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PNIPAAm nanoconjugates

HA-based protocells and SVLPs

alone initiate moderate levels of

macrophage activation

Surface docking of SVLPs on HA-

based protocells produce

immunogenic protocells

The immunogenic protocells

exhibit synergistic activation of

macrophages
The activation of the innate immune system by low-molecular-weight HA-

containing artificial cell-like structures represents a rudimentary inflammation-

triggered immune response. Mukwaya et al. demonstrate that carbohydrate/

protein-mediated docking of nanoparticles on these cell-like architectures could

mimic the pathogen infestation in eukaryotic multicellular organisms. Then,

intrinsic bio-orthogonal interactions in non-living matter are harnessed to realize

synergy in a living system.
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SUMMARY

The programming of protocells to implement and control the func-
tions of living cells through activated membrane receptor signaling
remains a challenge for the development of protoliving technolo-
gies. Here, we report a synthetic protocell capable of inducing
high levels of macrophage activation in vitro. An immunogenic pro-
tocell comprising hyaluronic acid (HA)-polymer membrane
decorated with synthetic virus-like particles derived from the func-
tionalization of core-shell polymer nanoparticles with a Toll-like
receptor agonist (Pam3SK4) and cell/protocell membrane-binding
lectin (WGA) is fabricated. While the non-decorated HA-based pro-
tocells and functionalized SVLPs alone initiate moderate levels of
macrophage activation, co-presentation of WGA and Pam3SK4 on
the protocell membrane results in hyperactivation of the phago-
cytes via a synergistic multi-receptor process. This work offers
opportunities for developing chemically programmable soft micro-
scale agents capable of eliciting cellular signal transduction and
genetic outputs and provides a step toward implementing future
therapeutic strategies based on cognate interactions at the cell-pro-
tocell interface.

INTRODUCTION

Synthetic microcompartments such as phospholipid vesicles (liposomes) with inter-

active gene networks1,2 continue to play an essential role as non-viral vectors in areas

such as gene therapy3 and targeted drug delivery,4 where they are principally used

as storage and release agents. In contrast, the exploitation of synthetic cells as bio-

mimetic constructs capable of establishing cognate communication channels with

living cells remains underexplored. In this respect, a range of non-lipid cell-like en-

tities has recently been developed that offers an emerging platform of alternative

technologies based on the design and synthetic construction of robust and biocom-

patible semi-permeable microscale objects with programmable functions. For

example, membrane engineering strategies have been used along with the entrap-

ment of chemical and informational networks to generate proteinosomes,5,6 poly-

saccharidosomes,7 polymersomes,8,9 and colloidosomes10 that exhibit higher-order

functions such as movement,11,12 predatory-prey behavior,13 artificial phagocy-

tosis,14 DNA-based signal processing,15 chemical communication,16–18 and mecha-

nochemical transduction.19

Although the endocytosis of nano-sized polymersomes has been extensively used to

activate enzymatic reactions within cellular environments,17,20–23 there are few
Cell Reports Physical Science 2, 100291, January 20, 2021 ª 2020 The Authors.
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reports that microscale synthetic microcompartments have been exploited as ther-

apeutic protocells. Protocell-derived chemical signals have been coupled to the

activation of bacterial cells,24–27 proteinosomes with a hydrogel interior used for

the intracellular killing of cancer cells,28 and multi-compartmentalized phospholipid

vesicles with membrane-fusion machinery and an embedded glucose-metabolism

network used as artificial b cells for insulin secretion.29 Biomimetic proteolipid ves-

icles have been used for the targeting of inflamed tissues30 and polyelectrolyte

multi-layer microcapsules and microspheres loaded with vaccine components to

induce antigen uptake and presentation in vitro and in vivo.31,32 Recently, micro-

meter-sized deformable oil droplet-in-water Pickering emulsions containing various

antigens were used as an effective adjuvant for increasing the recruitment, uptake,

and activation of antigen-presenting mouse cells.33

In light of these achievements, we sought to increase the specificity and potency of

protocell-mammalian cell interactions by chemically programming the external sur-

face of an artificial cell-like construct for the molecular targeting of specific cell mem-

brane receptors responsible for cognate signaling cascades and gene regulation. To

achieve this, we developed immunogenic microcompartments comprising a

polysaccharide-polymer semi-permeable membrane with a dense array of surface-

attached synthetic virus-like particles (SVLPs). We use low-molecular-weight hyal-

uronic acid (HA) as a constituent of the protocell membrane building block, as

several reports have implicated HA fragments in the activation of the innate immune

system34,35 via interactions principally with CD44 membrane receptors.36,37 In addi-

tion, as activators of Toll-like receptor (TLR) signaling are strong immunostimulants

due to their ability to drive innate and acquired immunity,38 we co-functionalize the

