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Design and nonviral delivery of live
attenuated vaccine to prevent chronic
hepatitis C virus-like infection

Sheetal Trivedi1,7, Piyush Dravid1,7, Tim C. Passchier 2, Satyapramod Murthy1,

Kripa Shanker Kasudhan1, Narendran Reguraman1, Justin Kellar1, Rahul Chandra1,

Cole Cassady1, Peter D. Burbelo 3, Arash Grakoui 4,5, Himanshu Sharma1,

Peter Simmonds2 & Amit Kapoor 1,6

An effective vaccine for the hepatitis C virus (HCV) remains an unmet medical

need. There is no animal model for assessing HCV vaccines; however, rodent

hepacivirus (RHV) infection in laboratory rats recapitulates the lifelong

chronic hepatotropic infection and immune evasion of HCV. Here, we

designed a live-attenuated vaccine (LAV) for RHV and determined its immu-

nogenicity and efficacy for preventing chronic infection. The LAV strains are

generated by synonymous mutagenesis to increase the frequencies of natu-

rally suppressed dinucleotides, UpA or CpG, in genomic regions that lack

extensive RNA secondary structures. Rats vaccinated using LAV containing

infectious virions (LAV-IV), or lipid nanoparticle-encapsulated viral RNA (LNP-

vRNA) developed short-term viremia and robust T cell responses. After chal-

lenge with RHV-rn1, while all unvaccinated rats developed chronic infection,

75% and 85% of rats vaccinated with LAV-IV and LAV-vRNA cleared the infec-

tion. Clearance of RHV-rn1 was associated with expansion of memory T cells,

transient rise in serum ALT, and, more importantly, enhanced protection

against reinfection. In conclusion, we identified a genomic region of hepaci-

virus that can be synonymously mutated to attenuate its persistence, and

vaccines based on these modified genomes protect against chronic hepaci-

virus infection, a strategy with an apparent translational path toward HCV

immunization.

Since the discovery of the hepatitis C virus (HCV) in 19891, remarkable

advances have been made in our understanding of the prevention and

treatment of HCV-associated diseases2. However, HCV research has

failed to deliver its principal promise of developing a preventive

vaccine3,4. After nearly a decade of use of the highly effective HCV

direct-acting antivirals that can cure most infections, it is well

understood that an effective vaccine is necessary to control the

ongoing HCV transmissions and achieve the larger goal of

eradication3–6.

Several challenges have restricted thedevelopmentof aneffective

HCV vaccine5. HCV can only naturally infect humans or chimpanzees,

and thus, an immunocompetent small animal model to identify
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immune correlates of protection against chronic infection and to test

the efficacy of different vaccines has not been available for the past

three decades since the discovery of HCV. The recent failure of a well-

designed clinical trial of the HCV vaccine in humans7 further highlights

our poor understanding of the protective immunity needed to prevent

chronic infections. Another significant challenge is the extensive

genetic heterogeneity of HCV variants that can be phylogenetically

classified into at least 8 genotypes and over 75 subtypes8,9. Genotypes

differ by >30% at the nucleotide level, compared with >15% differences

between subtypes. Although all major genotypes have been found

worldwide, there are apparent differences in their geographical

distribution10. Vaccines might therefore have to be tailored to match

the genotypes prevalent in aparticular population, such as genotypes 1

and 3 inmostWestern countries, genotypes 1, 2, 4 and 7 in sub-Saharan

Africa and genotypes 1, 2 and 6 in South and Southeast Asia.

The isolation of a rodent HCV-like hepacivirus (RHV) from wild

rats (Rattus norvegicus), RHV-rn1, was promising for the development

of informative and tractable surrogate models for HCV11–14. We have

shown that RHV-rn1 shares genetic features and organization, poly-

protein cleavage pattern, liver tropism, and DAA susceptibility with

HCV, making it a relevant surrogate model for HCV13,15,16. RHV-rn1 also

establishes exclusively hepatotropic infection in immunocompetent

inbred and outbred lab rats, and the chronic infection is also asso-

ciated with immune dysfunction, resembling that of HCV infections in

humans12,13,17. Like HCV infection in humans and chimpanzees18–22, we

further demonstrated thatT cell immunity plays an essential role in the

clearance and control of RHV-rn1 infection in rats and mice12,23,24. The

subversion of T cell immunity is a critical feature of chronic, lifelong

RHV-rn1 infection in inbred immunocompetent rats24, and vaccination

to restore virus-specific memory T cells has been shown to confer

protection against chronic infection12,14. Furthermore, our observa-

tions of prolongedor chronicRHV-rn1 infection in vaccinated rats after

antibody-mediated depletion of CD8 or CD4 T cells and reduced vac-

cine efficacyagainst RHV-rn1 variant containingmutations in dominant

MHC class I epitopes confirmed a critical role for T cells in vaccine-

conferred protection12,17.

Serial passaging of pathogenic viruses in vitro or in vivo to

develop less pathogenic viral variants is the traditional and empirical

approach of generating live attenuated vaccines (LAV). More recent

approaches to achieve attenuation in a more controlled way include

manipulating viral genomes using insertions and deletions, changing

the natural bias for codon25–27, or codon-pair usage28–31, or dinucleotide

frequencies32–35. The latter approach achieves attenuation through

increasing the frequencies of dinucleotides UpA (uracil followed by

adenine) or CpG (cytosine followed by guanine), the two dinucleotides

that are specifically suppressed in genomes of most vertebrate RNA

viruses. While this approach was shown to substantially decrease the

replication or pathogenicity of RNA viruses that cause acute resolving

infections32,33,36,37, it has not to date been evaluated as a mechanism to

attenuate viruses associated with chronic infections.

HCV primarily causes lifelong persistent infection in 70% and liver

diseases in approximately 20% of those infected. Attenuation may

potentially reduce its ability to establish chronic infection, and there-

fore be used as LAV to induce protective immunity against chronic

infection of wild-type virus. However, the development of an atte-

nuated strain of HCV has remained problematic in the absence of

efficient cell culture systems and a tractable immunocompetent ani-

mal model that reproduces the chronicity of HCV observed in

humans38. Notably, by transferring the developmental approach to the

RHV / rat model, we were able to demonstrate how sequence-

independent approaches, such as artificially increasing frequencies of

naturally suppressed dinucleotides UpA and CpG, can create viable

strains of RHV-rn1 with irreversible attenuation. Furthermore, these

strains could be used as LAV to protect against chronic infection of the

wild-type RHV-rn1. Our results showed that an in silico designed and

developed LAV for HCV-like virus, delivered through non-viral packa-

ging in lipid nanoparticles (LNP), induced robust immunity to protect

against chronic HCV-like infection.

