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SUMMARY

 

Trichuris trichiura 

 

is a highly prevalent intestinal helminth
of humans with a well-characterized animal model,

 

 Trichuris
muris 

 

in the mouse. Relating the murine work back to the
human infection has been difficult, however, as many of the
questions addressed in the mouse cannot be asked in humans.
The ability to reconstitute a mouse with a human immune
system could help bridge this gap, allowing a human immune
response to be studied under a controllable laboratory environ-
ment. In this study, we demonstrate that severe combined
immunodeficient mice engrafted with naïve human peripheral
blood lymphocytes are capable of mounting a

 

 Trichuris 

 

spe-
cific human antibody response after vaccination with

 

 T. muris

 

antigens. The phenotype of the response depended on the
vaccinating antigen with excretory/secretory antigens eliciting
a human immunoglobulin (Ig)G2 response, and whole worm
homogenate stimulating IgG1 and IgG2 responses. Vaccina-
tion with homogenate also enhanced a human IgG response
against a 66-kDa component of

 

 T. muris 

 

homogenate in a
donor-dependent manner. This work shows the potential of
using the humanized mouse model for studying the immune
responses of humans living in

 

 T. trichiura 

 

endemic areas.
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INTRODUCTION

 

In 1988, a novel approach was pioneered by three groups to
try and bridge the gap between the logistical and ethical
problems of studying human immunology, and the lack of
animal models for certain human diseases (1–3). The model
involved reconstituting B and T cell deficient severe com-
bined immunodeficient (SCID) mice with different sources
of human immune cells, allowing a functional human
immune system to develop within a murine host. The aim
was to develop an 

 

in vivo

 

 mouse model to perform studies
on human cells that could not be accomplished 

 

in vivo

 

 in
humans. Subsequently, humanized SCID mice have been
used to study human immune responses against a variety of
infectious and autoimmune diseases, and also responses to
vaccination (4–7). Of particular interest to us was the route
described by Mosier 

 

et al

 

. (3) in which human peripheral
blood lymphocytes (PBL) were used to reconstitute the
SCID mice (hu-PBL-SCID). This provides the most prac-
tical approach for applying the humanized mouse model to
the study of human parasitic helminths, where the ability to
sample human tissues during a field study is limited. The
feasibility of the hu-PBL-SCID model in this respect has
already been illustrated by Mazingue 

 

et al

 

. who reconsti-
tuted SCID mice with PBL from a healthy donor and a

 

Schistosoma mansoni

 

 infected donor (8). 

 

S. mansoni

 

 specific
human antibody responses were generated in both groups of
mice after vaccination with 

 

S. mansoni

 

 antigens.

 

Trichuris trichiura

 

 is a highly prevalent intestinal helminth
infecting humans. One of the advantages of studying this
parasite is the existence of a good laboratory model, 

 

T.
muris

 

 infection of the mouse. 

 

Trichuris muris

 

 occupies the
same environmental niche as 

 

T. trichiura

 

, has similar morpho-
logy, and shares a high degree of antigenic cross-reactivity
(9). The murine immune responses against 

 

T. muris

 

 have
been well characterized with resistance being dependent on
the development of a type 2 T cell response, and susceptibil-
ity being linked to the development of a type 1 T cell
response (10–12). A role for B cells has also been recently

 

Correspondence

 

: Matthew Taylor, Institute of Cell, Animal and 
Population Biology, Ashworth Laboratories, Kings Buildings, 
West Mains Road, University of Edinburgh EH9 3JT, UK 
(e-mail: matthew.taylor@ed.ac.uk).

 

Received

 

: 9 July 2001 

 

Accepted for publication

 

: 30 August 2001

 

PIM_435.fm  Page 1  Wednesday, January 9, 2002  4:28 PM



 

2

 

© 2002 Blackwell Science Ltd, 

 

Parasite Immunology

 

, 

 

24

 

, 1–13

 

M. D. Taylor & K. J. Else Parasite Immunology

 

defined in the priming of a protective response, and a role
for antibody in protection against challenge infections (13).
Despite progress in the murine model, there is a limited
amount of information known regarding 

 

T. trichiura

 

 infec-
tion in humans, mainly related to the difficulties of perform-
ing field studies. The serum antibody responses of humans
have been characterized and rectal biopsies have been per-
formed (14–18), but these can neither confirm nor deny the
results found in the mouse. Hu-PBL-SCID mice could
therefore provide a valuable tool for elucidating the human
immune responses against 

 

T. trichiura

 

. Reconstituting SCID
mice with PBL from humans living in 

 

T. trichiura

 

 endemic
areas would allow us to combine the study of 

 

T. trichiura

 

specific human immune responses that have been generated
under natural infection conditions, with the advantages of a
controllable laboratory model. Because 

 

T. muris

 

 is so closely
related to 

 

T. trichiura

 

, this could be in the form of an infec-
tion model to study human immune responses against live

 

T. muris

 

 infection. Work from our laboratory has shown that
SCID mice reconstituted with human PBL from naïve Western
donors are capable of mounting an antibody response against
live 

 

T. muris

 

 infection (19). The complementary approach
discussed in this study is that of a vaccination model to study
human antibody responses against specific antigens of 

 

T.
trichiura

 

. The aim of the vaccination model would be to help
determine which antigens are immunogenic, which antigens
are important in stimulating a protective response, and
whether distinct antigens produce specific types of immune
responses. A future use could be to apply this model to the
development of vaccination strategies for promoting a desired
type of immune response against a chosen antigen.

