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Introduction

Follicular dendritic cells (FDCs) reside in the light zones 
of germinal centers (GCs) where they uniquely retain foreign 
and self antigens (Ags) in the form of immune complexes (ICs) 
via Fc and complement receptors for extended periods of time. 
Engagement of B cell receptors (BCRs) with FDC-retained Ags 
promotes B cell survival, induction of antibody (Ab) responses, 
class switch recombination (CSR), somatic hypermutation 
(SHM), affinity maturation, memory B cells generation, and 
regulation of serum Ig levels.1,2

We recently showed that FDCs uniquely regulate the form 
of Ag and the co-signals that B cells encounter in GC reactions 
(GCRs). In contrast to Ag processing and peptide presentation 
to T cells, we discovered that FDCs multimerize monomeric Ags 
by trapping them in ICs via FDC-FcγRIIB and then presenting 
them polyvalently to BCRs with a characteristic periodic spacing 

between epitopes of 200–500 Å.1-4 This allows simultaneous 
engagement of multiple BCRs and strong signaling to B cells. 
In addition to this primary signal, FDCs also provide co-signals 
including: B cell-activating factor belonging to the TNF family 
(BAFF), C4b-binding protein (C4bBP), IL-6 and CD21L, 
and these co-signals can be induced in activated FDCs.1,2 Such 
combination of primary and secondary signals induces tyrosine 
phosphorylation, B cell activation, proliferation, GC formation 
and Ag-specific IgM secretion in the absence of T cells and/or T 
cell factors. Nevertheless, T cells and/or IL-4 and IL-5 promoted 
IgM production and induced IgG class switching. Furthermore, 
we documented that a late antigenic signal presented by FDCs 
to B cells together with FDC-IL-6 were critical for SHM and 
affinity maturation.2,3

Breach of tolerance is characterized by the display of self-
Ag-bearing FDCs in autoreactive GCs producing high affinity 
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Induction of autoantibodies (autoAbs) targeting disease drivers/mediators is emerging as a potential 
immunotherapeutic strategy. Auto-immune complex (IC)-retaining follicular dendritic cells (FDCs) critically regulate 
pathogenic autoAb production in autoreactive germinal centers (GCs); however, their ability to induce potentially 
therapeutic autoAbs has not been explored. We hypothesized that deliberate display of clinically targeted antigens 
(Ags) in the form of ICs on FDC membranes induces target-specific autoreactive GCs and autoAbs that may be exploited 
therapeutically. To test our hypothesis, three therapeutically relevant Ags: TNF-α, HER2/neu and IgE, were investigated. 
Our results indicated that TNF-α-, HER2/neu- and IgE-specific autoAbs associated with strong GC reactions were 
induced by TNF-α-, HER2/neu- and IgE-IC retention on FDCs. Moreover, the induced anti-TNF-α autoAbs neutralized 
mouse and human TNF-α with half maximal Inhibitory Concentration (IC50) of 7.1 and 1.6 nM respectively. In addition, 
we demonstrated that FDC-induced Ab production could be non-specifically inhibited by the IgG-specific Endo-S that 
accessed the light zones of GCs and interfered with FDC-IC retention. In conclusion, the ability of FDCs to productively 
present autoAgs raises the potential for a novel immunotherapeutic platform targeting mediators of autoimmune 
disorders, allergic diseases, and Ab responsive cancers.

Multi-therapeutic potential of autoantibodies 
induced by immune complexes trapped 

on follicular dendritic cells
Mohey Eldin El Shikh1,*, Maciej Kmieciak2,3, Masoud H Manjili2,3, Andras K Szakal4, Costantino Pitzalis1, and John G Tew2

1Centre for Experimental Medicine and Rheumatology; William Harvey Research Institute; Barts and the London School of Medicine and Dentistry; 
Queen Mary University of London; London, UK; 2Department of Microbiology and Immunology; VCU School of Medicine; Richmond, VA USA; 3Massey 

Cancer Centre; VCU School of Medicine; Richmond, VA USA; 4Anatomy and Neurobiology; VCU School of Medicine; Richmond, VA USA

Keywords: follicular dendritic cell, germinal centre, immunotherapeutic, autoantibodies, immune complexes

Abbreviations: Ab, antibody; Ag, Antigen; CR, complement receptor; CSR, class switch recombination; 
ECDII, subdomain II of the extracellular domain of rat neu Ag; Endo-S, endoglycosidase-S; FDC, follicular 

dendritic cells; GC, germinal center; GCR, germinal center reaction; IC, immune complex; LN, lymph nodes; 
IC

50
, half maximal inhibitory concentration; SHM, somatic hypermutation; TI, T cell independent.



