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ABSTRACT

Cytomegalovirus (CMV)-based vaccines show promising effects against chronic
infections in non-human primates. Therefore, we examined the potential of HBV
vaccines based on mouse CMV (MCMV) vectors expressing the small HBsAg.
Immunological consequences of vaccine virus attenuation were addressed by either
replacing the dispensable gene m/57 (‘MCMV-HBs’) or the gene M27 (‘AM27-HBs’),
the latter encodes a potent interferon antagonist targeting the transcription factor
STAT2. M27 was chosen, since human cytomegalovirus (HCMV) encodes an
analogous gene product, which also induced proteasomal STAT2 degradation by
exploiting Cullin RING ubiquitin ligases. Vaccinated mice were challenged with HBV
through hydrodynamic injection. MCMV-HBs and AM27-HBs vaccination achieved
accelerated HBV clearance in serum and liver as well as robust HBV-specific CD8+ T
cell responses. When we explored the therapeutic potential of MCMV-based vaccines,
especially the combination of AM27-HBs prime and DNA boost vaccination resulted
in increased intrahepatic HBs-specific CD8+ T cell responses and HBV clearance in
persistently infected mice. Our results demonstrated that vaccines based on a replication
competent MCMYV attenuated through the deletion of an interferon antagonist targeting
STAT?2 elicit robust anti-HBV immune responses and mediate HBV clearance in mice

in prophylactic and therapeutic immunization regimes.
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INTRODUCTION

More than 2 billion individuals have been infected with hepatitis B virus (HBV)
worldwide. The prophylactic HBV vaccine is a tremendous medical success, which
saved countless lives. However, due to its inability to confer therapeutic protection,
chronic HBV infections remain a major public health issue affecting approximately 250
million individuals (1). Persisting HBV predisposes to end-stage liver diseases, such as
liver cirrhosis and hepatocellular carcinoma. According to the WHO, HBV is

responsible for more than 850,000 deaths per year (https:/www.who.int/news-

room/fact-sheets/detail/hepatitis-b) (2). Two types of antiviral strategies are currently

available for chronic hepatitis B (CHB): PEGylated interferon alpha 2 (PEG-IFNa2)
and nucleot(s)ide analogues (NUC), such as Entecavir and Tenofovir. However, both
are suboptimal. The treatment with PEG-IFNa2 is associated with significant side
effects (e.g., flu-like symptoms, mood disorders, and depression), and long-term virus
clearance is limited to approximately one third of treated patients (3). NUC medication
selects for viral resistance mutations and is hampered by frequent episodes of
rebounding viremia after cessation of antiviral therapy (4). Therefore, alternative
strategies for the treatment of chronic HBV infection are urgently needed.

The clearance of HBV by the immune system relies on a potent and broad T cell
immune response, which usually becomes dysregulated during chronic HBV infection
(5-7). This exhaustion of HBV-specific T cells is believed to be one major reason for
the inability of the host to eliminate the persisting pathogen. Aiming to enhance the
patient’s own antiviral cellular immune response by therapeutic vaccination, is
considered a promising strategy. During the last two decades, countless attempts have
been made to establish an effective therapeutic vaccine against CHB (8). For example,

existing protein-based prophylactic vaccines have been given to chronically infected
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91  patients in order to restore HBV-specific immunity. Unfortunately, it turned out to be
92 unsuccessful (9, 10). An antigen-antibody (HBsAg-HBIG) immune complex termed
93  YIC initially showed promising results in preclinical models and in phases ITA and I1B
94  clinical trials (11, 12). However, the results of a phase III clinical trial enrolling 450
95  patients were disappointing (13). A number of DNA-based vaccine regimens have
96  shown promising efficacy in pre-clinical animal models, but also failed to generate
97  effective therapeutic responses in humans (8, 14). Therefore, replicating virus-based
98  vectors, which stimulate a broad range of immune responses including T cell-mediated
99  immunity, gained increasing attention in the field of therapeutic HBV vaccine
100  development. In particular, vectors based on adenoviruses (15), modified vaccinia virus
101 Ankara (MVA) (16), and recombinant vesicular stomatitis virus (VSV) (17) are under
102 investigation for treatment of CHB.

103 Recently, cytomegalovirus (CMV)-based vectors emerged as exciting platform for
104  vaccines against infectious diseases and cancer (18). Rhesus CMV (RhCMV)-based
105  vaccines provided protective immunity to rhesus macaques against simian
106  immunodeficiency virus (SIV), ebolavirus (19), and tuberculosis (20). In successfully
107 RhCMV-vaccinated animals, even a CD8+ T cell depletion did not result in detectable
108  SIV rebound, indicating very efficient virus control (21, 22). Vaccination with RhCMV
109  vectors elicits robust and long-lasting cellular immune responses against pathogens
110  mediated by effector-memory CD8+ T cells (23). Importantly, RhCMV-based vaccines
111 demonstrated their efficacy even in the presence of preexisting immunity against CMV
112 (24). These findings prompted us to evaluate the potential of CMV as platform for
113 prophylactic and therapeutic vaccines against CHB in the established HBV
114 hydrodynamic injection (HDI) mouse model. Our recent findings indicate that the

115 interferon (IFN) antagonism of CM Vs relies on viral proteins targeting the transcription
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116  factor STAT2 for proteasomal degradation by exploiting the adapter protein DDB1 and
117 cellular Cullin RING ubiquitin ligases(25-27). Virus mutants lacking these immune
118  evasins are replication competent but highly attenuated in vivo(28). The protein pM27
119  mediates STAT2 degradation in the MCMYV context, while HCMYV encodes the protein
120 pULI145 which acts as a functional analog of pM27 (Le-Trilling & Becker et al.,
121 provisionally accepted). The proteins pM27 and pUL145 share a functionally relevant
122 H-box motif present in viral and cellular DDB1 Cullin-associated factors (DCAF).
123 Based on these findings, we reasoned that the attenuation of CMVs through the loss of
124 STAT?2 antagonists may represent a promising approach to establish novel platforms
125  for the vaccination against viruses such as HBV.

