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Summary

Follicular dendritic cells (FDC) are situated in the primary follicles of

lymphoid tissues where they maintain the structural integrity of the B-

lymphocyte follicle, and help to drive immunoglobulin class-switch

recombination, somatic hypermutation and affinity maturation during the

germinal centre response. FDC can also provide a reservoir for pathogens

that infect germinal centres including HIV and prions. FDC express high

levels of the normal cellular form of the prion protein (PrPC), which

makes them susceptible to prion infection. The function of PrPC is uncer-

tain and it is not known why FDC require such high levels of expression

of a protein that is found mainly on cells of the central nervous system.

In this study, the function of FDC was assessed in mice that had PrPC

ablated specifically in their FDC. In mice with FDC-specific PrPC ablation,

our analysis revealed no observable deficits in lymphoid follicle microar-

chitecture and FDC status. No effects on FDC ability to trap immune

complexes or drive antigen-specific antibody responses and affinity matu-

ration in B lymphocytes were observed. These data clearly demonstrate

that PrPC expression is dispensable for the functional maturation of FDC

and their ability to maintain antigen-specific antibody responses and

affinity maturation.

Keywords: antibody response; follicular dendritic cell; germinal centre;

prion protein; spleen.

Introduction

Follicular dendritic cells (FDC) are a non-migratory, non-

phagocytic stromal cell population found in the B-lym-

phocyte follicles of secondary lymphoid tissue. They form

networks of long dendrites, which enable close contact

with many B lymphocytes and help to maintain the struc-

tural integrity of the follicle.1 Furthermore, FDC secrete

the chemokine CXCL13, which stimulates the chemotaxis

of further CXCR5-expressing B lymphocytes into the

follicle.2 The FDC are thought to derive from a stromal

cell precursor3,4 that develops after the arrival of B

lymphocytes into the follicle5 and their induction and

maintenance is dependent on B-lymphocyte-derived

lymphotoxin and tumour necrosis factor-a.6,7 They have

recently been shown to develop from precursors that are

found around blood vessels, and require lymphoid tissue

inducer cells and lymphotoxin for their expansion. These

characteristics allow the development of FDC-containing

ectopic lymphoid follicles outwith the lymphoid tissues

during chronic inflammatory conditions.8

In addition to the development and maintenance of the

follicle microarchitecture, FDC are also important in driv-

ing the germinal centre (GC) response. The FDC express

complement receptors (CR1, CR2 and possibly CR3) and

immunoglobulin Fc receptors (FccRIIb and possibly

FceRII), which allow them to capture antigen in the form

of immune complexes.5,9 Antigens are retained on FDC

surfaces in their native states for long periods of time to

aid the positive selection of high-affinity B lymphocytes

during the GC response.1,7,10–14 FDC further aid this

process by up-regulating the expression of adhesion

Abbreviations: AP alkaline phosphatase; CR complement receptor; DNP-KLH dinitrophenyl–keyhole limpet haemocyanin; FDC
follicular dendritic cell; GC germinal centre; ICAM intercellular adhesion molecule; mAb monoclonal antibody; PAP peroxidase–
anti-peroxidase; PrPC cellular isomer of the prion protein; TCR T-cell receptor; TLR Toll-like receptor; VCAM vascular cell
adhesion molecule; WT wild-type
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molecules such as intercellular adhesion molecule

