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Recombinant proteins are an attractive choice as a safe alternative to traditional live

attenuated vaccines. However, most small-size proteins are poorly immunogenic, and

adjuvants, whose mode of action remain to be fully clarified, are needed for increasing

their immunogenicity. Here, we report the effects of short solubility controlling peptide

tags (SCP-tags) on the immunogenicity of DENV3 envelope protein domain 3 (3ED3;

103 residues, 11.46 kDa) in ICR and Swiss albino model mice. The attachment of a 4-Ile

SCP-tag (C4I-tag) increased the hydrodynamic radius of 3ED3 from 2.2 ± 0.09 to 111

± 146 nm as assessed by dynamic light scattering in phosphate buffered saline at 37◦C,

indicating that the C4I-tag oligomerized 3ED3. Immunization at 30 µg/dose showed that

the untagged 3ED3 was not or poorly immunogenic, whereas the C4I-tag increased

its immunogenicity by up to 39-fold as assessed by the IgG level measured using

ELISA. Moreover, the increased antibody level was sustained for over 6 months after

immunization and a high number of effector and central memory T cells were generated.

These observations provide solid and quantitative evidence for the hypothesis that

subvisible aggregates with hydrodynamic radii of 100 nm can increase immunogenicity

and that SCP-tag can establish a long-term, target-specific immune response in a way

adequate for the development of a peptide/protein-based DENV vaccine.

Keywords: solubility controlling peptide tags (SCP-tags), subvisible aggregates, dengue envelope protein domain

3 (ED3), immunogenicity, T-cell memory

INTRODUCTION

Though recombinant proteins represent an attractive alternative to traditional live attenuated
vaccines (1–3), they are poorly immunogenic (4, 5). Few protein-based vaccines have thus found
a widespread usage, despite the simplicity of their production and handling (6). A protein’s
immunogenicity is influenced by an enormous number of intertwined factors, most of which
are remotely controlled under standard biomedical practices, and rationales for controlling a
protein’s immunogenicity are lacking (7). Presently, adjuvants, which are known to increase
immune response, are used both for clinical and biomedical purposes. However, the number of
adjuvants approved for human vaccination is restricted (8, 9), and importantly, their mode of action
remains unclear.

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2020.00333
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2020.00333&domain=pdf&date_stamp=2020-03-17
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:ykuroda@cc.tuat.ac.jp
https://doi.org/10.3389/fimmu.2020.00333
https://www.frontiersin.org/articles/10.3389/fimmu.2020.00333/full
http://loop.frontiersin.org/people/780503/overview
http://loop.frontiersin.org/people/885455/overview
http://loop.frontiersin.org/people/781342/overview
http://loop.frontiersin.org/people/775266/overview


Islam et al. Immune Response With T-Cell Memory

Beside the traditional adjuvants, protein aggregation is being
reported to increase immune response (10–13). The aggregates
can be prepared using various physical and chemical stresses,
such as agitation or extreme pH (14). However, these processes
are harsh and may affect the structural and biochemical integrity
of the proteins and are avoided in biomedical practices (15,
16). More recently, fusion to hydrophobic/lipoprotein (15–17)
and cytokines (18) have been reported to increase a protein’s
immunogenicity in vitro and in vivo, but here too their
modes of action are not fully understood. A major reason for
this lack of evidence is that techniques for controlling and
monitoring the formation of submicron aggregates, without
affecting the other biophysical and biochemical properties,
are lacking.

We previously developed solubility controlling peptide tags
(SCP-tags) for producing and controlling the formation of
subvisible aggregates without compromising the structure,
biochemical properties, and function of a model protein, a bovine
pancreatic trypsin inhibitor (BPTI) variant (19–22). Here, we
analyzed the effects of the SCP-tags on the aggregate’s sizes of
DENV3 envelope protein domain 3 (3ED3) and the anti-3ED3
immune response in model mice. ED3 is the third domain
of the envelope glycoprotein, which constitutes the outermost
layer of the dengue virion, and contains the epitope residues
constituting the primary binding sites of neutralizing antibodies
(23). We thus chose DENV3-ED3 (3ED3) as a good model for
investigating the effects of subvisible aggregates of controlled
sizes on the immunogenicity of 3ED3 in mice model. First, we
show using dynamic light scattering (DLS) that 5-Lys (C5K),
5-Asp (C5D), and 4-Ile (C4I) tagged 3ED3 formed subvisible
(soluble) aggregates with hydrodynamic radii of 2.9 ± 1.1, 78.5
± 51.6, and 111 ± 146 nm, respectively. Next, immunization
studies in model mice showed that C5K, C5D, and C4I tags
increased the antibody titers in the order C4I > C5D > C5K,
which was the same order as the aggregates hydrodynamic
radii (C4I > C5D > C5K). Furthermore, the immunogenicity
against 3ED3 was maintained for over 6 months, and a high
level of effector and central memory T cells were produced.
Altogether, our results suggest that SCP-tags could provide
a versatile approach for increasing the immunogenicity of a
protein through the manipulation of its aggregate’s size, and
as such, it may open the way for the development of protein-
based vaccines.

MATERIALS AND METHODS

Mutant Design
The sequence of envelope protein domain 3 of dengue virus
serotype 3 (3ED3) was retrieved from UniProt (ID P27915:1,
residues 574–678). The gene encoding 3ED3 was artificially
synthesized and cloned into a pET15b vector (Novagen)
at the endonuclease NdeI and BamH1 sites, as previously
described (24). The nucleotide sequences encoding the SCP-
tags were added at the C terminus of 3ED3 by QuikChange
(Stratagene, USA) site-directed mutagenesis, and all sequences
were confirmed by DNA sequencing (Figure 1).

