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The Plasmodium falciparum circumsporozoite protein (PfCSP)
is a sporozoite surface protein whose role in sporozoite motility
and cell invasion has made it the leading candidate for a pre-
erythrocytic malaria vaccine. However, production of high
yields of soluble recombinant PfCSP, including its extensive
NANP and NVDP repeats, has proven problematic. Here, we
report on the development and characterization of a secreted,
soluble, and stable full-length PfCSP (containing 4 NVDP and
38 NANP repeats) produced in the Lactococcus lactis expression
system. The recombinant full-length PfCSP, denoted PfCSP4/
38, was produced initially with a histidine tag and purified by
a simple two-step procedure. Importantly, the recombinant
PfCSP4/38 retained a conformational epitope for antibodies as
confirmed by both in vivo and in vitro characterizations. We
characterized this complex protein by HPLC, light scattering,
MS analysis, differential scanning fluorimetry, CD, SDS-PAGE,
and immunoblotting with conformation-dependent and -inde-
pendent mAbs, which confirmed it to be both pure and soluble.
Moreover, we found that the recombinant protein is stable
at both frozen and elevated-temperature storage conditions.
When we used L. lactis— derived PfCSP4/38 to immunize mice,
itelicited high levels of functional antibodies that had the capac-
ity to modify sporozoite motility in vitro. We concluded that the
reported yield, purity, results of biophysical analyses, and stabil-
ity of PfCSP4/38 warrant further consideration of using the
L. lactis system for the production of circumsporozoite proteins
for preclinical and clinical applications in malaria vaccine
development.

Malaria is a vector-borne disease caused by parasites of the
Plasmodium genus with Plasmodium falciparum responsible
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for an estimated 219 million cases of malaria and 435,000
deaths worldwide (1). Of 91 countries reporting indigenous
malaria cases in 2016, 15 countries—all in sub-Saharan Africa,
except India— carried 80% of the burden (1). Although artemis-
inin combination therapy, intermittent preventive treatment of
pregnant women and children, and enhanced vector control
contribute to malaria control, new tools are needed, including
vaccines, to contain and eventually eradicate malaria (2).

The P. falciparum circumsporozoite protein (PfCSP) covers
the surface of the sporozoite and is critical to sporozoite devel-
opment in the mosquito and cell invasion in the mammalian
host (3—5). PfCSP is the leading pre-erythrocytic vaccine can-
didate and the basis for the most advanced malaria vaccine,
RTS,S (Mosquirix®). RTS,S contains the central and C-termi-
nal domains of PfCSP genetically fused to the hepatitis B virus
surface antigen (6). RTS,S has completed phase 3 clinical trials
and is found to prevent ~39% of malaria cases and 29% cases of
severe malaria in infants or children during 12 months of fol-
low-up (7, 8). The vaccine is considered safe, but because the
efficacy was rather short-lived, there is a need to generate a
second generation, more efficacious vaccine (9). Because RTS,S
only contains the central repeat region and C-terminal domains
of PfCSP, including only 19 of the 38 NANP repeats, it has been
of interest to explore protein constructs representing the full-
length sequence, including the full 38 NANP and 4 NVDP
repeat motifs. Despite many efforts, the full-length and full-
repeat ~42-kDa PfCSP has proven to be a difficult target
for production in most heterologous expression systems (6,
10-14), possibly because of the difficulties in the formation of
correctly folded protein. Such difficulty, including low-expres-
sion or aggregation of full-length CSP molecules beyond RTS,S,
has often led to a shortened construct selected for manufacture
(12).

Proper folding of cysteine-containing proteins such as
PfCSP, which includes two disulfide pairs and a fifth N-terminal
cysteine, depends on the correct formation of disulfide bonds.
Accordingly, we have used the Gram-positive Lactococcus lac-
tis, a well-established host for heterologous expression of dis-
ulfide-bonded proteins (15-17), for the production of a recom-
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Circumsporozoite protein produced in L. lactis

binant PfCSP containing 4 cysteines and the full 38 NANP and
4 NVDP repeats.

PfCSP can be divided into three regions: the N-terminal
region containing a highly conserved KLKQP motif (termed
region I), which binds heparin sulfate proteoglycans, the central
repeat region containing the NANP and NVDP protein motifs,
and the C-terminal region containing the thrombospondin-like
type I repeat (TSR)? (18). Whereas the central repeat region
varies in length among P. falciparum isolates, the amino acid
sequence of the repeat motif is conserved, suggesting that they
are structurally or functionally important, although not proven
(18), and elicit strong immune responses (19, 20). Irrespective
of their biological roles, each of the individual regions provides
an opportunity as a vaccine target, which supports the rationale
to explore a recombinant PfCSP antigen as a vaccine candidate
that encompasses as much of the native protein sequence as
possible, including the full number of NANP and NVDP
repeats. The N-terminal region contains an epitope that inter-
acts with liver cells through heparin sulfate (21). Antibodies
against this epitope are highly inhibitory in a sporozoite inva-
sion assay (21). The junction between the N-terminal and cen-
tral repeat regions contains an epitope targeted by potent neu-
tralizing antibodies (22, 23), one of which provides sterile
protection in mice (23). The central repeat region is a major
target for antibodies functional in iz vitro and in vivo assays (24,
25), and the C-terminal region contains B-cell epitopes and one
or more CD8™" T-cell epitopes (26, 27).

To advance development of PfCSP for both preclinical and
clinical work, we developed a scalable production process for a
recombinant PfCSP containing 4 cysteines and 38 NANP and 4
NVDP repeats encompassing amino acids 26 —383 of the native
molecule. Knowing from prior reports that aggregation, solu-
bility, and proper conformation may be of concern for CSP-
based recombinant proteins, we interrogated the purified pro-
tein by a variety of biochemical and biophysical methods to
profile its purity, structure, and stability. Here, we found
PfCSP4/38 to be pure, soluble, and predominantly monomeric.
Based on characterization with conformational mAbs, we
found the recombinant protein to contain proper epitopes.
When evaluated with biophysical tools such as CD or differen-
tial scanning fluorimetry (DSF), the protein was shown to be of
proper secondary structure and thermally stable.

