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ABSTRACT: It remains unclear how the precise length of one-
dimensional nanovehicles influences the characters of vaccination.
Here, a unimolecular nanovehicle with tailored size and aspect ratio
(AR) is applied to deliver CpG oligodeoxynucleotide, a Toll-like receptor
(TLR) 9 agonist, as an adjuvant of recombinant hepatitis B virus surface
antigen (rHBsAg), for treating chronic hepatitis B (CHB). Cationic
nanovehicles with fixed width (ca. 45 nm) but varied length (46 nm—180
nm), AR from 1 to 4, are prepared through controlled polymerization and
are loaded with CpG by electrostatic interaction. We reveal that the
nanoadjuvant with AR = 2 shows the highest retention in proximal lymph
nodes. Importantly, it is more easily internalized into antigen-presenting

Right aspect ratio
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longer
retention

cells and accumulates in the late endosome, where TLRY is located. Such a nanoadjuvant exhibits the strongest immune response
with rHBsAg to clear the hepatitis B virus in the CHB mouse model, showing that the AR of nanovehicles governs the efficiency of

vaccination.
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B INTRODUCTION

Vaccination is a powerful way to combat diseases by engaging
with the powerful machinery of the immune system. For a
potent vaccine to activate naive lymphocytes, it needs antigens
and adjuvants that can activate the innate immunity."” Lymph
nodes (LNs) are central organs of the immune response and
enriched with abundant immune cells such as dendritic cells
(DCs), macrophages, T-cells, and B-cells.>* Just because of
this, LN-targeted delivery of vaccine is becoming an important
strategy to enhance immunogenicity. Moreover, immune-
stimulatory molecules have been increasingly applied as
adjuvants to enhance the efficacy of vaccines. However, due
to low molar mass, molecular adjuvants suffer from
degradation and nonspecific biodistribution, leading to low
bioavailability and systemic inflammatory toxicity.” For
example, CpG oligodeoxynucleotide (CpG) and tumor
necrosis factor-a (TNF-a) would be rapidly degraded by
enzymes or expelled from the body to reduce their immune-
activating potency.é’7 By encapsulation into a carrier to form a
particulate adjuvant, degradation of molecular adjuvants is
inhibited, and meanwhile, nanosized adjuvants can be designed
to enhance LN targeting and internalization by immune cells,
resulting in substantially enhanced immune stimulation.*”
Physical properties of delivery vehicles, such as size, surface
charge, and shape, greatly influence plasma circulation and
tumor accumulation as well as cellular uptake.'” The size of
nanoparticles affects the efficiency of their transportation to
LNs and localization in LNs substructures, thus finally leading
to immune activation pathways.”'"'* Furthermore, the shape
of nanoparticles could be critical for activating immunity."*"*
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However, few investigations on one-dimensional (1D) nano-
particles, like carbon nanotubes,'” aluminum oxyhydroxide
nanorods,'® and stretch-formed rods,"”'® in vaccine applica-
tion can be found. These 1D particles are rigid and difficult to
precisely tune in length. Furthermore, relative to spherical
nanoparticles, semiflexible wormlike nanoparticles could
exhibit unique characteristics in crossing lymphatic endothelial
cells and penetrating the extracellular matrix (ECM) inside
LNs to reach immune cells in transportation. However, to our
knowledge, precision semiflexible nanovehicles with fixed
width but varied length, i, with tunable aspect ratio (AR),
in a size range needed for LNs targeting (20—50 nm) for a
potent vaccination has never been reported. Molecular
bottlebrushes (MBBs) with polymer side chains densely
grafted along a linear polymeric backbone are unimolecular
polymeric nanoparticles, and their AR can be simply tailored
by controlling the degree of polymerization (DP) of the
backbone and side chains.'”™>' Moreover, because of their
polymeric nature, MBBs adopt a semiflexible wormlike shape”*
and may outperform rigid rods in tissue penetration. Because
their morphology is stable against disassociation, MBBs are
ideal vehicles for mechanism studies on shape effects on the
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performance of nanovaccines associated with lymph trafficking
and immune activation.

