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Scavenger receptors mediate increased uptake of irradiated T.gondii extracts by

J774 macrophages
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ABSTRACT

Purpose: Protein extracts developed increased immunogenicity without the aid of adjuvants after
gamma irradiation. Gamma irradiation of snake venom increased antivenin production by detoxifi-
cation and enhanced immunity, probably due preferential uptake of irradiated venoms by macro-
phage scavenger receptors. We studied this uptake of irradiated soluble Toxoplasma gondii extract
(STag) by the J774 macrophage cell line similar to antigen presenting cells.

Material And Methods: We labeled STag by biosynthesis in living tachyzoites with radioactive
amino acids before purification and irradiation or by adding labels as biotin or fluorescein in
stored STag, for quantitative studies or subcellular distribution visualization.

Results: There was enhanced binding and uptake of irradiated STag into the cells compared to
non-irradiated STag. Using fluorescein labeled antigens and morphological assays, we confirmed
that cells avidly ingested both native and irradiated proteins but native STag were digested after
ingestion while irradiated proteins remained in the cell, suggesting diverse intracytoplasmic path-
ways. Native or irradiated STag present the same in vitro sensitivity to three types of peptidases.
Inhibitors of scavenger receptors (SRs) such as Dextran sulfate (SR-A1 blocker) or Probucol (SR-B
blocker) affect the specific uptake of irradiated antigens, suggesting its association with enhanced
immunity.

Conclusions: Our data suggests that cell SRs recognize irradiated proteins, mainly SRs for oxidized
proteins, leading to antigen uptake by an intracytoplasmic pathway with fewer peptidases that
prolongs presentation to nascent major histocompatibility complex | or Il and enhances immunity
by better antigen presentation.

Abbreviations: STag: Soluble Tachyzoite Toxoplasma antigen; STagg: Soluble Tachyzoite
Toxoplasma antigen conjugated with biotin; STagg: Soluble Tachyzoite Toxoplasma antigen conju-
gated with FITC; STagsy: Soluble Tachyzoite Toxoplasma antigen radiolabeled with *H-proline;
M@J774: Macrophages cell line; Bnax number of maximum specific binding sites estimated by
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Introduction

Gamma radiation was used to produce vaccines against
eukaryotic protozoa, a challenging task due to antigenic
variation and specific immune evasion mechanisms of these
pathogens (McAllister 2014). The most successful model,
Plasmodium irradiation, provides protection against malaria
that have caused disease in humans for millenniums, was
recently revived (Good and Stanisic 2020), probably due to
the disappointing results of recombinant protein vaccines
(Cockburn and Seder 2018). Toxoplasmosis is a similar api-
complexan disease and affects a large portion of human
population as there is no efficient human vaccine toward it.
We irradiated live Toxoplasma gondii tachyzoites for vaccine
development in experimental models with good results
(Hiramoto et al. 2002) in several models of protective

immune response (Zorgi et al. 2016), but with storage prob-
lems due to liquid nitrogen conservation. These results were
explained by the clastogenic effects of gamma radiation on
parasite nucleic acids, leading to viability without reproduc-
tion of intact irradiated agents (Hiramoto et al. 2002).
Higher doses of irradiated acellular extracts of T. gondii pro-
mote the same immunity as irradiated tachyzoites in mouse
experimental models, without the storage problems due to
refrigerator conservation (da Costa et al. 2018). Irradiated
snake venom or its purified proteins are better immunogens
for use in antisera production, attributed to scavenger recep-
tor (SR) mediated immune recognition during antigen pres-
entation (Do Nascimento et al. 1996; Cardi et al. 1998). We
hypothesized that irradiated T. gondii proteins would par-
ticipate in this protective response, probably by a diverse
immune pathway than intact tachyzoites but also providing
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adequate protection (da Costa et al. 2020). This protection
must be related to modifications of the irradiated proteins
that resulted in enhanced immunity.

Gamma ionizing radiation affects living organisms not only
by modifying nucleic acids of the intact agent and mitotic death
(Hiramoto et al. 2002) but also alters proteins, with several
effects, but maintaining or enhancing immunogenicity (Do
Nascimento et al. 1996). After gamma irradiation, an antigen
undergoes changes such as protein aggregation, chain breaks,
and oxidative reactions, due to water radiolysis (Davies 2016).
These changes could lead to recognition of irradiated proteins
by receptors present in the surface of "cleansing" cells, macro-
phages, which are the antigen presenting cells (APCs) in the
adaptive immune response (Cardi et al. 1998). These APCs
must select antigens in order to present them, in order to
improve the yield of immune response. Antigens from normal
host apoptotic cells would be completely digested and unse-
lected for immune presentation, but proteins affected by inflam-
matory reactions could be related to the invader and selectively
presented for immune reactions (Biedron et al. 2015). SRs are
responsible for tissue "cleansing” and are classified as several
types such as SR-A intended for cleaning and reuse of dead tis-
sue cellular remains (Hawkins and Devitt. 2013); or related
inflammatory response SR-B2 CD36 (Rhainds et al. 2003)
which are responsible for various intracellular processing (Zeng
et al. 2003) and binding of oxidized molecules intended for
adaptive immune presentation (Witztum and Lichtman. 2014).
Adjuvants used in immunogens promote this type of selection
and targeting for adaptive immune responses, resulting in a
more efficient vaccine (De Gregorio et al. 2013). This action
seems to be related to the insoluble nature of antigenic mixtures
(Awate et al. 2013) and partially because it attracts neutrophils,
whose potent extracellular myeloperoxidase promotes oxidative
changes in proteins (Biedron et al. 2015). Ionizing radiation
also produces this specific oxidation of proteins and may target
antigens for specific cellular receptors in APCs, with increased
uptake and selective presentation. Irradiated crotoxin demon-
strated selective uptake by macrophages, inhibited by probucol
(Cardi et al. 1998), an anti-atherosclerosis drug directed to
block the SR-B2 type receptor, associated with the clearing of
oxidized lipids and lipoproteins (Zeng et al. 2003).

