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Abstract

Clinical management of chronic hepatitis B (CHB) virus infection remains a big
challenge and urges the development of novel therapeutics to achieve long-term
virological control and seroconversion. In this study, we report on the development
and evaluation of a highly efficacious therapeutic mMRNA vaccine encoding the
full-length hepatitis B virus (HBV) surface antigen (HBsAQ). In pAAV-HBV 1.2 and
rAAV8-HBV1.3-transduced CHB mouse models, the HBV mRNA vaccine
demonstrated potent therapeutic efficacy indicated by a complete serum viral
clearance, a remarkable decline in intrahepatic HBcAg, viral DNA and RNA copies,
as well as the induction of robust levels of anti-HBs antibodies, virus-specific T cells
and memory B cells. In addition, the HBV mRNA vaccine induced strong innate
immune activation, represented by the maturation of CD8a" and CD103" cDC1,
CD11b" cDC2, monocytes and neutrophils. Taken together, the HBV mRNA vaccine
is a promising therapeutic candidate holding prospect for further development and

clinical investigation.

Results and Discussion

CHB infection is one major cause of liver fibrosis, cirrhosis, and hepatocellular
carcinoma and poses a maor public health threat. Current CHB treatments such as
nucleoside/nuclectide- and interferon (IFN)-based therapy, were unable to achieve
sufficient viral clearance. In addition, multiple approaches to HBV therapeutic
vaccines have been developed intensively, including recombinant protein-based
subunit, adenoviral vectored, and DNA-based vaccines, but yet achieved efficient
seroclearance of HBsAg and seroconversion of anti-HBs antibody (Ab) “%. mRNA
vaccines that contain antigen-encoding mRNAs encapsulated into for example lipid
nanoparticle (LNP) have shown superior immunogenicity in eliciting both Ab and
cellular-mediated immune responses over other types of vaccines. Several
MRNA-based prophylactic or therapeutic vaccines for infections, malignancies or

other diseases are currently being evaluated in clinical trials >
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In this study, we developed an HBV mRNA vaccine using our well-established
platform ’. The HBsAg-encoded mRNA sequence was designed using a proprietary
artificial intelligence-based algorithm to ensure a high translation efficiency®.
Methyl-pseudouridine-modified mMRNA was synthesized using in-vitro transcription
(IVT) procedure and showed enhanced antigen expression upon transfection into
HEK-293T cells (Supplementary Figure 1). HBV mRNA vaccine formulation was
prepared by encapsulating mRNAS into an ionizable lipid-based LNP system using a

mi crofluidics-based procedure.

To evaluate the therapeutic efficacy of vaccine, rAAV-HBV1.2-transduced
HBV-carrier mice were immunized with three doses of 5-ug or 10-ug HBV mRNA
vaccine intramuscularly at a 1-week interval (Figure 1A). Compared to PBS-treated
mice with a high serum HBsAg level, HBV mRNA vaccine-treated mice showed a
rapid decline of serum HBSAQ upon vaccination, which was even undetectable 7 days
after the 3" dose (Figure 1B). Clinical management of CHB remains challenging
largely due to the failure to achieve seroconversion of anti-HBs Ab and the resulting
HBV recurrence’. Magnitude of anti-HBs Ab response was therefore evaluated
longitudinally (Figure 1C). HBV mRNA vaccination elicited robust anti-HBs Ab
levels on day 21 and 35 after the treatment initiation, which offered a remarkable
advantage for the vaccine since conventiona therapy failed to achieve Ab
seroconversion (Figure 1C). To assess whether the vaccination could induce sustained
memory responses against HBV recurrence, mice were re-challenged with HBV on
day 60 after the treatment initiation. As expected, PBS-treated mice demonstrated
enhanced serum HBsAg level. While al HBV mRNA-vaccinated mice were fully
protected against infection showing no detectable level of serum HBsAg (Figure 1D),
which was accompanied by further augmented anti-HBs Ab titer upon viral challenge
(Figure 1E). Moreover, intrahepatic HBV cccDNA, HBV DNA, HBV RNA, and
HBCAgQ in hepatocytes from vaccinated mice were amost undetectable (Figure
1F&G). In addition, serum ALT remained at baseline levels during treatment,
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suggesting a safety profile of the mRNA vaccine without causing liver damage
(Supplementary Figure 2). We also assessed the therapeutic efficacy of vaccine in
rAAV8-HBV 1.3 mouse model, which shows more efficient and homogeneous HBV
transduction than models initiated by hydrodynamic injection °. Again, we found that
the HBV mRNA-vaccinated mice demonstrated a remarkable decline in serum
HBsAg level relative to control mice, and the anti-viral effect was maintained for at
least 4 weeks (Figure 1H). The HBV mRNA vaccine showed more potent efficacy
when compared to recently reported novel therapeutic ferritin nanoparticle-preS1
vaccine or anti-PDL1-IFN-a heterodimer combined with HBSAQ vaccine tested using