Herein, we explore the AR-dependent immune stimulation
of semiflexible 1D nanoadjuvants on protective immunization
against chronic hepatitis B (CHB), a persistent liver infection
caused by hepatitis B virus (HBV), which remains a major
global health burden. Tailor-made MBBs of different ARs
loaded with CpG were applied as nanoadjuvants, allowing us
not only to understand AR-dependent LN and immune cell
targeting but also to evaluate the AR-dependent efficiency of
immunization combining nanoadjuvant with recombinant
hepatitis B virus surface antigen (rHBsAg) to combat CHB

(Figure 1).
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Figure 1. MBBs with defined AR are used to deliver CpG for
clarifying AR-dependent LN targeting and immunostimulatory effects
in CHB. (a) Cationic MBBs with tuned AR and loaded with anionic
CpG by electrostatic interactions. (b) Nanoadjuvants with specific AR
combined with rHBsAg show better LN targeting, internalization by
resident immune cells, and colocalization with TLR9 following
footpad injection, leading to the best performance for clearance of
HBV.

Lymph node

B RESULTS AND DISCUSSION

Preparation and Characterization of Nanoadjuvants.
To carry the anionic adjuvant CpG, cationic MBBs (Figure 1a)
were designed and prepared by controlled polymerization as
described in Figure S1. The AR of MBBs is governed by the
ratio of backbone to side chain length, and thus, we prepared
the backbones with DP of 55, 186, and 590. The backbones, of
which every repeating unit contained initiating groups, were
then applied as macroinitiators to graft-polymerize the cationic
monomer, 2-(dimethylamino)ethyl methacrylate (DMAEMA),
to form side chains from the backbone. To stabilize the vehicle
and also to decrease protein adsorption, oligo(ethylene
glycol)methyl ether methacrylate (OEGMA) (M, = 300 g/
mol) was added as comonomer within the polymerization. As
confirmed by 'H NMR spectra (Figure S2), MBBs had ca. 65
wt % DMAEMA and ca. 35 wt % OEGMA (Table S1 for
composition characterization). Importantly, the synthesis
yielded three MBBs with varied AR from 1 to 4, denoted as
ARI1, AR2, and AR4. As confirmed by atomic force microscopy
(AFM) (Figure 2a), the lengths of three samples (Figure 2d)
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Figure 2. Characterization of MBB morphology with different AR.
AFM images of (a) three parent MBBs and (b) their complexation
with CpG. (c) Cross-section curves of AFM images (taking AR1 and
ARl as examples and corresponding to red lines in (a) and (b),
respectively). (d) Statistic length, width and height of MBBs from

AFM images. Data are expressed as mean + SEM (n = 50).

were 46.7 + 0.9 nm, 82.9 + 2.7 nm, and 179.5 + 5.4 nm, while
their widths, 40.0 + 0.7 nm, 47.8 + 0.6 nm, and 49.8 + 0.6 nm,
respectively, were similar. Thus, prepared MBBs were readily
soluble in water, while they retained sufficient positive charge
for CpG loading.

Then, the MBB was incubated with CpG at various mass
ratios, mypp/Mcpc, at a physiological pH. As seen in Figure S3,
at mass ratio of 6, the disappearance of the free CpG band
indicated a complete complexation between MBB and CpG.
The content of loaded CpG could be evaluated to reach 14.3
wt %. Therefore, in the following assay, the mass ratio was
fixed at 6 for all MBBs. Release of CpG in buffer was
investigated at pH 7.4 and 5.0, showing stable CpG loading
(Figure S4).

After CpG encapsulation, the morphology of nanoadjuvants,
denoted as ARlc,g, AR2¢,g, and AR4c,g was retained as
shown by AFM in Figure 2b, and dynamic light scattering
(DLS) results showed only minor changes in hydrodynamic
diameters (Table S2). Relative to the MBBs before loading, the
heights of nanoadjuvants increased obviously while the width
became thinner, as shown by the cross-section curves of AFM
images (Figure 2c). With AR2¢, as an example, the height
increased from 2.4 to 3.7 nm, while the width decreased from
47.8 to 38.1 nm (Figure 2d). Such morphological deformation
was attributed to the loading of CpG and polyplex formation
reducing repulsion of cationic charges. It is noteworthy that the
shapes of AR2,; and AR4(,; were irregular wormlike,
implying a semiflexible character.