Using 

 

T. muris

 

 antigens, we describe the development of a
hu-PBL-SCID mouse vaccination model to be used to study
human antibody responses against antigens of 

 

T. trichiura

 

. We
show that hu-PBL-SCID mice reconstituted with PBL from
Western donors, naïve in regard to 

 

T. trichiura

 

 and 

 

T. muris

 

, were
capable of mounting a 

 

T. muris

 

 specific human immunoglobulin
(Ig)G response after vaccination with 

 

T. muris

 

 antigens. The
phenotype of the antibody response was dependent upon the
antigenic mixture used for vaccination, and showed donor-
dependent differences. This work demonstrates the potential
for using the hu-PBL-SCID mouse model to dissect out
human immune responses against antigens of 

 

T. trichiura

 

.

 

MATERIALS AND METHODS

 

Mice

 

C.B-17 

 

scid

 

/

 

scid

 

 (SCID) mice were bred and maintained in
microisolator cages in the animal facility at the University of
Manchester. The original breeding pairs were obtained from
Charles River (Margate, Kent, UK). SCID mice were fed

autoclaved food and water and all manipulations were
performed under laminar flow. Male SCID mice were used
when aged 4–12 weeks.

 

Parasite antigens

 

The Edinburgh strain of 

 

T. muris

 

 was maintained through passage
in SCID mice. 

 

T. muris

 

 Excretory/Secretory (E/S) antigens were
prepared as described by Artis 

 

et al

 

. (20). In brief, adult worms
were cultured 

 

in vitro

 

 at 37

 

°

 

C for 4 h or overnight in RPMI 1640
medium (Gibco BRL, Grand Island, NY, USA) supplemented
with 500 IU/ml penicillin and 500 

 

µ

 

g /ml streptomycin (Gibco
BRL). The supernatants were concentrated with Centriprep
Concentrators (Amicom, Stonehouse, Gloucestershire, UK),
and dialysed in PBS. 

 

T. muris

 

 homogenate was prepared by
homogenizing whole adult worms in PBS and collecting the
soluble protein fraction, which was then treated as for 

 

T.
muris

 

 E/S Ag but without dialysis.

 

Reconstitution of SCID mice

 

Human venous blood was collected with heparin (10 IU/ml
of blood, CP Pharmaceuticals Ltd, Wrexham, UK) from
normal volunteers. Two to 3 ml of blood was collected in the
absence of heparin for isolation of human serum. Human
PBL were separated on a ficol gradient using lymphoprep
1077 (Gibco BRL), washed twice with Hank’s balanced salt
solution (HBSS) (Gibco BRL) supplemented with 2% v/v
foetal bovine serum (FBS) (Gibco BRL), penicillin and
streptomycin, and washed a final time in HBSS alone. Each
SCID mouse received 2 

 

×

 

 10

 

7

 

 human PBL i.p. in 200 

 

µ

 

l of
HBSS. Non-reconstituted SCID controls received 200 

 

µ

 

l
HBSS alone. For freezing, the human PBL were resus-
pended at a final concentration of 5 

 

×

 

 10

 

6

 

 cells per ml in
RPMI-1640 medium with 20% v/v FBS and 20% DMSO
(Sigma-Aldrich, Poole, Dorset, UK). PBL were frozen over-
night at –70

 

°

 

C in a Mr Frosty (Fisher Scientific, Lough-
borough, Leicestershire, UK) filled with isopropanol (BDH
Laboratory Supplies, Poole, UK), before being placed in
liquid nitrogen. For thawing, the human PBL were rapidly
defrosted and mixed gradually into an equal volume 50%
RPMI medium/50% FBS. The PBL were then washed in
HBSS and injected into SCID mice as above. The recovery
of human cells after freezing was approximately 81%.

 

Vaccinations

 

Vaccinations were performed s.c. with 0·5 mg of the relevant

 

T. muris

 

 Ag in adjuvant on days 1 and 15 post reconstitution
(p.r). Mock-vaccinations were performed with PBS mixed with
adjuvant. To prepare vaccinations in Incomplete Freunds
Adjuvant (IFA), 

 

T. muris

 

 Ag at a concentration of 5 mg/ml was
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mixed with an equal volume of IFA (Sigma-Aldrich). To prepare
vaccinations in alum, 

 

T. muris

 

 Ag was adjusted to 1 mg/ml
in PBS and 0·45 ml of 1 

 



 

 sodium hydrogencarbonate (BDH
Laboratory Supplies) added dropwise per ml of antigen solution.
A volume of 0·2 

 



 

 aluminium potassium sulphate (BDH
Laboratory Supplies) equal to that of the original antigen
solution was then added slowly with stirring. The solution
was mixed for 30 min at room temperature. The precipitate
was washed three times in PBS for 10 min at 720 

 

g

 

 before
adjusting to a final protein concentration of 2·5 mg/ml.

 

Preparation of mouse tissue

 

During the course of the experiment, mice were tail bled at
approximately weekly intervals, and were exanguinated
at the final autopsy. Blood was allowed to clot at room
temperature to purify the serum. Peritoneal lavage was
performed using 5 ml RPMI-1640 with 2% v/v FBS and
penicillin-streptomycin. The recovered cells were washed
three times in PBS supplemented with Dulbeccos A + B
salts (GibcoBRL), 2% FBS and 0·1% w/v sodium azide
(Sigma-Aldrich), before being resuspended at 5 

 

×

 

 10

 

6

 

 cells
per ml for flow cytometric staining. Mouse spleens were
dissociated using 100 

 

µ

 

m Falcon Cell Strainers (Becton-
Dickinson, Oxford, UK). Red blood cells were lysed using
0·85% w/v sterile filtered ammonium chloride (BDH Labor-
atory Supplies) and the remaining spleen cells treated for
flow cytometric analysis as above. Bone marrow cells were
isolated from the femur, and treated as for the dissociated
splenocytes. Inguinal and popliteal lymph nodes were
pooled within each vaccination group and treated as for the
spleen cells, but without lysis of the red blood cells.