126
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127  RESULTS

128  Construction and characterization of a recombinant MCMYV expressing the HBV
129  small surface antigen.

130 In order to evaluate the vaccine performance of CMV-based vaccine vectors in small
131 animal models, we inserted an expression cassette comprising the coding sequence of
132 the small HBsAg (sHBsAg; YP _009173871.1; corresponding to serotype ‘ayw’ HBV
133 genotype D) under the control of the strong eukaryotic EF1 promoter into the mouse
134 CMV (MCMYV) genome by site-specific recombination. The expression cassette was
135 introduced into an MCMYV bacterial artificial chromosome (BAC) harboring a deletion
136 of the coding sequences (CDS) of m/57 as schematically depicted in Fig. 1A and
137 described in the Methods section. The gene m 157 is dispensable for MCMV replication
138 in vitro and in vivo (29). To generate a live-attenuated vaccine virus, the expression
139 cassette was also inserted into an MCMV mutant genome lacking the gene coding for
140  the interferon antagonist pM27. The protein M27 interferes with interferon signaling
141 by inducing ubiquitination and proteasomal degradation of STAT2 (26). M27-deficient
1492 MCMVs (‘AM27-Ctrl *) exhibit a slightly impaired (~10-fold) replication in the
143 absence of exogenous interferon treatment in vitro, but are severely attenuated in
144 vivo(30, 31) in a STAT2-dependent manner (28). Correct mutagenesis was verified and
145  HBsAg expression was confirmed by immunoblotting (Fig. 1B). As expected from
146  previous work(32, 33) and the presence of an N-glycosylation site within the S domain
147  of sHBsAg (Asn-146; sequence NcT), we observed two sHBsAg protein forms (Fig.
148 1B), most likely reflecting the previously described non-glycosylated p24 and the
149 glycosylated gp27. The insertion of sHBsAg did not impair the replication of MCMV
150  in cell culture (Fig. 1C). In vivo, we observed a trend towards reduced MCMV

151  replication upon insertion of the sHBsAg expression cassette (Fig. 1D). As expected
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152 from our previous work, the deletion of M27 resulted in a reduced replication in vitro
153 (Fig. 1C) and a pronounced attenuation in vivo (Fig. 1D). Taken together, we generated
154  two MCMV-based vectors expressing sHBsAg, one of which is severely attenuated in
155  vivo due to the deletion of the MCMV-encoded STAT2 antagonist M27.

156

157  Vaccination with a recombinant MCMYV expressing HBsAg protects mice against
158  HBYV challenge

159  We explored the protective effects of MCMV-HBs vaccination against an HBV
160  challenge in the established HBV HDI mouse model. As schematically depicted in Fig.
161 2A, C57BL/6 mice were inoculated twice with MCMV-HBs, and then challenged with
162  an HBV-expressing plasmid through HDI (see the Methods section for experimental
163 details). Since the MCMYV infection itself can negatively influence other infections (34)
164  including HBV (35), the parental MCMV (‘MCMV’) devoid of the HBsAg expression
165  cassette was included as negative control. While mice infected with empty MCMV
166  exhibited continuous HBV viremia, the clearance of serum HBsAg, HBeAg, and HBV
167  DNA was significantly accelerated in mice that received the MCMV-HBs vaccine (Fig.
168  2B). All MCMV-HBs-vaccinated mice became negative for serum HBsAg and HBeAg.
169  Eighty percent of mice even became HBV DNA-negative at 9 days post HDI (dpi),
170 while all control mice remained viremic for HBsAg, HBeAg, and HBV DNA (Fig. 2B
171 and 2C). The MCMV-HBs-vaccinated mice also cleared HBsAg and HBcAg from the
172 liver at 10 dpi, while the control mice expressed high levels of HBsAg and HBcAg, as
173 evident by immune-histochemical staining (Fig. 2D and 2E).

174

175  Vaccination with a recombinant MCMYV expressing HBsAg raises potent CD8+ T

176 cell responses
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177 Next, we examined the impact of MCMV-HBs vaccination on immune responses. No
178  anti-HBsAg antibodies were detectable in serum until day 7 after HDI for MCMV-HBs
179  vaccination and day 9 after HDI for wt-MCMYV vaccination (data not shown). However,
180  since the HBV challenge is administered in form of a DNA molecule in the HDI mouse
181  model, we reasoned that protection cannot be explained by neutralizing antibodies.
182 Therefore, we focused our attention on T cell responses. We addressed intrahepatic T
183 cell infiltration, activation, and HBV-specific CD8 T cell immune responses. In terms
184  of frequency and absolute numbers, MCMV-HBs-vaccinated mice showed
185  significantly higher CD8+ T cell numbers in the liver, while CD4+ T cells remained
186  largely unaffected (Fig. 3A). A phenotypic analysis revealed that PD-1, but not CD43,
187  expression on CD8+ T cells in the liver of MCMV-HBs-vaccinated mice was
188  significantly increased compared to control mice (Fig. 3B and 3C). Since PD-1 is an
189  activation marker for CD8+ T cells during acute HBV infection (36), this result suggests
190  that MCMV-HBs vaccination enhanced the CD8+ T cell activation in the liver of HBV-
191  challenged mice. In the liver, the MCMV-HBs-vaccinated mice showed a significant
192 increase in absolute numbers and frequencies of CD8+ T cells specific for HBsAg, but
193 not HBcAg, compared to control mice, as indicated by cytometry using Env190- and
194  Core93-dimers, respectively (Fig. 3D and 3E). Accordingly, significantly higher
195  percentages and absolute numbers of CD8 T cells in the livers of MCMV-HBs-
196  vaccinated mice produced IFNy or IL-2 in response to stimulation with the HBsAg
197  epitope peptide (Env190), but not HBcAg epitope peptide (Core93) (Fig. 3F and 3G),
198  suggesting that MCMV-HBs specifically enhanced HBsAg-specific CD8+ T cell
199  responses.

