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Abstract: Mast cells are increasingly recognized as critical players in elicitation and maintenance of different inflammatory related dis-
orders, like allergy, autoimmne diseases and cancer. Mast cells maturate within the tissue and are able to adapt to microenvironmental
changes. Together with the ability to produce multiple pro- and anti-inflammatory mediators upon activation, mast cells are highly capa-
ble of exerting immunomodulatory functions. Cross-linking of receptor bound IgE is the best known mechanism of antigen-specific mast
cell activation. In this review we focus on a different route of activation, via immunoglobulin free light chains (FLCs). Here, we describe
current knowledge and concepts on FLCs based on preclinical models and data on human subjects, after briefly recapitulating early re-
search findings on FLCs. Furthermore, because FLC research mainly focuses on mast cells, several mast cell mediated pathologies and
mouse models for mast cell research will be discussed. Whether targeting of mast cells is beneficial for the treatment of specific disorders
has to be addressed in future studies. Specific inhibition of FLC-mediated mast cell activation may be an interesting avenue to treat

chronic inflammatory diseases.
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GENERAL INTRODUCTION

Many of the pathological mechanisms that mediate inflamma-
tory related disorders ranging from allergy to cancer are still poorly
understood currently and subject to extensive research nowadays.
Interestingly, the mast cells are increasingly recognized as critical
players in the sensitization and effector phase of chronic inflamma-
tory immune responses [1]. Mast cells are highly versatile cells,
which are able to secrete a plethora of mediators upon activation
and thereby exerting immunomodulatory functions [2-13]. Depend-
ing on the microenvironment and the activating signals, mast cells
can direct the immune response into either pro- or anti-
inflammatory directions. Binding of IgE to their high affinity recep-
tor (FceRI) and subsequent cross-linking of receptor bound IgE is
the best and most powerful known mechanism of mast cell activa-
tion [14,15]. However, also a different route of antigen-specific
activation have been described, namely via immunoglobulin free
light chains (FLCs). About three decades ago the research was initi-
ated when an unknown spleen supernatant factor showed to be able
to induce an antigen-specific mast cell activation independent of
IgE [16,17]. Initially, this factor thought to come from T cells was
referred to as “T cell factor” (TCF) and later as the product of con-
tact sensitization with picryl chloride (PCI) as PCl-Factor (PCI-F).
The active proteins within these TCFs were later shown to be, at
least partly, immunoglobulin free light chains, and consequently
were a product of B cells/plasma cells instead of T cells [18,19]. In
this review, we will outline the research concerning FLCs from the
start to current findings and concepts. Preclinical models and data
on human subjects will be addressed. Furthermore, the role of mast
cells in mediating different pathologies and preclinical models in-
volved in mast cell research will be addressed in more detail. Fi-
nally, data on FLC mediation of function in other cells will be de-
scribed. Future research has to explore whether a general targeting
of mast cells (e.g. stabilization) is functional for the treatment of
specific disorders, or whether a more specialized mast cell
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activation pathway, via FLCs for example, can be blocked to
achieve disease improvement.

BIOLOGIC FUNCTIONS OF SUPERNATANT FACTORS
LATER ASCRIBED TO FLC

A role for mast cells in contact sensitivity (CS) and delayed
type hypersensitivity (DTH), in fact a required role, had never be-
fore been contemplated when work began on the mast cell activator
T cell factor (TCF). The first studies suggesting this were pharma-
cological, and indicated for the first time that serotonin (5-HT) was
required for the elicitation of CS and DTH [20]. In mice, 5-HT is a
powerful vasoactive mediator, and compared with histamine that
also is produced by mast cells and also stored in their granules, is
1000 more powerful in mediating vasoactivity [21]. Comparable
vascular activation attempted with histamine results in severe aci-
dosis and death. Fluorescent cytochemistry and uptake of *H-5-HT
were used.to determine the possible sources of 5-HT in CS and
DTH These techniques indicated that mast cells were a possible
source, as well as platelets [20,22]. In fact in mice, mast cells and
platelets are the only source of 5-HT outside of the nervous system.
Further, attempts to elicit DTH in immunized mice by challenge
injection of antigen in the flank skin, the preferred site in guinea
pigs and rats, failed. This correlated with a paucity of mast cells at
that site. In contrast, elicitation of CS in the ears and DTH in the
foot pads gave far superior results, and it was shown that these sites
had particularly high numbers of 5-HT containing mast cells [20].
Further, mast cell-deficient mice have defective elicitation of CS
and DTH and impaired recruitment of effector T cells locally to
elicit these responses [23]. Finally, electron microscopic analysis
indicated that mast cells in CS/DTH were undergoing partial piece
meal degranulation instead of the standard IgE mediated anaphylac-
tic exocytosis [22-24], suggesting differential release of mediators.
Functional studies showed preferential release of 5-HT compared to
histamine; two mediators seemingly stored in the same granule,
suggesting that indeed there was differential release [25-28] and
thus the mechanism of release of mediators was different and spe-
cial in CS/DTH.