(ICAM), vascular cell adhesion molecule (VCAM) and

CD44 to facilitate interactions between B lymphocytes

and the retained antigen on the FDC surface.1,12,15,16 The

competitive binding to antigen on the FDC surface allows

B lymphocytes with the highest affinity for the eliciting

antigen to receive pro-survival signals from FDC via

B-cell activating factor and 8D6 signalling and cytokines

such as interleukin-6 and interleukin-15.17–20 FDC can

also target low-affinity B lymphocytes for apoptosis via

their secretion of milk fat globule EGF factor 8.21

Surface proteins of FDC are also exploited by certain

pathogens. This results in a reservoir of pathogen in the

GC that can then spread systemically via other cells traf-

ficking through the lymphoid tissue. For example, HIV

uses CD21 expression on FDC to become trapped on

their surfaces where it is then able to replicate and infect

B lymphocytes.22 Prions comprise a unique group of

pathogens thought to be composed solely of protein with

no genetic material. Infection with prions is considered to

induce a conformational change in the normal host prion

protein (PrPC) to an abnormally folded, infectious form

(PrPSc). Furthermore, expression of PrPC is essential for

prion pathogenesis to occur.23 After peripheral exposure

to some prion diseases, FDC acquire PrPSc and replicate

prions, which allows subsequent neuroinvasion and fatal

central nervous system disease.24,25 FDC are susceptible to

infection by prions because of their expression of rela-

tively high levels of PrPC on their surfaces.24,25

The cellular isomer of the prion protein is a host-

encoded sialoglycoprotein (encoded by the Prnp gene in

mice), which is expressed predominantly on neurons but

also on many other cell types, including cells of the

immune system.26–29 The normal cellular function of PrPC

is uncertain and three independent lines of Prnp�/� mice

show normal development and have no overt neurological

phenotype, suggesting that either PrPC is not an essential

protein or that genetic loss of PrPC can be compensated for

by other mechanisms.23,30–32 Some proposed functions of

PrPC include the maintenance of circadian rhythm,33 syn-

aptic transmission,34 anxiety modulation,35 cognition36

and seizure thresholds37 as small changes in these functions

have been observed in Prnp�/� mice. PrPC has also been

proposed as a signal transduction protein38,39 and has been

suggested to have roles in both pro-apoptotic signalling via

an associated increase in caspase 3 activity,40 and anti-

apoptotic activity via binding to the anti-

apoptotic molecule Bcl-2.41,42 Furthermore, PrPC expression

has been reported to protect both cells of the central ner-

vous system and those of the immune system from oxida-

tive stress.43,44 The role of PrPC on FDC is uncertain.

Therefore, in this study, mice which had PrPC expression

ablated exclusively on FDC were used to determine the role

of PrPC in the FDC status and the development of antigen-

specific antibody responses.

Materials and methods

Mice

The CD21-Cre mice45 and Prnpflox/flox mice46 were gener-

ated as described previously. Each had been inbred for at

least 10 generations before being bred and maintained on

a Prnp�/� background.47 Prnpflox/flox mice have loxP sites

flanking exon 3 of the Prnp gene, which enables

Cre-mediated excision of the Prnp open reading frame

in Cre-recombinase-expressing cells.46 To create CD21-

CrePrnpflox/� mice a single cross between the CD21-cre

mice and the Prnpflox/flox mice was performed. All mice

were maintained under specific pathogen-free conditions.

All studies using experimental mice and regulatory

licences were approved by the University of Edinburgh’s

Ethics Review Committee and performed under the

authority of a UK Home Office Project Licence within

the regulations of the UK Home Office ‘Animals (scien-

tific procedures) Act 1986’.

c-irradiation and bone marrow reconstitution

Bone marrow from the femurs and tibias of donor

mice was prepared as single-cell suspensions (3 9 107

to 4 9 107 viable cells/ml) in Hanks’ balanced salt

solution (Invitrogen, Paisley, UK). Recipient adult

(6–8 weeks old) mice were c-irradiated (950 rad) and

24 hr later were reconstituted with 100 ll bone marrow

by injection into the tail vein. Recipient mice were

used in subsequent experiments as described, 100 days

after bone marrow reconstitution to allow sufficient

time for the removal of long-lived B-lymphocyte popu-

lations and their replacement from the donor bone

marrow.

Confirmation of recombination of the Prnp open reading
frame by PCR analysis

DNA was prepared from peripheral blood and spleens of

bone marrow-reconstituted CD21-CrePrnpflox/� mice

using the DNeasy blood and tissue kit (Qiagen, Crawley,

UK) according to the manufacturer’s instructions. DNA

samples were analysed for the presence of Prnp�/�,
Prnpflox and recombined Prnpflox (Prnpde-flox) using the

following primers: Prnpflox Primer 1, AATGGTTAAACT

TTCGTTAAGGAT; Prnpflox Primer 2, GCCGACATCA

GTCCACATAG; Prnpflox Primer 3, GGTTGACGCCAT

GACTTTC. The PCR products were resolved by electro-

phoresis through a 1�0% agarose gel containing 0�002%
GelRed (Biotium; Cambridge Biosciences Ltd, Cambridge,

UK). Presence of Prnp�/� is indicated by a 167-bp prod-

uct, Prnpflox by a 210-bp product and Prnpde-flox by a

344-bp product.
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Immunohistochemistry and immunofluorescent analyses

Spleens were removed and snap-frozen in liquid nitrogen.

Serial frozen sections (8 lm in thickness) were cut on a

cryostat and immunostained with the following antibod-

ies: FDC were visualized by staining with monoclonal

antibody (mAb) 7G6 to detect CR2/CR1 (CD21/CD35;

BD Biosciences PharMingen, Oxford, UK), mAb FDC-M2

to detect C4 (AMS Biotechnology, Oxon, UK) or mAb

8C12 to detect CR1 (CD35; BD Biosciences PharMingen).

PrPC was detected using the PrP-specific 1B3 polyclonal

antiserum.48 B cells were detected using mAb B220 to

detect CD45R (Caltag, Towcester, UK), or anti-CD19

(BD Biosciences PharMingen). Marginal zone B cells were

detected using mAb 1B1 to detect CD1d (BD Biosciences

PharMingen). T cells were detected using mAb 17A2 to

detect CD3 (Cambridge Bioscience). Classical dendritic

cells were detected using mAb HL3 to detect CD11c (BD

Biosciences PharMingen). Mucosal vascular addressin cell

adhesion molecule (MADCAM) 1-expressing cells were

detected using mAb MECA-367 (AbD Serotec, Kidling-

ton, UK). Expression of VCAM was detected using mAb

STA to detect CD106 (Caltag). Toll-like receptor 4

(TLR4) expression was detected using mAb 76B357.1

(Abcam, Cambridge, UK). Splenic sympathetic nerves

were detected using tyrosine hydroxylase-specific poly-

clonal antibody (Millipore, Watford, UK).

