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An easily synthesized DendriGraft poly-lysine DGL-G3 (third generation) was shown to act as an efficient carrier
for raising antibodies directed against small molecules. The immunological properties of three different forms of
DGL-G3 were investigated: the native form (molecular weight 22 kDa bearing a mean number of 123 surface
amino groups as TFA salts), a form modified at the C-terminus by fluorescein (fluorescein-DGL-G3), and last a
surface-modified form bearing histamine (DGL-G3-Histamine). Our studies demonstrate the native DGL-G3 to
be inefficient in eliciting antibody production in rabbits. Immunizations of rabbits using the core-modified
fluorescein-DGL-G3 or the surface-modified DGL-G3-histamine conjugate failed in eliciting antibody production.
Conversely, following a primary immunization using a BSA-histamine conjugate, a second immunization with
DGL-G3-histamine conjugate improved the production of specific hapten-directed antibodies, which demonstrates
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the utility of DGL-G3 as a carrier for the production of highly specific antibody against haptens.

Introduction

The use of synthetic peptide antigens for the production of
vaccines'? as well as the use of haptens for the production of
antibodies for diagnostic immunoassays®~'* suffers the problem
of finding carriers devoid of side effects.'* An advantageous
carrier should be poorly (or preferentially non) immunogenic,
allow or enhance the immune response specifically toward
peptides or haptens, and also bear multiple immunogenic targets.
Consequently, the carrier should present many functional groups
(e.g., amines, carboxylic acids) easy to derivatize and resist to
the denaturation by the organic solvents potentially needed
during the immunoconjugate synthesis process. Moreover, it
must be nontoxic, inexpensive, and the final conjugate must be
water-soluble.

All known natural carriers (e.g., BSA, KLH, HSA) are
strongly immunogenic.'> Synthetic carriers like poly-[Lys-(D,L-
Ala)*] or poly tuftsins are less immunogenic but produce a weak
immune response compared with KLH or BSA.'*™'? Linear
poly-L-lysines (PLL)*° and polyaminoamide dendrimers (PAM-
AM)?' show a weak (but non-null) intrinsic immunogenicity.
So far, the dendrons of L-lysine are synthetic nonimmunogenic
carriers, a property that prompted their utilization in the synthesis
of multiple antigen peptides (MAPs) (Scheme 1A) designed to
be used for the production of synthetic vaccines.'>**~2°
Following this aim, nonimmunogenic linkers should preferably
be selected to anchor the antigen to the carrier. For vaccine
production, the most direct strategy to obtain conjugates is to
build a MAP carrier—peptide construct in the synthesis stage
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by means of the solid-phase method.?*?” Anchorage is then
simply ensured by a peptide bond. This technique of synthesis
is limited to epitope-like peptides with molecular weights (MWs)
lower than 4 kDa. This limitation is the result of the accumula-
tion of deletions, truncations, and side-reactions along the
numerous steps of synthesis.?**°

An alternative strategy to prepare MAPs is to use homoge-
neous phase methodology. In this case, MAPs are finally
obtained by ligation of pure peptide epitopes (independently
synthesized, purified, and analytically controlled) to a nonim-
munogenic carrier with a targeted MW around 20 kDa. In this
case, the challenge is to connect the epitope to the synthetic
carrier by a nonimmunogenic linker. This strategy has been
developed by several groups.*®~’

Similar strategies can be used in the field of antibody
production for diagnostic immunoassays. The difficulty lies in
the linker choice used to attach the hapten to the carrier. Its
intrinsic immunogenicity must be balanced. In a previous work,
we developed a successful strategy using two different types
of carriers;® > the two primary immunizations involved a highly
immunogenic natural bovine or human serum albumin and the
third one involved a linear poly-L-lysine, which is less im-
munogenic but not completely furtive. A reduced glutaraldehyde
was chosen as a linker leading to highly specific and affine
antibodies directed against the hapten.> >