©
20

13
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

www.landesbioscience.com	 Human Vaccines & Immunotherapeutics	 2435

 Short report Short report

pathogenic autoAbs in secondary and tertiary lymphoid tissues5,6 
and self-Ag withdrawal inhibits autoAb production.5 Currently, 
breakage of tolerance to endogenous disease mediators is emerging 
as a potential novel immunotherapeutic strategy;7 however, nei-
ther the ability of FDCs to induce self-generated autoAbs against 
therapeutic targets has been investigated nor has its translation into 
effective therapies been exploited. Thus, we sought to establish: 
(1) the ability of FDC-trapped self-ICs to induce autoAbs against 
therapeutic targets, (2) the capacity to inhibit FDC-IC trapping.

Three Ags currently targeted by monoclonal antibody (mAb) 
therapy; tumor necrosis factor-α (TNF-α), IgE, and the neu Ag; 
were tested to assess the ability of FDC-trapped ICs to induce 
therapeutically desirable autoAbs. ICs of autologous TNF-α or IgE, 
were injected into normal mice, and the rat neu-Tg FVBN202 mice 
were challenged with ICs of the subdomain II of the extracellular 
domain of rat neu antigen (ECDII)8,9 that is currently targeted 
for vaccination in human breast cancer.10 In each of these three 
conditions, the ICs were trapped by FDCs with strong induction 

Figure 1. For figure legend see page 2436.
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of GCs and autoAb responses. In marked contrast, free Ag that 
would have unfettered access to BCRs did not load on FDCs and 
did not induce detectable autoAbs.

FDC-IC de-trapping is critical for inhibition of FDC-dependent 
autoAb induction when it overshoots the desired therapeutic 
effect. Endo-S inhibits IgG/FcR interaction and IgG-dependent 
complement fixation;11 consequently, we reasoned that it could 
interfere with Ag retention on FDCs and thus inhibit FDC-Ag-
induced Ab production. Our results indicated that Endo-S non-
specifically inhibits Ag retention on FDCs, as non-selectively it 
accessed the light zones of GCs, and interfered with the immune 
response to foreign Ags.

In summary, the unique ability of FDCs to present deliberately 
loaded autoAgs, and induce potentially therapeutic autoAbs 
provides a novel platform targeting endogenous mediators 
of chronic diseases where passive administration of mAbs 
has become integral part of the therapeutic armamentarium. 
However, the prohibitive cost of mAbs, the development of 
neutralising Abs (even when fully human) and the inconvenience 
of frequent injections all contribute to the persistence of a 
major unmet need that requires the development of alternative 
approaches. The work we present here represents a stepping-stone 
toward achieving such a goal.

Results

Deliberate retention of TNF-α and IgE on FDCs induces 
autoreactive GCs and TNF-α- and IgE-specific autoAbs

FDCs are critically involved in the induction of protective 
and self reactive Abs in the GCRs.1,5 Here, we sought to evaluate 
the ability of FDCs to induce therapeutically relevant autoAbs. 
TNF-α and IgE are targeted by at least 6 mAbs12 and we reasoned 
that retention of TNF-α or IgE on FDCs would induce self-
generated anti-TNF-α or -IgE Abs which potentially eliminates 
the need for repeated administration of exogenous mAbs.

As hypothesized, the draining lymph nodes (LNs) from 
TNF-α or IgE IC-challenged mice exhibited GL7+ B220dim 
autoreactive GCs and plasmablasts associated with autoAg-
retaining FDC reticula (Fig. 1A-G). Mouse IgE and TNF-α-
specific IgM autoAbs were detectable by 48 h in the sera of these 
mice. By day 6, IgG autoAbs were detectable and the IgM levels 
declined. No autoAb production was detected in the controls 
(Fig. 1H and I).

Minimal cross reactivity with the rabbit Abs was observed in our 
system possibly due to the rapid clearance of ICs and heterologous 
Igs by the reticulo-endothelial system. In mice, 80% of rabbit 
IgG oligomers were located within the liver after 1 h,13 less than 
3% of rabbit IgG in ICs could be seen in the serum 4 d after IC 
injection;14 and around 2% remained in the circulation 3 d after 
injection of 1 mg native rabbit IgG.15 No mouse IgG was detectable 
at day 2 as the recorded levels are not significantly different from 
the background levels.

It has been previously reported that induction of autoAbs 
by self immunization approaches may not be associated with 
functional activity of the induced Abs.16 Accordingly, we 
sought to demonstrate the functional capacity of the induced 