For light microscopy, following the addition of primary

antibodies, biotin-conjugated species-specific secondary

antibodies (Stratech, Soham, UK) were applied followed

by alkaline phosphatase (AP) coupled to the avidin/biotin

complex (Vector Laboratories, Peterborough, UK). Vector

Red (Vector Laboratories) was used as a substrate and

sections were counterstained with haematoxylin to distin-

guish cell nuclei. Sections were mounted in Vectamount

(Vector Laboratories) and examined using a Nikon

Eclipse E800 microscope (Nikon UK Ltd, Surrey, UK).

For fluorescent microscopy, following the addition of pri-

mary antibody, species-specific secondary antibodies cou-

pled to Alexa Fluor® 488 (green), Alexa Fluor® 594 (red)

or Alexa Fluor® 647 (blue) dyes (Invitrogen) were used.

Sections were mounted in fluorescent mounting medium

(DakoCytomation) and examined using a Zeiss LSM5

confocal microscope (Zeiss, Welwyn Garden City, UK).

Image analysis

Digital microscopy images were analysed using IMAGEJ

software (http://rsb.info.nih.gov/ij/) as described.49 All

images were coded and assessed blindly. Background

intensity thresholds were first applied using an IMAGEJ

macro that measures pixel intensity across all immuno-

stained and non-stained areas of the images. The

obtained pixel intensity threshold value was then applied

in all subsequent analyses. Next, the number of pixels of

each colour (black, red, green, yellow) was automatically

counted and presented as a proportion of the total num-

ber of pixels in each area under analysis. Analysis of

positive labelling was used to determine the area of FDC

network immunostained in each section. Spleens from

six mice from each group were analysed. From each

spleen, two sections were studied and on each section

data from four randomly chosen fields of view over the

entire section were collected. Hence, for each mouse

group, data from a total of 48 individual images were

analysed. To compare the number of FDC networks, the

number of CD35-immunolabelled FDC networks in two

sections from each spleen from each mouse (n = 6) in

each group were studied. On each of these sections the

number of CD35+ FDC networks was counted in each of

four randomly chosen fields of view when viewed with

the 910 objective. Hence, for each parameter tested, data

from a total of 48 individual images/FDC networks were

analysed/group. A one-way analysis of variance test was

then used to statistically compare data between each

group.

FACS analysis

Single spleen cell suspensions were prepared and red

blood cells were removed using red blood cell lysis buffer

(Sigma, Poole, UK). Viable cells were counted by trypan

blue-exlusion and adjusted to 1 9 106 viable cells/50 ll
in FACS buffer (PBS pH7�4 containing 0�1% BSA, 0�1%
sodium azide and 0�02% EDTA). Non-specific immuno-

globulin-binding was blocked using Seroblock FcR rat

anti-mouse CD16/32 (AbD Serotech, Kidlington, UK)

and subsequently immunostained with mAb 7G6 to

detect CD21/35 and PrP-specific 1B3 polyclonal antise-

rum. Samples were then incubated with phycoerythrin-

conjugated and FITC-conjugated species-specific second-

ary antibodies. Appropriate non-specific antibody isotypes

were used as controls. A FACS Scan flow cytometer (Bec-

ton Dickinson, Oxford, UK) was used to analyse cells

with the lymphocytes gated for forward and side scatter.

Immunizations

To assess antigen trapping by FDC in vivo, mice were

passively immunized by intravenous injection with 100 ll
pre-formed peroxidase–anti-peroxidase (PAP) immune

complexes (Sigma). Spleens were removed 24 hr later and

the presence of FDC-associated immune complexes was

identified by both immunohistochemistry and detection

of peroxidase activity using the substrate Novared (Vector

Laboratories).

To assess the ability of FDCs to induce an effective

antigen-specific B-lymphocyte response, mice were immu-

nized on day 0 intraperitoneally with 100 ll of 1 lg/ll
dinitrophenyl–keyhole limpet haemocyanin (DNP-KLH)
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in alum and given a boost with an equivalent intraperito-

neal dose on day 14. Tail bleeds were taken on days 0

and 7, and mice were killed on day 21 and blood and

spleens were harvested for further analysis.