In this present work, our objective was to find a truly
nonimmunogenic carrier with a minimum MW around 20 kDa
and a large number of peripheral reactive groups for hapten
conjugation.>'*'> We chose to study the third generation of
dendrigraft poly-L-lysine (DGL-G3), a synthetic polymer with
an idealized structure constituted by nine equivalent dendrons
(Scheme 1B—D) linked to the core. The core is a linear poly-
L-lysine with an average of eight monomers. Each dendron looks
like the traditional Tam-type (MAP) dendron synthesized from
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2 (A) Traditional Tam-type dendron structure (MAP) of L-lysine synthesized from Merrifield-resins with DPA (2,4-(dimethoxylbenzyl)-phenoxyacetic
acid) as a linker. Idealized structure of the same DGL-G3 are displayed. (B) One of the nine idealized dendrons of the overall structure. (C) The full DGL
split along the core and (D) the native bulky form considered as globular.*® Red, blue, and black colors represent the three steps of the DGL-G3 synthesis

as described in Scheme 2.

Scheme 2. DGL-G3 Synthesis from N*-TFA-Lys-NCA
Polymerization (Steps 1, 3, and 5)
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2 TFA protecting groups are removed under alkaline conditions (steps
2, 4, and 6). Color code: DGL-G1 (red) and additional lysine molecules
grafted on DGL-G1 (blue) and on DGL-G2 (black).

Merrifield resins (Scheme 1 A). DGL-G3 is readily available
by synthesis with an MW of 22 kDa.*®3 Its empirical formula
is KgK15® = 123 with K = lysine, where Ky is the number of
lysines in the core of the dendrigraft; K,s is the number of
lysines at the interior; 3 is the generation; and 123 is the number
of terminal amino groups. DGL-G3 has the structure of a
dendrigraft polymer. Such dendrigraft structures were first
described by Tomalia®® and Gauthier*'** with monomers
different from amino acids.

Here we report on the DGL-G3 immunogenic properties for
three different forms (the native form and two modified forms),
establishing the utility of DGLs as carriers in raising antibodies
against hapten for diagnostic immunoassays.

Experimental Section

Chemicals. The third generation of native DGLs TFA salts (Scheme
1) and core-labeled with fluorescein (fluorescein-DGL-G3 or fluorescein-
KK 15°=123) were supplied by COLCOM (Clapiers, France) as a gift
and used without further purification. New Zealand female rabbits were
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Figure 1. Schematic representation of DGL-G3-histamine or BSA-
histamine structures.

purchased from Charles River (Saint-Aubin-les-Elboeuf, France) and
histamine dihydrochloride was purchased from Acros Organic (Noisy-
le-Grand, France). The 25% aqueous solution of glutaraldehyde was
acquired from JT Baker (Paris, France). Bovine serum albumin fraction
VI (BSA) was bought from Sigma-Aldrich (Saint-Quentin-Fallavier,
France). Sheep antirabbit immunoglobulins G (IgG) labeled with
horseradish peroxidase and ortho-phenylene diamine (OPD) were
purchased from Bio-Rad (Marnes-la-Coquette, France).

Immunoconjugates Synthesis. BSA-histamine and DGL-G3-
histamine (Figure 1) were synthesized according to a previously
described method.>™ In brief, derivatized histamine was coupled to
BSA or DGL-G3-TFA salt by glutaraldehyde. The resulting imine
intermediates were reduced to stable covalent bonds using borohydride
according to a previously described method.**~*¢

Immunization Protocol. Eight New Zealand female rabbits were
prebled at day O preceding immunization. Then, rabbits were subcu-
taneously inoculated with 1 mL of a solution containing 150 ug of
immunogens in an emulsion of 500 uL of 0.15 M sodium phosphate
and 500 uL of Freund’s complete adjuvant (Difco, Detroit, Michigan).
Four different immunizations were done depending on the DGL
immunogen used (Figure 1) by injection of: (1) native DGL-G3-TFA
salt at days 0, 21, 36, and 96 (Batch 1), (2) fluorescein-DGL-G3 at
days 0, 21, and 36 (Batch 2), (3) DGL-G3-Histamine at days 0, 21,
36, and 96 (Batch 3), and (4) BSA-histamine at day 0, followed by
injection of DGL-G3-histamine at days 21, 36, and 96 (Batch 4).

