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Problem

Evaluation of proacrosin/acrosin ability to induce an immune response in

male mice after genetic immunization and assessment of animal fertility.

Method of study

Mice received 50 lg per animal of a plasmid containing the human pro-

acrosin cDNA (pSF2-Acro) (control: empty plasmid, pSF2). The humoral

response was evaluated by ELISA and immunocytochemistry. In vivo fer-

tility was assessed by mating immunized males with control females. The

effect of antibodies upon Ca+2-ionophore-induced acrosomal exocytosis

(AE) and in vitro sperm–zona pellucida (ZP) binding was also studied.

Results

pSF2-Acro-immunized mice developed high levels of specific antibodies

(P < 0.05) that recognized the sperm acrosomal cap. The number of

fertile mice was lower (P = 0.027) in pSF2-Acro-immunized animals

than in controls. Litter size was smaller (P < 0.05) in the pSF2-Acro

group compared with controls. A negative correlation (P < 0.05)

between antibody levels and litter size was found. Antiproacrosin/acro-

sin antibodies inhibited sperm–ZP binding (P < 0.0001) and Ca+2-iono-

phore-induced AE (P < 0.05).

Conclusion

DNA immunization against proacrosin elicits an immune response in male

mice associated with abnormal sperm functions and reduced fertility.

Introduction

Several immunologic factors, both of humoral and

cellular origin, have been found to influence human

reproductive failure.1 Although the relative contribu-

tion of individual immune components to infertility

remains controversial, presence of antisperm antibod-

ies (ASA) has been associated with 2–30% of human

infertility cases.2,3 As the testis is an immunoprivi-

leged organ and sperm cells appear late after the

establishment of self-tolerance, sperm proteins could

act as immunogens when they are exposed to the

immune system.4,5 ASA may impair some steps of fer-

tilization, among them sperm transport within the

female genital tract, sperm capacitation, acrosomal

exocytosis (AE), sperm–oocyte interaction, implanta-

tion, and early embryonic development.6

Animal immunization with sperm proteins has

been broadly described in several species and has

been reported as a useful approach to study the

molecular bases of fertilization as well as ASA-

related infertility. In addition, information from
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these studies has contributed to the design of strate-

gies for fertility regulation.7,8 With regard to sperm

antigens, immunization with testis homogenates has

been found to induce autoimmune orchitis, and

some sperm antigens that elicit strong inflammation

and damage the tissue have been identified.9 On the

other hand, other purified sperm antigens, mostly

surface proteins, have been utilized as immunogens

with slight or no adverse effects on the testis; how-

ever, the ability to induce fertility inhibition varies

in different models.10 Besides sperm proteins, other

molecules have been tested as immunocontraceptive

candidates; among them are zona pellucida (ZP)

proteins8 and hormones, such as human chorionic

gonadotropin (hCG) and gonadotropin-releasing

hormone (GnRH). Presently, an anti-hCG has

reached a phase two clinical trial,11 and a commer-

cial vaccine is available for a population control of

elk and white-tailed deer.12

Acrosin (EC 3.4.21.10) is a trypsin-like protease

localized to the sperm acrosome as an inactive

zymogen (proacrosin) that is converted to the active

enzyme and released during the AE.13,14 Human and

mouse acrosin proteins have been detected in pachy-

tene spermatocytes.15,16 Activation of proacrosin

(53 kDa) leads to the 34 kDa enzymatically active

form, b-acrosin, through proteolytic cleavage at both

the N- and C-protein termini.17,18 Several functions

have been attributed to the proacrosin/acrosin sys-

tem, mainly binding to ZP glycoproteins, participa-

tion in the release of acrosomal content, and limited

proteolysis of the ZP.19–22 Recently, a role for proacr-

osin in binding to the egg envelope in birds has been

reported.23

Immunity to proacrosin/acrosin has been found to

inhibit functions of this protein system and to block

fertility in several models.24–29 In particular, our

group has described an immune response to proacro-

sin/acrosin that impaired in vivo fertility, with the

production of antibodies that inhibited in vitro fertil-

ization and interfered with functions of the protease

system, in a DNA immunization model of female

mice injected with a plasmid encoding human pro-

acrosin.29 Moreover, our group has described the

detection of antibodies toward proacrosin in 19% of

women consulting for infertility.30 Despite its poten-

tial relevance, the effect of immunity toward proacr-

osin in a male model has yet not been tested. As

proacrosin is exclusively expressed during spermato-

genesis, an immune response toward this specific

target in male mice represents an attractive model to

study the molecular basis of male immunologic

infertility.