200

201  Vaccination with an HBsAg-expressing MCMYV attenuated through the deletion
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202  of the interferon antagonist pM27 protects mice against HBV challenge.

203 Even if cytomegaloviral vectors may be excellent vectors based on their ability to
204  induce very strong T cell responses against foreign antigens, the use of replication
205  competent HCMV-based vectors in humans is limited by their pathogenicity especially
206  for immunocompromised individuals. One option to circumvent this safety issue is the
207  use of live-attenuated CMV mutants(37), which may be achieved by different means.
208  Therefore, we explored the potential of an HBsAg-expressing MCMYV vector, which is
209  replication-competent in cell culture, but highly attenuated in vivo due to the inability
210  to counteract STAT2-dependent IFN signaling resulting from the lack of the gene
211 product pM27 (28, 30, 31). C57BL/6 mice were inoculated twice with either empty
212 AM27-MCMV (‘AM27-Ctr]’) or AM27-MCMV expressing HBsAg, for convenience
213 denoted ‘AM27-HBs’ thereafter, and then challenged with an HBV-expressing plasmid
214 through HDI. We also included PBS-treated mice as negative control to evaluate the
215 protective effect of AM27-HBs (Fig. 4A). The clearance of serum HBsAg, HBeAg, and
216 HBV DNA was significantly accelerated in mice vaccinated with AM27-HBs as
217 compared to those which received PBS or the empty AM27-Ctrl (Fig. 4B and 4C). All
218 AM27-HBs-vaccinated mice became serum HBsAg negative at 9 dpi, while the PBS-
219 treated and AM27-Ctrl-infected mice remained 100% positive for serum HBsAg at this
220  time point (Fig. 4B). Eighty percent of AM27-HBs-vaccinated mice also became
221  HBeAgnegative and 60% became serum HBV DNA negative at 9 dpi. In contrast, none
222 of'the mice from the PBS-treated or AM27-Ctrl-infected control groups cleared HBeAg
223 or HBV DNA (Fig. 4C). The AM27-HBs-vaccinated mice were also the only animals
224  that cleared HBsAg and HBcAg from the liver as evident by diminished
225  immunohistochemical staining (Fig. 4D and 4E).

226
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227  Vaccination with an HBsAg-expressing MCMYV attenuated through the deletion
228  of the interferon antagonist pM27 induces potent CD8+ T cell responses.

229  Compared to the PBS-treated control mice, the livers of AM27-HBs-vaccinated mice
230  showed significantly higher percentages and absolute numbers of CD8 T cells, but not
231  CD4+ cells (Fig. 5A). Interestingly, the AM27-Ctlr-infected mice also showed a
232 significant increase in both percentages and absolute numbers of CD8+ T cells in the
233 liver as compared to PBS-treated control mice (Fig. SA, right panel), but the effect was
234 more pronounced in AM27-HBs-vaccinated mice. Consistent with the above mentioned
235  observation in the MCMV-HBs-vaccinated mice, PD-1 expression on CD8+ T cells in
236  the liver of AM27-HBs-vaccinated mice was significantly increased compared to the
237  PBS-treated or AM27-Ctrl-infected mice (Fig. 5B). Both AM27-Ctrl and AM27-HBs
238 led to an increase in absolute numbers of CD43+ CD8+ T cells infiltrating the liver as
239  compared to PBS-treated mice (Fig. 5C). These results suggest that the MCMV
240 infection by itself results in enhanced infiltration of activated CD8+ T cells into the
241 liver. Compared to the controls, the AM27-HBs-vaccinated mice showed a significant
242 increase of both absolute numbers and frequencies of HBsAg-specific CD8+ T cells
243 (Fig. 5D).

244 The Core-specific CD8+ T cells were significantly increased in numbers but not in
245  percentages in the liver of AM27-HBs vaccinated mice ten days after the challenge (Fig.
246  5E). When C57BL/6 mice were inoculated only once with MCMV-HBs or AM27-HBs,
247  mice were also protected against a challenge with an HBV-expressing plasmid applied
248 by HDI 3 weeks later (data not shown). Like in case of the prime-boost vaccination
249 regime, single round vaccination with MCMV-HBs or AM27-HBs induced enhanced
250  intrahepatic anti-HBV CD8+ T cell responses in vivo (data not shown).

251  Significantly higher percentages and absolute numbers of CD8+ T cells in the livers of
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252 AM27-HBs-vaccinated mice produced IFNy in response to stimulation with the Env190
253 peptide than stimulated cells from the control groups (Fig. 5F). Additionally, the
254  absolute numbers of IL-2-producing CD8+ T cells in the liver of AM27-HBs-
255  vaccinated mice were also significantly increased in response to both Env190 and
256  Core93 peptide stimulations (Fig. 5G).

257  Taken together, these results demonstrate that an HBsAg vaccination based on an
258  MCMYV vector incapable to interfere with STAT2-dependent IFN signaling enhances
259  intrahepatic anti-HBV CD8 T cell responses in vivo and prophylactically protects mice
260  against HBV challenges.

261

262 MCMV-based HBsAg vaccination accelerates HBV clearance and enhances
263  intrahepatic anti-HBV CDS8 T cell responses in HBV persistent mice.