Results
Identification of hepacivirus genomic regions that can tolerate
synonymous mutations
The genomes of HCV and all vertebrate hepaciviruses characterized to

date possess extensive genome-scale ordered RNA structure (GORS), a

genome property associated with persistent infections that is largely

absent from other members of the flavivirus family, such as the vector-

borne orthoflaviviruses that primarily cause acute self-resolving infec-

tions in their mammalian hosts39. Thus, we were concerned over whe-

ther the RHV genome would possess the plasticity to tolerate

compositional modifications, such as artificially increased frequencies

of the naturally suppressed dinucleotides, CpG and UpA, without

damaging base pairing in RNA secondary structures that may be

involved in in vivo replication. However, it was apparent that several

regions of the RHV genome naturally showed lower degrees of RNA

secondary structure, as manifested by lower mean folding energy dif-

ferences (MFEDs)39; from sequence order randomized controls (Fig. 1A).

We hypothesized that such regions would be tolerant to the multiple

synonymous mutations required to increase frequencies of UpA and

CpG pairs previously associated with attenuation37,40. The longest

stretch of the RHV genomewith lowerMFEDwas identified in the region

coding E2, p7, NS2, and the N-terminal half of the NS3 protein (R3 in Fig.

1A), with a mean MFED of 0.4% (Table S1, Supplementary Information).

This contrasts with themore structured regions immediately before and

after this region R2: 4.4%, R4: 4.5%). To test our hypothesis, first, we

generated codon scrambled (CDLR) mutants for region R3 and the two

adjacent regions on either side (R2 and R4) using the Sequence Mutate

program in the SSE package39 and introduced these into the previously

described RHV-rn1 plasmid backbone13. The CDLRmutants preserve the

natural nucleotide composition and dinucleotide frequencies, despite

carrying hundreds of synonymous mutations (Fig. 1B)37.

The full-length viral RNA transcripts of R2-CDLR, R3-CDLR, and

R4-CDLR were injected into the livers of rats to initiate infection and

rescue the infectious virus, as described earlier for the wild-type RHV-

rn1 (Fig. 1C)13. The rats injected with the wild-type RHV-rn1, R2-CDLR,

and R3-CDLR mutants developed viremia and remained persistently

infected until observed or 175 days post-infection (pi) (Fig. 1D). Nota-

bly, the rats injected with R4-CDLR failed to be infected, with no

detectable viremia or evidence for antibody seroconversion, indicat-

ing the failure of this mutant to produce viable and infectious virus.

These results indicated that the R2 and R3 regions of the RHV genome

can tolerate hundreds of synonymous mutations without any sig-

nificant loss of virus infectivity or replication.

Nature of infection and immunity of UpAhigh andCpGhighmutants
Since CDLR mutants of R2 and R3 regions were viable, we designed

UpAhigh and CpGhigh mutants for these regions, named R2-UpAhigh, R2-

CpGhigh, R3-UpAhigh, and R3-CpGhigh (Fig. 1B). After sequence confirma-

tion of recombinant clones, their transcripts representing the com-

plete viral genome were injected into the liver of 3 rats for each

mutant. Except for the R2-CpGhigh mutant injected rats, all others

developed short-term viremia that cleared before day 21 pi (Fig. 1E).

Interestingly, all rats infected with RHV-rn1, R2-CDLR and R3-CDLR

mutant seroconverted as evident from the rise of high-titers of anti-

NS3 IgG antibodies in their serial serum samples (Fig. 2A), but the rats

infected with R2-UpAhigh, R3-UpAhigh, and R3-CpGhigh despite short-term

viremia, did not develop high-titers of anti-NS3 IgG antibodies. Nota-

bly, RHV-rn1, R2-CDLR, R3-CDLR, andR4-CDLR rats showeda complete

absence of functional virus-specific T cell responses, as evident from

the lack of IFN-γ producing T cells in their PBMC samples stimulated

with RHV T cell epitopes (Fig. 2B). These results indicated that the
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chronic infection with CDLR mutants was associated with the same

dysfunctional T cell immunity as observed on infection with the wild-

type RHV-rn1, as observed in our earlier studies12,16. Importantly, the

rats injectedwith threemutants, R2-UpAhigh, R3-UpAhigh, and R3-CpGhigh

developed antigen-specific IFN-γ producing T cells that were enum-

erated by analyzing their peripheral blood mononuclear cells (PBMC)

(Fig. 2B), and the highest and the most consistent antigen-specific T

cell responses were present in the R3-UpAhigh injected rats (Fig. 2B–C).

These results indicate that the self-resolving infection of R2-UpAhigh,

R3-UpAhigh, and R3-CpGhigh mutants generated virus-specific memory

T cells that could produce antiviral cytokines upon antigenic

stimulation.

To determine if the spontaneous clearance of R3-UpAhigh and

CpGhigh mutants conferred protection against chronic infection, we

challenged these mutant-cleared (or vaccinated) rats with 105 VGE of

wild-type RHV-rn1 virus, which is equivalent to >10-fold the minimum

infectious dose to establish chronic infections in rats. All three R2-

CpGhigh vaccinated rats developed a chronic infection (Fig. 2E),whereas

only one of the three rats vaccinated with R2-UpAhigh mutant devel-

oped a chronic infection. Similarly, all three R3-CpGhigh vaccinated rats

developed acute viremia, but only one remained persistently viremic.

Notably, all three R3-UpAhigh mutant vaccinated rats developed acute

viremia then cleared the RHV-rn1 infection within two weeks (Fig. 2F).

Altogether, these results indicated that the spontaneous clearance of

R3-UpAhigh mutant conferred the most efficacious protection against

the chronic infection of the homologous wild-type virus, RHV-rn1,

which universally produces lifelong HCV-like chronic infection in

unvaccinated rats12,13,16,17. Although both R3-UpAhigh and R3-CpGhigh

mutants induced equivalent T cell responses (Fig. 2B), considering the

results of protection studies (Fig. 2F), we focused all subsequent

experiments on the R3-UpAhigh mutant. However, to generate the R3-

UpAhigh mutant virus stock sufficient for vaccination, we injected

transcripts of theR3-UpAhigh clone into the liversof Lewis rats thatwere

transiently depleted for CD4 T cells since the infection in normal Lewis

rats was yielding low titers of viremia (Fig. 2F). The serumof twoCD4T

cell-depleted Lewis rats euthanized on day 7 pi was pooled and used in

all subsequent studies as the live attenuated vaccine containing

infectious virions, LAV-IV.

LAV-IV induced robust liver-resident T cell immunity in rats
and mice
Rats infected with 105 VGE of serum-derived R3-UpAhigh virus devel-

oped 1-2 weeks of viremia that was significantly lower in titers than

viremia observed after RHV-rn1 infection (Fig. 3A). Infected rats vari-

ably seroconverted and developed virus-specific T cell responses

against multiple viral proteins (Fig. 3B, C). To further characterize R3-

UpAhigh induced T cell immunity in rats, we used peptide pools repre-

senting the complete RHV polyprotein, a peptide pool representing

previously identified CD8 and CD4 T cell epitopes, and rat MHC class I

tetramers specific to peptides from E1 andNS5B proteins, as described

earlier12,16,17. The virus-specific memory T cells were more frequent in

the liver than the spleen andpredominantly targeted the nonstructural

proteins, as reported during RHV and HCV infection41,42. The fre-

quencies of MHC class I tetramers-specific CD8 T cells ranged from 2-

7% of total CD8 T cells in the liver in vaccinated rats (Fig. 3D). Notably,

compared to the total CD8 T cells in the liver, almost all vaccine-

specific CD8 T cells expressed chemokine receptor CXCR3 and were

negative for expression of L-selectin CD62L indicating that these cells

were recruited to the liver and represent the effector tissue-resident

memory (TRM) CD8 T cells (Fig. 3E).