SVLPs with a lipopeptide TLR-1/2 agonist and cell membrane-binding lectin before

attachment to the protocell membrane. Pam3CSK4 is a synthetic triacylated lipo-

peptide (LP) and a potent activator of the pro-inflammatory transcription factor nu-

clear factor kB (NF-kB).39 Pam3CSK4 mimics the acylated amino terminus of bacte-

rial LPs. We adopt the name SVLP owing to its nanometric dimensions and its ability

to dock on the surface of polysaccharidosomes via glyca-lectin bio-orthogonal inter-

actions, a similar mode of attack that viruses and bacteria use to attach themselves to

host cells. Using the above strategy, we show that while the non-decorated micro-

capsules and unbound SVLPs stimulate the upregulation of a range of pro-inflamma-

tory cytokines in the presence of MH-S macrophages, presenting large numbers of

the bioactive SVLPs on the HA-containing protocell membrane results in the hyper-

activation of the phagocytes via a synergistic multi-receptor process. Our work pro-

vides a step toward the development of biologically cognate functions in non-living

microcompartments that collectively act as chemically programmable cell-like

agents. In the longer term, our studies could provide opportunities for developing

biomimetic protocells as an alternative to the use of living cells for therapeutic

purposes.
RESULTS AND DISCUSSION

Experimental Design and General Strategy

We used a combination of intrinsic and extrinsic membrane engineering strategies

to design a synthetic protocell capable of inducing high levels of macrophage acti-

vation in vitro. The membrane building blocks were synthesized in the form of

amphiphilic polysaccharide-polymer nanoconjugates40 using low-molecular-weight

HA and poly(N-isopropylacrylamide) (PNIPAAm), and then spontaneously self-

assembled and crosslinked to produce aqueous-filled semi-permeable cell-like

microcapsules (Figure 1A), which we denote as polysaccharidosomes.
2 Cell Reports Physical Science 2, 100291, January 20, 2021



Figure 1. Design and Construction of Immunogenic Synthetic Protocells

(A) Synthesis of amphiphilic FITC-labeled HA-NH2/PNIPAAm (HA-P) nanoconjugates (top row), and utilization as building blocks for HA-P

polysaccharidosome assembly (bottom row). Aqueous solutions of HA-P were mixed with 2-ethyl-1-hexanol at an aqueous/oil volume fraction of 0.05

followed by gentle shaking to produce Pickering water-in-oil emulsion droplets that were membrane crosslinked by the addition of PEG-bis(N-

succinimidyl succinate) to the oil phase. The crosslinked microcapsules were subsequently transferred into a continuous aqueous phase.

(B) Fabrication of core-shell poly(styrene)-co-poly(acrylic acid) nanoparticles (PS-co-PAA NPs; PS core, black; PAA shell, red) and subsequent surface

immobilization of a lectin (WGA, green) and TLR agonist (Pam3CSK4 [Pam], blue) by EDAC/NHS activation/coupling to produce PS-co-

PAA@WGA@Pam SVLPs. Bioactive NPs with surface-attached mixtures of Pam3CSK4 and FITC-BSA, or with single functionalities (WGA or FITC-BSA)

were also prepared.

(C) Programmed docking of SVLPs onto lectin-receptive polysaccharidosomes by selective surface binding of core-shell PS-co-PAA@WGA@Pam NPs

(PS, black shell; PAA, red shell) on the outer membrane surface of HA-P polysaccharidosomes (green objects). Surface attachment occurs via specific

non-covalent glycan-lectin recognition at the SVLP-polysaccharidosome interface to produce immunogenic protocells (right side).
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Low-molecular-weight HA (z40 kDa; z100 repeat units) was functionalized with

�40 primary amino groups per HA chain (Figures S1 and S2; Table S2) and the resul-

tant aminohyaluronic acid (HA-NH2) covalently conjugated with mercaptothiazoline-

activated PNIPAAm (Mn z17,000 gmol�1) to produce an aqueous solution of

amphiphilic HA-NH2/PNIPAAm (HA-P) nanoconjugates. Formation of the polysac-

charide-PNIPAAm nanoconjugates was confirmed by 1H NMR spectroscopy (Fig-

ure S3) and was consistent with changes in the zeta potential from an initial value

of �16 mV for HA to +20.5 and +14.6 mV for HA-NH2 and HA-P, respectively (Fig-

ure S4). Upon amine functionalization of HA, the affinity of HA-NH2 toward the lectin

wheat germ agglutinin (WGA) was evaluated by isothermal titration calorimetry

(ITC). The calorimetric profiles showed minimal changes in the heat evolved for

WGA binding to HA and amino-HA (Figures S5 and S6). The average number of PNI-

PAAm grafts per HA-P conjugate chain was estimated by UV-visible (UV-vis) spec-

troscopy to be 4.4 (Table S3). Polysaccharidosomes were prepared by the sponta-

neous assembly of the HA-P nanoconjugates at water droplet-oil interfaces

followed by crosslinking of the polysaccharide-polymer membrane before transfer

into water.

We reasoned that contact between the protocells and macrophages would initiate a

base level of cellular inflammation via the interaction of exposed HA chains with the

CD44 receptor, but that further embellishment of the membrane surface by attach-

ment of a high number of SVLPs would considerably enhance the immunogenicity.