 

Flow cytometric analysis

 

1 

 

×

 

 10

 

6

 

 cells were stained with fluorescein isothiocyanate
(FITC) conjugated mouse anti-human CD19 (Becton-
Dickinson), phycoerythrin (PE) conjugated mouse anti-human
HLA-ABC (Pharmingen, BD Biosciences, Oxford, UK)
and PE conjugated mouse anti-human CD3 (Becton-
Dickinson). FITC and PE conjugated isotype matched control
antibodies were bought from Becton-Dickinson. The cells
were acquired on a FACScan using the Cellquest software
(Becton-Dickinson). The settings for acquisition were
defined on human PBL isolated from the relevant donor.

 

Antibody ELISA

 

Standard sandwich ELISA were carried out on 96-well
Immulon 4 HBX flat bottomed microtiter plates (Dynex,
Billingshurst, West Sussex, UK). Washes were performed in
PBS with 0·05% v/v polyoxyethylene-sorbitan monolaurate

(Sigma-Aldrich) (PBS/T). 2,2

 

′

 

 azino-bis(3-ehtylbenzthiazoline-
6-sulphonic acid) (ABTS, Sigma-Aldrich) was used as sub-
strate. Plates were read using a MR7000 plate reader
(Dynatech, West Sussex, UK), and analysed with the Revela-
tion software (Dynex). Total human IgM and IgG, ELISA
plates were coated with goat anti-human IgG or goat anti-
human IgM (Tago Immunochemicals, Serotec Ltd, Oxford,
UK) in carbonate/bicarbonate buffer (0·015 

 



 

 sodium
carbonate/0·035 

 



 

 sodium hydrogen carbonate, Sigma-
Aldrich). PBS/T with 3% w/v bovine serum albumin (BSA,
Sigma-Aldrich) was used as diluent and blocking reagent. IgG
and IgM concentrations were standardized against human
IgG and human IgM (DAKO Ltd, Buckinghamshire,
UK). Detection was performed using HRP conjugated
goat anti-human IgG, or HRP conjugated goat anti-
human IgM

 

k

 

 (BioSource International, Hertfordshire, UK).
For detection of 

 

T. muris

 

 specific antibodies, ELISA plates
were coated with 

 

T. muris

 

 homogenate or E/S Ag at 5 

 

µ

 

g /ml
in carbonate/bicarbonate buffer. Blocking and dilutions
were performed in PBS/T with 5% w/v BSA. Human IgG
isotypes were detected using mouse anti-human IgG1
(NL16), IgG2 (GOM1), IgG3 (ZG4) and IgG4 (RJ4) (Bion-
ostics, Bedfordshire, UK). Biotinylated rat anti-mouse IgG
(Serotec Ltd) followed by 0·5 IU/ml streptavidin peroxidase
(Boehringer Mannheim, East Sussex, UK) were used to
detect bound antibody. To maximize sensitivity, the samples
and anti-human IgG isotype antibodies were incubated
overnight at 4

 

°

 

C. To standardize the assay all plates were
read 20 min after addition of  substrate. Total murine Ig
levels of the SCID mice were measured before reconstitution
and at the time of final autopsy to check for mice with a
‘leaky’ phenotype. Plates were coated with goat anti-mouse
Ig (DAKO Ltd) diluted in carbonate/bicarbonate buffer.
Blocking and dilutions were performed in PBS/T with 3% w/v
BSA. Ig concentrations were standardized against mouse IgM

 

k

 

monoclonal antibody (Pharmingen). HRP conjugated rabbit
anti-mouse Ig (DAKO Ltd) was used for detection. In each
experiment, 14·3–38·5% of the SCID mice had detectable
levels of murine Ig (leaky phenotype) as defined by greater
than 5 

 

µ

 

g /ml serum Ig concentrations. To verify the murine
Ig was nonfunctional, the 

 

T. muris

 

 specific ELISA was per-
formed in the absence of the anti-human isotype antibodies
to measure the levels of 

 

T. muris

 

 specific murine IgG. The
presence of murine Ig neither had an effect on the level of
human cell engraftment, nor on the ability of the hu-PBL-SCID
mice to respond to vaccination. 

 

T. muris

 

 specific murine IgG
was not detected in any mouse in any experiment.

 

Western immunoblots

 

32·5 

 

µ

 

g /well of 

 

T. muris

 

 homogenate was separated accord-
ing to size on 12% SDS-PAGE reducing gels and transferred
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to HYbond ECL nitrocellulose membranes (Amersham-
Pharmacia Biotech, Buckinghamshire, UK) using Bio-Rad
(Hertfordshire, UK) mini-gel and wet cell transfer equipment.
Band sizes were equated to SDS-PAGE broad range molecular
weight standards (Bio-Rad). The membranes were blocked
overnight in PBS with 5% w/v BSA, and washes were per-
formed in PBS/T

 

.

 

 Serum samples were diluted 1 : 10 in PBS
with 2% w/v BSA, diluent alone was used as a negative con-
trol. Detection of bound human IgG was performed with
HRP conjugated goat anti-human IgG, and visualized using
an ECL detection system (Amersham-Pharmacia-Biotech)
on Kodak BIOMAX light-1 film (Sigma-Aldrich).

 

Statistical analysis

 

Non-parametric correlation was performed using Spear-
man’s rank correlation.

 

RESULTS

 

Engraftment of human PBL within SCID mice

 

To engraft SCID mice with human cells, each mouse was
injected i.p. with 2 

 

×

 

 10

 

7

 

 naïve human PBL. The hu-PBL-SCID
mice were then vaccinated s.c. with 0·5 mg 

 

T. muris

 

 antigen
in adjuvant (vaccinated), or with adjuvant alone (mock-

vaccinated) on days 1 and 15 p.r. One group of SCID mice
was vaccinated with parasite antigen in adjuvant, but was
not engrafted with human cells (non-reconstituted SCID
controls). To monitor the level of human cell engraftment
throughout the course of the experiment, we measured the
serum concentrations of total human IgG and IgM at
approximately weekly intervals. At the final time point, the
mice were autopsied and flow cytometric analysis used to
look for the presence of human cells within various tissues
and organs. Neither human cells, nor human Ig were
detected in the non-reconstituted SCID controls.

