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Introduction

Summary

The immune response against hapten is T-cell-dependent, and so requires
the uptake, processing and presentation of peptides on MHC class II mol-
ecules by antigen-presenting cells to the specific T cell. Some haptens, fol-
lowing conjugation to the available free amines on the surface of the
carrier protein, can reduce its immunogenicity. The purpose of this study
was to explore the mechanism by which this occurs. Four proteins were
tested as carriers and six molecules were used as haptens. The immune
response to the carrier proteins was reduced > 100-fold by some of the
haptens (termed carrier immunogenicity reducing haptens — CIRH),
whereas other haptens did not influence the protein immunogenicity (car-
rier immunogenicity non-reducing haptens — nCIRH). Conjugation of the
protein to a CIRH affected protein degradation by lysosomal cathepsins,
leading to the generation of peptides that differ in length and sequence
from those derived from the same native protein or that protein modified
with nCIRH. Injection of CIRH-conjugated protein into mice induced an
increase in the population of regulatory T cells. The results of this study
provide a putative mechanism of action for the reduction of immune
response to haptenated proteins.
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conjugated hapten, and as a concequence, whether differ-
ent populations of T cells are induced following immuni-

Haptens are small chemical groups that cannot stimulate
antibody responses in their free soluble form, because
they cannot cross-link B-cell receptors and do not recruit
T-cell help. However, when coupled to a carrier protein,
they become immunogenic, as the protein carries multi-
ple hapten groups that can now cross-link B-cell receptors
and activate T cells through peptides derived from the
carrier protein.' Understanding the mechanisms of
hapten—carrier systems involved in the T-cell-depen-
dent immune response enables the development of bacte-
rial capsule—polysaccharide conjugate-based vaccines.’
Although much knowledge has been accumulated on the
immune response against haptens, little is known about
the specificity of the immune response to the carrier
protein. It is uncertain whether the haptenated and native
proteins are degraded into the same peptides, to be
presented by the MHC to T cells with and without the

zation with native or haptenated protein. Although T
lymphocytes commonly recognize short peptides pre-
sented by MHC molecules, there are reports that T cells
may specifically respond to peptides that are phosphory-
lated,” glycosylated,* or that carry chemicals,” drugs,’
metal ions’ or lipids.® Ortmann et al.® identified murine
CD8" T cells specific for trinitrophenol-modified MHC
class I-binding peptides as antigens. Shimizu et al.'® sug-
gested that anti-hapten B cells are assisted by T cells spe-
cific to the haptenated carrier, rather than a molecule
composed solely of a linear sequence of amino acids.
Previous studies have shown that conjugation of some
haptens to proteins reduces the antibody response to the
carrier.'™'" This phenomenon may have implications for
the reduction of therapeutic protein immunogenic-
ity — an important goal in modern medicine'*'’ that
would allow the use of foreign proteins for therapeutic

Abbreviations: APC, antigen-presenting cell; CIRH, carrier immunogenicity reducing haptens; GBA, glucosamine-biotin adduct;
hs, horse serum; MBA, mannosamine-biotin adduct; MDTBA, mannosamine—desthiobiotin adduct; MLA, mannosamine-lipoic
acid adduct; nCIRH, carrier immunogenicity non-reducing haptens; OVA, ovalbumin; Treg, regulatory T
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use. The hapten—carrier system is of interest as a model
of epitope modulations or altered self-proteins because it
raises questions as to how chemical modification of pro-
teins affects their immunogenicity and their contribution
to the induction of allergies and autoimmune diseases.'*

The mechanism underlying the reduction in antibody
immune response to the carrier by part of the hapten
molecule is currently unknown. The protein’s modifica-
tion may alter its immunogenicity by several routes. One
possible route is via degradation of the antigen into pep-
tides. Following immunization, antigens internalized by
antigen-presenting cells (APC) are digested by proteases
into peptides that may be loaded and presented on an
MHC class II molecule, which further interacts with the
specific T-cell receptor.

The different types of APC are equipped with similar
and distinct intracellular acidic proteases, referred to as
cathepsins, most of which contain a cysteine as the
attacking nucleophile in the catalytic cleft."> The function
of endocytic proteases in antigen processing determines
the kinetics and intracellular location of MHC class II
peptide loading, leading to the generation or destruction
of T-cell epitopes.'® Examples of both situations have
been found with various proteins and attached molecules.
For example, N-glycosylation of mammalian protein
asparagine residues blocks proteolytic cleavage in vitro by
eliminating sites of endopeptidase processing;'” the lack
of N-glycosylation of the neuronal glutamate receptor
subunit 3 in Rasmussens’ encephalitis, a severe form of
paediatric epilepsy, exposes a cleavage site, so creating a
new autoantigen.'® Hapten conjugation to a protein may
affect the protein’s interaction with the cathepsins and
therefore, may affect the peptide repertoire obtained from
a given protein."”

The T-cell receptor is specific for a unique combination
of a particular peptide and a particular MHC molecule;
the presence, absence or generation of different peptides
from the same protein may lead to inactivation or activa-
tion of different T-cell sub-populations.'®

The aim of the present study was to elucidate the
mechanism by which hapten reduces antibody immune
response to a carrier. For this purpose, the effect of hap-
tens on protein degradation into peptides, and their pre-
sentation by APC followed by induction of specific cells
and cytokines were studied.