In this study, the ability of sperm proacrosin to

induce an immune response in male mice was inves-

tigated using a DNA immunization approach. DNA

vaccines are easy to construct and to develop, and

they have been demonstrated to be efficient in

inducing strong immune responses to a variety of

immunogens.31 The effect(s) of proacrosin immuni-

zation upon animal fertility and sperm functions was

also investigated.

Materials and methods

Chemicals

Unless specified, chemicals were of culture and ana-

lytical grade and purchased from Sigma Chemical

Co. (St. Louis, MO, USA). Electrophoresis reagents

were products of Bio-Rad (Richmond, CA, USA), or

specifically indicated throughout the article. Molecu-

lar biology reagents were of highest quality and pur-

chased from Qiagen (Hilden, Germany) and

Invitrogen-Life Technologies (Carlsbad, CA, USA),

unless indicated.

Plasmids and Proteins

A plasmid containing the human proacrosin (h-pro-

acrosin) coding sequence was obtained as previously

described29 and subcloned in an expression vector

for DNA immunization. Briefly, the proacrosin cDNA

(kindly donated by Prof. Dr. W. Engel, Institut für

Humangenetik, Göttingen, Germany) was subcloned

in the pSF2-cytomegalovirus (CMV) eukaryotic

expression vector (generously provided by Dr. A.S.

Johnston, Texas University, Southwestern Medical

Center, Dallas, TX, USA), under the control of the

CMV promoter and downstream of the a1-antitryp-
sin leader sequence; this construction was named

pSF2-Acro. Plasmid DNA was then obtained from

bacterial cultures and purified by anion-exchange

chromatography using a commercial kit (Jetstar,

Genomed, Löhne, Germany) following manufac-

turer’s instructions. Quality and quantity of purified

DNA were determined by performing agarose gel

electrophoresis and by assessing optical density (OD)

readings at 260 and 280 nm, respectively.

Recombinant h-proacrosin was also expressed in

bacteria using the pET22b expression vector as previ-

ously reported.32 Briefly, subcloning of the same
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h-proacrosin cDNA was carried out in two steps,

combining PCR amplification and restriction enzyme

digestion, and a selected clone (pET22b-525) was

subjected to nucleotide sequence analysis. Escherichia

coli B21 (DE3) cells were transformed with the plas-

mid pET22b-525, and bacteria were cultured in Ter-

rific broth medium (1.2% bactotryptone, 2.4% yeast

extract, 0.17 M KH2PO4, 0.072 M K2HPO4, 0.4%

glycerol) containing 50 lg/mL of carbenicilin at

37°C until OD600nm = 0.6–1. Protein expression was

induced by the addition of 1 mM of isopropyl-thio-b-
D-galactoside to bacterial cultures. Bacterial cells

were harvested 2 hrs after induction, recovered by

centrifugation, and cell pellets were kept at �70°C
until further analysis. Under the conditions assayed,

an expression product corresponding to the h-pro-

acrosin full-length protein (Rec-40: 42–44 kDa) as

well as N-terminal truncated fragments (Rec-30: 32–
34-kDa, Rec-20: 21-kDa, and Rec-10: 18-kDa) were

obtained. Recombinant proacrosin and N-terminal

products were purified by preparative SDS–PAGE as

previously described.32

Animals and Immunization Protocol

For the immunization protocol, six-eight-week-old

Balb/c male mice were used. Animals were obtained

from the Instituto de Biologı́a y Medicina Experi-

mental animal facility and transferred to the Facul-

tad de Bioquı́mica y Ciencias Biológicas. All

experimental procedures were performed according

to the recommendations of the Guide for the Care

and Use of Laboratory Animals.33 Adult male mice

were inoculated in the quadriceps muscle with

50 lg of pSF2-Acro or pSF2 (plasmid without insert,

control) in 50 lL of sterile phosphate-buffered saline

(PBS). Injections were repeated four times, every

3 weeks. Blood samples were taken by tail puncture

1 week before each inoculation and, 1 week after

the last dose, animals were bled by cardiac puncture

and killed. Animal serum was obtained after centri-

fugation of blood at 20009 g for 10 min and was

stored at �20°C until further analysis. Two different

trials were performed including ten mice in each

group in the first trial and eight mice in each group

in the second trial.

