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Incorporation of a Novel CD4+ Helper Epitope
|dentified from Aquifex aeolicus Enhances Humoral
Responses Induced by DNA and Protein Vaccinations

Ziyang Xu,'?3 Neethu Chokkalingam,’-® Edgar Tello-Ruiz,’ Susanne Walker," Daniel W. Kulp,"*

and David B. Weiner!4*

SUMMARY

CD4+ T cells play an important role in the maturation of the antibody responses.
Conjugation of identified CD4+ T cell helper epitope to the target antigen has
been developed as a strategy to enhance vaccine-induced humoral immunity. In
this work, we reported the identification of a novel HLA-IAb helper epitope
LS-3 from Aquifex aeolicus. In silico analysis predicted this epitope to have high
binding affinity to common human HLA alleles and have complementary binding
coverage to the established PADRE epitope. Introduction of HLA-IAb knockout
mutations to the LS-3 epitope significantly attenuated humoral responses
induced by a vaccine containing this epitope. Finally, engineered fusion of the
epitope to a model antigen, influenza hemagglutinin, significantly improved
both binding and hemagglutination inhibition antibody responses in mice
receiving DNA or protein vaccines. In summary, LS-3 and additional identified
CD4+ helper epitopes may be further explored to improve vaccine responses
in translational studies.

INTRODUCTION

Vaccination is an approach where antigenic materials are introduced into the hosts to elicit adaptive im-
mune responses that may confer them with protection from subsequent pathogen exposure (Clem,
2011). Humoral immunity is an important branch of the adaptive immune system, in which antibodies
produced by B cells serve either to directly neutralize targets on the pathogens through paratope-epitope
interactions (Corti and Lanzavecchia, 2013; Kwong et al., 2013) or to indirectly mediate inactivation of the
pathogens by engaging the complement system or effector cells such as macrophages and natural killer
cells through Fc-dependent mechanisms (Kurdi et al., 2018; Seidel et al., 2013; van Erp et al., 2019). Anti-
body responses serve as an important correlate for protection for many emerging and re-emerging infec-
tious diseases, including but not limited to HIV-1 (Burton and Hangartner, 2016), influenza (Laursen et al.,
2018), and coronaviruses (Jiang et al., 2020). A strategy to enhance humoral responses induced by vacci-
nation is, therefore, of great significance.

CD4+ T cells, particularly T-follicular helper (Tth) cells, play a critical role in the maturation of antibody re-
sponses (Crotty, 2014). In the germinal center, immunological synapses are formed between Tth and
Germinal Center B (GCB) cells through interactions of pairs of adhesion molecules such as LFA1-ICAM-1
and SAP-Ly108 to enable transfer of soluble cytokines, such as IL-4 and IL-21, from Tth to GCB cells and
promote ligand-receptor interaction, such as CD40L-CD40 binding, to enhance survival, differentiation, so-
matic hypermutation, and class switching in the GCB cells (Carrasco et al., 2004; Elgueta et al., 2009; Flynn
et al., 1998; Kageyama et al., 2012). Provision of T cell help, however, is contingent upon Tth activation by
GCB cells through T cell receptor (TCR) peptide-MHC Il interaction (Zhang et al., 2013). As such, robust
germinal center B cell responses are dependent on presentation of MHC ll-restricted epitope, derived
from the antigen, by GCB to Tth cells. However, different epitopes have varying affinity for binding to
MHC-II receptors depending on the hosts’ haplotype such that peptide vaccines as well as smaller protein
domains may not intrinsically contain a potent CD4+ helper epitope to drive germinal center responses
(Elbahnasawy et al., 2018; Falugi et al., 2001; Pichichero, 2013). Such is the rationale for conjugating peptide
and carbohydrate vaccines to protein carriers, like Keyhole limpet hemocyanin (KLH) (Ragupathi et al.,
2002), tetanus toxin (Diethelm-Okita et al., 2000), or hepatitis B-surface antigen (HbsAg) (Collins et al.,
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2017). However, these large protein carriers may contain irrelevant immunodominant surfaces that may
skew induced antibody responses away from the desired epitopes, creating additional uncertainties and
challenges to this approach (Ghosh et al., 2013; Valea et al., 2018; Xu and Kulp, 2019).

Direct incorporation and fusion of a potent CD4+ helper epitope with the target antigen may be a simpler
and more effective strategy to enhance the induced humoral immunity. Several important epitopes have
been identified in this manner. Incorporation of Pan DR epitope (PADRE), for example, has demonstrated
to improve immunogenicity of peptide and protein vaccines in animal studies, and it has also been
explored in several clinical studies (Alexander et al., 2000; Ghaffari-Nazari et al., 2015; Snook et al,,
2019). Identification of additional potent CD4-helper epitopes can create new tools to be used in conjunc-
tion with, or as alternative to, these established CD4-helper epitopes to increase responses induced by
various vaccine antigens.

In our prior work, we used synthetic DNA delivery by electroporation to mediate in vivo assembly of nano-
particle vaccines and observed that some nanoparticle scaffolding domains (used to promote self-assem-
bly of scaffolded antigens) could induce CD4+ T cell responses (Xu et al., 2020). In this work, we examined
and performed epitope mapping on several bacterial or viral scaffold protein domains and determined that
lumazine synthase (LS) from Aquifex aeolicus contained very potent CD4-helper epitopes for both BALB/c
and C57BL/6 mice. LS can scaffold the assembly of 60 copies of HIV-priming antigen GT8, eOD-GT8-
60mer, as well as other antigens (Jardine et al., 2016; Xu et al., 2020). In silico binding analysis determined
that the identified C57BL/6 CD4-helper epitope (LS-3) was predicted also to have high binding affinity
(<100 nM) to several common human MHC-II alleles (HLA-DRB1*07:01, HLA-DRB1*15:01, and HLA-
DRB5*01:01) and binds to a complementary set of HLA-DR alleles as compared with PADRE. We deter-
mined how this epitope might contribute to humoral immunity by engineering mutations that knocked
out binding of this epitope to murine HLA I-Ab (LS3KO) and observed that DNA-launched GT8-60mer
nanoparticles containing this mutant epitope (DLnano_CD4MutLS_GT8) induced weaker antibody re-
sponses than the corresponding DNA-launched wild-type GT8-60mer nanoparticles (DLnano_LS_GT8).
Finally, engineered fusion of the identified LS-3 epitope to a different antigen, hemagglutinin (HA) receptor
binding domain (RBD) from influenza H1/CA/07/09 (LS3-CA09), improved humoral responses induced to
HA by DNA and protein vaccinations. Overall, this study provides a relatively rigorous demonstration
that simple fusion of a dominant CD4-helper epitope to a target antigen could improve humoral responses
induced by either protein or DNA vaccines in animal models and additionally describes the identification of
a novel CD4-helper epitope from a bacterial enzyme, which may help inform the design of additional pro-
tein and DNA vaccines and be of translational importance.