The study of the binding and uptake of irradiated STags
by these cells in vitro could elucidate the early steps of anti-
gen processing, which could result in enhanced immune
response of irradiated proteins. This process depends on
their recognition by cell surface receptors or uptake path-
ways. Labeled antigens allowed monitoring and quantifica-
tion of their processing at the cellular or subcellular level. A
better understanding of these steps would demonstrate that
gamma irradiation could aid in the production of a safe,
non-adjuvant dependent, and efficient toxoplasmosis vaccine
capable of preventing human or veterinary disease.

Material and methods
Cells, parasites, and STag

We used mouse macrophage lineage J774A.1 (ATCC® TIT%-
67™) and monkey lineage VERO 76 (ATCC® CRL-1587 )

cells according to their maintenance protocols from the
ATCC (ATCC - American Type Culture Collection,
Manassa, VA). Soluble tachyzoites extract was produced by
the infection of VERO cells with frozen RH strain tachy-
zoites suspension as previously described (da Costa et al.
2018). Tachyzoites were seeded on VERO cell monolayers
and allowed to infect the cells overnight. The medium was
changed to remove the non-infecting tachyzoites, and the
infected cells were maintained until lysis of 50% of the
monolayer. The medium was removed and filtered through
a 3-um filter to remove host cells, washed in culture
medium without serum, and suspended at a concentration
of 10® parasites/mL in sterile water. The suspension was
incubated by 15min in an ice bath and subjected to five
cycles of 30s each of ultrasonic disruption in conical tubes.
Disrupted suspension was cleared by centrifugation at
10,000 x g for 10min, supernatant was removed and an
equal volume of 0.3 M NaCl was added. Protein content was
determined by the Bradford assay and the sample was
adjusted in saline to 100 ug/mL of protein. This fraction was
named native STag, stored at —80°C and used in subse-
quent experiments. A portion of this fraction was irradiated
with 0.25 or 1.5 KGy in a Gamma Cell irradiator (Atomic
Energy, Canada Ltd., 1.03 KGy/h) at room temperature at
IPEN/CNEN and wused as the irradiated fractions,
STag X and STag! %,

Production of radiolabeled antigens - STagsy

Biosynthetically labeled T. gondii extracts were produced by
infection of VERO Cells with RH strain tachyzoites in the
presence of *H-proline in the medium. Briefly, monolayers of
VERO Cells were grown in Dulbecco Modified Minimum
Essential Medium with 2% fetal calf serum in 25-cm® flasks.
When semiconfluent growth was observed, the medium was
changed to Dulbecco’s Modified Eagle’s Medium (DMEM)
without serum containing 10 uCi/mL of *H-proline
(100 Ci/umole, Amersham BioSciences) and 10° RH strain
tachyzoites, obtained from a previous culture were seeded
onto the monolayer. The culture was maintained in 5% CO,
at 36°C for parasite growth and infection progressed until
50% cells were lysed, usually 24-48h. The cells were scraped,
and cell suspension was sheered several times through a fine
needle to disrupt infected cells and immediately filtered
through a 3-um polycarbonate filter to remove intact cells and
nuclei. The filtered suspension containing tachyzoites was cen-
trifuged at 3000 x ¢ for 10min, and the pellet containing
intact labeled tachyzoites was washed twice with sterile phos-
phate buffered saline (PBS). The labeled tachyzoite pellet was
processed for STag production as above described. The pro-
tein content was determined by Bradford or Qubit assays and
the radioactivity present was determined in a scintillation
counter by solving in Omni Mix scintillation cocktail.

STag labeling with biotin (STagg) or fluorescein (STagg)

Native and irradiated STags were submitted to molecular
exclusion chromatography in Sephadex G-25 for removal of



low molecular weight amine containing reactants and free
labels, selecting the large excluded proteins >5KDa as tar-
gets for labeling. Excluding low molecular weight ligands is
important for high specific activity allowing detection. For
fluorescein labeling, the excluded proteins were reacted with
fluorescein isothiocyanate (FITC) at an estimated rate of
four fluorescein molecules for each 30KDa protein in the
STags, at pH 8.0 for 4h in an ice bath. Free reactive labels
were destroyed by adding 0.01 M sodium borohydride for
60min. For biotin labeling, the excluded proteins were
added with Biotinamido-hexanoic acid-N hydroxidesuccini-
mide ester, at the molar ratio of four biotins to each 30 KDa
protein in the STags and incubated at pH 8.0 for 4h at
room temperature. The free labels were eliminated by add-
ing 0.1 M glycine for 60 min. All labeled antigens were sub-
mitted to molecular exclusion chromatography in Sephadex
G-25 for removal of free reactive markers, and their protein
content was determined by Qubit assays and adjusted to
10 ug/mL. All reactions were performed at same time and
the same batch of each of the antigens, STag, STag,®***%,
and STag'*®. Spectrophotometric analysis of those prepa-
rations showed the same fluorescence intensity for the three
different fluorescent antigens. Biotin content was measured
in microwell plates, adsorbed with dilution of biotin labeled
STags, and avidin peroxidase reaction, showing similar bio-
tin content in the different preparations.

J774 macrophages antigen binding and uptake studies

The J774 macrophages were grown in DMEM, supple-
mented with 10% inactivated fetal bovine serum (FBS) in a
humid atmosphere with 5% CO, at 37°C in small culture
bottles (Corning®, New York, USA). Cells were seed into
24- or 96-well tissue culture plates and used at same conflu-
ency as the binding or uptake studies. For uptake studies,
cells were maintained at the same culture conditions and the
antigen was added at different intervals, thus at the end of
antigen addiction, all wells could be processed at the same
time. For next steps, the cell layer was carefully washed
twice with ice cold medium without serum. For binding
studies, plates were kept in an ice bath and the antigen is
added, incubated for 30min, and carefully washed twice
with ice cold media. The cell layer was then fixed with 1%
formaldehyde and processed for antigen detection.