To evaluate the stability of nanoadjuvants, DLS measure-
ment was performed and a PBS buffer containing 50% of fetal
bovine serum (FBS) was used to simulate a body fluid
environment. The correlation function g(t) ;, of AR2¢,g could
be fitted as intensity corrected combination of the individual
correlation functions of AR2¢, in PBS, g(t) arsy and 50% of
FBS, g(t)pps, indicating the absence of aggregation and also
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Figure 3. AR-dependent cellular uptake of nanoadjuvants. Cellular uptake of CyS-labeled CpG was measured with flow cytometry, represented by
(a) flow cytometry histograms and (b) corresponding mean fluorescence intensity (MFI) of CpG, after RAW264.7 cells were left untreated or
treated with free CpG, AR1¢,g AR2(,g, or AR4¢,g for 1 hat 37 °C. (c) RAW264.7 cells were observed by confocal microscopy, after incubation
with free CpG, AR1¢,g AR2¢,q, or AR4(, for 1 h (CpG was labeled with CyS). Cell nucleus was stained with Hoechst 33342 (blue) and the
endosome was stained with lysotracker (red). Scale bar, 5 ym. (d) Quantitative colocalization ratio of CyS-labeled CpG and endosomes was
calculated by Image] software. (¢) TNF-a expression were measured by ELISA after 12 h incubation of RAW264.7 with free CpG, ARlc,q,
AR2¢i) or AR4¢,. Data are expressed as mean + SEM (n = 3 for b; n = S0 for d; n = 4 for e); *P < 0.05, **P < 0.01, ***P < 0.001 (significance
levels among AR1,q, AR2,q, and AR4c,q); #P < 0.05, ##P < 0.01, ###P < 0.001 (significance levels between free CpG and ARl¢,c, AR2¢,q, or

AR4c,q).

protein corona formation in biological environments™ (Figure
SS). It is important that the nanoadjuvants retained their size
and morphology even in a biological media, which is critical for
studying morphology effects on LN targeting without concerns
of aggregation and protein corona.

Attributed to the introduction of OEGMA, zeta potentials of
neat MBBs ranged from +10 to +11 mV (Table S2), much
lower than the polyDMAEMA nanoparticles.”* After loading
with CpG, the nanoadjuvants underwent a further 1-2 mV
decrease, but still maintained a slightly positive charge, which
could facilitate uptake in antigen presenting cells (APCs).
Cytotoxicity of MBB before and after CpG loading was
evaluated with AR2 as an example. MTT assay after 48 h
incubation showed that the IC, of AR2 was larger than 100
ug/mL. The low cytotoxicity was likely attributable to the
introduction of OEGMA in the hydrophilic shell of MBBs.
When CpG was loaded, the sample became even less toxic, as
cationic charges were compensated by CpG during complex-
ation (Figure S6).

AR-Dependent Cellular Uptake and Activation of
Nanoadjuvants. The shape of nanoparticles significantly
influences nanoparticle—cell interactions that determine
cellular uptake kinetic and mechanism."® First, three MBBs
loaded with CpG were incubated with RAW264.7 cells (a
mouse macrophage cell line), and free CpG was used as
control. CpG was labeled with Cy$S (denoted as CpG-CyS) for
fluorescence quantitation. After 1 h incubation, the uptake
ratio was determined by flow cytometry. As shown in Figure
3ab, AR2¢,c and AR4(,; exhibited a higher cell uptake
compared with AR1, and free CpG. This result agrees with a
former report that MBBs with an appropriate length, had a
better cell internalization ability.”" CpG is an agonist of TLRY,
which is localized in the endosomal membrane, and thus,
nanoadjuvants must be internalized in endosomes for efficient
activation of APCs. Further studies were performed to evaluate
the colocalization ratio of the nanoadjuvants and endosomes
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within RAW264.7 cells. Confocal images showed significantly
higher colocalization with endosomes for all three MBBs
carrying CpG compared with free CpG. It is noteworthy that,
relative to ARI¢,g and AR4c,g, AR2(,g showed the highest
level of colocalization (Figure 3c,d and Figure S7).