RESULTS
Identification of Novel Murine CD4-Helper Epitopes from the LS Domain of Aquifex aeolicus

We previously observed that scaffold domains used to drive in vivo assembly of nanoparticle vaccines could
sometimes induce CD4+ T cell responses (Xu et al., 2020). Here, we compared CD4+ T cell responses eli-
cited by various nanoparticle scaffolding domains, ferritin from Helicobacter pylori (3BVE), LS from Aquifex
aeolicus, and the viral cage of Prototype Foamy Virus (PfV), in BALB/c immunized with DNA-launched GT8
nanoparticle vaccines that incorporate these respective protein domains (DLnano_3BVE_GT8, DLna-
no_LS_GT8, DLnano_PfV_GT8) (Figure 1A). All mice in the experiments were immunized twice with
25 ng DNA immunogens 3 weeks apart and were euthanized 2 weeks post the second vaccination, at
the time point that corresponded to their peak cellular responses. Using intracellular cytokine staining
(ICS) to analyze murine splenocytes stimulated with overlapping peptide pools that spanned the respective
protein domains, we determined that the LS domain elicited the most potent CD4+ T cell responses
(approximately 2% of CD3+CD4+CDé2L-CD44+ T cells were observed to IFNy+ following peptide stimu-
lation), followed by the PfV and the 3BVE domains. Importantly, DLnano_LS_GT8 vaccination elicited even
more potent CD4+ T cell responses to the LS domain in the C57BL/6 mice than in the BALB/c mice, as
measured by expression of pro-inflammatory cytokines IFNy, TNF-a, and IL-2 upon peptide stimulation
(Figure 1B). LS-specific poly-functional CD4+ T cell responses, as defined by the simultaneous expression
of all three cytokines IFNy, TNF-a, and IL-2, were induced in both the BALB/c and the C57BL/6 mice, ac-
counting for approximately 1% and 3% of all CD3+CD4+CD62L-CD44 + T cells, respectively (Figure 1C).
We set out to identify the exact CD4-helper epitope in both the BABL/c and the C57BL/6 mice, using a
combination of an IFNy ELIspot assay for screening and a flow-based ICS assay for confirmation. Two pre-
dominant non-overlapping CD4+ epitopes in the LS domain were observed for the BALB/c mice (LS-13:
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Figure 1. Identification of LS-3 from Lumazine Synthase as a Potent CD4-Helper Epitope in C57BL/6 Mice

Mice received 25 pg DNA vaccination with EP twice 3 weeks apart and were euthanized 2 weeks post the second vaccination for cellular analysis.

(A) CD4+ T cell IFNYy responses induced to the 3BVE, LS, and PfV domains by DLnano_3BVE_GT8, DLnano_LS_GT8, and DLnano_PfV_GT8 vaccinations in
BALB/c mice.

(B) Comparison of CD4+ cytokine responses to the LS domain induced by DLnano_LS_GT8 in BALB/c versus C57BL/6 mice.

(C) Comparison of polyfunctional CD4+ T cell responses to the LS domain induced by DLnano_LS_GT8 in BALB/c versus C57BL/6 mice.

(D and E) Matrix mapping by IFNy ELISpot assays (D) and ICS (E) to determine HLA I-Ad CD4+ T cell epitopes in the LS domain in BALB/c mice immunized
with DLnano_LS_GTS.

(F and G) Matrix mapping by IFNy ELISpot assays (F) and ICS (G) to determine HLA I-Ab CD4+ T cell epitopes in the LS domain in C57BL/é mice immunized
with DLnano_LS_GT8. Each group includes five mice; each dot represents an animal; error bar represents standard deviation; two-tailed Mann-Whitney rank
test used to compare groups; p values were adjusted for multiple comparison where appropriate; *, p value<0.05.

See also Figure S1 and Table S1.

DAVIAIGVLCRGATP and LS-15: ATPSFDYIASEVSKG) (Figures 1D and 1E), whereas a single dominant
CD4+ epitope in the LS domain was observed for the C57BL/6 mice (LS-3: LRFGIVASRANHALYV) (Figures
1F and 1G). The overall CD4+ T cell responses measured by ICS were lower in the mapping study than
in the previous experiment (Figures 1B, 1E and 1G), likely because fresh splenocytes were used for ICS anal-
ysis previously (Figure 1B), whereas splenocytes were used 24 h post-harvest in the mapping experiment
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Peptide: LRFGIVASRANHALV
allele | smm_align_ic50 (nM) | nn_align_ic50 (nM)
HLA-DRB1*03:01 360 504.7
HLA-DRB1*07:01
Humans HLA-DRB1*15:01
HLA-DRB3*01:01 2310 4504.9
HLA-DRB4*01:01 559 504.4
HLA-DRB5*01:01
Mice H2-lab
B
Peptide: ATPSFDYIASEVSKG
allele | smm_align_ic50 (nM) | nn_align_ic50 (nM)
HLA-DRB1*03:01 2831 42
HLA-DRB1*07:01 I -
HLA-DRB1*15:01 526 1916.5
Humans
HLA-DRB3*01:01 5060 2394.7
HLA-DRB4*01:01 1443 816.3
HLA-DRB5*01:01 [ 158 ] 1005.7
Mice H2-lad [ 2001 [ 74223
Peptide: DAVIAIGVLCRGATP
allele smm_align_ic50 (nM) nn_align_ic50 (nM)
HLA-DRB1*03:01 2330 871.1
HLA-DRB1*07:01 6134 5914.1
Humans HLA-DRB1*15:01 1118 2411.7
HLA-DRB3*01:01 39360 18873
HLA-DRB4*01:01 2546 1978.4
HLA-DRB5*01:01 614 _
Mice [ H2-lad [ 9029 [ 1053.1 |

Figure 2. The LS-3 Epitope Was Observed to Have Potent Binding Affinities to Several Human HLA-DR Alleles
with In Silico Analysis

Predicted binding affinity, in terms of ICsq value (nM), of the identified LS-3 (A), LS-13 and LS-15 (B) epitopes to common
human and murine HLA alleles by NN- and SMM-align.

because of the time required for the preliminary IFNy ELIspot screen (Figures 1E and 1G). We also charac-
terized additional epitopes identified through the preliminary IFNy ELIspot screen (Figures STA and S1B)
by ICS and mapped the CD8+ T cell responses to two GT8 peptides in the BALB/c mice (Figure S1C and
Table S1) and to one LS peptide in the C57BL/6 mice (Figure S1D and Table S1).