Detection of STagsy in J774 cells

The J774 macrophages (2 x 10° cells/well/mL) were grown
on 13-mm coverslips and carefully washed by adding pre-
heated to 37 C DMEM without serum, and cells were incu-
bated for 0-4h in the presence of native STagsy or STag
irradiated at 0.25 and 1.5 kGy. The cells were carefully
washed with PBS five times to remove free antigen, and the
washed cells were detached by adding trypsin-versene
(Sigma®, St.Louis, USA) to obtain the whole cell suspension.
The amount of *H-proline in the cell suspension was
determined by liquid scintillation cocktail ~Omni
Fluor(PerkinElmer®, Waltham, MA), in which the
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radionuclide is uniformly distributed in a liquid medium
capable of converting kinetic energy from nuclear reactions
into light energy. All samples were measured twice for 600 s.

Detection of fluorescent STagr in J774 cells

The ]J774 macrophages (2 x 10° cells/well/mL) were grown
on 13mm coverslips on 24 wells plates, were carefully
washed by adding pre-heated DMEM without serum, and
the cells incubated in the presence of native STagg or irradi-
ated at 0.25 and 1.5 kGy (1 ug/well/Artificial Fluorescent
units(UAF)~ 1000,000). The wells were carefully washed
and cells fixed by adding 1% paraformaldehyde pH 7.5-8.0,
for 10 min and subsequently washed 5 times with 1x PBS.
Fixed cells containing fluorescein-labeled STag (FITC-green)
were labeled with a second marker, Hoechst 33342 (Sigma®-
blue), used to label viable cell DNA for a period of 10 min,
followed by further washes with 1x PBS. The coverslips
were carefully removed from the wells and mounted
inverted on microscopy slides in suitable media (90% gly-
cerol, 0.86 M Tris/HCl pH 8.6 and 0.1% p-phenylenedi-
amine, as anti-fading, reducing photo destruction). After
assembly, the slides were observed under a microscope BX-
51 Olympus® (Shinjuku-ku, Tokyo, Japan) with Optomics
photographic system. For fluorescence, we used filters with
490nm excitation and 525nm emission for FITC and
355nm excitation and 465nm emission filter for Hoechst
33342 (Sigma®). We obtained pictures from a non-exposed
field with each fluorophore at the same exposure time for
fluorescein for all samples, resulting in variable counster-
staining. Each black and white fluorescent image were artifi-
cially colored and superposed using Image J software (U. S.
National Institutes of Health, Bethesda, Maryland, USA,
https://imagej.nih.gov/ij/, 1997-2018).

Detection of biotinylated STagg in J774 cells

Briefly, 96 well plate containing J774 cells (2x10° cell/well)
were challenged with each of the STagp antigens were
washed carefully with PBS at least five times and the cells
were fixed by adding 2 volumes of 1% paraformaldehyde for
10min in each well. Cell layers were subsequently washed
five times with PBS containing 0.1% FSA and 0.02%
Tween20. Avidin conjugated to peroxidase was added at a
1:10,000 dilution in 1x PBS, and the cultures were incu-
bated for 1h at 37°C. After new washes, the reaction was
developed by adding liquid TMB commercial reagent and
interrupted after 30 min by adding 4N HCL. Optical den-
sities (OD) readings were performed on a Multimode
Microplate Reader FilterMax FS5 microplate reader
(Molecular Devices®, Sunnyvale, California) at 450nm
absorbance.

Peptidase action on STags

We conducted tests for proteolytic action on the total
extract substrate adjusted to a concentration of 100 ug/mL.
Samples of native and irradiated STagr were added in
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quadruplicate to 96-well black plates. Peptidase were added
at 5ng/well (50ng/mL) in their respective buffer. For tryp-
sin, the buffer contained 0.05M Tris/HCI, 0,01 M, CaCl, pH
8.1; for papain, the buffer contained 5.5M Cysteine, 1 mM
EDTA, 0.067 M mercaptoethanol in 0.05M phosphate buffer
pH 6.5; and for pepsin, the solution was 0.01 M HCI pH 3.
Samples were incubated for 30 min at 37°C and 100 uL of
5% trichloroacetic acid (TCA) was added, shaken, and incu-
bated for 30 min in an ice bath. Plates were centrifuged at
2000 xg for 20 min at 4°C. The supernatant was discarded,
and the wells were washed with 100 uL. ice cold 5% TCA
and recentrifuged. After removing the supernatant, the pre-
cipitate was suspended in 100uL of 5% NaHCO;.
Fluorescence was determined at 488nm excitation and
524nm emission using a Filter Max spectrofluorometer.
Samples that were incubated without enzymes were consid-
ered as controls and the protein integrity was determined as
a percent of protein maintained in the well in relation to
the mean of the control wells.

Dextran sulphate and probucol interference in the
binding of STagsy and STagg in J774 cells

For STagg or STagsy binding inhibition assays, macrophage
cultures obtained as described above were maintained for
30 min in an ice bath. After this period samples of 0.14 uM
dextran sulfate and 0.77 uM probucol (Sigma®) diluted in
DMEM at a concentration of 0.4 1g/100 uL/well were added
to the wells for 30min at 37°C. After this incubation, the
wells were washed twice with DMEM preheated without
serum. Samples of native or irradiated STag at a concentra-
tion of 1 ug/100 uL/well were added and incubated for 1h at
37°C. The wells were washed five times with PBS and the
antigens were detected as described above for each antigen

type.

100+

@ STagy, native
i STagy,225%y
- STag3H1-5“GV

Binding of STag,, on M@J774 (cpm)

Statistical Methods

All results presented were analyzed using parametric meth-
ods and they were considered significant if the probability
of equality was less than 5% (p <.05) with a 90% power,
using the Graph Pad Prism (version 5; GraphPad Software,
La Jolla, CA, USA). Main comparison between mean results
of each experimental time or group were performed by
parametric ANOVA in the same conditions. Binding sites
determination were performed using non-linear regression
model of specific binding sites using the equation
(Y=Bmax * X/(Kd+X)) in scatchard plots (Dahlquist
1978), and the statistical difference of the estimated values
was determined using F tests, ANOVA with Bonferroni
post-tests.