Figure 1 (See previous page). AutoAg (-TNF-α in A–D, H and -IgE in panels E-G and I) retention on FDCs induces autoreactive GCs, plasmablasts, and 
autoAbs. BALB/c mice were passively immunized with 1 mg rabbit anti-mouse-TNF-α or rabbit anti-mouse IgE (kind gift of Professor Daniel Conrad, 
Virginia Commonwealth University). Twenty four hrs later, one group was challenged s.c. in the back of the neck with a total of 4 μg/mouse mouse-
TNF-α and the other with 100 μg/mouse mouse-IgE. Control groups challenged with OVA, rabbit anti-OVA, OVA ICs, or saline were included. Two days 
later mice were bled and 6 d later they were sacrificed and sera and draining LNs were collected. (A and E): FDC-reticula in sections of draining LNs were 
defined by retained auto-ICs labeled with rhodamine conjugated anti-rabbit IgG that binds the rabbit IgG in the FDC-ICs (red) (A: A magenta bracket 
identifies an FDC-reticulum). This labeling included Ag transport funnels that extended from the sub-capsular sinus into the FDC reticulum in the LN 
cortex (A: yellow and green arrows). (B and F): Autoreactive GCs (FITC-conjugated GL-7+ labeled, green) were associated with the IC-bearing FDC reticula 
(red). Activated B cells (green) engaging FDC-ICs can be seen in orange in both of these overlays in the GC light zones. (C): In this overlay, the B220hi 
mantle of resting B cells (anti-B220 was Cy5.5-conjugated, which yields the pseudo color magenta) surrounds the GL7+ green/B220dim GC B cells. (D): GC 
associated plasmablasts were specifically labeled with B lymphocyte-induced maturation protein-1 (Blimp-1). Blimp-1 is a transcription factor and the 
nuclear labeling is shown at higher magnification in the inset. (G): A pre-existing GC, not associated with self-IgE trapping FDC reticulum (right), is shown 
adjacent to an autoreactive GC associated with IgE-IC-retaining reticulum (left). The lack of a self-IgE-retaining FDC reticulum in the pre-existing GC was 
confirmed by sectioning through the GC. In addition to the lack of ICs on FDCs, cutting through the whole GC in serial sections did not show indica-
tions of an Ag transport site or funnel. These temporary structures can be seen as early as 1 min68 and stay for as long as a week as we have previously 
reported3 and seen in Figure 3A. (H and I): Measurement of IgM and IgG autoAb responses against TNF-α and IgE. BALB/c mice were challenged with 
murine TNF-α-ICs (H) or murine IgE-ICs (I). TNF-α-, and IgE-specific IgM and IgG in the mice sera were measured on 96-well plates coated with 10 μg/
ml of the respective Ag. AutoAbs in the sera against TNF-α and IgE were apparent within 48 h and these autoimmune responses were consistent with 
FDC-induced T cell independent responses to conventional Ags.3 Note that by day 6, IgG autoAbs were detectable and that the IgM levels had declined. 
No TNF-α or IgE-specific autoAbs were detectable in controls challenged with OVA ICs or saline. Other controls included injection of the same level of 
free TNF-α, IgE or irrelevant Ag that induced no anti-TNF-α or –IgE Abs. (J): Neutralization of the cytotoxic activity of TNF-α by the induced anti-TNF-α 
autoAbs. IgG was purified on protein A columns from sera collected at day 6 and concentrated in Centricon centrifugal filters. Mouse fibroblast cell line 
L-929 (1.5·x 104) in 100 µl DMEM supplemented with 10% FCS were incubated for 18 h then the medium was removed. Hundred µl of complete DMEM 
with 1µg/ml Actinomycin D, mouse TNFα (0.1 ng/ml) or human TNFα (0.2 ng/ml), and the antibody of interest, were added to the cell monolayer and 
incubated 24 h at 37°C in a CO2 incubator. The starting concentration of the used Abs was 170 nM except for Adalimumab that started at 21.25 nM. An 
amount of 10 µl of MTT solution (5 mg/ml in PBS) was added to the wells and incubated for 3 h at 37°C. The medium was then removed and the cells 
were resuspended in 100 µl 90% isopropanol 10% DMSO for 15 min, and the optical absorption was measured at 560 nm with a TECAN GENios plate 
reader. The half maximal Inhibitory Concentration (IC50) was calculated using GraphPad Prism. The induced anti-TNF-α autoAbs neutralized human and 
murine TNF-α and inhibited their cytotoxic effect on L-929 cells with half maximal Inhibitory Concentrations (IC50) of 7.1 and 1.6 nM respectively. These 
IC50 values corresponded to 50% neutralizing activity of a rabbit polyclonal anti-mouse TNF-α (IC50 3.7 nM) (Abcam, ab34674) on mouse TNF-α; and 5% 
of Adalimumab (IC50 0.08 nM) on human TNF-α. Data shown are expressed as mean ± SEM.
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autoAbs in a biological system in order to strengthen the rationale 
for therapeutic potentials.

Human and mouse TNF-α show approximately 79% 
homology at the amino acid level, and cross reactivity between 
the two species has been previously reported.17 As shown 
in Figure  1J, the induced anti-TNF-α autoAbs neutralized 
human and murine TNF-α and inhibited their cytotoxic effect 
on L-929 cells. In contrast, IgG purified from control mice 

injected with rabbit Ab alone displayed no TNF-α neutralization 
activity, thus, ruling out contribution of the rabbit IgG to TNF-α 
neutralization and confirming that the TNF-α neutralizing 
activity displayed by IgG purified from TNF-α IC-injected mice 
is mediated by the induced mouse anti TNF-α autoAbs.