Protein Expression and Purification
The 3ED3 variants were overexpressed in E. coli
JM109(DE3)pLysS as inclusion bodies as reported earlier
(25). After harvesting, the cells were lysed in lysis buffer (150mM
NaCl, 0.5% sodium deoxycholate, and 1% SDS in 50mM Tris–
HCl pH 8.5) and lysis wash buffer (lysis buffer supplemented
with 1% v/vNP-40), and the cell lysates were air oxidized for 36 h
at 30◦C in 6M guanidine hydrochloride in 50mM Tris–HCl,
pH 8.7. The His6-tagged 3ED3s were purified by Ni-NTA
(Wako, Japan) chromatography, followed by dialysis against
10mM Tris–HCl, pH 8.0 at 4◦C. The N-terminal His6-tag was
cleaved by thrombin proteolysis (25), and 3ED3s were purified
by a second round of Ni-NTA chromatography followed by
reversed-phase HPLC. Protein identities were confirmed by
analytical HPLC and MALDI-TOF MS and stored at −30◦C
until use.

Immunization Studies
A total of five sets of immunization experiments were carried out:
four sets with Jcl:ICR (CLEA, Japan) and one set with Swiss albino
(ICDDR,B, Bangladesh) mice, all aged 3–4 weeks at the start
of the experiment. Four sets were carried out without adjuvant,
and one set with ICR mice was carried out in the presence
of Freund’s adjuvant (26, 27). Immunization in the presence
of adjuvant: the 3ED3 variants were dissolved in phosphate
buffered saline (PBS), pH 7.4 at 30 µg/dose, and supplemented
with an equal volume of Freund’s adjuvants (100 µl protein
plus 100 µl adjuvant; total 200 µl/dose/mice). The first dose
was given subcutaneously in Freund’s incomplete adjuvant, and
doses 2–4 were given intraperitoneally at weekly intervals in
Freund’s complete adjuvant. Immunization in the absence of
adjuvant: the 3ED3 variants were formulated in PBS, pH 7.4 at
30 µg/dose (100 µl/mice) and injected subcutaneously at weekly
intervals unless otherwise specified. In addition, two control mice
were injected with PBS and two with PBS–adjuvant at weekly
intervals. Dose-specific immune response (anti-3ED3 IgM and
IgG antibodies) was monitored 4 days after each inoculation
using tail-bleed samples by ELISA. After the final dose, all mice
were sacrificed, and blood samples were collected from the heart
and centrifuged, and the sera were preserved at−30◦C in aliquots
of 50 µl until use. Long-term immunogenicity: we used a separate
group of Jcl:ICR mice, and we inoculated the mice at 3-weeks
intervals three times andmonitored the serum’s IgG levels weekly
for over 6 weeks using ELISA. Similarly, IL-2 and IL-4 were
measured 6 weeks after the last inoculation. Flow cytometry: in
yet another group, Swiss albino mice were immunized at 2-
weeks intervals, and after the final (fifth) dose, the anti-3ED3
IgG antibodies were monitored for over 6 months at weekly
intervals by ELISA, and cell surface CD markers on splenocytes
extracted 6 months after the last dose were investigated by flow
cytometry. All of the experiments were performed in compliance
with Tokyo University of Agriculture and Technology’s and
Japanese governmental regulations on animal experimentation.

Immune Response Measured by ELISA
The effects of SCP-tags on the generation of 3ED3-specific serum
antibody response in Jcl:ICR and Swiss albino mice models were
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FIGURE 1 | Sequences and structures of 3ED3 and its SCP-tagged variants. (A) The sequence of 3ED3 is taken from UniProt. The SCP-tag sequence, attached at

the C termini of 3ED3, is underlined and consists of two glycine, used as a spacer, and 3, 4, or 5 amino acids. (B) Surface representation (green) of 3ED3 (left) and its

SCP-tagged variant (right). The coordinates are taken from the PDB database 3VTT (24). The SCP-tag residues are in a surface-stick (blue) model. The model

structures were generated using PyMOL (The PyMOL Molecular Graphics System, Version 2.0 Schrödinger, LLC).

investigated using ELISA in 96-well microtiter plates (Iwaki,
Japan). The plates were coated overnight at room temperature
with 2.5µg/ml of purified untagged 3ED3 (unless otherwise
specified) in PBS (100 µl/well). Unbound proteins were washed
out, and the plates were blocked with 1% BSA in PBS for 45min
at 37◦C. After washing with PBS, dose-specific mouse antisera
were applied at 1:50 in 0.1% BSA in PBS, followed by a 3-
fold serial dilution and incubated at 37◦C for 2 h. Unbound
antibodies were removed by thoroughly washing three times with
PBS−0.05%Tween-20, and once with PBS.Microtiter plates were
blot dried, and anti-mouse-IgG/IgM-HRP conjugates (Thermo
Fisher Scientific; 1:3,000 dilution in 0.1% BSA–PBS−0.05%
Tween-20) were added and incubated at 37◦C for 90min. The
unbound conjugates were removed by washing three times
with PBS−0.05% Tween-20 and once with PBS. Coloring was
performed by adding the substrate OPD (o-phenylenediamine)
at 0.4 mg/ml concentration supplemented with 4mMH2O2 (100
µl/well). After 20min of incubation at room temperature, the
reaction was stopped by adding 50 µl of 1N sulfuric acid, and
the color intensity was measured at 492 nm (OD492nm) using
a microplate reader (SH-9000Lab; Hitachi High-Tech Science,

Tokyo, Japan). Antibody titers were calculated from the power
fitting of OD492nm vs. the reciprocal of the antisera dilution
using a cutoff of OD492nm = 0.1 above the background values.
As a positive control, a previously developed anti-3ED3 sera
(28) was used in all ELISA plates. The hydrodynamic radius
of SCP-tagged 3ED3s was compared with the hydrodynamic
radius of untagged 3ED3 using Dunnett’s test (29). Similarly,
multiple comparisons of the anti-3ED3 IgG antibody titers
in treatment groups (mice injected with SCP-tagged 3ED3s)
and control group (mice injected with untagged 3ED3) were
performed using Dunnett’s test (29). For data with n = 5 and
above, values that were greater than the third quartile+1.5× IQR
or smaller than the first quartile −1.5 × IQR were considered
as outliers.