Materials and methods

Synthesis of adduct haptens

N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide hydro-
chloride (480 mg, 2.5 mmol) was added to a solution
containing biotin (400 mg, 1.7 mmol), disthiobiotin
(400 mg, 1.88 mmol) or lipoic acid (400 mg, 1.94 mmol)
and N-hydroxysuccinimide (250 mg, 2.17 mmol) in
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dimethylformamide (4 ml). After stirring for 0.5 hr at
room temperature, another solution of 2-mannosamine
or 2-glucosamine (400 mg, 2.2 mmol) dissolved in 1 ml
DMSO was added dropwise and the final solution was
stirred overnight at room temperature. Then the solvents
were removed and the products were isolated and puri-
fied by flash chromatography (silica gel, methanol :
dichloromethane, 5 : 95 as solvents). Using conventional
analytical methods, the pure products were identified as
mannosamine-biotin adduct (MBA), mannosamine—des-
thiobiotin adduct (MDTBA), mannosamine-lipoic acid
adduct (MLA) and glucosamine—biotin adduct (GBA).

Protein—hapten conjugation

MBA, GBA, MDTBA and MLA (1.5 mg each) dissolved
in DMSO were added to horse (hs) IgG, BSA, ovalbumin
(OVA) or hydrophilic recombinant gp100 (1 mg/ml each)
in 25 mMm phosphate buffer pH 6 (the molar concentra-
tion of the haptens was three orders of magnitude greater
than that of the proteins). After 1 hr at room tempera-
ture, NaBCNH; (2 mg in 50 pl double-distilled water)
was added to reduce the imine bond. Biotin (2 mg),
N-hydroxysuccinimide (1.2 mg) and N-(3-dimethylami-
nopropyl)-N'-ethylcarbodiimide hydrochloride (2 mg) in
DMSO (50 pl) were stirred for 0.5 hr at room tempera-
ture and were added to 1 ml of protein solution in PBS
(1 mg/ml). The solutions were mixed for 3 hr at room
temperature and dialysed with PBS. Excess reagent was
removed by filtration through an Amicon ultracentrifugal
filter device (MWCO 10 000). Hapten—protein conjuga-
tion efficiency was tested by available free amine test and
Western blot."” Free amine test is a quantitative method
that determines the reduction in the number of free
amines as a result of hapten attachment. The number
of free amines in the tested proteins was in the range of
12-20. Following conjugation, the number of free amines
was reduced to < 1 for all tested haptens.

Immunization of mice

BALB/c mice (10 weeks old; Harlan Laboratories, Jerusa-
lem, Israel) were injected intramuscularly with 50 pg of
carrier or hapten-conjugated carrier at 2-week intervals.
To avoid irrelevant effects, immunizations were carried
out without the use of adjuvant. Two weeks after each
injection, blood was drawn and sera were separated and
kept at —20° until analysis. All animal studies have been
reviewed and approved by an appropriate institutional
and national review committee.

Detection of antibody response

The presence of antibodies against carrier protein or hap-
ten in mouse sera following immunization with native or
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with haptenated carrier protein was tested by ELISA. Each
of the listed steps was followed by washes with 0.05%
Tween-20 in PBS (washing buffer). ELISA plates (Nunc)
were incubated overnight at 4° with carrier or with an
irrelevant protein conjugated to hapten, diluted in car-
bonate-coating buffer (pH 9.6) to a final concentration of
1 pg/ml. Blocking buffer was added (5% skim milk in
washing buffer) for 1 hr at 37°. Twofold serum dilutions
were added to the plate and incubated for 1 hr at 37°.
Plates were incubated with a secondary antibody, goat
anti-mouse IgG conjugated to horseradish peroxidase
(Sigma, Rehovot, Israel), diluted 1 : 5000 in PBS, for 1 hr
at 37°. A substrate solution, o-phenylenediaminedihydro-
chloride (Sigma), was added and optical density at
450 nm (OD,59) was determined by ELISA reader. Titre
values were determined as the reciprocal value of the two-
fold serial dilution end-point (twice the negative control
OD value) of the tested serum.

Detection of cytokines

The level of plasma cytokine [interleukin-10 (IL-10) and
IL-4] was measured with murine cytokine detection
ELISA kit according to the manufacturer’s protocol (Pep-
roTech, Rehovot, Israel).

BSA internalization and co-localization

BSA-MBA or BSA-biotin (50 pg) were added to 1 x 10°
RAW 264.7 line cells/well seeded on eight-well Lab-Tek
slides (Nunc, Roskilde, Denmark) for 3 hr at 37° and 5%
CO, followed by a washing step with 0.1% BSA in PBS.
Following fixation with 4% formaldehyde for 20 min at
room temperature, cells were permeabilized using 0.1%
saponin, and 2% BSA in PBS for 15 min and were blocked
using mouse serum for 1 hr. Detection of lysosome was
performed using 1 : 1000-diluted rat anti-CD107a/LAMP1
(Abcam, Cambridge, UK) and 1 : 5000-diluted donkey
anti-rat Alexa Fluor 647 conjugate (Jackson ImmunoRe-
search Laboratories, West Grove, PA). BSA-MBA or
BSA-biotin were detected using 1 : 2000-diluted FITC-
conjugated avidin (Sigma).The cells were imaged using a
Zeiss LSM-710 laser scanning confocal microscope.

Determination of protein-degradation pattern and pep-
tide sequence

For the preparation of proteolytic enzyme, 2 x 10® RAW
264.7 line cells were lysed by sonication (five cycles of 2 s
each at 40 W) in 100 pl of 340 mm sodium acetate buffer
(pH 5 with acetic acid) containing 0.1% Triton X-100,
4 mm EDTA and 8 mm dithiothreitol at 4°. Cell lysate
was centrifuged for 10 min at 25 000 g. Supernatants
were mixed with 5 pg BSA-biotin or BSA-MBA for up to
24 hr at 37° and analysed by mass spectrometry (MS).