Assessment of Immune Response

The immune response of mice to proacrosin was

evaluated by an indirect ELISA (ELISA-Acro), as

previously reported.29 Briefly, 96-well polystyrene

plates (Costar, Corning, NY, USA) were coated with

0.8 lg per well of recombinant h-proacrosin (Rec-

40) diluted in PBS containing 8 M urea. After

blocking non-specific binding sites with PBS supple-

mented with 3% skimmed milk, 1:200 dilutions of

sera in PBS-1%-skimmed milk were tested. To assess

sera reactivity toward different proacrosin protein

regions, 1:200 sera dilutions were tested using N-ter-

minal truncated acrosin proteins Rec-30, Rec-20,

and Rec-10. Binding of the antibody was evaluated

by incubation with anti-mouse IgG conjugated to

peroxidase (Jackson, Baltimore, MD, USA) followed

by incubation with hydrogen peroxide and tetra-

methylbenzidine (Zymed, San Francisco, CA, USA).

OD was measured at 450 nm using a microplate

reader (Emax Microplate Reader; Molecular Devices,

Sunnyvale, CA, USA). Results are expressed as the

ratio between the OD of the sample and the OD of

the pre-immune sera (OD/ODpre-immune).

Assessment of Male Mice Fertility

Immunized male mice were mated with non-treated

14–16-week-old female mice of proven fertility in a

proportion 1:1, starting at week 15 of the immuniza-

tion protocol. Animals were monitored daily for the

presence of vaginal plugs; when detected, it was con-

sidered day 0 of pregnancy, and male mice were killed

to analyze sperm parameters and to obtain tissue and

blood samples. At term, female mice were monitored,

and numbers of born pups were registered.

Evaluation of Sperm Parameters

Immunized male mice were killed by cervical dislo-

cation, and caudae epididymides were immediately

excised, diced in small pieces, and placed into

0.5 mL Whittingham’s media based on Tyrode solu-

tion containing 0.5 mM pyruvate and 3 mg/mL BSA

at 37°C. Sperm cells were allowed to swim out into

the medium for 10 min. Sperm concentration was

estimated in 20 lL aliquots of the sperm suspension

using a hemocytometer. Sperm motility was assessed

by counting progressively motile cells and expressed

as a percentage of the total sperm count.

To assess sperm ability to undergo AE, cell con-

centration was adjusted to 1 9 106 sperm/mL and

gametes were capacitated by incubating in Whitting-

ham’s medium, for 1 hr at 37°C, in an atmosphere

of 5% CO2 in humidified air. Aliquots of each sam-
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ple (25 lL) were added to 25 lL 10 lM calcium

(Ca+2)-ionophore A23187 (Sigma) dissolved in dim-

ethylsulfoxide (DMSO); control assays were per-

formed in parallel adding sperm cells to 25 lL of

DMSO (Ca+2 -ionophore vehicle). At incubation

times zero, 30, 60, and 90 min, spermatozoa were

fixed in 2% paraformaldehyde for 10 min at room

temperature, concentrated by centrifugation, and

resuspended in PBS (200 lL). Aliquots (10 lL) were

loaded onto microscope slides, air–dried, and stained

with Coomassie staining solution (0.22% Coomassie

Brilliant Blue G-250 in 50% methanol, 10% glacial

acetic acid, and 40% water).34 Acrosome-reacted

(AR) spermatozoa were identified by the loss of

intense blue staining on the anterior region of the

sperm head and expressed as a percentage of the

total scored cells. To evaluate the effect of antibodies

on the ability of spermatozoa to undergo AE, mouse

sera containing antiproacrosin/acrosin antibodies

were added to the sperm suspension after 30 min of

capacitation at 1:500 and 1:5000 dilutions, and fur-

ther incubated during 30 min at 37°C in an atmo-

sphere of 5% CO2 in air. After spermatozoa were

washed, induction and evaluation of AE was per-

formed as previously described.

