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Abstract

Strategies to enhance the induction of high magnitude T cell responses through vaccination are
urgently needed. MHC class 11 associated invariant chain (li) plays a critical role in antigen
presentation, forming MHC class Il peptide complexes for the generation of CD4+ T cell
responses. Pre-clinical studies evaluating the fusion of li to antigens encoded in vector delivery
systems have shown that this strategy may enhance T cell immune responses to the encoded
antigen. We now assess this strategy in humans, using chimpanzee adenovirus 3 (ChAd3) and
modified vaccinia Ankara vectors (MVA) encoding human li fused to the non-structural antigens
(NS) of hepatitis C virus (HCV) in a heterologous prime/boost regimen. Vaccination was well
tolerated and enhanced the peak magnitude, breadth, and proliferative capacity of anti-HCV T cell
responses compared to non-li vaccines in humans. Very high frequencies of HCV-specific T cells
were elicited in humans. Polyfunctional HCV specific CD8+ and CD4+ responses were induced
with up to 30% of CD3+CD8+ cells targeting single HCV epitopes; these were mostly effector
memory cells with a high proportion expressing T cell activation and cytolytic markers. No
volunteers developed anti li T cell or antibody responses. Using a mouse model and in vitro
experiments, we show that li fused to NS increases HCV immune responses through enhanced
ubiquitination and proteasomal degradation. This strategy could be used to develop more potent
HCV vaccines that may contribute to the HCV elimination targets, and paves the way for
developing class-11 li vaccines against cancer and other infections.

Introduction

Strategies to enhance the induction of high magnitude immune responses for the prevention
and treatment of both infectious disease and cancer are urgently needed. In this study we
evaluate the inclusion of full-length MHC class Il associated invariant chain (li), also known
as CD74, as a molecular adjuvant in viral vectored vaccines. The aim is to enhance anti-viral
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T cell immune responses in humans and to understand the mechanism by which li enhances
the potency of viral vectored immune responses.

li is a non-polymorphic type Il transmembrane protein with multiple functional domains,
highly conserved across mammalian species and widely expressed in different immune cell
types. li is known to play a critical role in MHC class Il antigen presentation, stabilising
MHC class Il a and B chains in the rough endoplasmic reticulum and directing exogenous
antigen from endocytic compartments to the MHC 11 molecules (1). Efficient loading of
antigen on MHC class 1l and presentation at the cell surface is required for the generation of
effective CD4+ T cell responses. In efforts to enhance vaccine induced T cell immune
responses, murine (mli) and human (hli) li sequences have been fused to transgenes encoded
in a range of constructs including Adenoviral (Ad) vectors (2, 3), DNA plasmids (4),
lentiviral vectors (5) and modified vaccinia Ankara (MVA) vectors (6)and assessed in pre-
clinical small animal models and non-human primates (NHP) (7, 8). These studies have
consistently shown that li increases both the magnitude and breadth of T cell responses to
the transgene. Unexpectedly, an enhancement not only on CD4+ T cell induction, but also
on the CD8+ T cell subset, associated with enhanced protection in both tumor and infectious
disease models has been demonstrated in animals (9-11).

In order to develop li for use in humans, we determined the capacity of li to enhance
Hepatitis C Virus (HCV)-specific T cell responses in ChAd and MVA viral vectors. We have
previously developed replicative-defective chimpanzee adenoviral vectors (ChAd) (12);
these have a clear advantage in that that pre-existing anti-vector immunity, which may limit
vaccine efficacy in humans, is rarely encountered (13). Combining ChAd with MVA in
heterologous prime/boost regimens has been shown to be effective in inducing high
magnitude T cell responses against encoded immunogens in human studies, and this strategy
is currently being assessed to develop vaccines against a range of infections including HIV
(14), HCV (15), malaria (16), influenza (17) and tuberculosis (18), all infections where
enhanced T cell immunity has been associated with viral control in natural history studies. In
addition, following the recent paradigm shift in cancer therapy, with the development of
therapeutic checkpoint inhibitors that restores T cell immunity leading to cancer cure in
some patients (19), these vectors are in development as immunotherapy for prostate, bowel,
cervical and other cancers (20). Whilst viral vectors generate robust cellular immune
responses, further enhancing these with adjuvants, such as li, may be required for
challenging diseases including cancer and chronic infections where T cells induction must
overcome functional exhaustion and genetically diverse pathogens such and HCV and HIV
where rapid T cell induction by vaccines may limit viral escape.

HCV was selected for the developmental pipeline since there remains a pressing need to
develop an HCV vaccine, with an estimated 1.7 million new infections each year, commonly
leading to persistent HCV viremia, liver cirrhosis and hepatocellular cancer (21). Recent
data suggests that the World Health Organization targets for HCV elimination will not be
met (22) without incorporating a prophylactic vaccine into therapeutic treatment strategies.
Even a low-moderately effective vaccine would have a major beneficial impact on the
elimination agenda (22-25). Whilst the correlates of protection for HCV immunity are not
precisely defined, multiple lines of evidence suggest that HCV specific T cell immunity

Sci Transl Med. Author manuscript; available in PMC 2021 May 19.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Esposito et al.

Results

Page 4

plays a critical role in viral control (26-30) and therefore strategies to enhance anti-viral T
cell responses are likely to improve vaccine efficacy. We therefore developed human and
mouse li chain vaccines fused to an HCV genotype 1b non-structural (NS) antigen and
showed that anti-viral T cell responses (especially for CD8+ T) generated by i fused
vaccines, were enhanced, accelerated and sustained cells in mice and non-human primates
(31).

Here we report the safety profile and in-depth immune analysis where a viral vectored
candidate vaccine for HCV fused to full length human invariant chain was administered to
healthy volunteers of a phase I clinical trial. We also used experimental systems to
investigate the mechanism of action behind the invariant chain adjuvant effect and determine
the minimal domain required for the adjuvant effect.

ChAd3-hliNSmut and MVA-hliNSmut vaccinations are well tolerated

Twenty-six subjects were screened for eligibility and 17 participants were recruited into a
dose escalation study. Six subjects were enrolled in group 1 and received a low dose of the
vaccine (ChAd3-hliNSmut 5 x 109 vp and MVA-hliNSmut 5 x 107 pfu) and eleven subjects
were enrolled in group 2 and received a standard dose of the vaccine (ChAd3-hliNSmut 2.5
x 1019 vp and MVA-hliNSmut 2 x 108 pfu). Comparisons of adverse events and immune
responses are made with volunteers (n=19) vaccinated with non-li (but otherwise identical
HCV vaccines) in previous studies (15, 32) (fig. S1 and table S1). We excluded subjects with
autoimmune disease, a strong family history of autoimmune disease, and HLA B27 subjects,
since anti-CD74 Abs have been detected in patients with HLA B27 associated ankylosing
spondylitis (table S2) (33-35). The median age at first vaccination was 44 years (IQR
23-53), 47% were female and participants were predominantly (82%) Caucasian.