Murine HLA-IAb Epitope Was Predicted to Have High Binding Affinity for Several Human
MHC-II Alleles by In Silico Analysis

As the identified murine LS CD4-helper epitopes may or may not be conserved in humans, we used in silico
analysis to predict the binding affinities of the identified LS-3, LS-13, and LS-15 epitopes to common human
MHC-II alleles. Using a stabilization matrix method (SMM-align) and an artificial neural network-based
method (NN-align) for alignment (Nielsen and Lund, 2009; Nielsen et al., 2007), the mapped murine
C57BL/6 HLA-IAb epitope LS-3 demonstrated high binding affinity (<100 nM) for HLA-DRB1*07:01, HLA-
DRB1*15:01, and HLA-DRB5*01:01, which correspond to human allele frequencies of 6.98%, 7.86%, and
14.6% respectively (Louthrenoo et al., 2013; Solberg et al, 2008), and moderate binding affinity
(<1,000 nM) for HLA-DRB1*03:01 and HLA-DRB4*01:01, which correspond to human allele frequencies
of 6.76% and 35% respectively (Geng et al., 1995; Solberg et al., 2008). Low to moderate binding affinity
(<5,000 nM) was observed for LS-3 to the human allele HLA-DRB3*01:01 (Figure 2A). Of note, both the
NN-align and the SMM-align correctly predicted high binding affinities of the LS-3 epitope to murine
HLA-IAb. In contrast, the identified murine BALB/c HLA-IAd epitopes LS-13 and LS-15 were predicted to
have lower binding affinities to either human or murine HLA alleles than the LS-3 epitope (Figure 2B). As
such, since the LS-3 epitope was more likely to be conserved in humans, we decided to further characterize
the HLA-IAb LS-3 epitope rather than the HLA-IAd LS-13/LS-15 epitopes in our downstream experiments.
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Figure 3. Knockout of the LS-3 Epitope from DLnano_LS_GT8 was Observed to Attenuate Vaccine-Induced Humoral Immunity

Mice received 25 pg DNA vaccination with EP twice 3 weeks apart and were euthanized 2 weeks post the second vaccination for cellular analysis.

(A) Engineering of CD4MutLS_GT8 mutants by selected mutations of the LS-3 epitope (in red) that knocked out C57BL/6 HLA-IAb binding but still preserve
assembly of the nanoparticle using structure-guided design, the remaining LS domain is shown in blue, the GT8 domain is not shown.

(B) SEC-trace of lectin-column purified transfection supernatant of CD4MutLS_GT8 to determine the assembly status of designed CD4MutLS_GT8.

(C) Characterization of binding of recombinantly produced CD4MutLS_GT8, eOD-GT8-60mer, and GT8-mono to VRCO1 by ELISA.

(D and E) Cytokine expression by the ICS assay in C57BL/6 mice immunized with either DLnano_LS_GT8 or DLnano_CD4MutLS_GT8 to confirm knockout of
the dominant LS-3 CD4+ helper epitope in CD4MutLS_GT8.

(F) Humoral responses to GT8 for mice immunized with DLnano_CD4MutLS_GT8, DLnano_LS_GT8, or DLmono_GT8 7 d.p.i. Each group includes five mice;
each dot represents a mouse; error bar represents standard deviation; two-tailed Mann-Whitney rank test used to compare groups; p values were adjusted
for multiple comparison where appropriate; *, p value<0.05.

See also Figure S2.

Identified Murine LS-3 CD4+ Helper Epitope Supported the Induction of Potent Inmune
Responses by DLnano_LS_GT8

To determine whether CD4+ T cell help provided by the identified LS-3 epitope can contribute to the in-
duction of humoral immunity by DLnano_LS_GT8, we engineered a GT8 nanoparticle variant (DLna-
no_CD4MutLS_GT8) through a structure-guided design process in which the LS-3 epitope was selectively
mutated to ablate its binding to HLA-IAb (as informed by the NN-align and the SMM-align-based binding
analysis). Care was taken, simultaneously, to avoid mutations that may disrupt nanoparticle assembly. We
mutated 27% residues in the LS-3 epitope (4/15 residues) and generated the corresponding knockout
epitope LS3-KO (Figure 3A and Table S1), resulting in reduction of HLA-IAb binding affinity from 205 to
4,261 nM by the SMM-align and 61.7 to 7,668 nM by the NN-align. We verified the engineered variant DLna-
no_CD4MutLS_GT8 incorporating the LS3-KO epitope could still assemble homogenously by expressing
this new construct in vitro and performing size exclusion chromatography (SEC) of the lectin-column-puri-
fied DLnano_CD4MutLS_GTS8 transfection supernatant. SEC showed CD4MutLS_GT8 assembled homoge-
nously into 60-mer (single peak observed on the SEC trace centering at 12.33 mL retention volume) similar
to what we previously observed for the wildtype eOD-GT8-60mer (Figure 3B) (Xu et al., 2020). Additionally,
Size Exclusion Chromatography Multi Angle Light Scattering (SEC-MALs) analysis determined the
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molecular weight of CD4MutLS_GT8 to be around 2 MDa, close to the observed molecular weight of
eOD-GT8-60mer (Figure S2A) (Xu et al., 2020). We examined the antigenic profiles of the engineered im-
munogens, and equivalent binding to VRCO1, an HIV-1 broadly neutralizing antibody, was observed for
eOD-GT8_60mer and CD4MutLS_GT8_60mer (Figure 3C). ICS analyses of mice immunized with respective
DNA-encoded constructs confirmed complete knockout of the LS-3 CD4+ helper epitope in the
CD4MutLS_GT8 construct (Figures 3D and 3E). Sera from animals seven d.p.i demonstrated significantly
attenuated responses to GT8 in animals immunized with DLnano_CD4MutLS_GT8, although they still
had stronger responses than those immunized with DNA-encoded GT8-monomer (Figure 3F). Differences
in humoral immunity induced by DLnano_LS_GT8 and DLnano_CD4MutLS_GT8 waned overtime; however,
repeat vaccination of DLnano_LS_GT8 but not DLnano_CD4MutLS_GT8 at 21 d.p.i boosted the humoral
immunity in mice (Figure S2B). Taken together, this experiment suggests that the identified LS-3 CD4-help-
er epitope contributes to the overall antibody responses induced, as partial attenuation was observed
when binding of this epitope to HLA IAb was knocked out.