Although the conjugation of TLR agonists with soluble lipopeptide/glycoprotein an-

tigens has been extensively investigated,41–44 there are relatively few reports on the

nanoparticle (NP)-mediated immobilization of TLR activators.45–47 To achieve this,

we synthesized SVLPs comprising a poly(styrene)-co-poly(acrylic) acid (PS-co-PAA;

mean size, 150 nm) core-shell NP platform that was further functionalized with a syn-

thetic triacylated lipopeptide TLR-1/2 agonist (Pam3CSK4; Pam) along with a lectin

(WGA) (Figure 1B). WGA was used as it provided a non-covalent linkage to HA48 and

facilitates NP endocytosis via interactions with sialic acid-rich membrane glycopro-

teins (SA-GPs).49 The co-functionalization of the polymer NPs was achieved by a

1-ethyl-3-(3-dimethylaminopropyl)carbodiimide/N-hydroxysuccinimide (EDAC/

NHS)-mediated amidation reaction between the agonist or Alexa Fluor 647-labeled

lectin and carboxyl groups on the surface of the PS-co-PAA NPs (Figure 1B) to pro-

duce an aqueous dispersion of SVLPs (PS-co-PAA@WGA@Pam). The conjugation re-

actions were also used to furnish other cognate NPs with single (PS-co-PAA@WGA)

or mixed bovine serum albumin/Pam (PS-co-PAA@Pam@BSA) surface functionalities

as well as a non-cognate nanoscale platform (PS-co-PAA@BSA).

To prepare superstructurally organized artificial cell-like objects displaying high sur-

face densities of immunogenic virus-like NPs, we implemented non-covalent glycan/

WGA-mediated docking of the SVLPs onto the external surface of the HA-P polysac-

charidosome membrane (Figure 1C). Aqueous dispersions of the SLVPs were mixed

with the HA-P polysaccharidosomes overnight at 25�C and unbound PS-co-PAA@W-

GA@Pam NPs removed by sedimentation. We then assessed the immunogenicity of

the SLVP-presenting protocells by incubating the cell-like constructs with cultures of

MH-S macrophages for 6 h and evaluated the fold gene expression of eight pro-in-

flammatory cytokines by quantitative polymerase chain reaction (qPCR).

Polysaccharidosome Assembly and Macrophage Activation

Aqueous dispersions of polysaccharidosomes were prepared by the spontaneous

assembly and crosslinking of HA-P nanoconjugates, followed by transfer into water

(Figure 1A). The polysaccharidosomes remained physically stable, with no
4 Cell Reports Physical Science 2, 100291, January 20, 2021



Figure 2. Polysaccharidosome Assembly and Macrophage Activation

(A) Fluorescence microscopy image of a population of crosslinked polysaccharidosomes dispersed

in water; the green fluorescence originates from FITC-labeled HA-NH2 used to prepare the HA-P

nanoconjugates; scale bar, 100 mm.

(B) Confocal fluorescence micrograph of a single polysaccharidosome prepared as in (A) showing

green fluorescence associated primarily with the polysaccharide membrane; scale bar, 10 mm.

(C) TEM image of a partially collapsed single HA-P polysaccharidosome showing an intact

membrane and hollow interior; scale bar, 5 mm.

(D) Distribution plot of polysaccharidosome diameters measured in water (mean, 35 G 10.5 mm; n =

200).

(E) Plots showing fold gene expression of 8 murine pro-inflammatory cytokines by MH-S

macrophages incubated with 400 mg/mL HA, HA-NH2, BSA-P proteinosome (BSA-P MCs) or HA-P

polysaccharidosome (MCs) for 6 h relative to the control sample (untreated), All of the

measurements were carried out in triplicate; the error bars represent standard deviations (SDs)

about the mean. Cytokines: regulated on activation normal T cell expressed and secreted

(RANTES), macrophage inflammatory protein-1 a and b (MIP-1a and MIP-1b), cytokine responsive

gene-2 (crg-2), inducible nitric oxide synthase (iNOS), tumor necrosis factor (TNF), interleukin 12b

(IL-12b), and interferon-g (IFN-g).

(F) Overlaid confocal microscopy fluorescence and bright-field images of a single

polysaccharidosome (green) surrounded by MH-S macrophages (gray) after incubation for 6 h

showing the absence of microcapsule endocytosis microcapsules (see also Figures S7–S9). Bars

correspond to mean values, and error bars indicate G SD. Significance was determined by 1-sided

analysis of variance: p < 0.05.
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evidence of coalescence at room temperature over several weeks. Green fluores-

cence labeling of HA-NH2 before complexation with PNIPAAm confirmed the

presence of a continuous polysaccharide membrane after transfer into water (Fig-

ures 2A, 2B, and S7; Video S1). Transmission electron microscopy (TEM) images of

dried samples showed the presence of partially collapsed polysaccharidosomes

with a hollow interior (Figure 2C), which confirms that the polysaccharidosomes

are water filled.
Cell Reports Physical Science 2, 100291, January 20, 2021 5
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Given that alveolar macrophages such as the MH-S cell line intrinsically bind sub-

stantial amounts of low-molecular-weight HA via the membrane glycoprotein

CD44 receptor under homeostatic conditions,37,50 we used cultures of MH-S cells

transformed with the SV-40 virus as a model for investigating the potential immu-

