C over the particle
concentrations examined. This dependence on PEG content was also observed in previous
studies with gold nanoshells#! and virus-like particles,8 and showed that reduced uptake
was greatly diminished as the PEG molecular weight was further increased from 5 kDa to 20
kDa.41

Our observation of reduced cellular uptake with increasing PEG content may have
implications for modulating the cellular recognition of our particle in vivo. This effect is
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possibly due to inhibition of specific receptor-mediated interactions, which has been
proposed for other protein particle systems.16:40 Explanations in the studies mentioned have
suggested shifting of polymer architecture from mushroom-like to brush-like or increased
effective shielded area.16-41 VVonarbourg et al. showed that the ability of PEG to mask
particles was increased as particle diameter decreased from 100 to 20 nm, which is similar to
the size of our protein nanocapsule.? Decreased cellular uptake is a property that could
decrease immunogenicity and potentially allow longer in vivo circulation times of our
particle. Conversely, decreased cellular recognition may also reduce efficacy for
applications such as drug delivery, where it may be beneficial to evade the phagocytic
immune cells while remaining recognizable by target cells. Previous studies have overcome
this barrier by affinity ligand functionalization of the PEG free ends.36:40.43

PEGylation of protein nanocapsule activates complement

We characterized the capacity of our protein nanocapsules to activate complement, an innate
immune mechanism that initiates inflammation and recognizes and clears foreign pathogenic
material. Following protein nanoparticle incubation with serum (as a source of complement
proteins), a higher percentage of C4 remaining in the sample corresponds to a lower degree
of classical/lectin complement pathway activation, with no activation when 100 % of C4
remains. Unmodified E2-WT promotes only a small degree of classical/lectin complement
activation, with 97.6 + 10.8 % C4 remaining after incubation with human serum, relative to
phosphate buffer alone (Figure 7). In comparison, PEG1200-E279C consistently exhibited
an enhanced activation of complement relative to non-PEGylated E2-WT within individual
assays, with 79.7 + 6.0 % C4 remaining. Heat-aggregated IgG (positive control) gave near-
complete consumption of C4 over all the dilutions tested, showing full activation. Observed
inter-assay variability may be due to donor variability in sheep erythrocytes and guinea pig
serum. Our data indicate that PEGylation of the E279C nanocapsules moderately increases
classical/lectin complement activation.

Since C4 is a protein involved early in the classical/lectin pathway, it is not a definitive
marker of full pathway activation, nor does it provide information about possible
involvement of the alternative pathway. We therefore additionally measured C5a production
in human serum following incubation with the E2 protein nanoparticles, with a higher
amount of C5a produced in vitro corresponding to a greater degree of complement
activation. C5a serum concentrations resulting from incubation with E2-WT and PEG1200-
E279C averaged 40.1 + 6.0 ng/ml and 87.6 + 10.1 ng/ml, respectively (Figure 8). Both E2-
WT and PEG1200-E279C produced greater amounts of C5a in human serum relative to the
phosphate buffer background (11.2 £ 3.3 ng/ml) and significantly less than the heat-
aggregated 1gG positive control (239.0 + 89.2 ng/ml).

In both the C4 depletion and C5a production assay results, the PEGylated E279C mutant
consistently induced more complement activity compared to E2-WT. Our data indicates that
the unmodified protein nanoparticle is a weak activator of complement relative to a known
strong classical pathway activator (aggregated 1gG). Measurements of background
endotoxin levels in our serum/protein solutions was determined to be approximately 80
times lower than the minimum amount reported to activate complement, indicating that any
observed complement activation is due to the properties of the sample itself and not
contaminating levels of endotoxin.33 Furthermore, free PEG1200-maleimide at levels
comparable to that of residual PEG1200-maleimide after PEG1200-E279C purification
exhibited no complement activation, further indicating that the activation observed is due to
the attachment of PEG on the protein nanoparticle. PEGylation of these particles moderately
activate the classical/lectin pathway, and given that relative amounts of C5a produced are
similar to relative consumption amounts observed in the C4 assays, this suggests that the
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alternative pathway does not substantially contribute to or amplify complement activation by
these particles.

The adsorption of proteins on nanomaterial surfaces can have many adverse in vivo effects
such as opsonization of the nanomaterial or triggering inflammation, and it has been
suggested that PEGylation can minimize such effects.13:14.37:42.44 \while nanoparticle
conjugation with PEG and reduction of PEGylated nanoparticle size has been observed to
reduce complement activation in vitro, it does not eliminate it completely.3745-47 |n
contrast, the rapid clearance of PEGylated nanoparticles in vivo and PEG-mediated
complement activation in vitro and in vivo have also been reported previously,37-4447-50
although the mechanism of activation is still unclear. One explanation for the apparent
contradictory observations in these prior investigations may be that PEG is masking the
complement activation properties of the particle itself, but is introducing a lower, yet non-
negligible, amount of polymer-mediated complement activation. This would in part explain
why we have observed complement activation after PEGylation of a particle that
intrinsically is not a strong activator, an observation also made with liposomal systems.>0
However, since only modest activation due to PEG relative to the positive control was
observed, and also because reported concentrations of protein particles used for in vivo
applications are typically much lower than those which activate complement in our in vitro
assay, 25:35:38.40 e expect that the complement activation is likely to be less significant
when in vivo conditions are examined.