Histopathologic Analysis of the Male Gonad

Testes from immunized mice were removed after fer-

tility testing (weeks 15–16 of immunization proto-

col), fixed in Bouin’s solution, and embedded in

paraffin. Transversal sections (5 lm thick) obtained

from the poles and equatorial areas of testes were

stained with haematoxylin and eosin and analyzed.

Immunocytochemistry

Cauda epididymal spermatozoa were recovered from

untreated animals as described earlier and fixed in

2% formaldehyde in PBS during 10 min at room

temperature. At the end of the fixation procedure,

sperm cells were washed twice with PBS–Dulbecco
(PBS-D; PBS containing 1% MgCl2 and 1% CaCl2),

loaded on sylanized microscope glass slides (50,000

spermatozoa/slide), and allowed to dry at 37°C.
Spermatozoa were washed in PBS-D for 5 min and

permeabilized with 100% methanol during 10 min

at 4°C. Non-specific binding sites were blocked by

incubating cells with PBS supplemented with 4%

BSA. Sera from immunized mice with pSF2-Acro or

pSF2 were added at a 1:25 dilution in PBS-1% BSA

and incubated overnight at 4°C. Unbound antibodies

were washed with PBS, and Cy3-conjugated anti-

mouse IgG (Sigma) in PBS with 1% BSA was added

as secondary antibody for 1 hr at room temperature

in darkness. Samples were mounted with Vecta-

shield and observed under epifluorescence micros-

copy at 9400 magnification using a Nikon

epifluorescence microscope (Nikon Instruments Inc.,

Melville, NY, USA) (excitation at 510 nm).

Sperm–ZP Binding

CF1 (45–60 d of age) female mice were superovulat-

ed by performing subcutaneous injections of 7.5 IU

of pregnant mare serum gonadotropin (Sigma); 54–
56 hrs later, animals were injected with 7.5 IU of

hCG (Sigma). Animals were killed 12–14 hrs after

hCG injection, and cumulus masses containing the

unfertilized oocytes were harvested, freed of cumulus

cells after treatment with 0.3 mg/mL of hyaluroni-

dase for 5 min at 37°C, and washed in Whitting-

ham’s culture medium to remove the hyaluronidase

excess. Spermatozoa were recovered as indicated ear-

lier and capacitated in the same medium for 1.5 hr at

37°C in an atmosphere of 5% CO2 in air. After that,

pooled sera (from pSF2-Acro- or pSF2-immunized

mice) were added to the sperm suspension to a final

dilution of 1:1000 or 1:5000, and incubated for an

additional 30 min. Oocytes (randomly distributed in

groups of 10–15 in 50-lL drops of culture medium)

were incubated with 100,000 spermatozoa/mL for

30 min at 37°C in an atmosphere of 5% CO2 in air.

At the end of the incubation, oocytes were washed

to dislodge loosely attached spermatozoa, fixed with

2% formaldehyde in PBS during 10 min, and

observed at an optical microscope. The number of

attached spermatozoa per ZP was registered.

Statistical Analysis

Results are reported as mean ± standard error of the

mean (S.E.M.) for each group. Statistical differences

between groups were analyzed by Student’s t test or

ANOVA, when normal distribution of data was veri-

fied, or by Fisher’s exact test, Mann–Whitney test,

or Kruskal–Wallis test, followed by post hoc compar-

isons, when appropriate. P values <0.05 were con-

sidered statistically significant. Statistical analysis

was performed using GraphPad Prism version 5.00

for Windows (GraphPad Software, San Diego, CA,

USA, www.graphpad.com).
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GARCÍA ET AL.



Results

DNA Immunization Against Proacrosin Induces

Humoral Response in Male Mice

In a first set of experiments, Balb/c male mice were

immunized with a plasmid encoding human proacr-

osin (pSF2-Acro, n = 10); controls were inoculated

in parallel with the empty plasmid (pSF2, n = 10).

The humoral response was assessed in all animals

during the immunization protocol and until week 15

from the first injection, by means of an indirect

ELISA using recombinant h-proacrosin as antigen.