Overall, both ChAd3-hliNSmut and MVA-hliNSmut were very well tolerated. There were no
suspected unexpected serious adverse reactions (SUSARS) or related serious adverse events
(SAEs). The most frequently reported AEs were those typically seen in response to viral
vectored vaccines including pain at the injection site, headache, fatigue, myalgia, and
feverishness. A total of 116 solicited local and systemic adverse events were reported: 21
after priming vaccinations (8 in Group 1 and 13 in Group 2) and 95 after boosting
vaccinations (24 in Group 1 and 71 in Group 2). The majority (83%) of AEs were mild or
moderate and resolved within 72 hours. ChAd3-hliNSmut vectored vaccine was less
reactogenic (3/21, 14.2% grade 2 and no grade 3) than MVA-hliNSmut vectored vaccine
(43/95, 45% grade 2 and 18/95, 18% grade 3). Twenty grade 3 AEs followed boosting
vaccinations (5/24, 21% in Group 1 and 15/71, 21% in Group 2); these included muscle
ache, general discomfort, fatigue, feverishness, joint ache, headache, nausea and pain at the
injection site. The proportion of volunteers reporting moderate or severe solicited AEs and
the nature of the AEs following ChAd3-hliNSmut (2/17, 11.7%) and MVA-hliNSmut
(12/15, 80%) was not significantly different from that observed following the same dose of
ChAd3-NSmut (1/9, 11.1%) and MVVA-NSmut (6/8, 75%) without invariant chain (Fig. 1A-
F). Unsolicited adverse events with li vectored vaccines that were reported included
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gastrointestinal symptoms, flu-like syndrome, fatigue and cough. These were also generally
mild in nature as listed in table S3. None of the participants withdrew due to AEs.

A transient reduction in total lymphocyte count was observed within 24 hours of
administration of MVA-hliNSmut in most volunteers (fig. S2); eight episodes were classified
as grade 2 (0.5-0.8x10° cells/L) and one was grade 3 (0.2-0.5 x10° cells/L). Mean (standard
deviation, SD) counts (x10° cells/L) at day 56 and day 57 were 2.06 (0.3) and 0.99 (0.4) for
volunteers in Group 1 (P=0.02), and 1.31 (0.5) and 0.77 (0.4) in Group 2 (P<0.0001),
respectively. These changes were not associated with any symptoms and lymphocyte counts
returned to normal by day 84 in all cases. There were no other grade 3 or systematic
laboratory abnormalities detected (table S4).

Inclusion of hli sequence in vaccine improves magnitude, breadth, and durability of HCV-
specific T cell responses

We evaluated if the inclusion of li influenced the magnitude of the T cell response induced
by the vaccination. All volunteers responded to ChAd3-hliNSmut vaccination with a peak
post-prime response at d14 or d28 post vaccination (Group 1: median, 366; range 60-1717
spot-forming cells (SFCs)/108 peripheral blood mononuclear cells (PBMCs); fig. S3A,
Group 2: median, 1850; range, 417-7168 SFCs/10% PBMCs; Fig. 2A). T cell responses were
significantly boosted by MVA-hliNSmut peaking at d63 post vaccination (Group 1: prime vs
boost P=0.017, group 2 prime vs boost P=0.0011) (Group 1: median, 2173; range 520-10210
SFCs/10% PBMCs; fig. S3A, Group 2: median, 6253; range, 2130-12577 SFCs/10% PBMCs;
Fig. 2A) that was still elevated until d238 (Group 1: median, 903; range 193-3362 SFCs/106
PBMCs; fig. S3A, Group 2: median, 1662; range, 238-3113 SFCs/108 PBMCs; Fig. 2A).

When compared to T cell responses induced in healthy volunteers by the ChAd3NSmut and
MVA-NSmut vaccines given at same dose, li inclusion significantly increased the magnitude
of T cell responses at most time points after prime and boost (Fig. 2B Group 2, peak
responses: d14: with li; median, 1852; range, 1115-7168 versus without li; median, 465;
range, 0-3905 SFCs/108 PBMCs; P<0.0001; d63: with li; median, 6252; range, 213-12577
versus without li; median, 3108; range 1173-9513 P=0.0067).

The response in volunteers vaccinated with ChAd3/MVA-hliNSmut vaccine was maintained
at the end of study (EOS) although there was not statistical significance between groups. An
assessment of total magnitude of the T cell response to vaccination over time by Area Under
the Curve (AUC) analysis (Fig. 2C) revealed significantly higher values for volunteers
receiving hliNSmut compared to non-li NSmut (without li; median, 31254; range,
10777-89295 versus with li; median, 73758; range, 27226-154862; P=0.001).
Administration of li-including vaccines at low dose resulted in equivalent T cell responses to
those induced by non-li vaccines given at a 4-5 fold higher dose. (Group 1, fig. S3B).

T cell responses at peak post boost were broad and targeted five to six peptide pools
covering the HCV NS antigen in most volunteers, independently of the HLA haplotype (Fig.
2D).
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A broader response in terms of number of targeted HCV NS peptide pools was seen in
individuals receiving hliNSmut vaccines compared to those receiving non-li NSmut
constructs, especially at peak post-prime and at d98 (Fig. 2E; post prime P=0.007; d98
P=0.008). The hierarchy of antigen recognition was similar in the two vaccine cohorts with
NS3 protease and helicase regions (NS3p and NS3h) eliciting the most dominant responses;
these were significantly increased by the inclusion of li in the vaccine constructs (day 63,
peak response after MVA boost, Fig. 2F; NSp: with li; median, 1783; range, 635-2695
versus without li; median, 445; range, 130-1203; P<0.0001; NSh: with li; median, 2770;
range, 170-4000 versus without li; median, 1310; range, 605-3330; P=0.023).

In a subset of volunteers, the cross-reactivity of the T cell responses at d63 was assessed by
stimulation of PBMCs using an HCV genotype 3a peptide set in parallel to the 1b peptide
set. The inclusion of hli to NS antigen had no effect on the degree of inter genotypic cross-
reactivity (fig. S4).

Immune response to hli and to ChAd3 vector

To monitor if vaccination generated an immune response against the hli vaccine component,
T cell and antibody responses against hli were assessed at baseline, peak post-ChAd3 prime
(d28), MVA boost (d63) and at end of study (EOS). No positive T cell responses were
detected for li antigens in IFN-y ELISpot assays (Fig. 3A and table S5). One individual
from Group 2 (018) repeatedly had detectable T cell responses to li, but these always
coincided with a high background of T cell responses in the assay, and so failed to meet
established criteria for a positive response (>48 SFC/10% PBMCs and a response to HCV
antigens >3x background). Volunteers 016 and 025 showed weak antibody recognition of
CD74 antigen at baseline, but no volunteers showed an increase in CD74 antibody
recognition following vaccination (Fig. 3B).

Low titers of ChAd3 cross-neutralization activity (range 21-197) were detected at baseline in
serum of 11 volunteers, similarly distributed in groups 1 and 2. The remaining 6 volunteers
had titers below the detection limit of the assay. ChAd3 neutralizing titers increased in most
volunteers upon ChAd3-hliNSmut prime by 4 weeks post-vaccination (fig. S5A).
Interestingly, two volunteers did not seroconvert after vaccination and were amongst the top
responders to ChAd3-hliNSmut prime vaccination. There was no significant correlation
between ChAd3 nAb at baseline and T cell response to ChAd3-hliNSmut neither post
ChAd3 prime nor post MVA boost (fig. S5B).