CONCLUSIONS

We have engineered a protein nanocapsule (E279C), based on the E2 scaffold, which can be
functionalized on the surface with various molecules. This scaffold properly assembles and
remains highly thermostable, even following conjugation with synthetic polymers. We
found that introducing PEG on the surface of this scaffold decreased cellular uptake by both
human monocyte derived macrophages and a human breast cancer cell line. PEGylation of
the protein nanocapsule also moderately increased complement activation capacity relative
to the unfunctionalized E2-WT scaffold, which itself yields a low level of activation. PEG
activates weakly the classical/lectin pathways with little, if any, alternative pathway
amplification. Our work demonstrates a generally applicable strategy of generating surface
modifications to this protein nanocapsule platform, and that these modifications can alter
cellular uptake and complement activation properties.
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Figure 1.

SDS-PAGE of mutants with introduced external cysteine residues. A: The soluble fraction
of BL21(DES3) cell lysates show that all Cys mutants are expressed and soluble. Lanes: (1)
pET-11a (no gene), (2) E2-WT, (3) T219C, (4) E279C, (5) D278C, (6) T334C, and (7)
M338C. B: Temperature screens show that all Cys mutants remain soluble and assembled
until approximately 80 °C. Shown is one representative data set, for the E279C soluble
fraction after heating for 20 min at (1) 37, (2) 60, (3) 70, (4) 80, and (5) 95 °C. The arrows
highlight the bands with the E2 subunit.
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Figure 2.
Fully assembled E2 scaffold with position 279 highlighted in black. This protein assembly

consists of 60 identical subunits, each with one cysteine-279. Structure is displayed at the
five-fold axis of symmetry and generated by PyMOL (DeLano 2002).
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Figure 3.

Representative characterization data of purified E279C. A: DLS measurement of E2-WT
(26.6 + 0.6 nm, n=3, red dashed line) and E279C (28.0 + 0.8 nm, n=3, blue solid line). B:
Molar ellipticity versus wavelength shows characteristic minima at 208 and 222 nm for E2-
WT and E279C, indicative of high alpha-helical structure. C: Thermostability profile (50-95
°C) measuring ellipticity at 222 nm. The calculated average T, and T, for E279C are 80.0 £
1.5°Cand 89.5 £ 1.9 °C, respectively (n=3).
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Figure 4.

Representative characterization data of PEGylated E279C particles. A: DLS measurement of
particle sizes of E279C (28.0 £ 0.8 nm, n=3, solid blue line) and PEG1200-E279C (37.3 +
3.6 nm, n=3, orange dashed line). B: Thermostability profile of PEG1200-E279C at 222 nm.
The calculated average T, and T, for PEG1200-E279C are 79.7 + 1.8 °C and 89.2 + 1.3 °C,
respectively (n=3). C: Transmission electron micrograph of PEG1200-E279C particles.
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Figure 5.

Uptake of E2-WT and PEGylated E279C by human monocyte derived macrophages. Mean
fluorescence intensity (MFI) values were normalized to E2-WT MFI. Significant differences
in uptake between E2-WT and PEGylated proteins are indicated (*p < 0.05, **p < 0.01,
***p < 0.001; n=4).
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Figure 6.

Uptake of E2-WT and PEGylated E279C by MDA-MB-231 cells. Mean fluorescence
intensity (MFI) values were normalized to E2-WT MFI. Significant differences in uptake
between E2-WT and PEGylated proteins are indicated (*p < 0.05, **p < 0.01; n=3).
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Figure 7.

In vitro classical/lectin complement activation by E2-WT and PEG1200-E279C, as
measured by C4 depletion in human serum. Higher percent C4 remaining corresponds to
lower activation and is relative to phosphate buffer (negative control). Heat-aggregated
human IgG (positive control) showed near-complete C4 consumption. Significant
differences in activation are indicated (***p < 0.001).
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Figure 8.

Measurement of C5a concentration in human serum following incubation with E2-WT,
PEGylated E279C, phosphate buffer, and aggregated human 1gG. A higher amount of C5a
indicates greater complement activation. Significant differences in concentration are
indicated (*p < 0.05, **p < 0.01). E2-WT, PEG1200-E279C, and 1gG all showed
significantly greater C5a concentrations relative to phosphate buffer (p < 0.001).
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