ELISA for DNP-specific serum antibodies

Sera from immunized mice were assayed using DNP-spe-

cific ELISAs for IgM, total IgG and IgG subclasses. In

brief, 96-well flat-bottomed Immuno-Maxisorp plates

(Nunc, Roskilde, Denmark) were coated by adding

100 ll/well of 10 lg/ll DNP-BSA (Sigma) in PBS (pH

7�6) overnight at 4°. Plates were washed with PBS con-

taining 0�05% Tween 20 (PBS-Tween) and blocked with

1% BSA in PBS for 1 hr. Serum samples were diluted in

block buffer (1% BSA in PBS), added in duplicate wells

and incubated for 2 hr. For the determination of IgM

antibodies, samples were incubated with AP-conjugated

goat anti-mouse IgM (1/2000 dilution in PBS containing

1% BSA; Southern Biotech, Birmingham, AL) for 1 hr at

room temperature. For measuring total IgG antibodies,

samples were incubated with an AP-conjugated goat anti-

mouse IgG Fc region antibody (1/2000; Southern Bio-

tech). For the determination of IgG1, IgG2a, IgG2b and

IgG3 antibody subclasses, plates were incubated with per-

oxidase-labelled goat anti-mouse IgG subclass-specific

antibodies (1 : 2000; Southern Biotech). All ELISAs were

developed with Sigmafast p-nitrophenyl phosphate

(Sigma) and optical density at 640 nm was measured

using an MRX microplate Reader (Dynatech Labs, Chan-

tilly, VA).

Statistical analyses

Data are presented as mean � SE. Significant differences

between image analysis samples in different groups were

sought by one-way analysis of variance. Significant differ-

ences between sera ELISA samples in different groups

were sought by Bonferonni analysis using the SPSS statisti-

cal analysis software package (SPSS Inc., Chicago, IL).

Values of P < 0�05 were accepted as significant.

Results

Creation of compound transgenic mice with PrPC

ablation specifically restricted to FDC

To achieve PrPC ablation specifically in FDC, CD21-

CrePrnpflox/� mice were created as described in the Materi-

als and Methods. In these mice, Cre-recombinase is

expressed under the control of the CD21 promoter, which

in the secondary lymphoid organs of mice is highly

expressed by FDC and mature B lymphocytes.50,51 How-

ever, in humans, expression of CD21 has also been

reported on a subpopulation of immature thymocytes,52

peripheral T lymphocytes53 and the cervical epithelium.54

In mouse, expression has been reported on mesenteric

lymph node-derived CD4+ T lymphocytes, activated gran-

ulocytes and mucosal mast cells.10,11,55 Therefore, to

achieve Cre-mediated excision of the Prnp open reading

frame specifically in FDC, CD21-CrePrnpflox/� animals

were aged to 8 weeks, lethally c-irradiated and reconsti-

tuted with non-Cre-expressing bone marrow. Animals

were given 100 days for reconstitution before further

experimental analysis was carried out. Previous character-

ization of this model has shown it to be a specific and

efficient model to achieve gene deletion specifically in

FDC.2,7,25 PCR analysis of DNA isolated from the spleens

of CD21-CrePrnpflox/� mice revealed that Cre-mediated

DNA recombination (deletion or de-flox) of the Prnp

gene had occurred as anticipated, indicating that PrPC

expression was ablated in the host-derived, FDC-

containing stromal compartment of the spleen (Fig. 1a;

presence of 344 bp ‘Prnpde-flox’ band, lane 2). In contrast,

no evidence of Cre-mediated DNA recombination of the

Prnp gene was detected in the peripheral blood of the

CD21-CrePrnpflox/� mice indicating that PrPC expression

was not affected in the haematopoietic compartment

(including lymphocytes) of these mice (Fig. 1a; presence

of the 210-bp ‘Prnpflox’ band and absence of ‘Prnpde-flox’

band, lane 1). Further analysis of splenic CD21+ B lym-

phocytes by FACS showed similar, low levels of PrPC on

cells from wild-type (WT) mice and CD21-CrePrnpflox/�

mice (Fig. 1b). Together, these data demonstrate that effi-

cient Cre-mediated ablation of the Prnp gene had

occurred in the FDC, but not B lymphocytes, of bone

marrow-reconstituted CD21-CrePrnpflox/� mice. Immuno-

histochemical analysis of spleens from WT mice con-

firmed high levels of PrPC labelling on FDC networks

(Fig. 1c, top panels). In contrast, FDC in spleens from

CD21-CrePrnpflox/� mice lacked PrPC expression, confirm-

ing that Cre-mediated excision of the Prnp open reading

frame had occurred (Fig. 1c, bottom panels). In addition

to FDC, high levels of PrPC expression were also observed

upon tyrosine hydroxylase+ sympathetic nerves in the

spleens of WT control mice (Fig. 1d, upper panel). In the

spleens of CD21-CrePrnpflox/� mice, high levels of PrPC

expression were also observed upon splenic nerves

(Fig. 1d, lower panel). Morphometric analysis confirmed

that the magnitude of the PrPC expression co-localized

upon the surfaces of tyrosine hydroxylase+ sympathetic

nerves in the spleens of CD21-Cre Prnpflox/� mice was not

significantly different when compared with controls

(Fig. 1e, open bars, P = 0�390). In contrast, the magnitude

of the PrPC expression co-localized upon the surfaces of

FDC in the spleens of CD21-Cre Prnpflox/� mice was sub-

stantially and significantly lower than that observed upon

FDC from control mice (Fig. 1e, closed bars, P < 1�0 9

10�22). Taken together, these data confirm that in the

spleens of the bone marrow-reconstituted CD21-Cre
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Prnpflox/� mice the Prnp ablation was specifically restricted

to FDC.