To compliment the biophysical and biochemical character-
ization of PfCSP4/38 and determine whether the recombinant
PfCSP4/38 could elicit antibodies similar to the native mole-
cule, the protein was tested for functional immunogenicity in
mice using two adjuvants including the human-acceptable
Alhydrogel®. The specificity of induced antibodies was then
assessed by ELISA and their capacity for inhibition of sporozo-
ite motility in the 1) gliding motility assay, 2) sporozoite tra-
versal inhibition assay, and 3) hepatocyte invasion inhibition
assay.

2 The abbreviations used are: TSR, thrombospondin-like type | repeat; DSF,
differential scanning fluorimetry; CSP, circumsporozoite protein; IEC, ion-
exchange chromatography; MALS, multiangle light scattering; SEC, size-
exclusion chromatography; DLS, dynamic light scattering; RP, reversed-
phase; HRP, horseradish peroxidase; SE, size exclusion.
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It should be noted that other CSP-based molecules in clinical
evaluation such as R21 (28) continue to utilize shortened repeat
motifs (similar to RTS,S) or employ specialized expression plat-
forms such as Pseudomonas fluorescens (11). Here, we report on
the comprehensive characterization of a recombinant CSP
molecule containing the full 4 NVDP and 38 NANP repeats,
which may further serve as a reference protein or vaccine
immunogen. This information, taken together, continues to
support L. lactis as a suitable expression system for disulfide-
dependent complex malaria antigens and provides a basis for
further development of PfCSP recombinant proteins in the sys-
tem for which a pure and stable protein is required.

Results

Expression and purification of a secreted and soluble
PfCSP4/38

The construct design of full-length PfCSP (amino acids
26-383) was based on prior designs (12) that omit the fifth
(unpaired) N-terminal cysteine and encompasses the full repeat
region along with the four C-terminal cysteines. The PfCSP
gene based on the native molecule P. falciparum 3D7 and con-
taining a C-terminal six-histidine tag to aid initial expression
and characterization studies was then codon-optimized and
cloned into the L. lactis expression system (Fig. 1A). The
secreted protein was purified from the culture supernatant by
sequential immobilized metal affinity chromatography and
ion-exchange chromatography (IEC) with a final yield of ~25
mg/liter. The recombinant PfCSP protein was found to be more
than 95% pure, with SDS-PAGE showing a major band of 60
kDa corresponding to monomeric PfCSP4/38 (Fig. 1B).
Immune blotting with an anti-His antibody revealed a predom-
inant band corresponding to the monomeric form and a minor
band corresponding to a multimeric form (Fig. 1C). Immune
blotting with a polyclonal antibody raised against L. lactis cul-
ture supernatant proteins revealed a minor band correspond-
ing to contaminating host cell protein (Fig. 1D, lane 3). Lastly,
to demonstrate consistency and scalability, the production pro-
cess was successfully scaled from 1-liter to 5-liter and resulted
in a similarly pure and stable molecule (Table 1).

Protein characterization of recombinant PfCSP4/38 indicates a
properly folded, pure, and stable molecule

Because protein folding is essential for the presentation of
antibody epitopes, PfCSP4/38 was examined by Western blot-
ting analysis with mAb1A6 and mAb1E8 directed against con-
formational and linear epitopes in the C terminus, respectively
(Fig. 2A). As expected, mAb1A6 reacted strongly with the
folded protein (nonreduced) and only weakly with the reduced
unfolded form of PfCSP4/38 (Fig. 2A). In contrast, mAb1E8
reacted strongly with reduced PfCSP4/38 and weakly with
nonreduced PfCSP4/38, suggesting that the linear epitope
remains buried within the folded protein sequence (Fig. 24).

Disulfide bond formation was confirmed by demonstrating
very low levels of free thiol groups (<1%) under native condi-
tions (data not shown). The molecular mass of nonreduced
PfCSP4/38 as determined by LC-MS was 39624.8 Da (Fig. 2B).
This molecular mass corresponds well to the predicted mass of
39623.8 Da, assuming that PfCSP4/38 contains the vector-en-
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Figure 1. Production of PfCSP4/38 in L. lactis. A, schematic representation of PfCSP4/38 containing the full repeat region (4 NVDP/38NANP), which is reactive
to mAb 1E8. The positions of the signal peptide (SP), the central repeat region containing the NVDP and NANP protein units, and the glycosylphosphatidyli-
nositol (GPI) anchor are indicated. The four C-terminal cysteines are indicated with lines and are reactive to the conformational mAb 1A6. The N terminus along
with the N-terminal cysteine are omitted, with sequence originating at Tyr-26 and terminating prior to GPI anchor of C terminus (Ser-383). Recombinant
PfCSP4/38 protein contains the vector-encoded amino acid residues AERS at the N-terminal end and a short flexible linker (GGS) followed by a six-histidine tag
atthe C-terminal end. B, Coomassie Blue-stained 4-12.5% polyacrylamide gel of 1) fermentation supernatant, 2) immobilized metal affinity chromatography-
purified PfCSP protein elution, and 3) IEC-purified PfCSP protein elution. C and D, an immune blot analysis of the same gel shown in B with anti-His (C) and
anti-L. lactis antibody (D). PfCSP4/38 at 1 and 0.5 ug was loaded on gels, Coomassie-stained, or transferred for Western blots, respectively, under reducing (+)
or nonreducing (—) conditions with 10 mm DTT. The sizes (kDa) of the molecular mass (MW) markers are indicated.

Table 1
Biochemical characteristics of recombinant PfCSP4/38 produced from L. lactis
Shown are the results obtained for recombinant PfCSP4/38 produced at both the 1- and 5-liter scale. Nonreducing (NR) and reducing (R) conditions are noted where tested.