MVA-hliNSmut boost induces polyfunctional CD4+ and CD8+ T cell subsets with enhanced
and sustained proliferative capacity

We next evaluated frequencies and functionality of vaccine-induced CD4+ and CD8+ T cell
subsets using fresh PBMCs from group 2 volunteers (using intracellular cytokine [ICS]
assays), at peak magnitude post-boost (d63) and at the EOS. The CD8+ T cell response
dominated compared to CD4+ T cell responses, with a high proportion of cells producing
IFN-y (up to 20% for CD8+ and 3% for CD4+ T cells) followed by TNF-a and IL-2 at
boost that were largely sustained until the EOS (Fig. 4A—C). CD154 (CD40 ligand), which
is upregulated on activated CD4+ T cells, was highly expressed as was the degranulation
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marker CD107a in CD8+ T cell populations (Fig. 4D). Simplified Presentation of Incredibly
Complex Evaluation (SPICE) analysis showed that vaccine-induced HCV-specific CD4+
and CD8+ T cells were polyfunctional and composed of a mixed population of single, dual
and triple cytokine producers in approximately equal proportions after boost vaccination and
at EOS (fig. S6). In keeping with the IFN-y ELISpot data, antigen-specific T cell
frequencies induced by hliNSmut (compared to non-li NSmut at peak magnitude post-MVA
boost), revealed significantly higher percentages of IFN-y and TNF-a positive HCV NS-
specific CD8+ (IFN-y P=0.01; TNF-a P=0.01) and CD4+ (IFN-y P=0.01; TNF-a
P=0.005), as well as a larger proportion of CD8+ secreting IL2 (P=0.006) in volunteers
receiving hliNSmut vaccines (fig. S7).

We evaluated whether the fusion of li to NS could also have an impact on the long-term
proliferative capacity of vaccine-induced memory T cells. For this we stimulated EOS
PBMC from each volunteer, using the two HCV NS peptide pools (hamed pools 1 and 2) to
which the subject generated the highest responses, and one pool (pool 3) to which a weaker,
though still positive response was detected according to IFN-y ELISpot data at peak post-
MVA boost. Robust proliferative responses could be detected to all antigens tested.
Importantly, the proliferative capacity of both CD4+ and CD8+ T cells was clearly increased
in volunteers receiving hliNSmut vaccines compared to the non-li vaccines, with statistically
significant differences shown for the CD8+ T cell populations (Fig. 5A-B and fig. S8 pool
1: P=0.04; pool 2: P=0.004; pool 3: P=0.004).

Phenotyping of CD8+ HLA class | pentamer+ HCV-specific vaccine-induced T cells

To evaluate if li fusion to encoded antigens may impact not only magnitude but phenotype
and functional characteristics of antigen specific CD8+ T cells we used HLA class |
pentamers in HLA-matched volunteers (table S6-S7). We tracked the percentage of
pentamer+ CD8+ cells in volunteers receiving hli vaccines over time and detected
remarkable frequencies (up to 20%) against a single epitope (Fig 6A-B). Phenotypic analysis
revealed that CD38 and PD1 were highly expressed at peak post-ChAd3 prime and peak
post-MVA boost at similar frequencies to volunteers that received non-li vaccines. These
declined by the EOS, though the expression of PD1 remained higher in volunteers
vaccinated with li vaccines (Fig. 6C). HLA-DR expression was found to be significantly
lower with li vaccines at peak post-prime (P=0.044) and peak post-boost(P=0.029), though
not at the EOS (Fig.6C). Granzyme A was also highly expressed and maintained through the
EOS. CD127, a marker of long-lived memory T cells, increased from vaccination to EOS
phase in a similar fashion in volunteers receiving li-including and non-li vaccines (Fig. 6C
and fig. S9).

Memory T cell subpopulations were determined through the assessment of surface markers
CRR7 and CD45RA on pentamer+ cells. All populations including effector memory T cells
(Tem CD45RA-CCR7-), central memory (Tcm CD45RA-CCR7+), “terminally
differentiated” effector memory T cells (TemRA CD45RA+ CCR7-) and naive-like memory
(Tn CD45RA+ CCRT7+) could be detected. However, linkage to li increased the proportion
of the effector memory populations measured especially at peak post prime and peak post
boost compared to non-li vaccines (Fig. 6D). Granzyme B, Thet, and Eomes expression did
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not change over time. For both vaccinated groups (fig. S9 and fig. S10A-B) Thet+/Eomes+
expression, which defines CD8+ populations with cytolytic and memory functions, were
found at high frequency throughout, whilst Thet-/Eomes+ populations (defining exhausted
populations) were found only at low frequency (fig. S10C).

Phenotyping of CD4+ HLA class Il tetramer+ HCV-specific vaccine-induced T cells

Phenotypic analysis was carried out using HLA class Il tetramers to identify and
characterize CD4+ T cells targeting epitopes in the NS region known to be immune
dominant in natural HCV infection (table S6-S7) (36-38). High frequencies of HCV-
specific CD4+ T cells could be detected in volunteers receiving li-including vaccine,
especially at peak post-MVA boost (Fig. 7A-B). Similar to CD8+ populations, CD127
expression was more highly expressed in [iNSmut vaccines at peak time points following
vaccination, increasing towards the EOS to reach similar frequencies in the two vaccine
cohorts (Fig. 7C). CD28, a well-characterized T cell costimulatory receptor, was highly
expressed by more than 90% of HCV-specific CD4+ at all time points tested with no major
differences between li and non-li vaccines (fig. S1L1A-B). Using CCR7 and CD45RA
staining we observed that effector memory CD4+ populations dominated at peak responses
and were higher compared to non-li vaccines, but a more balanced distribution of memory
responses was seen at the EOS. Similar to effects seen in CD8+ T cells, the inclusion of li as
adjuvant increased the proportion of effector memory-like CD4+ T cells at peak after prime
and at peak after boost compared to non-li vaccines (Fig. 7D). In spite of the high number of
HCV specific CD4+ T cells generated, no volunteers developed antibodies to HCV by the
EOS, as assessed using a standard clinical assay.

li enhances CD8* T cell responses by promoting antigen K48-linked ubiquitination and
degradation

Having demonstrated an adjuvant effect of full length li in humans we aimed to map the li
minimal functional domain and to understand the mechanism of action. For this, we
generated Ad5 vectors encoding full length (FL) murine i (mli) and also variants with
deleted domains, fused to the model antigen ovalbumin (OVA) (Fig. 8A). As expected, mice
vaccinated with Ad5-mli-OVA showed enhanced OVA-specific IFN-y-secreting CD8+ T
cell responses compared to Ad5-OVA (Fig. 8B, P<0.0001). Adjuvant activity was fully
retained in deletion mutants lacking trimerization (mli1-105) (P=0.042), CLIP (mli1-80)
(P<0.0001), KEY domains (mli1-75) (P=0.002), and the endosomal sorting signal (ESS)
(mliD-17) (P <0.0001). Although mlil-75 retained the adjuvant effect, a shorter mutant
(mli1-50) containing only the N-terminal endolysosomal sorting signal plus most of the
trans-membrane domain was ineffective at enhancing immune responses (Fig. 8B, P=0.991).
We therefore show that domains essential for the li physiological role in antigen presentation
are fully dispensable for the enhancement of CD8+ T cell responses, whereas amino acids
50-75 are essential for T cell enhancement.