Cell Surface CD Marker Analysis
Single-cell suspension from spleen was prepared in FACS
buffer (PBS supplemented with 2% FBS, 1mM EDTA, and
0.1% sodium azide). The red blood cells (RBCs) were lysed
with RBC lysis solution (0.15M ammonium chloride, 10mM
potassium bicarbonate, 0.1mM EDTA) for 5–10min at room
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temperature, followed by washing twice with a FACS buffer
(400 × g, 4◦C, 5min). Pellets (cells) were resuspended in a
100 µl pre-cooled FACS buffer. The cells were stained with
anti-CD3-Pcy5, CD4-Pcy7, CD44-FITC, and CD62L-PE-
conjugated antibodies in one tube and with anti-CD3-Pcy5,
CD8-Pcy7, CD44-FITC, and CD62L-PE-conjugated antibodies
in another tube (0.2 µg of antibodies/100 µl) for 30min
in the dark. Excess unbound conjugated antibodies were
removed by washing the cells with a FACS buffer. Finally,
cells were resuspended in a 500 µl FACS buffer, and the
data were collected using CytoFlex (Beckman Coulter). The
levels of IL-2 and IL-4 in the serum from the heart-bleed
samples collected after the final dose of immunization
were measured by ELISA following the manufacturer’s
(BioLegend) protocol.

Dynamic Light Scattering
The effects of SCP-tags on subvisible aggregates’ sizes were
investigated using a Malvern Zetasizer Nano-S system (Malvern,
UK) in PBS, pH 7.4. Samples were prepared in PBS at 0.3 and
0.8 mg/ml concentration, kept on ice, and centrifuged (20,000
× g at 20◦C for 20min) just before DLS measurements. Then
100 µl of supernatants was transferred into a cuvette, and
DLS measurements were conducted at 4, 25, and 37◦C. The
hydrodynamic radius (Rh) was calculated from the number and
volume distribution using the Stokes–Einstein equation, and
the mean Rh was calculated from three or more independent
experiments (30). In addition, we monitored the aggregates’ sizes
of the 3ED3 variants directly from the injection samples, before
each inoculation to ICR mice (reported in Figures 2–4).

Thermal Stability by Circular Dichroism
(CD)
The effects of C4I, C5D, and C5K tags on structure conformation
were monitored by CD by dissolving the lyophilized protein
powders in PBS, pH 7.4. Before CD measurements, all
samples were centrifuged at 20,000 × g for 20min at 4◦C to
remove aggregates that might have accumulated during sample
preparation. The CD spectra were measured using a 2-mm
cuvette with a JASCO J-820 spectropolarimeter at 0.10–0.45
mg/ml concentration in the temperature range 20–90◦C and in
the wavelength range 200–260 nm. The reversibility of thermal
unfolding–refolding was confirmed by measuring the CD of the
sample after cooling it back to 20◦C from 90◦C.

RESULTS AND DISCUSSION

Biophysical Properties of Subvisible
Aggregates
We first analyzed the biophysical properties of the 3ED3
variants under conditions identical or very close to that used
in the immune response experiment (at 0.3 mg/ml protein
concentration in PBS at 25 and 37◦C). Overall, the results were
in line with those expected from our previous studies, where we
used a BPTI variant to assess the effect of the SCP-tags on the
protein’s structure, oligomerization status, and thermodynamic
stability (19–22). Namely, all 3ED3 variants were “soluble” as they

remained in the supernatant after centrifugation at 20,000× g for
20min at 25◦C, or after filtration through a 0.22-µm membrane
filter (Figure 2; Supplementary Figure S1). Thus, they either
were monomeric or formed very small oligomeric subvisible
particles (31).

We thus characterized the sizes of the subvisible aggregates
and their dependence on protein concentration by DLS at 25 and
37◦C at 0.3 mg/ml, which was the inoculation concentration, and
at 0.8 mg/ml (Figures 2A–C, Supplementary Figures S1A–D).
The particle size of the wild-type 3ED3 was almost independent
of both the sample’s temperature and the protein’s concentration
(Supplementary Figures S1C,D). C5K and C3I did not affect
the aggregate sizes, whereas the C4I and C5D dramatically
increased the subvisible aggregate sizes to Rh = 111 ± 146
and 78 ± 51 nm, respectively (Figures 2A–C). The probable
molecular origins for the increase in particle size are discussed
in our previous studies with BPTI (32). Namely, C5D-tag most
likely oligomerized the protein through electrostatic interactions
between the negatively charged side chains of C5D tag with
positive charges on 3ED3’s surface. On the other hand, C4I-tag
acts through intermolecular hydrophobic interactions between
the Ile attached to the 3ED3 molecules inducing a reversed
hydrophobic effect (33). Prolonged incubation at 25 and 37◦C
under the immunization conditions did not change the aggregate
sizes of the 3ED3 variants, except that of the C4I variant, whose
size increased gradually over time (Supplementary Figure S1E).
Finally, CD spectra at 0.3 mg/ml protein concentration in
PBS, pH 7.4 indicated that at 37◦C all 3ED3 variants retained
the same secondary structures, but the C4I variant was
slightly destabilized, as reported for BPTI (32) (Figures 2D,E;
Supplementary Figure S2). Altogether, these observations
indicated different subvisible aggregation mechanisms and
different aggregate sizes for C5D and C4I-tagged 3ED3s.

Effects of SCP-Tags on Serum Antibody
Response in Model Mice
We investigated the effects of SCP-tags on the generation
of 3ED3-specific serum antibody response through repeated
injections in ICR mice, both in the presence and absence
of Freund’s adjuvant. Noteworthy, we measured the 3ED3s’
hydrodynamic radii directly in the immunization sample prior
to each round of inoculation in order to monitor the sample’s
oligomerization status in a “real-time” manner (Figures 2A–C;
Supplementary Figure S2). Let us also note that the OD492nm

of the anti-3ED3 sera measured using plates coated with
the untagged 3ED3 and 4ED3 and SCP-tagged 3ED3s were
essentially the same, indicating that the antibodies were 3ED3
specific (sero-specific) (Figure 3H) and were directed against
the 3ED3 scaffold, not against the SCP-tags (Figures 3A,G;
Supplementary Figure S5A).