Sera collected 15 days after immunization (days 21, 36, and 96)
were separated after blood coagulation by centrifugation at 2500 rpm
for 10 min and stocked at —80 °C. All immunizations were done in a
certified breeding center (agreement number B-34-172-23) in compli-
ance with the local ethics committee.


http://pubs.acs.org/action/showImage?doi=10.1021/bm9012056&iName=master.img-000.jpg&w=359&h=251
http://pubs.acs.org/action/showImage?doi=10.1021/bm9012056&iName=master.img-001.jpg&w=238&h=109
http://pubs.acs.org/action/showImage?doi=10.1021/bm9012056&iName=master.img-002.png&w=202&h=50

Nonimmunogenic DGL

Antibody Production and Characterization. Two tests were used:
an indirect ELISA test to analyze antibody production and a competitive
ELISA test to check the affinity of antibodies against the histamine
hapten.

Indirect ELISA was performed on 96-well plates (NUNC, Maxisorp;
Pierce Interchim, Montlucon, France). The well-plates were filled at 4
°C with 50 uL per well of immunoconjugate (DGL-G3, fluorescein-
DGL-G3, DGL-G3-histamine, or BSA-histamine) or carrier (DGL-G3
or BSA) at 10 ug mL~" in 107> M phosphate buffered saline (PBS)
and allowed to stand overnight under orbital shaking. Wells were then
rinsed twice with PBS and saturated for 2 h at 37 °C with 50 uL of
5% silk milk in PBS. Next, wells were rinsed twice with PBS and
filled at 2 h at 37 °C with 50 uL of serum serially diluted (1/100 to
1/512 000) in 0.5% silk milk PBS buffer. Well plates were then washed
with PBS and filled with 50 uL of 0.4 ug mL™! sheep antirabbit IgG
peroxidase diluted in PBS. After 1 h at 37 °C, wells were washed twice
with PBS, and the color reaction was initiated by the addition of 200
uL of a 33% OPD solution. The colorimetric reaction was stopped
after incubation for 15 min in the dark by the addition of 25 uL of a
4 N H,SOy solution per well. The optical density (OD) was measured
at 492 nm on an ELISA plate reader (Labsystems Multiskan Ex, Thermo
Electron Corporation France). The blank control consisted of reactions
made on noncoated wells. The B value corresponds to the OD value
of the sample corrected by subtraction of the blank.

Competitive ELISA was performed as previously described.*> In
brief, after a 10 min Covalink well plates (NUNC, Merck Eurolab,
France) preactivation with 200 uL of glutaraldehyde buffer (5% in
sodium acetate 3 M), 200 uL of derivatized histamine (26 ug mL™!
dissolved in sodium acetate 3 M) was covalently linked to wells for
10 min and then washed three times with PBS Tween 20 (0.05%) buffer.
Sera diluted at 1/64 000 were preincubated for 2 h at 37 °C with diluted
immunoconjugates (concentration from 107! to 1078 M) in PBS Tween
20 (0.05%). Then, 200 uL of each competitive sample was applied to
wells previously coated with histamine derivatives. After 2 h at 37 °C,
wells were washed three times with PBS Tween and filled with 200
uL of 1/10 000 sheep antirabbit IgG peroxidase diluted in PBS.
Measurements using OPD were performed as described for indirect
ELISA. Blank control consisted of reactions made on noncoated wells.
Negative control consisted of well plates filled only with sheep antirabbit
IgG peroxidase. Positive control consisted of well plates filled with
diluted sera without competitors. B values were the OD values of the
samples corrected by subtraction of blank. BO value corresponds to
the maximum OD that could be obtained with the positive control.
Results are expressed using the B/BO ratio.