For amore thorough characterization of R3-UpAhigh induced T cell

immunity, we used laboratory mice. Notably, unlike in rats, the infec-

tion of RHV-rn1 spontaneously resolves within weeks in normal

laboratory mice41. Thus, although lab mice are not meaningful models

for assessing vaccine efficacy against chronic infection, the recently

generated RHV-specific mouse MHC class I and class II tetramers41,
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Fig. 1 | Design of RHV mutants evaluated as LAV vaccine candidates and their

infection outcomes in rats. A Theminimum folding energy differences (MFED) in

the RHV-rn1 genome were plotted as the blue line in the upper panel and for

different HCV genotypes in the lower panel. MFED values were calculated for

consecutive 240 base fragments, incrementing by 15 bases across the genome.

MFED valueswerecalculatedby subtractionof theMFEof the native sequence from

the mean value of the same sequence scrambled in base order while maintaining

native dinucleotide frequencies. R2-4 depicts the genomic regions selected for

mutagenesis, and their MFED values are shown in red fonts. B Table shows

mononucleotide and dinucleotide compositions of wild-type (RHV-rn1), CDLR, and

UpA- andCpG-maximized sequences in R-2 and R-3 regions. The yellowhighlighted

numbers indicate the final number ofdinucleotides in theR-2 andR-3 regions of the

UpA and CpG mutants. *Ratio of observed frequencies of CpG or UpA frequencies

to expected values based onmononucleotide composition.C Schematics of in vivo

rescue of infectious virus from mutated genomes using intrahepatic injection of

transcribed RNA in rats. Each rat was injected with 10μg viral RNA in PBS.DCourse

of viremia of CDLR mutants and wild-type RHV-rn1. Note that the CDLR-4 mutant

failed to produce consistent and high-titer viremia observed in R2 and R-3 CDLR

mutants. ECourse of viremia in rats injectedwith R-2 and R-3 variants with elevated

UpA or CpG dinucleotide frequencies. Source data are provided as a Source

Data file.
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together with the availability of a vast array of antibodies for mouse

immune cell markers, make them a valuable model for characterizing

RHV-specific T cells. The R3-UpAhigh produced self-resolving infection

inmice. Additionally, the acute viremia in R3-UpAhighmicewas lower in

titers than in RHV-rn1 viremia in mice, indicating that higher fre-

quencies of UpA also attenuated the RHV ability to establish high-titer

and extended viremia in mice (Fig. 3F). We used mouse MHC class I

(H2-Db) and class II (H-2Ab or I-Ab) tetramers to compare the RHV NS3-

specific memory CD8 and CD4 T cells in R3-UpAhigh and RHV-rn1

cleared mice. The frequencies of antigen-specific memory CD8 T cells

in R3-UpAhigh mice were significantly lower in both the liver and spleen

compared to those in RHV-rn1 mice, possibly due to the higher and

prolonged viremia in the latter. However, there were no differences in

the antigen-specific memory CD4 T cell frequencies between the

groups (Fig. 3G). The antigen-specific memory CD8 T cells in the liver

(tissue-resident memory, TRM) of both RHV-rn1 and R3-UpAhigh were

remarkably different from their homologs in the spleen, specifically in

the expression of CD62L, CD69, LFA-1, SLAMF7, and CD127 (Fig. 3H).

Similar differences were not found between the antigen-specific

memory CD4 T cells (Fig. 3I). Notably, the median fluorescence

intensity of PD-1 was higher on antigen-specificmemory CD8 T cells in

the RHV-rn1 mice compared to the R3-UpAhigh mice in both spleen and

liver, likely due to themoreprolonged exposure of T cells to antigen in

RHV-rn1mice (Fig. 3H).Overall, these results confirmed that R3-UpAhigh

clearance generates robust memory CD8 and CD4 T cells that largely

resemble the liver-resident nature of memory T cells generated by

natural clearance of wild-type RHV-rn1 virus.

LAV-IV vaccination conferred protection against chronic
infection
A total of 24 rats, 12 males and 12 females, were infected with the R3-

UpAhigh virus as the prime and booster doses for LAV-IV vaccination

(Fig. 4C). A short-term viremia was observed in most rats after the

prime and booster doses, but one rat (rat-726) developed chronic

infection after the prime dose and remained viremic throughout the

follow-upperiod (Fig. 4C). Notably, the viremiaonday7pi inmaleswas

significantly higher in titers than in the females after the prime dose

(Fig. 4D). The remaining 23 rats that cleared the vaccine were chal-

lenged with 105 VGE of RHV-rn1. The RHV-rn1 challenge inoculum was

the serumof an infected Lewis rat, as described earlier12,17. Notably, the

Lewis rats infected with RHV-rn1, regardless of age or sex, universally

develop lifelong chronic infections accompanied by high titers of

viremia12,13,16,17,43,44. Of the 23 LAV-IV vaccinated rats, 21 developed vir-

emia after the challenge infection, and importantly, 17 of 23 rats

cleared the viremia within 4 weeks and remained cleared until

observed or day 100 post-challenge. An additional vaccinated rat

cleared the viremia in twomonths; thus, by the end of the study, 18 of

23 vaccinated rats cleared the infection, indicating >75% efficacy of the

LAV-IV vaccine in preventing chronic infection (Fig. 4C). Challenge

infection was associated with robust expansion of virus-specific T cells

with specificities to RHV structural and nonstructural proteins (Fig.

4E). Interestingly, the rats that developed chronic infection had sig-

nificantly higher titers of viremia on day 7 after challenge infection

compared to the cleared rats indicating that the vaccine failure was

associated with poor control of viremia during the acute phase infec-

tion, more likely indicating the lack of robust vaccine-induced immu-

nity in these rats (Fig. 4F). Comparison of virus-specific T cells

frequencies in 6 vaccinated rats before and after challenge also

showed significantly lower expansion of vaccine-induced T cells in the

rats that developed chronic infection (Fig. 4G). Terminal analysis of

virus-specific T cells in the liver of cleared and chronic rats showed that

the persistent viremiawas associatedwith exhaustion of T cell antiviral

functions (Fig. 4H), and the virus-specific CD8 T cells in cleared and

chronic rats differed in their phenotype, specifically in the expression

of CXCR3 and CD161 (Fig. 4I).