The incidence of human cell engraftment was high with
greater than 80% of hu-PBL-SCID mice having detectable
serum concentrations of total human IgG and IgM in each
experiment, with IgG being the predominant isotype
(Tables 1 and 2). Similar to previous reports, the serum con-
centrations of both total human IgG and IgM were variable,
even between SCID mice reconstituted with PBL from the
same donor in the same experiment (7,21,22). Vaccination
with antigen had no effect on the serum concentrations of
total human IgM or IgG compared to the mock-vaccinated
controls. The majority of hu-PBL-SCID mice had serum
concentrations of total human IgM of less than 100 

 

µ

 

g /ml
(30/37 for donor 1, 11/11 for donor 2, 3/10 for donor 3). A
few hu-PBL-SCID mice reconstituted with PBL from donor
1 (4/37), and the majority of those reconstituted with PBL

Table 1 Incidence and total human IgG serum concentrations in hu-PBL-SCID mice

Donor Days p.r. Incidence Range1 (µg/ml) Mean ± SD (µg/ml) Median (µg/ml) Donor’s IgG2 (µg/ml)

D1 57 10/11 61–2538 856 ± 867 562 15 600
D1 52 11/13 311–3885 1577 ± 1343 1415 11 600
D1 50 9/10 466–6985 2290 ± 2012 1813 11 900
D13 47 8/8 150–5186 1398 ± 1740 625 19 700
D2 55 11/11 33–3484 1564 ± 1094 1128 17 000
D3 55 10/10 345–6760 4137 ± 2155 4416 21 200

1hu-PBL-SCID mice positive for human IgG. 2Serum concentration at time of sampling PBL. 3PBL were freeze/thawed in liquid nitrogen prior 
to reconstitution.

Table 2 Incidence and total human IgM serum concentrations of hu-PBL-SCID mice

Donor Days p.r. Incidence Range1 (µg/ml) Mean ± SD (µg/ml) Median (µg/ml) Donor’s IgM2 (µg/ml)

D1 57 9/11 1–80 19·5 ± 28·9 5 741
D1 52 11/13 4–445 56 ± 124 13 826
D1 50 9/10 10–1154 213 ± 376 50·5 678
D13 47 8/8 2–242 40 ± 82 8 915
D2 55 9/11 1–14 6 ± 5 4 617
D3 55 10/10 5–6651 1528 ± 2114 736 425

1hu-PBL-SCID mice positive for human IgM. 2Serum concentration at time of sampling PBL. 3PBL were freeze/thawed in liquid nitrogen 
prior to reconstitution.
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from donor 3 (7/10), had total human IgM levels of greater
than 200 

 

µ

 

g /ml. These high concentrations were only found
after day 30 p.r., and were comparable to the reported total
human IgM serum concentrations of hu-PBL-SCID mice
developing Epstein-Barr virus (EBV) associated B cell
lymphomas (23–25). The high IgM concentrations did not
show any relation to the antigen specific responses
reported below, and occurred after the antigen specific
antibody responses were initially detected. We did not test
for the presence of EBV associated B cell lymphomas in our
experiments.

To follow the migration of the human PBL, we used the
pan human cell marker HLA-ABC. HLA-ABC

 

+

 

 cells could
be detected in the peritoneal cavity, bone marrow, and
spleen of the hu-PBL-SCID mice from days 47–57 p.r.
(Table 3). The percentages of human cells recovered were
variable and, in hu-PBL-SCID mice with detectable num-
bers of  HLA-ABC

 

+, human cells ranged from 0·1 to 71%
in the peritoneal lavage fluid, 0·1–75·2% in the spleen and
0·01–0·78% in the bone marrow. Human HLA-ABC+ cells
were also detected in the pooled inguinal and popliteal
lymph nodes from vaccinated hu-PBL-SCID mice recon-
stituted with PBL from donor 1 (1·3% of total lymph node
cells), but not in the mock-vaccinated group nor in the hu-
PBL-SCID mice engrafted with PBL from donors 2 or 3.

Despite the high incidence of human IgM and IgG pro-
duction, human CD19+ B cells could not be detected in the
peritoneal lavage fluid or bone marrow. They were detected
in the spleen of a fraction of the hu-PBL-SCID mice with
percentages ranging from 0·1 to 1·3% (Table 3). The percentages
of HLA-ABC+ cells in the peritoneal lavage fluid and
spleen, however, did show significant positive correlations
with the serum levels of  total human IgM and/or IgG. It
has been reported that CD19 expression on human B cells
is down-regulated after prolonged exposure to the SCID
environment, possibly explaining this discrepancy (23,26).
Human CD3+ cells could be detected in the spleens of some

hu-PBL-SCID mice (Table 3), with the percentages ranging
from 0·1% to 56%. Freeze thawing the human PBL in liquid
nitrogen prior to reconstitution did not adversely affect
their ability to reconstitute the SCID mice (Tables 1 to 3).