Results and Discussion

Dendrigraft Poly-L-lysine Synthesis. Dendrigraft poly-L-
lysine compounds (DGL) were synthesized by an iterative
process in water at 0 °C, pH 6.5 (Scheme 2).*® The first step of
this synthesis consisted in the polymerization of the N*-TFA-
lysine N-carboxyanhydride (N°-TFA-Lys-NCA) without any
initiator leading to an insoluble product. Then, the insoluble
product was collected, and the N*-TFA protecting group was
removed (step 2), leading to the first generation of soluble DGL
(DGL-G1). Step 3 was the reproduction of step 1, using DGL-
G1 as the initiator. The TFA protecting group was removed
(step 4) to obtain the second generation of soluble DGL (DGL-
G2). Next generations of DGL (G3 to G5) were obtained using
the same method. The precipitation of the insoluble compounds
during the synthesis of DGL-Gn was under thermodynamic and
kinetic control. This method ensures the reproducibility in mass
and structure of these compounds made of biogenic building
blocks only.*® Moreover, by using this synthetic route, the
polydispersity index, calculated using the weight-average MW
divided by the number-average MW determined by light
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Figure 2. Antibodies concentration in rabbits’ sera after two injections
(day 36) of native DGL-G3-TFA salt. Prebled anti-DGL-G3 antibodies
(@), anti DGL-G3 TFA salt antibodies (a), and anti BSA antibodies
(»). Each value reported here is a mean of two sera measures.
Relative standard deviations are between 10 and 18%.

scattering measurements performed with each generation, was
lower than 1.3.%

DGL-Gn synthesized here are fully soluble in water. They
turned out to be nontoxic.*® They are only composed of lysine
residues on their periphery and have a high number of amine
groups on their surface,*’ properties that are perfectly adapted
for a use as antigen carriers. To assess the immunological
properties of DGL-Gn, we focused on DGL third generation
(DGL-G3), which has an MW of 22 kDa and present a mean
number of 123 lysine residues on its surface. We studied first
the ability of its native and functional forms to induce the
production of antibodies in rabbits. Finally, we studied the
properties of a combination of DGL-G3 and natural carrier to
raise antibodies directed against the hapten.

DGLs As Furtive Carriers. At first, no antibodies were
found against native DGL-G3-TFA salt (batch 1) in serum of
rabbits immunized with DGL-G3-TFA salt (Figure 2). More-
over, the detection of antibodies directed against BSA or directed
against DGL-G3-TFA salt showed identical results (Figure 2),
and the OD background of prebled sample was higher than the
sample from immunization. This result is in agreement with
the known immunological properties of dendritic molecules,
especially lysine dendrons,”’*® and is in agreement with the
hypothesis that protein with long disordered domains (longer
than 30 residues) are less likely to be immunogenic.**>° Indeed,
recent Raman chiroptical analysis suggests a predominant
disordered structure in DGL-G3.*

At last, no antibodies directed against fluorescein-DGL-G3
(batch 2) were detected in the serum of rabbits after immuniza-
tion with fluorescein-DGL-G3 (Figure 3). However, the fluo-
rescein moiety is highly immunogenic. (At least 14 antifluo-
rescein antibody products are commercially available up to now.)
Therefore, our results suggest that fluorescein groups are either
covered by lysine residues or not abundant enough on DGL to
induce immune response (Figure 3). Similarly, antibodies
directed against DGL-G3-histamine (batch 3) were not detected
in the serum of rabbits immunized with DGL-G3-histamine
(Figure 3).

In summary, DGL-G3 TFA salt, fluorescein-DGL-G3, and
DGL-G3-histamine were not able to induce antibody production
in rabbits’, if injected alone during the immunization process.