Accordingly, all three nanoadjuvants showed significantly
higher stimulatory activity for RAW264.7 cells than free CpG.
As seen in Figure 3e, nanoadjuvants induced much higher
levels of TNF-a, a TLR9 activation indicator, compared with
free CpG. Meanwhile, the MBBs also stimulated RAW264.7
cells to produce a low level of TNF-a (Figure S8), which is
attributed to their low positive potential.”>*® Interestingly,
AR2¢,; showed the best performance among the three
nanoadjuvants. To evaluate whether these nanoadjuvants
could increase the expression of costimulatory molecules on
dendritic cells (DCs), bone marrow-derived DCs (BMDCs)
were extracted from mice and stimulated with free CpG,
ARl ¢y AR2¢g) or AR4cg. As shown in Figure S9, AR2¢,q
significantly increased expression of CD80 and CD86
costimulator and therefore promoted maturation of BMDCs.
It was concluded from the above results that nanoadjuvants,
especially AR2(,, remarkably enhanced the internalization of
CpG by APCs, facilitated accumulation in endosomes, and
thus promoted maturation of APCs, leading to pronounced
cytokine production.

AR-Dependent LN Transportation and Localization in
APCs of Nanoadjuvants. To amplify immune responses, it is
necessary to deliver adjuvant and antigen to LNs.””’ To
investigate transportation properties of nanoadjuvants to LN,
three samples loaded with CpG-CyS were injected in the
footpad of mice, and free CpG-CyS was used as control. As
seen in Figure S10, fluorescence signals at the injection site
decreased over time. In contrast to free CpG, the MBBs loaded
with CpG exhibited much longer retention time at the
injection site. Mice were sacrificed at various time points
after injection to isolate LNs for ex vivo imaging (Figure 4a).
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Figure 4. AR-dependent LN targeting transportation and in vivo
uptake by LN-resident immune cells of nanoadjuvants. BALB/c mice
were injected in the footpad with free CpG, ARlc,g AR2¢,g, or
AR4 ¢y (CpG was labeled with CyS). (a) Proximal (popliteal) and
distal (inguinal) LNs were harvested and observed with IVIS imaging
0.5, 3, 6, 12, 24, and 36 h after injection. (b) Percentages of CpG*
CD11c" cells in LNs are presented. Single cells in LNs were collected
and analyzed for uptake of nanoadjuvants by flow cytometry. (c)
Confocal images of CD1lc* cells extracted from popliteal LNs.
Popliteal LNs were harvested and CD11c" cells were isolated at 24 h
after injection. The cell nucleus was stained with Hoechst 33342
(blue), TLRY was stained using anti-TLR9-FITC (green), and
LAMP-1 was stained using anti-LAMP1-Cy3 (red). In merged
images, N, T, L, and C indicate nucleus, TLR9, LAMP-1, and CpG,
respectively. Scale bar, 5 ym. (d) Quantitative colocalization ratio of
CpG, TLRY, and LAMP-1 was calculated by Image] software. Data
are expressed as mean + SEM (n = 4 for b; n = 15 for ¢,d); *P < 0.05,
*#p < 0.01, ***P < 0.001 (significance levels among ARlcyg)
AR2(,q and AR4CP(,), #P < 0.0S, ###P < 0.001 (significance levels
between free CpG and ARlc,q, AR2¢,g, or AR4c,q).

For proximal LNs, the fluorescence signal of free CpG peaked
at 12 h, and then decayed. For ARl(,, the strongest signal
also appeared at 12 h, but it is much stronger than that of free
CpG, underlining the important role of nanovehicles. Notice-
ably, the maximum intensity for AR2¢,g and AR4c,g was
attained at 24 h and remained considerably high even at 36 h.
Moreover, the CpG loaded in MBBs reached distal LNs at 24 h

7239

and showed retention (Figure 4a). From quantitative
fluorescence intensity, among three nanoadjuvants, AR2¢,q
showed highest accumulation at draining LNs (Figure S11).
To further prove nanoadjuvants draining to LNs, immuno-
fluorescence staining for the tissue sections of LNs was
implemented. It was found that ARlc,g and AR2(,; were
presented in the subcapsular sinus of LNs 3 h post-injection.
The fluorescence intensity of AR2¢, further increased 24 h
post-injection, and AR4¢,; also appeared in the subcapsular
sinus (Flgure S12).