nogenic activity of the HA-P polysaccharidomes. We incubated known amounts of

the polysaccharidosomes (size range, 14–65 mm; Figure 2D) with MH-S macro-

phages (size range, 5–15 mm) for 6 h and characterized the pro-inflammatory re-

sponses by determining the relative changes in the level of gene expression of

eight murine pro-inflammatory cytokines. The results were compared with exper-

iments undertaken in the presence of unbound HA and HA-NH2, which both

showed similar distributions comprising four or five upregulated cytokines,

respectively, most notably interferon-g(IFN-g) and interleukin 12b (IL-12b) with

gene fold values in the range of 4–6 (Figure 2E). In contrast, a different distribu-

tion of 6 cytokines was upregulated in the presence of the HA-P polysaccharido-

somes, with the highest fold gene expression being in the range of 10–20, and

associated with IL-12b and macrophage inflammatory protein 1-a (MIP-1a) (Fig-

ure 2E). Moreover, IFN-g was not upregulated, even though relatively high levels

of IFN-g were expressed in the presence of free HA and HA-NH2. In contrast, in-

cubation of the macrophages with an analogous population of non-cognate BSA-

PNIPAAm proteinosomes (BSA-P) (Figure S8) induced only low levels of upregula-

tion in three of the monitored cytokines (Figure 2E). As the increased levels of

macrophage activation were not dependent on the endocytosis of the larger

HA-P polysaccharidosomes (Figures 2F and S9; Video S2), we attribute the differ-

ences in gene expression to the high density of short-chain HA moieties on the

external surface of the polysaccharidosomes that enhances immunostimulation

on contact with the MH-S cells compared with diffusive molecular interactions be-

tween the CD44 receptor and HA or HA-NH2 in solution. Protocells fabricated

from low-molecular-weight HA mimic a state of cellular damage; as such, various

pro-inflammatory cytokines are released in response to this ‘‘artificial inflammatory

state.’’ Tumor necrosis factor (TNF) and MIP-1a are involved in the acute inflam-

matory state and mediate the recruitment and activation of polymorphonuclear

leukocytes. MIP-1b and cytokine responsive gene-2 (crg-2) are chemoattractants

that initiate the migration of natural killers and other immune cells in response

to acute inflammation to stop the progression of infection by killing off infected

cells,51 while IL-12b is involved in the differentiation of naive T cells into T

helpers52; the development of the appropriate CD4+ T helper subsets during

an immune response is vital for disease resolution. The induction of TNF, in

turn, stimulates macrophages to produce inducible nitric oxide synthase (iNOS),

which catalyzes the production of NO that acts as an immune defense mecha-

nism.53 Considering the fact that only macrophages are present in this in vitro

study, future works will be aimed at probing how the artificial inflammatory state

triggers a cascade of immune responses ex vivo for application in areas such as

T cell expansion for cancer therapy. Overall, these results prove that in addition

to low-molecular-weight (Mw) soluble HA,36 HA-based microsized structures fabri-

cated from low-Mw HA can equally activate macrophages.

SVLP Fabrication, Endocytosis, and Macrophage Activation

Co-polymer PS-co-PAA core-shell NPs were synthesized via surfactant-free emulsion

co-polymerization of styrene and acrylic acid in the presence of potassium persulfate

(Figures 1B and 3A). The immobilization of WGA and positively charged Pam3CSK4

on the NP surface was confirmed by an increase in the zeta potential and increase in

mean hydrodynamic diameter measured by dynamic light scattering; the respective

values were �48 mV/150 nm (PS-co-PAA), �28 mV/305 nm (PS-co-
6 Cell Reports Physical Science 2, 100291, January 20, 2021



Figure 3. SVLP Fabrication, Endocytosis, and Macrophage Activation

(A and B) SEM image (A) and hydrodynamic diameter distribution (B) for bioactive PS-co-

PAA@WGA@Pam NPs; scale bar, 500 nm.

(C) Histograms showing zeta potential values (mV) for as-prepared PS-co-PAA, PS-co-

PAA@WGA@Pam, PS-co-PAA@WGA, PS-co-PAA@Pam@FITC-BSA, and PS-co-PAA@FITC-BSA.

(D and E) Corresponding bright-field (D) and merged bright-field/red and blue fluorescence (E)

confocal microscopy images of DAPI (blue)-stained MH-S macrophages after incubation for 2 h with

PS-co-PAA@WGA@Pam SVLPs; scale bars, 25 mm. The presence of red (Alexa Fluor 647-labeled

WGA) fluorescence inside the macrophages is indicative of SVLP endocytosis .

(F) Plots showing fold gene expression of 8 murine pro-inflammatory cytokines by MH-S

macrophages incubated with NP constructs (200 mg/mL); as-prepared PS-co-PAA, PS-co-

PAA@WGA, PS-co-PAA@Pam@FITC-BSA, and PS-co-PAA@WGA@Pam for 6 hs relative to the

control sample (untreated). All of the measurements were carried out in triplicate; error bars

represent SDs about the mean (see also Figures S10 and S16). Bars correspond to mean values, and

error bars indicate G SD. Significance was determined by 1-sided analysis of variance: p < 0.05.
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PAA@WGA@Pam), �23 mV/378 nm (PS-co-PAA@Pam@BSA), �32 mV/285 nm (PS-

co-PAA@WGA), and �27 mV/288 nm (PS-co-PAA@BSA) (Figures 3B, 3C, and S10).