Despite the documented ability of ICs to bind FDCs in pre-
existing GCs18 and the capacity of the same FDC to trap more 
than one Ag,19 IgE ICs were not deposited in all GCs labeled 

Figure 2. For figure legend see page 2438.
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in Figure  1G. Pre-existing GCs can also be colonized by 
heterologous B cells in a cognate T cell independent fashion;20-22 
however, it is also true that Ag does not localize in every pre-
existing GC and B cells do not home to every vacant follicle in 
a draining LN. So far, the factors regulating IC deposition, B 
cell re-entry, and re-utilization of vacant FDC networks in pre-
existing GCs23 have not been fully elucidated.

ECDII subdomain-ICs made with mouse Abs induced 
ECDII-specific Ig responses

We used rabbit IgG to form ICs in TNF-α, and IgE 
challenged mice, and the possibility that foreign rabbit IgG 
served as an adjuvant required for induction of autoAbs could not 
be ruled out. Therefore, in this experiment (Fig. 2) we used ICs 
constructed with FITC-labeled ECDII complexed with mouse 
anti-FITC IgG and mouse anti-ECDII raised in wild-type FVB 
which, in contrast to the FVBN202-Tg mice, are not tolerant 
to the rat neu protooncogen.8,9 As predicted, FVBN202-Tg mice 
challenged with ECDII-ICs, made with murine Abs, developed 
GCs and ECDII-specific IgM and IgG within a week, when IL-4 
was used to enhance IgG secretion (Fig. 2A-J).

Although the response to ECDII has not been followed in the 
absence of IL-4, we reason that CSR occurs without exogenous 
IL-4. In fact anti-TNF-α and anti-IgE autoAbs switched to IgG 
by day 6 without cytokine administration (Fig. 1) and IgG was 
detectable in the sera before IL-4 administration (Fig.  2JII). 
FVBN202 mice are T cell competent and Ig class switching 
is regulated by T cells and/or T cell factors in TI responses.24 
Consequently, we reason that although cognate autoreactive T 
cell help is lacking, endogenous T cell cytokines can induce class 
switching in B cells stimulated with Ag-bearing FDCs.

Endo-S non-selectively accesses the light zones of GCs and 
inhibits Ab production in vivo

Control of FDC-induced autoAb levels is crucial for their 
potential therapeutic applications. Endo-S inhibits IgG/FcγR 
interaction and the IgG ability to activate complement11; at the 
same time, FDCs retain ICs via Fc and complement receptors; 
thus, we reasoned that Endo-S may be able to interfere with 
IC retention on FDCs. Endo-S has a MW of 106 kDa and its 
transport in the B cell follicles is regulated by the structural 
transport pathways in the LN cortex.25 Consequently, we sought 
to determine first if Endo-S can access the FDC reticulum and 
localize with the FDC-ICs in vivo. Within one hr of subcutaneous 

(s.c.) injection, Endo-S attained high levels in the draining LNs 
of mice previously (6 d) challenged with ovalbumin (OVA)-ICs 
in the same place. Endo-S was seen in the IgD resting mantle and 
co-localized with OVA and LCA-labeled IgG glycans in the FDC 
networks (Fig. 3A and B). Moreover, Endo-S administration 7 
d after challenging mice with OVA-ICs dramatically impaired 
CSR and significantly inhibited OVA-specific IgG levels at day 
21 compared with control untreated mice (Fig. 3C).

Endo-S non-specifically de-traps FDC ICs
Endo-S significantly inhibited FDC-induced Abs and we 

reasoned that interference with FDC-IC retention mediated this 
inhibition. Rhodamine-conjugated OVA was loaded on murine 
FDCs in vivo and in vitro using OVA-specific IgG. FDC-trapped 
rhodamine-OVA ICs co-localized with FDC-CR1/2 (Fig.  4A). 
Treatment of sections from the draining LNs of rhodamine-OVA 
challenged mice groups with Endo-S significantly decreased OVA, 
anti-OVA, and C3 labeling in the CR1/2+ FDC reticula (Fig. 4B). 
FDCs trap ICs via Fc and CRs, and Endo-S inhibits IgG/FcR 
interaction thus detrapping ICs. With shaking, the de-trapped ICs 
are washed out and significantly weaker signals could be detected 
from the IC triad; rhodamine-OVA, rabbit anti-OVA and C3. 
Furthermore, purified murine FDCs loaded with rhodamine 
OVA-ICs in vitro lost rhodamine labeling upon treatment with 
Endo-S compared with untreated FDCs (Fig. 4C).

Discussion

Data in the present study strongly suggests that deliberate 
retention of therapeutically targeted Ags on FDCs induces target-
specific Abs. When appropriate FDC-ICs were presented in 
vivo, specific autoAb responses were induced in mice previously 
unresponsive to self TNF-α, IgE, and ECDII. Moreover, 
these autoAb responses were associated with autoreactive GCs 
and plasmablasts in the draining LNs; and the induced anti-
TNF-α autoAbs neutralized mouse and human TNF-α and 
inhibited their cytotoxic effect. In addition, Endo-S inhibited 
FDC-IC retention; co-localized with FDCs in the light zone 
of GCs; and non-specifically inhibited FDC-IC-induced Ab 
production. These results provide a novel FDC-dependent 
immunotherapeutic platform targeting endogenous mediators of 
chronic inflammatory, autoimmune, hypersensitivity, and mAb-
responsive neoplastic disorders.