Consistent with the in vivo data, the immunostimulatory mlil-75 fragment was able to
increase the presentation of OVA peptide SIINFEKL via H-2Kb on CD11c+ bone marrow-
derived dendritic cells upon Ad5 infection (P=0.033), whereas the mli-1-50 variant was
ineffective (Fig. 8C). This effect was proteasomal dependent, given the complete loss of the
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li-mediated enhancement of antigen presentation in cells treated with the proteasome
inhibitor MG132 (Fig. 8C). Inhibition of antigen degradation in endocytic vesicles by
Pepstatin A/E64, inhibitors of lysosomal proteases, had no effect (Fig. 8C).

The canonical pathway for proteasome-mediated degradation of antigen utilizes
polyubiquitin chains formed on target antigens via ubiquitin Lys48 (K48) residue. We
therefore assessed antigen ubiquitination using mli-OVA mutants by immunoprecipitation of
ubiquitinated proteins from total cell lysates. K48-mediated polyubiquitination was found
only for mli-OVA and mlil-75, but not for the mli1-50 fragment (Fig. 8D), suggesting that
ubiquitin linkage is involved in the degradative fate imparted by mli on fused antigens.
Using a mlil-75 variant with mutation of the single lysine residue at position 63, we
demonstrated that li itself is not the target of a specific E3 ligase but acts as a degron signal
to facilitate ubiquitination of the fused antigen (fig. S12A-C).

We hypothesized that the amino acids between residues 50 and 75 of mli may be sufficient
to promote ubiquitination and enhance CD8+ T cell responses. We generated an Ad5
encoding OVA fused to polypeptide 55-75 (YQQQGRLDKLTITSQNLQLES), a short
unstructured region of li devoid of the transmembrane domain (Fig. 8E). Vaccination of
mice with mli55-75 OVA resulted in enhanced OVA-specific CD8* T cell responses,
similarly to full length mli (Fig. 8F, mli55-75 vs OVA P=0.015; mli vs OVA P=0.01;
consistently fusion with mli55-75 promotes poly-ubiquitination of OVA (Fig. 8G). Finally,
ubiquitination and increased proteasomal degradation was also demonstrated for hli-fused
HCV NSmut antigen, supporting this as the mechanism responsible for enhancing CD8+ T
cell responses in the human study (Fig. 8H).

Discussion

We show that a viral vectored vaccine encoding an immunogen fused to human li and
delivered in a prime/boost regimen significantly enhances CD4+ and CD8+ T cells against
the encoded immunogen in humans. The inclusion of human li enhanced the magnitude of
the T cell response to the encoded immunogen 4-fold at peak following ChAd3 prime and
2-3-fold after MVA boost, and these responses were largely maintained to the end of the
study. The breadth (number of HCV antigenic pools) of the immune response against the
encoded immunogen was also significantly enhanced by the inclusion of li chain; generating
a broad immune response is likely to be particularly important in vaccines that seek to
protect against genetically variable pathogens such as HCV and HIV. Our data also suggest
that inclusion of li is promising in terms of dose sparing, since the same immune response
was achieved with lower dose of vaccine; this may be of relevance for difficult to produce
vectors, for mass vaccination campaigns or in vulnerable populations where a lower vaccine
dose may be desirable.

The inclusion of invariant chain did not affect the tolerability of ChAd3 and MVA vectored
vaccines that appeared safe, with an adverse event profile that is typical for viral vectored
vaccine studies. There were no related serious adverse events, and the majority of events
were mild. A transient fall in lymphocyte count was observed but quickly recovered without
any clinical consequences. Transient lymphopenia is a well-recognized effect of both viral
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infections and also interferon therapy. Most likely this represents migration to secondary
lymphoid tissues and we have previously observed this effect using non-li viral vectored
vaccines in association with the regulation of genes involved in lymphocyte trafficking and
activation (32).

We show that li vaccines delivered in heterologous prime/boost generated high magnitude,
polyfunctional CD4+ and CD8+ T cell responses that were dominated by IFN-y production,
followed by TNF-a and IL-2, similar to that observed in pre-clinical studies in mice and
non-human primates (8). CD8+ T cell responses were particularly enhanced with more than
10% of total CD8+ T cells targeting the immunogen in many volunteers after boost
vaccination. Using HLA class | and class Il multimers we were able to characterize in detail
the CD8+ and CD4+ T cells induced by vaccination. We show that in some cases up to 30%
CD8+ and 0.13% of CD4+ T cells target single epitopes. As expected, CD8+ and CD4+ T
cells were highly activated at peak responses after prime and boost vaccination but not at the
EOS, whilst high proportions of granzyme A and granzyme B required for effector functions
were maintained to the EOS. We found that the proportion of effector CD4+ and CD8+
memory T cells were increased using li compared to non-li vaccines at all time points. This
is relevant since Tem and TemRA subsets have been associated with protection against HIV,
influenza and malaria in vaccine studies(39-41). Thet and Eomes expression also indicated
that a CD8+ T cell population with memory and cytolytic phenotypes were generated, whilst
CD127 expression in CD8+ and CD4+ T cells increased over time, suggesting that
vaccination induced a population of long-lived memory T cells. In keeping with this, we
observed that li vaccine-induced T cells had a higher proliferative capacity at the EOS
compared to non-li vaccines.

We assessed the impact of ChAd3 neutralizing antibody titers at baseline and after
vaccination on T cell responses to the encoded transgene. Approximately two thirds of
volunteers had low anti-ChAd3 antibody titers at baseline and these increased in all but 2
volunteers after vaccination. Although there was no overall correlation with the induction of
immune responses after vaccination, these 2 volunteers had notably high T cell responses to
the vaccine antigen after vaccination. Assessment of this correlation is limited by small
numbers in this phase | study and larger cohorts are required to solidly establish the effects
of low titer ChAd3 antibodies on immune induction.

In preclinical studies of li adjuvanted viral vector vaccines, T cell and antibody responses to
autologous li were closely monitored with no evidence of immune responses elicited against
homologous li (7, 8). However, recent studies have identified 1gG antibodies targeting the
CLIP region of CD74 (i) as a potential biomarker for ankylosing spondylarthritis (AS),
detected in up to 85% of patients with AS compared to 6-8% of control subjects (33-35). In
this study we therefore carefully monitored for the breaking of tolerance to hli using two
complimentary assays that can detected anti-1i T cell and Ab responses. We also elected to
exclude volunteers with HLA-B27 which is strongly associated with AS (42) and also
volunteers with a history, or strong family history, of autoimmune disease. We found no
evidence that either antibodies or T cells were generated against li at any of the multiple
time points assessed. Since tolerance to li was preserved in this study, and since there is no
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evidence that the presence of anti-CD74 Abs are implicated in AS pathogenesis, future
studies using li may not need to exclude HLA-B27 subjects.