At this point it was still unclear how the mast cells were acti-
vated in CS/DTH. A mixture of four day PCl immune spleen and
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lymph node cells produced a supernatant factor thought to come
from T cells, and thus was called T cell factor (TCF). This TCF
readily adoptively transferred CS and DTH to naive recipients and
showed to have mast cell activating properties [16,17,29-31]. How-
ever, since proof was lacking that TCF was the product of T cells,
the name was changed to PCI-F as the product of PCI contact im-
munization. PCI-F was found to be remarkably antigen (Ag) spe-
cific compared to another similar acting heterologous specific fac-
tor from immune cells of oxazolone sensitized mice (OX-F) [29].
PCI-F had Ag-specificity in ear swelling [29] and activation of mast
cells, but presence of IgE antibody was ruled out as the cause
[16,31]. The fact that PCI-F had the specificity of an antibody led to
examination of B cells as a source. It was subsequently demon-
strated that the unusual B cell subset of B-1 B cells, that resides in
the peritoneal cavity and are T cell independent in their activation
and antibody production, were found to be activated very early
(hours) after skin contact painting to immunize for CS. PCI-F is
produced within hours of contact immunization by the activated B-
1 B cells. Amongst other proteins, this PCL-F contained antigen-
specific IgM [32-41]. In fact, monoclonal anti-TNP IgM myeloma
proteins could substitute for PCI-F in reconstitution of CS in JH™
pan immunoglobulin deficient mice. Further research demonstrated
that smaller components derived after fractionation of IgM were
similarly able to reconstitute the initiation of CS. Thus, addition of
an early-acting initiation component, like PCI-F or 1 day immune
cells as a source of B-1 B cell IgM antibody, allowed the T cells to
be recruited for full elicitation of CS. Not only pentameric IgM
antibody was active in CS-elicitation, but also trimers, dimers,
monomers, and heavy and light chain dimers that were not clearly
known previously to be present in IgM preparations [19]. Although
all of these fractions of IgM were active, it was shown that two
mechanisms were involved. The pentamer down to the heavy
chains activated the mast cells indirectly. They were found to be
complement dependent by forming immune complexes with circu-
lating hapten self protein complexes generating C5a to activate the
mast cells via their receptor for C5a [42-44]. In contrast and sur-
prisingly, the Ag-specific polyclonal light chains plus antigen acti-
vated the mast cells directly in a manner analogous to IgE antibody.
These findings corresponded with finding that light chains can acti-
vate mast cells [18,19]. Indeed, an isolated immunoglobulin FLC of
anti-TNP Ag specificity, could fully substitute for PCI-F in our
system by reconstituting absent elicitation of CS in JH™ mice that
were unable to elicit CS without a CS-initiator like PCI-F.

IMMUNOGLOBULIN FREE LIGHT CHAINS MEDIATE
ANTIGEN-SPECIFIC MAST CELL ACTIVATION

As described above, the TCF consisted of a mix of several pro-
teins. The presence of immunoglobulin light chains in this fraction
was ultimately demonstrated after multiple steps of purification. .
Light chains are detectable with a size of 22-27 and 44-55 kDa
indicating that they are not covalently linked to heavy chains, but
present in free form in a monomeric and dimeric conformation,
respectively (unpublished data). To demonstrate that these “TCF
components* were critical for inducing the antigen-specific mast
cell activation, hapten-specific FLCs were obtained by reducing and
alkylating trinitrophenol (TNP)- and oxazolone-specific 1gG;. Sub-
sequent intravenous injection of purified hapten-specific FLCs fol-
lowed by a topical ear challenge with the appropriate hapten in-
duced an increase in ear thickness as compared to unsensitized
controls [18,19]. This FLC-induced ear swelling response is dose-
dependent and comparable to the responses elicited after sensitiza-
tion with hapten-specific IgE. In addition, passive sensitization with
culture supernatant from in vitro cultures of spleen and lymph
nodes from sensitized mice (PCL-F) resulted in the transfer of hy-
persensitivity only when FLCs were not depleted using immobi-
lized antibodies specific for k-light chains. These data showed that
active epicutaneous sensitization results in the production of hap-
ten-specific FLCs, as early as one day after sensitization. Passive
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intravenous sensitization with antigen-specific FLC of pan B cell-
deficient (uMT) followed by local challenge resulted in a signifi-
cant ear swelling response. This finding indicates that the FLC me-
diated reaction is not due to an interaction between FLCs and circu-
lating immunoglobulins and therefore not dependent on intact im-
munoglobulins. Importantly, passive sensitization with hapten-
specific heavy chains or non-specific light chains did not elicit an
ear swelling response indicating that immunoglobulin heavy chains
only weakly activate complement and do not activate mast cells.

Although controversial to some extent [45], it has been shown
previously that the initiation of a profound delayed type contact
hypersensitivity reaction is dependent on the activation of mast
cells [23,46-49]. This activation results in the immediate release of
various mediators like the vasoactive serotonin (5-HT) and hista-
mine, proteases, lipid-derived mediators (leukotrienes etc.),
chemokines and cytokines (particularly TNF-o. and MIP-2 [46])
leading to local expression of vascular activation markers (through
TNF-o for example), vasodilatation and an increased vascular per-
meability (leading to the early and then late phase response) and
attraction of immune cells [50]. Initiated by the early response, T
cells are recruited locally and then the Ag-specific minority is acti-
vated in the tissues by Ag-MHC complexes on a few local antigen
presenting cells, like dendritic cells. There, activated T cells pro-
duce various cytokines that induce the local tissue cells to produce
chemokines that recruit a non-specific inflammatory cell infiltrate
(mainly monocytes and neutrophils) from the vasculature, leading
to the late phase response [50].

To test whether the FLC mediated contact sensitivity was de-
pendent on mast cells, mast cell-deficient (WBB6F-Kit"""') mice
were passively sensitized with FLC. Subsequent challenge with the
appropriate antigen did not result in a significant ear swelling re-
sponse [18,19]. Local reconstitution of bone marrow derived mast
cells at the site of challenge 6 weeks before active sensitization and
challenge fully restored the ear swelling response. Moreover, his-
tological and ultrastructural analysis of mast cells at sites of chal-
lenged tissue showed marked signs of degranulation. Comparable
changes in mast cell ultrastructure were observed earlier when ana-
lyzing the effects of TCF on mast cells [51]. Direct binding of FLCs
to the mast cell (BMMCs) membrane was also shown using FITC-
labeled FLC and beads coated with FLCs to visualize binding to
mast cells. These data indicate that FLC induced hypersensitivity is
mediated via mast cells, yet the mechanism by which FLCs exert
this function is still unclear and a specific FLC receptor has not yet
been fully characterized. The involvement of the common vy chain,
involved in signal transduction after cross-linking of the IgE and
1gG; high affinity receptors FceRI and FcyRIII, respectively, is
excluded since normal ear swelling responses were elicited in
common v chain-deficient mice (FcRy”) compared to wild type
mice [18]. In addition, it was shown that the FLC-mediated contact
sensitivity is independent of the action of complement [19].

