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Fusion of macrophages is an essential step in the differentiation of
osteoclasts, which play a central role in the development and remod-
eling of bone. Osteoclasts are important mediators of bone loss,
which leads, for example, to osteoporosis. Macrophage fusion recep-
tor/signal regulatory protein � (MFR/SIRP�) and its ligand CD47,
which are members of the Ig superfamily (IgSF), have been implicated
in the fusion of macrophages. We show that CD200, which is not
expressed in cells that belong to the myeloid lineage, is strongly
expressed in macrophages at the onset of fusion. By contrast, the
CD200 receptor (CD200R), which, like CD200, belongs to the IgSF, is
expressed only in cells that belong to the myeloid lineage, including
osteoclasts, and in CD4� T cells. Osteoclasts from CD200�/� mice
differentiated at a reduced rate. Activation of the NF-�B and MAP
kinase signaling pathways downstream of RANK, a receptor that
plays a central role in the differentiation of osteoclasts, was de-
pressed in these cells. A soluble recombinant protein that included the
extracellular domain of CD200 rescued the fusion of CD200�/� mac-
rophages and their activation downstream of RANK. Conversely,
addition of a soluble recombinant protein that included the extracel-
lular domain of CD200R or short-hairpin RNA-mediated silencing of
the expression of CD200R prevented fusion. Thus CD200 engagement
of the CD200R at the initiation of macrophage fusion regulated
further differentiation to osteoclasts. Consistent with in vitro obser-
vations, CD200�/� mice contained fewer osteoclasts and accumulated
more bone than CD200�/� mice. The CD200-CD200R axis is therefore
a putative regulator of bone mass, via the formation of osteoclasts.

fusion � macrophage � RANK � MAPK

Multinucleate osteoclasts originate from the fusion of macro-
phages and play a major role in the resorption of bone (1–4).

Osteoclasts are essential for both the development and remodeling
of bone, and increases in the number and/or activity of osteoclasts
lead to diseases associated with generalized bone loss, such as
osteoporosis, and others associated with localized bone loss, such as
rheumatoid arthritis and periodontal disease. Because fusion is a
key step in the differentiation of osteoclasts, a detailed understand-
ing of the molecular mechanism of macrophage fusion should help
develop strategies to prevent bone loss.

The adhesion of cells to one another that precedes fusion appears
to involve a set of proteins similar to those exploited by viruses for
fusion with host cells (5). It has been postulated, moreover, that
viruses usurped the fusion-protein machinery from their target cells
(1). It is now generally accepted that virus-cell fusion requires both
an attachment mechanism and a fusion peptide. An example of
such fusion involves gp120 of the HIV, which binds to CD4 on T
lymphocytes and macrophages (6, 7), whereas the fusion molecule
gp40, which is derived from the same precursor (gp160) as gp120,
is thought to trigger the actual fusion event. We postulated (8) that
the fusion machinery used by macrophages is similar to that used
by viruses to infect cells. In 1998, we reported that the expression
of macrophage fusion receptor/signal regulatory protein � (MFR/
SIRP�) is induced transiently in macrophages at the onset of fusion
(9). MFR/SIRP� and its receptor, CD47, belong to the superfamily
of immunoglobulins (IgSF), as does CD4, and their interaction

plays a role in the recognition of self and in the fusion of macro-
phages (10). To gain further insight into the mechanism of mac-
rophage fusion, we subjected fusing alveolar macrophages from rats
to genome-wide oligonucleotide microarray analysis, and we dis-
covered the expression of CD200 de novo at the onset of fusion.

CD200 also belongs to the IgSF and has a short cytoplasmic tail.
It is expressed on various types of mouse and human cells (see ref.
11 for a review) and on mouse osteoblasts (12), but not on
macrophages. By contrast, the receptor for CD200 (CD200R),
which, resembling CD200, contains two IgSF domains, is expressed
predominantly in myeloid cells and includes an intracellular domain
that mediates downstream signaling, typically delivering an inhib-
itory signal. Although five mouse CD200R-related genes, termed
mCD200RLa-e, were identified, only one human homolog, called
hCD200RLa, is known, yet apparently not expressed (see ref. 11 for
a review). Both mCD200RLa and -Lb isoforms were characterized
further and show close homology to CD200R in the extracellular
region, with short cytoplasmic regions that contain a positively
charged lysine residue in the transmembrane domain, possibly
interacting with DAP12 to deliver an activating signal. It appears,
however, that only CD200R and possibly the strain-specific
CD200RLe bind CD200 (11, 13).

CD200-CD200R has a pattern of expression similar to that of
MFR/SIRP�-CD47 in that CD200, like CD47, is widely ex-
pressed, whereas CD200R, like MFR/SIRP�, is expressed pre-
dominantly in cells that belong to the myeloid lineage. There-
fore, we postulated that the CD200-CD200R axis might play a
role in the fusion of macrophages based on the clearly defined
role for the CD200-CD200R interaction to regulate macrophage
function (14), and that mice that lack CD200 would have a defect
in macrophage fusion and, as a result, in both osteoclast differ-
entiation and bone remodeling.

We found that the expression of CD200 was potently induced de
novo in macrophages at the onset of fusion, and that osteoclasts
deficient in CD200 had a defect in multinucleation and in signaling
downstream of receptor activator of NF-�B (RANK), which are
essential for osteoclastogenesis. We also found that CD200-
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deficient mice had a lower number of osteoclasts and a higher bone
density than wild-type mice. Together, our observations indicate
that the CD200-CD200R axis plays a central role in the fusion of
macrophages and the formation of osteoclasts.

Results
Expression of CD200 de Novo in Macrophages at the Onset of Fusion.
To identify previously undescribed components of the machinery of
macrophage fusion, we submitted fusing alveolar macrophages
from rats to genome-wide microarray analysis. Such macrophages
provide an efficient and homogeneous model system for studies of
macrophage fusion (refs. 8–10, 15; see ref. 2 for a review), because
they are ‘‘naı̈ve’’ and fuse spontaneously in vitro when plated
confluently, without the addition of cytokines. Barely any tran-
scripts encoding CD200 (GenBank accession no. X01785) were
detected in freshly isolated macrophages, but the levels of tran-
scripts in fusing macrophages were 0.6 � 1.4, 34.9 � 7.2, and 61.6 �
23.4 times higher than those in freshly isolated cells 1, 24, and 120 h
after plating, respectively (mean � SD; n � 3). To confirm the
cell-surface expression of CD200, we reacted multinucleated alve-
olar macrophages with a monoclonal antibody raised against the
extracellular domain of CD200. In parallel, we subjected fusing
alveolar macrophages to Western blot analysis at different times.
We used antibodies directed against MFR/SIRP� as a control,
because the expression of this protein is induced at the onset of
macrophage fusion (8). Our results confirmed the strong and de
novo expression of CD200 as early as 24 h after plating (Figs. 1 A
and B). However, unlike MFR/SIRP�, CD200 was not expressed in
mononucleate macrophages (Fig. 1A).

To investigate whether CD200 was also expressed in osteoclasts,

we cultured mouse bone marrow-derived macrophages in the
presence of macrophage colony-stimulating factor (M-CSF) (30
ng/ml) and RANK ligand (RANKL) (50 ng/ml) for 5 days to
generate osteoclasts (16). Unlike MFR/SIRP� and CD44, neither
transcripts encoding CD200 nor CD200 protein were detected in
macrophages, but strong expression of such transcripts and of
CD200 was induced by RANKL as early as day 2. Moreover, the
induction of expression of CD200 transcripts depended on the dose
of RANKL (Fig. 1C). By contrast, the expression of CD200R was
clearly constitutive (Fig. 1 C and D). Of note, MFR/SIRP�, CD47,
and CD44 were expressed in mouse osteoclasts during their dif-
ferentiation, and the levels of these proteins were unaffected by
disruption of the expression of CD200, because osteoclasts from
mice deficient in CD200 expressed similar levels of these proteins.
This observation suggests that the expression of these fusion
molecules is regulated by a mechanism that is independent of and
different from CD200.

To confirm that CD200 was expressed on the surface of oste-
oclasts, we cultured bone macrophages as described (16), reacted
them at different times with a monoclonal antibody that recognized
the extracellular domain of CD200, and subjected them to flow-
cytometric analysis. The results, shown in Fig. 1E, confirm the
strong and de novo cell-surface expression of CD200 at the onset of
osteoclast fusion/multinucleation.

Together, our results indicate that CD200 might be a previously
unrecognized component of the macrophage fusion machinery.
Therefore, we postulated that the deletion of CD200 could affect
the differentiation of osteoclasts.

The Absence of CD200 Impaired the Differentiation of Osteoclasts. To
examine first whether CD200 affects the number of osteoclast

Fig. 1. Rat alveolar macrophages
and mouse bone marrow-derived
macrophages express CD200 upon
multinucleation. (A) Freshly iso-
lated rat alveolar macrophages
were plated at confluency over 50%
of the surface of each well to pro-
mote fusion and multinucleation.
After 5 days, they were subjected to
immunohistochemical analysis.
Note that mononucleated macro-
phages were positive for MFR/SIRP�

and CD44 but not for CD200. (Scale
bar, 1 mm.) Also note that multinu-
cleate rat alveolar macrophages
contained hundreds of nuclei that
were stained with DAPI (blue). (B)
Freshly isolated rat alveolar macro-
phages were plated as in A and sub-
jected to Western blot analysis at
the indicated times. Note that
CD200 was not detected in macro-
phages for the first 24 h. (C) Mouse
bone marrow-derived macro-
phages were cultured in the pres-
ence of M-CSF (30 ng/ml) and
RANKL (50 ng/ml) for the indicated
times to induce the differentiation
of multinucleate osteoclasts. Cells
were analyzed by RT-PCR. Note that
mouse bone marrow-derived mac-
rophages expressed transcripts for
CD200 receptor (CD200R) but not
for CD200. The abundance of CD200 mRNA relative to that of GAPDH, in response to M-CSF (30 ng/ml) and increasing doses of RANKL, was determined. (Scale
bars represent standard deviations; n � 3.) (D) Mouse bone marrow-derived macrophages were cultured in the presence of M-CSF (30 ng/ml) and RANKL (50
ng/ml) for the indicated times to induce the differentiation of multinucleate osteoclasts. Cells were subjected to Western blot analysis by using antibodies
directed against the indicated antigens. (E) Flow-cytometric analysis (in a FACS) of the expression of CD200. Mouse bone marrow-derived macrophages were
isolated from CD200�/� and CD200�/� mice, cultured in the presence of M-CSF (30 ng/ml) and RANKL (50 ng/ml) and subjected to flow-cytometric analysis at the
indicated times with an antibody directed against CD200 and a control isotype antibody. Bone marrow-derived macrophages expressed increasing amounts of
CD200 with time in the presence of M-CSF and RANKL, which promote fusion, multinucleation and osteoclastogenesis.
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precursors, we subjected freshly isolated bone marrow cells to
flow-cytometric analysis using surface markers expressed by preos-
teoclasts (17, 18). The percentage of precursor cells relative to the
total number of bone marrow cells was similar in CD200�/� and
CD200�/� mice (Fig. 2A). We then compared the rates of oste-
oclastogenesis in vitro in CD200�/� and CD200�/� mice. We
cultured mouse bone marrow macrophages in the presence of
M-CSF (30 ng/ml) and increasing concentrations of RANKL for 5
days to generate osteoclasts. The absence of CD200 resulted in a
dose-dependent decrease in the number of osteoclasts and in the
surface area covered by osteoclasts (Fig. 2B). These data strongly
supported our hypothesis that CD200 plays a role in the formation
of osteoclasts. Although fewer and smaller, bone-marrow-derived
CD200�/� macrophages differentiated into osteoclasts that formed
an actin ring and resorbed dentin; hence, they appeared morpho-
logically and functionally mature [supporting information (SI) Fig.
6]. In addition, CD200�/� osteoclasts, like wild types, expressed
mature osteoclast markers, such as calcitonin receptors, and
osteoclast-associated receptor (OSCAR) and to a lesser level
cathepsin K (SI Table 1). Together, our data suggest that CD200
plays a role in the multinucleation of osteoclasts but not in their
ability to differentiate into active osteoclasts (SI Fig. 6).