We found in mice that that Ii modulates CD8+ T cell immune responses by triggering fused
antigens for K48-specific ubiquitination, proteasome-mediated degradation and increased
presentation by MHC class I. It is very unlikely that the machinery of the classical MHC
class Il presentation pathway is involved in the enhanced T cell responses to li-linked
antigens as li retains this effect when CLIP, KEY or trafficking domains are removed or
when the MHC class Il pathway is blocked by neutralization of endosomes or inhibitors of
lysosomal proteases. Using a number of li deletion mutants to map the minimal functional
domain and to gain insights into the mode of action, we found that a short li peptide derived
from an unstructured and not-well characterized region of the protein is sufficient to
recapitulate li-mediated ubiquitination, increased MHC class | antigen presentation and /in
vivo adjuvant activity in mice. The effects of this minimal peptide sequence for use as a
genetic adjuvant now requires evaluation in human studies.

In a recent pre-clinical study, human li was systematically truncated to determine the
minimal length of the protein needed for its adjuvant activity when fused to a malaria
antigen encoded by an adenovirus vaccine (9). These investigators demonstrated that a
minimal fragment of 26 amino acids consisting of the transmembrane domain of human li
was sufficient to increase a T cell response in mice, and that antigen stabilization by
multimerization mediated by the transmembrane domain led to li mediated immune
enhancement. However, the minimal region identified in the malaria study differs from the
minimal region that we have identified and the proposed mechanism of action of li in the
two studies is also different. Together these data suggest that li chain fragments may
enhance T cell responses through multiple pathways that may be antigen-dependent, due to
differences in immunogenicity, folding, stability and the presence of structural domains or
sorting signals of different antigens linked to invariant chain.

Limitations of this study include the fact that this is a small phase I study. Whilst the number
of volunteers is appropriate for a first in man study, the results may not be directly
transferable to cohorts with different demographics and will require replication. In particular
we excluded volunteers who were HLA B27; since we found no evidence of immune
responses against li, future studies could include this subject subset. Furthermore, the
enhancing effect of li may not universally apply to all immunogens and will require
validation in human studies using vaccines encoding different immunogens. Whilst we have
identified a minimal length of li required to give the adjuvant effect in vitro and in pre-
clinical models, this will require validation in human studies.

HCV exists as seven major genotypes that are genetically divergent and prevalent in
different geographical regions(43). The NSmut vaccine antigen corresponds to HCV
genotype 1b (44) and has previously been shown to generate T cells that show some cross
reactivity to non-gtlb antigen (12); however, the inclusion of li did not significantly enhance
the cross-reactivity of T cell responses to non-gtlb HCV antigens and we recommend that
consideration should be given to the design of new immunogens to target multiple HCV
genotypes.
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Finally, whilst we show that the inclusion of full length li in viral vectored vaccines may
safely enhance high magnitude, polyfunctional T cell responses, larger studies with longer
follow up may be required to assess the durability of this effect. The durability of immune
responses is clearly an important criterion, required for effective prophylactic vaccine
strategies. However, maximising and maintaining T cell induction for several months, as we
have shown in this study, may be particularly useful for therapeutic vaccination strategies
against chronic infection and cancer where new strategies to optimise disease control or cure
are urgently needed.

Materials and Methods

Study Design

In this open-label study (ClinicalTrials.gov; NCT03688061), subjects were enrolled
sequentially into two groups: group 1 (n=5) received ChAd3-hliNSmut (5 x 10° viral
particles, vp) and MVA-hliNSmut (5 x 107 pfu) at day 0 and 56 respectively; group 2 (n=
10) received ChAd3-hliNSmut (2.5 x 1010 vp) and MVA-hliNSmut (2 x 108 pfu), at the
same intervals. Both groups of healthy volunteers vaccinated with ChAd3/MVA-hliNSmut
vaccines were compared to ChAd3/MVA-NSmut vaccines (Peachi 04, NCT02362271 (15)
and HCV003 NCT01296451 (32)) (table S1). There was no blinding or randomization. For
Ethics and Regulatory approval see Supplementary Materials. Primary data are reported in
data file S1.

Participants—Healthy male and female volunteers aged 18-65 were included following
informed consent. Exclusion criteria included pregnancy, personal history of autoimmune
disease, history of major autoimmune disease in first degree relative, HLA type B27 positive
at screening (table S2). All vaccinations/ study visits were performed at Oxford, UK.
Approvals for the study were granted by the UK National Research Ethics Service, (NRES
Committee London Harrow 16/L.0/1539) and the UK Medicines and Healthcare Products
Regulatory Agency (Eudract no. 2016-000983-41). The study was registered with
ClinicalTrials.gov (NCT03688061). GCP compliance was independently monitored by the
University of Oxford Clinical Trials and Research Governance office. A multinational
independent data safety monitoring committee (DSMC) provided safety oversight. The
study was conducted in accordance with the principles of the Declaration of Helsinki and
good clinical practice (GCP).

Assessment of primary endpoints: safety and reactogenicity—\Volunteers were
observed for 30 minutes following immunization (60 minutes if first participant in each
group). A safety review of the first three volunteers in each group was conducted by the Data
and Safety Monitoring Committee (DSMC) 48 hours following each vaccination, before
proceeding to further vaccinations. Both solicited and unsolicited AEs were collected. Study
visits for safety evaluation occurred on vaccination days (D0 and D56), with a further 9
visits up to day 238 (EOS). Safety data included specific solicited symptoms collected by
diary card during day 0-6 post each vaccination. Blood sample for evaluation of biochemical
and/or hematological parameters were taken at days 0, 1, and 28 after each vaccination.
HCV serology and viral quantification in blood were taken at the end of the trial.
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Assessment of secondary endpoints: T cell responses—The cellular immune
response was assessed in each subject after ChAd3-hliNSmut and MVA-hliNSmut prime-
boost vaccination at low and standard dose. The induction of T cell responses to HCV
epitopes was evaluated through IFN-y ELISpot, Intracellular cytokine staining (ICS), HLA
class I and class 1l multimer staining and cellular proliferation assays. Invariant chain
specific T cells and antibody responses were evaluated.

Mechanistic studies—The mechanism of action and the mapping of the minimum
functional domain of Invariant chain was assessed in cell-based assays and in mice.
Adenovectors encoding for variants of murine li (mli) deleted of well-known li domains
fused to chicken ovalbumin model antigen (OVA) were generated. These mli deleted
variants were tested by measuring their effect on enhancement of antigen-specific immune
response in vaccinated mice, on antigen presentation of OVA on MHC-I and antigen
ubiquitination through western blot and immunoprecipitation assays.

Adenoviral and MVA constructs

ChAd3 and MVA vectors encoded the NS3-5 (1985 amino acids) of genotype 1b BK strain
(accession number M58335) with the human li sequence (p35, NCBI reference sequence:
NM_004355.2) inserted at the N-terminus of the NS transgene as previously described. A
mutated form of NS5 gene was obtained by replacing the Gly-Asp-Asp sequence
corresponding to amino acid positions 1711-1713 of the complete polyprotein with Ala-Ala-
Gly. The mutations of these three residues inhibits or abolishes the potential replicative
capacity of immunogen (NSmut antigen) (8). ChAd3-hliNSmut was manufactured at Aeras
(now IDT Biologika corporation) and fill-finished at Advent s.r.l. MVA-hliNSmut was
manufactured at IDT Biologika GmbH. Vaccine vials were stored at -80° C and thawed <30
minutes prior to administration. All vaccinations were given into the deltoid muscle. Ad5
vectors encoding full length and short variants of mli fused to ovalbumin were generated as
previously described (2). Further truncations of li were made by PCR. All Ad constructs
were E1E3-deleted. Full length and truncated li sequences were cloned at the N-terminus of
the transgene under HCMV and SV40pA. Gene synthesis was provided by GeneArt (Life
Technologies).