F991, ANTAGONIST OF FLC

Tamm-Horsfall protein (THP; uromodulin) is a naturally occur-
ring protein that is highly expressed in the kidney and has the ca-
pacity to specifically bind FLCs [52]. THP is a heavily glycosy-
lated, monomeric protein produced and secreted by cells of the
thick ascending limb of the loop of Henle. Analysis of the light
chain-binding location site within THP revealed that a 9-mer pep-
tide is completely responsible for the FLC-THP interaction [53].
The amino acid sequence of this 9-mer peptide was used to develop
a peptide that binds FLC in the circulation thereby preventing FLC-
binding to FLC targets, like a specific receptor on mast cells. Using
this FLC-antagonist, F991, the ability of FLCs to initiate contact
sensitivity was further demonstrated , since intravenous injection of
F991 prior to challenge resulted in complete inhibition of the early
ear swelling response after both passive and active sensitization.
The late phase response was inhibited as well in the active sensiti-
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zation model [18]. F991 dose-dependently inhibited the contact
antigen induced ear swelling responses mediated by FLCs but in
contrast, it was ineffective in inhibiting IgE-, 1gG- and IgM-
mediated responses.

FLC PRODUCTION AND DISTRIBUTION

B cells are responsible for the production of immunoglobulins
and are therefore critical in the humoral immune response. In addi-
tion, B cells play a critical role in host defense by initiating and/or
modifying the immune response via antigen presentation to T cells
and the production of multiple pro-inflammatory cytokines and
chemokines. Intact immunoglobulins consist of two identical heavy
chains and two identical light chains which are covalently linked in
heavy and light chain pairs. Both heavy and light chains have a C-
terminal constant region and an N-terminal variable region, the
latter containing the antigen binding complementary determining
regions. The variable regions of one disulfide bonded heavy and
one light chain pair together constitute one of the antigen binding
site. The diversity of variable regions is maintained by random
rearrangement of a multitude of Ig variable (V), diversity (D), and
joining (J) gene segments for heavy chains and V and J segments
for light chains. Furthermore, somatic hypermutation of variable
regions occurs following antigen activation [54]. The C-terminal Fc
region of the constant part of the heavy chains determines the (sub)
class of the immunoglobulin (1gG, IgE, IgM, IgA, IgD), and
thereby its biological function. Two types of light chains are pro-
duced by mammalian B cells, either kappa (k) or lambda (1) [55].
The ratio in which both types are produced varies significantly
among species. In human for instance, half to two-thirds of the light
chains produced is kappa, whereas mice predominantly produce
kappa FLCs (~95%) [56,57]. The production of heavy and light
chains is independent of one another and normally there is a 10-
40% overproduction of light chains compared to heavy chains [58-
63]. The secretion of heavy chains is tightly regulated and will not
occur as long as tetrameric antibodies are not formed. In this case,
the free heavy chains are not transported to the Golgi complex and
are degraded internally [64]. In contrast, light chains can be se-
creted by B cells without being incorporated into immunoglobulins,
leading to the presence of unbound free light chains (FLCs) in the
extracellular environment and in the serum. At this moment it is
unclear whether all activated B cells randomly overproduce FLCs,
or whether this is somehow regulated. Possibly, the AID induced
mutations in the V region and consequent affinity for antigen, as
well as the B cell type and/or strength of its activation signals to-
gether with their microenvironment, and/or maturation stage may
influence FLC production [60,65-68].

FLCs can be detected in serum, but also many other body fluids
like urine, sputum and saliva, nasal secretions, bronchial alveolar
lavage fluid, and synovial and cerebrospinal fluid. In all body fluids
kappa and lambda FLCs predominantly exist as monomers (22-27
kD) and covalently and non-covalently bound dimers (44-55 kD),
but also polymeric forms of kappa and lambda FLC occur. Concen-
trations of FLCs are low at birth and gradually increase by age until
adulthood [69-72]. The ‘normal’ range of FLC concentrations in
serum of healthy adults is between 3.3-19.4 mg/L for kappa and
5.7-26.3 mg/L for lambda, but can be highly dependent on the de-
tection assay employed and calibration standards [56]. The kidney
is the main organ responsible for the removal of FLCs from the
circulation. After glomerular filtration, FLCs are primarily removed
by proximal tubular epithelial cells in which lysosomal proteolysis
of FLCs takes place. Constituent peptides and amino acids from
FLCs are subsequently returned to the circulation. When FLC con-
centrations exceed the reabsorptive capacity of the proximal tubular
epithelial cells, high amounts of FLCs will be excreted in the urine.
The precise clearance of FLCs by the kidney is unknown, but based
on size and cationic charge serum half-lives of kappa and lambda
FLC of 2-4 and 3-6 hours are calculated, respectively [52]. In
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multiple myeloma, a tumor of antibody producing plasma cells,
huge amounts of light chains are secreted in the urine and complex
with Tamm-Horsfall protein to obstruct urine flow in the tubules to
produce significant renal impairment; a condition known as mye-
loma kidney. In addition, patients suffering from other plasma cell
dyscrasias which are associated with an increased FLC production
show increased Kidney injury [52].

ANTIGEN BINDING BY FLCS

In intact immunoglobulins the variable regions of both heavy
and light chains together create two antigen binding sites per 1gG
and ten per IgM pentamer to mediate antigen binding. The overall
binding of a complete single antibody is called affinity, which is
determined by the variable regions in the immunoglobulin heavy
and light chains. The presence of the variable region within light
chains, together with the fact that many FLCs form dimers mimick-
ing binding site of an intact antibody, indicates that FLCs may also
have the capacity to bind antigen. However, studies concerning the
binding of FLCs are contradicting and indicate that binding affini-
ties of FLCs can be either negligible, equal, or even exceed those of
parent immunoglobulins [73]. The in vivo data described above
regarding the FLC-mediated mast cell activation indicate that FLCs
are able to bind antigen by recognizing specific epitopes. Further,
the fact that multiple FLCs on the surface of the mast cell are bind-
ing antigen means that their lower affinity still results, through mul-
tiple binding, into appreciable binding affinity resulting in signifi-
cant Ag-specificity. Thus, CS-initiating ear swelling responses de-
pendent on FLC bound to mast cells cannot be elicited by challeng-
ing the ears with an irrelevant hapten. Other preclinical models
which will be discussed below, also suggest the presence of anti-
gen-specific FLCs that mediate immunological responses by bind-
ing antigen specifically [74-77]. In line with these data, it is possi-
ble to prove antigen-specific binding of oxazolone (OX) and trini-
trophenol (TNP) specific light chains using western blot and ELISA
techniques Fig. (1). At present, assays for detecting antigen-specific
human FLCs are lacking [78]. Only one paper described the pres-
ence of Toxoplasma gondii specific FLCs in cerebrospinal fluid
from AIDS patients suffering from encephalitis [67]. Technical
limitations which, amongst others, together with a possible lower
binding affinity of FLCs and the lack of positive reference controls,
might hamper detection of specific FLC in body fluids. Moreover,
in case of analyzing serum, antigen-specific FLC concentrations
may be too low to detect due to the short half-life of FLCs in com-
bination with a considerable time of obtaining the sample after
antigenic stimulation. Analysis of body fluids that contain FLCs
produced locally in affected tissues might improve detection as
demonstrated in cerebrospinal fluid [67]. Other interesting body
fluids to analyze clinically are nasal secretions and synovial fluid,
since highly increased FLC concentrations can be found in rhinitis
and rheumatoid arthritis patients, respectively (see below) [79,80].