Because RANKL, which activates the NF-�B and MAP kinase
signaling pathways that operate downstream of RANK, is essential
for osteoclastogenesis, we next asked whether a deficiency in
CD200 might affect signaling downstream of RANK. We cultured
bone marrow cells from CD200-deficient and wild-type mice in the
presence of M-CSF (30 ng/ml) for 2 days, then, after starving them
for 2 h, we treated them with RANKL (50 ng/ml) up to 2 h and,
finally, we subjected them to Western blot analysis with phosphor-
ylated form-specific and control antibodies directed against IkB�,
p38, ERK1/2, and JNK. Although activation of IkB� was slightly
decreased, activation of JNK was almost completely abolished in
cells that lacked CD200 (Fig. 3). These results revealed that the
absence of CD200 attenuated the transduction of signals down-
stream of RANK and suggested that the CD200-CD200R interac-
tion might play a role in this signaling pathway and in the formation
of osteoclasts.

The CD200-CD200R Axis Is a Component of the Fusion Machinery. To
address the putative role of the CD200-CD200R axis in the fusion
of macrophages, we used several complementary strategies. First,
we asked whether exogenous CD200 could rescue the differentia-
tion of osteoclasts in vitro in cells that lack CD200. We generated

a histidine-tagged soluble recombinant protein that included the
extracellular domain of mouse CD200 (sCD200). We cultured bone
marrow cells isolated from CD200-deficient and wild-type mice in
the presence of M-CSF (30 ng/ml), RANKL (50 ng/ml), and
sCD200 (0.5 �g/ml). The addition of sCD200 rescued multinucle-
ation of CD200-deficient macrophages (Fig. 4A), whereas soluble
histidine-tagged recombinant prostate-specific antigen, used as a
control, did not (data not shown). We next asked whether sCD200-
induced fusion resulted from the activation of JNK and I�B
activation, which is suppressed in the absence of CD200. We
cultured bone marrow cells from CD200-deficient and wild-type
mice in the presence of M-CSF (5 ng/ml) for 2 days. After starving
them for 2 h, we treated them for 30 min with RANKL (50 ng/ml),
in the presence and absence of sCD200 (0.5 �g/ml) and, finally, we
subjected them to Western blot, as described above. The addition
of sCD200 restored the activation of JNK, but not of I�B, support-

Fig. 2. Osteoclasts and their precursors are
affected by the absence of CD200. (A) Bone
marrow cells from 6-week-old CD200-defi-
cient and wild-type mice were subjected to
flow-cytometric analysis with antibodies di-
rected against c-fms, Mac-1, and C-kit, as
surface markers. Note that the absence of
CD200 did not affect the number of oste-
oclast precursor cells (Left). (Scale bars, SD;
n � 5.) (B) Bone-marrow-derived macro-
phages from 6-week-old CD200-deficient
mice were cultured in the presence of M-CSF
(30 ng/ml) and increasing concentrations of
RANKL for 5 days to induce the differentia-
tion of osteoclasts (Left). Bone marrow mac-
rophages that lacked CD200 formed fewer
osteoclasts than wild-type cells (Right). (Scale
bars, SD; n � 5.)

Fig. 3. In osteoclasts deficient in CD200, the activation of signaling molecules
downstream of RANK is suppressed. Bone marrow macrophages isolated from
CD200-deficient, and wild-type mice were cultured in the presence of M-CSF (5
ng/ml) for 12–18 h. Nonadherent cells were further cultured for 2 days in 24-well
dishes, starvedfor2h,andthenstimulatedwith50ng/mlRANKLforthe indicated
times. Cells were subjected to Western blot analysis with antibodies directed
against the indicated antigens. The activation, by phosphorylation, of I�B and
JNK was less extensive in cells that lacked CD200 than in wild-type cells. This
experiment was repeated three times with similar results.
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ing a role for CD200 in the differentiation of osteoclasts via
CD200R-mediated downstream signaling (Fig. 4B).

We postulated next that, if the CD200-CD200R interaction plays
a role in fusion, interference with this interaction should block
fusion. We engineered a histidine-tagged soluble recombinant
protein that included the extracellular domain of mouse CD200R
(sCD200R). We cultured bone marrow cells from wild-type mice in
the presence of M-CSF (30 ng/ml) and RANKL (50 ng/ml) in the
absence and presence of sCD200R (50–400 ng/ml) and soluble
histidine-tagged recombinant prostate-specific antigen (400 ng/ml).
As anticipated, osteoclastogenesis was blocked in the presence of
sCD200R in a dose-dependent manner (Fig. 4C).

We next asked whether osteoclasts express other CD200R-like
molecules (19). We found that mouse osteoclasts expressed tran-
scripts that encoded CD200R and also CD200RLc (data not
shown). To date, the function of this additional receptor remains
unclear. Because CD200 could activate alternative receptors, such
as CD200Lc, and because sCD200R could block the interaction of
CD200 with alternative receptors, we questioned whether CD200
signals specifically through CD200R to modulate fusion. To do so,
we attempted to silence the expression of CD200R in fusing
macrophages by RNAi with short-hairpin RNA (shRNA). We
generated three retrovirus-based shRNA constructs that targeted
mouse CD200R (shRNAi1, shRNAi2, and shRNAi3), as well as a
construct that encoded random sequences (MigR1rdm). We trans-
duced bone marrow macrophages isolated from wild-type mice with
these constructs, as well as the empty vector (MigR1). Each one of
the shRNA constructs (shRNAi1, shRNAi2, and shRNAi3) inter-
fered with the expression of CD200R and prevented the fusion of
osteoclasts (Fig. 4D). By contrast, neither MigR1 nor MigR1rdm
affected the expression of CD200R and the differentiation of
osteoclasts. Together, these results confirmed the proposed central
role for the CD200-CD200R axis in the fusion of macrophages and
in osteoclastogenesis.

The Absence of CD200 Does Not Impair the Differentiation of Osteo-
blasts. To determine whether osteoblasts express CD200 and its
receptor, CD200R, we cultured bone marrow cells for 9 days in the

presence of ascorbic acid (50 �g/ml) and �-glycerophosphate (10
mM). We then subjected these bone marrow-derived osteoblasts to
Western blot analysis. Such an approach confirmed the relatively
low-level expression of CD200 (12) and the absence of CD200R in
osteoblasts (Fig. 5A). To determine whether the absence of CD200
affects the differentiation of osteoblasts, we compared the alkaline
phosphatase (ALP) activity and the ability to form bone-like
nodules of bone marrow-derived osteoblasts from CD200-deficient
and wild-type mice. The absence of CD200 had no effect on ALP
activity and on the formation of nodules by osteoblasts (Fig. 5B).

CD200-Deficient Mice Had Higher Bone Density and Fewer Osteoclasts
than Wild-Type Mice. Our in vitro data clearly indicate that CD200
and its receptor CD200R play a positive role in the differentiation
of osteoclasts but not of osteoblasts. If this is true, then mice that
lack CD200 should have a lower number of osteoclasts and a higher
bone mass.

To address this question, we first subjected 2-month-old male and
female CD200�/� and wild-type mice to DEXA analysis (see
Material and Methods). Consistent with our hypothesis, both male
and female CD200�/� mice had higher spinal bone densities than
corresponding wild-type mice (SI Fig. 7A). Peripheral quantitative
tomography analysis of the femurs from these mice revealed that
CD200 deficiency was associated with an increase in the total
density of the shaft in both males and females and of the distal
femur in females, as compared with age- and sex-matched wild-type
mice (SI Fig. 7B). In CD200-deficient female mice, there was a
decrease in the trabecular area of the shaft and the distal part of the
femur, whereas in CD200-deficient male mice, there was an in-
crease in the trabecular area of the distal femur only, as compared
with the respective wild-type mice. In CD200-deficient male mice,
there was an increase and in CD200-deficient female mice a
decrease in periosteal circumference, in both the shaft and the distal
femur, as compared with corresponding wild-type mice. It ap-
peared, therefore, that CD200 deficiency has led to the enhanced
accumulation of bone.

To confirm that the increase in total bone density was the result

Fig. 4. The CD200-CD200R axis is required for oste-
oclast fusion/multinucleation. (A) Bone-marrow-derived
macrophages from 6-week-old wild-type mice were cul-
tured in the presence of M-CSF (30 ng/ml) and RANKL (50
ng/ml) with or without the recombinant extracellular
domain of CD200 (sCD200; 0.5 �g/ml) or recombinant
prostate-specific antigen as a control. sCD200 allowed
the differentiation of osteoclasts in macrophages that
lacked CD200 (SD; n � 3). (B) Bone marrow macrophages
isolated from CD200-deficient and wild-type mice were
cultured in the presence of M-CSF (5 ng/ml) for 12–18 h.
Nonadherent cells were cultured for a further 2 days in
the presence of M-CSF (30 ng/ml), starved for 2 h, and
then treated with RANKL (50 ng/ml) with or without
sCD200 (0.5 �g/ml) for 30 min. The cells were then sub-
jected to Western blot analysis with the indicated anti-
bodies against IkB� and JNK and their phosphorylated
forms. Numbers represent relative expression of P-I�B
and P-JNK over JNK. The addition of sCD200 restored the
activation of JNK but not of I�B�. (C) Bone-marrow-
derived macrophages from 6-week-old wild-type mice
were cultured in the presence of M-CSF (30 ng/ml) and
RANKL (50 ng/ml) with or without the recombinant ex-
tracellular domain of the CD200 receptor (sCD200R).
sCD200R blocked the fusion of macrophages (SD; n � 5),
whereas recombinant prostate-specific antigen had no
effect (osteoclast surface, 0.38 � 0.1; osteoclast number,
170.0 � 23.3). (D) Bone-marrow-derived macrophages
from 6-week-old wild-type mice were cultured in the presence of M-CSF (30 ng/ml) for 2 days before being transduced with the retroviral vector MigR1, which encoded,
or not, shRNAs designed after the CD200R1 cDNA. A construct encoding random (rdm) oligonucleotides was used as a control. Each of the three targeting retroviral
constructs,namelyshRNAi1, shRNAi2,andshRNAi3,abolishedtheexpressionofCD200R1(seeWesternblot,BottomLeft)andpreventedtheformationofmultinucleate
osteoclasts (Top and Right). These experiments were reproduced several times with similar results.
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of a decrease in the number of osteoclasts, we subjected the distal
femurs from CD200-deficient and age- and sex-matched wild-type
mice to histomorphometric analysis. Our results confirmed that
CD200-deficient mice, both males and females, had an increase in
trabecular bone volume when compared with wild types (Fig. 5C
and SI Fig. 7C). We also found a decrease in the relative bone
surface area that was occupied by osteoclasts in both male and
female CD200-deficient mice. To our surprise, despite the increase
in bone density in CD200-deficient female mice, we found a
decrease in the relative surface area of bone that was covered by
osteoblasts (SI Fig. 7C). This result further suggested that it was,
indeed, the osteoclasts that were responsible for the higher bone
volume in CD200-deficient mice.

To determine whether the increase in bone volume persisted with
aging, we subjected the distal femurs from both CD200-deficient
and wild-type 6-month-old mice to high-resolution microcomputed
tomography analysis. Both male and female CD200-deficient mice
had accumulated more trabecular bone than the corresponding
wild types (Fig. 5D and SI Table 2). This observation was supported
by peripheral quantitative tomography analysis of the same bones,
which showed that trabecular density was higher in the CD200-
deficient mice than in the corresponding wild types (SI Fig. 7D).

Discussion
The CD200-CD200R axis appears to be a central player in the
fusion and/or multinucleation of macrophages, which is required for
the differentiation of osteoclasts, and the regulation of bone mass.
Although our results confirm that mononucleate macrophages do
not express CD200 (14), they reveal that their fusion is accompa-
nied by strong and de novo expression of CD200. Not only is the
expression of CD200 abruptly induced in fusing osteoclasts, but
absence of CD200 impairs osteoclastogenesis, with a subsequent
increase in bone volume and, hence, a form of osteosclerosis.