HCV peptides and antigens

494 peptides of 15 amino acids, overlapping by 11 amino acids corresponding to the HCV
NS immunogen were used in six pools (hamed F, G, H, I, L, and M) corresponding
respectively to NS3p, NS3h, NS4, NS5A, NS5B I, NS5 BII. 53 peptides of 15 amino acids
overlapping by 11 amino acids corresponding to full length of human CD74 p35 were
utilized as pool. Peptides were used at 3ug/ml or 1ug/ml for use in ELISpot and ICS
respectively. Peptide pools derived from HCV genotype 3a (GenBank accession D28917)
were prepared identically.

Human IFN-y ELISpot assays

IFN-y ELISpot assays were performed directly ex vivo on freshly isolated PBMCs as
described previously and in supplementary methods, using at 2 x 10° PBMCs per well,
plated in triplicate (12, 15).
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Intracellular cytokine staining (ICS)

ICS was performed as previously described and with better details in supplementary
methods (12, 15). Antibodies used are listed in table S8. Analysis uses Flow Jo (TreeStar,
LLC). Analysis of polyfunctionality was performed using Pestle and SPICE version 5.3,
downloaded from http://exon.niaid.nih.gov (45).

MHC class Il tetramer staining

PE -labelled, MHC class Il tetramers were donated from the NIH Core Tetramer Facility
(Atlanta, GA, USA). A total of 8 tetramers were used in the study (table S6). HLA-class Il
typing was performed for each subject (table S7). Thawed PBMC (6-8x10° cells) were
stained with Live dead-NIR and then stained with single or a combination of different
tetramers (depending on HLA type of the single volunteer) for 60 minutes at 37°C (1ug/
100plI) in 100 pl of RPMI medium (Sigma) with 10% human serum (Sigma), 1% of
Penicillin-Streptavidin (GibcoBRL) and 2mM of L-Glutamine (GibcoBRL) (hR10 medium).
After washing, cells were stained with surface antibodies listed in table S8 for 30 minutes in
PBS at room temperature shielded from the light. A positive tetramer response was defined
as a discrete cluster of cells and >0.004% tetramer+ CD4+ T cells and 3x baseline (pre-
vaccination). This cut off was determined after an analysis of tetramer+ CD4+ cells in
unimmunized individuals. Data were collected with BD FACS DIVA software and analysed
with Treestar Flow Jo software (FlowJo, LLC). CD45RA/CCRY7 subsets were analysed using
Pestle and SPICE (45).

MHC class | pentamer staining

PE-labelled pentamers (Proimmune) comprising HLA-A*0201-bound HCV NS31406-1415
(KLSALGINAV) and HLA-A*0101-bound NS31435.1443 (ATDALMTGY) were used to
stain HCV NSmut-specific CD8+ T cells, as previously described and in supplementary
methods (12, 15). The specificity of pentamers was confirmed on HLA-matched pre-
vaccination samples from healthy volunteers. Intracellular and intranuclear antibodies used
are (listed in table S8). All FACS data were analysed by a custom-build LSRII flow
cytometer (BD Biosciences). FACS and SPICE analysis was performed as for MHC class Il
tetramers.

Cellular proliferation assays

Ex vivo proliferation assay was performed on previously frozen isolated PBMC at the EOS.
At day 0 2.5 uM cell trace violet reagent (CTV) was added to 1ml of aliquots of
lymphocytes in PBS with immediate vortexing to ensure rapid and homogenous labelling of
cells. Cells were incubated at room temperature for 10 minutes in the dark, then washed 3
times with RPMI (Sigma) supplemented with 10% human serum (hR10). CTV-labelled
lymphocytes (1-2 x1076 cells) were cultured in non-conditioned hR10 media and NS
antigen (4ug/ml) and phytohemagglutinin (PHA) or DMSO (controls) for 5 days without any
addition of cytokine. For each subject we selected the two HCV antigen pools (pools 1 and
2) that generated the highest responses and one pool (pool 3) that generated weaker, but still
positive responses pre-defined using the IFN-y ELISpot assay. Cells were harvested, stained
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with surface antibodies, acquired through BD FACS DIVA software and analysed with
Treestar Flow Jo software (FlowJo, LLC).

ELISA to detect anti-CD74 antibodies

Coating of Polystyrene 96-well plates (Thermo Scientific,) was performed with 150ng/well
of human CD74 p35 ectodomain (hCD74(p35)ECD GSK, Belgium) in NaHCO3 50 mM pH
9.6 buffer incubated overnight at 4°C. Plates were washed, and blocked with 5% non-fat dry
milk/0.05% Tween20 in PBS 1X (milk buffer) for 1 hour at 37°C. Human sera diluted 1:20
in milk buffer were tested in triplicate and incubated 2 hours at 25°C. Positive controls
(Rabbit polyclonal anti-human CD74 immunogen Affipure, AbCam) were added (range
3ng/ml to 100 ng/ml). Naive, human sera diluted 1:20 was used as the negative control.
Secondary antibody (Monoclonal HRP conjugate mouse a-human IgG cross reactive with
NHP and rabbit IgG, Invitrogen) diluted 1:500 in milk buffer was added and incubated for 1
hours at 25°C. After wash, plates were developed with TMB (3,3’,5,5’-
tetramethylbenzidine, Sigma) and reaction blocked with HCI 1N. Plates were read at
450/630 nm with an EnSight Multimode Plate Reader (PerkinElmer). Statistical analysis in
set up experiments with sera from healthy donors (i.e. assessment of normality, appropriate
data transformation and identification of statistical outliers) suggested a floating cut-point
approach (46). A normalization factor has been calculated (0.061) during set up, to be added
to each plate’s negative control OD to determine the plate-specific cut-point.

Cell line cultures and infections

HelLa cells (ATCC) were cultured in Dulbecco’s Modified Essential Medium (DMEM)
(GibcoBRL) supplemented with 10% heat-inactivated Fetal Bovine Serum (FBS) (Hyclone)
and 2mM L-glutamine (GibcoBRL) (R10 medium) at 37°C in a 5% C0O2/95% air
atmosphere. Bone Marrow Dendritic Cells (BMDC) were obtained from femurs of 6-10-
week-old female CB6F1 mice, a hybrid mouse strain obtained by a cross between female
BALB/c and male C57BL6 mice and cultured in R10 with 10 ng/ml of recombinant murine
granulocyte-macrophage colony-stimulating factor (rGM-CSF; Invitrogen) for 10 days.
HelLa and BMDC cells were infected with adenoviral vectors at 50 MOl/cell and 200 MOI/
cell respectively.