118

Mass spectrometric analysis

Peptides were separated by an ultrafiltration step through
a 10 000 molecular weight Microcon (Merck Millipore,
Carrigtwohill, Ireland) and then desalted and concen-
trated with Micro-Tip reverse-phase columns (Cig,
200 pl; Harvard Apparatus, Holliston, MA). The peptides
were eluted with 80% acetonitrile in 0.1% trifluoroacetic
acid. The solvent was evaporated to dryness and the pep-
tides were dissolved in 0.1% trifluoroacetic acid. The
eluted peptides were analysed by nanoLC-MS/MS using
an Orbitrap XL mass spectrometer (Thermo Fisher, San
Jose, CA) fitted with a capillary HPLC (Eksigent, Dublin,
CA). The peptides were resolved on a C,g trap column
(0.3 x 5 mm, LC-Packings) connected online to 75-pm
internal diameter fused silica capillaries (Agilent J&W,
Santa Clara, CA) self-packed with 3.5-um Reprosil Cig
(Dr Maisch, GmbH, Germany) as described previously.*
The peptides were eluted at flow rates of 0.25 pl/min,
with linear gradients of 7-40% acetonitrile in 0.1% for-
mic acid for 90 min, followed by 15 min at 95% acetoni-
trile in 0.1% formic acid. Spectra were collected in the
orbitrap mass analyser using full ion scan mode over the
nmvz range 400-2000, which was set to 60 000 resolutions.
The seven most intense masses from each full mass spec-
trum, with singly, doubly and triply charged states, were
selected for fragmentation by collision-induced disintegra-
tion in the linear ion-trap.

The resolved peptides from the C;g column were also
analysed with the Q-Exactive mass spectrometer (Thermo
Fisher) fitted with a capillary HPLC (EASY-nLC 1000/
Thermo Fisher). Q Exactive analysis resolution was set for
the full MS to 70 000 at m/z of 200, automatic gain
control (AGC) to 3 x 10°, maximum ion time (IT)
100 ms and the dynamic exclusion of 20 s. The MS/MS
was set to a start at 100 m/z with resolution of 17 500 and
target AGC set to 1 x 10° with maximum IT of 50 ms
with normalized collision energy set to 25 eV. Analysis
was performed using PEAKS 7 (Bioinformatics Solutions
Inc., Waterloo, ON, Canada)?' searched against the mouse
part of the SWISS-PROT database (http://www.ebi.ac.uk/
swissprot, September 2013) including 16 528 mouse pro-
teins and the sequence of the BSA protein. The search was
not limited by enzymatic specificity, the peptide tolerance
was set to 0.007 Da, and the fragment ion tolerance was
set to 0.5 Da for Orbitrap data and to 0.01 Da for Q-exac-
tive data. Oxidized methionine, biotin (229.12 Da) and
mannosamine—biotin (339.13 Da) on lysine were searched
as variable modifications. False discovery rate for protein
and peptides was set to 1%.

BSA degradation by RAW 264.7 cell line

BSA-MBA or BSA-biotin (100 ng) was added to 1 x 10°
cell/well seeded in six-well plates for 3 hr at 37° under
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5% CO,. Cells were washed in the plate with 1% BSA in
PBS buffer. Cells were fixed with 1 ml/well 4% formalin
in PBS for 20 min at room temperature. Cells were per-
meabilized using 0.1% saponin and 2% BSA in PBS for
15 min at room temperature. Cells were washed in the
plate with permeabilization buffer and the protein was
detected using 1 : 2000-diluted FITC-conjugated avidin
(Sigma). Cells were washed and analysed in a BDcalibur
flow cytometer.

Analysis of spleen cell population

Forty-eight hours after boost immunization with hsIgG,
hsIgG—biotin or hsIgG-MBA, mouse spleens were extracted
and single-cell suspensions were prepared from each spleen
with gentle MACS dissociator (Miltenyi Biotec, Bergisch
Gladbach, Germany) in cold PBS. Following red blood
cell lysis with distilled water, cells were washed with 0.1%
BSA in PBS and counted. Cells were diluted to 1 x 10° in
100 pl and incubated with mixed, or separate (for compen-
sation), fluorescently conjugated antibodies using a mouse
regulatory T (Treg) cell staining kit (eBioscience, San
Diego, CA) according to the manufacturer’s protocol.
Background staining was determined using unreactive iso-

CH ,OH
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type-matched control monoclonal antibodies (eBioscience)
with gates positioned to exclude non-reactive cells. Flow
cytometry was performed using FACSAria (BD) and data
were analysed using Fcs express 4 software.

Statistics

ELISAs for immunogenicity and Treg cell population per-
centage were analysed using one-way analysis of variance,
non-parametric Kruskal-Wallis test. All the analyses were
performed with GRAPHPADPRISMS software.

Results

Reduction of the immune response to a carrier by
some haptens

The influence of haptens on the humoral immune
response raised against a carrier was tested using hsIgG as
the carrier. BALB/c mice were immunized twice with
50 pug of hsIgG or hslgG conjugated to various haptens
(Fig. 1a). Two weeks after the second injection, the level
of serum antibodies against hsIgG and the hapten was
determined by ELISA.