FLCS IN PRECLINICAL STUDIES OF ANIMAL MODELS
AND IN HUMAN DISORDERS

The finding that FLCs are capable of mediating antigen-specific
mast cell activation creates a new look at disorders in which B cells
and mast cells are involved. In this respect, allergic diseases are of
great interest. Allergy is an exaggerated immune reaction to usually
harmless foreign proteins present in food and airborne pollens for
example. Allergic hypersensitivity can be subdivided to IgE- and
non-lgE-mediated allergies [81]. Allergic responses via IgE are
intensively investigated since IgE is thought to play an important
role in many allergic diseases [82-84]. IgE can bind antigen with
high affinity and cross-linking of FceRI-bound IgE on mast cells by
multivalent antigen causes mast cell activation leading to the re-
lease of multiple mediators via exocytosis of the characteristic
granules containing mediators such as histamine and 5-HT along
with cytoplasmic stored and newly generated pro-inflammatory
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Fig. (1). Antigen specific binding of immunoglobulin free light chains
(FLCs). Oxazolone-specific FLCs (OX-FLC) specifically bind to plate
bound OX-conjugated albumin in a concentration dependent manner. Com-
pared to OX-FLC, trinitrophenol-specific FLCs (TNP-FLC) hardly show
binding to OX indicating an antigen specific binding capacity. Background
staining of FLCs to albumin is negligible (not shown). Based on these bind-
ing data we calculated the binding affinity (Km) of OX-FLC to OX-
conjugated albumin using a Lineweaver Burke plot of 0.12uM which is
relatively high.

mediators including biogenic amines, cytokines and chemokines
and certain growth factors [14,15,85]. Together these mediators
mediate a local inflammatory response leading to an early and sub-
sequent late phase response. Despite this important contribution of
IgE to many allergies, a significant proportion (up to 40%) of pa-
tients suffers from a non-IgE mediated allergy. Examples of disor-
ders displaying such a high percentage of patients in which IgE
cannot be identified as the critical regulator of inflammation are
food allergy, dermatitis, asthma, and rhinitis [86]. Nevertheless,
mast cells still appear to play a key role in mediating these disor-
ders. Despite some differences, many clinical and immunological
similarities are recognized between IgE and non-IgE mediated al-
lergies and treatment of each with corticosteroids is equally effec-
tive. The question arises what mechanism(s) are responsible for
causing the various mast cell-mediated and allergen-specific, but
non-IgE mediated, allergic diseases?

Besides IgE, several other factors can induce mast cell activa-
tion. These include 1gG via FcyRI or FcyRII (in mouse), comple-
ment components like C5a via C5aR, cytokines, toll-like receptor
ligands, bacteria, viruses, and via interaction with T cells [2,87-89].
Moreover, a number of studies have indicated a possible functional
role of antigen-specific FLCs in cow’s milk allergy, asthma, in-
flammatory bowel disease (IBD), rhinitis and rheumatoid arthritis
[74-77,79,80], which will be discussed in following paragraphs.

Cow’s Milk Allergy

Food hypersensitivity is defined as reproducible adverse effects
to foods, especially immediate responses, mainly to cow’s milk and
hen’s egg, and is most common in the first years of life. Clinically,
cow’s milk allergy (CMA) causes various symptoms involving
those in the skin, gastrointestinal and respiratory tract and even
anaphylaxis. Although most children (>80%) outgrow CMA before
three years of age, it is still one of the leading causes of food allergy
in adults [90,91]. Recently, two preclinical CMA models were in-
troduced involving oral sensitization to casein or whey, the major
protein constituents of cow’s milk. In both models, immediate ear
swelling responses could be measured after intradermal challenge,
while oral challenge with the appropriate cow’s milk antigen
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induced diarrhea-like symptoms and mast cell activation as demon-
strated by increased systemic mMCP-1 concentrations [92]. Inter-
estingly, whereas whey immunization clearly showed IgE mediated
symptoms, casein induced a predominantly FLC-mediated allergy
[76]. The early ear swelling response after challenging the ears of
whey- or casein-sensitized mice with appropriate antigen could
only be abrogated by F991 in the casein group. Furthermore, serum
and especially in mesenteric lymph node (MLN) supernatant, FLC
concentrations were clearly increased in casein-sensitized mice
compared to whey-sensitized and controls mice, which is sugges-
tive for excessive local production. In addition, antigen-specific
FLCs are produced in the spleen, since casein sensitivity could be
transferred to naive mice by intravenous injection of spleen super-
natants from casein-sensitized mice. The early phase responses in
these recipient mice were also attenuated after F991 treatment,
suggesting mediation by FLC. However, F991 treatment did not
lead to a complete abrogation of the ear swelling responses in nei-
ther the active nor the passive casein model which may be ex-
plained by a small simultaneous effect of casein-specific 1gG; or
IgE (although not detected). In another study it was shown that the
whey-induced CMA model, which is highly IgE dependent under
normal conditions, can be switched to a FLC-mediated model after
depletion of CD25" cells (Tregs together with a small percentage of
antigen-specific effector T cells) in the sensitization phase [77]. In
this study, a single anti-CD25 treatment before whey-specific IgE
was systemically detectable, completely abrogated the production
of whey-specific IgE (possibly by deleting whey-specific effector T
cells responsible for the induction of class switching in B cells to
IgE/IgG1), but did not influence early phase responses. A striking
finding was that the anti-CD25 treated group showed increased
FLC concentrations (especially in MLN) and the early phase re-
sponse could be blocked by antagonizing FLCs. The dependence on
FLCs of the allergic response in these treated mice also resulted in
FLC-mediated gastrointestinal changes as indicated by a hyperreac-
tivity of the colon upon exposure to carbachol, a muscarinic recep-
tor agonist. It is known that mast cells can differentially release
mediators dependent on the type of activating stimulus [4,85,93],
that can induce end organ hyperreactivity to cholinergic agonists.
Whether the FLC-induced colon hyperreactivity is also caused by a
subset of mediators specifically released by FLC-activated mast
cells, rather than released via IgE-mediated activation has to be
proven. A mechanistic difference in mast cell activation by IgE and
FLCs is supported by earlier work on TCF as described above [51].
Alternatively, the direct effect of FLCs on intestinal epithelial
and/or smooth muscle cells cannot be excluded.