Engineered Fusion of LS-3 CD4+ Helper Epitope to CA09 HA-RBD Enhanced Anti-HA
Antibody Responses Induced by DNA or Protein Vaccines

As we have determined that CD4+ T cell help provided by the LS-3 epitope could contribute to the overall
humoral responses, we set out to determine if it can serve as an incorporated CD4-helper epitope to
enhance induced antibody responses by engineering fusion of the epitope with a different model antigen,
CA09 HA-RBD.

We first set out to compare LS-3 and PADRE epitopes in terms of their biophysical properties and predicted
binding affinities to HLA-DR alleles by in silico analysis. LS-3 and PADRE epitopes are predicted to have
similar biophysical properties, in that they both have low water solubility, contain several basic residues,
and are expected to be slightly positively charged at pH 7.0 (Figure S3A). We used the PADRE epitope
to help validate the accuracy of HLA-binding affinity prediction, by comparing in silico predicted 1C50
values with experimentally measured values (Figure S3B) (Alexander et al., 1994). Experimentally measured
IC50 values were observed to trend in a very similar fashion to in silico predicted values for the binding of
PADRE to HLA-DRB1*07:01, HLA-DRB5*01:01, HLA-DRB3*01:01, and murine H2-lab, particularly with the
nn-align prediction algorithm. We next compared LS-3 and PADRE in terms of their binding affinities to
various human HLA-DR alleles by computationally applying the MixMHCllpred model, which has been
recently reported (Figure S3C) (Racle et al., 2019). The MixMHCllpred model incorporates features of
smm- and nn-align and also uses a large dataset of empirically determined peptide-HLA-DR binding affin-
ities to train a machine learning model, which was observed to have better performance, in terms of its
receiver operating characteristic (ROC) curve in peptide HLA-DR binding prediction, than the classical
NetMHCIIPan model. The LS-3 and PADRE epitopes were both predicted to have high binding affinities
to several HLA-DR alleles, in terms of percentile rank (0-100, lower rank indicates stronger binding). Never-
theless, as compared with PADRE, LS-3 was observed to bind to several HLA-DR alleles more potently,
particularly HLA-DRB1*01:01, HLA-DRB1*01:02, HLA-DRB1*03:01, HLA-DRB1*04:04, HLA-DRB1*07:01,
HLA-DRB3*02:02, and HLA-DRB5*02:02. In contrast, PADRE was observed to have higher binding affinity
than LS-3to other HLA-DR alleles, specifically HLA-DRB1*04:01, HLA-DRB1*04:08, and HLA-DRB1*11:01. A
negative control epitope, the first 15 residues of the human IgG1 Fc CH1 domain, was predicted to have
low binding affinity (greater than 10% percentile rank) for all HLA-DR alleles, as expected.

We incorporated either an LS3KO epitope, an LS3 epitope, or a PADRE epitope (AKFVAAWTLKAAA) on
the N terminus of CA09 HA-RBD, downstream of the IgE leader sequence, which served as a secretion
tag for the antigen (Figure 4A). LS3KO-CAQ9 served as a better control to which responses induced by
LS3-CA09 and PADRE-CAO09 would be compared, as the impact of N-terminal peptide fusion on the immu-
nogenicity of an antigen would be considered (protein sequences of LS3KO-CA09 and LS3-CAQ9 only
differed at four residues). First, we confirmed that DNA-encoded LS3-CAQ09 could induce CD4+ T cell
responses to the incorporated LS-3 epitope. Indeed, by ICS analysis, C57BL/6 mice immunized with
DNA-encoded LS3-CAQ9 but not those immunized with LS3KO-CAQ9 were capable of mounting CD4+
T cell responses to their respective incorporated epitope (Figures 4B and 4C). The finding was similarly vali-
dated by IFNy ELIspot analysis (Figures S4A and S4B). Next, we compared CD4+ T cell responses induced
by DNA-encoded LS3-CAQ9 and PADRE-CAQ? to the LS3 and PADRE epitopes, respectively. Both LS-3 and
PADRE elicited potent CD4+ T cell responses upon vaccination of DNA-encoded LS3-CAQ9 and PADRE-
CAO09 in C57BL/6 mice, with similar levels of cytokine responses induced as determined by ICS (Figures 4D
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Figure 4. Incorporation of Either PADRE or LS-3 Epitopes to a Model CA09 Influenza HA Immunogen (HA-RBD)
Induced Epitope-Specific CD4+ T cell Responses and Improved Antigen-Specific Binding and HAI Antibody
Responses

C57BL/6 mice received either 25 ng DNA vaccination with EP twice 4 weeks apart and were euthanized 1 week post the
second vaccination or 10 ug RIBl-adjuvanted protein vaccinations three times 4 weeks apart and were euthanized 1 week
post the third vaccination.

(A) Layouts of the engineered LS3-CAQ09, LS3KO-CAQ9, and PADRE-CAQ9 fusion constructs.

(B and C) Flow plots (B) and groups statistics (C) to compare CD4+ T cell cytokine responses induced by either DNA-
encoded LS3-CA09 or LS3KO-CAO9 immunizations in mice to LS3 and LS3KO peptides, respectively.

(D and E) Flow plots (D) and groups statistics (E) to compare CD4+ T cell cytokine responses induced by either DNA-
encoded LS3-CA09 or PADRE-CA0? immunizations in mice to LS3 and PADRE peptides, respectively.

(F) Comparison of poly-functional IFNy+TNFa+IL-2+ CD4+ T cell responses to either LS3 or PADRE peptides in mice
immunized as described in (D) and (E).