CH,OH CH,OH
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i iii
CH,OH

OH
OHHO
HO

o)
HNJkNH

O
H OH
(0]

Figure 1. Titres of antibodies against proteins
after conjugation of various haptens. (a)

Molecular structures of the tested haptens: (i) (b)
mannosamine-biotin adduct (MBA), (ii) man- 40 000 =
nosamine—desthiobiotin adduct (MDTBA), (iii)
mannosamine-lipoic acid adduct (MLA), (iv) SO080%)
glucosamine-biotin adduct (GBA), (v) man- ® 20 000 ~
nose, (vi) biotin. (b) Mice were immunized :i 10 000 -
twice intramuscularly, at 2-week intervals, with E L
horse IgG (hsIgG) or haptenated hsIgG. Anti- E 2000 = g2
carrier (hsIgG) or anti-hapten antibody titre 1500 -
was determined as the reciprocal value of the

twofold serial dilution end-point (twice the 1000
negative control OD value) of the serum as 500 -
tested by ELISA (n = 4 to 6). Bar values repre- 0 LK

sent mean antibody levels (£SD). *P < 0.05
for the differences between antibody titre to
hsIlgG-MDTBA, hsIgG-MLA and hsIgG-MBA,
and to hsIgG, hslgG-biotin, hsIgG-mannose
and hsIgG-GBA.

© 2014 John Wiley & Sons Ltd, Immunology, 144, 116-126
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Immunization of mice with hslgG elicited mean anti-
body titres of 15 000 (Fig. 1b). Conjugation of hsIgG to
MBA, MDTBA or MLA significantly reduced (> 100-fold)
the mean titres of anti-carrier antibodies compared with
native hsIgG. In contrast, neither the MBA building
blocks biotin and mannose, nor GBA reduced hslgG
immunogenicity (Fig. 1b). Hence, certain haptens have
the unique ability to reduce antibody responses to the
carriers, termed carrier immunogenicity reducing haptens
(CIRH), while others do not, termed carrier immunoge-
nicity non-reducing haptens (nCIRH).

All of the haptens elicited an anti-hapten antibody
response, regardless of the reduction in antibody response
to the carrier (Fig. 1b). No correlation was found
between the antibody levels raised against the haptens
and those raised against the carriers (Fig. 1b).

Reduction of the antibody response to a carrier by
CIRH is not a consequence of the carrier-protein’s
nature or the antibody’s response to the hapten

The phenomenon of a reduction in antibody titre follow-
ing protein conjugation to a specific CIRH was tested
with various carriers that were conjugated to MBA as the
CIRH.

BALB/c mice were immunized with 50 pg of native or
haptenated gp100, BSA or OVA twice at 2-week intervals.
Two weeks after the second injection, serum antibody
titre levels against the carrier and against the hapten were
determined by ELISA. Immunization with gp100, BSA or
OVA elicited mean antibody titre levels of 12 400, 684
and 168, respectively. Conjugation of MBA significantly
reduced the mean antibody titres to 600, 190 and unde-
tectable, respectively (Fig. 2). Mean antibody titres of
14 700, 2200 and 2000 were found against the hapten fol-
lowing immunization with gpl100-MBA, BSA-MBA and
OVA-MBA, respectively. In general, conjugation of hap-
ten to an immunogenic carrier (gpl100) elicited a higher
hapten-specific antibody titre than its conjugation to a
less immunogenic carrier (BSA or OVA). The reduction
in the immune response to the carrier was not correlated
to the anti-protein or anti-hapten responses.

Reduction of antibody response by CIRH is
conjugated-carrier specific and not systemic

The CIRH was found to reduce the antibody response to
its covalently attached carrier. To determine the need for
the CIRH to be conjugated to the carrier to reduce the car-
rier’s immunogenicity, mice were immunized with hsIgG
mixed with free MBA or with MBA conjugated to BSA.
Immunization with hsIgG elicited mean antibody titres
of 753 and 15 237 following the first and second injec-
tions, respectively (Table 1). Immunization with hsIgG in
a mix with MBA elicited a mean antibody titre similar to
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&3 Anti-carrier following native
protein immunization

g2 Anti-carrier following haptenated
protein immunization

E3 Anti-hapten

Antibody titre

BSA OVA
Immunized antigen
Figure 2. Antibody titres against various carriers following conjuga-
tion to mannosamine—biotin adduct (MBA). Mice were immunized
twice, at 2-week intervals, with native or haptenated gp100, BSA or
ovalbumin (OVA). Anti-carrier or anti-hapten antibody titre was
determined as the reciprocal value of the twofold serial dilution end-
point (twice the negative control OD value) of the serum as tested
by ELISA (n = 4 to 6). Bar values represent mean antibody titre lev-
els (£SD).*P < 0.05 and **P < 0.01 for the differences between
anti-carrier antibody titre levels following immunization with native
protein or MBA-conjugated carrier.

the native hsIgG. No reduction in anti-hsIgG antibody
titre was observed following injection of hsIgG mixed
with free MBA or MBA conjugated to BSA. Hence, the
immune-response-reduction effect of CIRH is specific to
the conjugated carrier, rather than systemic.

Only a protein carrier can elicit an immune response
against the tested haptens

Immunization of mice with MBA conjugated to self or
non-self proteins elicited an anti-hapten antibody
immune response (Table 2). To test the necessity of pro-
tein as an hapten carrier to elicit an immune response,
mice were immunized with MBA conjugated to polysty-
rene microparticles, and no antibody response was trig-
gered (Table 2). In mice immunized with free MBA, no
antibody against MBA was found.

Protein—CIRH boost injection to mice pre-immunized
with native protein reduces recall antibody response

The ability of CIRH to suppress the secondary anti-car-
rier humoral immune response in mice immunized with
the native protein was tested in mice that were immu-
nized twice with native hsIgG, followed by a third injec-
tion of hsIgG-MBA. The two injections with hsIgG
elicited specific anti-carrier antibodies with a mean titre
of 15 200. The third injection of hslgG increased the
mean antibody titre to 44 800. However, if the third
injection was with hsIgG-MBA, the mean antibody titre
did not increase, remaining at 14 600 (Fig. 3).