Two immunization trials were performed giving sim-

ilar findings; results are shown for one of them.

Antibody levels increased at week 11 compared with

weeks 3, 5, and 7 (P < 0.05) (Fig. 1A). At week 15,

antibody levels, expressed as the ratio between the

OD of the sample and the OD of the pre-immune

sera (OD/ODpre-immune), were significantly higher

in pSF2-Acro group than in control group

(31.8 ± 5.8 versus 1.8 ± 0.2; mean ± S.E.M; P < 0.05)

(Fig. 1B).

Five immunized mice were followed up to week 44

to perform long-term evaluation of the humoral

immune response. At week 24, levels of anti-acrosin

antibodies were similar to those registered at week 15

in four animals. At week 32, antibody levels were

between 39 and 94% of the maximum values. Finally,

at week 44, three mice were evaluated, finding high

levels of anti-acrosin antibodies in two animals

(Table I). Control mice did not show detectable levels

of anti-acrosin antibodies throughout the study.

The ability of anti-acrosin antibodies to bind to

different regions of the protein was also evaluated in

the indirect ELISA-Acro test. Evaluations were per-

formed using as antigens the recombinant proen-

zyme (Rec-40) and C-terminal-truncated products

expressed in E. coli (Rec-40: amino acids (aa) 1-402,

Rec-30: aa 1-300, Rec-20: aa 1-190, and Rec-10: aa

1-160). All immune sera recognized the recombinant

products; Rec-40 was the antigen showing the high-

est response. Rec-30, Rec-20, and Rec-10 exhibited

85, 41, and 30% of the signal observed with Rec-40,

respectively (Fig. 2).

Antibodies Toward h-proacrosin Bind to Mouse

Spermatozoa

To assess the ability of antibodies generated after

immunization to h-proacrosin of recognizing the

mouse protease, an immunocytochemistry assay

with mouse spermatozoa was performed. Sperm cells

from non-immunized mice incubated with the

immune sera (from pSF2-Acro injected animals) and

with a Cy3-labeled anti-mouse IgG depicted a fluo-

rescent signal on the anterior portion of the sperm

head over the acrosomal cap (Fig. 3A). Staining was

specific because no label was observed in spermato-

zoa incubated with sera from animals inoculated

with the pSF2 control plasmid (Fig. 3C).

Fertility is Impaired in Male Mice Immunized

with h-proacrosin

Immunized male mice were mated with females of

proven fertility at week 15 of the immunization pro-

tocol. Animals were separated after the first evidence

A B

Fig. 1 Humoral immune response of mice

inoculated with pSF2-Acro or pSF2. Antibody

levels were assessed by an indirect ELISA.

Results are expressed as optical density (OD)/

ODpre-immune ratio (mean ± S.E.M.). (*)

indicates statistical significance. (A) Time

course of antibody levels until week 15.

(B) Antibody levels at week 15 in pSF2-Acro

group and pSF2 groups.

Table I Long-term Response of Antiproacrosin/Acrosin

Antibodies in pSF2-Acro-immunized Mice

Animal

OD/ODpre-immune (% of maximum)

Week 15 Week 24 Week 32 Week 44

1 35 (100) 35 (100) 14 (39) 6 (16)

2 34 (100) 32 (95) 32 (94) 25 (74)

3 15 (100) 8 (53) 10 (66) 9 (60)

4 18 (100) 15 (83) 9 (50) N/A

5 21 (100) 21 (100) 11 (53) N/A

N/A, not assessed; OD, optical density.
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of mating. Litter size and fertility rates were compared

between pSF2-Acro-immunized and pSF2 control

males in two independent mating experiments.

A mouse was considered fertile if it had at least 1 pup.

The number of fertile mice was lower among pro-

acrosin immunized animals than in the control

group (2/18 versus 9/18, respectively; P = 0.027).

Mating behavior seemed not to be affected by the

immunization treatment, because all mice showed

evidence of mating in at least 8 days. Litter size was

significantly lower in the treated group than in con-

trol group, in both experiments (6 versus 35 and 0

versus 22, P < 0.05). Moreover, antibody levels in

the pSF2-Acro group showed a significant negative

correlation with the number of pups (r = �0.696,

P < 0.05, Spearman’s correlation test) and animals

exhibiting an OD/ODpre-immune ratio over 18 were

all infertile (Fig. 4).