First, let us consider the immunization without the adjuvant.
The untagged 3ED3 was not or very poorly immunogenic even
after the fourth dose (Figures 3C,D; Supplementary Figure S3),
whereas the immunogenicity of C5K, C5D, and C4I appeared
after the third dose. After the fourth dose, the respective titer
increased to 13, 20, and 30 times that of the untagged 3ED3
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FIGURE 2 | Biophysical characterization of 3ED3 and its SCP-tagged variants. (A) Hydrodynamic radii of 3ED3 aggregates as computed from the number (%)

distribution measured at 0.3 mg/ml protein concentration in PBS, pH 7.4 at 25◦C. Hydrodynamic radius of 3ED3 and its SCP-tagged variants at 25◦C (B) and 37◦C

(C) in the immunization samples monitored just before inoculation to the ICR mice (100 µl at 0.3 mg/ml in PBS, pH 7.4; titers are reported in Figures 3, 4A). Asterisks

represent the comparisons using Dunnett’s test (28) [(B) n = 29 (3ED3), 11 (3C3I), 20 (3C4I), 17 (3C5D), 18 (3C5K); (C) n = 36 (3ED3), 14 (3C3I), 20 (3C4I), 18

(3C5D), 19 (3C5K); “+”: mean, **p < 0.01, ***p < 0.001]. Secondary structure of 3ED3 variants measured by CD at 25◦C (D) and 37◦C (E) at 0.3 mg/ml in PBS, pH

7.4. Color codes are the same in all panels and are shown in (A).

(Figure 3C; Supplementary Figure S3). Noteworthy, 3ED3-C3I
(3C3I), whose SCP-tag is shorter than that of 3ED3-C4I (3C4I)
by merely a single isoleucine, was poorly immunogenic, which
was in line with the fact that C3I-tag did not oligomerize

3ED3 (Figures 2C, 3E). However, two out of four mice
injected with 3C5K exhibited antibody titers >5,000 (Figure 3C)
showing an exception to the otherwise good correlation between
the aggregate sizes and immunogenicity, but currently, we
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FIGURE 3 | Immunogenicity of 3ED3 and its SCP-tagged variants. (A) Anti-3ED3 specificity of antisera generated against 3ED3 and its SCP-tagged variants

assessed by ELISA. OD492nm at 1:50-fold antisera dilution is shown (black: against 3ED3; red: against 3C3I; orange: against 3C4I; violet: against 3C5D; green: against

3C5K as coating antigen). (B) Absorbance at 492 nm vs. the reciprocal of antisera dilution against 3ED3 (legends are given in the panel). (C) IgG antibody titer after

the fourth dose in the absence of the adjuvant [n = 2 (PBS), 9 (D3wt), 2 (D3C3I), 5 (D3C4I), 5 (D3C5D), 4 (D3C5K); **P < 0.05, ***P < 0.001 (Dunnett’s test) (29)]. (D)

IgG antibody titers after the fourth dose in the presence of the adjuvant. Immunization experiments were carried out in the Jcl:ICR (CLEA, Japan) mice model. Bars

represent averaged antibody titer, and scattered points stand for individual mice data [color codes are as in (B)]. Correlation between the antibody titers (bars on the

primary axis) and the aggregates’ hydrodynamic radii at 37◦C in the absence of the adjuvant (E) and in the presence of the adjuvant (F). Scattered points along the

secondary axis stand for hydrodynamic radii. (G) Antibody titers determined against untagged (3ED3) and its SCP-tagged (C5D and C5K) variants. (H) ELISA data for

anti-3ED3s sera against 3ED3 and 4ED3. All anti-3ED3 sera showed sero-specific recognition 3ED3 and no cross-recognition of 4ED3, confirming that all antibodies

were serotype specific.
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do not have a good molecular level explanation for these
two cases.

Similar trends were observed in immunization experiments
in the presence of Freund’s adjuvant (Figure 3D). Namely, after
the fourth dose, C5K, C5D, and C4I increased antibody titers up
to 5-, 24-, and 39-folds, respectively, over the untagged 3ED3,
indicating that C4I-tagged 3ED3 was the most immunogenic
followed by C5D, and C5K and the untagged 3ED3 remained
non-immunogenic (Figure 3D; Supplementary Figure S3).
Note that the immune response was specific to DEN3-ED3 as
no IgG against DEN4-ED3 was observed by ELISA (Figure 3H).
Finally, very similar trends of increased immune responses
were observed both in the presence and absence of the
adjuvant. This strongly suggests that the SCP-tags are the sole
contributor for increasing the immunogenicity of the poorly
immunogenic 3ED3.

Long-Term Antibody Response and
Cytokine Expression
The effects of the SCP-tags on long-term immune response
were monitored by measuring the serum antibody titers for
6 weeks to 6 months after the last dose of immunization
(Figure 4; Supplementary Figure S4). The anti-3ED3 antibody
titers produced by the C4I-tagged variant remained very high
for 5–6 weeks (Figures 4A,B). Even after 6 months, C4I-injected
mice had anti-3ED3 antibody levels over three times higher than
those observed with other variants. These observations clearly
indicated that a long-term anti-3ED3 immune response was
established in mice inoculated with 3ED3-C4I (Figures 4A,B;
Supplementary Figures S4A,B).

To assess the potential of the tagged 3ED3s as anti-dengue
3 vaccine candidates, we performed a CD marker analysis.
The levels of CD markers on lymphocytes 6 months after
immunization indicated that the untagged 3ED3 and its C5D-
tagged variants had a low number of CD44+ and CD62L+