same animal model 1°%,

An optimal therapeutic vaccine for CHB treatment should have the potentials to
trigger sufficient innate immune activation leading to robust antigen presentation and
the resulting generation of HBV-specific cellular and humoral immunity *2*2. To this
end, we also monitored the innate immune responses induced at early time point (12 h)
after the prime dose. Following vaccination, an increased infiltration of major
dendritic cell (DC) subsets (CD8a* cDC1s, CD103" c¢DC1s and CD11b" ¢cDC2s)
into spleen was detected, accompanied by strong cell maturation (Figure 2A-C). Other
innate cell subsets including macrophages, monocytes and neutrophils also showed
phenotypic maturation, indicated by elevated expression of the costimulatory

molecules (Figure 2D, Supplementary Figure 3).

We next evaluated the frequencies of class-switched memory B cells (MBCs) * and T
cells specific to HBsAg. As expected, HBV mRNA vaccination induced a
significantly expanded HBsAg" MBCs in bone marrow, which was more prominent in
mice receiving 10-ug dose of vaccine (Figure 2E, Supplementary Figure 3). T cell
exhaustion is one major hallmark of CHB infection and is characterized by decreased
secretion of Thl-type cytokines (IFN-vy, IL-2, and TNF-a)) and impaired cytotoxic and
proliferative capacities'®*’. The restored HBV-specific CD8" T cell function has been

well-acknowledged to predict the efficacy of therapeutic vaccines for HBV. We
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therefore determined whether the vaccination could improve HBV-specific T cell
responses. Following vaccination, we detected a significant increase in the proportion
of HBV-specific CD11d"CD84¢'° cells **8 in the liver (Figure 2F), as well as a higher
level of CD8" T cells in the spleen producing IFN-y, TNF-o. and IL-2 (Figure 2G),
which suggested a clearly augmented HBV-specific CD8" T cell response.

Collectively, our study reported a HBV mRNA vaccine candidate with potent
therapeutic efficacy. To our knowledge, this is the first reported mMRNA vaccine
candidate for CHB treatment. Three doses of HBV mRNA vaccines could efficiently
clear HBV and achieve seroconversion of anti-HBs Ab. The strong innate immune
activation and generation of functional HBV-specific CD8" T cells and class-switched
HBsAg" MBCs by the mRNA vaccine may hold prospects of functional cure of CHB

and prevention of HBV recurrence.

References

1. Gebre, M.S, et a. Optimization of non-coding regions for a non-modified MRNA
COVID-19 vaccine. Nature 601, 410-414 (2022).

2. Hogan, M.J. & Pardi, N. mRNA Vaccines in the COVID-19 Pandemic and
Beyond. Annu Rev Med 73, 17-39 (2022).

3. Krienke, C., et a. A noninflammatory mRNA vaccine for treatment of
experimental autoimmune encephalomyelitis. Science 371, 145-153 (2021).

4. Sundaram, V. & Kowdley, K. Management of chronic hepatitis B infection. BMJ
351, h4263 (2015).

5. Tang, L.S.Y., Covert, E., Wilson, E. & Kattilil, S. Chronic Hepatitis B Infection:
A Review. JAMA 319, 1802-1813 (2018).

6. Wang, Y., et a. mRNA vaccine: a potential therapeutic strategy. Mol Cancer 20,
33 (2021).

7. Yang, R, et al. A core-shell structured COVID-19 mRNA vaccine with favorable
biodistribution pattern and promising immunity. Signal Transduct Target Ther 6, 213


https://doi.org/10.1101/2022.11.18.517095
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.18.517095; this version posted November 19, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

(2021).