264  After these promising results in prophylactic vaccination regimens, we examined the
265  therapeutic capacity of MCMV-based HBsAg vaccination for the treatment of a
266  previously established persistent HBV infection. The efficacy of MCMV-based HBV
267  vaccine vectors was investigated by applying the established pAAV/HBV1.2 HDI
268  mouse model, which mimics persistent HBV infections in humans (38). C57BL/6 mice
269  were hydrodynamically injected with pAAV/HBV1.2. We chose a strategy, which
270  combines an MCMV-based priming with a DNA-based booster immunization. The
271 experimental setup is depicted in Fig. 6A. Treatment with MCMV-HBs prime and DNA
272 boost resulted in a substantial reduction in HBsAg and HBV DNA levels in the serum
273 (Fig. 6B and 6C). Eighty percent of MCMV-HBs-vaccinated mice became serum
274  HBsAg negative and 60% became HBV DNA negative at 42 dpi. In contrast, only 20%
275  of the wt-MCMV-infected control mice became serum HBsAg negative and none

276  cleared the HBV DNA viremia (Fig. 6B and 6C). The MCMV-HBs-vaccinated mice
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277  also cleared HBsAg and HBcAg from the liver at 43 dpi, while the wt-MCM V-infected
278  control mice still harbored high levels of HBsAg and HBcAg in the liver (Fig. 6D and
279  6E).

280  Next, we examined the impact of MCMV-HBs vaccination on the intrahepatic anti-
281  HBV CTL response. The percentages and absolute numbers of HBsAg-specific CD8 T
282 cells were significantly increased in the liver of MCMV-HBs-vaccinated mice as
283 compared to mice, which received the empty wt-MCMV (Fig. 6F). Moreover,
284  significantly higher percentages and absolute numbers of liver CD8+ T cells of
285  MCMV-HBs-vaccinated mice were capable of producing IFNy and TNFa in response
286  to Env190 peptide stimulation than cells derived from control treated mice (Fig. 6G).
287  The same experimental setup was also applied to explore the therapeutic effect of
288  AM27-HBs for the treatment of already-established persistent HBV replication (Fig.
289  7A). Interestingly, the attenuated AM27-HBs demonstrated even superior effects on
290  accelerating HBV clearance than the more virulent and higher titer replicating MCMV-
291  HBs in the HBV persistent pAAV/HBV1.2 HDI mouse model. All AM27-HBs-
292 vaccinated mice became serum HBsAg and HBV DNA negative at 42 dpi, while the
293 AM27-Ctlr-infected and PBS-treated mice remained 100% positive for serum HBsAg
294  and HBV DNA at the time point (Fig. 7B and 7C). The AM27-HBs-vaccinated mice
295  also cleared HBsAg and HBcAg from the liver at 43 dpi, while mice from the three
296  control groups exhibited high levels of HBsAg and HBcAg in liver sections (Fig. 7D
297  and 7E). Accordingly, AM27-HBs vaccination resulted in significantly increased
298 infiltration of HBsAg-specific CD8+ T cells in the liver as compared to PBS treatment
299  and AM27-Ctrl infection (Fig. 7F). Significantly higher percentages and absolute

300 numbers of liver CD8+ T cells of AM27-HBs-vaccinated mice were capable of
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301  producing [FNy in response to Env190 peptide stimulation than cells of control mice
302 (Fig. 7G).

303  Taken together, our results suggest that HBsAg expression by an MCMV-based vector
304  attenuated through the loss of the STAT2-specific IFN antagonist pM27 combined with
305 a plasmid-based booster immunization could overcome HBV-specific CD8+ T cell
306  dysfunction and induce HBV clearance in mice that previously established a persistent

307 infection.
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309  DISCUSSION

310 HCMV is a betaherpesvirus that usually causes subclinical infections in healthy adults.
311 However, HCMYV elicits and sustains extraordinarily high numbers of antigen-specific
312 T cells and is emerging as an exciting platform for vaccines against infectious diseases
313  and cancers. To our knowledge, CMV-based vaccines against HBV have not been
314  reported so far. Colleagues previously constructed an HBsAg-expressing MCMV (39),
315  but seemingly did not approach the immunogenicity or vaccine potential. In the current
316  study, we constructed two different recombinant MCMYV vectors expressing HBsAg
317  and explored their ability to induce HBV-specific CD8+ T cell responses and to inhibit
318  HBYV replication in HBV HDI mouse models. Our findings reveal that vaccination with
319  the virulent MCMV-HBs and the attenuated AM27-HBs provided protection to mice
320  against HBV challenges. The vaccinated mice quickly cleared HBV antigens and DNA
321  from the serum and the liver, and generated robust intrahepatic HBsAg-specific CD8 T
322 cell responses. Importantly, MCMYV prime DNA boost vaccination strategies based on
323 both recombinant MCMVs could even break HBsAg tolerance, elicit intrahepatic anti-
324 HBV CDS8+ T cell responses and lead to viral clearance in the serum and liver in
325  persistently HBV-infected mice, suggesting that CMV-based vaccines possess
326  therapeutic potential for treatment of chronic HBV infection in patients. In this respect,
327 HCMV mutants lacking the pM27 analogous STAT2 antagonist pUL145 may
328  constitute interesting candidates for live-attenuated vaccine platforms.

329  Prophylactic HBV vaccines that are currently in use rely on the induction of humoral
330  immune responses against HBsAg, and thus neutralize infectious HBV particles before
331  viral entry into hepatocytes. While antibodies are indispensable for prophylactic
332 vaccination against HBV, this immune mechanism alone is most likely insufficient to