The polymer NPs were rendered immunologically cognate and endocytically active

with regard to MH-S macrophages by co-functionalization with Pam3CSK4 and

WGA, respectively. The cytotoxicity of the SVLPs (PS-co-PAA@Alexa 647-WGA@-

Pam) was evaluated via a cell viability assay (CCK-8), which showed no apparent

levels of apoptosis for PS-co-PAA@Alexa 647-WGA@Pam concentrations between

25 and 500 mg/mL (Figure S11).
Cell Reports Physical Science 2, 100291, January 20, 2021 7
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The influence of WGA on the endocytic activity of the SVLPs was determined by

confocal fluorescence microscopy and fluorescence-activated cell sorting (FACS)

analysis of mixtures of MH-S macrophages incubated for 2 h with different types

of fluorescently labeled polymer NPs (200 mg/mL). Both techniques indicated that

the highest levels of endocytosis were achieved in the presence of the PS-co-

PAA@Alexa 647-WGA@Pam SVLPs (Figures 3D, 3E, S12, and S13). Deletion of

Pam3CSK4 from the NP surface while retaining the WGA moiety produced only a

marginal decrease in the FACS-derived macrophage mean fluorescence intensity

(typical mean values: 1.48 3 105 [PS-co-PAA@Alexa 647-WGA@Pam] and 1.40 3

105 [PS-co-PAA@Alexa 647-WGA]). In contrast, the mean fluorescence intensity

was reduced by approximately two orders of magnitude in the absence of surface-

immobilized WGA (1.483 103 for PS-co-PAA@Pam@FITC-BSA). This was consistent

with previous studies on the pivotal role of sialylated glycoproteins in the endocy-

tosis of nanosized pathogens by phagocytes.54,55 In this regard, we confirmed

that the MH-S cell membrane contained sialylated glycoproteins by staining the

macrophages with fluorescently labeled WGA (Figures S14 and S15). Deletion of

both Pam3CSK4 andWGA, which results in the non-cognate construct PS-co-PAA@-

FITC-BSA, gave a mean fluorescence intensity of 1.48 3 103, which was approxi-

mately four times less than the value obtained for PS-co-PAA@Pam@FITC-BSA

NPs, suggesting that the TLR agonist played only a secondary role in modulating

the endocytic activity.

Given the above observations, we evaluated the potency of the biofunctionalized

polymer NPs to induce an immune response when incubated with MH-S macro-

phages for 6 h. In general, NPs decorated with the TLR-1/2 agonist exhibited the

highest level of cytokine upregulation with fold gene expression values often com-

parable between PS-co-PAA@WGA@Pam and free Pam3CSK4 in solution (Figures

3F and S16). Except for the cytokine IFN-g, which was downregulated, the fold

gene expression values for PS-co-PAA@WGA@Pam SVLPs were between 3 and

20, depending on the pro-inflammatory cytokine. Considerable levels of upregula-

tion were also observed for PS-co-PAA@Pam@BSA NPs, confirming the primary role

of the TLR-1/2 agonist in the immunostimulation of the MH-S cells via previously es-

tablished signal transduction pathways.36 In contrast, the PS-co-PAA@WGA

construct, although exhibiting high levels of endocytosis (Figures S10 and S11),

did not display any significant macrophage stimulatory activity (Figure S16). Pam-

containing NPs challenge macrophages via the TLR-1/2. The signal is relayed

through the myeloid differentiation primary-response gene 88 (MyD88) pathway in

collaboration with the TLR adaptor protein (TIRAP) that leads to NF-kB translocation

to the nucleus and, ultimately, production of inflammatory cytokines.41

Programmed Construction of SVLP-Decorated Protocells and Macrophage

Hyperactivation

Having established the onset of immunogenic activity for both the as-preparedHA-Pmi-

crocapsules and thePS-co-PAA@WGA@PamSVLPs (fold gene values<20), we sought to

prepare artificial cell-like objects that are capable of inducing extremely high levels of

macrophage activation. To achieve this, a dense array of the SVLPs was spontaneously

attached to the external surface of the polysaccharidosomes via glycan (HA)/lectin

(WGA) recognition at 25�C (Figure 1C). Accumulation of the SVLPs specifically at the

membrane surface was confirmed by confocal microscopy (Figures 4A–4C). In contrast,

control experiments in which the HA-P polysaccharidosomes were incubated with

PS-co-PAA@RITC (rhodamine B isothiocyanate)-BSA NPs showed no evidence for

high-affinity surface recognition (Figure S17). The results were consistent with FACS an-

alyses of the polysaccharidosome populations recorded before and after the binding of
8 Cell Reports Physical Science 2, 100291, January 20, 2021



Figure 4. Programmed Attachment of SLVPs onto Lectin-Receptive Polysaccharidosomes

(A) Confocal micrograph of a population of HA-P polysaccharidosomes after incubation with PS-co-PAA@Alexa Fluor 647-WGA@Pam NPs. Red

fluorescence is associated specifically with the polysaccharidosome membrane due to surface docking of the SVLPs; scale bar, 125 mm.