Results
Cell uptake assays

We evaluated the binding and uptake of native or irradiated
STag, labeled with biosynthesized radioactive amino acid
precursors in parasite-infected cells (STagsy) or biotin-
coupled (STagp) for colorimetric detection in ]J774 macro-
phage cultures. In Figure 1, the difference in the binding of
native or irradiated STagsy at 0.25 and 1.5 kGy (1 ug/well)
incubated for different periods (0, 0.5, 1, 2, and 4h) is
shown. The radioactivity counts (cpm) were obtained by
liquid scintillation for two counts of 600s, with a 2% error
in the measurement. In Figure 1, the incorporation of the
native or irradiated STagsy to the layer of MQ@J774 cells.
The incorporation of the STagsy native in J774 macrophage
cells was increased up to 60 min, after which we observed a
decay of incorporation at 4h, reducing the radioactivity
detected in the cell layer. The STags;;****%Y demonstrated a
slow but increasing incorporation similar to that of native

0.0 0.5 1.0 1.5

2.0 2.5 3.0 3.5 4.0

Time exposition (h)

Figure 1. Evolution of the total binding of native STagsy and STagsy irradiated at 0.25 or 1.5 kGy (1 ug/well) in J774 macrophages (2 x 10° cells/well) at different
exposure periods (0, 0.5, 1, 2, and 4 h). Bars represent the standard error (SEM) of the mean of 6 samples. *** Significant difference between the values of the slope

in linear regression (p <.001).



INTERNATIONAL JOURNAL OF RADIATION BIOLOGY @ 1563

@ STagg nativo
141.m STagg0 e/
- *kk
£ - STagB‘Lﬂ(Gy
£ 1.2 ,;
2 o
<
8
s 1.0‘
<
N
S 0.8
=
e
o
5“9 0.6
(7
s
o 0.4
[
£
£
@ 02
0.0 T
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0
Time of exposition (h)

Figure 2. Evolution of the total binding of native STagg and STagg irradiated at 0.25 and 1.5 kGy (1 ug/well) in J774 macrophages (2 x 10° cells/well) at different
exposure periods (0, 0.5, 1, 2, and 4 h). Bars represent the standard error of the mean (SEM) of 8 samples. *** Significant difference between the values of the slope

in linear regression (p <.001).

STagsy, up to 30min. The incorporation of STagsy' "
into the J774 macrophages was slower and increasing com-
pared to the native and 0.25 kGy STag’", and with longer
times, we observed that the binding to the cell layer was
cumulative. From the non-linear regression of these values,
it was possible to estimate the maximum number of specific
binding sites (B.x) of each STagsy in the cell layer, which
was 51.4+4.0 in native STagsy, 58.3+4.3 in STags ">,
and 96.14+13.7 in STagsy . STag 1.5 kGy has a higher
number of binding sites in the cell (p <.005). These binding
sites are probably the sum of several surface receptors and
appears independent of antigen processing as the radioactive
tracer proline is maintained in the cell after protein
degradation.

We conducted assays with improved sensitivity biotin
labeled STags, to validate the results obtained with less sen-
sitive STagsy in the binding of native or irradiated extracts
in J774 macrophage cells. The ]J774 cells were grown in 96-
well plates (2 x 10° cells/well) as described in the Methods
section and incubated in the presence of the native or irradi-
ated extracts (1 ug/well) for 0, 0.5, 1, 2, and 4h. In Figure 2,
the difference in the binding between native and irradiated
Stagp in the permeated cell layer are presented. In spite of
the difference in the kinetic profile of the binding between
the STag;y and STagp assays, it was possible to demonstrate
a greater detection of the STag'**®" at the end of the assay
with different kinetics given the type of enzymatic reaction
involved in biotin detection. It was noted that the binding
pattern was similar to that observed with the use of *H-pro-
line incorporated antigens, following the STagp native decay
pattern after a certain period and the linear growth of the
STagp'*“’. The three antigens showed similar binding to
J774 macrophages within 30 min. After 60 min, native STagp

reached its highest peak and began to decay as determined
in STagsy. STags"™ ™ showed an increased binding profile
and increased binding to J]774 cells after incubation.
STag™***“Y maintained a hybrid response between the two
as seen in STagsy. This data was analyzed with the non-lin-
ear regression model of specific binding sites using the
equation (Y =Bmax * X/(Kd+ X)) with Graph Pad Prism
(version 5; GraphPad Software, La Jolla, CA, USA), and the
statistical difference of the estimated values was determined.
The number of binding sites was 1.466+0.085 for
STagg"**® (p<.001), which was higher than the
0.8414+0.033 for STagg’?**% and 0.5271 +0.019 for native
STagg. Our data shown that irradiated proteins are recog-
nized by additional receptors other than the regular recep-
tors used for native proteins. The quantitative data are
directly correlated with the data obtained with the biosyn-
thetic labeled radioactive antigen (r* = 0.96), when analyzed
with the same non-linear model adapted for the different
quantification method. The difference in the numbers of
binding sites resulted from those diverse methods employed
for its determination, but the binding sites between each
STag was proportional, resulting in high correlation.

Binding assays

Based on the results of the previous experiments, it was
decided to test the binding of the different STags to the cell
surface of ]J774 macrophages using the cell temperature to
prevent internalization of the antigen into the cell. This
experiment was performed on ice cold chilled J774 cell
monolayers using biotin labeled antigens, due to the high
signal intensity. To avoid the exponential enzymatic reaction
pattern, we estimated antigen mass bound to the monolayer,
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using a standard curve with a known mass of antigen bound
to an ELISA high binding microplate. This approach allowed
for the estimation of the antigen mass related to the A5y of
the final reaction, performed in chilled cells with minimal
internalization of the antigens. These data are shown in
Figure 3. Native STagg had a lower cell surface binding cap-
acity compared to other antigens, indicating that the recep-
tor for this antigen had the low frequency of its receptor on
the cell surface. STagg"”*, exposed to greater radiation
than STagg’?**, demonstrated a higher binding capacity
to the cell surface of the monolayer, suggesting recognition
by an alternative receptor that is more frequently presented
on the cell surface, in addition to binding to the common
receptor(s) for native proteins. The less irradiated
STagp’?**Y presented intermediate levels of binding, prob-
ably due to less quantitative binding to the alternative recep-
tor for irradiated proteins in a dose dependent process.