Figure 2 (See previous page). Retention of the subdomain II of the rat neu Ag (ECDII) on FDCs via autologous IgG induces ECDII-specific autoAbs and 
rIL4 enhances CSR. FVBN202 mice were challenged s.c. with FITC-ECDII complexed with mouse anti-FITC and mouse anti-ECDII Abs (50 μg FITC-ECDII + 25 
μl ECDII anti-serum for 1hr, and then 50 μg mouse anti-FITC Ab for 1 h); then injected on day 7 and 10 with 1 μg rIL-4. Draining LNs were collected and sera 
were assessed for ECDII-specific Abs. Anti-ECDII sera derived from the ECDII-sensitized FVB mice were used as positive controls for the detection of neu-
specific IgM and IgG (data not shown). Cloning and expression of ECDII is detailed in reference 9 (A–C): (A), represents FITC-ECDII (green) trapped on an 
FDC reticulum in a draining LN section; (B), represents mouse IgG in ICs on an FDC reticulum labeled with rhodamine-conjugated anti-mouse IgG (red), 
and (C) (orange/yellow) represents an overlay of Ag and Ab in the ICs. (D–F): (D) (green), illustrates activated GC B cells labeled with FITC-conjugated 
GL7 and FITC-ECDII-labeled FDCs. (E) (red), represents rhodamine-conjugated anti-mouse IgG labeling ICs on FDCs; (F), represents the co-localization of 
FITC-conjugated ECDII with rhodamine-IgG giving orange/yellow in the GC light zone located above the GL7+ GC B cell rich dark zone (green). The white 
brackets indicate the extent of the GC light zone. (G–I): (G) (green) illustrates a GL7+ GC. (H) (red) illustrates the mantle of IgD+ resting B cells labeled 
with PE-conjugated anti-IgD; (I) is the overlay showing the GC surrounded with the resting B cell mantel. (J): illustrates measurement of ECDII-specific 
autoAbs: (JI) illustrates the background levels of anti-ECDII IgM and IgG in sera collected prior to immunization. Within a week of ECDII-IC challenge, 
FVBN202 mice developed IgM and IgG anti-ECDII responses above background (JII). IL-4 was administered at day 7 and 10 to provide a T cell cytokine to 
enhance class switching and augment the IgG response at day 14 (JIII).
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FDCs present Ags to B cells in a highly immunogenic form 
and membrane-bound Ags seem to be the predominant form of 
Ag that mediates B cell activation in vivo.26 In contrast to low 
valency self-Ags such as small soluble proteins; periodically 
displayed multivalent Ags such as multimerized FDC-bound Ags; 
extensively cross-link BCRs, maintain downstream signaling, 
and induce B cell activation and Ab production.27 Moreover, 
the immunogenicity of FDC-ICs is protected by the high levels 
of FDC-FcγRIIB that minimizes serious inhibition of B cell 

activation upon BCR/FcγRIIB cross linking.3,28 Not only do 
FDCs present Ags in ICs in a multivalent pattern, but also they 
provide complement-mediated B cell co-stimulation which 
decreases the B cell activation threshold and can overcome B cell 
anergy.29

More than 20 mAbs are currently approved for human 
therapy; however, the high manufacturing cost, generation 
of anti-mAb antibodies, and the inconvenience of frequent 
injections are major challenges in mAb therapy. We reason that 

Figure 3. Endo-S targets the GCRs in vivo and significantly inhibits Ag-specific IgG production. The in vivo effect of Endo-S was assessed in a group of 
OVA-IC challenged mice that were left for 21 d interrupted by 1000 U/mouse Endo-S s.c. injection in the back of the neck on day 7. One hr after injection, 
a group of mice was sacrificed and Endo-S was labeled in the B cell follicles of the draining LNs, whereas, sera were obtained from the rest of the mice 
at day 7 and 21 and assessed for OVA-specific IgM and IgG by ELISA. p-values were calculated using unpaired two-tailed Student’s t tests, and error bars 
represent the SEM between samples. Significance was accepted at α < 0.05. (A): OVA (green, labeled with FITC-anti-OVA) in the Ag transport funnel is 
tracking through the resting IgD+ B cell mantle (red) from the sub-capsular sinus to the FDC reticulum in the LN cortex. Endo-S (blue, labeled with anti-
histidine mAb targeting the histidine tag in the N-terminal of the recombinant enzyme) can be co-localized with the OVA on FDCs in the light zone of the 
GC [white brackets in the overlay]. Less Endo-S signal is seen deeper (yellow brackets in the overlay, site of the dark zone of the GC) at that time point. (B): 
OVA (green) on FDCs is co-localizing with Endo-S (blue) and a strong lens culinaris agglutinin (LCA, red) signal (white brackets) labeling the IgG glycans 
in the FDC-ICs in the GC light zone. The LCA and Endo-S signals are reduced deeper (green brackets, site of the GC dark zone). (C): At day 7; OVA-specific 
IgM dominated the immune response. Due to CSR, OVA-specific IgG exceeded IgM at day 21. Compared with non-injected mice groups at day 21; Endo-S 
injected mice at day 7 (day 21 + Endo-S at day 7) showed significantly less OVA-specific IgG (*P value < 0.05).
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deliberate induction of autoAbs to proteins currently targeted by 
mAb therapy has the potential to overcome these limitations. Our 
reasoning takes advantage from the partial tolerance in the B cell 
repertoire manifested in several diseases by the development of 
autoAbs including cytokine-specific autoAbs.30,31 FDCs uniquely 
multimerize Ags;1,2,4 and presentation of self/neo proteins in 