PrPC expression by FDC has no role in
FDC-mediated organization of the lymphoid follicle

To understand the effects of PrPC ablation on FDC-

dependent organization of the B-lymphocyte follicle, lym-

phoid tissue microarchitecture was assessed in spleens

from mice with PrPC ablation specifically restricted to

FDC and compared with tissues from WT and single

transgenic controls. The FDC were immunolabelled with

a variety of commonly used markers: CD21/35 (CR2/

CR1) and complement component C4. Each of these

showed no observable difference in their distribution in

spleens from mice from each group (Fig. 2a). Similarly

there were no apparent differences in the distribution of

B and T lymphocytes and CD11c+ classical dendritic cells

between the mouse lines (Fig. 2a). Additionally, no dis-

ruptions to the microarchitecture of the B-lymphocyte

follicles, T-cell zones and marginal zones were noted

(Fig 2a). In contrast to B cells, FDC in mice specifically

express high levels of CD35 (CR1) (Fig. 2b). We therefore

used anti-CD35 immunolabelling to measure the number

and area of FDC networks in spleens from each group of

mice. No significant differences in the number or area of

FDC networks in the spleen were found between mice

with PrPC ablation specifically in FDC and controls

(Fig. 2c). These data show that FDC-specific PrPC abla-

tion had no observable effect on the organization of the

lymphoid tissue microarchitecture. These data suggest

that PrPC on FDC does not have a role in the ability of

these cells to induce and organize the development of the

follicle structure.

Ablation of PrPC specifically in FDC has no effect on
their ability to trap and retain immune complexes

The FDC’s ability to trap and retain native antigen in the

form of immune complexes is important for the develop-

ment of effective humoral immune responses.10,12,56 The

distribution, but not the amount, of antigen on the FDC

surface and the stoichiometry of antibody : antigen inter-

actions can affect the avidity of downstream humoral

immune responses.57–59 As PrPC is found in membrane

lipid rafts, it was hypothesized that the ablation of PrPC

on the FDC surface may change the organization of sur-

face membrane proteins, and indirectly, affect the ability

of the FDC to initiate an efficient humoral immune

response. The ability of FDC to trap and retain antigen in

vivo was assessed by injecting pre-formed PAP immune

complexes. The retention of the PAP immune complexes

on the FDC network was determined by the histological

assessment of the association of peroxidase activity or

rabbit immunoglobulin from the PAP complexes with

FDC (CD35-expressing cells). No differences were appar-

ent in either the levels of peroxidase activity (Fig. 3a,

upper panels) or the amount of rabbit immunoglobulin

(Fig. 3a, lower panels) bound to the surfaces of FDC

from mice from each group. Furthermore, morphometric

analysis confirmed that no significant difference was

observed in the mean number of PAP+ pixels detected on

FDC networks in mice from each group (Fig. 3b,

P = 0�977). These data show that FDC do not require the

expression of PrPC to trap and retain immune complexes

on their surfaces.

PrPC expression by FDC is dispensable for the
induction of antigen-specific antibody production and
affinity maturation

We next determined whether the ablation of PrPC in

FDC affected their ability to support B-lymphocyte gener-

ation of high-affinity, class-switched immunoglobulin.

Mice from each group were immunized with DNP-KLH

and serum levels of antigen-specific immunoglobulin

levels were compared. Seven days after primary immuni-

zation the titres of antigen-specific IgM (Fig. 4a, P = 1) or

total IgG (Fig. 4c, P > 0�07) detected in the sera were not

significantly different between all of the mouse groups

tested. This suggests that ablation of PrPC on FDC has no

impact on the ability of the FDC to support an efficient

primary antibody response within the germinal centre. At

day 21 (7 days after booster immunization) mice with

PrPC ablated on FDC showed significantly lower titres of

IgM in comparison to WT controls (Fig 4b, P < 0�001).
However, single transgenic control groups also had simi-

larly reduced titres of IgM and therefore this reduction

cannot be attributed to the loss of PrPC on the FDC and

is more likely a result of subtle differences in the host

genetic background. Titres of total antigen-specific IgG at

day 21 showed no significant differences between groups

(Fig. 4d, P > 0�07). These data suggest that the ablation

of PrPC in FDC does not significantly impact the effi-

ciency of the germinal centre to support a secondary anti-

body response in immunized animals.

Serum levels of IgG subclasses were also compared to

assess if mice with PrPC ablated on FDC showed any

impairment in affinity maturation via the ability to class

switch their immunoglobulin. Mice with PrPC ablation on

FDC had significantly higher titres of IgG1 (Fig. 5a,

P < 0�001) and IgG3 (Fig. 5d, P < 0�001). However, in

both cases, the single transgenic control groups also

showed similar differences indicating that this effect can-

not be specifically attributed to the loss of PrPC on FDC.