Todetermine if the chronicR3-UpAhigh infection in rat-726was due

to the reversion of UpA mutations, we sequenced the complete gen-

ome of the virus in serum on days 14 and 165 pi. On day 14 pi, the virus

genome had all 160 synonymousmutations introduced to increase the

UpA frequencies and only one new synonymous mutation at position
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Two-tailed paired t-test was used for analysis, and p-values < 0.01 or 0.05 were

considered statistically significant; p-values between day14 and day42 for RHV-rn-1
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3465. Interestingly, the virus genome from 165 dpi serum showed

reversions of 9 introduced UpA sites and 4 new synonymous muta-

tions that disrupted naturally occurringUpA sites. Additionally, 19 new

synonymous and 22 new non-synonymous mutations were also pre-

sent, mainly in E1E2 and NS5A proteins (Fig. 4J). The extent of virus

evolution in rat-726 was greater than that observed during chronic

RHV-rn1 infection in naïve or vaccinated rats, or during chronic

infection in immunocompromised mice12,13,17,43–45. We infected three

naïve rats with the rat-726 day 165 pi serum, and all rats developed a

chronic infection, indicating the complete reversion of LAV attenua-

tion in rat-726 during the chronic infection.

Nonviral delivery of R3-UpA genomes as lipid nanoparticles
produced viremia and immunity against chronic infection
We realized two limitations of the LAV-IV studies that would be of

relevance for future translation to HCV vaccines. First, although an R3-

UpAhigh version of HCV can be designed and synthesized, the in vitro

systems for HCV may not be robust enough to rescue sufficiently high-

titer mutated virus stocks. For RHV, this problem was circumvented by

producing vaccine stocks in Lewis rats thatwere transiently depleted for

CD4 T cells. Second, the in vitro or in vivo propagation of attenuated

viruses inherently increases the risk of reversion of introduced muta-

tions (Fig. 4I). Thus, we aimed to determine if lipid nanoparticle (LNP)
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technology can be used to encapsulate R3-UpAhigh genomes and if these

viral-RNA (vRNA) LNP complexes can initiate infection for immuniza-

tion. Since the R3-UpAhigh virus produced lower titer and shorter viremia,

as proof-of-principle, we first made vRNA-LNP using full-length tran-

scripts of RHV-rn1 genome, and all 3 rats injected intravenously with 5

μg of encapsulated RNA developed high-titer viremia that persisted

throughout the 120-day follow-up period. Then, we vaccinated 12 male

and 12 female rats, with two doses of R3-UpAhigh vRNA-LNP; each dose

used 5 μg of LNP encapsulated vRNA (Fig. 5A). We observed short-term

viremia after the prime and booster dose, and all 24 vaccinated rats

cleared the viremia (Fig. 5B). The vaccinated rats were challenged with

105 VGE of RHV-rn1, which represents >10-fold the minimum infectious

dose. Of the 24 rats, 21 cleared the RHV-rn1 infection within 4 weeks,

indicating a vaccine efficacy of >85% against chronic infection. Of the

three chronic rats, two were females and one was male.

To determine the relative importance of vaccine-elicited CD4 ver-

sus CD8 T cells in protection against chronic RHV-rn1 infection, vRNA-

LNP vaccinated rats were treated with depleting antibodies targeting

these subsets immediately prior to RHV-rn1 challenge. While all control

rats cleared the RHV-rn1 infection, both CD4 and CD8-depleted rats

failed to clear or control the virus and remained viremic until observed

(Fig. 5C). These results indicate that the vRNA-LAV conferred protection

was dependent on the presence of both CD8 and CD4 T cell subsets.

Furthermore, consistent with T cells being primary mediators of

vaccine-conferred protection, the control of RHV-rn1 viremia was asso-

ciated with a significant rise in serum alanine aminotransferase enzyme

levels that normalized with the clearance of viremia (Fig. 5D). Although

the mean of peak ALT values after the challenge was 94.5 IU/L, indi-

cating only mild to moderate liver pathologies46.

To study the T cell immunity after vaccination and challenge, we

enumerated the virus-specific T cells in serially collected PBMC sam-

ples using ELIPOST assay and two MHC class I tetramers specific for

epitopes in E1 andNS5Bproteins. Although the difference between the

frequencies of the IFN-γ-producing vaccine-specific T cells in rats that

cleared or developed chronic RHV-rn1 infection was not statistically

significant, expansion of IFN-γ-producing antigen-specific T cells after

challenge was observed in only one of three chronic rats (Fig. 5E).

Additionally, the expansion of both NS5B- and E1-specific CD8 T cells

was relatively less in the chronic rats compared to the cleared rats

during the early aswell as late phases of challenge infection (Fig. 5F, G).

Analysis of virus-specific T cell antiviral functions in the liver at term-

inal time points revealed that the chronic infection with the challenge

virus was associated with the exhaustion of virus-specific CD8 T cell

function (Fig. 5H).

Finally, to determine the nature of protective immunity and

whether the clearance of the challenge infection in vRNA-LNP
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and female (n = 10) rats at day 7 pi. Two-tailed unpaired t-test between Male and

Female group, p-value = (**, 0.0024). Data points are presented as individual values

and error bars at mean ± SD. E Comparison of virus-specific T cell frequencies
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vaccinated rats enhanced protective immunity, we re-infected the

cleared rats with 2 × 105 VGE of RHV-rn1. The titers of viremia after the

second RHV-rn1 infection were significantly lower than those after the

first infection (Fig. 5I), and all rats cleared the viremia by day 14 pi.

Finally, three groups of 4 RHV-rn-1 cleared rats were given CD4 or CD8

T cell depletion antibody or matching isotype antibody 3 days before

RHV-rn1 reinfection (Fig. 5J). The isotype antibody-injected rats did not

develop viremia, indicating very efficient control of the reinfection;

only one CD4 T cell-depleted rat showed short-term viremia, while 3

of 4 CD8 T cell-depleted rats developed viremia, and one of these

rats remained chronically infected until observed, day 70 post-

reinfection. These results indicated that the protection observed

against chronic infection in these vaccinated and RHV-rn1-cleared rats

largely depended on the presence of memory CD8 T cells.

Discussion
HCV is unique among RNA viruses in its ability to suppress and evade

host immunity, thereby establishing a lifelong, persistent infection in

most infected individuals. Despite being one of the most researched

viruses, the mechanisms underlying immune subversion, or the
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infection. For ICS, cells were stimulated for 5-h with pools of peptides representing

RHV T cell epitopes at 10 µg/mL concentration. Data points are presented as indi-
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between cleared and chronic were ns (0.0665,0.8703, respectively). I Viremia titers
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determinants of protective immunity, remain poorly understood, pri-

marily due to the lack of ameaningful animalmodel38. Thus, the shared

genetic origin of RHV, strict hepatotropism, and its ability to subvert

immunity to establish lifelong persistent infection in immunocompe-

tent lab rats make it a meaningful model to test the design and effec-

tiveness of HCV vaccines4. Although HCV genotypes are remarkably

diverse in their polyprotein sequences, RHV polyprotein is even more

divergent13. Thus, we focused on using a protein sequence-

independent approach to develop the RHV vaccine, thereby increas-

ing the translational relevance of this work for HCV vaccine

development.