333 eliminate HBV-infected cells in case vaccines are applied therapeutically, as indicated
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334 by the failures of approved prophylactic vaccines in therapeutic vaccination attempts.
335  This assumption is consistent with our finding that the prophylactic HBV vaccine
336  Engerix-B showed no protective effects in the acute HBV HDI mouse model (data not
337  shown). However, this model is particularly biased against neutralizing antibodies since
338  they are bypassed by unpackaged HBV genomes during direct transfection into
339 hepatocytes through HDI. In case of a previously established infection, a potent cellular
340  immune response mainly based on CD8+ T cells is essential for the elimination of
341 infected cells (40). CMV infection causes an extraordinary strong T cell response. It
342 has been estimated that CMV-specific T cell populations comprise an average 10% of
343 the memory CD8+ T lymphocytes of infected individuals (41). In some cases, even up
344 to 50% of all CD8+ T cells recognize a single epitope derived from the HCMV antigen
345 pp65/pUL83 (42). Certain CMV-induced CD8+ T cell responses even show a so-called
346  memory inflation, which means that their frequency continuously increases over time
347 (43, 44). These inflationary CD8+ T cells are maintained as effector or effector-memory
348 T cells, retaining the ability to produce inflammatory cytokines and to kill target cells
349 (45, 46). In line with these reports, our findings demonstrate that vaccination with
350 HBsAg encoded by MCMYV vectors induced significantly increased numbers of
351 activated HBsAg-specific CD8+ T cells infiltrating the livers of HBV-infected mice.
352 These cells were capable of producing antiviral cytokines and led to accelerated HBV
353  clearance. Interestingly, control MCMVs also induced increased infiltration of
354  activated total, but not HBV-specific, CD8+ T cells in the liver. Since MCMYV replicates
355  efficiently in primary hepatocytes in vitro (see e.g., (47)) and the liver in vivo (see e.g.,
356  (28)), these results most likely reflect the effector nature of CMV in activating T cells
357 and eliciting robust T cell responses against endogenous antigens. Such MCMV-

358  specific T cell responses may explain why MCMV-HBs increases the absolute number
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359  of core-specific CD8+ T cells, but not the frequency (Fig. 5E). In addition, CMV
360  possesses other features favorable for a vaccine vector. Firstly, HCMV can superinfect
361  pre-immune hosts (23, 48). Thus, CMV-based vaccines may be applicable regardless
362 of preexisting immune responses raised by naturally acquired CMVs, which would be
363  favorable due to the high sero-prevalence of HCMYV in countries with high incidences
364  of CHB. Secondly, the large genome of CMVs allows CMV to take up large segments
365  of foreign DNA at several different genomic loci. Another advantage might be the
366  prolonged period of productive CMYV replication, which can last several month in case
367 of MCMYV in mice (49), resulting in continuous antigen expression. The ability of
368  herpesviruses to reactivate locally and spontaneously (50), leading to sequential rounds
369  of immune stimulation, might further enhance potent immunogenicity.

370  Although most primary and recurrent HCMV infections progress subclinically in
371 healthy adults, severe cases do occur (51). Additionally, HCMV causes morbidity and
372 mortality in immune-immature, immune-compromised and immune-senescent
373 individuals. Therefore, it is hard to envisage that authorities such as the FDA would
374  approve vaccines based on virulent HCMVs. Thus, it will be necessary to increase the
375  safety by attenuation. One appealing strategy for the generation of immunogenic and
376  safe vaccines is the use of mutants lacking immune antagonists. Such viruses are by
377  definition attenuated and therefore less likely to cause disease. Due to the inability to
378  counteract a given aspect of immunity, such vectors may even induce superior immune
379  responses. Here, we evaluated the effect of the lack the IFN antagonist pM27. AM27-
380  MCMV is replication competent in vitro in the absence of IFN treatment but highly
381  attenuated in vivo (28, 30, 31). Interestingly, the vaccination with the attenuated AM27-
382 HBs showed superior protection compared to MCMV-HBs in terms of breaking the

383  HBYV tolerance in HBV persistent mice. Thus, the residual and temporary replication of
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384  the attenuated AM27-HBs vaccine generated sufficient numbers of HBsAg-specific
385 CD8+ T cells to protect mice from the HBV challenge. Interferons stimulate the
386  expression of several proteins involved in antigen processing and MHC presentation
387  (seee.g., (52)). In conjunction with TCR activation and co-stimulatory molecules, IFNs
388  can also serve as third signal for T cell activation (53). Thus, it is tempting to speculate
389  that the inability of the MCMYV vector to counteract STAT2-dependent IFN signaling
390  is beneficial in terms of raising HBsAg-specific CD8 responses.

391  Altogether, our data corroborate the concept that CMV-based vectors are promising
392 candidates for the development of new therapeutic vaccines for CHB treatment. The
393 results of our study warrant more detailed investigations of HCMV-based vaccines to
394  induce protective CD8 T cell responses against chronic HBV infection in patients.

395
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39¢  METHODS

397  Genetic engineering of MCMYV vaccine vectors

398  MCMYV vectors were constructed by bacterial artificial chromosome (BAC) technology
399 as described ©* 39, The coding sequence of the sHBsAg was amplified by PCR using
400  the following primers, which introduce a C-terminal HA tag and harbour flanking
401  restriction sites: MR-Nhel-sHBsAg-fw (5°-tat gct age atg gag aac atc aca tca gga ttc c-
402  3’) and MR-sHBsAgHA-Xhol-rev (5’-ata ctc gag tta agc gta atc tgg aac atc gta tgg gta
403  aat gta tac cca aag aca aaa gaa aat tgg-3’). The PCR product was cloned into the
404  insertion plasmid pFRTZ-hEF1. The resulting pFRTZ-hEF1-sHBsAgHA harbours the
405  HA-tagged sHBsAg gene under the control of the human elongation factor-1a (hEF1)
406  promoter. Correct cloning was verified by restriction fragment analysis and sequencing
407  (data not shown). pFRTZ-hEF1-sHBsAg was cleaved by Xbal which cleaves the two
408  frtsites flanking the expression cassette and the ZeoR gene. This fragment was religated,
409  giving rise to a circular DNA element harbouring one fi site, the Zeo®R gene, and hEF1-
410  sHBsAg, but lacking the plasmid backbone. The element was introduced into the MCK-
411 2 repaired MCMV-BAC:s (56) either harbouring an fr site instead of the gene m157 or
412 M27 (28) by FLP-mediated homologous recombination in E. coli DH10B using the
413 FLP-expressing plasmid pCP20. Correct mutagenesis was confirmed by restriction
414  digest analysis, Southern blot and PCR analysis (data not shown). MCMYV mutants were

415  reconstituted by transfection of BAC DNA into permissive mouse newborn cells (57).