Levels of IgG2a and IgG2b (Fig. 5b, P > 0�065; Fig 5c,

P > 0�09) did not differ significantly between mice from

each group. Although some differences in IgG subclass

titres were observed between groups, none of these differ-

ences were specific to mice with PrPC ablated on FDC.
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Figure 1. The cellular isomer of the prion protein (PrPC) is ablated on the follicular dendritic cell (FDC) networks in spleens of CD21-Cre

Prnpflox/� mice. (a) PCR analysis of DNA isolated from the spleen and peripheral blood of bone marrow-reconstituted CD21-Cre Prnpflox/� mice

confirmed that efficient Cre-mediated DNA recombination and Prnp ablation (Prnpdeflox) was restricted to the FDC-containing stromal compart-

ment of the spleen. In the spleens of CD21-Cre Prnpflox/� mice, Cre-mediated DNA recombination (deletion or de-flox) of the Prnp gene had

occurred as anticipated (lane 2, presence of 344 bp ‘Prnpdeflox’ band). This indicated that PrPC expression was ablated in the host-derived, FDC-

containing stromal compartment of the spleen. In contrast, no evidence of Cre-mediated DNA recombination of the Prnp gene was detected in

the peripheral blood of the CD21-Cre Prnpflox/� mice (lane 1, presence of the 210 bp un-recombined ‘Prnpflox’ band and absence of the 344 bp

‘Prnpdeflox’ band). This indicated that PrPC expression by the Cre-deficient donor bone marrow-derived lymphocytes of these mice was not

affected. (b) FACS analysis of PrPC expression on splenic CD21+ B lymphocytes from CD21-CrePrnpflox/� mice (thick line), wild-type (WT) mice

(medium line) and PrP-deficient Prnp�/� mice (fine broken line). Similar, low levels of PrPC were detected on cells from WT and CD21-Cre

Prnpflox/� mice. Prnp�/� mice were included as negative/background controls. (c) Immunohistochemical analysis of FDC (C4, red) and PrPC

(green) in spleens from WT mice demonstrates labelling of PrPC present on the FDC networks. In CD21-Cre Prnpflox/� mice, this labelling is

absent, confirming the ablation of PrPC on the FDC networks via Cre-mediated excision of the Prnp open reading frame. Scale bar 50 lm. (d)

Immunohistochemical analysis of PrPC expression (blue) by FDC (CD35+ cells; red) and sympathetic nerves (tyrosine hydroxylase+ cells, green)

in the spleens of WT mice and CD21-Cre Prnpflox/� mice. High levels of PrPC were detected on FDC and nerves in the spleens of WT mice

(upper panel). However, in spleens of CD21-Cre Prnpflox/� mice the PrPC ablation was restricted to FDC but not nerves (lower panel). Scale bar,

50 lm. (e) Morphometric analysis confirmed that the magnitude of the PrPC expression co-localized upon the surfaces of FDC (closed bars) in

the spleens of CD21-Cre Prnpflox/� mice was substantially and significantly lower than that observed upon FDC from control mice

(*P < 1�0 9 10�22). In contrast, the magnitude of the PrPC expression co-localized upon the surfaces tyrosine hydroxylase+ sympathetic nerves

(open bars) in the spleens of CD21-Cre Prnpflox/� mice was not significantly different when compared with controls (NS, P = 0�390). Data
derived from 48 images/group.
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Taken together, these data show that ablation of PrPC spe-

cifically on FDC does not impair their ability to induce a

primary and secondary humoral immune response and

has no impact on the affinity maturation of antigen-spe-

cific B lymphocytes in the follicle.

PrPC ablation does not affect FDC maturation

After immunization, FDC induce the formation of the

GC and up-regulate their expression of adhesion mole-

cules and TLR4 to improve B-lymphocyte–FDC contact

and direct the sub-class switching of B lymphocytes.1,12,20

We therefore next determined whether PrPC ablation

affected the ability of the FDC to mature. Immunohisto-

chemical analysis of spleens from immunized mice
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Figure 2. Ablation of the cellular isomer of the prion protein (PrPC)

specifically in follicular dendritic cells (FDC) has no effect on FDC

status or lymphoid tissue microarchitecture. (a) Frozen spleens from

mice with PrPC ablated specifically in FDC (CD21-Cre Prnpflox/�),
were immunolabelled for FDC (C4, CD21/35), B-lymphocyte subsets

(CD45R and CD1d), T lymphocytes (CD3), classical dendritic cells

(CD11c) and marginal zone cells (MADCAM-1 and CD1d). Compar-

ison of sections from PrPC-ablated animals with Prnpflox/flox or

wild-type (WT) controls showed no differences in the tissue microar-

chitecture or distribution of these cell subsets within the spleen. Scale

bars on fluorescent images are 50 lm. Scale bars on light microscopy

images are 500 lm and sections are counterstained with haematoxy-

lin, blue. (b) Immunohistochemical analysis shows FDC (CD35+ cells,

red), in contrast to B cells (CD45R, green), specifically express high

levels of CD35 in the spleen. (c) Morphometric analysis of FDC con-

firmed that there were no significant differences in the size or number

of FDC networks in each group (FDC networks/field-of-view when

viewed with the 9 10 objective; n = 48 images analysed per group).