(G and H) Comparison of anti-HA binding antibody responses (G) and HAI titers (H) in mice immunized with DNA-
encoded LS3KO-CAQ9, LS3-CA09, or PADRE CA09.
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Figure 4. Continued

(I'and J) Comparison of anti-HA binding antibody responses (I) and HAl titers (J) in mice immunized with RIBl-adjuvanted
protein LS3KO-CA09, LS3-CAQ09, or PADRE CAQ9. Each group includes five mice; each dot represents a mouse; error bar
represents standard deviation; two-tailed Mann-Whitney rank test used to compare groups; p values were adjusted for
multiple comparison where appropriate; *, p value<0.05.

See also Figures S3 and S4.

and 4E) and IFNy ELlIspot assays (Figure S4c and S4d). Additionally, by ICS analysis, epitope-specific poly-
functional T cell responses were also similar between the LS-3 and PADRE epitopes (Figure 4F).

Next, we compared the humoral responses induced by two vaccinations of DNA-encoded LS3KO-CAQ9, LS3-
CA09, and PADRE-CAQ9 to CA09 HA over time. By ELISA analysis, both DNA-encoded LS3-CA09 and PADRE-
CA09 improved induced binding antibody responses to HA as compared with DNA-encoded LS3KO-CAQ?
prior to and after the boost, with approximately 9.5-fold and 5-fold improvements observed for DNA-encoded
LS3-CA09 and PADRE-CAQ9, respectively (Figure 4G). Most importantly, we observed that functional antibody
responses, as measured by the hemagglutination inhibition (HAI) titers, were significantly improved for DNA-
encoded LS3-CAQ9 relative to LS3KO-CAQ9 after the second vaccination (with a mean titer of 126 versus 21,
respectively) (Figure 4H). DNA-encoded PADRE-CA09, on the other hand, did not significantly improve the
HAI titers relative to DNA-encoded LS3KO-CAQ9 after the first or the second vaccination (Figure 4H).

We further determined whether the observed phenomenon can be generalized to other routes of vaccina-
tion, such as protein vaccines. C-terminal his-tagged LS3KO-CA09, LS3-CA09, and PADRE-CAOQ? were ex-
pressed in vitro and purified from Expi293F cell transfection supernatant with nickel column. C57BL/6
mice were subsequently immunized with 10 pg recombinant protein LS3KO-CAQ9, LS3-CA09, or PADRE-
CAQ9 co-formulated with RIBI each time. RIBI adjuvant, or Sigma Adjuvant System, is a stable water-in-oil
emulsion with significantly lower local reactogenicity and can be used as an alternative to classical Freund's
adjuvant (Lipman et al., 1992); it has also been demonstrated to induce higher IgG titers and a Th1-biased
immune response in comparison with incomplete Freund's adjuvant (Chaitra et al., 2007), the latter of which
has been used in several clinical trials (Apostolico Jde et al., 2016; Rosenberg et al., 2010). Humoral and
cellular responses induced by protein vaccination were observed to be considerably lower than those
induced by DNA vaccinations (Figures 4G and 4l), such that three protein vaccinations at weeks 0, 4, and
8 were required for us to observe robust humoral responses. Epitope-specific CD4+ T cell responses induced
by protein vaccinations were considerably lower than that by DNA vaccines. However, CD4+ T cell responses
directed at the LS-3 epitope could still be observed by ICS (Figure S4E) and by IFNy ELIspot (Figure S4F and
S4G). CD4+ T cell responses to PADRE were not observed (Figures S4E-S4G), likely as a result of the sensi-
tivity of detection of the assays. Regardless, it was observed that HA-binding antibody titers induced by both
protein LS3-CAQ9 and PADRE-CAQ9 vaccinations were significantly higher (100% sero-conversion in both
groups) relative to protein LS3KO-CAQ9? vaccination, for which 20% sero-conversion (1/5 mice) was observed
(Figure 41). Lastly, similar to what was observed for DNA vaccinations, protein LS3-CAQ09 vaccination induced
significantly improved HAI titers post-dose 3 relative to protein LS3KO-CA09 vaccination (with a mean titer of
169 versus 32, respectively). Protein PADRE-CAQ9 vaccination, on the other hand, was not observed to
induce significantly improved HAI titers (Figure 4J). Taken together, the data suggest that the engineered
fusion of the identified LS-3 CD4+ helper epitope to a model antigen can significantly enhance humoral
responses to that antigen. Additionally, the incorporation of the LS-3 epitope performed as well as, if not
better than, the incorporation of the PADRE epitope in terms of adjuvating humoral responses.

DISCUSSION

The importance of CD4+ T cell help in facilitating antibody maturation and class switching is well estab-
lished (Crum-Cianflone and Wallace, 2014). Patients with AIDS with low CD4+ T cell count cannot mount
effective antibody responses with vaccination. Similarly, laboratory animals that receive transient CD4+
T cell depletion also cannot develop strong antibody responses to a foreign gene or an antigen (Duperret
etal., 2018; Wise et al., 2020; Xu et al., 2018). Both secreted soluble cytokine factors as well as surface-dis-
played ligands from Tth cells are indispensable to the survival, AID-dependent somatic hypermutation, and
proliferation of GCB cells and are necessary for the generation of antibody-secreting plasma cells and
long-lived memory B cells (Crotty, 2015).

Although larger antigenic protein domains likely harbor CD4+ T cell epitopes that can be restricted by the
host HLA alleles for the induction of Tth responses, carbohydrate and peptide vaccines are intrinsically
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minimalistic and unlikely to contain potent CD4+ T cell help epitopes (Astronomo and Burton, 2010). Addi-
tionally, domain minimization has now become an increasingly important approach in protein engineering
and vaccinology, as researchers begin to appreciate the importance of focusing elicited B cell responses to
certain target epitopes by designing protein mini-domain devoid of distracting immunodominant surfaces
(van der Lubbe et al., 2018; Yassine et al., 2015). However, these mini-proteins contain fewer overlapping
peptides and therefore statistically will be less likely to harbor potent HLA-restricted CD4+ helper epi-
topes. As such, several studies have explored conjugation of these carbohydrate, peptide, or mini-protein
vaccines to carrier proteins, including but not limited to KLH, tetanus toxin, and HbsAg. Induction of more
potent antibody responses was observed in many cases (Jin et al., 2017; Marini et al., 2019). However, this
approach may undermine the core motivations behind domain minimization by introducing a host of im-
munodominant distracting surfaces that may skew induced humoral responses.