(B and C) As for (A), but for a single FITC-labeled HA-P polysaccharidosome showing green fluorescence in the membrane and interior, and red

fluorescence associated with surface-attached PS-co-PAA@Alexa Fluor 647-WGA@Pam NPs (C).

(D and E) Line profiles (D) showing red/green fluorescence distributions across (dashed line) a single SVLP-decorated polysaccharidosome shown in (E)

(merged image of B and C). Scale bar, 7.5 mm.

(F and G) FACS-derived 2D dot plots of side-scattered (SSC) light versus forward-scattered (FSC) light of as-prepared FITC-HA-P polysaccharidosomes

(F) or FITC-labeled HA-P polysaccharidosomes after docking of PS-co-PAA@AlexaFluor 647-WGA@Pam SVLPs (G). The 2 scattering distributions are

almost identical.

(H and I) Corresponding histograms of the red fluorescent signal (APC-A) for samples shown in (F) and (G); low and moderate levels of red fluorescence

are recorded before (H) and after (I) attachment of the SVLPs.
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PS-co-PAA@Alexa Fluor 647-WGA@Pam SVLPs, which showed identical two-dimen-

sional (2D) dot plots of side-scattered (SSC) versus forward-scattered (FSC) light, with a

marginal increase in the SSC for the treated sampledue toembellishment of the polysac-

charidosomemembrane with SVLPs (Figures 4F and 4G). This was attributed to the rela-

tively smooth texture of the SVLP-decorated outer surface of the HA-P membrane. The

mean red fluorescence intensity was approximately two orders of magnitude higher

than before the attachment of the SVLPs (Figures 4H and 4I). However, upon increasing

the SVLPs’ loadingon the surfaceof thepolysaccharidosomes, themeanfluorescence in-

tensity increased slightly from 2.9 3 105 to 3.7 3 105 and finally to 4.1 3 105 for
Cell Reports Physical Science 2, 100291, January 20, 2021 9
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polysaccharidosomes incubated with 0.5, 1.0, and 2.0 mg mL�1 of SVLPs, respectively

(Figure S18). Overall, the results indicated that specific carbohydrate-lectin interactions

could be programmed at a rudimentary level into the polysacchidosomes. As a conse-

quence, we were able to routinely prepare superstructurally organized synthetic proto-

cells displaying high numbers of surface-attached immunogenic virus-like NPs. The PS-

co-PAA@WGA@PamNPs remaineddockedon the surfaceHA-Ppolysacharidosomesaf-

ter incubation with cell culture medium for 24 h at 37�C, implying the hybrid structure

(immunogenic protocells) were stable in cell medium (Figure S19).

To assess the immunogenicity of the PS-co-PAA@WGA@Pam-decorated HA-P polysa-

charidosomes, we incubated the SVLPs with cultures of MH-S macrophages for 6 h and

evaluated the fold gene expression of eight pro-inflammatory cytokines by qPCR. All

eight cytokines were upregulated, with the level of overexpression increasing for

increasing numbers of surface-attached SVLPs at approximately constant protocell/

macrophage number ratios (Figures 5A and S20). Even relatively low levels of SVLP

attachment (0.5mg) showeddramatic increases inmacrophage activation. For example,

fold gene expression values for IL-12b increased to ca. 400 compared with 15–20 for the

unbound SVLPs or as-prepared polysaccharidosomes alone. Increasing the bioactiveNP

loading to2mg increased the IL-12b foldgeneexpression to>1,000. Typically, cytokines

such as crg-2, iNOS, MIP-1a/b, and IL-12b were expressed at levels that were consider-

ably higher than the sum of the individual fold gene expression values determined for

the free copolymerNPs and non-decoratedmicrocapsules, suggesting that hyperactiva-

tion of the macrophages occurred via a synergistic mechanism. In this regard, confocal

fluorescence images of the incubated populations indicated that the PS-co-PAA@W-

GA@Pam NPs were extensively endocytosed over 6 h, indicating that high numbers of

the SVLP payload were transferred from the polysaccharidosome surface and ingested

by the macrophages (Figure S21).

We attributed the hyperactivation of the macrophage population to a combination

of signal transduction processes associated with attachment of the SVLPs onto the

external surface of the HA-P polysaccharidosome membrane (Figure 5B). Specif-

ically, we speculate that co-presentation of the receptor agonist and low-molecu-

lar-weight HA chains elicit a multiple ligand/receptor response (TLR-1/2 and

CD44, respectively) and that the exposed WGA molecules facilitate SVLP endocy-

tosis via lectin-mediated binding to sialylated glycoproteins on the surface of the

macrophage membrane. Moreover, by programming the attachment of the SVLPs

to the polysaccharidosome membrane via lectin/glycan recognition, large numbers

of immobilized SVLPs can be assembled and presented, thereby increasing the

levels of contact-dependent interactivity between the protocells and living cells.