Five mice, three injected with pSF2-Acro plasmid

(mouse 1, 2 an 3) and two with pSF2 control plas-

mid (mouse 4 and 5), were mated again at week 44.

Mouse 1 (see Table I) was infertile at week 15 but

regained its fertility at week 44, coincident with a

decrease in anti-acrosin antibody levels. Mouse 2,

which maintained high antibody levels at week 44,

was infertile in both mating assays. Mouse 3, which

A B

Fig. 2 Humoral immune response of mice to recombinant h-proacrosin and N-terminal protein fragments. (A) Antibody levels against different

regions of h-proacrosin assessed by indirect ELISA at week 15 using each recombinant fragment as antigen. Results are expressed as optical

density (OD)/ODpre-immune ratio (mean ± S.E.M.). Different superscripts denote significant differences. (B) Schematic representation of

recombinant protein products of h-proacrosin expression in bacteria. L: light chain, H: heavy chain. Lys: lysine residue.

A B

C D

Fig. 3 Binding of antibodies from pSF2-Acro-

immunized mice to mouse spermatozoa.

Mouse spermatozoa were incubated with

sera from immunized (pSF2-Acro) (panel a) or

control (pSF2) (panel c) mice followed by cell

incubation with Cy3-labeled anti-mouse IgG.

Corresponding brightfield images: panels b

and d, respectively.
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showed OD/ODpre-immune below 18 throughout

the period studied, was fertile in both experiments,

as did control mice.

Proacrosin Immunization does not Affect Testis

Histopathology and Routine Sperm Parameters

After mating, male mice were killed and the testes,

as well as spermatozoa from the cauda epididymis,

were obtained. Testis histopathology and spermato-

genesis were not affected in either treated or control

group (pSF2-Acro- and pSF2-injected mice). In par-

ticular, no lymphomononuclear cell infiltrates were

observed in the testicular interstitium of any of the

animals studied (Fig. 5A). Moreover, spermatozoa

from cauda epididymis showed cell number, motility,

and ability to undergo Ca+2-ionophore-induced AE

similar to controls (Fig. 5B–E).

Anti-proacrosin Antibodies Inhibit Sperm Binding

to ZP

The effects of anti-acrosin antibodies on early events

of fertilization were also assessed by evaluating

sperm–ZP binding in the presence of immune and

control sera in three independent experiments.

When positive sera were added at a 1:1000 dilution

in culture medium, binding was significantly

impaired compared with control (pSF-Acro:

9.4 ± 0.6; pSF2: 15.6 ± 0.7; medium: 17.5 ± 1.2

sperm/ZP; mean±S.E.M; P < 0.0001, medium versus

pSF2-Acro and pSF2 versus pSF2Acro; no. of

oocytes: pSF2-Acro: 44; pSF2: 34; medium: 24)

(42% decrease relative to control pSF2). Sera added

at a 1:5000 dilution did not affect sperm–ZP binding

(pSF2-Acro: 12.3 ± 0.7 versus pSF2: 13.8 ± 0.7

sperm/ZP; mean ± S.E.M; no. of oocytes: 46 and 36,

respectively) (11% decrease relative to control pSF2)

(Fig. 6).

Anti-proacrosin Antibodies Impair Ca+2-

ionophore-induced Acrosomal Exocytosis

In a previous study from our group, a monoclonal

antibody toward h-proacrosin was found to impair

ZP-induced AE.35 The ability of sera obtained after

DNA immunization against h-proacrosin to inhibit

mouse sperm Ca+2-ionophore-induced AE was

assessed. Spermatozoa from untreated mice were

incubated with sera from pre-immune or immune

mice before adding the AE inducer; two different

pools of sera were tested. As shown in Fig. 7, the

number of AR spermatozoa was significantly lower in

sperm suspensions incubated with a 1:500 dilution of

the immune sera when compared with those exposed

to the same dilution of pre-immune sera, at zero, 30,

60, and 90 min (P < 0.05). This effect was not

observed when sera were assayed at a 1:5000 dilution.