Conjugation of the antigen with a shorter conserved CD4+ T cell epitope may offer a promising alternative to
conjugation with a whole protein carrier. As the CD4+ T cell epitope is intrinsically shorter (12-16 amino acid
long), it will less represent a distracting immunodominant surface (Hemmer et al., 2000). Additionally, they
may alternatively be used as short linker to connect different protein domains, such as to cross-link a nanoparticle
protein scaffold with a target antigen to promote vaccine antigen self-assembly (He et al., 2018). Fusing antigen
with the PADRE epitope has been demonstrated to improve antibody responses in several animal studies and
has also been explored in the clinic (clinical trials NCT01972737 and NCT02264236) (Rosa et al., 2004). Additional
CD4+ helper epitopes have also been mapped and explored. For example, a recent study reported that co-de-
livery of MPER antigen with a Leishmania major-derived HLA |-Ad helper CD4+ T cell epitope (LACK) in lipo-
somes can improve induced anti-MPER antibody responses (Elbahnasawy et al., 2018).

In this study, we reported the identification and characterization of a novel HLA I-Ab epitope LS-3 from the
LS domain of Aquifex aeolicus, which is also the protein domain that can be used to scaffold the assembly
of a 60-mer nanoparticle. In silico analysis predicted the LS-3 epitope to have high binding affinity to several
common human HLA alleles. Epitope knockout experiment demonstrated that CD4+ T cell help provided
by this epitope could indeed contribute to the overall antibody responses. Additionally, with in silico anal-
ysis, the LS-3 and PADRE epitopes were predicted to bind to a complementary set of HLA-DR alleles, such
that it may be envisioned for them to be used in conjunction to further increase breadth of HLA-DR
coverage in diverse human populations. Finally, engineered genetic fusion of the LS-3 epitope with a
different target antigen CA09 HA-RBD (LS3-CA09) significantly increased binding and HAI antibody titers
elicited by protein and DNA vaccinations to HA as compared with the control antigen, LS3KO-CA09. The
study demonstrates the potential utility in this epitope to increase vaccine-induced antibody responses, in
both preclinical murine studies as well as possibly in translational vaccine trials.

Limitations of the Study

The main limitation in this study is that the binding affinity of the LS-3 epitope to human HLA alleles was
predicted through in silico analysis, the accuracy of which was determined to be around 65% in one report
(Andreatta et al., 2015), since the empirical in vitro human HLA binding assays were cost inhibitive. It should
be noted, however, even with in vitro binding analysis, a human vaccine trial would be required to validate
whether an identified epitope can indeed elicit CD4+ T cell responses in humans. Notably, the LS-domain
scaffolded protein eOD-GT8-60mer is currently undergoing a phase | clinical study (NCT03547245), and
additional insights may be obtained in the near future as to whether the LS domain, and particularly the
LS-3 epitope, can elicit CD4+ T cell responses in the human population with varying HLA-allele distribution
and be used to increase vaccine-induced humoral responses more broadly as described in this paper.

Resource Availability
Lead Contact

Further information and requests for resources and reagents should be directed to and will be fulfilled
by the Lead Contact, David B. Weiner, Email: dweiner@wistar.org. Address: 3601 Spruce St, Room 630,
Philadelphia, PA 19104.

Materials Availability
All unique reagents generated in this study are available from the Lead Contact with a completed Materials
Transfer Agreement.
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Data and Code Availability
No new code, software, algorithm, and large dataset were generated in this research.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.
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Supplemental Information can be found online at https://doi.org/10.1016/j.is¢i.2020.101399.
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Figure S1. CD8+ T-cell epitopes in DLnano_LS_GT8 were mapped to the GT8 and LS domains in

BALB/c and C57BL/6 mice, respectively. Related to Figure 1. Mice received 25ug DNA vaccination with
EP twice three weeks apart and were euthanized two weeks post the second vaccination for cellular
analysis. a and b. Matrix mapping by IFNy ELISpot assays in the GT8 domain to determine the dominant
T-cell epitopes in BALB/c (a) or C57BL/6 (b) mice. c. and d. Identification of the dominant CD8+ T-cell
epitope by ICS in the GT8 domain for BALB/c mice (c) and in the LS domain for C57BL/6 mice (d). Each
group includes five mice; error bar represents standard deviation; arrow above the bar graph represents
the dominant peptide pool identified.



= DLnano_LS_GT8 == DLnano_CD4MutLS_GT8

—s— DLmono_GT8
2.0x10° 108
e
8 15x00 S © 10°
5] 3 ©
£ 5 £ 100
é 1.0x10° 2 _%
= g 510
0.5x10° -§‘
w902 L.0.D=100
0
15 20 25 30 35 101
0 10 20 30 40

Days Post Injection

Figure S2. Knock out of the LS-3 epitope from DLnano_LS_GT8 was observed to attenuate vaccine-
induced humoral immunity. Related to Figure 3. Mice were immunized in the same manner as described
in Figure 3a. SEC-MAL trace of SEC-purified CD4MutLS_GT8; the molecular weight was determined to
be around 2MDa for CD4MutLS_GT8. b. Humoral responses induced to GT8 by two doses of
DLnano_CD4MutLS_GT8 in comparison to DLnano_LS_GT8 and DLmono_GT8, as assessed by ELISA;

p-values compare differences between DLnano_CD4MutLS GT8 and DLnano_LS GT8 at each timepoint.

Each group includes five mice; error bar represents standard deviation; two-tailed Mann-Whitney Rank Test
used to compare groups; *, p-value<0.05.