Result

Test Method Specification 1 liters 5 liters

pH pH meter

Report (target 6-8) 7.0 7.0
Color and appearance  Visual observation

Clear, colorless solution free of particles Clear, colorless solution  Clear, colorless solution

free of particles free of particles
Endotoxin

LAL (Limulus amebocyte lysate) =100 EU/mg 8 EU/mg 17 EU/mg
Protein content BCA >0.4 mg/ml 0.5 mg/ml 0.73 mg/ml
Asgo >0.4 mg/ml 0.5 mg/ml 0.9 mg/ml
Identity and integrity =~ SDS-PAGE (NR/R) Predominant band at expected molecular ~ Major monomer band Major monomer band
weight =85%

Western blot against mAb1A6,

Positive identification and predominant
mADbIES, and anti-histidine

band at expected molecular weight

Major monomer band Major monomer band

(NR/R)
Identity, integrity,and ~ SE-HPLC =85% monomer 96% monomer 90% monomer
purity RP-HPLC >85% 94.9% 93%

Molecular mass Intact mass spectroscopy via

LC-MS/MS (NR/R)

Main peak = 10 Da of expected mass NR: 39624.8173 Da NR: 39624.8161 Da

NR: 39,623 Da, R: 39,627 Da R: 39628.8527 Da R:39628.8532 Da

coded amino acid residues AERS at the N-terminal end and a
short flexible linker (GGS) followed by a six-histidine tag at the
C-terminal end. These results indicate that PfCSP4/38 contains
no post-translational modifications and that the secreted, sol-
uble protein was intact. The reduction of PfCSP4/38 resulted in
an increase of 4 daltons for a mass of 39,628.8 Da, which is
consistent with the presence of two disulfide bonds (Fig. 2B).
CSP is known to be partially unstructured with a large hydro-
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dynamic radius (14). To determine the absolute molecular mass
of PfCSP4/38 without relying on calibration of the size-exclu-
sionchromatography (SEC) columnwithreference proteinstan-
dards, we used multiangle light scattering (MALS) coupled with
SEC. PfCSP4/38 eluted as a main monodisperse peak at 12.8 ml
(Fig. 2C) with an average molecular mass of 40.2 kDa, indicating
that PfCSP4/38 is a monomer in solution. On-line QELS (quasi-
elastic light scattering) measurements shows a hydrodynamic
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Figure 2. Characterization of PfCSP4/38. A, top panel, Coomassie Blue-stained 4-12.5% polyacrylamide gel with different amounts (0.5, 1.0, and 1.5 g of
PfCSP) in nonreduced and reduced conditions. Middle and bottom panels, Western blotting using the same gel loading as in the top panel with conformational
(mAb 1A6, middle panel) and nonconformational (mAb 1E8, bottom panel) antibody. The sizes (kDa) of the molecular mass (MW) markers are indicated. B,
deconvoluted mass spectra corresponding to the nonreduced and the reduced samples. C, SEC-MALS analysis. PfCSP4/38 was injected onto a Superdex 200
Increase 10/300 GL column, and the change in refractive index as a function of protein concentration was used to compute the molar masses. The solid line
plotted on the right axis corresponds to the chromatogram of the change in refractive index from the SEC column. The right axis scale is normalized to the
greatest magnitude across the chromatogram data, i.e. to the monomer peak of PfCSP4/38. The molar masses across the eluting peak are plotted as open circles
(for clarity, only every tenth measurement) on the left axis (molar mass). The average molecular mass is indicated. D, reversed-phase HPLC-UV chromatograms
recorded following analysis of purified protein PfCSP. The peak at 6.391 min corresponds to monomeric PfCSP4/38 antigen. In HPLC chromatograms (D), A

denotes integrated peak area, and RT indicates retention time.

radius (R,) at the apex of the peak of ~4.3 nm in agreement with
an extended structure compared with globular proteins of sim-
ilar molar mass that elute at later retention times (Fig. S1).

The purity of the final PfCSP4/38 protein samples was also
assessed by reversed-phase HPLC. There PfCSP4/38 eluted as a
main peak at 6.39 min (Fig. 2D). The presence of few minor
peaks indicates a homogenous population of PfCSP4/38 pro-
tein species with a relative purity of 94.9% (Fig. 2D).

Biophysical characterization of PfCSP4/38

Prior biophysical characterization of recombinant CSP has
either been limited or limited to recombinant proteins includ-
ing only shortened repeat regions; therefore we wished both to
further evaluate the secondary structure of the recombinant
protein reported here and to demonstrate thermal stability.
PfCSP4/38consistsofahomogenouspopulationofmainlymono-
meric protein species, both pre- and post-thermal elevation, as
demonstrated by dynamic light scattering (DLS) and static light
scattering experiments (Fig. 3A4). The secondary structure of
PfCSP4/38 at 20 °C was analyzed by CD (Fig. 3B). The decon-
volution of the far-UV spectra using the Dichroweb server (29)
and the CDSSTR algorithm (30) shows a content of secondary
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structure of 5% (*=1) a-helix, 22% (£9) B-sheet, 16% (=8)
B-turn, and 57% (=8) random coil in agreement with previous
studies (14). A cycle of heating to 90 °C and cooling to 20 °C
gives very similar CD spectra, indicating reversible thermal
denaturation. The stability of the tertiary structure of PfCSP4/38
was monitored through differential scanning fluorimetry (nano-
DSF), and the thermal stability measurements showed only the
onset of a single thermal transition above 80 °C (Fig. 3C). These
results, taken together, indicate that the conformation and struc-
ture of monomeric PfCSP4/38 was highly stable, even at elevated
temperatures.