Additionally, the fluorescence signals of MBB-loaded CpG
were barely detected in heart, liver, spleen, lung, kidney, and
serum, much lower than those of draining LNs, which
indicated that the nanoadjuvants had excellent LN targeting
properties (Figure S13a,b,c). More interestingly, though the
signals in organs were very weak, free CpG was discernible in
the kidney as early as 0.5 h, while the MBB-loaded CpG
reached this site only from 6 h onward. At 24 h, no free CpG
signal was observed in kidney, while MBB-loaded CpG
remained apparent until 36 h (Figure S13ab), indicating
sustaining release of CpG in the lymphatic system. These
results were consistent with the retention results at injection
sites (Figure S10). Together with the results in LN, the data
indicated that MBBs showed unique kinetics distribution in
vivo and delayed expulsion from the kidney. Among the three
nanoadjuvants, the kinetics of LN targeting, major organ
distribution, and injection site retention were dependent on
AR, which was remarkable.

In the above experiments, the nanoadjuvants showed
distinguishable LN targeting in mice. However, amplified
immunity is dependent on whether the CpG carried by MBBs
can be delivered to its receptor, TLR9. Next, we investigated
the uptake of nanoadjuvants by lymph node-resident immune
cells in vivo. At the indicated time after injection, cells from
draining LNs were extracted, labeled, and analyzed by flow
cytometry. As shown in Figure 4b and Figure S14, the uptake
of CpG in AR1,g and AR2CPG groups by CD11c" cells (APCs
subsets) in LNs started to increase at 6 h after injection,
compared with free CpG and AR4(,¢. At 12 h, internalization
of AR2¢,c by CDIllc" in LNs increased much more
significantly. The steady increase of AR2¢,; remained
observable at 24 h. More than 50% of CD11c" cells in the
proximal LNs endocytosed AR2¢, at these two time points.
For AR4c,q, the increased uptake by CDI1c" cells in LNs
started slowly but also reached a maximum at 24 h, and was
only slightly lower than that for AR2¢,. Both AR2¢,; and
AR4, signals substantially decreased at 36 h.

Upon uptake into APCs and transport to the endosome,
TLRY is only effectively activated when CpG reaches an
endosomal compartment and thus can induce a potent
immune response.28 Thus, we further investigated whether
the CpG carried by MBBs colocalized with TLRY in the late
endosome in vivo. CD11c" cells from proximal LNs were
isolated at 24 h after injection. The confocal microscopy
images displayed strong colocalization of AR2¢,g, TLRY, and
lysosome-associated membrane protein 1 (LAMP1), a stand-
ard marker for late endosomal compartments. Co-localization
was obviously stronger than that of free CpG or any other
nanoadjuvant (Figure 4c, d). Therefore, a defined AR of 1D
nanoadjuvants may ensure optimum colocalization between
delivered adjuvants and TLR9 in APCs in vivo.

AR-Dependent Immunotherapy of Nanoadjuvants in
a Mouse Model of CHB. Encouraged by the above results,
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we next studied the therapeutic role of nanoadjuvants in HBV-
infected mice with respect to AR dependence. A universally
accepted murine model was adopted, using tail intravenous
injection of rAAV-1.3HBV (Figure Sa left), which partially
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Figure S. AR-dependent HBV elimination of nanoadjuvants in HBV
carrier mice. (a) Schematic illustration of establishing HBV-carrier
mouse and the schedule of immune analysis. (b) HBsAg, (d) HBsAD,
and (e) IFN-y levels in the blood were detected after different
formulation therapy. (c) HBsAg positive ratio of HBV carrier mice
was evaluated after different formulation therapy. HBV DNA levels in
(f) blood and (g) liver of HBV carrier mice were detected with g-PCR
on day 42 after different formulations therapy. Expression of (h) HBV
total RNA and (i) HBV 3.5 kb RNA in liver of HBV-carrier mice were
detected with q-PCR on day 42 after different formulation therapy. (j)
Schematic illustration of the in vivo CTL lysis assay for proving the
functional recovery of T cells in treated-HBV carrier mice. (k)
Quantitative comparison of HBsAg-specific CTL response in treated-
HBYV carrier mice with different formulations. Data are expressed as
mean + SEM (n =S forb, d, e, f, g h, i; n = 10 for ¢; n = 3 for j, k); *P
< 0.05, ¥*P < 0.01, ***P < 0.001.