Subcellular determination of irradiated antigen uptake

The J774 cells. were seeded on sterile covers slips in 24 well
plates (2 x 10° cells/well) as described in the Methods sec-
tion. An adequate field at 40x magnification of each cover-
slip was randomly selected, and each field was photographed
with the same illumination and digital exposition for fluor-
escein filters using this fixed time also for Hoeschst staining
pictures. In Figure 4 the composed images of each antigen
at each time point are shown. There was no nuclear staining
of the STags, demonstrating the absence of unspecific
uptake. At 0 time, binding of antigens to the cell layer is
presented. After this, staining was concentrated in the cyto-
plasm of the cells, suggesting an active uptake. Native STagp
shows a high early uptake peaking at 15min with subse-
quent decay until it was almost no longer observed at
60 min. STagp"***%Y presented a pattern similar to native
antigen but some cells maintain the green fluorescence stain

at 60 min. There was a constant or progressive fluorescence
of STagy'*%Y content in the cells peaking at 60 min, show-
ing antigen storage or accumulation. Taken together, this
preliminary morphological data confirms the data demon-
strated in the quantitative assays, using both radiolabeled
and biotinylated antigens. Proteolysis of native fluorescent
antigens after ingestion explains the disappearance of fluor-
escence in the monolayer cells after fixation, which allows
the movement of small molecular weight proteins.
Discrepancies in counterstaining digital images are caused
by the constant exposure of digital imaging selected for
green fluorescence.

Peptidase resistance of antigens

We tested whether the radiation could induce a peptidase
resistance in antigens that could explain the accumula-
tion by reducing digestion in the cells. Using fluorescein
isothiocyanate (FITC) STags and its precipitation by 5%
trichloroacetic acid (TCA), we quantitatively evaluated
the action of three peptidases against the antigens.
Peptidases with three different modes of action; trypsin,
a serine peptidase; pepsin, an acid peptidase, and papain
a cysteine peptidase. The assays were conducted as
described in the Methods section and their results are
shown as the remaining arbitrary units of fluorescence
(FAU), supplied by the fluorimeter, (Figure 5(A)) and
the percentage of susceptibility of STagr to peptidases,
determined by the ratio of remaining FAU to starting
FAU in the sample (Figure 5(B)). The maintenance of
fluorescence in STagr samples, native and irradiated at
0.25 or 1.5 kGy, in the absence of the peptidases, demon-
strated the absence of endogenous peptidases in the sam-
ples. When peptidases are added, intact insoluble
proteins decayed (p <.05), demonstrating the action of
all peptidases in the three STags, in comparison to
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Figure 3. Cell surface receptor binding of biotin labeled STag in chilled J774 macrophages. Bound antigen was expressed in pg/mL as mass of antigen from a
standard curve. Data are expressed as mean and error bar (standard deviation, SD). The data was analyzed using ANOVA with Bonferroni post-tests and *** indi-

cates p <.001 in isolated comparisons between antigens.
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Figure 4. Optical fluorescence microscopy indicating the location of the STag: A- native; B- irradiated at 0.25 kGy; C- irradiated at 1.5 kGy in J774 macrophage cul-
tures at different exposure periods (0, 15, 30, and 60 min). Green: conjugates of native and irradiated Stag to the fluorescein isothiocyanate (FITC); blue: labeling of

the cell nucleus by Hoechst dye. Objective 40x magnification. Micrographs with the same exposition time from the same field were combined with Image J
software.

control samples. The peptidase destruction of STags was
the same between the antigens, regardless of irradiation.
Trypsin acted on 17% of the native STagg proteins, 22%
of the STagFO'25kGy proteins, and 28% of the proteins of
STagg' "%, while papain removed 20% of STagg, 23% of
STagp”?**%Y and 29% of STagp'"*“Y proteins. The more
active pepsin acted on 32% of STagp and STagg’***“Y
proteins and in 37% of the proteins of STagp'"*“, dem-
onstrating the most disruptive isolated peptidase activity
against the extracts.
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Scavenger receptor blocking in binding assays

To determine cell surface receptor specificity, we evaluated
the effect of cells pretreated with specific SR blocking agents,
such as Dextran sulfate, specific for SR group 1 (SCV1)
against anionic antigens; and probucol, specific for SR group
IT (SCVII), related to oxidized molecules, shown in Figure 6.
We cultured ]J774 macrophages on microplates at semi-
confluency and chilled the cells in an ice bath. For blocker
treatment, the cells were incubated with each blocker at the
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Figure 5. Susceptibility of STag, native and irradiated at 0.25 or 1.5 kGy, to the action of peptidases trypsin, papain and pepsin, after incubation for 30 min at
37°C. A- Fluorescence arbitrary units (FAU) of native or irradiated TCA insoluble STagr products; B- percentage of protein integrity of STagg after peptidase treat-
ment. Bars represent the mean and standard error of the mean (SEM). No significant differences were found between the mean of extracts (ANOVA).