Our earlier work showed that the structural proteins encoding

region of HCV contains fewer RNA secondary structures and has lower

MFED values47. We analyzed the RHV genome and observed a similar

pattern of MFED non-uniformity across the genome (Fig. 1A). We

expected these lower-MFED regions to be tolerant to large numbers of

synonymous mutations that allow substantial increases in frequencies

of the naturally surpassed dinucleotide pairs, UpA and CpG. To

demonstrate that the observed attenuation resulted directly from the

introduction of UpA and CpG dinucleotides instead though an unin-

tended effect on RNA secondary folding or the disruption of unchar-

acterized cis-replication elements or cryptic alternative open reading

frames, we first generated CDLR mutants37, which, despite also con-

taining a comparable number of synonymous mutations, preserve the

nucleotide composition and, importantly, the native frequencies of all

dinucleotides (Fig. 1B). The observation that CDLR mutants in the R-2

and R-3 regions showed a WT phenotype discounts these alternative

explanations for the attenuation of the R2 and R3 CpGhigh and UpAhigh

mutants. Thenon-viability of theR4mutantsmayhave originated from

the disruption of an area of RNA structure required for replication in

the NS3 protein region, coinciding with the marked spike in MFED

values in this region (Fig. 1). We observed that both UpA and CpG high

mutants produced equivalent viremia and acute self-resolving infec-

tion, but since our goal was also to generate robust immunity, con-

sidering that the more uniform and higher magnitude of T cell

responses observed in R3-UpAhigh cleared rats, we pursued all sub-

sequent studies of immunity and vaccination on this mutant (Fig. 2).

Additionally, the selection of R3-UpAhigh was appropriate since R2-

UpAhigh, R2-CpGhigh, and R3-CpGhigh cleared rats remained partially

susceptible to chronic RHV-rn1 infection upon challenge. However, we

acknowledge that the initial studies of the intrahepatic injection of

RNA to rescue viruses were done in a limited number of rats.

Intrahepatic injection of R3-UpAhigh genomic RNA yielded a very

low-titer and transient viremia that was insufficient to generate a vac-

cine stock for detailed analysis of immunogenicity and protection.

Thus, first, we injected the low-titer serum in two immunodeficient

SRG rats (Sprague Dawley, Rag2-, Il2rg-), and both rats developed

robust viremia that persisted until observed day 60 pi, indicating that

adaptive immune responses are necessary for the control and clear-

ance of R3-UpAhigh infection. Since the inherent immunodeficiency of

these rats and prolonged replication of R3-UpAhigh might have favored

the reversion of attenuating mutations, we decided to use rats with

transient CD4 T cell depletion to generate the LAV-IV stock. The rats

were treated with CD4 T cell-depleting antibodies before R3-UpAhigh

infection and were euthanized on day 7 to collect all serum for making

LAV-IV vaccine stock.

A detailed characterization of immunity in R3-UpAhigh cleared rats

was essential to understand the mechanism and immune correlates of

protection against chronic RHV-rn1 infection (Fig. 3).We observed that

rats infected with serum-derived R3-UpAhigh vaccine developed vari-

able levels of anti-NS3 IgG and T cell responses, as expected since the

duration and levels of viremiawere also variable among rats. However,

the slight differences in viremia, its short duration, and immunological

data from a fraction of rats precluded correlation analysis. Addition-

ally, the quantity of serially collected serum samples was limited,

making simultaneous analysis of low-titer viremia and serology chal-

lenging. However, we analyzed six rats for anti-NS3 IgG levels, and of

the two with the lowest IgG titers after the booster dose, one cleared,

while the other developed a chronic infection uponRHV-rn1 challenge,

indicating a lack of a strong correlation between the anti-NS3 IgG titers

before challenge and the infection outcomes. The R3-UpAhigh cleared

rats developed liver-resident memory T cells specific to multiple viral

proteins, and asobserved earlier for RHVandHCV, the T cell responses

predominantly targeted the nonstructural proteins (Fig. 2)42. Although

the lack of rat-specific antibodies for many T cell markers and MHC

class II tetramers precluded detailed analysis of virus-specific T cell

phenotype and functions in vaccinated rats, we determined that the

vaccine-induced liver-residentCD8Tcells resembled theCD8TRM cells

since theywere negative forCD62L expressionandpositive forCXCR3,

contrasting with most CD8 T cells infiltrating the liver.

For more detailed characterization of R3-UpAhigh induced T cells,

we used themousemodel and the recently developed tetramers41 and,

more importantly, compared the nature of R3-UpAhigh induced T cells

with those present in the wild-type RHV-cleared mice (Fig. 3). The R3-

UpAhigh mice had lower frequencies of antigen-specific memory CD8

T cells. It is plausible that the lower titers of viremia in R3-UpAhigh mice

required lower expansion of CD8 T cells to clear the virus, leading to

fewer memory CD8 T cells than those in the RHV-rn1-infected mice.

The direct visualization of vaccine-specific CD4 T cells in R3-UpAhigh

mice confirmed their existence and allowed their phenotypic char-

acterization. Comparison of the phenotypes of R3-UpAhigh and RHV-rn1

induced T cell subsets with those of total T cell subsets in the spleen

and liver revealed stark differences in virus-specific central memory T

(TCM) cells in the spleen and TRM cells in the liver. As described earlier

and in other models of viral infections, virus-specific CD8 TRM cells

were CD62L negative and expressed higher levels of CD69 and LFA-1

compared to the virus-specific CD8 TCM cells (Fig. 3H)41,48. Almost all

virus-specific CD8 TRM cells also expressed higher levels of SLAMF7,

indicating their highly cytotoxic nature and the capability to produce

large amounts of cytolytic molecules, such as perforin and granzymes,

upon antigen encounter49. Notably, the virus-specific CD8 TRM cells in

R3-UpAhigh mice expressed lower levels of PD-1 compared to RHV-rn1

cleared mice, possibly because the effector CD8 T cells in RHV-rn1

mice were exposed to higher levels of antigen and for a longer dura-

tion. It remains to be determined whether RHV-rn-1 or R3-UpA primed

CD8 TRM cells will differ in their anamnestic responses during the

in vivo challenge, as the mouse model is not susceptible to RHV

chronic infection. A smaller fraction of virus-specific CD8 TRM cells

compared to the TCM cells were positive for CD127, the receptor for

interleukin-7 and a marker of long-lived memory T cells crucial for

long-term immune protection against pathogens. Interestingly, the

virus-specificCD4 cells were also distinct in their phenotype compared

to the total CD4 T cells in the liver and spleen; however, no apparent

differences were observed between virus-specific CD4 TRM and TCM

cells in R3-UpA or RHV-rn1 cleared mice (Fig. 3I).