The following inhibitors (Sigma) were used: MG132 10uM, pepstatin (1uM)/ E64D (10uM)
(ratio 1:1), chloroquine (500nM).

Immunoprecipitation Assay

HeLa cells were transfected with 2ug FLAG-Ubiquitin plasmid (Invitrogen) for 16 hours
with Lipofectamine 2000 (Invitrogen). After transfection, cells were infected with viral
vectors, treated with MG132 and lysed using lysis buffer (Tris-HCI pH 7.5 20mM, NaCl
150mM, EDTA pH 8 1mM, Triton 10% and protease inhibitors in PBS). Protein lysates
were immunoprecipitated with anti-Ub-Lys48 antibody (10 pg clone Apu?2 rabbit
monoclonal, Millipore) for 16 hours at 4°C, followed by incubation with protein A
sepharose CL-4B (500 ug GE Healthcare) for 45 minutes at 4°C. Immunocomplexes were
eluted with 0.2% SDS in 75mM sodium phosphate buffer pH 7.5, boiled (95°C for 5
minutes), reduced with DTT (100 mM) and analyzed by Western blot. Expression of OVA
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was detected using an anti-HA tag HRP-conjugated (Miltenyi Biotec, mouse monoclonal) at
1:5000. Expression of HCV transgene was detected using an anti-HCV NS3 (mouse
monoclonal, Abcam) at 1:1000. For detection, peroxidase-conjugated anti-mouse antibody
(Sigma) at 1:5000 was used. Signals were visualized using ECL SuperSignal West Pico
Chemiluminscent substrate (Thermo Scientific).

Animals and vaccination

All experimental procedures were approved by the local animal ethics council and were
performed in accordance with national and international laws and policies (UE Directive
2010/63/UE; ltalian Legislative Decree 26/2014). The ethical committee of the Italian
Ministry of Health approved this research. Six-week-old female C57 mice were purchased
from Charles River (Como, Italy). Viral vectors were administered via intramuscular
injection in the quadriceps (50 pl per side) at 3x10° vp. For the short variant and mutated
forms of mli the dose of injection was 1x106 vp.

Antigen presentation assay

Presentation of ovalbumin-derived peptide SIINFEKL was performed as previously
described (47). Briefly, upon Adenovirus infection, BMDC were harvested, washed in RPMI
twice, and resuspended in PBS. The expression of CD11c and H2-Kb-SIINFEKL complexes
on live cells was quantitated by fluorescence-activated cell sorter using CD11c-Pecy7 (BD
Biosciences) and 25-D1.16 antibodies (Biolegend).

Statistical analysis

GraphPad prism version 8 was used for statistical analysis. Shapiro-Wilk normality test
(a=0.05) was performed. Non-parametric Mann-Whitney two tailed tests, parametric
unpaired two-tailed t-tests, ordinary one-way ANOVA or Kruskal-Wallis tests were used. *P
<0.05; **P < 0.01; ***P < 0,001; ****P < 0.0001. Only statistically significant results are
reported in the figures. Correlation analysis used the Spearman two-tailed non-parametric
test.
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One Sentence Summary

Administration of an MHC-I1 invariant chain-adjuvanted HCV vaccine in humans leads
to enhanced immunogenicity via the proteasome pathway.
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Figure 1. Solicited adver se eventswithin 7 days from vaccination
Frequency of local and systemic adverse events recorded by volunteers on diary cards. The

proportion of volunteers reporting symptoms at any time during 72 hours following (A) Low
dose: ChAd3-hliNSmut (5 X109 vp) (n=6); (B) Low dose: MVA-hIiNSmut (5 x10°7 pfu)
(n=6), (C) Standard dose: ChAd3-hliNSmut (2.5 x10710 vp) (n=11); (D) Standard dose:
MVA-hliNSmut (2 x10"8 pfu) (n=10); (E) Standard dose: ChAd3-NSmut (2.5 x10"10 vp)
and (F) Standard dose: MVVA-NSmut (2 x1078 pfu). Color code indicates maximum severity
of the reaction reported: black— Grade 1 (mild); red— Grade 2 (moderate); blue-Grade 3

(severe).
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Figure 2. Kineticsand breadth of T cell responseto hliNS after prime/boost vaccine regimen.
(A) The Kinetics of ex vivo IFN-y ELISpot response to the NS region of HCV is shown for

10 volunteers who received ChAd3/MVA-hliNSmut vaccination and 1 volunteer (014) who
received only ChAd3-hliNSmut over time calculated by summing the responses of positive
pools corrected for background. (B) Comparisons of IFN-y ELISpot response to HCV NS in
volunteers receiving ChAd3/MVA-hliNSmut (black; n=10) or ChAd3/MVA-NSmut (grey;
n=17). The median and IQR is shown. Arrows above graph indicate vaccination timepoints.
(Two-tailed Mann-Whitney test at d14, d28, d56, d63, d84, d98) (C) Area Under the Curve
(AUC) analysis up to d238 timepoint for total IFN-y ELISpot response (Two-tailed Mann-
Whitney test). Bars represent median. (D) Magnitude of T cell response to each NS region at
d63. (E) The number of positive peptide pools for each volunteer is shown at peak post
prime (d14 or d28), peak post boost (d63 or d84), d98 and EOS. (Two-tailed Mann-Whitney
test post prime and at d98). Bars represent median. (F) Magnitude of T cell response to six
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peptide pools at D63, 1-week post MVA vaccination (Two-tailed Mann-Whitney test for
NS3p and NS3h). Bars represent median. Only statistically significant differences are
shown. *P < 0.05; **P < 0.01; ****P < 0.0001
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Figure 3. T cell and antibody response against li.

(A) IFN-y ELISpot response against human li peptide pool at different time points:
screening, d14, d28, (n=11) and d63 and d238 (n= 10) for volunteers in group 2. Bars
represent median. Each symbol represents T cell response to li in a specific subject at
different time points of the prime/boost regimen.

(B) Antibody response to human CD74 p35 ectodomain in sera from individual volunteers
collected at key time-points (screen, d28, d63) as detected by ELISA (n=17). Italics denotes
group 1 volunteers, bars represent the mean absorbance (OD, optical density) of triplicate
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wells plus standard deviation of 1:20 diluted sera or assay positive and negative controls.
The dotted line set at 0.08 OD represents the assay positivity cut point, calculated as
described in materials and methods.
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Figure 4. Functionality of vaccine-induced CD4+ and CD8+ T cells
(A-B) Example FACS plots showing TNF-a/IFN-y and IL-2/ IFN-vy after ICS of CD4+ and

CD8+ T cells stimulated with DMSO as negative control and NS3-4 peptide pool one week
after MVA-hliNSmut boost vaccination (A) and at the end of study (EOS) (B). (C)
Percentage of total CD4+ and CD8+ T cells producing IFN-y, IL-2 or TNF-a after
stimulation with NS3-5 peptide pools is shown at peak post-boost vaccination (n=10) and at
EOS (n=9). Bars represent the median. (D) Percentage of CD4+ expressing CD154 and
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CD8+ expressing CD107a after stimulation with NS3-5 peptide pools at peak post-boost
(n=10) and at EOS (n=9). Bars represent the median.
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Figure5. Sustained and enhanced proliferative T cell capacity after ChAd3/MVA-hIiNS

vacci

(A) Example FACS plots of proliferated CD8+ T cells after stimulation with pool 1 (first

nation regimen.

highest pool at boost), pool 2 (second highest pool at boost) and pool 3 (lowest at EOS but
positive at boost) using cell trace violet reagent in T cell proliferation assays.
(B) Percentage of proliferated CD4+ and CD8+ T cells of subjects vaccinated with ChAd3/
MVA-NSmut (grey, n=7) and ChAd3/MVA-hliNSmut (black, n=9) at EOS after stimulation

with peptide pools (Two-tailed Mann-Whitney test for CD8+ pool 1, pool 2 and pool 3).