Lastly, the stability of PfCSP4/38 was assessed for five cycles
of freeze/thaw and in an accelerated stability study at 4 or 37 °C
for up to 30 days (Fig. S2). Samples taken at 0, 1, 2, 7, 15, and 30
days were analyzed on the same day by SDS-PAGE and immune
blotting with mAb1A6 against the conformational epitope of
PfCSP and anti-His antibody. Banding patterns remained
unchanged at both temperatures, further indicating the ther-
mal stability of PfCSP4/38. It should also be noted that
PfCSP4/38 remained in solution during the stability studies
with PfCSP4/38, remaining a clear colorless solution free of
particulates.
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Figure 3. Biophysical studies of PfCSP4/38. A, distributions of hydrodynamic radii obtained from DLS on PfCSP4/38 at three different temperatures. B, CD
spectra of PfCSP4/38 measured at two different temperatures: 20 and 90 °C (red dashed line). CD spectra were recorded at 20 °C before (dark solid line) and after
(gray dashed line) heating the protein sample at 90 °C. Mean residue ellipticity (deg cm? dmol ™) is plotted as a function of the wavelength (nm). C, differential
scanning fluorimetry (nano-DSF) spectra of PfCSP4/38. Fluorescence intensities at single wavelengths of 350 nm (F55,) and 330 nm (F53,) were recorded. The
F1s0/F530 ratio (upper panel) and its first derivative (lower panel) are plotted as functions-of the temperature.

Antigenicity of recombinant PfCSP4/38

The antigenicity of PfCSP4/38 was evaluated by ELISA
against plasma samples from adults living in an area of Liberia
where malaria is holoendemic. Plasma samples from Danish
donors never exposed to malaria were used as controls.
PfCSP4/38 reacted in the IgG ELISA with 82 (97%) of the 84
plasma samples from Liberia (Fig. 4). The same samples were
also assessed for antibodies against the asexual blood stage
GLURP-R2 (31, 32), as a control antigen, confirming that the
plasma samples contain high levels of malarial IgG antibodies.

Immunogenicity of recombinant PfCSP4/38

Humoral responses against B-cell epitopes on PfCSP4/38
were determined in mice. A group of CD1 mice (n = 8) was
immunized three times at 3-week intervals with PfCSP4/38 for-
mulated with Alhydrogel®. Sera collected on days 21, 42, and 56
were tested by ELISA for IgG antibody reactivity against
PfCSP4/38. Two injections of PfCSP4/38 elicited high levels of
specific antibodies against the immunogen (Fig. S3). Serially
diluted pooled terminal mouse sera reacted with native sporo-
zoites in a dose-dependent manner via ELISA (data not shown),
demonstrating that the recombinant protein provides an ade-
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Figure 4. Antigenic analysis of recombinant PfCSP4/38 produced from
L. lactis. Total IgG prevalence as observed in plasma from 84 Liberian adults
and 24 Danish blood donors never exposed to malaria against purified
recombinant PfCSP4/38 and GLURP-R2 proteins was determined through
ELISA. Antibody titers are expressed as EC;,, values.

quate presentation of native PfCSP epitopes. From the sporo-
zoite ELISA, the concentration of elicited PfCSP-specific anti-
bodies in pooled sera was estimated to be 72.4 ug/ml by a
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Figure 5. Anti-PfCSP4/38 antibodies inhibit sporozoite gliding motility (A and B), traversal (C and D), and liver cell invasion (E and F). Mouse
polyclonal sera containing PfCSP4/38-specific antibodies (A, C, and E) or mAb 2A10 (B, D, and F) were normalized against naive mouse sera. The initial
concentration of mouse polyclonal (PfCSP4/38) IgG in the sera was first determined by sporozoite ELISA where a standard reference curve generated
with the mAb2A10 was used to convert the sera-specific optical density values to concentration values using a four-parameter curve fitting program.
The assay-specific ICs, concentration values were estimated using serial dilutions of the sera based on the determined initial concentration of the
polyclonal PfCSP4/38 antibody present. The mAb 2A10 concentrations are from purified 1gG. The IC;, was calculated by logistic regression using a
four-parameter model and least-square method to determine the best fit. The lowest value of each y value was set to 0, and the maximum value was set

to 100%. pAb, polyclonal antibody.

four-parameter logistic curve fit program (31) using a pro-
tein reference standard based on a purified IgG antibody
(mADb2A10) against the central repeat region of PfCSP (33). In
addition, a parallel second study tested the immunogenicity of
PfCSP4/38 in a similar mouse model but with two immuniza-
tions 28 days apart and utilizing the Montanide ISA720VG
adjuvant (Fig. S3). Sera collected at a terminal bleed on day 42
also demonstrated positive reactivity by ELISA (Fig. S3). Given
a sufficient immune response was seen with the human-com-
patible Alhydrogel® adjuvant, the terminal sera from that study
were further evaluated via in vitro functional assays.

Mouse anti-PfCSP4/38 antibodies inhibit sporozoite motility
and invasion of liver cells

Antibodies against PfCSP are known to interfere with
sporozoite motility in vitro and to block hepatocyte invasion

408 . Biol. Chem. (2020) 295(2) 403-414

in vivo (34). Therefore, the functional activity of mouse anti-
PfCSP4/38 antibodies was assessed in different bioassays that
monitor parasite motility and cell invasion. In these analyses,
the mouse polyclonal sera containing PfCSP4/38 antibodies
were assessed alongside the mAb mAb2A10 (33), which was
used as a positive control. First, anti-PfCSP4/38 antibodies
were tested in the gliding motility assay that is based on the
detection of trails of native PfCSP, which are deposited on the
surface of microscopic coverslips by the moving sporozoite
(35). The number of gliding trails relative to a negative control
sample decreased with increasing concentration of anti-Pf-
CSP4/38 antibodies (Fig. 54). The concentration of anti-Pf-
CSP4/38 1gG (170.6 ng/ml in the polyclonal antisera) required
to achieve a 50% reduction in gliding motility was ~2.5 times
higher than that required for the purified antibody mAb2A10
(70.6 ng/ml) for the same inhibition (Fig. 5B).
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Next, we examined the functional activity of anti-PfCSP4/38
antibodies in the sporozoite traversal inhibition assay (35).
Sporozoites depend on traversal motility to cross the sinusoidal
cell layer and multiple liver cells before invasion of the terminal
hepatocyte (36). A lower (73.5 ng/ml) amount of mouse anti-
PfCSP4/38 antibodies was required for 50% inhibition of sporo-
zoite traversal of HC-04 cells compared with the concentration
of the mAb2A10 (163.6 ng/ml) required to achieve same (Fig. 5,
C and D). Finally, anti-PfCSP4/38 antibodies inhibited the
invasion of primary hepatocytes in a dose-dependent manner,
although the concentration required for 50% invasion inhibi-
tion was approximately seven times higher than for the
mADb2A10 (Fig. 5, D and E). The reported assay-specific ICg,
concentration values were obtained by serial dilution of the sera
based on the predetermined concentration of polyclonal
PfCSP4/38 antibodies estimated to be present when the sporo-
zoite ELISA was performed. Specifically, the concentration of
antibody in each serial dilution was log transformed, and the
IC,, values were calculated in GraphPad Prism version 6
using the log(inhibitor) versus normalized response-variable
slope function (GraphPad Prism version 5.00 for Windows;
GraphPad Software, San Diego, CA). Collectively, these results
demonstrate that the L. /lactis-produced PfCSP4/38 elicits
functional antibodies with the capacity to modify sporozoite
motility and invasion of hepatocytes.