Peptide PADRE LS3

Peptide: PADRE- AKFVAAWTLKAAA

Number of Residues 13 15

smm_align_ic50| nn_align_ic50 | Measured_ic50

allele (nM) (M)

Molecular Weight g/mol 1348 1624

HLA-DRB1*07:01 144

Iso-electric point (pH) 10.7 12.1

Human HLA-DRB5*01:01

Net Charge at pH 7 2.0 2.1 HLA-DRB3*01:01

Water solubility Poor Poor Murine H2-lab

LS3 PADRE FC_CH14.15
Peptide LRFGIVASRANHALV AKFVAAWTLKAAA ASTKGPSVFPLAPSS
DRB1_01_01* 3.66
DRB1_01_02 * 9.19
DRB1_01_03
DRB1_03 01*
DRB1_04_01
DRB1_04_04 *
DRB1_04_05
DRB1_04_08
DRB1_07_01*
DRB1_08_01
DRB1_10_01
DRB1_11_01
DRB1_11_04
DRB1_12_01
DRB1_13_01
DRB1_13_03
DRB1_15 01*
DRB1_16_01*
DRB3_01_01*
DRB3_02 02 *
DRB4_01_01 4.62 12.4
DRB4_01_03 6.66 13.5
DRB5_01_01 4.31 10.2
DRB5_02 02 * 6.09 48.3

Geometric mean 3.08 48.10

Figure S3. LS3 and PADRE epitopes were observed to have complementary coverage in binding to

different human HLA-DR alleles. Related to Figure 4. a. Comparison of predicted biophysical properties

between PADRE and LS-3, in terms of molecular weight, isoelectric point, net charge at pH 7 and water
solubility. b. Comparison of predicted IC50 binding affinities of PADRE epitope to human DRB1_07_01,
DRB5_01_01, DRB3_01_01 and murine HLA-lab by smm-align and nn-align versus reported
experimentally measured IC50 binding affinities (Alexander et al., 1994). c. Comparison of predicted 1C50
binding affinities (in terms of percentile rank, 0-100) of LS-3, PADRE, and Fc-CH11-15 epitopes to various
human HLA-DR alleles by MixMHClIpred (Racle et al., 2019); a lower percentile rank is suggestive of higher
binding affinity.
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Figure S4. The LS-3 and PADRE epitopes were observed to elicit epitope-specific CD4+ T-cell

responses by DNA vaccination, and to a lesser extent, by protein vaccination. Related to Figure 4.

C57BL/6 mice received either DNA or protein vaccinations and were euthanized as described in Figure 4.
a and b. IFNy+ ELlIspot assays comparing T-cell responses induced by either DNA-encoded LS3-CAQ09 or
LS3KO-CA09 immunizations in mice to LS3 and LS3KO peptides respectively. ¢ and d. IFNy+ ELIspot
assays comparing T-cell responses induced by either DNA-encoded LS3-CA09 or PADRE-CAQ9
immunizations in mice to LS3 and PADRE peptides respectively. e. ICS analysis of CD4+ IFNy+ responses
induced by protein LS3KO-CA09, LS3-CA09, or PADRE-CA09 vaccinations in mice to LS3KO, LS3, and
PADRE peptides respectively. f and g. IFNy+ ELIspot assays comparing T-cell responses induced by
protein LS3KO-CAQ9, LS3-CAQ09, or PADRE-CAQ9 vaccinations in mice to LS3KO, LS3, and PADRE
peptides respectively. Each group includes five mice; each dot represents a mouse; error bar represents
standard deviation; two-tailed Mann-Whitney Rank Test used to compare groups; p-values were adjusted

for multiple comparison where appropriate; *, p-value<0.05.



Lumazine Synthase

Lumazine Synthase

CD8 GT8
GT8
CD4 Lumazine Synthase

Lumazine Synthase

CD8 Lumazine Synthase

DAVIAIGVLCRGATP
ATPSFDYIASEVSKG
TRQGGYSNDNTVIFR
ARCQIAGTVVSTQLF

LRFGIVASRANHALV
LKFGIVGSRFNHGLV

AALCAIEMANLFKSL

WT
WT
WT
WT
LS3KO
WT

Table S1. Identified CD4+ and CD8+ epitopes in the LS and GT8 domains in the BALB/c and C57BL/6

mice immunized twice with 25ug DLnano_LS_GT8 three weeks apart and sacrificed two weeks post

the second vaccination for cellular analysis. Related to Figure 1.




Transparent Methods

Structure modeling and design of CD4Mut_LS GT8 nanoparticles

Mutations to the LS-3 peptide were achieved using a structure-guided process. First, positions 14, 19, 22
and 24 in the LS domain were selected for mutation because they were making minimal contacts to the rest
of the LS 1HQK crystal structure, which we hypothesized would have less detrimental effect on protein
folding. Second, we used the ‘fixbb’ application of ROSETTA to computationally mutate the selected
positions to each of the 20 amino acids allowing neighboring residues to change conformation. Mutations
were selected which had similar or lower total score relative to the wild-type amino acid and by visual
inspection of the resulting structural models. The mutations were R14K, A19G, A22F, A24G.

DNA design and plasmid synthesis

Protein sequences for IgE Leader Sequence and eOD-GT8-60mer were as previously reported (Briney et
al., 2016; Xu et al., 2018). DNA encoding protein sequences were codon and RNA optimized as previously
described (Xu et al., 2018). The optimized transgenes were synthesized de novo (GenScript) and cloned
into a modified pVAX-1 backbone under the control of the human CMV promoter and bovine growth

hormone poly-adenylation signal.

Production of His-Tagged LS3-CA09, LS3KO-CAQ9, or PADRE-CA09

Expi293F cells were transfected with pVAX plasmid vector carrying the His-Tagged LS3-CAQ09, LS3KO-
CAQ09, PADRE-CA09, GT8-monomer, eOD-GT8-60mer or CD4Mut LS GT8-60mer transgene with
PEI/OPTI-MEM and harvested 6 days post-transfection. Transfection supernatant was first purified with
affinity chromatography using the AKTA pure 25 system and an IMAC Nickel column for His-Tagged
constructs and gravity flow columns filled with GNL Lectin beads (for nanoparticles). The eluate fractions
from the affinity purification were pooled, concentrated and dialyzed into 1X PBS buffer before being loaded
onto the SEC column and then purified with size exclusion chromatography with the Superdex 200 10/300
GL column (GE Healthcare) for His-Tagged constructs, and with Superose 6 Increase 10/300 GL column

for nanoparticles. Identified eluate fractions were then collected and concentrated to 1mg/mL in PBS.

Animals

All animal experiments were carried out in accordance with animal protocols 201214 and 201115 approved
by the Wistar Institute Institutional Animal Care and Use Committee (IACUC). For DNA-based immunization,
6 to 8 week old female C57BL/6 or BALB/c mice (Jackson Laboratory) were immunized with DNA vaccines
via intramuscular injections into the tibialis anterior muscles, coupled with intramuscular EP with the
CELLECTRA 3P device (Inovio Pharmaceuticals). In experiments in Figure 1 and 3, mice were immunized
twice with 25ug DNA plasmid three weeks apart and euthanized two weeks post the second vaccination.