Discussion

Several sperm proteins have been used as immuno-

gens in the development of animal models to modu-

late their fertility and to study the molecular basis of

fertilization. Experimental designs with selected anti-

gens have been applied to both male and female ani-

mals and, in a large proportion of the cases, target

antigens have been mainly surface sperm proteins

synthesized during spermatogenesis or acquired dur-

ing maturation in the epididymis (reviewed in 7 and

A B

Fig. 4 Fertility of mice immunized with pSF2-Acro. Immunized male mice were mated with female mice of proven fertility until evidence of

mating. Number of pups/animal was registered in two independent mating experiments. Results are shown for one of them. (A) Litter size from

female mice mated to pSF2- and pSF2-Acro-immunized males. (B) Relationship between antibody levels and litter size for pSF2-Acro- and pSF2-

injected male mice.
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8). Acrosomal proteins have been used in a lesser

extent to that purpose, although there are some

examples, such as SP-10 protein.36–38 With regard to

the sperm acrosomal protease proacrosin/acrosin sys-

tem, a previous study from our group has demon-

strated that antibodies to h-proacrosin were able to

inhibit protein functions as well as animal fertility in

a female mouse DNA immunization model.29 The

present study aimed at evaluating the ability of DNA

immunization to induce an immune response

against proacrosin/acrosin in male mice and the

effect of the immune response upon animal fertility.

A

B C

D E

a b

c d

Fig. 5 Effects of immunization on testis

histology and epididymal sperm parameters.

Testicular tissue and cauda epididymal

spermatozoa were obtained from immunized

(pSF2-Acro) or control (pSF2) mice. (A)

Representative images of haematoxylin and

eosin-stained tissue sections from testis of a

mouse injected with pSF2-Acro (a, b) or pSF2

(c, d) (control) plasmids (a, c: 1009

magnification, bar: 100 lm; b, d: 4009

magnification, bar: 100 lm). (B) Sperm count

in cell suspensions recovered from the cauda

epididymis. (C) Progressive motility of cauda

epididymal spermatozoa. (D) Sperm

acrosomal status evaluated after cell staining

with Coomassie Brilliant Blue G-250;

representative microscopic field with an

acrosome-reacted, acrosome-intact (AI), and

acrosome-reacting (Ar) spermatozoa. (E)

Quantitative analysis of Ca2+-ionophore-

induced acrosomal exocytosis (AE) on cauda

epididymal spermatozoa. AE was assessed by

Coomassie Brilliant Blue staining (panel d).

Results are expressed as mean ± S.E.M.
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DNA immunization is a simple and effective

method to induce strong and long-lasting immune

responses and has been found advantageous over

protein immunization. In particular, antigen purifica-

tion and care to avoid its degradation are not

required; moreover, protocol standardization and

scaling-up is easily achieved, and induction of both

humoral and cellular immunity is attained (reviewed

in 31). Its effectiveness in eliciting an immune

response to sperm antigens was previously

reported.39,40 In the present study, an experimental

model of male mouse DNA immunization with the

coding sequence for h-proacrosin was developed.

Despite using the human sequence, it was expected

that antibodies raised in male mice could recognize

the murine protease, based on the high similarity

between the mouse and human proacrosin

sequences. Similarities of 91.3, 82.5, and 51.2% were

previously reported for domains I (residues 1–23), II
(24–322), and III (333–402), respectively.41 In agree-

ment with the in silico data, antibodies from sera of

immunized animals were able to bind to the acroso-

mal region of permeabilized mouse spermatozoa, as

observed by the immunocytochemistry results. The

highest response found for the recombinant proen-

zyme (Rec-40) would indicate expression of the full-

length protein in the immunized animals. Moreover,

reactivity toward proacrosin fragments suggests the

presence of epitopes along the whole sequence that

would be capable of triggering an immune response.

Serum antibodies against proacrosin/acrosin were

detected in all animals inoculated with the plasmid

containing the coding sequence of h-proacrosin but

not in those injected with the empty plasmid; these

findings indicate that the protein was efficiently

expressed, processed, and presented to the mouse

immune system. DNA injection led to a sustained

immune response up to 5 months after the last

immunization dose. In this regard, long-lasting

responses after DNA inoculation have been well doc-

umented for other antigens.42–44 The DNA immuni-

zation protocol induced a response that lasted longer

than that obtained when male mice were inoculated

with recombinant acrosin (Rec-30), in which OD/

ODpre-immune values started to drop markedly

since week 24 (data not shown).