Discussion

This study follows several prior attempts to produce full-
length PfCSP in a variety of expression systems including Esch-
erichia coli (10, 14, 37), baculovirus (Sf9) cells (13), P. fluore-
scens (11), and Pichia pastoris (14). Although some of these
systems have been suitable for the production of complex
malaria antigens, the reported yields and stability of full-length
soluble recombinant PfCSP have been generally low (12). This
has shifted the focus to the pursuit of shorter or modified PfCSP
sequences (12). Additionally, the relatively low yields may be
attributed to improper folding caused by nonnative cysteine
connectivity. In eukaryotes, misfolded protein may become
degraded and ultimately removed through the ubiquitin path-
way. In Gram-negative E. coli, the recombinant protein is ini-
tially produced in the cytoplasm whereas disulfide bonds are
formed in the periplasmic space, thus providing a possible
explanation for the low yields of disulfide-bonded protein.
Indeed, newly developed E. coli strains may overcome this limi-
tation (12) and should continue to be explored. Because proper
disulfide bond formation is critical not only for high yields of
the recombinant protein but also for functional antibody
responses (17), we utilized the L. lactis expression system to
produce PfCSP, which has a proven track record for the secre-
tion of complex malaria antigens (15, 17).

In our effort to produce a full-length PfCSP, a simple work-
flow was developed consisting of batch fermentation in a lab-
scale stirred bioreactor followed by a simple two-step purifica-
tion process. Because proper folding of PfCSP depends on the
formation of two disulfide bonds in the C-terminal TSR
domain, we used the activity of the disulfide reduction sensitive
and conformational mAb1A6 to monitor the expression and
purification of properly folded protein species. The results pre-
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sented here from immune blotting analysis demonstrate that
purified PfCSP4/38 produced in L. lactis was strongly recog-
nized by mAblA6 and thus retained the conformational
epitope in the TSR domain. This finding was corroborated by
the finding that mAb1ES against a linear epitope displayed the
opposite activity by reacting stronger with reduced compared
with nonreduced PfCSP4/38. The characterization by SE-
HPLC demonstrates that PfCSP4/38 mainly contains mono-
mers with all four cysteine residues in the oxidized state as
shown by MS analysis. Although the cysteine connectivity has
not been determined in L. lactis-produced PfCSP4/38, as of yet,
the immune blotting studies presented here agree well with
disulfide bonding being critical for the folding of PfCSP (38).

Further, the final PfCSP4/38 purified yield of 25 mg/liter
from the initial process reported here serves as a basis for fur-
ther process optimization and yields a relatively pure protein of
~95% as reported by RP-HPLC. Immune blotting analysis with
a host cell protein-specific polyclonal antiserum suggests that
remaining impurities are likely product-related consisting of
misfolded protein species and/or degradation products, with
little to no reactivity of host-derived products. Aggregation or
insolubility has been a concern with recombinant CSP, and
therefore it was important to fully characterize the state of
PfCSP4/38 in solution by a variety of biochemical and biophys-
ical methods. Accordingly, PfCSP4/38 proved stable for 30 days
at 37 °C as determined in the accelerated stability program.
In agreement with published data (14), detailed biophysical
studies including DLS, SEC-MALS, and CD experiments
demonstrated that soluble PfCSP4/38 forms a homogenous
population with mainly a monomeric protein species with a
predominance of B-sheets and random coil conformations.
Further, these analyses showed little shift in the secondary or
tertiary structure as a function of temperature, indicating that
PfCSP4/38 is thermally stable. Taken together, these results
demonstrate that the L. lactis system is a promising expression
system for PfCSP for further production optimization and
development of nontagged variants.

Having shown that PfCSP4/38 maintained the conforma-
tional integrity of immunologically relevant regions, we next
investigated its antigenicity using serum samples from Liberian
adults clinically immune against malaria (39). Almost all (97%)
serum samples reacted to PfCSP4/38 via ELISA, demonstrating
that PfCSP4/38 provides an adequate presentation of epitopes
for naturally acquired human antibodies.

Because the vaccine potential of PfCSP is well-established, it
was of interest to investigate the immunogenicity of L. lactis-
produced PfCSP4/38 in mice. Two injections of PfCSP4/38
elicited high levels of specific antibodies, regardless of the adju-
vant, which reacted with native antigens in the sporozoite
ELISA. There is strong evidence that anti-CSP antibodies inter-
fere with gliding motility (35). Here we found that mouse anti-
PfCSP4/38 antisera strongly inhibited sporozoite motility in
vitro, suggesting that L. lactis-produced PfCSP4/38 provides an
adequate presentation of epitopes for functional antibodies.
Given that pooled anti-PfCSP4/38 antiserum inhibited sporo-
zoite gliding motility in vitro, we next examined the func-
tional activity of mouse antibodies against L. lactis-produced
PfCSP4/38 in the sporozoite traversal and hepatocyte invasion
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assays. In agreement with previous findings (40 —42), the anti-
PfCSP4/38 antiserum generated here strongly inhibited tra-
versal and invasion. However, the exact epitopes recognized by
these functional antibodies remains to be investigated, and no
direct comparisons of L. lactis-derived PfCSP4/38 with other
reported recombinant circumsporozoite proteins (11, 12) were
made here.