Our analysis of the number of bone marrow macrophages/
osteoclast precursor cells as a percentage of the total number of
bone marrow cells, which was similar in CD200-deficient and
wild-type mice, suggests the CD200-CD200R axis does not control
the differentiation of premonocytes (17, 18). This is in contrast with
the numbers of splenic and mesenteric lymph node macrophages,
which are elevated in mice that lack CD200 (14). It is possible that
monocytes from bone marrow are less differentiated than those

from lymphoid organs, which might express low levels of CD200.
Nevertheless, the decreases in the numbers of osteoclasts in CD200-
deficient mice cannot be attributed to decreases in numbers of
precursor cells.

Of possible relevance to fusion, genes for CD200-like proteins
have been identified in the genomes of some, but not all, members
of families of double-stranded DNA viruses, such as poxviruses,
herpesviruses, and adenoviruses (20, 21). Moreover, the product of
the K14 gene of Kaposi’s sarcoma-associated herpesvirus is a ligand
for CD200R (20, 21). Similarly, M141R is a cell-surface protein
encoded by myxoma virus with significant homology at the amino
acid level to CD200, required for the full pathogenesis of myxoma
virus in the European rabbit (22). Most importantly, both CD200
and its viral homologs activate the CD200R to down-regulate
basophil (HHV-8; ref. 23) and macrophage (HHV-8 and M141R;
refs. 21 and 22) function. Hence, as might be the case for CD47,
which is homologous to proteins encoded by vaccinia and myxoma
virus (24, 25), viruses might have ‘‘stolen’’ CD200 to allow them to
evade the immune response and to fuse with and infect cells. Of
note, in both Drosophila myoblast fusion and mammalian macro-
phage fusion, members of the IgSF mediate adhesion and also
initiate intracellular signaling events (4), suggesting a supporting
role for the CD200-CD200R axis in fusion; however, this is highly
hypothetical.

Although the CD200-CD200R axis plays an inhibitory role in the
immune system (see ref. 11 for a review), it appears to play a
supporting role in macrophage fusion via RANK signaling, because
the absence of CD200 or the silencing of CD200R slow down the
differentiation of osteoclasts. Because it has been proposed that the
MFR/SIRP� also transmits an inhibitory signal to myeloid cells via
its ITIM domain and facilitates macrophage fusion (1, 2), it is
possible that these two axes, namely MFR/SIRP�-CD47 and
CD200-CD200R, work in tandem to secure the fusion of osteoclasts
while preventing their activation in response to CD200R and
MFR/SIRP� ligation. Indeed, macrophages might require ‘‘deac-
tivation’’ or ‘‘suppression’’ to proceed with fusion. This is a concept
that necessitates further investigation. In that respect, mice that lack
both CD47 and CD200 might provide a model to answer this
question. In addition, we cannot exclude the possibility that CD200
and its receptor associate both in cis and in trans via their N-
terminal domains, because the fusing partners are both macro-

Fig. 5. The absence of CD200 increases
bone density. (A) Bone marrow cells from
6- to 8-week-old CD200-deficient and wild-
type mice were plated in 24-well plates
(5 � 106 cells/well) and cultured for 9–11
days in �-MEM supplemented with ascor-
bic acid (50 �g/ml) and �-glycerophos-
phate (10 mM) to acquire the osteoblast
phenotype. Osteoblast lysates were ana-
lyzed for protein concentration and sub-
jected to Western blot analysis with anti-
bodies directed against mouse CD200,
CD200R, and GAPDH. (B) Bone-marrow-
derived osteoblasts were examined for
ALP activity and stained for calcium with
alizarin red S to allow quantitation of the
number of nodules per well (SD; n � 6). Cell
lysates were analyzed for ALP activity (Left;
SD; n � 6). These experiments were re-
peated three times with similar results. (C)
Toluidine blue-stained sections of proxi-
mal tibiae from 2-month-old CD200-defi-
cient male and female mice and wild-type
mice. (Scale bar, 1 mm.) (D) Microcom-
puted tomography analysis of distal fe-
murs from 6-month-old male and female
CD200-deficient mice. Note the increased density of trabeculae inside the distal femur of CD200-deficient male and female mice as compared with wild types.
The widest diameter of the bone sections correspond �3 mm.
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phages. Indeed, it will be of interest to determine whether down-
stream signaling is differentially activated in cis or in trans in future
studies.

That a defect in osteoclastogenesis in CD200-deficient mice
results from a defect in activation downstream of RANK suggests
possible cross-talk between CD200R and RANK. We should note,
however, that, although the absence of CD200 slows down oste-
oclastogenesis, it does not prevent the expression of MFR/SIRP�
and CD44, which are candidate members of the fusion machinery
in macrophages. It remains to be determined whether the absence
of CD200 affects the expression of DC-STAMP, the most recently
identified component of the macrophage fusion machinery (2, 26).
Together, our results suggest that the machinery for macrophage
fusion involves multiple and, possibly, redundant molecules.

The absence of CD200 increased bone mass, and the soluble
recombinant extracellular domain of CD200R blocked macrophage
fusion in vitro. Thus, CD200 and its receptor might be recently
discovered targets in efforts to prevent bone loss. However, even
though osteoblasts in culture express low levels of CD200, and the
absence of CD200 does not affect their differentiation in vitro, we
cannot exclude a possible role for CD200 in these cells in vivo.
Further studies involving the treatment of animal models with the
soluble recombinant extracellular domain of CD200R will help
clarify this issue.

Materials and Methods
Animals and Cells. CD200�/� mice were produced by homologous
recombination, as described (14). Mice whose bones were subjected
to histomorphometric analysis received two i.p. injections of calcein
(3 �g/g body weight; Merck, Darmstadt, Germany) on days 1 and
6 before death. The Yale Animal Care and Use Committee
approved all experiments.

Bone-marrow-derived macrophages and osteoclasts were gener-
ated from 6- to 12-week old CD200�/�, and CD200�/� mice were
prepared as before (16). Osteoblast ALP and mineralized nodule
formation assays were performed according to ref. 27.

Reagents. Recombinant mouse RANKL and M-CSF were obtained
from R&D Systems (Minneapolis, MN). A mouse monoclonal
antibody directed against rat CD200 and rat monoclonal antibodies
directed against mouse CD200 and its receptor CD200R were
purchased from Serotec (Raleigh, NC). Mouse anti-rat CD200R
antibody was kindly provided by A. N. Barclay (Oxford University,
Oxford, U.K.). A polyclonal antibody directed against the intracel-
lular domain of MFR has been published (10). Rabbit polyclonal
antibodies directed against p38, phosphorylated-p38 (P-p38),
ERK1/2, P-ERK1/2, JNK, and mouse monoclonal antibodies di-
rected against I�B, P-I�B, and P-JNK were obtained from Cell
Signaling Technology (Beverly, MA). A monoclonal antibody di-
rected against mouse CD44 was obtained from BD Bioscience
(Franklin Lakes, NJ). A mouse monoclonal antibody directed

against GAPDH was purchased from Novus Biologicals (Littleton,
CO). Horseradish peroxidase-conjugated F(ab�)2 directed against
rabbit and mouse IgG were purchased from Jackson ImmunoRe-
search (West Grove, PA). Rat anti-mouse monoclonal antibodies
used for flow cytometry included anti-Mac1 (CD11b) conjugated to
fluorescein (Mac1-FITC; M1/70) and rat FITC-IgG2b (PharMin-
gen, San Diego, CA); anti-c-fms conjugated to phycoerythrin
(c-fms-PE; IgG2b) and anti-c-Kit conjugated to allophycocyanin
(c-kit-APC; IgG2b); and isotype matching antibodies (eBioscience,
San Diego, CA). Secondary antibody anti-rat IgG2a conjugated to
FITC was purchased from PharMingen. Phalloidin-Alexa fluor 568
was purchased from Invitrogen (Carlsbad, CA) and dentin discs
from IDS (Bolton, U.K.). All supplies and reagents for tissue
culture were endotoxin-free. Some bone marrow cells were treated
with polymyxin B sulfate for 24 h to avoid the effects of the
endotoxin before treatment. Dentin discs were obtained from IDS
and osteologic slides from BD Bioscience.

Flow Cytometry. Cells were stained with the primary antibody,
incubated for 30 min on ice, and washed twice with washing buffer
(5% FCS/PBS). The secondary antibody was added, and the cells
were incubated for 30 min on ice. After incubation, cells were
washed twice with washing buffer and suspended in washing buffer
for FACS analysis, which was performed by using a FACScalibur
(BD Bioscience).

RT-PCR. See SI Text.

Real-Time PCR. See SI Text.

Generation of the Soluble Extracellular Domain of Mouse CD200
(sCD200) and CD200R (sCD200R). See SI Text.

Retrovirus-Mediated shRNAi. See SI Text.

Bone Radiography, Microcomputed Tomography, Bone Densitometry,
and Histomorphometry. See SI Text.

Statistical Analysis. Statistically significant differences among ex-
perimental groups were evaluated by the analysis of variances (28).
The significance of mean changes was determined by an unpaired
Student’s two-tailed t test, and significance was recognized when
P � 0.05.

We thank Dr. N. A. Barclay for his generous gift of the anti-rat CD200R
antibody and Dr. Hua Zhu Ke for his help with pQCT and microCT
analyses. We thank Dr. Ann Altman for careful editing of this manu-
script. J.K. was the recipient of a Boehringer Ingelheim Fellowship. This
work was supported by funds from the National Institutes of Health
(Grant DE12110, to A.V.).
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Abstract 13 

(max 200 words) 14 

In osteoimmunology, osteoclastogenesis is understood in the context of the immune system. 15 

Today, the in vitro model for osteoclastogenesis necessitates the addition of recombinant 16 

human receptor activator of nuclear factor kappa-B ligand (RANKL) and macrophage colony 17 

stimulating factor (M-CSF). The peripheral joints of patients with rheumatoid arthritis (RA) 18 

and spondyloarthritis (SpA) are characterized by an immune mediated inflammation that can 19 

lead to bone destruction. Here, we evaluate spontaneous in vitro osteoclastogenesis in 20 

cultures of synovial fluid mononuclear cells (SFMCs) activated only in vivo. SFMCs were 21 

isolated and cultured for 21 days at 0.5-1.0x106 cells/ml in culture medium. SFMCs and 22 

healthy control peripheral blood monocytes were cultured with RANKL and M-CSF as 23 

controls. Tartrate resistant acid phosphatase (TRAP) positive multinucleated cells were found 24 

in the SFMC cultures after 21 days. These cells expressed the osteoclast genes calcitonin 25 

receptor, cathepsin K and integrin β3, formed lacunae on dentin plates and secreted matrix 26 

metalloproteinase 9 (MMP9) and TRAP. Adding RANKL and M-CSF potentiated this secretion. 27 

In conclusion, we show that SFMCs from inflamed peripheral joints can spontaneously 28 

develop into functionally active osteoclasts ex vivo. Our study provides a simple in vitro 29 

model for studying inflammatory osteoclastogenesis. 30 
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Introduction 1 

(max 10 pages incl figs and tables) 2 

A balance between osteoclast and osteoblast activity ensures that bones are renewed and 3 

maintained. If the balance is disrupted, bone structure is affected. Inflammation can cause 4 

such a disruption and is believed to increase osteoclast activity (1-3). This interplay between 5 

the immune system and bone homeostasis is termed osteoimmunology (4). 6 

Osteoclasts are defined as tartrate-resistant acid phosphatase (TRAP) positive 7 

multinucleated cells (three or more nuclei) capable of digesting bone. Other markers of 8 

osteoclasts include cathepsin K, calcitonin receptor, integrin β3 and matrix metalloproteinase 9 

9 (MMP9) (5-7).  Pre-osteoclasts are also TRAP positive cells, but with only one or two nuclei 10 

(8).  In vivo osteoclastogenesis induced by receptor activator of nuclear factor kappa-B ligand 11 

(RANKL) produced by osteoblasts, B cells, T cells and fibroblasts is well described (9-11). 12 