repetitive arrays induces autoAbs to neo-Ags in transgenic mice,32 
as well as to cytokines in humans7 and immune-tolerant animal 
models.33

Single domain proteins and peptides are normally poorly 
immunogenic but, in our study, we were impressed by the ability 
of FDC-loaded ECDII (145 aa) to induce Abs in unresponsive 

Figure 4. Endo-S unloads FDC-trapped ICs. OVA was conjugated to rhodamine, then rhodamine-conjugated OVA was loaded on murine FDCs in vivo 
and in vitro using OVA-specific IgG. For in situ assessment, 10 μm sections from the draining LNs were prepared 7 d after OVA-IC challenge and treated 
with 20 U Endo-S at 37°C for 1 h on a shaker, then rhodamine-OVA, rabbit-anti-OVA, and mouse C3 were compared with untreated adjacent sections 
using confocal microscopy. For the effect of Endo-S on purified FDCs, murine FDCs loaded with rhodamine-OVA ICs were treated with 10 U Endo-S for 
1 h at 37°C with shaking, and examined by confocal microscope. (A): Rhodamine-OVA was trapped in multiple FDC reticula in the draining LNs in the 
presence of rabbit anti-OVA IgG. The orange color indicates co-localization of rhodamine-OVA (red) with FDC-CR1/2 (green). A single FDC reticulum is 
shown at high magnification where the reticular nature of FDCs can be seen. (B): Endo-S-treated LN sections show less rhodamine-OVA (red), rabbit 
anti-OVA (green, labeled with goat anti-rabbit IgG FITC), and mouse C3 (green, labeled with FITC-conjugated goat anti-mouse C3) than untreated 
controls. (C): Murine FDCs were isolated as we have previously described,4 and the characteristic dendritic morphology and clustering nature of purified 
unloaded FDCs was visualized by differential interference contrast (DIC, Nomarski) optics. Compared with untreated rhodamine-OVA-IC-loaded FDC 
controls, Endo-S-treated FDCs labels less for rhodamine-OVA (red). DAPI stains the FDC nuclei (blue).
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mice. Tailored induction of autoAbs to selected antigenic sub-
domains may be critical to avoid unwanted responses. For 
example, the Cε3 fragment of IgE can be targeted instead of 
the whole IgE molecule. Cε3 can specifically bind the α chain 
of FcεRI, and blocking this binding can inhibit IgE-mediated 
release of inflammatory mediators. The Cε3 fragment is masked 
upon binding of IgE to FcεRI, thus Cε3-specific Abs are unable 
to bind cell-bound IgE and would be non-anaphylactogenic.34 
In addition, T cell defects, and inhibition of certain anti-
tumor immune responses8 are major challenges in cancer 
immunotherapy. In the FVBN202 mouse mammary carcinoma 
(MMC) model, the T cell response induces loss of the target neu 
Ag in an IFN-γ-dependent fashion leading to emergence of MMC 
variants refractory to HER-2/neu-targeted immunotherapy and 
predisposes to tumor relapse.8 Induction of Abs by FDC-ICs is 
TI,1-3 therefore it bypasses the requirements of cognate T cell 
help and uniquely maintains the sensitivity of cancers to targeted 
immunotherapy thus minimizing recurrence.8