In conclusion, L. lactis proved highly suited for the production
of recombinant PfCSP, expressing a soluble secreted protein with
apparent proper disulfide formation. A simple manufacturing pro-
cess for PfCSP4/38 was developed here and provides the basis for
further development, including nontagged variants. The resulting
stable antigen, predominantly of monomeric state, was frequently
recognized by sera from humans clinically immune to malaria. We
further demonstrated that PfCSP4/38 elicited high levels of para-
site-specific antibodies in mice and that these antibodies inhibited
sporozoite motility and cell invasion. These results suggest that
L. lactis-produced PfCSP4/38 has the characteristics to be a useful
tool for preclinical investigations of P.falciparum malaria
vaccines.

Experimental procedures
Preparation of construct

Codon-optimized PfCSP, .4, containing 4 NDVP and 38
NANP repeats (NCBI reference sequence XM_001351086.1)
3D7 synthesized by (GeneArt®; Life Technologies, Inc.) and
inserted into pSS1 (43) plasmid vector for protein expression in
L. lactis. The final construct, containing a His, tag separated by
three amino acids (GGS) at its C terminus and denoted PfCSP4/
38, was verified by sequencing and transformed into L. lactis
MG1363 by electroporation as described (44).

Screening, fermentation, and protein purification, 1-liter scale

Screening for expression of PfCSP4/38 protein in L. lactis
MG1363 was done as described previously (16). Briefly, L. lactis
MG1363/PfCSP4/38 construct was grown overnight at 30 °C in
5 ml of LAB medium supplemented with 4% glycerol-phos-
phate, 5% glucose, and 1 ug/ml erythromycin. Culture super-
natants were clarified by centrifugation at 9,000 X g for 30 min
at 4°C and analyzed by Coomassie-stained SDS-PAGE gel
and Western blotting. Fermentation of L. lactis MG1363/Pf-
CSP4/38 was performed in a 1-liter lab scale bioreactor (BIO-
FLO 310; New Brunswick Scientific) at 30 °C with gentle stir-
ring (150 rpm) overnight with pH maintained at 6.5 * 0.2.
Cell-free culture filtrates were concentrated 10-fold and buffer-
exchanged into HEPES buffer, pH 7.0 (20 mm HEPES, 50 mMm
NaCl, 10 mm imidazole) using a QuixStand benchtop system
(hollow fiber cartridge with cutoff at 30,000 Da; surface area,
650 cm? GE Healthcare). Buffer-exchanged material was
applied to a 5-ml Ni" ?—nitrilotriacetic acid column (HisTrap
HP; GE Healthcare). Bound protein was eluted via step gradient
with 700 mm imidazole in HEPES buffer, pH 7.0 (20 mm HEPES,
50 mm NaCl) at a flow rate of 4 ml/min. Eluent fractions were
analyzed for purity by SDS-PAGE, pooled, and further applied
to a 5-ml cation exchange column (HiTrap SP HP column; GE
Healthcare) for polishing and removing host cell protein.
Bound protein from the IEC column was eluted through step-
gradient elution in HEPES buffer, pH 7.0 (20 mm HEPES, 1 m
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NaCl, and 1 mm EDTA), and fractions containing pure
PfCSP4/38 were concentrated by a VIVA spin column 10-kDa
cutoff (Sartorius) in 20 mm HEPES, 200 mm NaCl, and 1 mm
EDTA, pH 7.0, and frozen at —80 °C. Fractions were pooled
based on SDS-PAGE and immune blotting analysis with 1A6,
1E8,and anti-L. lactisantibody. Protein concentration was mea-
sured by the BCA protein assay (Thermo Fisher Scientific), and
endotoxin content was quantified by Pierce Limulus amebocyte
lysate (LAL) chromogenic endotoxin quantitation kit (Thermo
Fisher Scientific).

Fermentation and protein purification, 5-liter scale

The process for expression of PfCSP4/38 in L. lactis at the
5-liter scale was conducted as previously described with mi-
nor modifications. Briefly, fermentation of L. lactis MG1363/
CSP4/38 was performed in a 5-liter lab-scale bioreactor (BIO-
FLO 310; New Brunswick Scientific). Buffer-exchanged mate-
rial was applied to a 20-ml HisPrep FF 16/10 column (GE
Healthcare). Bound protein was eluted as previously, and frac-
tions containing the desired protein were applied to a 20-ml
HiPrep SP HP 16/10 column (GE Healthcare), where it was
eluted through step gradient and concentrated as previous.

SDS-PAGE and immune blotting

Samples were diluted with 6X SDS (SDS, Sigma-Aldrich)
sample buffer, heated for 8 min at 98 °C, and loaded in a final
volume of 20 ul/well on SDS-PAGE gels (4-12% NuPAGE Bis-
Tris, Invitrogen). The gels were run at 150200 V for 50 min in
1X MOPS SDS running buffer and stained with either Coomas-
sie or InstantBlue protein stain (Expedeon). Following SDS-
PAGE, the proteins were transferred onto a nitrocellulose
membrane for Western blotting with anti-His-HRP antibody
(Miltenyi Biotech), or monoclonal antibodies 1A6 and 1E8. The
conformational (1A6) and nonconformational (1E8) monoclo-
nal antibodies were raised from immunization with a full-
length PfCSP manufactured by Gennova Biopharmaceuticals
(Pune, India) as previously described (45, 46) and kindly pro-
vided for this study by PATH. The membranes were blocked in
1% skim milk in TBS containing 0.05% Tween 20 (TBST) at
room temperature for 1 h. Primary antibody at a 1 ug/ml of
mAD 1A6 or 1E8 (2.0 mg/ml) in TBST was added and incubated
for 1 hatroom temperature. The membranes were washed with
TBST (three times for 5 min) and secondary antibody, and
1:4,000 dilution of goat anti-mouse IgG-HRP conjugated
(DAKO, Denmark) in TBST was incubated at room tempera-
ture for 1 h. The membranes were again washed with TBST
(three times for 5 min), developed using HRP kit (SERA CARE).