416

417  Western Blot Analysis

418  Western blotting was performed as described previously (58) using the following
419  antibodies: a-B-actin, a-HA (both from Sigma-Aldrich) and a-pp89-IE1 (CROMAI101,

420  generously provided by Stipan Jonji¢, Rijeka, Croatia). Proteins were visualized using
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421  peroxidase-coupled secondary antibodies and an enhanced chemiluminescence system

422 (Cell Signaling Technology).

423

424  Mouse newborn cells (MNC)

425  MNC were prepared as described previously (57). In all experiments, MNC were used
426  in passage 3. Cell culture media and supplements were obtained from Gibco/Life
427  technologies and HyClone (Logan, UT). MNCs were used to propagate the MCMV

428  viruses.

429

430 MCMY propagation, titration, and replication analysis

431  MCMV stocks were generated as described (59). In vitro infections and titrations were
432 enhanced by centrifugation (900g for 30 min). For the in vivo MCMV replication
433 analysis, mice were infected intraperitoneally (i. p.). Organs of infected mice were
434 harvested, snap-frozen in liquid nitrogen, and stored at -80°C until titration was
435  performed.

436

437  Mice

438  Male, 6- to 8-week-old wild-type C57BL/6J mice and timed pregnant 10- to 20-week-
439 old female mice were purchased from Hunan Slack King Laboratory Animal Co., Ltd.
440  (Changsha, China) and housed under specific pathogen-free (SPF) conditions in the
441  Animal Care Center of Tongji Medical College or obtained from Charles River or
442 Harlan and housed in the animal facility of the Institute for Virology of the University
443 Hospital Essen. Timed pregnant 10- to 20-week-old female mice were used for

444  generation of mouse newborn cells (MNC). Mice were sacrificed on the indicated days
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445  after vaccination and livers were harvested for analysis by IHC and flow cytometry.
446  Procedures in Essen were conducted in accordance with regulations of the European
447  Union and with permission of local authorities (the Landesamt fiir Natur, Umwelt, und
448  Verbraucherschutz) in North Rhine Westphalia, Germany (permit numbers 84-
449  02.04.2014.A390 & 84-02.04.2013.A414).

450

451  Intraperitoneal injection in mice

452 Intraperitoneal injection in mice was performed using 2*103 tissue culture infective
453 dose affecting 50% of wells (TCID50) 50/ml of recombinant virus in 200pL (Am157-
454  MCMV [‘'MCMV’], Am157-MCMV: EF1-HBsAg [‘'MCMV-HBs’], AM27-MCMV
455  [*AM27-Ctrl’], or AM27-MCMV: EF1-HBsAg [‘AM27-HBs’]). Identical volume of
456  phosphate buffered saline (PBS) served as control.

457

458  Hydrodynamic injection in mice

459  Hydrodynamic injection was performed as described previously using the replicating
460  HBYV plasmids pSM2 (generously provided by Dr. Hans Will, Heinrich-Pette-Institute,
461  Hamburg, Germany) or pAAV/HBV1.2 (generously provided by Professor Pei-Jer
462  Chen, National Taiwan University College of Medicine, Taipei, Taiwan) to establish
463  HBV replication in mice (60-62). In brief, male mice (6 to 8 weeks of age) were injected
464  with 10ug pSM2 or AAV/HBV1.2 in a volume of normal saline solution equivalent to
465 0.1 ml/g of the mouse body weight through the tail vein within 8 seconds (63, 64).

466

467  Detection of serological HBV markers

468  Sera were prepared from blood collected at the indicated time points from the retro-

469  orbital sinus of mice. Serum levels of HBsAg and HBeAg were measured by the
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470  corresponding ELISA kits (Kehua, Shanghai, China) according to manufacturer’s
471  instructions. HBV DNA copies were determined by a diagnostic kit (Sansure, Changsha,
472 China) using a quantitative real-time PCR according to manufacturer’s instructions.
473

474 Cell isolation

475  Preparation of single-cell suspensions of murine intrahepatic lymphocytes was
476 performed as described previously (64, 65).

477

478  Flow cytometry

479  Surface and intracellular staining for flow cytometry analysis were performed as
480  described previously (66). The following antibodies were used for surface and
481  intracellular staining: FITC-anti-CD3, APC-Cy7-anti-CD4, Pacific Blue-anti-CDS,
482  FITC-anti-CD43, PE-anti-PD1, and FITC-anti-IgG1 (all BD Biosciences, USA). For
483  intracellular cytokine staining, we used the following antibodies: APC-anti-IFNy,
484  PerCP-Cy5.5-anti-IL-2, or FITC-anti-TNFo (BD Biosciences, USA). For HBV-
485  specific CD8+ T cell detection, soluble DimerX H-2Kb: Ig fusion protein technology
486  (BD Biosciences, USA) was applied. In brief, cells were incubated with CD16/CD32
487  anti-mouse antibody (clone 2.4G2; BD Pharmingen) to block FcRs. After washing,
488  dimer staining was performed by incubation of dimer (which has been loaded with HBV
489  Cor93-100 or Env190-197 peptide) and cells for 1 hour at 4°C. The cells were washed
490  and incubated with anti-IgG1 antibody (BD Biosciences, USA) for 30 minutes at 4°C.
491  Data were acquired on a BD FACS Canto II flow cytometer. Cell debris and dead cells
492  were excluded from the analysis based on scatter signals and Fixable Viability Dye
493 eFluor 506 (eBioscience). Isolated murine intrahepatic lymphocytes were used for all

494  assays, and approximately 20,000-40,000 T cells were acquired for each sample using
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495 a BD FACS Canto II flow cytometer. Data analysis was performed using FlowJo
496  software V10.0.7 (Tree Star, Ashland, OR, USA).