Therefore, generation of osteoclasts by stimulating monocytes with macrophage colony 13 

stimulating factor (M-CSF) and RANKL has become an established in vitro method for 14 

studying osteoclastogenesis (7,12,13). However, the many other factors also involved in 15 

inflammatory osteoclastogenesis are not taken into account in this model (14). 16 

Rheumatoid arthritis (RA) and spondyloarthritis (SpA) are immune mediated 17 

inflammatory diseases. The peripheral joints of both diseases are characterized by 18 

inflammation that can lead to bone destruction (2,15,16). Importantly, immune cells present 19 

in the inflamed joints of both RA and SpA patients, are under continuous activation leading to 20 

ongoing inflammation and cytokine production (17). Tumor necrosis factor alpha (TNF is 21 

one established promoter of inflammation, and anti-TNF treatment attenuate radiographic 22 

progression in RA (18). 23 

Inflammatory osteoclastogenesis has previously been observed using synovial 24 

tissue derived inflammatory cells from RA patients (19,20). Here, we investigated the 25 

osteoclastogenic potential of density gradient separated and cryopreserved synovial fluid 26 

mononuclear cells (SFMCs) from the peripheral joints of a heterogeneous group of RA and 27 

SpA patients. We report that in vivo activated SFMCs from all patients possessed the ability to 28 

spontaneously develop into functional osteoclasts ex vivo. Because SFMCs are easily accessible 29 

from the synovial fluid, this could provide a simple model for investigating factors inhibiting 30 

or promoting inflammatory osteoclastogenesis. 31 

Methods  32 

Preparation of synovial fluid mononuclear cells 33 

Synovial fluid was collected from chronic RA (n=6) and SpA (n=6) patients at the out clinic at 34 

Aarhus University Hospital in association with therapeutic arthrocenthesis. RA patients 35 

fulfilled the ACR 1987 revised criteria, and SpA patients fulfilled the ESSG criteria (21,22). At 36 

the time of synovial fluid collection, patients presented with disease flare, typically with a 37 

swollen knee or ankle joint. All patients gave written consent to participate in the study and 38 

the protocol was conducted in accordance with the Helsinki Declaration and approved by the 39 

local ethics committee (20121329) and the Danish data protection agency. 40 
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Synovial fluid was centrifuged at 300 g. Then, the supernatant was collected and 1 

SFMCs were isolated using Ficoll-Paque PLUS (GE Healthcare, USA). Cells were cryopreserved 2 

at -135°C until later use. 3 

Culture of synovial fluid mononuclear cells  4 

Synovial fluid mononuclear cells were grown (at 37°C, 5% CO2 in a humidified incubator) in 5 

Dulbecco's Modified Eagle's medium (DMEM) (Gibco, Life Technologies, USA) with 10% fetal 6 

calf serum (FCS), 2% penicillin/steptamycin, and 1% glutamin. Medium was changed every 7 

three to four days. For TRAP staining, SFMCs were seeded at a density of 0.5x106 cells/ml. For 8 

other assays the concentration used was 1x106 cells/ml. All cultures were evaluated after 21 days if 9 

not stated otherwise. To test whether the spontaneous osteoclastogenesis could be potentiated, 10 

RANKL (50 ng/ml) and M-CSF (25 ng/ml) were added to the cultures. 11 

Generation of conventional osteoclasts from peripheral blood mononuclear cells 12 

Healthy control (HC) peripheral blood mononuclear cells (PBMCs) were isolated from buffy 13 

coats obtained from the blood bank at Aarhus University Hospital using the same protocol as 14 

for the SFMCs. Cells were seeded at a density of 8x106 cells/ml, cultured (at 37°C, 5% CO2 in a 15 

humidified incubator) for 24 h for allowing plastic adherence and then washed with 16 

phosphate buffered saline (PBS) pH 7.4. Adherent cells were then cultured in DMEM with M-17 

CSF (100ng/ml) for 24 h followed by stimulation with M-CSF (25ng/ml) and RANKL 18 

(50ng/ml). Medium was then changed and cells restimulated every three days. 19 

Tartrate-resistant acid phosphatase staining 20 

Autoclaved cover slides (1 cm diameter) were placed in the bottom of 24-well culture plates. 21 

Following 21 days of SFMC culture slides were washed twice in tris-buffered saline (TBS, 22 

pH7.6) and fixed in 70% alcohol. Slides were then washed for 3x5 min in distilled water and 23 

kept in the dark for 1 h before staining with Mayers Hematoxylin for 5 sec. Following another 24 

wash of 3x5 min in distilled water slides were mounted with glycerol. Tartrate-resistant acid 25 

phosphatase (TRAP) enzymatic staining was performed by adding a mix of 2 ml of solution A 26 

(Naphtol-as-bi-phosphat 20 mg (cat: N2125, Sigma-Aldrich, USA) and N,N-dimethylformamid 27 

(cat: 3034, Merck, USA)) in addition to 100 µl of solution B (4% pararosanilin,/ 2M HCl, 100µl 28 

and 4% natriumnitrit (cat: 1.06549, Merck, USA)) mixed with wine acid and Michaelis buffer 29 

(cat: 1.00804, Merck, USA) and adjusted to pH 5.0-5.1 using 2M NaOH. Slides were dark-30 

incubated within solution A and B for 30 min and subsequently washed in distilled water. 31 

 Cells were counted using a light microscope (Nikon Eclipse 80i, Japan) equipped 32 

with a motorized Proscan 11 stage (Prio, USA), a MT1201 microrater (Heidenhain, Germany), 33 

a DP72 camcorder (Olympus, Denmark) and a computer with newCAST software version 34 

3.4.1.0 (Visiopharm, Denmark), displaying an unbiased counting frame and sampling the 35 

culture slides systematic randomly (23). Osteoclasts were defined as TRAP positive cells with 36 

three or more nuclei. TRAP positive cells with one or two nuclei were defined as pre-37 

osteoclasts and counted separately (8). The presence of osteoclasts was expressed as a 38 

percentage of the total number of cells counted. 39 

Polymerase chain reaction for calcitonin receptor, cathepsin K and integrin β3 40 

SFMCs and HC PBMCs were grown in a 48-bottum plate without cover slides. After culture the 41 

cells were washed twice with PBS and lysed in a lysis buffer for total RNA extraction (cat: 42 



Osteoclastogenesis from synovial cells 

Greisen et al. 5 

L8285; Sigma Aldrich, USA) with the addition of 1% betamecarptoethanol (cat: M3148; Sigma 1 

Aldrich, USA). Cell lysates were kept at -80˚C until polymerase chain reaction (PCR). RNA was 2 

thawed and kept on ice and the concentration of RNA was measured using NanoDrop 2000 3 

Spectrophotometer (Thermo Scientific, USA) and adjusted to 50ng/ml. PCR was performed 4 

according to manufacturers instructions. The PCR reactions were normalised against the best 5 

keeper (BK) index for the household genes RPII (assay ID: Hs00172187_m1) and HPRT1 6 

(assay ID: Hs02800695_m1). Appropriate cDNA dilutions were used subsequently for the RT-7 

PCR reactions using specific primers for calcitonin receptor (assay ID: Hs01016882_m1), 8 

cathepsin K (assay ID: Hs00166156_m1) and integrin β3 (assay ID: Hs01001469_m1). All from 9 

Applied Biosystems, Life Technologies (Thermo Fisher Scientific, USA). RNA was added in 10 

duplicates. The qPCR protocol was set up on a Stratagene Mx3005P (Agilent Technologies, 11 

USA) with the thermal profile Pre-melt: 48°C for 15 min and 95°C for 10 min. Amplification x 12 

40: 95°C for 15 sec and 60°C for 1 min.  13 

Dentin plate assay 14 

Human caries-free third molars were obtained and stored in Minimum Essential Media 15 

(Gibco, Life Technologies, USA) for less than 2 weeks before sectioning. The teeth were 16 

mounted onto Plexiglas slides with Technovit 4000 (Exakt, Germany) and hereafter cut 17 

perpendicular to the long axis of the root into 150 μm thick discs using a Exakt 3031 precision 18 

saw (Exakt, Germany). Discs were hereafter rinsed in PBS and sterilized by gamma radiation 19 

(173 krad per tooth) using Gammacelle 2000 (RH, AEK, Denmark) (24). Dose at center of the 20 

chamber equaled to 1.65 Gy and exposure time per 150 μm dentine plate hence 162 sec. Prior 21 

to cell culture discs were furthermore placed in 70% ethanol for 3 hours and washed x 4 in 22 

PBS. 23 

To study lacuna formation after cell culture, dentin plates were washed x 2 in 24 

PBS and treated with 1 molar (N) sodium hypochlorite solution for 10 min. followed by 25 

sonication (Diagenode, Bioruptor, USA) in 1 N hypochlorite for 10 min. and distilled water for 26 

another 10 min. Discs were then washed thoroughly x 4 in distilled water, air dried and 27 

stained by using Coomassie brilliant blue (1X) for 30 sec, rinsed in distilled water for 1 hour 28 

and air dried prior to light microscopy and evaluation using the above noted newCast 29 

software (Visiopharm, Denmark). 30 

Quantifying the secretion of TRAP and MMP-9  31 

SFMCs were grown in 96 bottom plates. The supernatant was kept at -20°C after changing media. 32 

The produced and secreted TRAP ultimately dissolved in the supernatant was evaluated by a 33 

commercially available enzymatic assay (Cat. AK104, B-bridge international, USA). The 34 

supernatants were thawed, and the manufacturers protocol was followed. The OD from wells only 35 

containing DMEM was subtracted as the blank value. Data are expressed as OD subtracted the 36 

blank value. 37 

MMP-9 production was evaluated in a similar manner, as the protocol from a 38 

commercially available ELISA kit (DY911, R&D systems, USA) was followed. The blank value 39 

was subtracted and concentrations were calculated from the standard curve.  40 

Statistics 41 

Data were analyzed using GraphPad Prism 5 (GraphPad SoftWare Inc, USA). Data were 42 

expressed as median (interquartile range) when not stated otherwise. Applied statistics were 43 
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done with log-transformed data. Differences were evaluated using one-way or two-way 1 

repeated measures ANOVA. Results were considered statistically significant when p < 0.05. 2 

Results 3 

Light microscopy and TRAP staining 4 

To study the SFMC cultures we first studied the cultures by light microscopy whenever 5 

medium was changed. All cultures assessed contained cells with three or more nuclei after 21 6 

days of culture (Fig. 1).  At this time point, cells were TRAP stained. The SFMC cultures 7 

contained a large number of TRAP positive cells, with either three or more nuclei (10.2% 8 

(3.3%-10.5%)) or two or less nuclei (42.8% (30.2%-43.5%)) (Fig. 1). Monocytes from HCs 9 

were stimulated with RANKL and M-CSF, assessed equivalently for comparison and used as 10 

positive controls (Fig. 1).  11 

Expression of the calcitonin receptor, cathepsin K and integrin β3 genes 12 

We performed qPCR on established osteoclast genes in the SFMC cultures, to further 13 

determine the nature of the cells present in the cultures.  The mRNA of the calcitonin receptor, 14 

cathepsin K and the β3 chain of the αvβ3 integrin complex were all present in the SFMC lysates 15 

(Fig. 2). As a positive control, monocytes from HCs were stimulated with RANKL and M-CSF 16 

and assessed similarly. The calcitonin receptor mRNA levels were slightly lower in the SFMC 17 

cultures compared with the levels in conventionally RANKL and M-CSF stimulated HC 18 

osteoclasts (Fig. 2). As a negative control, non-stimulated HC PBMCs were also analyzed for 19 

the expression of the calcitonin receptor. No calcitonin receptor expression was observed in 20 

these cells (Fig. 2). 21 

Lacunae formation on dentin plates 22 

We tested whether the spontaneously formed multinuclear, TRAP positive cells in the SFMC 23 

cultures showed functional osteoclast characteristics. SFMCs were seeded on 150 µm thick 24 

dentin plates and the lacunae formation evaluated. Again, conventionally generated 25 

osteoclasts from HC monocytes were used as a positive control. We observed that dentin was 26 

absorbed and lacunae were formed in both SFMC cultures and conventionally RANKL and M-27 