Free cysteine detection

The amount of free cysteine residues was measured using
Ellman’s reagent (Thermo Fisher Scientific) following the man-
ufacturer’s instructions. A standard curve was constructed
using known concentrations of free cysteine (Sigma—Aldrich).

Analytical size exclusion high-performance liquid SEC-MALS

SEC-MALS experiments were performed on a Dionex
(Thermo Scientific) HPLC system connected in-line with a UV
detector (Thermo Scientific Dionex™ Ultimate 3000, MWD-
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3000), a DAWN HELEOS 8+ multiangle laser light scattering
detector, and a Optilab T-rEX (Wyatt Technology Corpora-
tion) refractive index detector. SEC was performed on a Super-
dex 200 Increase 10/300 GL column (GE Healthcare, Sweden)
at room temperature in 20 mMm Tris, pH 7.5, 200 mm NaCl. 100
wl of PfCSP4/38 were injected at a concentration of 0.9 mg
ml ™", and the flow rate was set to 0.5 ml min-1. The ASTRA
(version 6.1.17) software (Wyatt Technology Corporation) was
used to collect the data from the UV, refractive index, and light
scattering detectors. The weight average molecular mass was
determined across the elution profile from static light scatter-
ing measurements using ASTRA software and a Zimm model
that relates the amount of scattered light to the weight average
molecular mass of the solute, the concentration of the sample,
and the square of the refractive index increment (dn/dc) of the
sample.

RP-HPLC analysis

RP-HPLC was performed using an Agilent 1100 series HPLC
system (Agilent Technologies) equipped with equipped with an
Agilent Poroshell 300SB-C3 column, 5 um 2.1 X 75 mm (Agi-
lent Technologies). 210 pmol of protein (nonreduced) was
injected and eluted with a linear gradient of 3—95% over 30 min
0f 0.1% TFA, 20% isopropanol, and 70% acetonitrile. The absor-
bance was measured at 215 nm, and chromatographic peaks
were integrated by HPLC ChemStation (Agilent Technologies).

Dynamic light scattering

DLS experiments were performed on a DynaPro NanoStar
cuvette-based instrument (Wyatt Technology Corporation)
operated with Dynamics software (version 7.8.1.3). The data
were collected at 20, 25, and 37°C using a 0.9 mg ml™"
PfCSP4/38 sample in 20 mm HEPES, pH 7.0, 200 mm NaCl, 1
mM EDTA. A total of 10 measurements were performed at each
temperature. The acquisition time was 5 s, and the read interval
was 1s.

Differential scanning fluorimetry (nano-DSF)

Thermal stability of PfCSP4/38 was measured by label-free
nano-DSF using a Prometheus NT.48 instrument (NanoTem-
per Technologies, Munich, Germany). PfCSP4/38 at a final
concentration of 4 um in 20 mm HEPES, pH 7.0, 200 mMm NaCl,
1 mm EDTA was loaded in standard grade capillaries and ana-
lyzed over a temperature range from 20C to 90 °C using a heat-
ing rate of 1 °C/min. The data were recorded and analyzed with
the Prometheus PR.Control (version 1.11) software (Nano-
Temper Technologies).

Circular dichroism

CD experiments were performed on a Jasco J-815 spectropo-
larimeter attached to a Peltier temperature control unit PTC-
423S thermostat. Samples at 0.15 mg ml~ "' in 20 mm sodium
phosphate, pH 7.2, 50 mMm NaF were measured in a 1-mm
quartz cuvette. Nine CD spectra were accumulated at 20 or
90 °C in the wavelength range of 190 —260 nm with 1-nm band-
width, response time of 1 s, and scanning speed of 100 nm
min~'. The CD data are represented in terms of mean residue
ellipticity (deg cm® dmol ™).

SASBMB

Circumsporozoite protein produced in L. lactis

Mass spectrometry

Accurate molecular mass of full-length PfCSP4/38 was mea-
sured by LC-electrospray ionization—MS under both nonre-
ducing and reducing conditions. Approximately 20 pmol of
purified protein samples (for the reducing experiments, sam-
ples were incubated at room temperature for 30 min with a
10-fold excess of TCEP 0.5 m) were injected into a UPLC system
(UltiMate 3000; Dionex) on a MAbPac™ reversed-phase col-
umn (Thermo Scientific; 2.1 X 100 mm, 4-um particle size) and
analyzed with a microOTOF-Q mass spectrometer (Bruker
Daltonik GmhH) equipped with an electrospray ionization
source (capillary voltage, 4500 V; end plate offset, —500 V; neb-
ulizer gas (nitrogen) pressure, 1.4 bar; flow, 9 ml/min; and dry-
ing gas temperature, 190 °C). The LC method uses a gradient of
A (98% water, 2% acetonitrile, 0.1% formic acid) and B (98%
acetonitrile, 2% water, 0.1% formic acid) with a flow rate of 0.2
ml/min as follows: 0—2 min 5% B, 2—5 min 80% B, 5-7.5 min
80% B, 7.5-9.5 min 5% B, 9.5-12 min 5% B. Data acquisition was
done under the control of the module Hystar 3.2-SR 2 from
Bruker Compass 1.3 software that integrates both the LC chro-
matographic separation and MS methods. Data analysis was
done with DataAnalysis version 4.0 SP5 (Bruker Daltonik
GmhH), with which charge deconvolution was performed
using the maximum entropy deconvolution algorithm.

Stability studies

The samples were taken out from —80 °C and incubated for
0, 1, 2, 7, 15, and 30 days at 4 and 37 °C. The samples were
analyzed together after end of the 30-day incubation. Addition-
ally, a freeze/thaw stability study was conducted, where the pro-
tein was subjected (after initial freeze at production) to addi-
tional freeze/thaw of three and five cycles. Samples were
analyzed together at the end of the study alongside a control (no
additional freeze/thaw cycle). For both studies, SDS-PAGE and
Western blots were conducted for samples indicated according
to the methods described previously.