Tc and Th cells (Figures 4C–F). To be more precise, only 5–
44 and 12–32% of Tc and Th cells, respectively, were CD44+,
CD62L+, and CD44+CD62L+ in mice injected with untagged
3ED3 and its C5D-tagged variant (Figures 4E,F), indicating their
naïve immunological status (34, 35). On the other hand, C4I-
injected mice had a very high number of CD44+ Tc cells (86%
of Tc cells) with increased expression of CD62L (on 60% of Tc
cells) and co-expression of CD44-CD62L (CD44+CD62L+, on
52% of Tc cells) as well (Figures 4C,E), which is an indication
of long-term immunity with effector Tc-cell memory (36).
Furthermore, a very high population of CD44+, CD62L+, and
CD44+CD62L+ Th cells (on 72, 62, and 52% of Th cells,
respectively) (Figures 4D,F) suggested that repeated injections of
C4I-tagged 3ED3 also developed central Th-cell memory (37).
Such high expression of CD44 on T cells may seem unusual,
but not rare (34–40). For example, an aerosol infection of
Mycobacterium tuberculosis in mice resulted a drastic shifting of
CD44 and CD62L expression on T cells from 18–32% to 59–79%
and from 9–20% to 40–73%, respectively (41), similar to what we
observed in this study. Similarly, choriomeningitis virus infection
studies in mice also reported long-term Th-cell memory with

high expression of CD44 on T cells (42). In addition, the total
number of CD4- and CD8-positive cells remained very similar
in all mice groups (untagged, C5D-tagged, and C4I-tagged ED3-
injected mice groups) (Supplementary Figure S6), indicating
that the increased number of activated CD4/CD8 cells (with
high CD44 expression) in the spleen represents an expansion
of preliminary sensitized T cells, rather than the recruitment
of new T cells in spleen following ED3 injection (42). CD44
is a cell surface adhesion receptor and its ligation augments
T-cell activation, survival, differentiation, and maintenance of
memory (38). In addition, CD44 is widely used as a marker for
antigen-encountered, effector, and memory T cells and thus for
distinguishing memory T cells from naïve T cells (38, 39). Thus,
the high and long-lasting IgG responses along with the high
expression of CD44 and CD62L on T cells, which was observed
only with the C4I variant, clearly indicated that the C4I tag
oligomerized 3ED3 into subvisible (nanometer scale) particles,
possibly enabling an efficient uptake of the antigen by antigen
presenting cells (14), which in turn supposedly enhanced T-cell
activation and antibody production (40).

Altogether, these observations indicated that the T cells in
mice injected with the untagged or the C5D-tagged 3ED3
remained naïve or in an early stage of effector T-cell phenotype
(43). On the other hand, C4I-tagged 3ED3 turned naïve or
primarily sensitized effector T cells into effector/memory cells
(44). These observations together with the long-lasting anti-
3ED3 IgG antibody response strongly suggested that C4I-
tagged 3ED3 did generate an adequate effector and central
T-cell memory (Figure 4; Supplementary Figure S4), which
was further corroborated by the increased expression of IL-4
(Supplementary Figure S4C). Thus, although a detailed study of
the mechanism of the C4I-mediated conversion of naïve T cells
into effector/memory phenotype may be needed in order to fully
confirm a direct link between the state of the T cell and the
long-term memory responses, both the observation of the long-
term immunity and the CD marker analysis suggest the strong
potential of C4I as a basic technology for developing efficient
protein/peptide-based vaccines (45, 46).

Immune Response and Aggregate Sizes
SCP-tag is a versatile method for controlling the formation
of soluble aggregates, and as such, it can provide an avenue
for a protein-based vaccine, as discussed above. In addition,
SPC’s ability to reliably control the formation of aggregates
can contribute to shed light on the effects of aggregation on
immune response, which remains to be fully clarified. We
thus conducted all biophysical measurements (DLS, SLS, CD,
etc.) under conditions as close as possible to that used in the
immunization experiment (0.3 mg/ml concentration in PBS, pH
7.4 at 37◦C); moreover, we monitored the aggregates’ sizes of
the inoculation samples, in a “real time” manner, i.e., just before
injection to the ICRmice using an aliquot of the injected samples.
We believe that the latter precaution is critical because aggregates
can form in a little predictable manner upon small variation of
external factors, such as room temperature or during freeze–
thaw. Thus this “real time” monitoring substantially increased
the reliability of our observation, thereby facilitating the analysis
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FIGURE 4 | Long-term immune response and surface CD marker analysis. The immunization was carried out at 3-weeks intervals in Jcl:ICR mice (A) and at 2-weeks

intervals in Swiss albino mice (B). Immunization experiments were carried out in the absence of adjuvants (100 µl at 0.3 mg/ml in PBS, pH 7.4). After the final dose,

mice were monitored for 6 weeks (A) and 6 months (B) by measuring the anti-3ED3 IgG level by ELISA. Mice with high antibody titers are shown (the data for the

other mice are given in Supplementary Figure S4). SCP-tagged induced differential expression of surface CD markers on Tc cells (C) and on Th cell (D) are shown

(identities of 3ED3 variants are shown at the top of dot plots). Mice injected with C4I-tagged 3ED3 had very high population of CD44+ and CD44+CD62L+ Tc cells

and Th cells, respectively. Differential expression of CD44 and CD62L on Tc cells and Th cells are shown in (E) and (F). C4I-tagged 3ED3 induced both T-cell effector

and memory function, ensuring long-term immune responses.
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of the effects of subvisible aggregates on the immune response
(Figures 2, 3).

The SCP-tags increased the aggregation sizes according to
the following order: C4I > C5D > C5K > C3I > 3ED3
(Figure 2), which is the same order as the immunogenicity
increase measured by anti-3ED3 IgG antibody titers (Figure 3);
the C4I variant formed the largest subvisible aggregates and
was the most immunogenic variant (Figure 3). Note that C5D
and C4I tagged 3ED3, which formed subvisible aggregates of,
respectively, 78 and 111 nm, were stabilized by different types of
interactions: electrostatic interaction for C5D and hydrophobic
interactions for C5I (Figures 3D,E). Thus, altogether, we
observed a strong correlation between the hydrodynamic radius
and the immunogenicity (Figure 3F). With one exception being
3C5K in the absence of the adjuvant, the molecular mechanism
for this discrepancy remains to be fully explored.

CONCLUSIONS

The prime goal of our study was not vaccine development
against a specific virus but rather to propose a novel strategy for
designing potent peptide/protein-based vaccines. Here, we have
shown that the formation of subvisible protein aggregates with
sizes ranging from a few tens-to-hundred nanometers can be
produced using SCP-tags and that the appearance of aggregates
correlates with the increased immunogenicity of 3ED3. The
biophysical and biochemical nature of subvisible protein
aggregates smaller than 1µm has barely been characterized,
and their physiological effects have often been overlooked (47,
48). This is thus the first report demonstrating such a strong
correlation between the size of the aggregates and the strength
of the immune response with a near-real-time monitoring of
the aggregates. Furthermore, cytokine analysis indicated that
the C4I-tagged 3ED3 induced a long-lasting anti-3ED3 IgG
antibody response with adequate effector and central T-cell
memory. Altogether, SCP-tags appear to be a versatile technique
for increasing the immunogenicity of a protein in a targeted
manner, and provided the neutralization assay is successful, it
could provide a new approach for developing efficient protein
and peptide-based vaccines (34, 35).

DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the
article/Supplementary Material.

ETHICS STATEMENT

The animal study was reviewed and approved by TUAT animal
experimentation ethics committee.

AUTHOR CONTRIBUTIONS

YK and MI designed the project and wrote the manuscript.
MI and SM performed the experiments and analyzed the data.
MH conducted the long-term immune response study and flow
cytometry analysis, and NR helped with experimentation. All
authors read and approved the manuscript.

FUNDING

This research was supported by a JSPS grant-in-aid for scientific
research (KAKENHI, 15H04359, and 18H02385) to YK, a JSPS
post-doctoral and a JSPS invitation fellowship (FY 2015), and
a GARE (MOE, Bangladesh) funding to MI, and the TUAT’s
Institute of Global Innovation Research.

ACKNOWLEDGMENTS

We thank all the members of the Kuroda Laboratory for
discussion and technical assistance. We are grateful to
Professors Tsuyoshi Tanaka and Tomoko Yoshino for the
use of ZetaNanosizer.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fimmu.
2020.00333/full#supplementary-material

REFERENCES

1. Tripathi NK, Shrivastava A. Recent developments in recombinant

protein–based dengue vaccines. Front Immunol. (2018) 9:01919.

doi: 10.3389/fimmu.2018.01919

2. Ohtake S, Arakawa T. Recombinant therapeutic protein vaccines.

Protein Pept Lett. (2013) 12:1324–44. doi: 10.2174/0929866520121311121

22245

3. Sheng X, Liu M, Liu H, Tang X, Xing J, Zhan W. Identification

of immunogenic proteins and evaluation of recombinant PDHA1 and

GAPDH as potential vaccine candidates against Streptococcus iniae infection

in flounder (Paralichthys olivaceus). PLoS ONE. (2018) 13:e0195450.

doi: 10.1371/journal.pone.0195450

4. Moyle PM, Toth I. Modern subunit vaccines: development, components,

and research opportunities. ChemMedChem. (2013) 8:360–76.

doi: 10.1002/cmdc.201200487

5. Karch CP, Burkhard P. Vaccine technologies: from whole organisms to

rationally designed protein assemblies. Biochem Pharmacol. (2016) 120:1–14.

doi: 10.1016/j.bcp.2016.05.001

6. Foged C. Subunit vaccines of the future: the need for safe, customized

and optimized particulate delivery systems. Ther Deliv. (2011) 2:1057–77.

doi: 10.4155/tde.11.68

7. Bryson CJ, Jones TD, Baker MP. Prediction of immunogenicity of

therapeutic proteins: validity of computational tools. BioDrugs. (2010) 24:1–8.

doi: 10.2165/11318560-000000000-00000

8. Gupta RK, Siber GR. Adjuvants for human vaccines-current

status, problems and future prospects. Vaccine. (1995) 13:1263–76.

doi: 10.1016/0264-410X(95)00011-O

9. Vartak A, Sucheck S. Recent advances in subunit vaccine carriers. Vaccines.

(2016) 4:E12. doi: 10.3390/vaccines4020012

10. Scheiblhofer S, Laimer J, Machado Y, Weiss R, Thalhamer, J. (2017).

Influence of protein fold stability on immunogenicity and its implications for

Frontiers in Immunology | www.frontiersin.org 9 March 2020 | Volume 11 | Article 333

https://www.frontiersin.org/articles/10.3389/fimmu.2020.00333/full#supplementary-material
https://doi.org/10.3389/fimmu.2018.01919
https://doi.org/10.2174/092986652012131112122245
https://doi.org/10.1371/journal.pone.0195450
https://doi.org/10.1002/cmdc.201200487
https://doi.org/10.1016/j.bcp.2016.05.001
https://doi.org/10.4155/tde.11.68
https://doi.org/10.2165/11318560-000000000-00000
https://doi.org/10.1016/0264-410X(95)00011-O
https://doi.org/10.3390/vaccines4020012
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Islam et al. Immune Response With T-Cell Memory

vaccine design. Expert Rev Vaccines. 16:479–89. doi: 10.1080/14760584.2017.1

306441

11. Dintzis RZ, Okajima M, Middleton MH, Greene G, Dintzis HM. The

immunogenicity of soluble haptenated polymers is determined by molecular

mass and hapten valence. J Immunol. (1989) 143:1239–44.

12. Ratanji KD, Derrick JP, Dearman RJ, Kimber I. Immunogenicity of therapeutic

proteins: influence of aggregation. J Immunotoxicol. (2014) 11:99–109.

doi: 10.3109/1547691X.2013.821564

13. Rosenberg AS. Effects of protein aggregates: an immunologic perspective.

AAPS J. (2006) 8:E501–7. doi: 10.1208/aapsj080359

14. Ahmadi M, Bryson CJ, Cloake EA, Welch K, Filipe V, Romeijn S, et

al. Small amounts of sub-visible aggregates enhance the immunogenic

potential of monoclonal antibody therapeutics. Pharm Res. (2015) 32:1383–

94. doi: 10.1007/s11095-014-1541-x

15. Habarta A, Abreu PA, Olivera N, Hauk P, Cédola MT, Ferrer MF, et

al. Increased immunogenicity to LipL32 of Leptospira interrogans when

expressed as a fusion protein with the cholera toxin B subunit. Curr Microbiol.