CSF stimulated HC osteoclasts (Fig. 2). Taken together, multinucleated, TRAP positive cells 28 

were found in the SFMC cultures after 21 days. These cells expressed cathepsin K, calcitonin 29 

receptor, and integrin β3, and formed lacunae on dentin plates. These are all characteristics 30 

consistent with cells fully differentiated into osteoclasts. 31 

Stimulation of SFMC cultures with RANKL and M-CSF 32 

We then studied whether the conventional osteoclast stimulators RANKL and M-CSF could 33 

increase the generation of osteoclasts from SFMCs. Adding M-CSF and RANKL to the SFMC 34 

cultures potentiated the spontaneous formation of multinucleated TRAP positive osteoclasts 35 

from 10.2% (3.3%-10.5%) to 14.2% (13.3%-16.3%) (Fig. 3). The percentage of TRAP positive 36 

cells with two or less nuclei was not affected (Fig. 3). To further evaluate osteoclast activity 37 

and differentiation we measured TRAP and MMP-9 secretion in the SFMC cultures at different 38 

time points. Both TRAP and MMP-9 secretion increased significantly (all p < 0.05) during 19 39 

days of culture (Fig. 4). Adding RANKL and M-CSF to the SFMC cultures significantly 40 
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potentiated TRAP secretion (p = 0.028) that moreover was the tendency for MMP-9 secretion 1 

(Fig. 4). 2 

Discussion 3 

In osteoimmunology, osteoclastogenesis is understood in the context of the immune system 4 

(4). Here, SFMCs isolated from inflamed peripheral joints of patients with RA and SpA 5 

possessed the ability to spontaneously develop into functional osteoclasts ex vivo. We 6 

therefore suggest that our findings provide a simple model for investigating inflammatory 7 

osteoclastogenesis. 8 

Osteoimmunology is receiving increased attention as most disease conditions 9 

with even low-grade inflammation can result in osteoporosis (25). Thus, understanding 10 

osteoclastogenesis and osteoclast function in relation to immune mediators in chronic 11 

inflammatory disorders is important. The peripheral joints of both RA and SpA are 12 

characterized by inflammation that can lead to bone destruction (2,15). In line with this, 13 

RANKL is expressed in equal amounts in RA and SpA peripheral joints (26). Immune factors 14 

known to increase osteoclast activity are however present in both the synovium and plasma 15 

(11,27). This means that osteoporosis is also seen in both diseases because of the 16 

inflammatory activation of bone degradation outside the synovial joint (28). RANKL, TNF, 17 

IL-17A, M-CSF, IL-34 and IL-23 are some of the cytokines suggested to induce osteoclast 18 

formation and activation (27,29,30). 19 

Understanding osteoclastogenesis through in vitro studies is an appreciated 20 

method. Today, in vitro studies on osteoclastogenesis using high concentrations of RANKL and 21 

M-CSF or 1,25 dihydroxyvitamin D3 do not take into account the many factors regulating 22 

osteoclast differentiation and activity in chronic inflammation (14,31). Spontaneous 23 

osteoclast development in vitro has been documented in cultures of synovial tissue cells from 24 

RA patients and non-adherent SFMCs and PBMCs from psoriatic arthritis patients (19,20,32). 25 

Here, we determine the potential of gradient separated and cryopreserved SFMCs from both 26 

RA and SpA patients to differentiate into functionally active osteoclasts in vitro without any 27 

additional preparation or stimulation. In these cultures, we found multinucleated TRAP 28 

positive cells expressing osteoclast genes and the ability to form lacunae on dentin plates. In 29 

addition, we observed high numbers of TRAP positive cells with two or less nuclei. The 30 

presence of such pre-osteoclasts is acknowledged in vivo and the SFMC cultures seems to 31 

reflect this (1,33,34). 32 

The SFMC model described in this study takes into account the many different 33 

factors secreted by both lymphocytes, fibroblasts and macrophages regulating osteoclast 34 

differentiation and activity (14). Because the generation of osteoclasts in this model is 35 

spontaneous, it is an intriguing model for studying the prevention of inflammatory 36 

osteoclastogenesis with potential inhibitors. Adding RANKL and M-CSF further augmented the 37 

spontaneous development of osteoclasts. This we consider of great importance as it 38 

additionally makes the model suitable for studying factors that potentially increase the 39 

genesis of osteoclasts. Finally, measuring the secretion of MMP9 and TRAP in the 40 

supernatants seems to be a simple outcome measure for such studies. 41 

In conclusion, we hereby provide a simple and easy method for studying 42 

inflammatory osteoclastogenesis. Furthermore, we view and appreciate the presented 43 
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method as a suitable ex vivo model for testing treatments regulating or mediators potentiating 1 

osteoclast formation and activity. 2 
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Figures and legends 9 

 10 
Fig. 1. Light microscopy imaging and TRAP staining of SFMCs and stimulated HC monocyte 11 

cultures. (A and B) Light microscopy images of a representative SFMC culture on day 21 12 

(n=12) and a representative HC monocyte culture stimulated with RANKL and M-CSF (n=6). 13 

Arrows indicate multinucleated cells. (C and D) TRAP stained samples of a representative 14 

SFMC culture on day 21 (n=8) and from a representative HC monocyte culture stimulated 15 

with RANKL and M-CSF (n=6). Arrows indicate TRAP positive multinucleated giant cells. 16 

Objective x20 and scale bars as indicated 150 and 100 µm respectively. 17 
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 1 
Fig. 2. Expression of osteoclast genes and lacunae formation in SFMC and stimulated HC 2 

monocyte culture. (A and B) PCR data for SFMC cultures on day 21 (n=3) and stimulated HC 3 

monocyte cultures (n=4). Genes were normalized to BK household gene. Arthritis SFMC 4 

cultures expressed the established osteoclast genes calcitonin receptor, integrin beta3 and 5 

cathepsin K. In addition HC monocyte cultures expressed calcitoninR, whereas no expression 6 

was found in unstimulated HC PBMCs. (C and D) Arthritis SFMCs (n=3) and stimulated HC 7 

monocytes (n=4) were grown on dentin plates to evaluate the resorptive capacity of the cells. 8 

Both arthritis SFMCs after 21 days and osteoclasts grown from stimulated HC monocytes 9 

were able to create lacunae in the dentin plates. Objective x20 and scale bars as indicated 150 10 

µm. 11 
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 1 

 2 

Fig. 3. TRAP staining of SFMC cultures with and without RANKL and M-CSF stimulation. (A) 3 

Microscopy images showing TRAP stained multinucleated osteoclasts in the SFMC culture 4 

with and without RANKL and M-CSF (n=3). Objective x40 and scale bars 100 µm. (B) Arthritis 5 

SFMCs grown in medium alone or in medium with RANKL (50ng/ml) and M-CSF (25 ng/ml) 6 

(n=3). The cells were counted on day 21. By adding RANKL and M-CSF to the culture medium 7 

increased the percentage of TRAP positive multinucleated osteoclasts.  8 
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 2 

Fig. 4. TRAP and MMP-9 secretion in SFMC cultures with and without RANKL and M-CSF 3 

stimulation. (A) TRAP secretion in SFMC cultures without additional stimulation (clear bars) 4 

and stimulated with RANKL (50 ng/ml) and M-CSF (25 ng/ml) (filled bars). Data are 5 

expressed as the OD of wells with the supernatant subtracted the OD of the blank. (B) MMP-9 6 

secretion in SFMC cultures without additional stimulation (clear bars) and stimulated with 7 

RANKL (50 ng/ml) and M-CSF (25 ng/ml) (filled bars). Data are expressed as concentration of 8 

MMP-9 in ng/ml. All n=4. Bars indicate median with range. All data were log transformed in 9 

order to fit the normal distribution.  The increase in TRAP and MMP-9 during 19 days of culture 10 

was analyzed with the one-way repeated measures ANOVA. The difference between stimulated and 11 

non-stimulated cultures was evaluated with the two-way repeated measures ANOVA. * indicates p 12 

< 0.05 and *** indicates p < 0.001, ns indicates non significant.  13 
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Synovial fluid mononuclear cell (SFMC) 1 

Tartrate resistant acid phosphatase (TRAP) 2 

Tumor necrosis factor (TNF) 3 
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Abstract: Multiple sclerosis is a disease of the central nervous system, resulting in the 

demyelination of neurons, causing mild to severe symptoms. Several anti-inflammatory 

treatments now play a significant role in ameliorating the disease. Glatiramer acetate (GA) 

is a formulation of random polypeptide copolymers for the treatment of relapsing-remitting 

MS by limiting the frequency of attacks. While evidence suggests the influence of GA on 

inflammatory responses, the targeted molecular mechanisms remain poorly understood. 

Here, we review the multiple pharmacological modes-of-actions of glatiramer acetate in 

treatment of multiple sclerosis. We discuss in particular a newly discovered interaction 

between the leukocyte-expressed integrin αMβ2 (also called Mac-1, complement receptor 3, 

or CD11b/CD18) and perspectives on the GA co-polymers as an influence on the function 

of the innate immune system. 
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1. A Brief Introduction to the Etiology and Symptoms of Multiple Sclerosis 

Multiple sclerosis or MS was first described by Jean-Martin Charcot in 1868 [1]. MS is a disease of 

the central nervous system (CNS) causing non-traumatic chronic neurological disability, mostly in 

young and middle-aged adults, affecting over 2 million people worldwide [2]. The prevalence of MS 

may vary between different populations with incidences from 2 to 150 per 100,000. It is more common 

among Caucasian races in temperate regions [2,3] where MS affects 1 out of 1000 people [4]. The 

debut is typically occurring at the age 20–45 and women are almost twice as often affected as men [5]. 

There is a North-to-South gradient distribution in the MS frequency, however, with many exceptions [6].  

The pathophysiology of MS has not been entirely mapped out and appears to involve multiple 

factors [7]. The most significant pathohistological characteristics are localized areas of demyelination 

in the CNS and relative preservation of axons. There are periods of focal demyelination followed by 

complete or partial re-myelination [8]. There is evidence that protein components of the myelin sheath 

stimulate the inflammatory response, which contributes to the demyelination of nerves. The process is, 

however, complicated and involves both lymphocytes and myeloid cells of the immune system. 

Experimental evidence suggests that proteins, such as myelin basic protein (MBP), act as so-called 

autoantigens [9], which triggers an inflammatory response towards the host tissue. The role of the 

immune system in MS is strongly supported by the observation that immune suppressive treatment, 

discussed further below, seems at least partially to be able to slow down neural decay and ameliorate 

symptoms. Demyelination leads to decreased conductivity or conduction block that results in 

neurological symptoms of MS disease. Periventricular infiltrations of lymphocytes and macrophages 

manifest as Dawson fingers representing demyelinating plaques through corpus callosum as observed 

by magnetic resonance imaging (MRI) modality. In addition to white substance affection, the grey 

matter of the CNS can also be affected [10]. 

There is strong evidence that a combination of genetic predisposition and exposure to one or more 

environmental factors are linked to the etiology of MS [11–13]. The vitamin-D status, particularly in 

geographical regions with a limited sun light exposure, and cigarette smoking [14], have been 

suggested as the most consistent risk factors. Furthermore, exacerbation of MS is often associated with 

stress [15]. Links to infectious diseases have been suggested, both from experimental studies  

as well as from clinical investigations. These studies included work on bacterial antigens inducing  

an autoimmune response [16] as well as several studies on the role of Epstein-Barr virus (EBV)  

infection [17–19] and endogenous retroviruses [20]. These are potential sources of microbial 

manipulation of the immune system leading to excessive or uncontrolled immune responses. For the 

discussion in Section 5, it is of considerable interest that viral infections may alter the level of  

post-translational modifications of proteins expressed by infected cells, both affecting cellular gene 

transcription [21] and protein structure. Specifically, MBP in the human body is not a homogeneous 

species of molecules and present itself as a group of charge isomers [22]. This diversity in charge, 

results from the deimination of arginine side chains, producing a citrulline residue (Figure 1). 
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Figure 1. Schematic representation of the citrullination (or deimination) of the free 

arginine amino acid. In proteins, arginine restudies are converted into citrulline by  

Ca2+-dependent enzymes i.e., peptidylarginine deiminases, of which at least six forms are 

known [22,23].  