FDCs retain Ags via Ag-specific Abs and complement for 
years,35 and therapeutic unloading of FDC-retained Ags has not 
been successful before. Endo-S specifically acts on the conserved 
N-linked glycan of IgG thus compromising IgG recognition by 
FcRs and the IgG ability to activate complement. Consequently, 
Endo-S interferes with the effector functions of autoAbs and 
ameliorates several autoimmune conditions.11 Ag retention on 
FDCs is critically involved in Ig CSR, SHM, and provides a 
constant Ag depot for memory B cell re-stimulation and effective 
long-term serological memory.1,6,36-42 Although the contribution 
of long-lived memory and plasma cells is important, continuous 
antigenic stimulation by persisting antigen is critical for 
maintenance of Ig levels.43 In fact B cell memory is short-lived in 
the absence of Ag, and interference with FDC-reticula attenuates 
autoreactive GC formation, reduces autoAb titers and memory 
B lymphocyte generation.5,6,36,37,44,45 Detrapping of FDC-Ag has 
not been previously studied, and results presented here provide 
evidence that Endo-S effectively unloads FDC-trapped Ags. 
The impact of Endo-S on CSR was evident within the 3 week 
assessment period (Fig.  3) and IgG levels were significantly 
inhibited in Endo-S-treated mice. Although the long-term effect 
of Endo-S has not been determined, we reason that Endo-S-
mediated withdrawal of FDC Ags will inhibit recall responses, 
Ab affinity maturation, Ag-driven memory B cell activation and 
plasma cell differentiation leading to a sustained reduction of 
autoAb production. Endo-S may also deglycosylate IgG-BCR 
which may affect BCR signaling, and consequently FDC-B cell 
interaction in the GC and this is currently under investigation.

While our results indicate that Endo-S activity is not Ag 
specific and can debilitate protective immunity, they provide 
novel evidence that previously retained FDC-ICs can be 
de-trapped without structural disruption of FDC reticula. 
Subunit expression of Endo-S and tagging may provide selective 
targeting of specific Ab/Ag complexes. For example, molecular 
engineering of TNF-α-peptide- or Cε3-baited Endo-S subunits 
that dimerize and restore function only in the presences of anti-
TNF-α or anti-IgE would provide selective activity against FDC-
TNF-α-ICs or TNF-Cε3-ICs respectively.

FDCs trap a diverse array of Ab- and complement-opsonized 
molecules,2 and induction of potentially therapeutic autoAbs by 
FDC-ICs would be unrestricted. Moreover, our results with the 
ECDII subdomain indicate that therapeutic targets can be loaded 
on FDCs in the presence of autologous IgG. Accordingly, Ags 
can be tagged so that they bind specific Abs that naturally exist 
in the host thus sidestepping the need to inject foreign Abs. For 
example, the average levels of anti-phosphorylcholine (PC) IgG in 
normal human subjects is 35 μg/ml,46 and injection of PC-tagged 
Cε3, for example, would form PC-Cε3/anti-PC ICs that instantly 
loads on FDCs and induces anti Cε3 autoAb response. Success 
with anti-PC would provide us with an approach to easily load 
Ags of all kinds on FDCs in humans without introduction of for-
eign Igs. Furthermore, the hapten-conjugated self Ag may recruit 
non-cognate T cell help which could enhance CSR and affinity 
maturation. As previously shown,47 Ag presenting cells will take 
up the hapten-conjugated protein and present the foreign hapten 
epitope sequences to T helper cells, which will become activated 
and provide help to B cells presenting the same hapten epitopes to 
the activated T cells. Due to immune tolerance, only T helper cells 
that recognize hapten peptides are expected to become activated 
whereas autoreactive T-cell responses will be limited or absent.47

Despite the evidence that the induced autoAbs are functionally 
active, the longevity of the response has not been followed over 
extended periods of time. Nevertheless, our studies on athymic 
nude mice challenged with OVA-ICs indicated that OVA-specific 
IgM was present in the sera within 48 h and these IgM levels were 
maintained for a minimum of 2 mo.3 In fact there is a substantial 
evidence that TI B cell memory exists,48,49 and in the presence 
of non-cognate T cell help, and the provision of FDC-derived B 
cell co-stimulatory signals including C4bBP that engages B cell 
CD40, we think that TI memory will be generated and autoAb 
levels maintained thus minimizing the need for repeated vaccine 
administrations. Although the affinity of the induced Abs has 
not been directly measured, the anti-TNF-α autoAbs displayed 
50% neutralizing activity of a comparable rabbit polyclonal anti-
mouse TNF-α within 6 d. Due to induction of GCRs, we reason 
that the autoAb affinity will progressively increase with time, 
and this will improve the functional capacity of the induced 
Abs leading to effective disease control. Studies investigating 
maintenance and affinity maturation of FDC-IC-induced Ig 
secretion are currently in progress.

Given the excellent activity of the induced autoAbs in vitro, 
we plan to assess the in vivo efficacy and Endo-S-mediated 
regulation of the induced anti-TNF-α, -IgE, and -HER2/neu 
autoAbs in disease models of arthritis, asthma, and mammary 
cell carcinoma respectively. Due to its multi-mechanistic effect 
on Abs, FDC-ICs, and possibly IgG-BCR, Endo-S is a promising 
GCR regulator; however, its non-selective nature needs to be 
rectified before it can be exploited therapeutically.