concentration described in the Methods section for one h
and carefully washed the plate with PBS. Antigens at
10 ug/mL (1 pug/well) were added to both the pretreated and
controls cells. We use both biosynthetically labeled radio-
active STags or biotin labeled STags. The binding continued
for 1h in an ice bath and the radioactive content or biotin
presence was determined as previously described. The results
for radioactive STags are shown in Figures 6(A,B). The pre-
treatment with blockers had no effect on native STag bind-
ing, which is a native protein usually not recognized by SRs.
However, irradiated antigens demonstrated the significant
effect of pretreatment (p <.001), 1.5 kGy irradiated STag
showed substantial uptake with the SCVII probucol blocker
and was also clearly seen in the less irradiated 0.25 kGy
STag. The basal uptake was similar between the antigens in
the presence of the blocker, showing that a residual uptake
occurs independent of the receptors, which are similar to
native STag. These data were confirmed using biotinylated
antigens, as shown in Figure 6(B) In this improved sensitiv-
ity assay, the effect of SCVII blocker, probucol, is more evi-
dent and produced a greater effect than that of the SCVI
blocker, dextran sulfate, but this blocker also induced a
degree of blockage. This data indicates that SCVs appear to
participate in cellular uptake of irradiated proteins, but not
native antigens. The quantification by two diverse labeled
antigens suggests that mainly antigens oxidized by irradi-
ation are recognized in J774 cells, thus this pathway must
affect all the subsequent steps of irradiated antigens. In a
very preliminary experiment, we failed to block the binding
of the irradiated STagp antigens by using a preincubation of
the chilled J774 cells with a commercial monoclonal anti-
body against CD36, in a very preliminary results (data not
shown). As CD36 had several domains and a cleft for fatty
acid transport, the antibody could be directed against other
exposed domains, without affecting antigen binding to the
cleft of CD36 protein.

Discussion

Our data show that irradiated STags presented higher uptake
and longer persistence inside a J774 macrophagic cell line in

a dose-dependent manner. This finding could explain the
enhanced immunogenic effect of irradiated T.gondii antigens
reported in earlier work (da Costa et al. 2020). Macrophagic
cell line increased uptake was demonstrated in several ways,
either by biosynthesis of radioactive precursors identical to
native proteins or labeling performed extracts. The biosyn-
thesis process using radioactive precursors maintains the
integrity and structure of parasite extracts after irradiation
without any label or process chemical addiction that could
alter its uptake after labeling. This is especially important
when the labeling molecule was added to the protein, such
as biotin or fluorescein. We found a similar uptake pattern
with all the labels used in the experiments indicating that
the labeling process did not affect the ligand of the receptor
of gamma irradiated extracts.

Binding assays using chilled J774 macrophage cells
showed that STag irradiated at 1.5 kGy had a linear and
increasing dose binding response, with higher specific bind-
ing rates than native (non-irradiated) STag, probably due to
additional and more frequent surface receptor binding. The
uptake curve in active cells showed no decrease suggesting
that the irradiated antigens were not being degraded intra-
cellularly unlike the native antigen, which shows an evident
degradation. This suggests different cytoplasmic processing
pathways for irradiated antigens. We demonstrated that irra-
diated antigens are mainly recognized by a frequent cell sur-
face receptor and are internalized in the cell to a pathway
with low peptidase activity, whereas native antigens are
quickly internalized by receptors with the intracellular route
leading to lysosomes and rapid degradation (Staudt et al.
2016). A similar effect of increased uptake and cell distribu-
tion was observed with irradiated crotoxin (Do Nascimento
et al. 1996). If radiation blocks some targets for proteolytic
action, enhanced immunogenicity could occur due to
increased proteolytic resistance, independent of intracyto-
plasmic pathways. Resistance to intracellular peptidases was
obtained by the elimination of asparagine endopeptidases
sites in the toxin C fragment of tetanus toxin, with high
resistance to proteolysis and increased immune presentation
(Antoniou et al. 2000); thus, persistence inside the cell with-
out proteolysis could enhance immunity. Gamma irradiation
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was reported to induce breaks in protein structure but with-
out specific locations or fragile points of increased proteoly-
sis (Adams et al. 2015). Our data of similar proteolytic
sensitivity of native or irradiated antigens clearly shows that
alteration of proteolytic susceptibility is not involved in the
enhanced immunogenicity caused by gamma radiation of
parasite extracts.

Several pathways are involved in the binding and uptake
of proteins as STags into macrophages. Scavenger receptors
are a family of cell surface proteins that were proposed as
an explanation to preferential uptake of irradiated crotoxin,
mainly blocked by probucol, a blocker of oxidized protein’s
SR-B (Cardi et al. 1998). We studied the blocking effect of
two SRs on the uptake of STags and the binding of the irra-
diated STag was affected by both dextran sulfate and probu-
col, which are negative SR-A SRs and oxidized products
LOX CD36 receptor blockers, respectively. Dextran sulfate
was less efficient but did affect the native STag binding in

macrophages. SR-A is a receptor of negative charges on the
surface of apoptotic cells (Fukasawa et al. 1996) or vacuoles
of the cells and promotes their intracellular binding to the
lysosomes by promoting rapid degradation of the phagocy-
tized products into reusable monomers (Balasubramanian
et al. 2012).

In APCs, peptidases are responsible for generating pep-
tide fragments of protein antigens that bind to major histo-
compatibility complex (MHC) molecules during the
immune response, especially those mediated by T lympho-
cytes (Roche and Furuta 2015). In antigenic extracts, mul-
tiple enzymes, and multiple processing sites as proteasomes
must be required for the release of epitopes (Blum et al.
2013). Our results showed that the irradiation of the extracts
does not make them less susceptible to proteolysis but rather
directs them to a different intracellular route with low pep-
tidase activity. The route with less peptidase activity gener-
ates peptides of adequate size for the initial immunological
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synapse, involving products of considerable molecular
weight that induce spatial reactions to multiple receptors
(Alarcén et al. 2011). This route offers larger peptides that
bind inside the cell for the construction of MHC molecules
capable of antigen presentation when exposed on the cell
surface (Blander 2018), but those systems were reported as
intercommunicated (Ho et al. 2021), and we believe that the
antigen presentation must rely on several mechanisms in
order to be effective.