 

Since the positively-charged side chains are important in forming contact with the  

negatively-charged membrane lipids, as well as in certain structural properties of MBP, changes in the 

content of citrulline may both affect the membrane-association of MBP, inducing structural changes 

that expose epitopes of importance for the autoimmune recognition, and generate novel epitopes that 

are recognized by the immune system [24,25]. Finally, hereditary factors may play an important role in 

the development of MS [26] considering the statistics that approximately 15% of MS patients have a 

relative with MS and children of parents suffering from MS have 1–2% higher risk of developing MS 

compared to the MS risk factor in the same population. It is classic observation that certain major 

histocompatibility complex (MHC) alleles increase the risk of MS [27,28] by a factor of three as 

reported for the haplotype DRB1*1501 [29]. Experiments in animals also suggest MHC molecules to 

be a determinant in developing MS-like symptoms [30,31]. 

The pathogenesis of MS leads to four standardized clinical categories, namely relapsing remitting 

MS (RRMS), primary progressive, secondary progressive, and progressive relapsing MS [32]. 

Moreover, a significant portion of patients with clinically isolated syndrome (CIS) will develop a 

clinical definite MS [33]. The RRMS is observed in approximately 80–85% of the MS cases. This 

condition is clinically represented as repeated outbreaks of disease (attacks or relapsing form) with 

more or less complete recovery after each attack. The neurological dysfunction is seen usually to 

increase for each relapse with potential development of secondary progressive MS after some years. In 

some patients, MS is represented clinically by mild neurological symptoms with very few attacks and 

little or no impairment. However, on average, MS patients relapse 0.8 times per year and 15% of them 

enter the chronic progressive MS category (secondary progressive MS) [34,35]. The clinical findings 

are typically a combination of neurological deficits involving paresis, hyperreflexia, clonus, Babinski’s 

sign and increased tone, sensory dysfunction, ataxic eye movements, and loss of abdominal reflexes. In 

the case of MS, optic neuritis visual reduction, and color blindness has been reported [36,37]. Lesions 

in the brainstem and the cerebellum can cause manifestations such as nystagmus, dysarthria and ataxia 

or balance disorders as well as Lhermitte’s sign suggesting spinal involvement at a cervical level. 

The consequences of having MS are often profound. It has been noted that MS disability 

progression follows a two-stage process [38] with approximately 10 years reduction in life  
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expectancy [39]. The best prognosis is within the RRMS group and favorable prognostic factors are 

young age, sensory and visual symptoms and long intervals between acute exacerbations in the first 

two years after diagnosis [40]. Disease progression can stop at any given time. MS can cause diverse 

neurological deficits depending on the degree of dissemination and location of inflammation. The 

symptoms develop over minutes to days and possibly even longer, however, with the sub-acute 

development of symptoms being the most common. In rare cases, MS begins with acute and significant 

neurological deficits. Common onsets of symptoms are diplopia, unilateral optic nerve affection, 

paralysis, incoordination or imbalance, sensory disturbances and impaired bladder and/or bowel 

control. In early-stage MS the first symptoms are often weak and fast transient. The symptomatology 

in late stage MS varies but frequent problems are painful spasms, ataxia and dysarthria and paroxysmal 

symptoms like trigeminal neuralgia. More than 60% of the patients experience MS-related pain [41] 

and up to 50% are considerably affected by depression [42]. 

2. Differential Diagnosis of Multiple Sclerosis 

The diagnosis can solely be made on the basis of medical history and clinical findings from a 

neurological examination when other causes are excluded. This requires medical history of 

neurological deficits in at least two distinct phases and the clinical findings from at least two discrete 

lesions in the CNS. In most cases however, the diagnosis is based on anamnesis, physical examination, 

results from MRI and lumbar puncture via detection of oligoclonal bands of immunoglobulins in the 

cerebrospinal fluid (CSF) [43] and/or on visually-evoked electrical potentials (VEP) recorded from the 

nervous system [44,45]. 

MRI, CSF analysis, VEP, somatosensory and motor evoked potentials can all provide important 

information and can be of great importance when the clinical presentation alone does not provide 

certainty for the diagnosis and to exclude differential diagnosis. MRI scanning of the CNS shows in 

typical cases multiple high signal areas in the white matter on a T2 sequence. MRI is the most sensitive 

method, although it does not have optimal sensitivity and specificity causing both risk of  

over-diagnosis and over-treatment of MS [46]. In exceptional cases, MRI findings can be negative 

even in clinically established MS and there are not always correlations between the imaging outcome 

and the clinical picture itself.  

3. Anti-Inflammatory Treatments of MS 

At present, there is no curative treatment of MS. The goal of treatment is to improve the quality of 

life, reducing the duration and frequency of attacks and thus potentially reduce progressive 

development of malfunctioning. Rehabilitory treatments are often needed due to bladder dysfunction, 

constipation, neurogenic pain, spasticity and psychosocial problems. However, it is arguably the case 

that anti-inflammatory treatments are leading in relieving the symptoms of MS. Their effectiveness 

also shows the importance of the immune system in developing MS. 

A number of relatively simple chemical compounds exert a beneficial effect on MS, probably at 

least in part as a consequence of an immunosuppressive influence through inhibition of cell division. A 

temporary improvement is often obtained by using glucocorticoids monotherapy when other treatments 

are not effective or are not feasible. Typically, 3–5 days of administration of methylprednisolone 
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intravenously, aiming to reduce the duration and number of individual relapses [47]. RRMS treatment 

with glucocorticoids may alternatively be given orally. Mitoxantrone is an antineoplastic drug which 

inhibits topoisomerase enzymes thus inhibiting RNA and DNA synthesis, and as a result is confined in 

highly active RRMS or secondary progressive MS with superimposed attacks [48]. Drugs like 

azathioprine (6-mercaptopurine) and methotrexate may reduce the relapse rate in MS patients, but are 

used infrequently due to sparse evidence of improvement [49–52]. A perhaps surprising source of  

anti-inflammatory treatment is derived from the use of statins. The best-described pharmacological 

effect of treatment with statins relates to their function as plasma cholesterol-lowering agents through 

the activity as a 3-hydroxy-3-methyl-glutaryl-CoA reductase. However, statins such as simvastatin and 

lovastatin also acts as allosteric inhibitors of integrin αLβ2 (also named lymphocyte function-associated 

antigen-1 or CD11a/CD18) ligand binding [53,54]. This has been documented through studies on the 

function of leukocytes in vitro, structural studies on the αL ligand binding domain in complex with 

lovastatin, and the observation that statins apparently exert an immunosuppressive effect in treated 

patients [53–55]. Several studies have investigated simvastatin and atorvastatin for effects on MS. The 

findings have so far remained negative, signifying no improvement in condition of treated MS  

patients [26,56]. It is interesting however, that lovastatin to our knowledge has not been tested in these 

trials. Furthermore, according to experiments in vitro, statins such as simvastatin and lovastatin may 

not inhibit the function of αMβ2 suggesting that therapy with, e.g., simvastatin, would not block the 

function of all relevant cell adhesion molecules possibly explaining the lack of efficacy.  

Direct interference with the cellular constituents of the immune system in patients can be obtained 

by plasmapheresis as adjunctive therapy, which is used in some cases of primary progressive MS and 

often considered as adjunctive therapy of exacerbations in relapsing forms of MS [57].  

The pharmacological agents mentioned above are broad-acting drugs with several influences that 

potentially are important for reducing MS disease progression or severity. However, there are several 

significant side effects of these treatments. Biological therapy—typically with purified or recombinant 

human proteins, monoclonal antibodies, or receptor analogues—far more specifically targets certain 

functions of the immune response. Human immunoglobulin may be an alternative for patients with 

RRMS and when other treatments are not feasible or effective. The documentation is limited, but one 

study has recently shown some effect at one year of observation [58]. While the pharmacological mode 

of action is not clear, evidence from other inflammatory diseases of the CNS, seems to suggest that at 

least partial saturation of cellularly-expressed Fc receptors may play a role [59]. Interferon beta is 

indicated in RRMS and it appears to slow disease progression in selected patients [60]. Early treatment 

with Interferon beta, i.e., after the first attack, may extend the time of conversion to clinically definite 

MS [61,62]. Monoclonal antibodies to cell adhesion molecules have proven remarkably effective  

in treating disorders involving excessive inflammation. Yednock et al. showed [63] that a  

function-blocking antibody to the α4 chain of the integrin α4β1 (also named very-late antigen-4 or 

CD49d/CD29) and α4β7 in rats, prevented experimental autoimmune encephalomyelitis (EAE), which 

is a well-established albeit not unproblematic animal model of MS [64]. A fully humanized antibody 

(natalizumab or Tysabri®) is indicated as a monotherapy in very active RRMS stage, despite treatment 

with interferon beta. It has been shown that the treatment reduces relapsing rate at 1 year from  

0.75 to 0.25 (68% reduction) and the number of new or enlarged brain lesions on MRI reduces by  

83% [65,66]. Development of neutralizing antibodies to Natalizumab may however lead to a reduced 
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treatment effect and should be controlled during treatment [67,68]. In addition, it should be noted that 

progressive multifocal leukoencephalopathy is associated with Natalizumab treatment [69]. These side 

effects were also observed for function blocking antibodies to other cell adhesion molecules such as 

integrin αLβ2 [70]. As reviewed elsewhere [71], a future perspective may involve the use of various 

nanomedicine formulations of integrin ligand binding competitors as a safer alternative to  

function-blocking monoclonal antibodies. However, the presence of soluble adhesion molecules in 

human plasma, generated by proteolytic shedding, adds complexity to regulating the outcome of 

blocking receptor function with either monoclonal antibodies or other means [71]. Several strategies 

now also target B-lymphocytes. The CNS of MS patients is both the target of the immunopathological 

process as well as a site of local antibody production. B cells can increase or dampen CNS 

inflammation. Since B-cell depletion is a promising therapeutic strategy their proinflammatory effects 

seem to be more prominent in most patients [72]. 

Copaxone® is an immunomodulator with glatiramer acetate as active ingredient. In 1987, Bronstein et al., 

studied and compared a group of MS patients receiving GA against a placebo group in which,  

the group receiving GA, showed 30% more improvement in their disability score [73]. Since the 

approval of Copaxone® for MS treatment in the US in 1996, it has remained popular for treatment  

of MS considering the life-threatening side effects of other competitors such as Tysabri and  

Mitoxantrone [74]. In two different projects Miller et al. studied the long term (up to 22 years) effects 

of Copaxone® as the sole therapy for relapsing-remitting MS (RR-MS) patients. In these studies, the 

long term use of Copaxone® did not influence the efficacy and safety showing its important features as 

a safe and reliable treatment for MS considering the chronic nature of the disease [74–76]. The 

superiority of GA treatment over placebo has been indicated by a double-blind, randomized,  

placebo-controlled study of the effects of GA on MRI. This study shows, by its highly statistical 

significance, that the total number of CNS lesions on T1- and T2 weighted MRI, involving 239 

patients with RRMS, was reduced (p = 0.003), showing in addition a significant reduction by 33% in 

relapse rate [77]. A multicenter double-blind placebo-controlled study from 1995 then demonstrated 

GA to reduce the number of new relapses by approximately 30% without significant side effects [78] 

leading to regulatory authorization of MS treatment from 1996 in the US and 2000 in Europe. In 

addition, a meta-analysis from Boneschi et al. supported these findings by bringing to light a highly 

statistical significant difference between the intervention groups receiving GA and the placebo group 

as to the following endpoints; adjusted annualized relapse rate, adjusted risk ratio for the on-trial total 

number of relapses and time to first relapse [79]. The research group stated that the meta-analysis 

reaffirms the effectiveness of GA in reducing relapse rate and disability accumulation in RRMS, at a 

magnitude comparable to that of other available immune modulating treatments. They also suggested 

that the efficacy of GA is not significantly influenced by the patients’ clinical characteristics at the 

time of treatment initiation. However, a recent meta-analysis by La Mantia et al. states otherwise [80]. 