Considering the uneven and very short viremia observed in R3-

UpAhigh rats, we used two doses as prime and boost for LAV-IV vacci-

nation. Of the 23 vaccinated rats challenged with 105 VGE of RHV-rn1

via the intravenous route, 17 rats cleared the infection within 4 weeks.

Considering that even a 10 times lower dose of RHV-rn1 produces

lifelong chronic infection in all infected Lewis rats, the vaccine efficacy

of LAV-IV was >75%. In our earlier studies using Adenovirus (AdV)

vectors expressing the RHV nonstructural proteins for vaccination, the

vaccine efficacy ranged between 50-75%, although fewer rats were

used for the experimental challenge12,14,17. Thus, considering the smal-

ler group sizes, the efficacy of LAV-IV is not statistically higher than the

AdV vaccine. Interestingly, in AdV-vaccinated rats, vaccine failure was

associated with the emergence of T cell escape mutations in both

inbred and outbred rats. The sequence analysis of the viruses in LAV-IV

vaccinated rats that failed the vaccine also revealed several mutations
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(Fig. 4J). However, these mutations were not located in the known T

cell epitopes but rather in the E1 and NS5A proteins, indicating that

CD8 T cell escape was not the primary cause of vaccine failure.

Moreover, twoof the six rats that developed chronic infectionhadvery

low frequencies of vaccine-primed T cells and exhibited poor expan-

sion of antigen-specific T cells after the challenge (Fig. 4G). These

observations suggest that the poor immunogenicity of LAV-IV in some

rats plausibly contributed to the vaccine failure. Although the

observed exhaustionofCD8T cell antiviral function in chronic ratswas

expected, it further indicated that the T cell epitopes remained

unchanged during the persistent viremia. Another interesting obser-

vation was that the female rats developed significantly lower titers of

LAV-IV viremia after the prime dose, and this is expected since the

female mice also more rapidly cleared the wild-type RHV-rn1 infection

compared tomalemice, and the rate of spontaneous clearance of HCV

infections is reported to be significantly higher compared to males50.

However, only 3 of 5 rats that failed the LAV-IV vaccine were females.

Thus, follow-up studies using larger groups of animals and analyses

that consider sex as a variable are necessary.

TheR3-UpAhigh virus escaped clearance in oneof the 24 vaccinated

rats (Fig. 4). We anticipated that the in vivo rescue of high-titer stock

for vaccination from RNA in a CD4-depleted rat could have facilitated

the reversion of UpA mutations. However, the complete genome

sequencing of the R3-UpA virus in rat-726 on day 14 indicated the

absence of reversion of the introduced UpA sites (Fig. 4J). Thus, it is

likely that this rat has some natural immunological deficiency, making

it more susceptible to virus infection, which is not uncommon among

inbred lab animals. However, persistent infection of the R3-UpAhigh

virus in rat-726 required the reversion of several introduced UpA

mutations and the simultaneous emergence of novel mutations that

disrupted the natural UpA sites (Fig. 4J). These observations indicate

that the RHV with higher UpA remained under host selective pressure

to revert UpA sites, thereby gaining replicative fitness. Finally, we used

the terminal serum rat-726 to infect three naive rats, and all three rats

developed chronic viremia. Thus, as reported for other virus vaccines,

the use of LAV is associated with an inherent risk of reversion of

attenuation51. However, LAV reversion is more likely when the

attenuation is mediated by a small number of mutations (as in the

Sabin poliovirus vaccines), compared to the approaches targeting

CpG/UpA bias, codon usage or codon-pair changes since the

attenuation originates from the effect of hundreds of mutations that

are under much weaker selective pressure to revert to wild-type. It is

also important to emphasize that the rat MHC and other aspects of

immune variation in inbred rats are poorly documented, and the rat in

question may have been genetically aberrant or immunodeficient.

Finally, considering that only synonymous mutations are required to

generate UpA LAV, the rare infection caused by the LAV mutant could

be cured using highly effective anti-HCV therapy. Most importantly,

although the nature of immunity that can protect against chronic HCV

infection in humans remains poorly understood, several studies have

reported that the natural clearance of HCV in humans substantially

increases protection against secondary infections52,53. Compared to

any mRNA or protein vaccine, the LAV vaccination more closely

resembles the clearance of natural HCV infection; therefore, LAV vac-

cination is likely to provide adequate protection against chronic

infection. However, this is the first study of its kind, and further work

using genetically diverse RHV variants and vaccination using a com-

bination of different platforms is critical to make progress towards

conceptualizing an LAV for HCV or its translational use in humans.

The LNP-vRNA vaccine-induced T-cell responses in vaccinated

rats were also variable, likely reflecting differences in viremia between

rats. Only 3 of the 24 vaccinated rats developed a chronic infection,

and sequencing of these rats indicated a consistent absence of muta-

tions in the knownT cell epitopes, indicating that the differences in the

pre-challenge immunity likely determined the infectionoutcomes. The

relatively lower frequencies of vaccine-induced IFN-γ-producingT cells

and antigen-specific CD8 T cells targeting the E1 and NS5B epitopes

further suggest that the differences in vaccine-primed T cell immunity

may have determined the infection outcomes (Fig. 5E–G). Finally, we

observed that the vaccinated rats that cleared the RHV-rn1 challenge

developed significantly enhanced protection against a second RHV-rn1

reinfection (Fig. 5I). This is notable, as we had observed earlier in AdV-

vaccinated rats that clearance of the RHV-rn1 challenge enhanced

immunity against the chronic infection of the homologous virus and

the CD8 escape variant17. Here, we also determined that the more

efficient control of reinfection, as evident by the absence of viremia

after reinfection, largely depended on the presence of memory CD8

T cells (Fig. 5J). These results indicate that antibody responses were

relatively less important for protection in this model. More impor-

tantly, these observations suggest that although both LAV-IV and LAV-

vRNA vaccines showed excellent efficacy (75-85% protection), this

immunity can be enhanced on subsequent antigenic exposure. Since

RHV-rn1 and R3-UpAhigh encode identical proteins, the most likely

reason for the observed enhanced protection was that the RHV-rn1

challenge resulted in higher viremia and, consequently, a higher

expansion of T cells to control the infection, leading to the formation

of more or better self-sustaining TRM cells. Notably, our data showed

that the second infection of R3-UpAhigh virus barely produced any vir-

emia and did not expand the memory T cell responses (Figs. 4C and

5E). These results suggest that the LAV-IV or vRNA-LNP vaccine-

induced immunity and protection can be significantly enhanced by

using a different vaccine platform, allowing exposure to higher

amounts of antigen, such as AdV or mRNA coding homologous and

heterologous proteins.