8. Zhang, H., et a. LinearDesign: Efficient Algorithms for Optimized mRNA
Sequence Design. Preprint from arXiv (2021).

9. Du, Y., et a. In Vivo Mouse Models for Hepatitis B Virus Infection and Their
Application. Front Immunol 12, 766534 (2021).

10. Meng, C.Y.,, e a. Engineered anti-PDL1 with IFNapha targets both
immunoinhibitory and activating signals in the liver to break HBV immune tolerance.
Gut (2022).

11. Wang, W., et a. Dual-targeting nanoparticle vaccine elicits a therapeutic antibody
response against chronic hepatitis B. Nat Nanotechnol 15, 406-416 (2020).

12. Zhao, H.J., et a. Poly I:C-based rHBVvac therapeutic vaccine eliminates HBV
via generation of HBV-specific CD8(+) effector memory T cells. Gut 68, 2032-2043
(2019).

13. Liang, F., et al. Vaccine priming is restricted to draining lymph nodes and
controlled by adjuvant-mediated antigen uptake. Sci Transl Med 9(2017).

14. Schlitzer, A., et a. Identification of cDC1- and cDC2-committed DC progenitors
reveals early lineage priming at the common DC progenitor stage in the bone marrow.
Nat Immunol 16, 718-728 (2015).

15. Zhao, W., et al. Unravelling the enhanced vaccine immunity by heterologous
KCONVAC/Ad5-nCoV COVID-19 vaccination. Signal Transduct Target Ther 7, 210
(2022).

16. Wherry, E.J. T cell exhaustion. Nat Immunol 12, 492-499 (2011).

17. Shih, C., et a. Control and Eradication Strategies of Hepatitis B Virus. Trends
Microbiol 24, 739-749 (2016).

18. Rai, D., Pham, N.L., Harty, J.T. & Badovinac, V.P. Tracking the total CD8 T cell
response to infection reveals substantial discordance in magnitude and kinetics

between inbred and outbred hosts. J Immunol 183, 7672-7681 (2009).


https://doi.org/10.1101/2022.11.18.517095
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.18.517095; this version posted November 19, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.


https://doi.org/10.1101/2022.11.18.517095
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.18.517095; this version posted November 19, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figure 1.
A Hydrodynamic injection
8 pg pAAVIHBV1.2 v,
z;: % * >
1 78 1415 21 28 35 5 60 Days
1 1 1 1 1 1
HBV-carrier ¢ \|/T \}'¢ v vV v vV * PBS
mouse model " i v SmRNA 5 ug
prime  boost boost analyse + SmRNA 10 pg
B Cc D HBV reinfection E HBV reinfection
£ 15 B4 , 3000 12000 vy
gﬁ E 5000 v* T 2000 . £ so00 & b
w210 2 2500 i 5 1000 2 4000
85 E i TR 13- . s E 2l o
i i 3 £ w 5
Esos @ 3 i . g 60 g 60 .
S8 z 2 bvi ! 8 %9 £ % *
L] ™ T €
£ 0 ~ 0 0 < 0 ’
0 7 14 2 7T 14 21 36 day2 day5 day 2 day 5 day7
days after vaccination days after vaccination
F
HBV cccDNA HBV total RNA HBV-3.5kb-RNA
. . N e
= T T i
& T 2 g 2.0
c o e E c & e E ' .
s 4 S S 3 =]
0 g n < ] = 0 g
$3 $ S ¢ 2 $ 2
=] 2= aZ g3
[3]
@ g @ 0 @ g o =
QL o o > o -] ]
z2> > m 2 z 9
@ FZ @ 53
2z 22 gz gz
§3 E Q@‘oﬁqﬁ.\g\?ﬁ > 2
- S E g
e‘:_,«“
G H
HBcAg: PBS S mRNA 5ug S mRNA 10pg e PBS
» S mRNA 5ug
» S mRNA 10pg
5 1.2
3Eos
I =
Ee
2204
“3
#2 0 —
0 7 14 21 28
days after vaccination

Figure 1. HBV mRNA vaccine efficiently eliminated HBV and achieved HBsAg
seroconversion in AAV-HBV-transduced CHB mice.