(2011) 62:526–31. doi: 10.1007/s00284-010-9739-6

16. Kittiworakarn J, Lecoq A, Moine G, Thai R, Lajeunesse E, Drevet P,

et al. HIV-1 Tat raises an adjuvant-free humoral immune response

controlled by its core region and its ability to form cysteine-mediated

oligomers. J Biol Chem. (2006) 281:3105–15. doi: 10.1074/jbc.M5098

99200

17. Ogun SA, Dumon-Seignovert L, Marchand J-B, Holder AA, Hill F.

The oligomerization domain of C4-binding protein (C4bp) acts as an

adjuvant, and the fusion protein comprised of the 19-Kilodalton merozoite

surface protein 1 fused with the murine C4bp domain protects mice

against malaria. Infect Immun. (2008) 76:3817–23. doi: 10.1128/IAI.01

369-07

18. Gor DO, Ding X, Li Q, Schreiber JR, Dubinsky M, Greenspan NS,

et al. Enhanced immunogenicity of pneumococcal surface adhesin a by

genetic fusion to cytokines and evaluation of protective immunity in

mice. Infect Immun. (2002) 70:5589–95. doi: 10.1128/IAI.70.10.5589-5595.

2002

19. Khan MA, Islam MM, Kuroda Y. Analysis of protein aggregation

kinetics using short amino acid peptide tags. Biochim.

Biophys Acta. (2013) 1834:2107–15. doi: 10.1016/j.bbapap.2013.

06.013

20. Kato A, Maki K, Ebina T, Kuwajima K, Soda K, Kuroda Y.

Mutational analysis of protein solubility enhancement using

short peptide tags. Biopolymers. (2007) 85:12–8. doi: 10.1002/bip.

20596

21. Islam MM, Nakamura S, Noguchi K, Yohda M, Kidokoro S-I, Kuroda

Y. Analysis and control of protein crystallization using short peptide

tags that change solubility without affecting structure, thermal stability,

and function. Cryst Growth Des. (2015) 15:2703–11. doi: 10.1021/acs.cgd.5

b00010

22. Islam MM, Khan MA, Kuroda Y. Analysis of amino acid contributions to

protein solubility using short peptide tags fused to a simplified BPTI variant.

Biochim Biophys Acta. (2012) 1824:1144–50. doi: 10.1016/j.bbapap.2012.

06.005

23. Crill WD, Roehrig JT. Monoclonal antibodies that bind to domain III of

dengue virus E glycoprotein are the most efficient blockers of virus adsorption

to vero cells. J Virol. (2002) 75:7769–73. doi: 10.1128/JVI.75.16.7769-77

73.2001

24. Elahi M, Islam MM, Noguchi K, Yohda M, Kuroda Y. High

resolution crystal structure of dengue-3 envelope protein domain

III suggests possible molecular mechanisms for serospecific

antibody recognition. Proteins. (2013) 81:1090–5. doi: 10.1002/prot.

24237

25. Elahi M, Islam MM, Noguchi K, Yohda M, Toh H, Kuroda Y. Computational

prediction and experimental characterization of a “size switch type repacking”

during the evolution of dengue envelope protein domain III (ED3). Biochim

Biophys Acta. (2014) 1844:585–92. doi: 10.1016/j.bbapap.2013.12.013

26. Babu JP, Pattnaik P, Gupta N, Shrivastava A, Khan M, Rao

PVL. Immunogenicity of a recombinant envelope domain

III protein of dengue virus type-4 with various adjuvants in

mice. Vaccine. (2008) 26:4655–63. doi: 10.1016/j.vaccine.2008.

07.006

27. Frei JC, Wirchnianski AS, Govero J, Vergnolle O, Dowd KA, Pierson TC,

et al. Engineered dengue virus domain III proteins elicit cross-neutralizing

antibody responses in mice. J Virol. (2018) 92:e01023-18. doi: 10.1128/JVI.01

023-18

28. Kulkarni MR, Islam MM, Numoto N, Elahi M, Mahib MR, Ito N, et

al. Structural and biophysical analysis of sero-specific immune responses

using epitope grafted dengue ED3 mutants. Biochim Biophys Acta. (2015)

1854:1438–43. doi: 10.1016/j.bbapap.2015.07.004

29. Dunnett CW. A Multiple comparison procedure for comparing several

treatments with a control. J Am Stat Assoc. (1955) 50:1096–121.

doi: 10.1080/01621459.1955.10501294

30. Saotome T, Nakamura S, Islam MM, Nakazawa A, Dellarole M, Arisaka

F, et al. Unusual reversible oligomerization of unfolded dengue envelope

protein domain 3 at high temperatures and its abolition by a point mutation.

Biochemistry. (2016) 55:4469–75. doi: 10.1021/acs.biochem.6b00431

31. Narhi LO, Schmit J, Bechtold-Peters K, Sharma D. Classification of protein

aggregates. J Pharm Sci. (2012) 101:493–8. doi: 10.1002/jps.22790

32. Kabir MG, Islam MM, Kuroda Y. Reversible association of proteins

into sub-visible amorphous aggregates using short solubility controlling

peptide tags. Biochim Biophys Acta Proteins Proteomics. (2018) 1866:366–72.

doi: 10.1016/j.bbapap.2017.09.012

33. Sauer RT, Pakula AA. Reverse hydrophobic effects relieved by amino-

acid substitutions at a protein surface. Nature. (1990) 344:363–4.

doi: 10.1038/344363a0

34. Kaech SM, Wherry EJ, Ahmed R. Effector and memory T-cell differentiation:

implications for vaccine development. Nat Rev Immunol. (2002) 2:251–62.

doi: 10.1038/nri778

35. Bannard O, Kraman M, Fearon D. Pathways of memory CD8+ T-cell

development. Eur J Immunol. (2009) 39:2083–7. doi: 10.1002/eji.200939555

36. Roberts AD, Ely KH, Woodland DL. Differential contributions of central and

effector memory T cells to recall responses. J Exp Med. (2005) 202:123–33.

doi: 10.1084/jem.20050137

37. van Faassen H, Saldanha M, Gilbertson D, Dudani R, Krishnan L,

Sad S. Reducing the stimulation of CD8+ T cells during infection

with intracellular bacteria promotes differentiation primarily into a

central (CD62LhighCD44high) subset. J Immunol. (2014) 174:5341–50.

doi: 10.4049/jimmunol.174.9.5341

38. Baaten BJG, Tinoco R, Chen AT, Bradley LM. Regulation of antigen-

experienced T cells: lessons from the quintessential memory marker CD44.