© 2014 John Wiley & Sons Ltd, Immunology, 144, 116-126



Table 1. Antibody titre against horse serum IgG, mixed with man-
nosamine-biotin

First

injection Second

antibody injection

titre antibody titre
Immunizing antigen Mean  SD Mean SD
hsIgG 753 217 15 237 2254
hsIgG + MBA (not conjugated) 659 260 14 600 3010
hsIgG + BSA-MBA 720 310 13 100 3940
hsIgG-MBA (conjugated) <32* 77% 15

Mice were immunized twice, at 2-week intervals, with horse IgG
(hsIgG), hslgG mixed with mannosamine-biotin (MBA) or hapte-
nated hsIgG. Anti-carrier (hsIgG) antibody titre was determined as
the reciprocal value of the twofold serial dilution end-point (twice
the negative control OD value) of the serum as tested by ELISA
(n =4 to 6). Titres < 32 are equal to non-immune serum.

P < 0.05 for the differences between anti-carrier antibody titre levels
following immunization with MBA-conjugated carrier and other
treatments.

Table 2. Antibody titres against hapten conjugated to self-protein or

microparticles

Anti-hapten antibody titre
Immunizing antigen Mean SD
hsIlgG-MBA 7780 902
Mouse IgG-MBA 2809 825
Microparticles—-MBA < 32"
Unconjugated MBA <327

Mice were immunized twice with horse IgG conjugated to mannos-
amine-biotin (hsIgG-MBA), mouse IgG-MBA or microparticles—
MBA. Anti-hapten antibody titre was determined as the reciprocal
value of the twofold serial dilution end-point (twice the negative
control OD value) of the serum as tested by ELISA (n =4 to 6).
Titres < 32 are equal to non-immune serum.

P < 0.05 for the differences between anti-MBA antibody titre levels
following immunization with MBA-conjugated proteins and other
treatments.

In mice immunized twice with hsIgG-MBA the anti-
carrier-specific mean antibody titre level was 90. Follow-
ing a third injection with hsIgG-MBA, mean antibody
titre increased to 2800. A third injection with native
hsIgG induced a mean antibody titre of 8700, not signifi-
cantly different from the second immunization with
native carrier protein.

Haptenated proteins internalize normally to the
lysosome

Binding of CIRH to the free amine group alters the
isoelectric point of the carrier protein (e.g. for hslgG,

© 2014 John Wiley & Sons Ltd, Immunology, 144, 116-126
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Figure 3. Antibody titre of immune response against carrier follow-
ing third injection of native horse serum IgG (hsIgG) or hsIgG
conjugated to mannosamine-biotin (hsigG-MBA) into mice pre-
immunized with hsIgG or hsIgG-MBA. Mice were immunized three
times with hsIgG or hsIgG-MBA. Antibody titres were determined
as the reciprocal value of the twofold serial dilution end-point (twice
the negative control OD value) of the serum as tested by ELISA
(n = 6). Symbol values represent antibody mean titres (£SD). Black
circle: hsIgG-MBA, all three injections; black triangle: hslgG, all
three injections; inverted, white triangle: third injection, hslgG—
MBA following two injections of hsIgG; white circle: third injection,
hsIgG following two injections of hsIgG-MBA. *P < 0.05 and
**%Pp < 0.001 for the differences between antibody titre levels against
hsIgG and antibody titre levels against hsIgG-MBA at the same
time-point.

from 6.5 to 4.9). This might affect the protein’s solubility
and its internalization and transport to the lysosome by
APC. Any alteration in this pathway might affect the
immune response. To test the effect of hapten binding on
the carrier’s endocytic route, a mouse macrophage cell
line was incubated for 3 hr with BSA-biotin (nCIRH) or
BSA-MBA (CIRH). Cells were then washed, fixed and
permeabilized. BSA conjugated to biotin or MBA was
detected with avidin (red) and lysosome was detected
with anti-LAMP1 (green). BSA-biotin and BSA-MBA
were co-localized to the cell lysosome (Fig. 4). No differ-
ence between nCIRH and CIRH was found in terms of
the carrier—hapten lysosome co-localization. Hence, inter-
nalization and lysosome localization were not affected by
conjugation of the protein to CIRH and cannot explain
the reduction in antibody titre.

CIRH affects the degradation kinetics and pattern,
and the amount of peptide derived from the carrier
protein

To determine degradation patterns of hapten-conjugated
proteins by cathepsins, BSA-biotin or BSA-MBA were
incubated with macrophage lysosome extract or with live
macrophages. Degradation products at 24 hr were analy-
sed by MS. The haptens were found to be conjugated to
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Carrier-hapten Merge

Lysosome

BSA-biotin

BSA-MBA

(a)