mimics the immunological characteristics of CHB.” HBV-
carrier mice were treated subcutaneously with different
nanoadjuvants in combination with rHBsAg (denoted as
ARlcy6/S, AR2¢,6/S, and AR4¢,g/S; S represents rHBsAg).
Free CpG and alum adjuvant with rHBsAg as control (denoted
as CpG/S and Alum/S), the time schedule was given in Figure
Sa (right).

The mice were bled fortnightly to monitor levels of serum
HBsAg, anti-HBsAg antibody (HBsAb), and IFN-y with
quantitative ELISA. For CpG/S and Alum/S, on day 42,
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serum HBsAg in carrier mice showed only a slight decline
compared with the nontreatment group, in line with previous
observations.”” In contrast, all three nanoadjuvant groups
demonstrated tremendous decreases in serum HBsAg levels in
vaccinated mice with increasing treatment time (Figure 5b).
Moreover, AR2¢,/S immunization almost completely cleared
HBsAg from the serum. The response ratio in HBV-carrier
mice remarkably increased in nanoadjuvant-treated groups.
Most importantly, 90% of infected mice achieved HBsAg
seroclearance, an important marker for clinical cure of chronic
HBV infection,”’ in the AR2(,/S group on day 42 (Figure
Sc). After treatment, the production of HBsAb was
significantly increased in all nanoadjuvant groups, but once
again AR2(,/S performed the best (Figure 5d). In contrast,
serum HBsAD remained at barely detectable levels in the CpG/
S and Alum/S groups. IFN-y, a cytokine reflecting cellular
immunity that plays a pivotal role in antiviral activities in HBV-
related diseases, displayed a similar response behavior. For all
nanoadjuvants, elevated IFN-y levels were detected on day 42,
while IFN-y levels remained low in the CpG/S and Alum/S
group. Among the nanoadjuvants, the AR2¢,/S group again
showed the best performance (Figure Se).

Next, the effect of nanoadjuvants for HBV therapy at the
gene level was evaluated with quantitative PCR. HBV is a
hepatotropic virus; after infection and replication in
hepatocytes, it enters the blood.””> HBV DNA levels in
blood were investigated in HBV-infected mice (Figure Sf). A
remarkable decline on day 42 in all nanoadjuvant-treated
groups was observed, which was 1—2 orders of magnitude
lower than HBV DNA levels in the CpG/S and Alum/S
groups. Notably, carrier mice in the AR2¢,s/S group showed
the lowest HBV DNA levels in blood, which were more than
100 times reduced compared with nontreated, CpG/S, and
Alum/S treated mice.

Whether HBV in hepatocytes is cleared or not determines
the therapeutic outcome of CHB. As shown in Figure 5g, HBV
DNA in livers of carrier mice treated with AR2¢,s/S also
showed lowest levels on day 42. Simultaneously, inhibition of
HBV DNA transcription in the liver after treatment was also
detected at RNA level on day 42. The expression of HBV total
RNA in the livers of infected mice treated with AR2¢,c/S was
obviously inhibited compared with the other groups (Figure
Sh). HBV 3.5 kb RNA is closely related to the formation of
HBV cccDNA,***° and the expression of this in the liver of
infected mice treated with AR2¢,/S was also substantially
reduced after treatment (Figure Si). The reduction of HBV
DNA and RNA in hepatocytes of the AR2¢,q/S group was
evidently the reason for the nearly complete clearance of serum
HBsAg.