Vaccination of hu-PBL-SCID mice with T. muris E/S Ag 
results in the production of T. muris specific human IgG2

To determine whether hu-PBL-SCID mice were capable of
responding to antigenic challenge the hu-PBL-SCID mice
were vaccinated s.c. with 0·5 mg of T. muris E/S Ag on days
1 and 15 p.r. The serum levels of T. muris specific human
IgG1, IgG2, IgG3, and IgG4 were then followed every 7–
10 days throughout the course of the experiment. Due to the
limited serum volumes obtained at the intermediate time
points, the results shown below concentrate on the antibody
responses at the time of autopsy when the full range of
assays were performed. Compared with the mock-vaccinated
hu-PBL-SCID mice, vaccination with T. muris E/S Ag
using either IFA or alum as an adjuvant resulted in higher
serum levels of T. muris E/S specific human IgG2 at days 57
and 52 p.r., respectively (Figures 1a,b). T. muris specific
human IgG2 could be detected by day 20 post reconstitu-
tion, and the kinetics of its production differed between
individual hu-PBL-SCID mice with maximal levels occur-
ring at any time point from day 20 onwards (Figures 2a,b).
There was no relationship between the T. muris specific
human IgG2 response within each hu-PBL-SCID mouse
and its overall level of human cell engraftment. Negligible
levels of T. muris E/S specific human IgG1, IgG3 or IgG4
were detected in the sera.

T. muris E/S specific human IgG2 could be detected in the
sera of donor 1 at greater or equal levels to the vaccinated
hu-PBL-SCID mice (Figures 1a,b); however, it should be
noted that the donor’s total IgG serum concentration was
at least twice those of  the hu-PBL-SCID mice (Table 1).
The levels of  T. muris specific human IgG in the donor’s

Table 3 Incidence of hu-PBL-SCID mice with detectable levels of HLA-ABC+, CD19+ and/or CD3+ human cells

Donor Days p.r.
Peritoneal lavage 
HLA-ABC+

Bone marrow 
HLA-ABC+

Spleen

HLA-ABC+ CD19+ CD3+

D1 57 3/6 – – – –
D1 52 10/112 8/13 – – –
D1 50 10/102 – 8/102 2/10 –
D11 47 – – 5/83 1/8 2/8
D2 55 – – 6/102 1/10 5/10
D3 55 – – 5/103 2/10 0/10

1PBL were freeze/thawed in liquid nitrogen prior to reconstitution. Significant positive correlation’s were found between the percentage of 
HLA-ABC+ human cells and the total serum levels of both human IgG and IgM 2(P < 0·05), or human IgM alone 3(P < 0·05).
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sera were much lower than those reported in T. trichiura
infected people, and showed a more restricted antigen
recognition profile (9). Their presence is probably due to a
cross-reactive B cell response or low levels of  natural
antibodies (27,28), and their transfer presumably explains
the detection of low levels of T. muris specific human IgG2

in the sera of some mock-vaccinated hu-PBL-SCID mice.
There was no relationship between the serum concentration
of total human IgG and the serum levels of T. muris specific
human IgG2 (Figure 3). Thus, the T. muris E/S specific human
IgG2 responses seen in the sera of  the vaccinated mice
cannot simply be due to passive transfer of cross-reactive cells.
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Figure 1 Serum levels of T. muris E/S specific human IgG2 of 
donor 1 (crosses), E/S vaccinated hu-PBL-SCID mice (closed 
squares) and mock-vaccinated hu-PBL-SCID mice (open circles). 
The donor’s sera was sampled at the time of reconstitution. 
(a) Hu-PBL-SCID mice were reconstituted with PBL from donor 
1 and vaccinated with T. muris E/S Ag in IFA. Autopsy was 
performed at day 57 p.r. (n = 5 for vaccinated group, n = 6 for 
mock-vaccinated group). The three non-reconstituted SCID 
controls showed negligible levels of T. muris E/S specific human 
IgG2 (OD at a 1 : 10 dilution = 0·05 ± 0·03). (b) Hu-PBL-SCID 
mice were reconstituted with PBL from donor 1 and vaccinated 
with T. muris E/S Ag in alum. Autopsy was performed at day 
52 p.r. (n = 7 for vaccinated group, n = 6 for mock-vaccinated 
group, n = 3 for non-reconstituted SCID controls). The non-
reconstituted SCID controls were negative for T. muris E/S specific 
human IgG2.
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Figure 2 Time course of T. muris specific human IgG2 serum levels 
in vaccinated (closed squares) and mock-vaccinated (open circles) 
hu-PBL-SCID mice reconstituted with PBL from donor 1. The serum 
level of T. muris specific human IgG2 represents the OD when a serum 
dilution of 1 : 10 was used. (a) Hu-PBL-SCID mice were vaccinated 
with T. muris E/S antigens in IFA on days 1 and 15 p.r. The three 
non-reconstituted SCID mice showed an OD of 0·015 ± 0·012 
across all the time points. The results are from the same experiment 
as shown in Figure 1(a). (b) Hu-PBL-SCID mice were vaccinated 
with T. muris E/S antigens in alum on days 1 and 15 p.r. The results 
are from the same experiment as shown in Figure 1(b), but only 
show five of the seven vaccinated hu-PBL-SCID mice and three of 
the six mock-vaccinated hu-PBL-SCID mice. The remaining mice 
were all negative for T. muris specific IgG2 at the time of autopsy. 
One non-reconstituted SCID mouse was also assayed and was 
negative for T. muris specific human IgG2 at all time points.
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Vaccination of hu-PBL-SCID mice with T. muris 
homogenate in IFA results in the production of T. muris 
specific human IgG1 and IgG2

To study the effects of using different antigenic mixtures in
our system, we vaccinated hu-PBL-SCID mice with 0·5 mg
T. muris homogenate using the protocol described above.
Vaccination of  hu-PBL-SCID mice with T. muris homo-
genate in IFA resulted in the detection of both T. muris
homogenate specific human IgG1 and IgG2 in the sera of
vaccinated hu-PBL-SCID mice reconstituted with PBL
from either donor 1 or donor 2 at days 50 and 55 p.r.,
respectively (Figure 4). The levels of T. muris specific human
IgG1 and IgG2 reached peak levels by days 26/35 for donor
1 and days 19/30 for donor 2 (results not shown). No T.
muris homogenate specific human IgG3 or IgG4 was
detected in the vaccinated or mock-vaccinated hu-PBL-
SCID mice, and none of the five SCID mice reconstituted
with PBL from donor 3 responded to vaccination.