+
MKWVTFISLLLLFSSAYSRGVFRRDTHKSEIAHRFKDLGEEHFKGLVLIAFSQYLQQCPFDEHVKLVNELTEFAKTCVADESHAGCEKSLH

+
e 2 + *
TLEGDELCKVASLRETYGDMADCCEKQEPERNECFLSHKDDSPDLPKLKPDPNTLCDEFKADEKKFWGKYLYEIARRHPYFYAPELLY YA

NKYNGVFQECCQAEDKGACLLPKIETMREKVLTSSARQRLRCASIQKFGERALKAWSVARLSQKFPKAEFVEVTKLVTDLTKVHKECCH

GDLLECADDRADLAKYICDNQDTISSKLKECCDKPLLEKSHCIAEVEKDAIPENLPPLTADFAEDKDVCKNYQEAKDAFLGSFLYEYSRRH

PEYAVSVLLRLAKEYEATLEECCAKDDPHACYSTVFDKLKHLVDEPONLIKQNCDQFEKLGEYGFQNALIVRY TRKVPQVSTPTLVEVSRS

+
LGKVGTRCCTKPESERMPCTEDYLSLILNRLCVI HEKTPVSEKVTKCCTESLVNRRPCESALTPDETYVPKAFDEKLFTFHADICTLPDTEK

Figure 4. Localization of haptenated protein in
macrophage cellular compartment. Confocal
microscopy analysis of antigen-presenting cells.
RAW cells were seeded on eight-well Lab-Tek
plates and incubated with 50 pug BSA conju-
gated to mannosamine-biotin (BSA-MBA) or
BSA-biotin for 3 hr at 37°. After washing, fixa-
tion and permeabilization steps, intracellular
staining for lysosome was performed with anti-
LAMPI (green) and carrier staining with avi-
din (red). Original magnification, 63 x Oil
Bars, 10 pm.

Figure 5. Degradation of haptenated BSA by
lysosomal proteases and in live cells. BSA-bio-
tin or BSA-mannosamine-biotin (MBA) were
incubated for 24 hr with macrophage (RAW

264.7) cell line lysate in sodium acetate buffer.

+
*
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(a) Degradation products of BSA, BSA-biotin
or BSA-MBA were analysed by LC-MS/MS for

Number of detected

peptide sequence. (b) Macrophages were incu-
bated with haptenated carriers, BSA-biotin or

BSA-MBA, for 3 hr. The level of the haptenat-

ed carriers was monitored at various time

BSA
BSA-biotin Protein % Coverage peptides
BSA-MBA BSA 82 238
+ Biotin modification BSA-biotin 60 113
* MBA modification BSA-MBA 34 51
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the peptides following the enzymatic degradation, and
peptides of different lengths and sequences were derived
from the same protein in its native form or modified
with CIRH or nCIRH (Fig. 5a). The number of peptides
derived from degradation of BSA-MBA was significantly
less than those of BSA-biotin or native BSA (51, 113,
238, respectively), as detected by MS (data summarized
in table of Fig. 5a). Those peptides cover 34, 60 and
82%, respectively, of the BSA sequence. The reduction
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points up to 18 hr. The cells were fixed, per-
meabilized and intercellularly stained with avi-
din—FITC. Fluorescence analysis was performed
by flow cytometry. The results are shown as
calculation of geometric mean fluorescence
intensity (MFI) ratio between time 0 and
four time-points over 18 hr (£SD of three
independent experiments). *P < 0.05 for the
differences in the degradation rates between
BSA-MBA and BSA-biotin.

effect of CIRH on protein degradation rate was sup-
ported by flow cytometry analysis with live cells in
which BSA-biotin or BSA-MBA was incubated with live
macrophages for 3 hr in a pulse and chase manner.
During this period, the proteins were in saturation.
Next, the cells were washed and the presence of hapte-
nated BSA in the live cells was monitored over 18 hr at
different incubation times by fixation and permeabiliza-
tion of the cells, and intercellular staining of the protein
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with avidin conjugated to fluorescent dye. A reduction
in fluorescence intensity at 3, 6 and 18 hr indicates a
significant reduction in the degradation rate of BSA—
MBA compared with BSA-biotin (Fig. 5b).

Elevation in Treg cell population in hsIgG-MBA-
immunized mice

To test the effect of CIRH on the Treg cell population,
mice were immunized with hsIgG, hsIgG-MBA (CIRH),
hsIgG-biotin (nCIRH) or saline. Forty-eight hours after
the second immunization, splenocytes were isolated and
stained for CD4%, CD25" and FoxP3". It was found
that in mice immunized with hsIgG, hsIgG-biotin or
saline, the percentage of FoxP3" out of CD4" cells was
12.6, 12.16 and 11.4, respectively. Immunization with
hsIgG-MBA induced a significant elevation in Treg cells
to a mean of 13.9 (Fig. 6a,b). No differences were
found in the CD3" or CD19" cell population (data not
shown). The experiment was repeated twice, with simi-
lar results.

(@)
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CIRH affects levels of plasma cytokines IL-4 and
IL-10

To test the effect of CIRH on the cytokines levels, mice
were immunized with hsIgG, hsIgG-MBA (CIRH),
hsIgG-biotin (nCIRH) or saline. Twenty-four hours after
the second immunization, plasma cytokine levels were
determined by ELISA. The mean plasma IL-4 levels in
hsIgG-immunized, hsIgG-biotin-immunized and saline-
immunized mouse groups were 222.28, 162.79 and
220.89 pg/ml, respectively; IL-4 levels in the hsIgG-MBA
group were significantly decreased to 43.7 pg/ml. The IL-
10 level in hsIgG-MBA-immunized mice was 2022 pg/ml,
significantly higher than in the hsIgG-injected and hslgG—
biotin-injected mice (863.99 and 1349.71, respectively),
but similar to the saline control (Table 3).