All randomized controlled trials comparing GA and placebo in patients with definite MS, whatever the 

administration schedule and disease course, were eligible for their review. The objectives, in their 

study, were to verify the clinical efficiency of GA in the treatment of MS patients with RRMS and 

progressive-course MS (PMS). Five hundred and forty RRMS patients and 1049 PMS were selected 

for the analysis and they concluded that GA has a partial efficiency in RRMS, i.e., in terms of  

relapse-related clinical outcomes, without any significant effect on clinical progression of disease 
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measured as sustained disability. The drug showed no effect in progressive MS patients and, therefore, 

continuing the treatment with GA seems to have few beneficial effects in RRMS, and no significant 

impact in PMS patients [80]. In other words, the study showed no beneficial effects on disease 

progression in two MS forms. However, they found a slight reduction in the frequency of relapses in 

RRMS patients and as mentioned no positive improvements in the conditions of the PMS group  

were observed. Side effects as flushing, chest tightness, sweating, palpitations, anxiety and local 

injection-site reactions occurred quiet frequently, but no major side effects were observed. Currently it 

is recommended that the treatment is terminated or switched to another approved treatment, if the 

frequency or severity of clinical relapses become worse during the GA-treatment or that the 

progression of disease is to such an extent that the patient no longer is thought to benefit from the 

treatment (i.e., GA is not indicated for use in a progressive state of the disease). Patients receiving 

treatment with GA should be informed on side effects according to lege artis, health and medicines 

authorities, and that a reaction with one or more of the following symptoms may occur within minutes 

after injection: mild injection-site reaction, manifested by erythema, inflammation, and induration. The 

most remarkable side effect has been reported to be systemic post-injection reaction that occurred in 

10% of patients manifested by flushing, chest tightness, palpitations, dyspnea, and anxiety [81]. Most 

of these symptoms are transient and disappear spontaneously and without sequelae. There is no risk 

that special populations are at a particular risk for these reactions. Nevertheless, caution should be 

applied when GA is administrated to patients with cardiac disease and plasma for its content of GA, 

should be monitored during and after treatment. Serious hypersensitivity reactions (e.g., bronchospasm, 

anaphylaxis or urticaria) may rarely occur [82]. There are no adequate data for treatment during 

pregnancy and breastfeeding (i.e., no information can be found on GA excretion, GAs’ metabolites or 

its antibodies in breast milk). Animal studies are insufficient with respect to pregnancy, on embryonic 

development, delivery and postnatal health. Therefore treatment with GA is not recommended during 

pregnancy [82]. Renal function should be monitored regularly in patients with renal impairment, but 

there is no evidence of glomerular deposition of immune complexes in humans. However, the 

possibility cannot be excluded as GA-reactive antibodies have been found in patient receiving GA 

treatment [83,84]. The peak in antibody titers to GA was here reached on average after 3–4 months of 

treatment, followed by a reduction in the titers. In conclusion, the current scheme of GA-treatment 

with 20 mg injection subcutaneously per 24 h is considered a good option for RRMS patients when 

walking mobility is persevered and there are clinical signs of disease activity, i.e., evidence of relapses 

during previous two years. In addition, GA-treatment is indicated in clinically well-defined first 

demyelinating episode and when alternative or differential diagnosis has been excluded. This is not 

trivial and it must be noted that GA prescription and administration should only be done by a 

physicians experienced in neurology and in treating MS patients. Furthermore, the treatment should be 

followed up with clinical examination three and six months after treatment and followed up every six 

months, with registration of number of attacks, side effects and objective neurological examination. 

Currently, it is not known how long patients should be treated.  

While the clinical data supports a beneficial effect of GA in the treatment of MS, there is 

considerable uncertainty as to what are the major pharmacological modes of action (PMA). As 

presented in the following sections the chemical nature of the compound is complex and for this reason 

sometimes misrepresented unintentionally in the scientific literature.  
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4. What Is Glatiramer Acetate? 

As a starting point, it is beneficial to recapitulate briefly the historical development of GA, as it can 

be extracted from the original reports and a few reviews detailing the chemistry [85–87]. In the  

mid-1900, the science of amino acid polymerization had moved to a level where it seemed possible to 

make synthetic high-molecular weight compounds as models of biopolymers, here, of course, most 

notably proteins. Through the work of Katchalski-Katzir et al., it became possible to make poly amino 

acids from their N-carboxy-α-amino acid anhydrides (NCA), in some cases modified with appropriate 

protecting groups, which were removed to generate the final product in processes also introduced  

from this work [88,89]. Initially, homopolymers such as poly-L-lysine and poly-L-glutamate were  

made [90]. Even in some of the first experiments average lengths of the polypeptides reached more 

than 30 units and procedures for making polymers with a degree-of-polymerization (DP) at 

approximately 200 was soon reached [91]. The DP is influenced by temperature, with low 

temperatures favoring the formation of polymers with high DP when the reaction takes place in 

solution. In inert media the reaction requires initiation by addition of amines or strong bases such as 

NaOH. Interestingly, the choice of initiator, e.g., primary, secondary or tertiary amines, and molar 

fraction of the initiator may also influence DP of the polymers. With such control over the chemistry 

of polymers made according to this scheme, the polypeptides turned out to be instrumental in forming 

a solid basis for our current understanding of protein structure. Among many significant achievements, 

the alpha helical structure in proteins predicted by Pauling and Corey [92] was found by Perutz using 

poly-γ-benzyl-L-glutamate [93]. Also, the ability to make polymers as model of collagens, using block 

polymers of poly (Pro-Gly-Pro), identified the critical chemistry behind the triple helical structure 

attributed to collagen fibers by Rich and Crick [94] and was the first example of synthetic polymers 

forming a trimer. This principle was used subsequently in numerous investigations on the properties of 

collagen [95]. In addition to X-ray diffraction on the fibrous material, the use of ultraviolet rotatory 

dispersion spectroscopy was quickly introduced to confirm the formation of secondary structure in the 

polymers in various aqueous environments [91].  

The chemistry of GA is tightly linked with the observation that the polypeptide polymers have 

various biological activities, including the ability to act as a substrate for enzymes [96] as well as being 

antigenic, i.e., able to stimulate an immune response as shown in several reports by Sela and  

Arnon [97–100]. A classic experimental animal model for the development of MS in humans involves 

injection of MBP and adjuvant (typically “Complete Freund’s adjuvant”, which contains strongly 

immunostimulatory components) into animals, mostly rodents but also primates [64]. As suggested by 

the name, this protein is a highly positively charged constituent of the myelin sheath surrounding the 

nerve axon [22]. In consequence of MBP’s antigenic properties, this injection directs an immune 

response to nerve tissue causing encephalitis with some similarities to the pathology of human MS. 

Since MBP obviously is a host protein, this model has greatly served to strengthen the idea that MS is 

an autoimmune disease and the model is usually referred to as EAE. Previously it had been observed, 

however, that MBP can suppress EAE when injected in the absence of adjuvant [87,101]. These 

capacities prompted Teitelbaum et al. to synthesize a polypeptide from the acid anhydrides of  

γ-benzyl-L-glutamate, ε,N-trifluoroacetyl-L-lysine, L-alanine, and L-tyrosine with molar ratios of 

1.9:4.6:6.0:1.0 in the formed polymers [102]. This formulation was named Copolymer-1 or Cop-1. In 
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this way, the four cardinal biochemical properties of amino acid side chains, i.e., side chains with 

negative or positive charge or polar or hydrophobic groups, were represented when the protecting 

groups were removed from the glutamate and lysine residues. Compared with the scientific  

publication [102] further detail on the synthesis methodology can be found in patent filed in 1971, 

which identified diethylamine as initiator of the polymerization carried out at ambient temperature in 

anhydrous dioxane [103]. This removal was carried out by de-blocking of the γ-benzyl-L-glutamate 

affected with hydrogen bromide in glacial acid, followed by removal of the ε,N-trifluoroacetyl from 

lysine residues by 1 M piperidine [103] (Figure 2). 

Figure 2. Schematic representation of some of the reactions forming Cop-1 co-polymers [91,104]. 

The co-polymers are made from the NCA of L-alanine (4-methyl-2,5-oxazolidinedione), 

and L-tyrosine (2,5-oxazolidinedione,4-(p-hydroxybenzyl)). L-glutamate is included with a 

protecting group (X’: γ-benzyl ester) as 4-oxazolidinepropionic acid, 2,5-dioxo-, benzyl 

ester. L-lysine is included with a protecting group (X": ,N-trifluoroacetamide) as  

N-(4-(2,5-dioxo-4-oxazolidinyl) butyl)-2,2,2-trifluoroacetamide. As examples, the C-termini 

of two co-polymers are shown in the panel. Following the polymerization, which may take 

place at room temperature [103], X’ was removed by treatment with hydrogen bromide in 

glacial acid and X" was removed by treatment with 1 M piperidine, which produces the 

final acetate salt of co-polymers of the four amino acids. 
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In the case of Copolymer-1, the ratios of NCA were chosen to mimic the stoichiometry of side 

chains in MBP with negative or positive charge or polar or hydrophobic groups, which at the time was 

essentially the only known property of MBP’s structure. By making random co-polymers with this 

stoichiometric composition at the very least some of the immunoregulatory properties of MBP would 

be presented by synthetic polymers. Indeed, it was found that Cop-1 worked to block the  

encephalitis [102]. By contrast, other polymers, including one similar to Cop-1 except not containing 

lysine, could not suppress EAE [102]. It should be noted that the co-polymers forming a part of the 

currently used GA formulation apparently are synthesized in a way which results in ratios of alanine, 

lysine, glutamate, and tyrosine in the GA polymers of 1.4:3.4:4.2:1, which is different from the 

original report on Copolymer-1. To our knowledge, no explanation for this difference has been 

indicated in the scientific literature. For the discussion below, it is also of interest, that the patent 

mentioned two other polymers consisting of tyrosine, aspartate, alanine, and lysine or glutamate, 

alanine, and lysine, respectively, leading to similar results as the Cop-1 formulation for treatment of 

EAE [103]. These polymers all had a relatively high content of lysine and hence a net positive charge, 

which, as noted by Teitelbaum et al., pointed out the importance of this amino acid and the positive 

charge to trigger suppression of EAE by the polymers [102]. However, the chemistry of these  

co-polymers was different from Cop-1 and hence not matching MBP in the way the Cop-1 does. 

Indeed, co-polymers chemically different from Cop-1 may exert a stronger suppressive influence on 

EAE than Cop-1 [105].  

By definition, co-polymers such as those found in GA are derived from two or more monomers, i.e., 

in the case of GA the four acid anhydrides mentioned above, unlike homopolymers which are derived 

from only one type of monomeric species. In the medical literature GA is, however, rarely indicated as 

containing co-polymers, probably, one may speculate, because pharmacological treatment with even 

simpler polymeric substances is still rather limited. Indeed, GA was the first synthetic polymeric 

pharmacological agent to be used in internal medicine. In this situation references to GA as belonging 

to the class of co-polymers are rarely added in databases indexing drugs, although an expert probably 

would be able to infer from the provided information that GA is likely to be a co-polymer. The exact 

nomenclature may seem only of semantic interest, however. By contrast, a more important challenge in 

understanding the nature of the drug resides in the extraordinary structural variation found amongst the 

synthesized co-polymers. As a typical result of polymer synthesis, the copolymers are not size 

uniform. Indeed, the clinically-used formulation of GA contains copolymers with a range of Mrs 

ranging from 5000 to approximately 9000 corresponding to DPs of 45–80 residues. As noted by Arnon 

and Sela [87], this is nevertheless a narrow distribution in size compared to most products of polymer 

synthesis, which is a result of the chemistry of the polymerization process, where the polymers grow 

only from coupling with the acid anhydride monomers and not through coupling with polymerized 

species [87,91]. Another limitation on the size heterogeneity comes from the observation that 

termination of the polymerization occurs mainly through an intermolecular reaction with acid 

anhydrides creating a terminal carboxyl group [87,91]. A striking contribution to the heterogeneity 

among copolymers comes from the randomness of the sequences. If the co-polymers contain 

approximately 50 residues, the number of possible combinations with four polymerizing amino acids 

equals ~450 (i.e., equal to ~1030) possible peptides. Since patients receive in the order of ~1017 such polymers 

per injection, a patient will never in his or her lifetime receive chemically identical co-polymers. 
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Furthermore, this variation among the co-polymers also affects the composition of the purified material 

where a batch-to-batch variation make the molar fraction of L-glutamate, L-alanin, L-tyrosine, and  

L-lysine vary in intervals of 0.129–0.153, 0.392–0.462, 0.086–0.100 and 0.300–0.374, respectively. 