Several approaches of auto-immunization have been developed 
over the last ten years making use of the incomplete tolerance in 
the B cell repertoire. Therapeutic vaccines comprising virus-like 
particles (VLPs) covalently conjugated with disease-associated 
self-molecules to induce neutralizing autoAb responses have 
been successfully tested in animals and humans without serious 
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adverse events.50 Although multiple injections were required to 
maintain high Ab levels, the efficacy of the induced Abs by VLPs 
were higher compared with mAbs used to control similar disease 
conditions.31,51-53 Furthermore, the first clinical trials performed 
with the second generation of these vaccines have demonstrated 
that the induced autoAb responses are reversible with limited 
autoreactive T-cell activation.54,55 Owing to the natural difference 
in individuals’ immune responses, patient-to-patient variability 
and poor responders were associated with the use of some VLP-
based vaccines.56 Induction of active immunotherapy depends on 
several factors in the host’s immune constitution, and bypassing 
the MHC-TCR requirement in our FDC-IC-based approach 
may minimize such factors contributing to variability and poor 
responses.

Induction of target-specific Abs by auto-immunization does 
not necessarily imply functionality of the induced autoAbs. 
For example, HER2-specific Abs were induced by vaccinating 
breast cancer patients with a HER2 protein vaccine; however 
it could not induce receptor internalization and degradation.16 
Moreover, anti-TNF-α autoAbs were induced against denatured 
but not native TNF-α which compromised their therapeutic 
utility.47

Auto-immunization by self IC retention on FDCs uniquely 
integrates several strengths that boost its translational potential 
and future practical exploitation. First, the TI nature of the 
response provides safety against autoreactive T cell activation. 
Even with hapten-tagged targets, T cell responses will be directed 
to the foreign tag peptides while autoreactive T-cell responses 
will be limited or absent thus avoiding possible harmful auto-
inflammatory responses.32,54 Being TI, this approach can benefit 
patients who; in addition to their primary target-mediated disease; 
suffer from concomitant T cell dysfunction, disorders affecting 
Ag presenting cells or limited MHC-II repertoires that may be 
unable to load certain peptides. In addition, the TI nature of the 
response makes it rapid and target-specific IgM can be induced 
within 48 h. Remarkably, sustained protection was observed in 
mice just 24 h after IC challenge that compared with responses 
8 d after Ag alone.57,58 Besides its therapeutic potential, induction 
of TI autoAb secretion by self Ag retention on FDCs may help 
explain the presence of certain autoAbs in diseases where T cell 
tolerance is intact, or the MHC repertoire is non-permissive.

Second, the ability of Endo-S to inhibit Ag retention on FDCs 
offers a novel GC regulator. In addition to its ability to directly 
interfere with the effector functions of autoAbs,11 this study 
provides the first evidence that Endo-S significantly reduces Ag 
retention on FDCs, which would inhibit B cell activation and 
plasma cell differentiation by the FDC-Ag depot.6,36-42 This 
would downregulate long-term Ab production, thus providing a 
termination mechanism for deliberately induced autoAbs against 
targets of clinical importance.

Third, the unique ability of FDCs to trap an extensive 
array of molecules and microbial fragments provides a 

universal immunotherapeutic platform that can possibly target 
unlimited number of candidate self Ags. Added to the long-
term nature of retention, preservation of the native structure 
of target Ags4 promotes induction of polyclonal autoAbs that 
bind several antigenic epitopes, and may experience cycles of 
affinity maturation in the GCR leading to enhanced autoAb 
efficacy. We reason that the polyclonal nature of the induced 
autoAbs conferred higher cross-reactivity between human and 
mouse TNF-α beyond that known for mAbs targeting TNF-
α. Through binding to a range of epitopes, polyclonal Abs can 
sterically hinder the Ab-coated TNF-α from binding to its target 
in multiple species; and recent studies suggested that polyclonal 
Abs are faster and more efficient than mAbs in clearing TNF-α 
from patients sera.59 In fact, the use of polyclonal Abs is currently 
expanding as a third generation Ab therapeutics to address the 
inability of mAbs to target mutation-prone Ags and molecules 
that require binding at multiple sites.60-64 The inherent high 
specificity of mAbs for a single epitope is a likely limiting 
factor, while, polyclonal Abs exhibit high tolerance toward Ag 
modification.65 This is particularly important in anti-cancer 
therapy where mAbs lose their effectiveness against mutated 
cancer cells; whereas, polyclonal Abs would provide multi-
targeted approach that minimizes the emergence of tumor cell 
escape variants.66,67

In conclusion, this is the first potential FDC-IC-based 
immunotherapy where deliberate autoAg retention induces 
autoreactive GCRs and functionally active autoAbs against 
endogenous drivers/mediators of chronic inflammatory, 
autoimmune and hypersensitivity diseases as well as mAb-
responsive cancers. A high affinity self-generated Ag-specific 
polyclonal response that is maintained for long periods may be 
more efficacious than the currently available therapeutic mAbs. 
FDC-retained self-Ags that induce autoreactive GCs may provide 
these features and induction of this response would only require 
injection of an appropriate IC. Though further work will be 
clearly required to translate our results into patients’ treatments, 
the reliance on natural components of the immune system, the 
ease of formulation, and the cost-effective nature of this auto-
immunization approach will enhance its translational potential 
as a novel multi-dimensional immunotherapeutic platform.
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