One of the mock-vaccinated hu-PBL-SCID mice reconsti-
tuted with PBL from donor 2 had T. muris homogenate
specific IgG2 serum levels equal to or greater than those of
the hu-PBL-SCID mice vaccinated with antigen (Figure 4d).
This shows that the transfer of T. muris cross-reactive B cells
from the donor without exposure to antigen was sufficient to
produce an equivalent antibody response to hu-PBL-SCID
mice vaccinated with antigen. Across all the experiments,
however, vaccination with antigen resulted in consistently
higher T. muris specific human IgG2 responses. Also,

despite the presence of T. muris specific IgG1 antibodies in
the sera of both donors 1 and 2, T. muris specific human
IgG1 was not detected in the sera of mock-vaccinated hu-
PBL-SCID mice (Figures 4a,c). Exposure to antigen within
the SCID environment was therefore required to induce the
production of T. muris specific human IgG1.

SCID mice reconstituted with freeze/thawed human PBL 
can still respond to vaccination

Applying this model to a field situation will likely require
human PBL to be frozen in liquid nitrogen for storage.
To determine whether human PBL can still respond within
SCID mice after such treatment, we freeze/thawed PBL
from donor 1 in liquid nitrogen prior to reconstitution. The
hu-PBL-SCID mice were then vaccinated with T. muris
homogenate in alum using the protocol described above.
T. muris homogenate specific human IgG2 was detected in
the sera of one of four vaccinated hu-PBL-SCID mice at day
47 p.r. (Figure 5). Unlike the results obtained when IFA was
used as the vaccinating adjuvant, no homogenate specific
human IgG1 could be detected in any of the vaccinated hu-
PBL-SCID mice. No T. muris homogenate specific human
IgG3 or IgG4 could be detected in the sera.

Vaccination with T. muris homogenate promotes an 
antibody response against a 66-kDa component of T. muris 
homogenate

We wanted to ascertain whether the IgG responses seen
after vaccination with T. muris antigens were based on the
existing T. muris cross-reactive B cell responses of the donor,
or whether vaccination induced novel antibody responses.
To this end, we used Western immunoblotting to compare
the antigen recognition profiles of IgG from the donor and
the vaccinated and mock-vaccinated hu-PBL-SCID mice
against T. muris homogenate. At days 47 and 52 p.r., the
antigen recognition profiles of the hu-PBL-SCID mice
reconstituted with PBL from donor 1 and vaccinated with T.
muris homogenate were almost identical to the antigen recog-
nition profile of the donor. This was true whether IFA or alum
was used as the adjuvant, and also for the mock-vaccinated
hu-PBL-SCID mice that had detectable levels of T. muris
specific human IgG2 (representative profiles shown in
Figure 6a). A different picture was obtained when hu-PBL-
SCID mice reconstituted with PBL from donor 2 were studied.
In this experiment, hu-PBL-SCID mice vaccinated with
T. muris homogenate showed strong recognition of a com-
ponent of T. muris homogenate of approximately 66 kDa at
day 55 p.r. (Figure 6b). This response was not novel as the
serum IgG of the donor and the mock-vaccinated hu-PBL-
SCID mice saw recognition of this component, but their
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Figure 3 Comparison of serum levels of T. muris specific human 
IgG2 (hatched bars, left axis) and serum concentrations of total 
human IgG (solid bars, right axis) in individual non-reconstituted 
SCID mouse controls (S), vaccinated hu-PBL-SCID mice (V), 
mock-vaccinated hu-PBL-SCID mice (MV) and the donor (D). 
SCID mice were reconstituted with PBL from donor 1 and vacci-
nated with T. muris E/S Ag in IFA. The donors serum was sampled 
at the time of reconstitution. Autopsy was performed at day 57 p.r. 
The serum level of T. muris specific human IgG2 represents the OD 
when a serum dilution of 1 : 10 was used.
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Figure 4 Serum levels of T. muris specific human IgG1 (a,c) and IgG2 (b,d) of homogenate vaccinated hu-PBL-SCID mice (closed squares), 
mock-vaccinated hu-PBL-SCID mice (open circles) and the respective donors (crosses). Sera from the donors was sampled at the time of 
reconstitution. (a,b) SCID mice were reconstituted with PBL from donor 1 and vaccinated with T. muris homogenate in IFA. Autopsy 
was performed at day 50 p.r. (n = 5 for vaccinated group, n = 5 for mock-vaccinated group, n = 3 for non-reconstituted SCID controls). 
Non-reconstituted controls were negative for T. muris E/S specific human IgG1 and IgG2. (c,d) SCID mice were reconstituted with PBL from 
donor 2 and vaccinated with T. muris homogenate in IFA. Autopsy was performed at day 55 p.r. (n = 6 for vaccinated group, n = 5 for mock-
vaccinated group, n = 3 for non-reconstituted controls). Non-reconstituted controls were negative for T. muris E/S specific human IgG2.
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Figure 5 Serum levels of T. muris specific human IgG2 of donor 1 
(crosses), homogenate vaccinated hu-PBL-SCID mice (closed 
squares) and mock-vaccinated hu-PBL-SCID mice (open circles). 
The donors sera was taken at the time sampling the PBL for 
reconstitution. SCID mice were reconstituted with freeze/thawed 
PBL sampled from donor 1, followed by vaccination with T. muris 
homogenate in alum. Mice were autopsied at day 47 p.r. (n = 4 for 
vaccinated group, n = 4 for mock-vaccinated group, n = 2 for non-
reconstituted controls). Non-reconstituted controls were negative 
for T. muris E/S specific human IgG2.
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responses to the 66 kDa component were less prominent.
Interestingly, the mock-vaccinated hu-PBL-SCID mouse
that showed serum levels of homogenate specific human
IgG2 equal to or greater than the vaccinated hu-PBL-SCID
mice only weakly recognized the 66 kDa component, and

had a similar antigen recognition profile to that of the donor
(Figures 4d and 6b). Therefore, vaccination with T. muris
antigen did specifically promote an IgG response against a
66-kDa component of homogenate that could not be repro-
duced through the transfer of cross-reactive B cells alone.