Discussion

One of the important hallmarks of the immune system is
its ability to react differently by distinguishing between
different pathogenic stimuli. To achieve an appropriate
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Figure 6. T regulatory (Treg) cell population by flow cytometry analysis. Splenocytes were isolated and stained for CD4" and CD25" followed by

intracellular staining for FoxP3". CD25", FoxP3" cell frequencies out of CD4" within the indicated gates are shown. Mice were immunized with

horse serum (hs) IgG (i), hsIgG-biotin (ii), hsIgG— mannosamine—biotin (MBA) (iii), and saline (iv) (n = 6) and data represent two independent
experiments (a). Bar values represent FoxP3" percentage mean of gated CD4" (£SD) (b). **P < 0.01 for the differences between hslgG-MBA-

and hsIgG-, hsIgG-biotin- or saline-immunized mice.
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Table 3. Cytokine levels in immunized mice

hsIgG hsIgG-biotin hsIgG-MBA Saline
Plasma cytokine Mean SD Mean SD Mean SD Mean SD
IL-4 (pg/ml) 222.28 91.14 180.79 50.8 43.7% 26.01 220.89 47.7
IL-10 (pg/ml) 863.99 335.81 1349.71 284.62 2022.81% 327.15 2423.81% 20.79

Mice were immunized twice with horse serum (hs) IgG, hsIgG-biotin, hsigG—mannosamine-biotin (MBA) or saline. Twenty-four hours after the

second immunization, mouse plasma was tested by ELISA. Plasma cytokine levels are presented as pg/ml (& SD).

P < 0.05 between different treatments in the same tested cytokine.

balance between effector and regulatory responses over
the course of an infection, several layers of regulation are
required. One of these is likely provided by the infection-
driven conversion of Foxp3* Treg cells.”” Aside from
evidence that natural Treg cells arise and mature in the
thymus, there is clear evidence that they can develop in
the periphery under certain conditions.

Activation of Treg cells may be achieved by APC,
which can orchestrate the immune response via regula-
tion of peptide-loaded MHC molecules for T-cell recep-
tors.”” In APC, antigen-processing is mediated by the
cathepsins, which recognize a certain motif in the antigen
and degrade the protein to peptides.** Protein modifica-
tion may affect their normal recognition and cleavage by
cathepsin and thereby influence the peptide-MHC class II
repertoire.

The aim of this study was to explore the mechanism by
which hapten reduces the antibodies immune response to
its carrier. This was done by comparing the effect of vari-
ous haptens on the immunogenicity of various protein
carrier conjugates and by analysing the effect of hapten
on protein internalization and degradation to peptide by
APC. The effect of haptens on protein immunogenicity
has been tested previously.'”'? In this study, mice were
immunized with hsIgG as a potent immunogenic carrier
conjugated to MBA, MDTBA, MLA, GBA, mannose or
biotin.

One possible explanation for the reduction in antibody
immune response is the masking effect, which can be
achieved by conjugation of molecules to a protein’s sur-
face.”® Immunization with hsIgG conjugated to MBA,
MDTBA or MLA significantly reduced the antibody
immune response against hsIgG. In contrast, conjugation
of mannose or biotin, which are the building blocks of
MBA, did not reduce the immune response to the carrier
(Fig. 1a,b). Interestingly, conjugation of GBA, a stereoiso-
mer of MBA that differs only in the stereochemistry at
the C-2 position, did not reduce the immune response in
a similar manner (Fig. la,b). Considering that the hap-
ten-to-carrier ratio and the degree of binding to available
free amines are identical for all haptens and that there are
relatively minor differences in the molecular weights of
the various haptens, these results suggest that the
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reduction effect on the antibody response is not due to a
passive physical masking effect of the carrier epitopes by
the haptens, but rather that an active mechanism is
involved in this reduction by CIRH. Moreover, polyclonal
antibody raised in mice against the native protein can
effectively bind the haptenated protein in vitro as tested
by ELISA (data not shown). Another possible explanation
for the reduction in immune response might be an im-
munodominant effect of the hapten.

Immunodominance is described as epitopes in an anti-
gen that are preferentially recognized by B and T cells,
and hence the immune response focuses on only a few of
the many potential epitopes on the antigen.”® However,
the haptenated carriers induced an antibody response
against the hapten, regardless of its type (CIRH or
nCIRH) (Fig. 1b) and regardless of the nature of the car-
rier (Fig. 2). The antibody response against the haptens
was not correlated with the reduction in immune
response against the carrier (Fig. 1b). Hence, the reduc-
tion in the antibody response to the carrier cannot be
explained by an immunodominant effect of the hapten.

The immune-response-reducing ability of CIRH was
demonstrated on various known carriers, including BSA,
OVA and gpl00, a member of a family of melanoma/
melanocyte differentiation antigens strongly expressed in
most melanomas and known as a potent immunogenic
protein27 (Fig. 2). Hence, the decrease in carrier immu-
nogenicity by conjugation of CIRH to the carrier protein
is a general phenomenon that is not dependent on the
nature of the protein.

To determine whether the reduction effect by CIRH is
systemic or specific to the conjugated protein, mice were
immunized with hsIgG mixed with, but not conjugated
to MBA, or with MBA conjugated to BSA. No reduction
in the anti-hsIgG antibody immune response was
observed following immunization of mice with native
hsIgG without chemically conjugating the CIRH to the
carrier (Table 1). Hence, the reduction effect of CIRH
only applies to the conjugated protein and it does not
reflect systemic suppression of the immune response.

To determine whether carrier-specific memory B cells
can be stimulated by haptenated proteins, hsIgG-MBA
was injected into mice pre-immunized with hsIgG. Even
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though antibody induced by the native protein can bind
the haptenated protein in vitro, no induction of antibody
response was observed in vivo (Fig. 3). This result sug-
gests that there is no further activation of B cells, because
of suppression or skew of the immune response from the
B cells.

Triple immunization of mice with hsIgG-MBA induced
a mean titre of hsIgG-specific antibodies of 2800, a 16-
fold reduction as compared to the antibody titre induced
following triple immunization with native hsIgG. Immu-
nization with native hsIgG in mice pre-immunized twice
with hsIgG-MBA elevated the antibody titre against
hsIgG to 8700, significantly higher than that to hsIgG—
MBA (Fig. 3). This suggests that immunization with
haptenated carrier induces memory cells, but not anti-
carrier plasma B cells.