In experiments in Figure 4, mice were immunized twice with 25ug DNA plasmid twice four weeks apart and



euthanized one week post the second vaccination. For vaccinations involving recombinant protein, 6 to 8-
week-old female C57BL/6 mice were immunized intramuscularly with 10ug of recombinant LS3-CAQ9,
LS3KO-CA09 or PADRE-CAQ9 protein in 15uL sterile PBS co-formulated with 15uL Sigma Adjuvant
System (SigmaAldrich) in the tibialis anterior muscles three times four weeks apart and were euthanized

one week post the third immunization.

HA-binding ELISA

96-well half area plates were coated at 4C overnight with 2ug/mL of recombinant
HA(ATM)( A/California/04/2009) (Immune Technology), and blocked at room temperature for 2 hour with a
solution containing 1x PBS, 5% skim milk, 10% goat serum, 1% BSA, 1% FBS, and 0.2% Tween-20. The
plates were subsequently incubated with serially diluted mouse sera at 37C for 2 hours, followed by 1-hour
incubation with anti-mouse IgG H+L HRP (Bethyl) at 1:20,000 dilution at room temperature and developed
with TMB substrate. Absorbance at 450nm and 570nm were recorded with BioTEK plate reader.

Antigenic profile characterization of purified eOD-GT8-60mer and CD4Mut_LS GT8-60mer

Corning half-area 96-well plates were coated with 2ug/mL of purified eOD-GT8-60mer or
CD4Mut LS GT8-60mer at 4C overnight. The plates were then blocked with the buffer as described above
for 2 hours at room temperature, followed by incubation with serially diluted VRCO1 at room temperature
for 2 hours. The plates were then incubated with anti-human Fc (cross-adsorbed against rabbits and mice)
(Jackson Immunoresearch) at 1:10,000 dilution for 1 hour, followed by addition of TMB substrate for

detection. Absorbance at 450nm and 570nm were recorded with BioTEK plate reader.

HAI assay

Mice sera were treated with receptor-destroying enzyme (RDE, 1:3 ratio; SEIKEN) at 37°C overnight for
18-20 h followed by complement and enzyme inactivation at 56°C for 45 min. RDE-treated sera were
subsequently cross-adsorbed with 10% rooster red blood cells (Lampire Biologicals) in 0.9% saline at 4C
for 1 hour. The cross-adsorbed sera were then serially diluted with PBS in a 96-well V-bottom microtiter
plates (Corning). Four hemagglutinating doses (HAD) of A/California/07/2009 (H1N1)pdmQ9 (Virapur) were
added to each well and the serum—virus mixture was incubated at room temperature for 1 hour. The mixture
was then incubated with 50 pl 0.5% v/v rooster red blood cells in 0.9% saline for 30 min at room temperature.
The HAI antibody titer was scored with the dot method, and the reciprocal of the highest dilution that did

not cause agglutination of the rooster red blood cells was recorded.

ELISpot Assay

Spleens from immunized mice were collected and homogenized into single cell suspension with a tissue
stomacherin 10% FBS/ 1% Penicillin- streptomycin in RPMI 1640. Red blood cells were subsequently lysed
with ACK lysing buffer (ThermoFisher) and percentage of viable cells were determined with Trypan Blue



exclusion using Vi-CELL XR (Beckman Coulter). 200,000 cells were then plated in each well in the mouse
IFNy ELISpot plates (MabTech), followed by addition of peptide pools that span both the lumazine synthase,
3BVE, PfV or GT8 domains, or individual LS-3, LS3KO or PADRE peptides at 5ug/mL of final concentration
for each peptide (GenScript). The cells were then stimulated at 37C for 16-18 hours, followed by
development according to the manufacturer’s instructions. Spots for each well were then imaged and

counted with ImmunoSpot Macro Analyzer.

Intracellular cytokine staining

Single cell suspension from spleens of immunized animals were prepared as described before and
stimulated with 5ug/mL of peptides (GenScript) for 5 hours at 37C in the presence of 1:500 protein transport
inhibitor (ThermoFisher). The cells were then incubated with live/dead for 10 min at room temperature,
surface stains (anti-mouse CD4 BV510, anti-mouse CD8 APC-Cy7, anti-mouse CD44 AF700, anti-mouse
CD62L BV771) (BD-Biosciences) at room temperature for 30minutes. The cells were then fixed and
permeabilized according to manufacturer’s instructions for BD Cytoperm Cytofix kit and stained with
intracellular stains anti-mouse IL-2 PE-Cy7, anti-mouse IFN-y APC, anti-mouse CD3e PE-Cy5 and anti-
mouse TNFa BV605 (BioLegend) at 4C for 1 hour. The cells were subsequently analyzed with LSR Il 18-

color flow cytometer.

Epitope mapping

15-mer peptides spanning the LS and GT8 domains of eOD-GT8-60mer (GenScript) were arranged into
row and column pools (each peptide appears exactly once in the row pool and once in the column pool).
Splenocytes from BALB/c or C57BL/6 immunized twice with 25ug DLnano_LS_GT8 were co-incubated with
each peptide pool with a final concentration of 5ug/mL for each peptide overnight in IFNy ELIspot plates
(MabTech). The plates were then developed according to manufacturer’s instruction, and peptides that can
potentially stimulate T-cell responses were identified based on the combination of row and column pools
that induce IFNy responses. Responses to those peptides were then confirmed with ICS as described in

the last section.

In silico analysis

Binding analysis prediction using smm- and nn-align was performed with a web-based application at the

following site (http://tools.iedb.org/mhcii/) (Nielsen and Lund, 2009; Nielsen et al., 2007). Binding analysis
prediction using the MixMHClIpred model was executed with C++ using the codes available at the following

site (http://mixmhc2pred.gfellerlab.org/) (Racle et al., 2019).

Statistics

Power analysis was performed with R based on our preliminary data to determine the smallest sample size

that would allow us to achieve a power of 0.9 with a pre-set a-value of 0.05. All statistical analyses were



performed with PRISM V8.2.1 and R V3.5.1. Each individual data point was sampled independently. Two-
tailed Mann Whitney Rank Tests were used to compare differences between groups. Bonferroni corrections

were used to adjust for multiple comparisons.
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