Figure 6 Antigen recognition profiles of serum IgG of T. muris vaccinated (V) and mock-vaccinated (MV) hu-PBL-SCID mice, non-
reconstituted SCID control (S), detection antibody without sera (–) and the respective donor (D1 or D2). (a) SCID mice were reconstituted 
with PBL from donor 1 followed by vaccination with T. muris homogenate in alum. Autopsy was performed at day 47 p.r. (b) SCID mice 
were reconstituted with PBL from donor 2 and vaccinated with T. muris homogenate in IFA. Non-reconstituted SCID mouse sera did not 
show any recognition of T. muris homogenate, neither did the detection antibody alone. MV* denotes the mock-vaccinated hu-PBL-SCID 
mouse from Figure 4(d) that showed a strong T. muris specific human IgG2 response.
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DISCUSSION

The ability to reconstitute SCID mice with human periph-
eral blood lymphocytes (hu-PBL-SCID) taken from individ-
uals infected with parasitic infections, and then to be able to
study the human immune responses in the murine host
would provide many advantages for immunological field
studies. In this study, we show the potential for using the hu-
PBL-SCID model to dissect out human antibody responses
against different antigens of the intestinal helminth Tri-
churis trichiura. Intra-peritoneal injection of human PBL
resulted in successful engraftment in greater than 80% of the
SCID mice receiving human cells, with human cells and
immunoglobulins still detectable 47–57 days post recon-
stitution. Vaccination of hu-PBL-SCID mice with T. muris
E/S antigens resulted in the elevated production of parasite
specific human IgG2 in comparison to the hu-PBL-SCID
mice mock-vaccinated with PBS. This was despite the SCID
mice being reconstituted with PBL taken from naïve donors,
and was independent of the adjuvant types used. The class
of antibody response that could be invoked was not solely
limited to IgG2 and was dependent upon the antigen
mixture; when the hu-PBL-SCID mice were vaccinated
with T. muris homogenate in IFA, an elevated production
of both T. muris specific human IgG1 and IgG2 was seen.
Negligible levels of  T. muris specific human IgG3 and
IgG4 were seen in the hu-PBL-SCID mice. These results
relate with published field studies on human antibody
responses to T. trichiura in which the main serum responses
were also of  the IgG1 and IgG2 subclasses (14). In these
field studies, the patients’ serum levels of T. trichiura specific
IgG3 were negligible, and their levels of  specific IgG4
were low.

The application of this model to field studies will likely
require human PBL to be frozen in liquid nitrogen prior to
reconstitution, and in other studies freeze/thawed human
PBL have been less efficient at reconstituting SCID mice
(29). In our hands, however, we found no difference in the
total levels of reconstitution between ‘fresh’ and freeze/
thawed PBL. The SCID mice reconstituted with freeze/
thawed PBL were also capable of producing a T. muris spe-
cific human IgG2 response after vaccination with T. muris
homogenate mixed with alum. Interestingly, these mice did
not produce a T. muris specific human IgG1 response in
contrast to those mice vaccinated with homogenate emulsi-
fied in IFA. As a T. muris specific antibody response was
seen, we do not believe that this was due to the freeze/thawing
of the PBL, and it may be related to the use of alum as an
adjuvant rather than IFA. The variability seen in this
model combined with the small group size makes it difficult
to draw a firm conclusion; however, it does provide an inter-
esting area to test in the future.

The levels of parasite specific human antibodies seen after
vaccination of the hu-PBL-SCID mice were much lower
than those reported in T. trichiura infected humans (9). In
fact, in the majority of cases, they were equal to or lower
than the levels of T. muris specific human antibodies in the
donor’s sera, despite the donors being naïve in respect to
T. muris and T. trichiura. What should be remembered in
interpreting these results is that the total human IgG concen-
trations of the hu-PBL-SCID were at least half, and often
one-tenth, of the donor’s serum IgG concentration. Thus,
vaccination did increase the serum levels of  T. muris
specific human IgG in relation to the total human IgG serum
concentrations. In general, it has been very difficult to gener-
ate naïve human antibody responses in hu-PBL-SCID mice
(30–33), although several groups have succeeded (8,34,35).
The low levels of  the antibody responses seen in our vac-
cination protocol are likely to be due to the naïve immuno-
logical status of the donors. The difficulties probably lie in a
limited ‘humanization’ of the SCID mice through the trans-
fer of human PBL, which contains a restricted repertoire of
human cells and in particular has a low percentage of dend-
ritic cells. The lack of human dendritic cells within the hu-
PBL-SCID mice could greatly hinder the correct priming of
a naïve T cell response. In support of this, the most convinc-
ing generation of a primary human immune response was
shown when a variety of tissues were transplanted to the
SCID host, namely the mesenteric lymph nodes, thymus,
skin and fetal bone (26). One way of improving the immune
responses in hu-PBL-SCID mice could be to culture dend-
ritic cells from the donor’s blood and reconstitute SCID
mice with both human PBL and dendritic cells, although
this obviously adds extra logistical problems. Strong recall
responses have been seen in hu-PBL-SCID mouse models,
however, and generally the induction of recall as opposed to
naïve immune responses have been much easier (30,32,36).
We therefore expect that reconstitution of SCID mice with
PBL from T. trichiura infected donors will result in a much
stronger response to vaccination than seen with PBL from
naïve donors. A stronger antibody response to vaccination
should also result in a greater separation of the responses
between the vaccinated and mock-vaccinated hu-PBL-
SCID mice, helping to alleviate the problem of the low levels
of T. muris specific IgG2 seen in the mock-vaccinated hu-PBL-
SCID mice.