Statistical analysis carried out using one-way analysis of variance.

Data are representative of three independent experiments.
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Figure 3. Ablation of the cellular isomer of the prion protein (PrPC)

specifically in follicular dendritic cells (FDC) has no effect on

immune complex trapping. (a) Mice were passively immunized with

rabbit peroxidase–anti-peroxidase (PAP) preformed immune com-

plexes. Immune complex trapping by FDC was assessed 24 hr later

by two methods. Peroxidase activity of PAP (▲) was localized to the

follicles in all lines of mice. Immune complexes were then detected

using anti-rabbit immunoglobulin conjugated to Alexa 555 (red) and

double labelled for FDC (CD35+ cells, green). No differences were

observed between mouse lines, these data show that PrPC ablation in

FDC does not affect the ability of FDC to trap immune complexes.

(b) No significant difference was observed in the mean number of

PAP+ pixels detected on each FDC network in spleens from mice

from each group (n = 48 images analysed per group).
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showed that FDC-specific PrPC ablation showed no dif-

ference in their expression of adhesion molecules (ICAM

and VCAM) or TLR4 when compared with WT mice or

the single transgenic controls (Fig. 6a). Furthermore,

morphometric analysis suggested that there was no signif-

icant difference in the magnitude of the CD35-, TLR4-,

ICAM1- and VCAM-specific immunostaining observed

on the FDC networks of immunized WT and CD21-Cre

Prnpflox/� mice (Fig. 6b). These data suggest that PrPC

expression by FDC is dispensable for their maturation.

Discussion

The gene that encodes for PrPC is highly conserved

between mice and humans and is ubiquitously expressed

in most cell types with expression of PrPC being found in

all vertebrates. This would imply that expression of PrPC

is directly or indirectly required for some vital cellular

function. A definitive role for the high levels of PrPC

expressed on the FDC remains to be established. In this

study, we assessed FDC function in mice with PrPC abla-

tion specifically restricted to FDC. The novelty of this

study was that a cell-specific knockout of PrPC using the

Cre-LoxP system was used to determine an in vivo, physi-

ologically relevant function of PrPC expression on FDC.

In the limited studies undertaken previously to assess the

immune system in Prnp�/� mice no evidence of immu-

nodeficiency had been found.60–63 However, studies so far

have mainly involved in vitro challenge of Prnp�/� cell

populations or in vivo studies carried out in unchallenged
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Figure 4. Ablation of the cellular isomer of the prion protein (PrPC) specifically on follicular dendritic cells (FDC) has no effect on primary or

secondary antibody responses. Mice were immunized on day 0 with 100 ll of 1 lg/ll dinitrophenyl–keyhole limpet haemocyanin (DNP-KLH) in

alum intraperitoneally and given a boost with an equivalent intraperitoneal dose on day 14. ELISA was carried out on serum separated from

blood taken on days 0, 7 and 21 to measure DNP-specific antibodies. Primary antibody response to the injected DNP-KLH was determined by

measuring DNP-specific serum IgM (a) and total IgG (c) titres in serum taken at day 7 after immunization. Secondary antibody response was

determined by measuring DNP-specific serum IgM (b) and total IgG (d) titres in serum taken at day 21. Serum from uninjected strain-matched

controls was also analysed and day 0 serum was used to determine baseline titres. Bonferroni analysis was used to determine any significant dif-

ferences between groups. At day 7, no significant differences could be found in IgM (P = 1; a) or total IgG (P > 0�07; c) titres in serum from

CD21-Cre Prnpflox/� mice in comparison with wild-type (WT) and single transgenic controls. At day 21, IgM titres were significantly higher in

WT controls in comparison to all other strains (*P < 0�001; b) however no significant difference was observed between CD21-Cre Prnpflox/� mice

and single transgenic controls (**P > 0�625; b). As lower titres of IgM were found in all transgenic lines, this difference in titre is not likely to be

an effect of PrPC ablation on FDC. No significant differences between any groups were observed in total IgG titres at day 21 (P > 0�07; d).

© 2012 Blackwell Publishing Ltd, Immunology, 138, 246–257 253

PrPC deficiency does not influence FDC function



mice kept in pathogen-free conditions. It remains possible

that under these steady-state conditions a functional role

for PrPC within the immune system is hard to determine.

For this reason, analysis of the effects of PrPC ablation

specifically on FDC were carried out in in vivo models

under both normal homeostatic conditions and following

immunization.