It is essential to comprehend the significance of this and previous

work on the RHV rat model, particularly in light of the failure of the T

cell vaccine trial in humans. In two earlier studies, conducted in inbred

and outbred rat strains, we showed that recombinant adenoviral vec-

tors encoding the RHV NS3-5B proteins reduce the incidence of per-

sistent infection after homologous challenge12,14. Prolonged or

persistent RHV infection after antibody-mediated depletion of CD8 or

CD4 T cells in vaccinated rats, respectively, established a critical role

for cellular immunity in vaccine protection12. Recently, a study con-

ducted in China also demonstrated that an adenovirus-vectored vac-

cine can protect rats against chronic RHV infection54. Thus, it was

intriguing that the HCV vaccine regimen, despite inducing HCV-

specific T-cell responses, did not prevent chronic HCV infection7.

Considering that HCV vaccines could fail due to the vast genetic

diversity of HCV and a failure to induce protective responses against

non-vaccine subtypes or genotypes, we pursued our studies further to

define the breadth of the adenovirus vaccine against genetically

diverse RHV variants in the rat model. Notably, in a follow-up study17,

we determined that the protection conferred by the adenovirus vac-

cine was significantly reduced against a virus with <0.5% amino acid

mismatch over the polyprotein or a few CD8 T cell escape mutations.

Notably, the T cell vaccine used in the human trial used NS3-5B pro-

teins ofHCVgenotype 1bBK strain, but the vaccinated individualswere

exposed to genetically diverse HCV variants (genotype 1a, 1b, 2b, 3a,

and unknown). Of the 35 vaccinated subjects, only one individual

became infected with the genotype 1b virus. The polyprotein of HCV

variants, even variants of the same subtype, such as 1b, can varyby ~ 5%

in amino acids, encompassing about 150 amino acid sites throughout

the polyprotein. Furthermore, since most of these subjects were

infected with different subtypes and genotypes, we expect that the

protein antigen used in the vaccine differed significantly from the

infecting viruses by more than 5–10%. Even then, the geometric mean

peak HCV RNA level was substantially (>1 log) lower in the vaccine

group than in the placebo group (152.51 × 103 IU per milliliter [95% CI,

33.5 × 103 to 686 × 103] vs. 1804.93 × 103 IU per milliliter [95% CI, 565 ×

103 to 5764 × 103]), indicating vaccine-induced T cells exerted partial
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control on viremia of genetically highly diverse HCV variants. Since,

the adenovirus-vectored vaccine was highly sensitive to antigenic

variation between vaccine and challenge viruses; for example, immu-

nization of rats conferred 50-70% protection against a 100% identical

virus but failed to protect 75% of rats against a virus with just 10-12

amino acid mutations (<0.5% amino acids)12,17, the RHV studies in the

ratmodel are not only relevant to humanHCV vaccine efficacy studies

but also bode well for using this model to determine the reasons for

the failure of the HCV vaccine. Human studies have inherent limita-

tions, and they are unlikely to yield a definitive or mechanistic

understanding of why the vaccine failed and how a better vaccine can

be designed. Thus, we believe that the RHV-rat model, because of its

tractability and availability of genetically diverse RHV variants,

becomes extremely useful to determine the immune correlates of

protection against HCV-like chronic infection, especially since some

vaccinated rats fail to clear even a homologous virus, and most vac-

cinated rats fail to clear a heterologous virus. It is also highly relevant

that we determined earlier and in this work that the immunity induced

by the adenovirus-vectored and LAV vaccines can be enhanced to

protect against chronic infections of heterologous (CD8 T cell escape

variant) and homologous viruses (Fig. 5I, J)17.

In conclusion, despite the availability of highly effective direct-

acting antiviral therapy, approximately 1 million new HCV infections

were reported in 202455. The development of an effective vaccine is

crucial to halt the ongoing transmission of the virus, particularly in

high-risk populations. Our earlier work and this study showed that the

RHV rat model is valuable for defining the nature of immunity and

identifying the immune correlates of protection against chronic HCV-

like infection12,17. Overall, our results demonstrated how to design an

LAV vaccine forHCV, showing that LAV vaccination canprotect against

chronic infection and that LAV-induced immunity can be further

enhanced by successive immunization. Thus, these results bode well

for further studies using different vaccination platforms, adjuvants,

and antigen combinations to enhance the LAV-induced immunity

against homologous and, subsequently, against genetically diverse

HCV variants.

Methods
Ethics statement
All biohazard and animal experiments were conducted in accordance

with approved protocols from the Nationwide Children’s Research

Institute Institutional Biosafety Committee (IBS00000285) and the

Institutional Animal Care and Use Committee (AR15-00116), respec-

tively. Male and female Lewis rats were obtained from Charles Rivers

Laboratories. Animals were 7–8 weeks of age at the time of study

initiation.

Virus stock and quantification
We used an RHV-rn1 infectious clone-derived RNA to generate a viral

inoculum in Lewis rats12,13,17,41. For serum infections, rats were chal-

lenged intravenously with 105 virus genomic equivalents (VGE) of

clone-derived RHV-rn1 diluted in 150–200 µL PBS by tail vein injection.

RHV titers were determined as described earlier, with the only mod-

ificationbeing that serumviral RNAwasextractedusing theQuick-RNA

viral kit (ZYMO Research)12,13. In brief, viral cDNA was generated from

serum-extracted RNA using the GoScript reverse transcription kit

(Promega) with random hexamer priming, followed by quantification

on a StepOnePlus RT-PCR system (Applied Biosystems) using the

TaqMan 2x PCR master mix (Applied Biosystems). A standard curve

was generated using a linearized plasmid encoding the RHV NS3 pro-

tein, and PCR assays were done as described earlier41.

Design and synthesis of RHV mutants and LNP vaccine
The RHV-rn1 prototype sequence was mutated using SSE sequence

editor56. The boundaries of regions R2, R3 and R4 were originally

selected based on their proximity to unique restriction sites in the

pUC57-RHV-rn1 clone and spanned positions 1290-2498 (length 1209

bases), 2499-3860 (1362 bases) and 3870-4781 (912 bases). Sequences

were mutated using three algorithms: CDLR: sequences were rando-

mized to preserve amino acid structure and dinucleotide frequencies,

using the CDLR (C = Codon, D =Dinucleotide, L = Like amino acids, R =

Randomize) algorithm, which maximizes the degree of sequence

scrambling while maintaining coding, and native mononucleotide and

dinucleotide frequencies through substitutions between equivalently

coding triplets in the same upstream and downstream dinucleotide

contexts. A total of 17-20 replicates were generated, and folding

energies were calculated as previously described39. Sequences in R2,

R3, and R4 with folding energies closest to that of a mean of

49 sequences scrambled by NDR (mean folding energy difference;

MFED) were selected (Table S1; Supplementary Information). UpAH:

Frequencies of theUpAdinucleotidesweremaximized in the sequence

while preserving coding and keeping frequencies of each mono-

nucleotide and of CpG constant. CpGH: Frequencies of the CpG

dinucleotide weremaximized in the sequencewhile preserving coding

and keeping frequencies of each mononucleotide and of UpA con-

stant. Nucleotide sequences of region 2, 3, and 4 CDLR, UpAH, and

CpGH mutants are provided in Supplementary Information S3.