Antibody Production with DGL-G3-Histamine. Rabbits
were immunized by one injection of BSA-histamine, followed
by two injections of DGL-G3-histamine (batch 4). The titer of
antibodies directed against BSA, BSA-histamine, and DGL-
G3-histamine was evaluated by direct ELISA analysis.
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Figure 3. Antibody concentrations in sera of rabbits immunized with
fluorescein-DGL-G3 (---) or DGL-G3-histamine (—). The measure-
ments were made for anti-fluorescein-DGL-G3 antibodies prebled (@)
and at day 36 (O), anti-DGL-G3-histamine antibodies at day 36 (a),
and anti DGL-G3 TFA salt antibodies (a).
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Figure 4. Antibody concentrations in rabbits’ sera after immunization
with BSA-histamine (M), followed by immunization with DGL-G3-
histamine (a). Determination for anti-BSA-histamine antibodies (---),
anti-DGL-G3-histamine antibodies (—), and anti-BSA antibodies after
first immunization (O) or second immunization (a).

Table 1. Titer of DGL-G3-Histamine and BSA-Histamine
Antibodies in Rabbits’ Sera

BSA-histamine

collecting days

after the first antibodies DGL-G3-histamine
immunizations titer antibodies titer ratio
219 27695 3879 7.14
36 39994 5744 6.96
96 75647 38875 1.95

2 Day of the 2nd immunization with DGL-G3-histamine. (For details,
see the Experimental Section.)

Rabbits produced antibodies directed against BSA and BSA-
histamine (Figure 4) 21 days after the first immunization with
BSA-histamine. Those results are in agreement with all literature
data dealing with successful antibody production as well as with
previous results on raising antibodies directed against conjugated
haptens.> >*4% Antibody titer, determined by ELISA, was
higher when using BSA-histamine than when using DGL-G3-
histamine (Figure 4, Table 1). At first, this could be explained
by the structure of the DGL-G3, which presents at its periphery
a mixture of lysine e-NH, and a-NH, groups. Histamine linked
to a-NH, lysine of DGL-G3 could not be as well recognized
by antibodies as those linked to e-NH, lysine of BSA. Second,
antibodies directed against the natural BSA were produced and
detected (Figure 4), whereas antibodies against DGL-G3 TFA
salts were not detected.

A second injection of DGL-G3-histamine led to an increase
in antibody titer measured against both BSA-histamine and
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Figure 5. Competition results at day 96. The linear regression
equation was calculated with five points for the affinity constant
determination.

DGL-G3-histamine (Table 1). This means that even if nonim-
munogenic by itself, the DGL-G3-histamine was able to enhance
the immune response against histamine. Moreover, a third
immunization with DGL-G3-histamine increased the antibody
specificity for conjugated histamine because the BSA-histamine/
DGL-G3 histamine titer ratios decreased (Table 1). Indeed, the
antibody affinity constants (K,,) after 1, 2, and 3 boosts for
histamine at day 96 (Figure 5) were (8.6, 7.9, and 3.1) x 10~*
M, respectively. These results show that using DGL-G3-
histamine as a carrier during the second immunization led to
an increase in the affinity of antibodies directed against
histamine. This could be attributed to a positive effect of the
DGL-G3-histamine carrier despite its furtive nature when used
alone. These results are in agreement with our previous data
on antibody production from conjugated haptens using three
different carriers including linear poly lysine.* >

Conclusions

The third generation of native dendrigraft poly-L-lysine (DGL-
G3) is nonimmunogenic by itself. Used as second carrier, DGL-
G3 is very useful for antibody production and, to be more
precise, increases the specificity of antibody against conjugated
haptens. DGL-G3 has an ideal MW of 22 kDa, is nontoxic,
and its production can be scale up. DGL-G3 appears conse-
quently to be a good carrier able to improve the specificity of
antibodies for diagnostic immunoassays. By extension, DGL-
G3 might also be a powerful carrier candidate for vaccine
production.
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