In these studies, no effects on the development of the

lymphoid follicle were found in mice with PrPC-ablated

FDC. Furthermore, these mice had no impairments in

their ability to trap immune complexes on their surface

and no defects in their ability to produce antigen-specific

antibodies or undergo affinity maturation. These data are

consistent with previous studies showing that Prnp�/�

mice are able to elicit effective antigen-specific antibody

responses following immunization with PrP.30,64,65 The

FDC were also able to mature functionally in the GC with

no observable impairments. Together these data show

that PrPC expression on FDC is dispensable for their

functional maturation and ability to maintain antigen-

specific antibody production and affinity maturation in

the GC.

One hypothesized function of PrPC is in the formation

of intercellular gap junctions. A loss of PrPC has been

found to weaken gap junctions in the intestinal epithelial

cell layer resulting in increased permeability of the

mucosa.66 FDC networks are reported to be connected to

each other and to surrounding B lymphocytes via gap

junctions.67 In the analysis carried out in this study

the development of FDC networks and the surrounding
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Figure 5. Ablation of the cellular isomer of the prion protein (PrPC) specifically on follicular dendritic cells (FDC) has no effect on immunoglob-

ulin class switching. Serum from mice immunized with dinitrophenyl–keyhole limpet haemocyanin (DNP-KLH) was also analysed for titres of

IgG subclasses to assess the level of class switching occurring in mice with PrPC ablated on FDC in comparison to control groups. Serum was

analysed at days 0, 7 and 21 but as early titres were low, only data from day 21 are shown. Titres of IgG1 in all transgenic lines were significantly

higher than that measured in wild-type (WT) controls (P < 0�001; a). CD21-Cre single transgenic mice have significantly lower titres of IgG2a in

comparison to other groups (*P < 0�001; b), however titres in CD21-Cre Prnpflox/� mice are not significantly different to those in WT or Prnpflox/
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with PrPC ablated in FDC and therefore ablation of PrPC in FDC does not appear to have any specific effects on immunoglobulin class switching

after immunization.
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B-lymphocyte follicle appeared to be normal, with no

abnormalities in GC formation or downstream antibody

responses. However, as the gap junctions themselves were

not specifically analysed, the possibility still remains that

they are weakened in mice with PrPC ablated in FDC.

Another suggested role for PrPC is protection against oxi-

dative stress. So it is plausible that a loss of PrPC may

only show phenotypic characteristics in aged mice or con-

ditions of oxidative stress. Furthermore, ultra-structural

studies of PrP-deficient FDC in comparison to WT coun-

terparts may be required to provide indications as to the

precise function of PrPC on FDC.

Many studies investigating the function of PrPC in both

the CNS and the immune system in various Prnp�/�

mouse lines have similarly struggled to find a definitive

functional role for PrPC expression. Although several

functions have been proposed for PrPC within the

CNS, many of these reported findings such as synaptic

transmission, have little bearing on why cells of the

immune system, and more specifically FDC, should

express such high levels of this protein. Within the

immune system, PrPC has been reported to have several

potentially conflicting functions. In T lymphocytes, PrPC

is found within the immunological synapse and co-local-

izes with the T-lymphocyte receptor (TCR) after TCR

cross-linking. Cross-linking of this PrPC on T lympho-

cytes using anti-PrP antibodies has been shown to stimu-

late T lymphocytes as measured via calcium flux.68

Others, in contrast, have suggested that anti-PrP antibod-

ies block T-lymphocyte activation by concanavalin A,

anti-TCR and MHC peptide.63,69,70 These apparently con-

tradicting data highlight the many difficulties encountered

in determining the function of PrPC in the immune sys-

tem.

In conclusion, data presented here show that PrPC

expression is dispensable for the functional maturation of
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Figure 6. Ablation of cellular isomer of the

prion protein (PrPC) specifically on follicular

dendritic cells (FDC has no effect on FDC

maturation. (a) Spleens from CD21-Cre

Prnpflox/� mice with PrPC ablated specifically

in FDC that had been immunized with dinitro-

phenyl–keyhole limpet haemocyanin (DNP-

KLH), were immunolabelled for FDC (CD35),

and various markers which are up-regulated

on FDC during an active GC response [Toll-

like receptor 4 (TLR4), intercellular adhesion

molecule (ICAM) and vascular cell adhesion

molecule (VCAM)]. Comparison of sections

from PrPC-ablated animals with CD21-Cre,

Prnpflox/� or wild-type (WT) controls showed

no differences in the expression of these mark-

ers on FDC after immunization. Scale bar

100 lm. These data show that ablation of PrPC

on FDC has no effect on the ability of the

FDC to mature and become activated during a

germinal centre response to injected antigen.

(b) Morphometric analysis suggested there

were no significant differences in the magni-

tude of the CD35-, TLR4-, ICAM1- and

VCAM-specific immunostaining observed on

the FDC networks of immunized WT and

CD21-Cre Prnpflox/� mice.
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FDC and their ability to maintain antigen-specific anti-

body responses and affinity maturation. As a conse-

quence, the precise role of PrPC expression on the FDC

remains elusive. Further studies are necessary to under-

stand the biology of this highly conserved cellular protein

both in the context of normal immune function and

prion disease pathogenesis to better our knowledge of

these processes.
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