(A) Study design. pAAV-HBYV 1.2-transduced HBV-carrier mice were immunized i.m.
with HBV mRNA vaccine three times at a 1-week interval. At day 60, mice were
re-challenged with 8 ung pAAV/HBV. PBS-treated mice were used as control. (B)
Relative levels of serum HBsAg in mice were detected by CLIA. (C) Serum anti-HBs
Ab levels were measured by ELISA. (D) Serum HBsAg and (E) anti-HBs levels after
HBV re-challenge were evaluated by CLIA and ELISA, respectively. (F) Intrahepatic
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HBV intermediate products 3.5-kb RNA, HBV total RNA, HBV cccDNA, and HBV
DNA were analyzed by gPCR and normalized against GAPDH expression on day 7
after re-challenge, and data were shown on logl0 scale. (G) HBCcAg expression in
hepatocytes on day 7 after re-chalenge was determined by IHC staining
(magnification, x 200; scade bar, 100 pum). (H) rAAV8-HBV1.3-transduced
HBV-carrier mice were immunized i.m. with HBV mRNA vaccine three times at a
1-week interval, with control mice administered with PBS. Serum HBsA(Q levels were
detected by CLIA after treatment. Data represent the mean = SEM (n > 5). *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001 vs. controls. GAPDH, glyceraldehyde
3-phosphate dehydrogenase; SEM, standard error of the mean.
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Figure 2. HBV mRNA vaccine induced strong innate immune activation and
stimulated HBV-specific T cell and MBC responses.

(A-D) pAAV-HBV 1.2-transduced HBV-carrier mice were immunized i.m. with HBV
MRNA vaccine three times at a 1-week interval. At day 60, mice were re-challenged
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with 8 ug pAAV/HBV. PBS-treated mice were used as control. Splenic MNCs were
harvested 12 hours after prime vaccination. Frequencies of CD8a'CD11c” DCs
(CD8¢" cDCl1s, A), CD103" CD11c¢" DCs (CD103' cDCls, B) CD11b* CD11c" DCs
(cDC2s, C) and CD11b" CD11c F4/80" Macrophages (Macro, D), and expression of
CD80 and CD86 on these cells were analyzed by flow cytometry. (E) Bone
marrow-derived MNCs were harvested from HBV-carrier mice on day 7 after
re-challenge. Frequencies of class-switched HBsAg™ MBC in bone marrow (BM)
were assessed (n=5). (F-G) Hepatic MNCs were harvested from HBV-carrier mice on
day 7 after re-chalenge. (F) The frequency of CD11a" CD8'" cells among hepatic
CD8" T cells. (G) Hepatic MNCs (2 x 10°%) were stimulated with PMA/ionomycin in
vitro for 4 h in the presence of BFA (5 ng/mL), and the production of IFN-y, TNF-a,
IL-2 by HBV-specific CD11a" CD8"° cells was analyzed by flow cytometry. Data
represent the mean + SEM (n > 5). *p < 0.05, **p < 0.01, ***p < 0.001, ****p <

0.0001 vs. controls.

Author Contributions

A.L., H.Z,Y.Y.and JZ. designed the project. H.Z., Y.Y., Z.L., L.H., A.Y,, L.J., ZW.,,
Y.W.,, CB., GW.,, D.W,, Q.J. and A.L performed experiments and analysis; A.L. and
H.Z. discussed the data; H.Z., A.L. Y.Y. and J.Z wrote the manuscript.

Acknowledgements

This work was supported by the National Postdoctoral Program for Innovative Talents
(BX20190192, to JH.Z.), the Fundamenta Research Funds for the Central
Universities (2632022Y C01, to A.L.), the National Science Foundation for Young
Scientists of China (32200764, to A.L), the Natural Science Foundation of Jiangsu
Province (BK20221031 to A.L.), the Nationa Key Research and Development
Program (2021Y FC2300603, to J.Z.), the China Postdoctoral Science Foundation
(2020M672064, to J.H.Z.), the National Science Foundation for Young Scientists of
China (82001687, to J.H.Z.). We thank the Pharmaceutical Biology Sharing Platform
of Shandong University and the Translational Medicine Core Facility of Shandong


https://doi.org/10.1101/2022.11.18.517095
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.18.517095; this version posted November 19, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

University for consultation and instrument availability supporting this work. We also
thank Firestone (Shanghai) Biotechnology Co., Ltd for technical assistance with the

MRNA vaccine preparation and quality control.

Competing I nterests

The authors declare no competing interests.


https://doi.org/10.1101/2022.11.18.517095
http://creativecommons.org/licenses/by-nc-nd/4.0/