There are several intracellular routes involved in antigen
presentation, with diverse efficiency including some path-
ways that result in the complete and nonselective degrad-
ation of antigens, resulting in the absence of
immunogenicity because of the autodigestion processes.
Probucol is involved in blocking the uptake of oxidized
products and works for atherosclerosis by decreasing the
formation of plaques by oxidized products (Li et al. 1998).
This blocker was the most efficient at blocking irradiated
STag uptake in macrophages and had previously been
described as more efficient in blocking irradiated crotoxin
uptake (Cardi et al. 1998). Ionizing radiation induces the
oxidation of proteins via hydroxyl radicals (OHe), induced
by water radiolysis similar to the product produced by per-
oxidases (Reisz et al. 2014), similar to neutrophil myeloper-
oxidase (Kettle and Winterbourn 1997). This association of
oxidation of molecules, SRB2 SRs, and adaptive immune
response was putatively proposed as a link between innate
and adaptive immune response (Witztum and Lichtman.
2014). This protein oxidation may be an approach to
increase the presentation of antigens involved in areas with
neutrophil inflammation, being a selection for extraneous
antigens (Biedron et al. 2015), and ionizing radiation can
mimic this biological reaction, inducing a pathway to con-
nect innate-adaptive immunity (Rosales 2020). Our data
indicate that irradiated proteins must be mainly recognized
by SRs for oxidized proteins, such as CD36, and to a lesser
extent by other SRs, promoting the uptake of soluble mole-
cules to macrophages and APCs, without the need for adju-
vants. This specific binding in the early stages of adaptive
immune response explains the immunity induced by irradi-
ated proteins, and in this case, the protection induced by
irradiated extracts of T. gondii. Gamma irradiation of anti-
gens proteins is not a guaranteed process for all antigens. It
depends on the primary structure of the antigen that allows
oxidation for recognition by scavenger receptors in APCs,
and extracts from parasites had multiple antigens which
allow enhancement of the immunity easily and quickly pro-
duced from natural antigens for future vaccines.

Acknowledgement

We gratefully thank the staff of the Laboratério de Protozoologia for
the support of this work. J.P. Rodrigues provides helpful discussions
during the evolution of the research. Andrea da Costa was a Ph.D. fel-
low of FAPESP (Proc no. 14/17029-4) and this work was a part of her
Ph.D. in Tropical Medicine. HF Andrade Jr. was a fellow of CNPq and
FFM. C.A. Carvalho was a post-doctoral fellow from FAPESP (Proc.
No. 14/17029-4).

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

The research was partially supported by grants from FAPESP (Proc.no.
13/04676-9), CAPES (88881.5702232/2020-01) and LIMHCFMUSP.

Notes on contributors

Andrea da Costa, BSc, MSc, PhD, fellow of the Lab. of Protozoology
of the Instituto de Medicina Tropical de Sao Paulo, Universidade de
Sao Paulo, dealing with in vitro immunology assays and animals mod-
els for vaccines for toxoplasmosis that could be used in animals, spe-
cially devoted to antigen presentation. Now she maintains a in vitro
toxicology assays lab in a private company.

Camila Aparecida de Carvalho, BSc, MSc, is a postdoctoral fellow of
the Lab. of Protozoology of the Instituto de Medicina Tropical de Sao
Paulo, Universidade de Sao Paulo, dealing with interference of small
antigen molecules or monovalent immune complexes in Leishmania
infantum disease evolution or serology diagnostic assays in human, dog
or mouse disease.

Nanci do Nascimento, BSc, MSc, PhD, deceased in 2017, was the for-
mer chief of the Division of Radiobiology of the Instituto de Pesquisas
Energéticas e Nucleares, and a leadership of vaccine production using
gamma radiation using both intact parasites, parasites extracts or puri-
fied proteins.

Heitor Franco de Andrade Jr., MD, PhD, since 1986 is an associated
professor at the Department of Pathology of the Faculdade de
Medicina, Universidade de Sao Paulo, working in the Lab.
Protozoology of the Instituto de Medicina Tropical de Sao Paulo,
Universidade de Sao Paulo. His research interests were pathology, diag-
nostic assays and immunology of tropical diseases, mainly those caused
by protozoa and viruses.

ORCID

Andrea da Costa
Camila Aparecida de Carvalho
2749

Heitor Franco de Andrade, Jr

http://orcid.org/0000-0003-2273-4665
http://orcid.org/0000-0003-1762-

http://orcid.org/0000-0003-4697-4647

References

Adams F, Bellairs G, Bird AR, Oguntibeju OO. 2015. Biochemical stor-
age lesions occurring in nonirradiated and irradiated red blood cells:
a brief review. Biomed Res Int. 2015:968302.

Alarcén B, Mestre D, Martinez-Martin N. 2011. The immunological
synapse: a cause or consequence of T-cell receptor triggering?
Immunology. 133(4):420-425.

Antoniou AN, Blackwood SL, Mazzeo D, Watts C. 2000. Control of
antigen presentation by a single protease cleavage site. Immunity.
12(4):391-398.

Awate S, Babiuk LA, Mutwiri G. 2013. Mechanisms of action of adju-
vants. Front Immunol. 4:114.

Balasubramanian S, Kota SK, Kuchroo VK, Humphreys BD, Strom TB.
2012. TIM family proteins promote the lysosomal degradation of
the nuclear receptor NUR77. Sci Signal. 5(254):ra90.

Biedron R, Konopinski MK, Marcinkiewicz ], Jézefowski S. 2015.
Oxidation by neutrophils-derived HOCI increases immunogenicity
of proteins by converting them into ligands of several endocytic
receptors involved in antigen uptake by dendritic cells and macro-
phages. PLoS One. 10(4):20123293.

Blander JM. 2018. Regulation of the cell biology of antigen cross-pres-
entation. Annu Rev Immunol. 36:717-753.



Blum JS, Wearsch PA, Cresswell P. 2013. Pathways of antigen process-
ing. Annu Rev Immunol. 31:443-473.

Cardi BA, Nascimento N, Andrade HF. Jr. 1998.Irradiation of Crotalus
durissus terrificus crotoxin with 60Co gamma-rays induces its
uptake by macrophages through scavenger receptors. Int ] Radiat
Biol. 73(5):557-564.