An in vivo cytotoxic T lymphocyte (CTL) lysis assay was
implemented to prove the functional recovery of T-cells in
HBV-infected mice.’ Brleﬂy, splenocytes from normal mice
were divided into two groups. One group was incubated with
HBsAg-derived peptide (HBsAgp*) and the other was
incubated with OVA-derived peptide (OVAp*). They were
then respectively labeled with high and low concentrations of
carboxy fluorescein succinimidyl ester (CFSE) and mixed at an
equal quantitative ratio, followed by adoptive transfer into the
treated HBV-infected mice on day 42 (Figure Sj). Sixteen
hours later, the nanoadjuvants induced a dramatically
enhanced HBsAg-specific CTL response, in which the
AR2(,/S group cleared 85% of HBsAgp* splenocytes (Figure
Sk). This result indicated that the nanoadjuvants restored T-
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cell function and elicited a strong anti-HBsAg response in
HBV-infected mice.

The elimination of HBV-infected hepatocytes is a key
indicator for CHB cure.>® Thus, we stained liver sections from
infected mice with anti-HBsAg and anti-HBcAg antibodies on
day 42 (Figure S15). The number of HBsAg-positive and
HBcAg-positive hepatocytes dramatically decreased in HBV-
carrier mice treated with nanoadjuvants. In the AR2¢,/S
group, hardly any positive cells were detected. In contrast,
HBsAg-positive and HBcAg-positive hepatocytes remained
strongly detectable in sections from the CpG/S, Alum/S, and
untreated groups. Therefore, nanoadjuvants restored B-cell and
T-cell response against HBV, breaking immune tolerance, and
ultimately resulting in HBsAb seroconversion and HBsAg
clearance in HBV-infected mice.

B CONCLUSION

In the past decade, 1D particles have attracted much attention
in nanomedicine to interpret the influence of nanoparticle
shape on functions. Unfortunately, choices for a 1D materials
toolbox with rational designability for a clear understanding of
parameters and properties remain rare. Here, we chose MBB, a
unimolecular nanoparticle, for LN targeted delivery of
molecular adjuvants because its AR and structure can be
rationally designed and precisely prepared at a scale of <100
nm, which is required for targeting LN-resident DCs.
Moreover, MBBs have a persistent length on tens of
nanometers in general,22 showing a semiflexible conformation.
This characteristic may allow the morphology of 1D
nanoparticles to be adapted to overcome biological barriers
in extravasation and penetration of the ECM in LNs.

Among the three nanoadjuvants, AR2¢, exhibited the best
cellular uptake by RAW264.7 macrophages in vitro. However,
it could be difficult to elucidate performance in vivo using
known model pathways because many factors are involved.
Thus, we isolated LN-resident DCs from injected mice and
confirmed a higher level of AR2¢,; in the APCs of proximal
LNs among three samples. Moreover, AR2, showed stronger
colocalization with late endosomes than the other two
nanoadjuvants. This finding is particularly important because
late endosomes are the compartments where TLR9 is located
in primary APCs for CpG-induced activation. This unique
behavior leads to higher levels of TNF-a, costimulatory
molecules CD80 and CD86, and thus promotes more efficient
maturation of DCs. It is interesting that the longer AR4, did
not outperform the shorter AR2¢,q. This is understandable
because, though its diameter is the same as that of the shorter
MBB, the longer nanoadjuvant has a larger hydrodynamic
radius, which may not benefit transportation, extravasation,
and diffusion in LNs. However, AR2¢,¢ with an optimum AR
may demonstrate preferential traffic kinetics and better cellular
endocytosis in vivo.

CHB is a serious liver infection caused by HBV. Although
great research has been invested in developing HBV
therapeutic vaccines to eradicate HBV,”””® these vaccines
failed because of using conventional adjuvants.”’ Since
nanoparticles may interact more effectively with APCs,* our
immunization with defined nanoadjuvants demonstrate a
significant decrease of HBV infection-related markers while
increasing production of HBsAb and IFN-y, as markers of the
desired immune response. Among three adjuvants, AR2¢,q
with rHBsAg achieved the most efficient clearance of HBYV,
attributed to its better performance in targeting LN-resident

DCs and cellular colocalization to enhance antigen immuno-
genicity.

Our data indicate that 1D nanoadjuvants with the correct
AR can be efficiently targeted to LNs, reach DCs and
colocalize with late endosomes, leading to potent immune
responses against the HBV to successfully cure CHB. This
research will stimulate development of potent vaccines to
combat persistent diseases by using powerful new adjuvants.
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