The LNP-vRNA was made using in vitro transcribed RNA from

clones and GenVoy-ILM™ reagents mixed in the Precision NanoSys-

tems Ignite platform. The amount of LNP-encapsulated RNA was cal-

culated using Triton-X 100 and Ribogreen binding assay, as described

for Quant-itTM RiboGreen kit (ThermoFisher cat. No. R11490).

Peptides
All peptides were obtained from Genemed Synthesis as a lyophilized

powder. 10mg/mL stock solutions were prepared in a 10% DMSO-

water solution and stored at −80 °C until use. The final concentration

of each peptide in all functional assays was 2 or 10μg/mL, unless

otherwise specified. For assaying T cell responses, either 18-amino-

acid-long peptides overlapping by 11 amino acids and covering dif-

ferent proteins, or peptides representing previously identified RHV T

cell epitopes in rat and mouse, were used, as described earlier12,16,17,41.

Leukocyte isolation, culture, and cryopreservation
Isolation and culture of liver-infiltrating leukocytes were performed as

described earlier12,17. Briefly, PBS-perfused livers were minced and

digested with collagenase IV solution (0.01% collagenase IV in HBSS

supplemented with 40mM HEPS) for 30min at 37 °C. The cell sus-

pension was gently homogenized through a stainless-steel mesh in

HBSS supplemented with 10% FBS (Gibco). Cells were then isolated via

37% Percoll (GE Life Sciences) gradient density centrifugation at 500 g

for 20min followedby lysis of residual RBCs inACKbuffer (Gibco). For

cytokine stimulation assays described below, cells were cultured in

RPMI-1640 containing GlutaMAX and HEPES (Gibco), 10% FBS (Gibco),

50U/mL penicillin-streptomycin (Gibco), and 55μM

2-mercaptoethanol (Gibco) at 37 °C. For storage, cells were cryopre-

served in FBS containing 10% DMSO via standard protocol.

IFN-γ ELISpot assay
Virus-specific T cells were enumerated with the anti-mouse IFN-γ

enzyme-linked immunosorbent (ELISPOT) assay (U-Cytech) according

to the manufacturer’s protocol. Cells were cultured at 2 × 105 cells per

well in duplicate and stimulated with peptides, or media alone or

Concanavalin-A (Sigma; 5μg/mL) as negative and positive controls,

respectively, for 40–48 h prior to plate development. The total num-

ber of spot-forming cells (SFCs) was calculated by subtracting the

mean number of spots in the negative wells from the mean number of

spots in test wells, followed by normalization to 106 cells. A positive

response was defined as >3 times the response of background wells

and >50 SFCs/106 cells after normalization.
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Quantification of intracellular cytokine production
For detection of RHV-specific intracellular cytokine production, one

million cells were stimulated in 96-well round-bottom plates with

peptide(s) representing CD8 and CD4 T cell epitopes12,16,17, or media

alone or PMA/Ionomycin (BioLegend) as negative and positive con-

trols, respectively, for 5-h in the presence of GolgiPlug (BD Bios-

ciences). Following incubation, cells were surface stained for CD3,

CD4, and CD8 (20min), fixed and permeabilized using the cytofix/

cytoperm kit (BD Biosciences), and intracellularly stained for IFN-γ,

TNF-α, and IL-2 (60min at 4 °C). Dead cells were removed using the

LIVE/DEAD Fixable Near-IR Dead Cell Stain kit (Invitrogen). A positive

response was defined as >3 times the background staining of the

negative control sample. The percentage of cytokine-positive cells was

then calculated by subtracting the frequency of positive events in

negative control samples from that of test samples.

Tetramer staining
MHC class I RT1-Al tetramers for the Lewis rat were obtained from the

NIH Tetramer Core Facility. Tetramers were assessed against intrahe-

patic lymphocytes from immunized rats12,17. Samples from naïve animals

were used as a negative control. Cells were stainedwith class I tetramers

for 60min at 4 °C. After washing, cells were stained with LIVE/DEAD

Fixable Near-IR Dead Cell Stain kit and surface/intracellular markers as

described above. For staining of mouse T cells, biotinylatedMHC class I

H2-Db and class II I-Ab monomers specific for the RHV NS968 and NS31265
epitopes were obtained from the NIH Tetramer Core Facility and tet-

ramerized with streptavidin-PE (Prozyme)41. For direct visualization of

virus-specific T cell populations, liver-infiltrating leukocytes or spleno-

cytes were stained for 60min at 4 °C (1:500) for Class-I and 90min at

37 °C for Class-II tetramer, followed by labeling with antibodies for

surface markers. Subsequently, cells were stained LIVE/DEAD Fixable

Near-IR Dead Cell Stain kit, fixed, and permeabilized by transcription

factor buffer set (eBiosciences) before staining for transcription factors.

In vivo cell depletions
To deplete CD8 T cells in vivo, vaccinated rats were injected intrave-

nously with 0.5mg anti-rat CD8α depleting (OX-8) or IgG1 isotype

control antibodies (BioXcell) 3 days before virus infection. Rats

received twoadditional dosesof0.5mgondays 7 and 14post-infection

to prolong depletion. For CD4+ cell depletions, vaccinated rats

received 1.0mg anti-rat CD4depleting (OX38) or IgG2a isotype control

antibodies (BioXcell) on days −3, 7, and 14 of infection. Depletion and

recovery of cells in blood were tracked via flow cytometry using the

G28 andOX-35 antibodies, which bind separate CD8 and CD4 epitopes

than the OX-8 and OX-38 clones, respectively. In brief, heparinized

blood was stained for 20min with anti-rat CD3 and CD8 or CD4 anti-

bodies, followed by direct RBC lysis and fixation (BD lyse/fix buffer).

Flow cytometry data analysis and visualization
The details of the antibodies used to analyze rat and mouse immune

cells are provided in Table S2. Flow cytometry data were analyzed

using FlowJo software v.10.8.1. Protein expression levels were extrac-

ted as percentages and/or as MFI numerical values.

Statistical analysis
Data are presented as either individual values or the mean± SEM or

replicate or groups of animals. To compare values obtained from two

ormore groups, Student’s t-test or one-wayANOVAwasperformed. All

statistical analyses were done in GraphPad PRISM 10.3.1. Only p-

values <0.01 or 0.05 were considered statistically significant and are

shown as <0.05 (*), <0.01 (**), <0.001 (***), and <0.0001 (****).

Reporting summary
Further information on research design is available in the Nature

Portfolio Reporting Summary linked to this article.

Data availability
Sequence data shown in Fig. 4J was submitted to GenBank under

accession numbers PV639513-PV639519. Raw data associated with

Figs. 1A, D, E, 2A, B, E, F, 3A, C, F, G, 4A, C, G, 5C, J are provided in

Supplementary Information and Source Data file. Source data are

provided with this paper.
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