Front Immunol. (2012) 3:23. doi: 10.3389/fimmu.2012.00023

39. Budd RC, Cerottini JC, Horvath C, Bron C, Pedrazzini T, Howe RC, et

al. Distinction of virgin and memory T lymphocytes. Stable acquisition of

the Pgp-1 glycoprotein concomitant with antigenic stimulation. J Immunol.

(1987) 138:3120–9.

40. Liang X, Li X, Duan J, Chen Y,Wang X, Pang L, et al. Nanoparticles with CD44

targeting and ROS triggering properties as effective in vivo antigen delivery

system. Mol Pharm. (2018) 15:508–18. doi: 10.1021/acs.molpharmaceut.7b

00890

41. Feng CG1, Bean AG, Hooi H, Briscoe H, Britton WJ. Increase in

gamma interferon-secreting CD8+, as well as CD4+, T cells in

lungs following aerosol infection with Mycobacterium tuberculosis.

Infect Immun. (1999) 67:3242–7. doi: 10.1128/IAI.67.7.3242-32

47.1999

42. Whitmire JK, Asano MS, Murali-Krishna K, Suresh M, Ahmed R. Long-term

CD4 Th1 and Th2memory following acute lymphcytic choriomeningitis virus

infection. J Viorol. (1998) 82:8281–8. doi: 10.1128/JVI.72.10.8281-8288.1998

43. Caccamo N, Joosten SA, Ottenhoff THM, Dieli F. Atypical human

effector/memory CD4+ T cells with a naive-like phenotype. Front. Immunol.

(2018) 9:2832. doi: 10.3389/fimmu.2018.02832

44. Becattini S, Latorre D, Mele F, Foglierini M, De Gregorio C, Cassotta A,

et al. T cell immunity. Functional heterogeneity of human memory CD4+

T cell clones primed by pathogens or vaccines. Science. (2015) 347:400–6.

doi: 10.1126/science.1260668

45. Moyle PM. Biotechnology approaches to produce potent, self-

adjuvanting antigen-adjuvant fusion protein subunit vaccines.

Frontiers in Immunology | www.frontiersin.org 10 March 2020 | Volume 11 | Article 333

https://doi.org/10.1080/14760584.2017.1306441
https://doi.org/10.3109/1547691X.2013.821564
https://doi.org/10.1208/aapsj080359
https://doi.org/10.1007/s11095-014-1541-x
https://doi.org/10.1007/s00284-010-9739-6
https://doi.org/10.1074/jbc.M509899200
https://doi.org/10.1128/IAI.01369-07
https://doi.org/10.1128/IAI.70.10.5589-5595.2002
https://doi.org/10.1016/j.bbapap.2013.06.013
https://doi.org/10.1002/bip.20596
https://doi.org/10.1021/acs.cgd.5b00010
https://doi.org/10.1016/j.bbapap.2012.06.005
https://doi.org/10.1128/JVI.75.16.7769-7773.2001
https://doi.org/10.1002/prot.24237
https://doi.org/10.1016/j.bbapap.2013.12.013
https://doi.org/10.1016/j.vaccine.2008.07.006
https://doi.org/10.1128/JVI.01023-18
https://doi.org/10.1016/j.bbapap.2015.07.004
https://doi.org/10.1080/01621459.1955.10501294
https://doi.org/10.1021/acs.biochem.6b00431
https://doi.org/10.1002/jps.22790
https://doi.org/10.1016/j.bbapap.2017.09.012
https://doi.org/10.1038/344363a0
https://doi.org/10.1038/nri778
https://doi.org/10.1002/eji.200939555
https://doi.org/10.1084/jem.20050137
https://doi.org/10.4049/jimmunol.174.9.5341
https://doi.org/10.3389/fimmu.2012.00023
https://doi.org/10.1021/acs.molpharmaceut.7b00890
https://doi.org/10.1128/IAI.67.7.3242-3247.1999
https://doi.org/10.1128/JVI.72.10.8281-8288.1998
https://doi.org/10.3389/fimmu.2018.02832
https://doi.org/10.1126/science.1260668
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Islam et al. Immune Response With T-Cell Memory

Biotechnol Adv. (2017) 35:375–89. doi: 10.1016/j.biotechadv.2017.

03.005

46. Kuroda Y, Kamioka T, Rahman N, Islam MM, Miura S. WO/2019/031446 –

Antigen Composition (2019). Available online at: https://patentscope.wipo.int/

search/en/detail.jsf?docId=WO2019031446

47. Carpenter JF, Randolph TW, Jiskoot W, Crommelin DJ, Middaugh CR,

Winter G, et al. Overlooking subvisible particles in therapeutic protein

products: gaps that may compromise product quality. J Pharm Sci. (2009)

98:1201–5. doi: 10.1002/jps.21530

48. Wang W. Protein aggregation and its inhibition in biopharmaceutics. Int J

Pharm. (2005) 289:1–30. doi: 10.1016/j.ijpharm.2004.11.014

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 Islam, Miura, Hasan, Rahman and Kuroda. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Immunology | www.frontiersin.org 11 March 2020 | Volume 11 | Article 333

https://doi.org/10.1016/j.biotechadv.2017.03.005
https://patentscope.wipo.int/search/en/detail.jsf?docId=WO2019031446
https://patentscope.wipo.int/search/en/detail.jsf?docId=WO2019031446
https://doi.org/10.1002/jps.21530
https://doi.org/10.1016/j.ijpharm.2004.11.014
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Anti-Dengue ED3 Long-Term Immune Response With T-Cell Memory Generated Using Solubility Controlling Peptide Tags
	Introduction
	Materials and Methods
	Mutant Design
	Protein Expression and Purification
	Immunization Studies
	Immune Response Measured by ELISA
	Cell Surface CD Marker Analysis
	Dynamic Light Scattering
	Thermal Stability by Circular Dichroism (CD)

	Results and Discussion
	Biophysical Properties of Subvisible Aggregates
	Effects of SCP-Tags on Serum Antibody Response in Model Mice
	Long-Term Antibody Response and Cytokine Expression
	Immune Response and Aggregate Sizes

	Conclusions
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