To examine whether the B-cell response to the hapten
is T-cell-dependent, mice were immunized with free
MBA, or MBA conjugated to polystyrene beads to imitate
the multivalent effect. Hence there were no protein-
derived peptides for the activation of T cells by APC
through the MHC molecule. No induction of antibody
was found following immunization with the free MBA or
with beads conjugated to MBA (Table 2). This result
indicates that the B-cell response to hapten is T-cell-
dependent, in agreement with previous studies using
other haptens.'!

To initiate a T-cell-dependent immune response, anti-
gens must first be internalized by APC, transported to
the lysosome and digested by proteases into peptides
that can be loaded and presented by the MHC class 1I
molecule. Chemical modification of proteins may alter
their cleavage sites, resulting in the generation of differ-
ent peptides. To test the effect of the conjugation of
CIRH versus nCIRH on carrier internalization, BSA—
MBA or BSA-biotin were incubated with the macro-
phage cell line for 3 hr. Following incubation, the pro-
teins were analysed for their intracellular location by
confocal microscopy. The conjugation of nCIRH and
CIRH to BSA did not affect BSA internalization and
localization to the lysosome (Fig. 4). To determine the
effect of the conjugation of CIRH in comparison to
nCIRH on the carrier’s degradation to peptides, BSA—
MBA or BSA-biotin were incubated with macrophage
lysosome extract. Degradation of the proteins and the
peptides derived from the degraded proteins were analy-
sed by MS. The kinetics of the degradation in the cells
was slower in BSA-MBA than in BSA-biotin as tested
by incubating the haptenated proteins with live macro-
phages for 3 hr, washing the cells, and monitoring the
presence of the haptenated BSA in the cells by flow
cytometry using fluorescent dye for the protein (Fig. 5b).
Analysis by MS showed the generation of peptides of
different lengths and sequences from BSA-MBA (CIRH)
compared with BSA-biotin (nCIRH) or native BSA
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(Fig. 5a). In addition, on part of the peptide, the hapten
modification was found to be attached (Fig. 5a), mean-
ing that part of the peptides may be presented on the
MHC molecule with the hapten. The relatively low fre-
quency of MBA compared with biotin modification on
the detected peptides may be explained by the low num-
ber of peptides obtained following degradation of BSA-
MBA (Fig. 5a). This alteration in protein processing by
APC may be a key point in understanding the impact of
modification on the generation of protein-derived pep-
tides for presentation on MHC molecules to activate the
corresponding T cells. As any given TCR is specific for a
unique combination of a particular peptide and a partic-
ular MHC molecule, the presence, absence or new pep-
tides generated from the same protein may lead to
inactivation or activation of different T-cell subpopula-
tions. Examination of the lymphocyte population in
mice following boost immunization with hsIgG-MBA
revealed significant elevation in the Treg cell population
compared with mice that were immunized with native
hsIgG, hsIgG-biotin or saline (Fig. 6a,b). A possible
model for the involvement of Treg cells in reduction of
antibody response against the carrier is that part of the
haptens (the intrinsic properties of which could not be
generalized in this study) may activate a pathway in
APC or specifically B cells, which induces the transfor-
mation of part of T helper cells into Treg cells. As the
reduced response by CIRH is not systemic, these Treg
cells may be antigen-specific. In a previous study it was
found that the immune response elicited by haptens is
TLR-independent, and CD4" T-cell responses to hapte-
nated antigens are therefore largely MyD88-independent,
differing from the response to protein.'' This may
explain how those Treg cells are involved in the suppres-
sion of the response to the carrier but not to the hapten,
which triggers the antibody production via an alternative
pathway. In further analysis of plasma cytokines, lower
levels of IL-4 were found in hsIgG-MBA-immunized
mice than in those immunized with native hslgG,
hsIgG-biotin or saline. Plasma IL-10 levels were lower in
mice immunized with native hsIgG and hsIgG-biotin
than in saline-immunized and hsIgG-MBA-immunized
mice. No differences were found in the cytokine levels
between native hsIgG-immunized and hsIgG-biotin-
immunized mice (Table 3). To analyse the cytokine lev-
els, blood was drawn 24 hr after boost injection. Because
each cytokine has an optimal point for sampling and a
relatively short protein half-life, the differences in the
cytokine levels between the groups, rather than the abso-
lute levels, were considered. The differences in the
plasma cytokine levels emphasize the different activation
of the immune response following immunization of mice
with conjugated CIRH.

In previous studies, reduction of the immune response
against proteins following their conjugation to haptens
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was presented as a general phenomenon, without discrim-
inating CIRH from nCIRH.'”"" In this study, different
types of haptens were shown to have different impacts on
the immune response. This research provides insight into
the potential effect of protein modification on activation
or silencing of the immune response. Post-translational
modification, directed and spontaneous, of self-antigens
can explain the loss of immune tolerance to self-antigens
by creating new antigens that alter the processing and
presentation of peptides.'® For instance, post-translation-
modified type II collagen has been shown to contribute
to the development of arthritis.”®

In conclusion, some haptens reduced carrier-protein
immunogenicity, but all of the tested haptens induced
anti-hapten antibodies, regardless of their ability to
reduce the immune response against the carrier. In the
current study, the effect of haptenation on protein degra-
dation for presentation on MHC by APC and the subse-
quent alteration in the immune response were explored.
Further analysis of this mechanism could provide a better
understanding of the interaction and impact of protein
modification on the immune response, particularly its
role in autoimmune diseases and allergy.
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