Animals and immunogenicity studies

Two in vivo animal studies were conducted in mice. For the
first study, female 6 —8-week-old CD-1 mice (Taconic, Den-
mark) were kept in the Laboratory Animal Facility Center at
Panum, University of Copenhagen, Denmark for 7 days before
the firstimmunization. All procedures regarding animal immu-
nizations complied with European and national regulations.
Groups of eight mice were immunized by the subcutaneous
route three times at 3-week intervals with 10 ug of PfCSP4/38
absorbed to Alhydrogel®. Vaccine formulations were made
immediately prior to use. Responses were measured using sera
taken 2 weeks after the third immunization (day 56). The sec-
ond study was conducted in a similar model as described, but
with 20 ug of PfCSP4/38 emulsified in Montanide ISA720VG
(Seppic) immediately before use. Immunizations for this sec-
ond study consisted of a total of two immunizations on days 0
and 28, with terminal sera taken on day 42 for analysis.

Antibody measurements

Levels of plasma antibodies to PfCSP4/38 and GLURP-R2
were measured by ELISA as previously described (16, 47).
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Briefly, microtiter plates were coated with 0.33 wg/ml of recom-
binant protein and incubated with diluted samples (1:200).
Bound antibody was detected with HRP-conjugated goat anti-
mice IgG-HRP (DAKO).

Sporozoite ELISA

96-well plates were coated with protein lysate from NF54
sporozoites (1,000 sporozoites per well) dissected from salivary
glands. After blocking, 11 dilutions (1/10-1/1,000,000) of poly-
clonal PfCSP4/38 antibodies in 10% mouse sera were added for
a total volume of 100 ul/well. Bound PfCSP4/38 antibodies
were detected using a horseradish peroxidase— conjugated anti-
mouse secondary antibody and quantified using 3,3',5,5'-te-
tramethylbenzidin substrate. The color reaction was stopped
by adding 100 ul of 0.5 M H,SO,. To estimate a corrected con-
centration of PfCSP-specific antibodies in the mouse sera, each
ELISA plate also contained a 5-fold serial dilution (starting
from 200 wg/ml) of purified IgG antibody (mAb2A10) to the
PfCSP repeat region, used to generate a standard reference
curve. The corrected concentration of PfCSP-specific antibod-
ies based on the reference curve was calculated from the ELISA
optical density readout using a four-parameter logistic curve fit
program (31).

In vitro sporozoite gliding motility assay

Flat-bottomed optical-bottom 96-well plates with a cover-
glass base were incubated overnight at 4 °C with an anti-PfCSP
mAb (3SP2, obtained from Radboud University Medical Cen-
ter, Nijmegen, The Netherlands). During blocking, five dilu-
tions of 2A10 or polyclonal mouse sera (containing PfCSP4/38
antibodies) were preincubated with sporozoites and thereafter
transferred in duplicate onto the plate. Following a 10-min spin
at 3,000 rpm, the sporozoites were incubated for 90 min at
37 °C/5% CO, on the plate, and thereafter gliding motility was
measured as previously described (35). The ;Results were plot-
ted in GraphPad Prism version 5.03. The number of pixels pres-
ent on a stitched image made from 25 individual pictures taken
per well is a measure of the amount of shed PfCSP4/38 in that
particular well, and therefore, differences in the number of pix-
els can be interpreted as differences in sporozoite gliding trail
surface (48).

In vitro sporozoite traversal and infectivity assay of a human
hepatoma cell line

The HC-04 human hepatoma cell line (42, 49) was acquired
through MR4 as part of the Biodefense and Emerging Infections
Research Resources Repository (BEI Resources) and cultured as
previously described (35). Traversal was conducted as previ-
ously described (42, 50) using freshly dissected P. falciparum
NF54 sporozoites. Briefly, sporozoites were preincubated for 30
min with the monoclonal 2A10 or mouse polyclonal sera con-
taining PfCSP4/38 antibodies. Sporozoite/antibody samples
were added in duplicate to HC-04 cells seeded on 384-well
plates, along with tetramethylrhodamine (Rh)-labeled dextran
(10,000 sporozoites and 12,500 HC-04 cells/well). Sporozoites
were allowed to traverse HC-04 cells for 2 hat 37 °C in 5% CO,,
and were then washed in PBS. The level of fluorescence was
measured in a Biotek Synergy 2. Data analysis was performed in
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GraphPad version 5.03. Traversal inhibition was normalized
against the assay controls, and the IC, value was calculated by
logistic regression using a four-parameter model and the least-
square method to determine the best fit.

In vitro primary human hepatocyte invasion and maturation
was performed as described in Ref. 44, with a few adaptations.
Cryopreserved primary human hepatocytes were obtained
from Tebu-bio (donor HC10-10), and they were thawed and
seeded at a density of 50,000 cells/well in a collagen-coated
96-well clear-bottomed black plate for 2 days. Per well, 50,000
freshly dissected PNF54 sporozoites were mixed with mono-
clonal 2A10 or mouse polyclonal sera containing PfCSP4/38
antibodies for 30 min, after which the mixtures were trans-
ferred onto the hepatocytes. After a quick spin (10 min at
1,900 X g), the plate was transferred to 37 °C in 5% CO,. Three
hours post-invasion, the medium was refreshed with normal
hepatocyte culture medium. The samples were tested in dupli-
cate with daily hepatocyte culture medium refreshments. Four
days after sporozoite invasion, hepatocytes were fixed with 4%
(v/v) paraformaldehyde. The wells were stained with rabbit
anti-PfHSP70, followed by Alexa Fluor 594 —labeled goat anti-
rabbit IgG and 4',6-diamidino-2-phenylindole. By using auto-
mated high content imaging on a Cytation (BioTek) and FIJI
imaging software, both the total number of hepatocytes and the
number of positively stained (infected) hepatocytes were deter-
mined. Data analysis was performed in GraphPad version 5.03.
Invasion inhibition was normalized against the assay controls
and the IC,, was calculated by logistic regression using a four-
parameter model and the least-square method to determine the
best fit.
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