One common problem in all the studies using hu-PBL-
SCID mice is the variation seen, even between SCID mice
reconstituted with PBL from the same donor (7,21,22).
Similar variation was seen in our study both in the levels of
total engraftment, and in the parasite specific antibody
responses detected. In a group of SCID mice reconstituted
at the same time with PBL from the same donor, not
all would respond to the vaccination and those that did
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responded to different extents. It is reported in the literature
that PBL from different donors show different compatibili-
ties with the SCID environment (7,29,37) and, similarly, in
our experiments, SCID mice reconstituted with PBL from
one of our three donors failed to respond to vaccination.
The variability in the specific antibody responses was not
related to the variability in the total levels of engraftment
(except in those mice which failed to show any human cell
engraftment), and there was no obvious factor we noted
that could account for the differences seen. This variability
does warn against using this model when group sizes are
limiting, and the results from each hu-PBL-SCID mouse
should be considered individually in their own right. The
variability does not discount the use of this model, just that
careful planning and interpretation of experiments will be
required to avoid artefacts. In a practical sense, this will
either entail reconstituting a group of SCID mice with PBL
from one donor requiring relatively large blood volumes, or
using one SCID mouse per donor and attempting to over-
come the variation through sampling a large population of
donors.

Low levels of T. muris reactive IgG1 and IgG2 were
detected in the naïve donors which were presumably either
due to cross-reactive or ‘natural antibodies’ (27,28). A
resultant complicating factor of this study was the produc-
tion of T. muris specific human IgG2 by hu-PBL-SCID mice
never exposed to T. muris antigens. It therefore appeared
that transfer of the cross-reactive B cells from the donor was
sufficient to generate T. muris specific IgG2 responses in
hu-PBL-SCID mice in the absence of vaccination. A similar
phenomenon has been noted for recall antigens in other hu-
PBL-SCID mouse vaccination models (30,38). Overall, the
hu-PBL-SCID mice vaccinated with T. muris antigens
produced more consistent T. muris specific human IgG2
responses at higher levels than the mock-vaccinated hu-PBL-
SCID mice (with the exception of  one mock-vaccinated
hu-PBL-SCID mouse discussed below) leading us to believe
that vaccination was at least enhancing the donor’s cross-
reactive response. Also, the production of T. muris specific
human IgG1 required the hu-PBL-SCID mice to be vacci-
nated with T. muris homogenate, and was never found in the
mock-vaccinated hu-PBL-SCID mice. It is possible that the
production of IgG2 in the absence of T. muris antigens may
be related to the ‘T-cell independent’ nature of  the anti-
body response reported for this isotype, and would be an
interesting area for future study (39,40).

This ability to transfer cross-reactive B cells from the
naïve donor suggests that the responses generated by the vac-
cination protocol were based on the donor’s cross-reactive
responses. This idea was supported by the antigen recog-
nition profiles of  T. muris homogenate by the vaccinated
and mock-vaccinated hu-PBL-SCID mice reconstituted

with PBL from donor 1. Their profiles were almost identical
to those of the donor, and thus vaccination with antigen had
not generated a novel antibody response even though it had
boosted the serum levels of T. muris specific antibodies.
When SCID mice were reconstituted with PBL from donor
2, the antibody responses were also based on the donors
cross-reactive response, but the vaccination appeared to bias
the hu-PBL-SCID mouse response towards a component
of  T. muris homogenate of  approximately 66KDa. Import-
antly, such a bias was not seen in the T. muris cross-reactive
IgG responses of  any of  the mock-vaccinated hu-PBL-
SCID mice, including the one that produced equivalent or
higher levels of  T. muris reactive antibodies than the
hu-PBL-SCID mice in the vaccinated group. Thus, although
cross-reactive B cells can survive and produce T. muris
specific antibodies in the SCID environment without
exposure to T. muris antigens, vaccination with T. muris
antigens does boost the antibody responses seen and can
also direct the response towards a particular antigen. A
strong IgG response against the 66 kDa component was
already present in the sera of donor 1, possible explaining
why a similar enhancement was not seen in the hu-PBL-
SCID mice engrafted with PBL from this donor. Although
a novel antibody response was not detected, the reflection of
the donor’s ‘cross-reactive’ responses in the hu-PBL-SCID
mice does suggest that the responses of the hu-PBL-SCID
mice reconstituted with PBL from T. trichiura exposed indi-
viduals will mirror the infection history and status of the
donor.

The successful vaccination of hu-PBL-SCID mice recon-
stituted with PBL from naïve human donors demonstrates
the potential for studying human antibody responses
against Trichuris antigens using this model. This is espe-
cially so considering that the use of SCID mice reconstit-
uted with PBL from T. trichiura exposed individuals should
be much stronger than those in ‘naïve’ hu-PBL-SCID mice.
Donor and antigen-dependent differences were seen in the
human antibody responses of the hu-PBL-SCID mice, and
thus it should be possible to see similar differences in the
antibody responses of T. trichiura infected humans. The
infection of  hu-PBL-SCID mice with T. muris may also
provide a method for comparing the cellular and cytokine
responses seen in the murine model to those produced by
the human immune system. Human cells have been retrieved
from the mesenteric lymph nodes of one hu-PBL-SCID mouse
noted to have intestinal inflammation, but a key question will
be to determine whether human cells are capable of migrating
sufficiently within SCID mice to show a normal response to
a live infection. In the future, the model could also be used to
study how to manipulate a vaccination protocol to produce
an antibody response of a desired phenotype, or to redirect
it towards a particular antigen.
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