The cause of the differential immune responses initiated in the
described whey and casein models is still speculative but may be a
result of differences in physical, physiological and dietary proper-
ties of both classes of proteins. As a result, this can lead to different
modes of immune cell activation (i.e. via dendritic cells, T cells, B
cells), which could be further influenced by intestinal microenvi-
ronmental differences caused by the different proteins. The plastic-
ity of these sensitization responses is supported by the finding that
the IgE-mediated whey response is switched to FLC-dependent
response after depletion of CD25" cells. Based on this latter finding
it is tempting to speculate that human CMA patients without detect-
able concentrations of cow’s milk protein (CMP)-specific IgE com-
prise a distinctive intestinal microenvironment compared to those
having cow’s milk-specific IgE that shifts the balance from IgE
(and/or 1gG) to FLC production. This condition might be applicable
to young infants with CMA as well since the majority is serum
negative for CMP-specific IgE. In children 3-7 months of age who
show a positive double blind placebo controlled food challenge,
significantly increased kappa and lambda FLC concentrations were
found in serum as compared to an age-matched control group of
children who had a negative test. All these children had undetect-
able or very low CMP-specific IgE values [76].
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Asthma

Asthma is a relatively common chronic disorder of the airways
manifested by inflammation of the lower airways in particular,
leading to respiratory symptoms and bronchoconstriction. The in-
volvement of FLCs in asthma pathology was demonstrated using a
murine experimental model showing clear similarities with adult
asthma in humans [74]. In this model, topical cutaneous sensitiza-
tion with DNFB followed by intranasal exposure to cognate antigen
(DNBS) leads to a mast cell-dependent pulmonary hypersensitivity
reaction, including early signs of bronchoconstriction [94]. Intrana-
sal administration of F991, 30 minutes prior to challenge com-
pletely blocked DNBS induced early phase hypersensitivity re-
sponses as indicated by a reduced mast cell activation and bron-
choconstriction. Late phase responses, manifested by mucosal leak-
age, neutrophilic cellular infiltration in BAL fluid and tracheal hy-
perreactivity 24 and 48 hours after challenge, could be blocked by
F991 before airway challenge as well. In addition, passive sensitiza-
tion with TNP-specific FLCs induced comparable early phase re-
sponses as compared with the active model. This response was also
abrogated after F991 treatment and was shown to be mast cell de-
pendent. Whether this mechanism also contributes to human asthma
pathology in at least a subpopulation of patients is uncertain.
Analysis of serum from atopic and non-atopic asthma patients indi-
cated that kappa FLC concentrations are higher in both groups
compared to non-asthmatic age-matched controls [74]. Total IgE
concentrations were comparable between controls and non-atopic
asthmatics.

Inflammatory Bowel Disease

Chronic, spontaneously relapsing inflammations of the gastro-
intestinal tract are collectively termed IBD (inflammatory bowel
disease), and occurs in Crohn’s disease or ulcerative colitis [95].
The precise mechanisms underlying the development of IBD are
unknown but mast cells appear to be crucial by releasing mediators
such as histamine and tryptase without a clear contribution of IgE
[96,97]. The contribution of FLCs in IBD was analyzed using a
mast cell-dependent murine IBD model [98]. Comparable to the
asthma model described above, topical sensitization with DNFB
followed by intrarectal exposure to cognate antigen (DNBS) leads
to colonic hyperreactivity symptoms such as diarrhea, increased
vascular permeability, and colonic mast cell and neutrophil infiltra-
tion. F991 treatment in this model prevented mast cell activation
and inhibited diarrhea, cellular infiltration of the colon, and lym-
phoid follicular hyperplasia [75]. In line with these findings, intra-
venous injection of TNP-specific FLCs in non-sensitized mice re-
sulted in local mast cell activation and increased permeability of
colonic vasculature after intrarectal challenge with DNBS. Analysis
of FLCs in IBD patients and control subjects revealed that FLC
concentrations in serum, and FLC staining positivity in affected
colon and ileum tissues, are increased in IBD patients.

Rhinitis

Allergy of the upper airways manifests as rhinitis and is charac-
terized by inflammation of the nasal mucosa. Rhinitis can be classi-
fied into infectious, atopic (IgE-mediated), and non-atopic/non-
infectious, with this latter group being highly heterogeneous but yet
comprising a substantial number of rhinitis patients [86]. A sub-
population of patients with non-atopic rhinitis shows nasal mucosal
inflammatory characteristics comparable to atopic rhinitis, includ-
ing the increased number of mast cells [99-103]. Assessment of
FLCs was performed in a group of patients with a non-atopic per-
sistent rhinitis (non-allergic rhinitis with eosinophilic syndrome
(NARES)), to delineate its putative contribution to the mast cell-
mediated effects [79]. Serum and nasal secretions were analyzed to
assess the systemic and local parameters of disease, respectively.
The presence of tryptase and eosinophilic cationic protein in nasal
secretions from both IgE-mediated rhinitis and NARES patients
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clearly showed the involvement of mast cells and eosinophils in
both disorders. Systemic and local IgE concentrations however,
were at the level of healthy controls in NARES patients and no
specific IgE to seasonal or perennial allergens was detected in this
group. IgE-mediated rhinitis patients show high antigen-specific
IgE concentrations in serum and nasal secretions as expected. Inter-
estingly, local FLC concentrations are increased in both IgE-
mediated rhinitis and NARES patients compared to control sub-
jects, but this increase is significantly higher in the NARES group.
Only a slight but significant increase of FLCs was detected in the
serum from NARES patients, which is suggestive for a local im-
mune response. Furthermore, higher numbers of FLC positive cells
were detected within the nasal mucosa of both allergic groups. La-
ser microdissection and RNA analysis demonstrated that mast cells
were amongst the FLC-positive cells. The discrepancy between IgE
and FLC production in the two patient groups supports the hypothe-
sis that a specific local environment or immune pathogenesis either
directly or indirectly steers the B cell to predominantly produce IgE
or FLC.