Only statistically significant differences are shown. Bars represent median. *P < 0.05; **P <

0.01;
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Figure 6. Phenotyping of pentamer+ CD8+ HCV-specific vaccine-induced T cells
(A) Example FACS plots of ex vivo staining of PBMC with using MHC class | pentamer

A2-HCV NS3 1406-1415 in volunteers 001 (vaccinated with ChAd3/MVA-NSmut) and 002
(vaccinated with ChAd3/MVA-hliNSmut) at baseline (TWO) and at peak post-boost (TW9).
Values indicate percentage of CD8+ T cells binding pentamer. (B) The percentage of CD8+
T cells binding pentamer (HLA-A1-HCV 1435-1443 and HLA-A2-HCV 1406-1415) is
shown over time for individual volunteers receiving ChAd3- /MVA-hliNSmut vaccination
(based on the peak of IFN-y ELISpot response, % of pent+CD8+ are shown at TW2 or
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TW4). Based on HLA, a single pentamer is used for each volunteer. (C) The percentage of
the pentamer+ cells expressing phenotypic markers CD38, HLA-DR, CD127, PD-1 and
Granzyme A (GzA) of volunteers vaccinated with ChAd3/MVA-NSmut (gray symbols) or
ChAd3/MVA-hliNSmut (black symbols) at peak post-prime (green bars; gray, n=2 and
black, n=8), at peak post-boost (yellow bars; gray, n=5 and black, n=8) and at EOS (light
blue bars; gray, n=5 and black, n=8). Only statistically significant differences are shown
(Two-tailed Mann-Whitney test CD38; Two-tailed Mann-Whitney test HLA-DR at prime
and boost; Two-tailed Unpaired Student’s t test CD127 gray symbols boost vs EOS; black
symbols boost vs EOS; Two-tailed Unpaired Student’s t test PD-1 at prime and EOS; Two-
tailed Mann-Whitney test GzA). Mean with SEM is shown. (D) Pie charts display the
proportion of pentamer+ CD8+ Tn, TemRA, Tcm, and Tem subsets for the two vaccination
regimens as specified by staining for CD45RA and CCR7 at peak post-prime (NSmut, n=2;
hliNSmut n=8) at peak post-boost and EOS (NSmut, n=5; hliNSmut n=8). Pie base, Median.
*P <0.05; **P <0.01
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Figure 7. Phenotyping of tetramer+ CD4+ HCV-specific vaccine-induced T cells.

(A) Example FACS plots of ex vivo staining with MHC class Il tetramer DRB01*01

NS31806-1818 in volunteers 003 (vaccinated with ChAd3/MVA-NSmut) and 004
(vaccinated with ChAd3/MVA-hliNSmut) over the study time course. (B) The percentage of
specific CD4+ T cells stained with a single tetramer (for PEA03-01113,17, 18, 22) or a
combination of them (for PEA03-01119, 26) is shown over time for individual volunteer
receiving ChAd3-hliNSmut/MVA-hliNSmut vaccination (n=6). (C) The percentage of the
tetramer+ cells expressing CD127 from volunteers vaccinated with ChAd3/MVA-NSmut
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(grey symbols) or ChAd3/MVA-hliNSmut (black symbols) at peak post-prime (green bars;
grey n=3, black n=4), at peak post-boost (yellow bars; grey n=4, black n=5) and EOS (light
blue bars; grey n=4, black n=5). Only statistically significant differences are shown. (D) Pie
charts display the proportion of tetramer+ CD4 Tn, TemRA, Tcm, and Tem subsets over the
course of the study for the two vaccination regimens, as specified by staining for CD45RA
and CCRY at peak post-prime (NSmut, n=3; hliNSmut n=4) at peak post-boost and EOS
(NSmut, n=4; hliNSmut n=5). Pie base, Median.
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Figure 8. li modulates CD8+ T cell immune responses by tar geting fused antigens for K 48-
specific ubiquitination and proteasome-mediated degradation.

(A) Schematic representation of full-length murine p31 Invariant chain (mli) and deletion
mutants. Functional domains are indicated: ESS, endolysosomal sorting signal; TM,
transmembrane domain; KEY, key motif; CLIP, class ll-associated li chain peptide;
Trimerization, trimerization domain. (B) C57BL/6 mice were vaccinated with 3x1076 viral
particles of Ad5 encoding OVA either alone or fused to the indicated mli deletion mutants. T
cell responses were evaluated 2 weeks later by IFN-y ELISpot assay. Data are expressed as
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number of T cells producing IFN-y per million splenocytes (Ordinary one-way ANOVA test
for FL, D-17, 1-105,1-80, 1-75 mli constructs versus OVA) The experiment were repeated
four times. (C) The percentage of Ad5 infected CD11c+ BMDC cells expressing SIINFEKL
peptide bound to H-2Kb MHC class I left untreated or treated with MG132 (proteasome
inhibitor) or Pepstatin A/E64 (lysosomal proteases inhibitor) was evaluated. Results are
expressed as fold difference relative to Ad5-OVA infected cells (Kruskal-Wallis test
untreated OVA vs mli-OVA; OVA vs mlil-75; Pepstatin+E64d treatment OVA vs mli-OVA)
The experiments were repeated five times in duplicate. (D) HeLa cells transiently transfected
with ubiquitin plasmid were infected with Ad5-mli-OVA, mlil-75 OVA and mlil-50 OVA
and treated with MG132. Cells extracts were immunoprecipitated with anti-Lys48 antibody
and analysed by WB with an anti-HA antibody detecting OVA. (E) Schematic representation
of mli and 55-75 region. (F) Immunogenicity in C57BL/6 mice of Ad5-mli55-75 was
evaluated after 2 weeks later by IFN-y ELISpot assay (Ordinary one-way ANOVA mli OVA
versus OVA; mli55-75 OVA versus OVA). The experiments were performed three times. (G)
HeLa cells were transfected with ubiquitin plasmid, infected with Ad5 -mli55-75 and treated
with MG132. The cells lysate was immunoprecipitated using an anti-Lys48 antibody and
tested by WB using anti HA antibody detecting OVA. The experiments were performed two
times. (H) HelLa transiently transfected with ubiquitin plasmid were infected with ChAd3-
NSmut and with ChAd3-hliNSmut and treated or not with MG132. Cells extracts were
immunoprecipitated with anti-Lys48 antibody and analysed by WB with an anti-NS3 Ab
detecting NS3 protein. Mock is negative control for uninfected cells. The experiments were
performed three times. *P < 0.05; **P < 0.01; ****P < 0.0001
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