Our studies highlight a strategic approach to the membrane engineering of biomi-

metic microcompartments with the aim of increasing the specificity and potency of

protocell-mammalian cell interactions for targeting signal transduction cascades

and genetic outputs. To achieve this, we fabricated a new type of artificial cell

model based on the spontaneous self-assembly of HA-polymer nanoconjugates,

prepared SVLPs by surface functionalization of core-shell polymer NPs with a lip-

opeptide TLR agonist and cell membrane-binding lectin, and integrated the two

bioactive systems to produce immunogenic protocells capable of inducing

enhanced levels of MH-S macrophage activation in vitro. Although the HA-P poly-

saccharidosomes and SVLPs alone elicit moderate levels of macrophage activation

in vitro, immobilization and co-presentation of the TLR agonist lectin and HA on

the membrane of the decorated protocell result in hyperactivation via a synergistic

multi-receptor process.
10 Cell Reports Physical Science 2, 100291, January 20, 2021



Figure 5. Synergistic Activation of Macrophages by Immunogenic Protocells

(A) Plots showing fold gene expression of pro-inflammatory cytokines by MH-S macrophages upon

incubation for 6 h with unbound SVLPs (PS-co-PAA@WGA@Pam NPs [NPs@WGA@Pam] [1], 200 mg/

mL), with as-prepared HA-P polysaccharidosomes (MCs, 2 mL [2]), or with HA-P

polysaccharidosomes (2 mL) pre-treated with surface-attached PS-co-PAA@WGA@Pam [3] at

SVLPs loadings of 0.5 (MCs-100), 1.0 (MCs-200), and 2 mg (MCs-400). All of the measurements were

carried out in triplicate; error bars represent SDs about the mean.

(B) Summary scheme depicting ligand/receptor interactions responsible for synergistic

macrophage activation in the presence of SVLP-presenting polysaccharidosomes (3).

Corresponding pathways for unattached SVLPs (1) and non-functionalized polysaccharidosomes (2)

are also shown (see also Figure S20). Bars correspond to mean values, and error bars indicate G

SDs. Significance was determined by 1-sided analysis of variance: p < 0.05.
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In the longer term, our approach may offer an alternative strategy for the fabrication

of potent immunostimulants based on programmable cell-like vaccine-deliverable

platforms and ex vivo immunomodulation therapies.56 Compared with synthetic ad-

juvants in the form of solid particles57–59 or porous beads,60,61 the SVLP-decorated
Cell Reports Physical Science 2, 100291, January 20, 2021 11
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polysaccharidosomes with flexible membranes offer increased levels of multi-func-

tionality through rational design and decoration of their membrane surface with

auxiliary components and will provide better cellular mimicry in applications such

as artificial antigen-presenting cell-based immunomodulation. Moreover, in

contrast to the limited permeability of cell-like carriers such as liposomes and poly-

electrolyte multi-layer capsules, the semi-permeability of the polysaccharidosome

membrane should enable cellular communication and signaling to be implemented

without the requirement for membrane porins or membrane degradation. For

example, proteinosomes exhibit a range of protocell behaviors such as the endog-

enous processing of gene expression,5 cytoskeletal-like assembly,6 and DNA strand

displacement reactions,15 as well as membrane-gated/mediated catalysis,5,62 pro-

tease-induced disassembly,6 and multi-compartmentalization.63 Given the similarity

between the fabrication procedures used for polysaccharidosome and proteino-

some assembly, our future work will address how these protocell functions can be

integrated alongside the immunogenicity of the SVLP-presenting polysaccharido-

somes to advance the development of biologically cognate interactions at the inter-

face between living and non-living cells.
EXPERIMENTAL PROCEDURES

Resource Availability

Lead Contact

Further information and requests for resources and reagents should be directed to

and will be fulfilled by the Lead Contact, Hongjing Dou (hjdou@sjtu.edu.cn).

Materials Availability

This study did not generate new unique reagents.

Data and Code Availability

This study did not generate or analyze datasets or code. However, the accession

numbers for the RNA sequences used to design custom primers for qPCR reported

in this paper are as follows: glyceraldehyde 3-phosphate dehydrogenase (GAPDH),

GeneBank: NM_001289726.1; MIP-1a, GeneBank: NM_011337.2; MIP-1b, Gene-

Bank: NM_013652.2; crg-2, GeneBank: NM_021274.2; regulated on activation

normal T cell expressed and secreted (RANTES), GeneBank: NM_013653.3; TNF,

GeneBank: NM_013693.3; IL-12b, GeneBank: NM_001303244.1; IFN-g, GeneBank:

NM_008337.4; and iNOS, GeneBank: NM_001313922.1.
Materials

N-Isopropylacrylamide (NIPAAm, TCI, 98%) was recrystallized twice in hexane

before use. 2,20-Azobis-(isobutyronitrile) (AIBN, Macklin, 98%) was recrystallized

from methanol. Acrylic acid (AA, Aladdin, 99.7%) and styrene (S, 99% Macklin)

were distilled under reduced pressure before use. Ethylenediamine (Macklin, 99%)

and EDAC (99%) were procured from Shanghai J & K Chemical Technology. 2-

Ethyl-1-hexanol (C8H18O, Macklin, 99%), 4,40-azobis(4-cyanovaleric acid) (ACVA,

Macklin, 98%), 2-mercaptothiazoline (Aladdin, 98%), N0-dicyclohexylcarbodiimide

(DCC, Macklin, 99%), 4-(dimethylamino)pyridine (DMAP, Sigma 99%), polyethylene

glycol-bis (N-succinimidyl succinate) (NHS-PEG-NHS, mol wt 2,000, Sigma, 98%),

2,4,6-trinitrobenzene sulfonic acid (TNBSA) solution (5% w/v in H2O, Ark), wheat

germ agglutinin, Alexa Fluor 647 conjugate (WGA, 35 kDa, ThermoFisher Scientific),

Pam3CSK4 (N-palmitoyl-S-[2,3-bis(palmitoyloxy)-(2RS)-propyl]-[R]-cysteinyl-[S]-

seryl-[S]-lysyl-[S]-lysyl-[S]-lysyl-[S]-lysine, InvivoGen), fluorescein isothiocyanate

(FITC, Macklin, 98%), glycine (Aladdin, R99%), and bovine serum albumin (BSA,
12 Cell Reports Physical Science 2, 100291, January 20, 2021
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mol wt 66 kDa, Macklin, 98%) were used directly as purchased without further

purification.
Characterization
1H NMR and 13C NMR spectra were recorded using an Avance III 400 MHz spectrom-

eter (Bruker) in D2O or CDCl2. Optical and fluorescence microscopy were performed

on an Axio Scope.A1 upright fluorescence microscope at 203, 503, and 1003mag-

nifications. Images were analyzed using AxioVision and ImageJ software. Confocal

microscopy images were captured on a Leica TCS SP8 STED 3X Super-Resolution

Multiphoton Confocal Microscope with ‘‘adaptive focus control’’ to correct focus drift

during time-lapse capture. The microscope was equipped with the following lasers:

65 mWAr (458 and 488 nm lines), 20 mW solid-state yellow (561 nm), 10 mWRed He/

Ne (633 nm), and a 50-mW UV 405 nm diode. All of the measurements were per-

formed in an environmental chamber maintained at 25�C. Images were analyzed us-

ing Las X confocal microscopy software version 3.1.1. Zeta potential and hydrody-

namic diameter studies of polysaccharide derivatives, conjugates, and NPs were

carried out using a ZETASIZER Nano series instrument (Malvern Instruments) at

25�C; for soluble analyses, measurements were done at concentrations of 1 mg

mL�1. Scanning electron microscopy (SEM) images were recorded using a high-

throughput scanning electron microscope (Navigator-100). Samples were prepared

by the deposition of �5 mL of material onto a silicon wafer and dried at ambient tem-

perature overnight. Gel permeation chromatography (GPC) characterization of mer-

captothiazoline-PNIPAAm was carried out using an EcoSEC GPC (Tosoh Bioscience)

equipped with a UV-vis detector working at 240 nm, a differential refractometer, and

a column oven (35�C). The flow rate was 1.0 mL min�1 using dimethylformamide

(DMF) as an eluent. The column was calibrated with polystyrene standards. Flow cy-

tometry/FACS was undertaken on dispersions (�0.5–1 mL) of non-functionalized or

NP-docked polysaccharidosomes or living cells. Samples were analyzed on a Beck-

man Cytoflex flow cytometer equipped with 488-, 638-, and 405-nm lasers and oper-

ated at low pressure with a 100-mm sorting nozzle. 2D dot plots of the FSC and SSC

light were determined for at least 10,000 events, and histograms of the number of

counts against corresponding fluorescence intensity (e.g., FITC-A or allophycocya-

nin-A [APC-A]) were determined. Data analysis was performed using FlowJo 10.3

software. UV-vis spectroscopy was carried out on a Multiskan Sky Microplate reader

(ThermoFisher) in 96-well plates or mDrop Plate, or alternatively on a UV-2550 UV-vis

spectrophotometry (Shimadzu) in quartz cuvettes (path length, 1 cm). Real-time

qPCR was performed on a StepOnePlus Real-Time PCR system under standard

cycling conditions (2 h cycling) using PowerUP SYBR Green Master mix and gene-

specific primers. The sequences of the primers are shown in Table S1. The primers

were designed to span an exon-exon junction, with no 30 complementarity and a

GC content between 40% and 60%. cDNA and primer concentrations of 10 ng and

500 nM for each primer were used, respectively, in a total reaction volume of

10 mL per well. The contents of the PCR plates were collected at the bottom of the

plate by brief centrifugation before cycling. Melting curve analysis was carried out af-

ter each run to confirm product specificity. Relative fold gene expression was esti-

mated by the DDCt method. The expression of each gene was normalized to the un-

treated control sample, while GAPDH sufficed as the endogenous or housekeeping

gene.
SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.xcrp.

2020.100291.
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