Rheumatoid Arthritis

In contrast to the allergic type disorders described above, rheu-
matoid arthritis (RA) is systemic autoimmune disorder featuring
inflammation of synovial tissues mainly considered as a T cell and
macrophage-dependent disease. Besides, autoantibody-producing B
lymphocytes play a pivotal role in RA pathology which is greatly
supported by effective treatment with B cell depletion therapy using
rituximab [104-106]. Additionally, critical disease regulatory func-
tions have also been ascribed to mast cells and mast cell mediators
in RA disease pathology [107-110]. Increased serum FLC concen-
trations in RA patients, which correlate with disease activity, sug-
gest that FLCs may be involved in mediating synovial mast cell
activation [80,111,112]. Comparable to rhinitis patients, the highest
FLC concentrations are detectable at the site of active inflamma-
tion, i.e. in the synovial fluid and tissue of affected joints. In RA
patients, extremely high synovial fluid FLC concentrations were
detected frequently exceeding those measured in serum. Probably
as a consequence of this, in RA patients serum FLC concentrations
reflect spill-over of FLC from local production in the inflamed
joints [80]. Rituximab treatment in a cohort of 50 RA patients with
active disease showed that FLC serum concentrations decrease after
the start of treatment and more strikingly, relative changes in FLC
concentrations correlated with changes in disease activity score and
systemic markers of inflammation. Since anti-TNF treatment did
not significantly change serum FLC concentrations although being
clinically effective, changes in FLC concentrations are not a general
feature of clinical response to treatment. This implies that the effect
of rituximab may partly rely on reduction of FLC production by
pathogenic B cells, or could be due to effects on antigen presenting
capacity of the local B cells. These possibilities have to be further
outlined in future studies.

Other Disorders Associated With Increased FLC

FLC analyses have been performed in clinical studies concern-
ing several other disorders besides those described above. FLC
analyses are performed to identify and monitor patients with B cell
lineage tumours such as multiple myeloma and primary systemic
amyloidosis, as many of them show highly increased monoclonal
FLC concentrations and changes in kappa/lambda ratio’s [113-115].
These patients do not present an increased incidence of allergic
diseases or autoimmunity which can most likely be explained by
the clonal nature of the secreted FLCs. The possibility that these
FLCs will specifically bind an antigen to which the patient is ex-
posed is probably negligible. Other disorders associated with in-
creased serum, urine or cerebrospinal fluid FLC concentrations are
multiple sclerosis, Sjogren disease, atopic dermatitis, sarcoidosis,
systemic lupus erythematosus (SLE), neurological inflamma-
tions/disorders, and AIDS [111,116-125]. Also in multiple sclerosis
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patients, high FLC concentrations correlated with an increased dis-
ease severity and clinical relapse in SLE patients was correlated to a
preceded rise in urinary FLCs [119,126]. Current research in our
laboratory also showed an increased FLC production and expres-
sion in two frequent and complex interstitial lung diseases idio-
pathic pulmonary fibrosis (IPF) and hypersensitivity pneumonitis
(HP) (Groot Kormelink et al., submitted) and tumour tissues of
various aetiologies in multiple organs (Groot Kormelink, et al.,
submitted).

MAST CELL ACTIVATION

Mast cells are dispersed throughout most tissues in the body but
the majority of mast cells is located at anatomical sites that are in
direct contact with the environment such as the skin, gastrointesti-
nal tract, and the airways. This distribution provides them with the
capability of initiating immune responses as soon as the body
comes in contact with a pathogen [85,127]. The mechanisms of
activation of mast cells, mediator release, the effector functions of
mast cells in different immune responses and its immunoregulatory
functions are extensively reviewed previously but will briefly be
addressed below. Next to FLC, multiple other signals including
IgE, 1gG, complement factors, cytokines, toll-like receptor ligands,
bacteria, and viruses are able to activate mast cells under general or
more strictly defined conditions [2,87-89]. Three types of mediators
released by activated mast cells are recognized: 1; pre-formed,
granule associated mediators like histamine, neutral proteases and
heparin. 2; de novo synthesized lipid mediators like LTC4, LTB4
and PGD2. 3; various newly synthesized and secreted cytokines and
chemokines [85,87,93]. Dependent on the types and strength of
activating signals, mast cells can undergo complete or partial de-
granulation, also referred to as piecemeal degranulation. The former
type of degranulation results in an excessive, more random release
of prestored mediators, whereas piecemeal degranulation is the
secretion of a selective subset of prestored mediators [89,93]. The
differential release of mediators by partial degranulation is again
highly dependent on the type and strength of the stimuli. For in-
stance, partial mast cell degranulation was documented on the basis
of electron microscopy and differential release of mediators in al-
lergic cutaneous hypersensitivity due to PCI-F [22-28]. Ultimately,
not only the type and strength of the stimuli but also the type of
mast cell itself will determine the mediators that will be released.
Mast cells start maturation once they entered the tissue in which
they will ultimately reside during their lifespan. Consequently this
means that the anatomical site of maturation together with its (lo-
cal) microenvironmental conditions may largely influence matura-
tion (or alter phenotype after maturation) leading to phenotypically
distinct subpopulations of mast cells, a phenomenon called mast
cell heterogeneity.