Gene immunization against proacrosin resulted in

lower fertility rates in immunized male mice com-

pared with controls; these findings agree with previ-

ous studies reported by us in a model of DNA

immunization against proacrosin in female mice.29

Infertility was associated with antibody levels, as

previously described for other protein targets.45,46 In

Fig. 6 Effects of antibodies upon sperm–zona pellucida (ZP) binding.

Spermatozoa from untreated mice were incubated under conditions

to promote capacitation, placed with sera from immunized (pSF2-

Acro) or control (pSF2) animals, and co-incubated with matured

oocytes; at the end of the gamete co-incubation assay, the number of

spermatozoa bound to the ZP was scored. Results are expressed as

mean ± S.E.M. Different superscripts denote significant differences.

A B

Fig. 7 Acrosomal exocytosis (AE) in the presence of sera from immunized mice. Spermatozoa from caudae epididymidis of non-treated mice

were incubated under conditions to promote capacitation and placed in culture medium containing sera of immunized (pSF2-Acro) mice added at

a 1:500 (A) and 1:5000 (B) dilution. AE was scored after sperm staining with with Coomassie Brilliant Blue G-250. Results are expressed as

mean ± S.E.M. (*) Indicates statistical significance.
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this work, a decreased fertility was evidenced by the

significantly lower number of born pups in pSF2-

Acro-immunized mice. In this regard, other studies

have demonstrated that immunization with Izumo,45

a polyepitope vaccine containing peptides from pro-

liferin, SP56, ZP1 and ZP3,47 and tsNHE,48 among

others, led to similar outcomes. Indeed, total sup-

pression of fertility was hardly ever reported, a phe-

nomenom that is not surprising because fertilization

is a complex process, in which several proteins

appear to be involved to assure success. Moreover,

evidence supporting a role of the oviduct microenvi-

ronment in rescuing a deficient sperm function has

been presented.49

Immunity to sperm antigens has been found to

lead to a variety of deleterious effects on reproduc-

tive organs, in addition to sperm agglutination and

impairment of sperm motility, sperm–mucus and

sperm–oocyte interaction.50–52 Antibodies developed

against proacrosin/acrosin by gene immunization did

not affect animal general health or sexual behavior,

as well as they did not induce testis damage or local

inflammation; moreover they seemed not to affect

cauda epididymal sperm motility or morphology.

However, anti-acrosin antibodies were found to

impair fertilization-related events, as evidenced by

their inhibitory effect upon sperm–ZP binding and

Ca+2-ionophore-induced sperm AE. Regarding

ZP-binding blockage, it could be speculated that anti-

bodies produced in this study recognized epitopes

located in the mouse proacrosin catalytic domain II,

a protein region described to account for part of the

mouse acrosin–ZP binding activity21,22,53 and inhib-

ited gamete interaction. With regard to their effect

upon AE, findings from this study are in line with

the role attributed to proacrosin during the AE20

and specifically agree with a recent report from our

group showing the inhibitory effect of the anti-

proacrosin monoclonal antibody AcrC5F10 upon

ZP-induced AE in human spermatozoa.35

Classical studies have indicated that only acro-

some-intact spermatozoa are able to bind to ZP and

undergo AE after this binding; however, the site of

initiation of AE is currently under revision and evi-

dence has been presented, indicating that acrosomal

components are exposed early before full exocytosis

occurs.54–56 In the present study, antibodies against

proacrosin blocked sperm–oocyte binding. Alto-

gether, recent findings and our results support the

hypothesis that antibodies may interact with acroso-

mal components during early steps of gamete inter-

action and negatively modulate their function, by

inhibiting fertilization-related events.

In summary, the results presented in this report

have shown that DNA immunization against proacr-

osin elicits high antibody levels in male mice, with-

out inducing testis inflammation. The immune

response was significantly correlated with infertility

and antibodies inhibited sperm–ZP binding and AE.
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