497

498  Statistical analysis

499  Statistical data were derived by using the GraphPad Prism software (GraphPad
500  Software). Data were analyzed using Log-rank test, unpaired t test and one-way
501  ANOVA. As described in each figure legend.

502

503  Ethics statement

504  All animal procedures were approved by the Institutional Animal Care and Use
505  Committee Tongji Medical College, Huazhong University of Science and Technology
506  in accordance with the recommendations in the National Advisory Committee for
507  Laboratory Animal Research (NACLAR) guidelines. IACUC Number 2019-S1016.
508  The experiments were performed under isoflurane anesthesia, and all efforts were made
509  to minimize suffering.

510
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731  Figure legends

732 Figure 1. Generation and validation of HBsAg-expressing MCMYV vectors.
733 (A) Schematic overview of the cloning strategy for the generation of the HBsAg-
734  expressing MCMYV vectors. Please, see the M&M section for details. (B) HBsAg
735  expression was confirmed by immunoblot. (C) The in vitro replication competence of
736  MCMV vectors as well as corresponding parental viruses was determined by classic
737  plaque titration. Mouse newborn cells were infected (0.05 PFU/cell) with indicated
738  MCMVs. At indicated time points, cells and supernatants were frozen and stored at -
739 80°C until all samples were titrated simultaneously. Titrations were performed in
740  triplicates. (D) The in vivo replication competence of the HBsAg-expressing MCMVs
741 and wt-MCMYV was compared in salivary glands at 21d post i. p. infection of C57BL/6
742 mice (n=6 mice per group).

743

744 Figure 2. An HBsAg-expressing MCMYV protects mice against HBV challenge. (A)
745  Schematic overview of the experimental setup: C57BL/6J naive mice were immunized
746 intraperitoneally with 2*10"5 PFU of wt-MCMV or MCMV-HBs at day 0 and day 21
747  and were challenged with HBV plasmid pSM2 via hydrodynamic injection (HI) at day
748  42. The mice were sacrificed after HBV clearance in serum at 52dpi, 10 days after HI.
749 (n=5). (B) The kinetics of serum HBsAg and HBeAg levels were monitored by ELISA
750  at indicated time points. (C) The kinetics of serum HBV DNA levels were monitored
751 by real-time PCR at indicated time points. (D) Immunohistochemical staining of
752 HBsAg in the livers of wt-MCMYV and MCMV-HBs immunized mice. Left: calculation
753 of the average numbers of HBsAg-positive hepatocytes per field of vision. Right:
754  representative staining of a liver section (original magnification: 200x) (E)

755  Immunohistochemical staining of HBcAg in the livers of wt-MCMV- and MCMV-
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756  HBs-immunized mice. Left: calculation of the average numbers of HBcAg-positive
757 hepatocytes per field of vision. Right: representative staining of a liver section (original
758  magnification: 200x%) Data are depicted as arithmetic means = SEM, and experiments
759  were repeated three times (n=5-6 mice per group). The statistical analysis was
760  performed by Log-rank test (B-C) or unpaired t test (D-E). dpi, days post infection

761

762 Figure 3. MCMV-HBs vaccination enhances the intrahepatic HBsAg-specific CD8
763 T cell responses. (A) Numbers, frequencies, and representative cytometry plots of
764  CD4+ and CD8+ T cells among liver infiltrating lymphocytes in mice immunized with
765 MCMV-HBs or MCMV. (B) Numbers, frequencies, and representative cytometry plots
766 of PD1+ cells among CD8+ T cells in mice immunized with MCMV-HBs or wt-
767  MCMYV. (C) Numbers, frequencies, and representative cytometry plots of
768  CD43+CDS8+T cells among CD8+ T cells in mice immunized with MCMV-HBs or
769  MCMV. (D) Numbers, frequencies, and representative cytometry plots of HBV
770 Env190-specific CD8+ T cells. (E) Numbers, frequencies, and representative cytometry
771 plots of HBV Core93-specific CD8+ T cells. (F) Numbers, frequencies, and
772 representative cytometry plots of Env190-specific cytokine-positive CD8+ T cells after
773 in vitro stimulation with Env190 peptide. (G) Numbers, frequencies, and representative
774  cytometry plots of Core93-specific cytokine-positive CD8+ T cells after in vitro
775  stimulation with Core93 peptide. Data were replicated in at least 2 independent
776  experiments. Data are depicted as arithmetic mean = SEM; *p <0.05, **p <0.01, ***p
777 <0.001, ****p <0.0001; A unpaired t test was used to assess statistical significance;
778  Core93, core93-100; Env190, env190-197;

779
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780  Figure 4. AM27-HBs vaccination protects mice against HBV challenge in mice. (A)
781  Schematic overview of the experimental setup: C57BL/6J naive mice were immunized
782  intraperitoneally with 2*10"5 PFU of AM27-Ctrl, AM27-HBs or PBS in a volume of
783 100uL at day 0 and day 21, and were challenged with the HBV plasmid pSM2 via
784  hydrodynamic injection (HI) at day 42. The mice were sacrificed after HBV clearance
785  in serum at 52dpi, 10 days after HI. (n=5). (B) The kinetics of serum HBsAg and
786  HBeAg levels were monitored by ELISA at indicated time points. (C) The kinetics of
787  serum HBV DNA levels were monitored by real-time PCR at indicated time points. (D)
788  Immunohistochemical staining of HBsAg in the livers of PBS-, AM27-Ctrl-, and
789  AM27-HBs-immunized mice. Left: calculation of the average numbers of HBsAg-
790  positive hepatocytes per field of vision. Right: representative staining of a liver section
791  (original magnification: 200%) (E) Immunohistochemical staining of HBcAg in the
792 livers of PBS-, AM27-Ctrl, and AM27-HBs-immunized mice. Left: calculation of the
793  average numbers of HBcAg-positive hepatocytes per field of vision. Right:
794  representative staining of a liver section (original magnification: 200x). Data are
795  depicted as arithmetic means £ SEM, and experiments were repeated three times
796  (n=5~6 mice per group). The statistical analyses were performed by Log-rank test (B-
797  C) or one-way ANOVA (D-E).