Physiologically mast cells are believed to be important for
maintaining homeostasis. Mast cells essentially contribute to innate
immune defences against parasites, bacteria, and to viral pathogens
as well, and additionally mast cell are involved in modulating adap-
tive immune responses and inducing tolerance [128-130]. Moreo-
ver, mast cells are shown to be crucial to wound healing processes,
at least partially by initiating immune responses after activation by
endogenous danger signals, such as IL-33 released from necrotic
structural cells [131-133]. Despite these beneficial actions for the
host, mast cells are highly associated with allergic disorders, includ-
ing non-IgE mediated allergies [50,86,134]. In addition, mast cells
are increasingly being recognized as a critical cell type involved in
the initiation, modulation and/or progression of autoimmune dis-
eases and cardiovascular disorders [9,135-139]. The main autoim-
mune diseases that are currently being recognized to be signifi-
cantly influenced by mast cell function are multiple sclerosis,
rheumatoid arthritis, bullous pemphigoid, and insulin-dependent
diabetes mellitus. Non-IgE mediated activation mechanisms appear
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to be primarily important in autoimmune disorders since evidence
of IgE-mediated mechanisms are limited, except for bullous pem-
phigoid, and some cases of Grave’s ophthalmology and rheumatoid
arthritis [140-143]. Tumourigenesis, the process of initiation and
progression of tumours, is another disease type to be announced in
which mast cells appear to have significant contribution to disease
outcome [144-148]. In many human tumours the number of tumour
infiltrating mast cells correlates with increased intratumour mi-
crovessel density, enhanced tumour growth and invasiveness, and
poor clinical outcome. These clinical findings are supported by
several rodent tumour models showing mast cells to be the first
immune cell to enter the premalignant tissue and that mast cell sta-
bilization or deficiency attenuated tumour growth [149-152]. How-
ever, a dual role is recognized for mast cells in tumour progression
since its role in anti-tumoural immunity is also indicated in both
clinical and preclinical studies [152-158]. Interestingly, the pro- or
anti-tumourigenic effector function of mast cells seems to be de-
termined by the microenvironment (i.e. peritumoral or intratumoral)
and/or the presence of specific activating factors. This latter was
shown by the tumour growth inhibitory effect of mast cell derived
IL-6 released upon TLR2 activation [152].

As briefly discussed above, mast cells are clearly associated
with different disease pathologies but their definite functions are far
from straightforward and probably depend on multiple factors. Dif-
ferent outcomes between laboratories investigating similar preclini-
cal disease models in wild-type and mast cell-deficient mice more
or less subscribe this by a lack of consistent proof for mast cell
dependency in some disorders. The reason for this discrepancy
might be due to microenvironmental differences or variation in
sensitization/immunization protocols. Another factor contributing
to differences in preclinical experimental outcome is the use of
different mast cell deficient mouse strains. Two commonly used
mast cell deficient strains, WBB6F;-Kit""V*V and C57/BL6-Kit""
ShW-sh * contain a naturally occurring mutation in the c-kit receptor.
Another mast cell-deficient strain is the WCB6F1-Kitl®/KitI®"¢,
carrying spontaneous mutation in the c-kit ligand [159]. The draw-
back of these strains however, is that they are not only deficient for
mast cells but also display other hematopoietic and non-
hematopoietic abnormalities. Kit""'*¥ mice have abnormalities such
as neutropenia, macrocytic anaemia, vy T cell deficiency, and defi-
ciencies in melanocytes, germ cells and interstitial cells of Cajal.
On the other hand, the more recently characterized Kit" """ mice
have normal numbers of neutrophils, and are not anaemic and infer-
tile, which makes them more attractive candidates for mast cell
research. Interesting examples of preclinical models showing dis-
crepant results on the involvement of mast cells in mediating pa-
thology are models regarding delayed hypersensitivity as described
above, but also rheumatoid arthritis (RA) and experimental auto-
immune encephalomyelitis (EAE), an animal model for multiple
sclerosis. The critical role of mast cells in RA was shown in differ-
ent RA models using Kitl®'/Kit/®" and Kit""'" mice [107,160,161].
On the other hand however, antibody-mediated arthritis and colla-
gen-induced arthritis are not impaired in Kit""*""=" mice [160,162].
In analogy to these findings, EAE models performed in wild-type
and Kit"" and also Kit""W=" mice suggested a detrimental
role for mast cells in disease pathology[163,164]. Yet, using Kit""
WS mice in the same experimental model showed that mast cells
are dispensable for EAE development or even exacerbate EAE
responses [165,166]. This latter study also indicated an immuniza-
tion dependent effect in the Kit""V*¥ strain [165].

A promising technique that might overcome at least some of the
problems caused by the limitations encountered in naturally occur-
ring mast cell deficient mice is the use of Cre/LoxP technology.
This technology allows the generation of mast cell deficient mice
without substantially affecting other cell types. In addition, mast
cell specific gene expression of certain mediators can be knocked
out which allows to investigate the contribution of mast cell-derived
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cytokines or chemokines for example which can also be produced
by other immune cells [1,167].

ROLE OF FLCS
PRESSION

So far, the pro-inflammatory effects of FLC-mediated mast cell
activation have been described extensively. However, several stud-
ies indicated the involvement of FLCs in suppressing immune re-
sponses. Similar to increased concentrations seen in patients with
viral infections, FLCs were increased several days after initiation of
a viral-induced experimental myocarditis model in mice. Daily
subcutaneous injection of polyclonal FLC of unknown specificity
starting one day before viral inoculation in this model resulted in a
significant protective effect of FLCs as demonstrated by the lower
degree of myocardial lesions and lower myocardial virus concentra-
tions, and increased survival. FLC showed to inhibit viral replica-
tion directly, but lambda FLC supplementation also significantly
induced IL-10 gene expression and tended to increase interferon-o
and vy in heart tissue [168]. In a murine model for cow’s milk al-
lergy, FLCs are clearly involved as effector proteins (as described
above). Surprisingly however, FLC concentrations increase not
only after sensitization, tolerance induction prior to sensitization
was accompanied with an increase in serum FLC concentrations as