Cockburn IA, Seder RA. 2018. Malaria prevention: from immuno-
logical concepts to effective vaccines and protective antibodies. Nat
Immunol. 19(11):1199-1211.

da Costa A, Nascimento ND, Galisteo AJ, Jr, Dias Dos Passos AB, de
Andrade HF. Jr. 2020. Radiation effects on Toxoplasma antigens:
different immune responses of irradiated intact tachyzoites or sol-
uble antigens in experimental mice models. Int J Radiat Biol. 96(5):
697-706.

da Costa A, Zorgi NE, do Nascimento N, Galisteo AJ, Junior, de
Andrade HF. Junior. 2018. Gamma irradiation of Toxoplasma gon-
dii protein extract improve immune response and protection in
mice models. Biomed Pharmacother. 106:599-604.

Dahlquist FW. 1978. The meaning of Scatchard and Hill plots.
Methods Enzymol. 48:270-299. PMID: 345049.

Davies M]J. 2016. Protein oxidation and peroxidation. Biochem J.
473(7):805-825.

De Gregorio E, Caproni E, Ulmer JB. 2013. Vaccine adjuvants: mode
of action. Front Immunol. 4:214.

Do Nascimento N, Seebart CS, Francis B, Rogero JR, Kaiser II. 1996.
Influence of ionizing radiation on crotoxin: biochemical and
immunological aspects. Toxicon. 34(1):123-131.

Fukasawa M, Adachi H, Hirota K, Tsujimoto M, Arai H, Inoue K.
1996. SRBI, a class B scavenger receptor, recognizes both negatively
charged liposomes and apoptotic cells. Exp Cell Res. 222(1):246-250.

Good MF, Stanisic DI. 2020. Whole parasite vaccines for the asexual
blood stages of plasmodium. Immunol Rev. 293(1):270-282.

Hawkins LA, Devitt A. 2013. Current understanding of the mecha-
nisms for clearance of apoptotic cells-a fine balance. ] Cell Death. 6:
57-68.

Hiramoto RM, Galisteo AJ, do Nascimento N, de Andrade HF. Jr.
2002. 200Gy sterilised Toxoplasma gondii tachyzoites maintain
metabolic functions and mammalian cell invasion, eliciting cellular
immunity and cytokine response similar to natural infection in
mice. Vaccine. 20(16):2072-2081.

Ho NI, Camps MG, Garcia-Vallejo JJ, Bos E, Koster AJ, Verdoes M,
van Kooyk Y, Ossendorp F. 2021. Distinct antigen uptake receptors

INTERNATIONAL JOURNAL OF RADIATION BIOLOGY 1569

route to the same storage compartments for cross-presentation in
dendritic cells. Immunology. 164(3):494-506.

Kettle AJ, Winterbourn CC. 1997. Myeloperoxidase: a key regulator of
neutrophil oxidant production. Redox Rep. 3(1):3-15.

Li LX, Chen JX, Liao DF, Yu L. 1998. Probucol inhibits oxidized-low
density lipoprotein-induced adhesion of monocytes to endothelial
cells by reducing P-selectin synthesis in vitro. Endothelium. 6(1):1-
8.

McAllister MM. 2014. Successful vaccines for naturally occurring
protozoal diseases of animals should guide human vaccine research.
A review of protozoal vaccines and their designs. Parasitology.
141(5):624-640.

Reisz JA, Bansal N, Qian J, Zhao W, Furdui CM. 2014. Effects of ioniz-
ing radiation on biological molecules-mechanisms of damage and
emerging methods of detection. Antioxid Redox Signal. 21(2):260-
292.

Rhainds D, Brodeur M, Lapointe ], Charpentier D, Falstrault L,
Brissette L. 2003. The role of human and mouse hepatic scavenger
receptor class B type I (SR-BI) in the selective uptake of low-density
lipoprotein-cholesteryl esters. Biochemistry. 42(24):7527-7538.

Roche PA, Furuta K. 2015. The ins and outs of MHC class II-mediated
antigen processing and presentation. Nat Rev Immunol. 15(4):203-
216.

Rosales C. 2020. Neutrophils at the crossroads of innate and adaptive
immunity. ] Leukoc Biol. 108(1):377-396.

Serensen OE, Borregaard N. 2016. Neutrophil extracellular traps — the
dark side of neutrophils. J Clin Invest. 126(5):1612-1620.

Staudt C, Puissant E, Boonen M. 2016. Subcellular trafficking of mam-
malian lysosomal proteins: an extended view. Int ] Mol Sci. 18(1):
47.

Witztum JL, Lichtman AH. 2014. The influence of innate and adaptive
immune responses on atherosclerosis. Annu Rev Pathol. 9:73-102.
Zeng Y, Tao N, Chung KN, Heuser JE, Lublin DM. 2003. Endocytosis
of oxidized low density lipoprotein through scavenger receptor
CD36 utilizes a lipid raft pathway that does not require caveolin-1. J

Biol Chem. 278(46):45931-45936.

Zorgi NE, Galisteo AJ, Jr, Sato MN, do Nascimento N, de Andrade
HF. Jr. 2016. Immunity in the spleen and blood of mice immunized
with irradiated Toxoplasma gondii tachyzoites. Med Microbiol
Immunol. 205(4):297-314.



	Abstract
	Introduction
	Material and methods
	Cells, parasites, and STag
	Production of radiolabeled antigens - STag3H
	STag labeling with biotin (STagB) or fluorescein (STagF)
	J774 macrophages antigen binding and uptake studies
	Detection of STag3H in J774 cells
	Detection of fluorescent STagF in J774 cells
	Detection of biotinylated STagB in J774 cells
	Peptidase action on STags
	Dextran sulphate and probucol interference in the binding of STag3H and STagB in J774 cells
	Statistical Methods

	Results
	Cell uptake assays
	Binding assays
	Subcellular determination of irradiated antigen uptake
	Peptidase resistance of antigens
	Scavenger receptor blocking in binding assays

	Discussion
	Acknowledgement
	Disclosure statement
	Funding
	Orcid
	References