798

799

800  Figure 5. AM27-HBs vaccination enhances the intrahepatic anti-HBsAg CD8 T
801  cell response. (A) Numbers, frequencies, and representative cytometry plots of CD4+
802  and CD8+ T cells among liver infiltrating lymphocytes in mice immunized with PBS,
803  AM27-Ctrl, or AM27-HBs. (B) Numbers, frequencies, and representative cytometry

804  plots of PDI1+ cells among CD8+ T cells in mice immunized with PBS, AM27-Ctrl or
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805  AM27-HBs. (C) Numbers, frequencies, and representative cytometry plots of CD43+
806  cells among CD8+ T cells in mice immunized with PBS, AM27-Ctrl or AM27-HBs.
807 (D) Numbers, frequencies, and representative cytometry plots of HBV Env190-specific
808  CD8+ T cells. (E) Numbers, frequencies, and representative cytometry plots of HBV
809  Core93-specific CD8+ T cells. (F) Numbers, frequencies, and representative cytometry
810  plots of Env190-specific cytokine-positive CD8+ T cells after in vitro stimulation with
811  Env190 peptide. (G) Numbers, frequencies, and representative cytometry plots of
812 Core93-specific cytokine-positive CD8+ T cells after in vitro stimulation with Core93
813  peptide. Data were replicated in at least 2 independent experiments. Data are depicted
814  as arithmetic mean £ SEM; *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001;
815  Statistical significance was assessed using the one-way ANOVA test; Core93, core93-
816  100; Env190, env190-197;

817

818  Figure 6. MCMYV-HBs vaccination accelerates HBV clearance and enhances the
819  intrahepatic anti-HBV CDS8 T cell response in HBV persistent mice.

820  (A) Schematic overview of the experimental setup: C57BL/6] naive mice were
821  hydrodynamically injected with pAAV-HBV1.2 (day 0) and immunized (primed) one
822 week later (day 7) by intraperitoneal injection with MCMV-HBs or wt-MCMYV and
823  subsequently boosted with HBV plasmid pSM2 at week 4 (day 28). The mice were
824  sacrificed after HBV clearance in serum at week 6, 42 days after HI. (n=5). (B) The
825  kinetics of serum HBsAg levels were monitored by ELISA at indicated time points. (C)
826  The kinetics of serum HBV DNA levels were monitored by real-time PCR at indicated
827  time points. (D) Immunohistochemical staining of HBsAg in the livers of wt-MCMV-
828 and MCMV-HBs-immunized mice. Left: calculation of the average numbers of

829  HBsAg-positive hepatocytes per field of vision. Right: representative staining of a liver
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830  section (original magnification: 200%). (E) Immunohistochemical staining of HBcAg
831  in the livers of MCMV- and MCMV-HBs-immunized mice. Left: calculation of the
832 average numbers of HBcAg-positive hepatocytes per field of vision. Right:
833  representative staining of a liver section (original magnification: 200%). (F) Numbers,
834  frequencies, and representative cytometry plots of HBV Env190-specific CD8+ T cells.
835  (G) Numbers, frequencies, and representative cytometry plots of Env190-specific
836  cytokine-positive CD8+ T cells after in vitro stimulation with Env190 peptide. Data are
837  depicted as arithmetic mean + SEM, and experiments were repeated three times (n=5-
838 6 mice per group). Statistical analyses were performed by Log-rank test (B-C) or
839  unpaired t test (D-F).

840

841

842  Figure 7. AM27-HBs vaccination accelerates HBV clearance and enhances the
843  intrahepatic anti-HBV CD8+ T cell responses in HBV persistent mice. (A)
844  C57BL/6J naive mice were hydrodynamically injected with pAAV-HBV1.2 (day 0)
845  and immunized (primed) one week later (day 7) intraperitoneally with 2*10"5 PFU of
846  AM27-Ctrl, AM27-HBs, PBS in a volume of 100uL, and subsequently boosted with
847  HBYV plasmid pSM2 at week 4 (day 28). Mice were sacrificed after HBV clearance in
848  serum at week 6, 42 days after HI. (n=5). (B) The kinetics of serum HBsAg levels were
849  monitored by ELISA at indicated time points. (C) The kinetics of serum HBV DNA
850 levels were monitored by real-time PCR at indicated time points. (D)
851  Immunohistochemical staining of HBsAg in the livers of PBS-, AM27-Ctrl - or AM27-
852 HBs-immunized mice. Left: calculation of the average numbers of HBsAg-positive
853  hepatocytes per field of vision. Right: representative staining of a liver section (original

854  magnification: 200%). (E) Immunohistochemical staining of HBcAg in the livers of
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855  PBS-, AM27-Ctrl - or AM27-HBs-immunized mice. Left: calculation of the average
856  numbers of HBcAg-positive hepatocytes per field of vision. Right: representative
857  staining of a liver section (original magnification: 200x). (F) Numbers, frequencies, and
858  representative cytometry plots of HBV Env190-specific CD8+ T cells. (G) Numbers,
859  frequencies, and representative cytometry plots of Env190-specific cytokine-positive
860  CD8+ T cells after in vitro stimulation with Env190 peptide. Data are depicted as
861  arithmetic mean + SEM, and experiments were repeated three times (n=5-6 mice per
862  group). Statistical analyses were performed by Log-rank test (B-C) or one-way
863  ANOVA (D-F).

864
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