IN TOLERANCE AND IMMUNE SUP-
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well. This increased FLC production appeared to be essential for
immune suppression after tolerance induction as it was demon-
strated that antagonizing FLC by F991 after tolerance induction but
before sensitization, attenuated the tolerizing effect of whey pre-
treatment (Van Esch., PhD thesis 2011). In the same study, a single
injection of FLCs of irrelevant specificity, one day before start of
sensitization, mimicked the high dose tolerance induction. Similar
observations were made in earlier studies, in which PCL-F, a crude
spleen derived protein factor containing FLC, intravenously in-
jected prior to sensitization inhibited the development of contact
sensitivity response. These studies also indicated that the suppressor
effects were not antigen-specific since intravenous injection of an
irrelevant TCF before sensitization resulted in suppressed cutaneous
delayed type hypersensitivity responses and inflammatory cell in-
flux in gut, depending on the type of model used [169-172]. Finally,
recent studies of suppressor T cells, distinct from regulatory T cells
(Treg) and induced by high Ag dose tolerogenesis, suggest that
suppression may be brought about via secretion of exosomes. These
exosomes suppress specific CS effector cells by delivering inhibi-
tory miRNA and are possibly coated with FLC to provide Ag-
specificity to target the exosomes to specific cell types (manuscript
in preparation).
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Fig. (2). Schematic overview summarizing current knowledge on FLCs and its involvement in immune responses based on the studies described in
this review. 1. exogenous antigens, or endogenous antigens in case of autoimmunity, either directly activate B cells (B-1 B cells, that are T cell independent in
their activation and antibody production), or indirectly activate B cells via activated, antigen-specific T helper cells (2). 3. Different factors such as environ-
mental conditions and the presence of regulatory T cells (Tregs) can influence the reciprocal B cell-T cell activation. Depletion of CD25" Tregs resulted in a
shift from IgE to FLC producing B cells in Cow’s milk allergy model. Activated B cells differentiate into plasma cells which produce immunoglobulins and/or
FLCs (4). The immunoglobulin isotype and the amount of FLCs produced depend on the activating stimuli and B cell subsets involved (2 and 3), and IgE, 1gG
and FLC can bind to specific receptors located on the mast cell membrane (5). Mast cells can be activated via multiple mechanisms; 6A. Binding of IgE to
their high affinity receptor (FceRI) and subsequent cross-linking of receptor bound IgE is the best and most powerful known mechanism of mast cell activa-
tion. In addition, activation can be mediated via different Toll-like receptors (TLRs), and complement component C5a receptor (C5aR). 6B. Using different
mouse models we demonstrated that FLCs are able to mediate antigen-specific mast cell activation. 6C. In vitro mast cell activation assays support these in
vivo data, but FLC-mediated activation can only be detected when mast cells are somewhat pre-activated using IgE cross-linking for example. Mast cell activa-
tion leads to either complete or piecemeal degranulation leading to subsequent initiation or progression of several inflammatory disorders (7). 8. Next to the
effect on mast cells, FLCs also affect dorsal root ganglion (DRG) function. Whether FLCs also bind to, and activate, other cell types like basophils is subject
of ongoing research. 9. In contrast to the immune activating effects of FLCs described above, several studies indicated the involvement of FLCs in suppressing
immune responses in models for cow’s milk allergy and viral myocarditis. Mechanisms underlying these suppressive effects are still unclear.
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OTHER EFFECTS OF FLCS

FLCs have been shown to display other biological activities.
Proteolytic activity for different substrates has been shown for sev-
eral monoclonal FLCs and for recombinant light chain variable
fragments [173,174]. A study by Sun et al. demonstrated that the
immune system can generate FLCs containing catalytic sites in
response to polypeptide antigens enabling FLCs to hydrolyze pro-
teins in an antigen-specific manner [175]. Another study showed
that lambda FLC dimers, not control kappa or lambda light chains,
contributed to the initiation of the alternative complement pathway
activation in a patient suffering from membranoproliferative glome-
rulonephritis [176]. Yet, it is unknown whether this lambda FLC
capacity can be found in other patients/conditions as well.

Other functions of FLCs are based on their ability to bind other
cells than mast cells, such as neuronal cells and macrophages. Anti-
gen-specific FLCs can bind to, and activate, murine dorsal root
ganglion neurons upon application of appropriate antigen as meas-
ured by increases in intracellular Ca?* [177]. This might indicate
that FLCs are involved in local neurogenic inflammation and cen-
trally mediated sensations such as pain. Binding of FLCs to macro-
phages is suggested by early studies on TCF. TCF was shown to
bind to macrophages which subsequently the rapid release of TNF-
a, IL-1, IL-6, PGE2, and nitric oxide (NO) [178-180]. In contrast to
FLC-mediated mast cell mediator release, the TCF-primed macro-
phages produced these mediators in the absence of a cross-linking
reagent. Whether FLCs were the actual factors present in the TCF
fraction responsible for these effects on macrophages is unclear.
Non-antigen specific FLCs also influence some essential neutrophil
functions as it was demonstrated that FLCs significantly inhibited
chemotactic neutrophil movement, reduced the activation of neu-
trophils, and attenuate neutrophil apoptosis [181,182]. To what
extent these biological actions of FLCs contribute to the develop-
ment of an immune response or pathological conditions warrants
further study. Additionally, basophils are other interesting cells to
investigate as putative target for FLC-mediated responses and their
involvement in allergy and immunoregulation [183,184].

CONCLUDING REMARKS

Immunoglobulin free light chains are physiologically present in
different human body fluids and increases in FLC concentrations
are found in multiple disorders. The functional relevance of these
increases is still not completely understood. As described in this
review, our research implicates an important role for FLCs in mast
cell-mediated, pro-inflammatory immune reactions particularly
early life responses to CMA and adult allergic diseases like asthma,
arthritis and IBD. Fig. (2) schematically summarizes current
knowledge on FLCs and its involvement in immune responses
based on the studies described in this review. Recent research by
our group shows that FLCs may synergize with IgE-mediated mast
cell activation [185]. The exact working mechanism of FLC-
mediated mast cell activation is still unclear. Pivotal to a better
understanding of FLC-mediated responses is the identification of a
receptor for FLCs. Moreover, also the mechanism of FLC-mediated
immunosuppressive actions needs further investigation.

In conclusion, current knowledge on the biological activity of
FLCs obtained in in vitro research, and preclinical and clinical stud-
ies suggests that FLCs possibly affect multiple cell types, including
mast cells in physiological and pathological conditions. Consider-
ing the pleiotropic biological effects FLCs, it would be interesting
to investigate the therapeutic value of FLC antagonists such as
F991 in further detail.
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