The chemical heterogeneity makes GA hard to characterize by available methodologies. 

Interestingly, this situation is remarkably similar to another polymeric substance, which is used in the 

clinic, namely heparin. Heparin is a random co-polymer with an average DP of 20, polymerized from  

a choice of 32 disaccharide units [106]. This produces a theoretical diversity of ~1014 distinct  

co-polymers—if not as many as for GA, then still a considerable heterogeneity for a compound. An 

important market regulator of the costs of pharmacological treatment, and hence overall cost of health 

care systems, is the availability of generic drugs. Usually, a generic drug would be pharmaceutically 

equivalent to the original formulation, meaning that it contains the same active ingredient. However, in 

the case of enoxaparin sodium injection (Lovenox®), an anticoagulant with biologically-derived 

heparin as the active ingredient, the manufacture of a generic product caused significant challenges in 

the absence of precise chemical insight on the structure of the heparin co-polymers. However, as 

judged from available accounts in the literature and on the internet the company Momenta 

Pharmaceuticals (Cambridge, MA, USA) applied advanced methodologies to sequence heparin  

co-polymers originally developed at the Massachusetts Institute of Technology, by use of matrix-

assisted laser desorption ionization mass spectrometry, hereby obtaining information sufficient for 

bringing generic Lovenox on the market for prevention of deep vein thrombosis [107]. Such a product 

is now referred to as a “biosimilar”, or “follow-on biologic”, indicating that the pharmacological 

innovative aspect was made with the prior manufacture of another drug [108]. Apparently, Momenta 

Pharmaceuticals is currently in the pursuit of making generic Copaxone®, here named M356, which is 

likely also to involve technologies capable of characterizing complex protein drugs albeit the  

specifics are not clear. A second company, Synthon (Nijmegen, The Netherlands) is also pursuing  

the manufacture of generic Copaxone according to their web site, but details on the process of 

characterization or manufacture is also in this case not available to our knowledge. Finally, both in the 

case of heparin-based anticoagulants and GA, products with a more well-defined chemical nature were 

made. Following the “heparin crisis” where naturally-derived heparin contaminated with chondroitin 

sulfate caused adverse clinical events [109,110] considerable efforts have been invested in making 

synthetic heparin [109,111]. Similarly, efforts have been invested in making peptidic substances with a 

considerable less heterogeneous composition than Cop-1 [112]. While it is unclear if such a strategy is 

currently being commercially explored in the case of GA, at least in principle it suggests one route of 

making competing drugs. 

5. The Pharmacological Modes-of-Action of GA 

As pointed out above, the extraordinary diversity of the GA co-polymers raises an important 

question as to how the effects in the EAE model and the human MS disease are obtained. As identified 

below, the suggested mechanisms can largely be divided into three groups, two of which relate to an 

influence on the inflammatory response. Here, focus is placed on the possible influences of GA on the 

adaptive and innate immune system. Finally, a brief mentioning is made of a neuroprotective effects, 

that, however, also appears to involve cells of the immune system. 
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The adaptive immune response critically relies on the interconnected function of T and B 

lymphocytes with the T cells being an important source of regulatory cytokines and B lymphocytes a 

precursor state of the antibody-producing plasma cells. A considerable body of studies has addressed 

the influence of Cop-1 or GA on these cells, mainly through the use of the EAE model as well as from 

observations made on clinical samples. Some of these studies are reviewed below. A hallmark of 

adaptive immunity is sequence-specific recognition of peptidic motifs by the T and B cell receptors, 

which are formed through somatic recombination and mutation of germ line genes and makes a large 

diversity of receptors permitting the recognition of large number of antigens. Clonal selection in 

lymphoid organs both removes autoreactive clones and selects those clones with receptors strongly 

recognizing antigens.  

Following the initial study on Cop-1 suppressing EAE [102], it was demonstrated that Cop-1 

induced the formation of specific antibodies to the co-polymers, which cross-reacted with MBP [113]. 

A correlation between this immunological cross-reactivity and the suppression of EAE clearly pointed 

that injection of the co-polymers manipulated the immune response. As noted above, another important 

observation was that Cop-1 may compete with MBP for binding to MHC class II molecules [114,115]. 

EAE may be induced by other agents than MBP, such as peptides from proteolipid protein (PLP) or 

myelin oligodendrocyte glycoprotein (MOG). Both of these proteins are not structurally related to 

MBP but carry a net positive charge (i.e., with isoelectric points of ~8) at a more moderate level than 

MBP (with an isolectric point of ~10). Interestingly, Cop-1 also suppressed EAE induced by these 

agents [116,117]. It is unclear if any critical similarity exists between PLP, MOG, and MBP, but it is, 

of course, striking that the positive charge of these proteins and Cop-1 may be an important shared 

characteristic also adding to findings mentioned above that co-polymers with lysine—but otherwise no 

obvious mimicry of MBP—were suppressing EAE. Taken together, it is debatable if the antigenetic 

similarities between Cop-1 and MBP are critical for the EAE suppression. Rather, it would seem likely 

that Cop-1 and GA works through a more general mechanism with regard to influencing the adaptive 

immune system. Support for the latter point may be derived from the observation that Cop-1 also 

works to block the inflammatory response in animal models of cerebral stroke [118] and graft-versus-host 

disease [119]. In particular the study on graft-versus-host disease [119] suggests that Cop-1, and hence 

GA, may act as a general immunomodulatory compound not requiring a role of MBP in the 

inflammatory response. This is supported by an important study on GA co-polymers, i.e., the 

clinically-used formulation, as antigen, carried out by Duda et al. [120]. This paper showed that the  

co-polymers induced CD4+ T cell proliferation of both naïve and memory T cells. In this sense, the GA 

co-polymers may act as universal antigens, which could be thought to alter T cell receptor repertoire in 

treated patients. However, a recent analysis failed to find such alterations in MS patients treated with 

GA compared to patients not receiving this treatment albeit the numbers of analyzed patients were  

low [121]. Another important influence of GA on T cell function was reported by Aharoni et al. 

reporting that GA generate bystander suppressor T cells and, more recently, a similar suggestion was 

made by Kala et al. pointing to GA modulation of regulatory B cells [122,123]. These cellular effects 

induce the synthesis of a plethora of cytokines, presumably mostly anti-inflammatory, supporting the 

view that several independent mechanisms contribute to the therapeutic effect of GA [124].  

GA-reacting T helper cells are found in all patients with MS. During treatment with GA, these cells 

will differentiate in the direction of Th2 regulatory T cells, which have anti-inflammatory properties 
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through their secretion of cytokines [120]. In the case of human MS it has been hypothesized that these 

cells pass the blood-brain barrier (BBB) (Figure 3) [125]. In the case of EAE Th2 cells were 

demonstrated to localize in the CNS [122] where myelin antigens are presented [126]. Here, they then 

reactivate, resulting in secretion of anti-inflammatory cytokines. These cytokines (e.g., IL4, IL-6,  

IL-10) inhibit the activity of potential surrounding autoaggressive T cells. This action is called 

bystander suppression (Figure 3) [122,127]. Despite these findings, experiments with IL-4- and  

IL-10-deficient mice show that GA still had beneficial effects in suppressing EAE in the absence of 

these two prominent Th2 cytokines. Thus, Jee et al. suggested that alternative modes-of-action to 

bystander suppression may be responsible for these effects of GA [128].  

Figure 3. Some of the pharmacological modes-of-action (PMA) of GA-treatment of MS 

patients. Three selected mechanisms are indicated, representing neuroprotective effects 

through (1) IL-4 mediated suppression of microgial free radical release [128,129] or 

modulation of the adaptive immune response through (2) by-stander suppression of 

autoreactive T cell proliferation [122,127]. Based on experiments in vitro, Stapulionis et al. 

suggested an influence of GA on the innate immune system through (3) inhibition of 

phagocytic damage to the myelin sheath by inhibition of integrin αMβ2 binding to the 

exposed MBP [130]. 
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The innate immune system functions, in part, through receptors and soluble molecules encoded by 

germ line genes. These are evolutionary selected to encode proteins that permit the recognition of 

certain microbes, usually through the exposure of pathogen-associated molecular patterns that 

distinguishes these microbes from host cells. However, an increasing body of literature now shows that 

the innate immune system also plays a role in recognizing damaged tissue or molecular species of the 

host [131]. Such functions are at least partially mediated by cell membrane-expressed receptors that 

recognize structurally or decayed molecules [132].  

The β2 integrins are exclusively expressed on leukocytes where they support cellular adhesion to 

ICAMs, fragments of complement component C3 deposited on target surfaces through the activation 

of the complement system, or protein components of the extracellular matrix such as fibrin [133,134]. 

The receptors are linked with the cytoskeleton through transmembrane domains and this contact, in 

turn, permits allosteric regulation of ligand binding through conformational changes in the receptor 

ecto-domain [135]. Recently, it has become clear that the full functionality of these receptors in 

supporting cellular migration probably requires several proteases that shed the ecto domain of β2 

enabling the de-adhesion of migrating cells [71,136,137]. Inspired by the many findings suggesting 

that adhesion molecules are important drug targets in anti-inflammatory therapy, Stapulionis et al. 

investigated if GA influences the function of β2 integrins [130]. αMβ2 (also known as Mac-1, 

complement receptor 3, or CD11b/CD18) and αXβ2 (p150,95, complement receptor 4, or 

CD11c/CD18) are mainly expressed on NK cells and myeloid-derived leukocytes, such as neutrophil 

granulocytes and monocytes/macrophages, which are usually thought to constitute the cellular arm of 

the innate immune system. However, these receptors are also expressed on dendritic cells, which play 

a significant role in establishing an antigen-specific response by T lymphocytes. While integrin αLβ2 is 

relatively specific in its interaction with the ICAMs, integrins αMβ2 and αXβ2 are far more promiscuous 

in their interactions with ligands. Consequently, a large number of biomacromolecules, not only 

including proteins and several peptides but also carbohydrates and components of the microbial cell 

wall were reported as ligands [71]. A chemical rationale for the underlying principles in ligand 

recognition by these integrins was proposed by Vorup-Jensen et al. [138]. According to these studies, 

central properties of ligands are the presence of acidic groups to coordinate a Mg2+ ion in the ligand 

binding domain and a low abundance of secondary structure. Such a system would enable phagocytes 

expressing these integrins to clear decayed molecular species, which are produced through the activity 

of, in particular, proteases, which destroys the structure of proteins. In the context of the discussion 

below on the binding between integrin αMβ2 and GA, it should be noted that another polymer reported 

to bind strongly to integrin αXβ2, and less strongly by integrin αMβ2, is heparin [139]. As discussed in 

Section 4, heparin is a random co-polymer with little, if any, secondary structure in solution [106]. In 

this way, the observation that heparin binds αXβ2 and αMβ2 supports the idea that random co-polymers 

can be ligands for these integrins albeit the structural biology of these interactions is unclear. The 

ability of integrin αXβ2 to preferentially bind certain unfolded proteins is shared by integrin αMβ2, 

however, the binding by this integrin is not strengthened by a polyanionic character of the ligand as 

was found for αXβ2 [71,138,140]. Indeed, the observation that MBP is a ligand for this integrin [130] 

may suggest that positively-charged species bind well to the integrin αMβ2. Likewise, studies using 

synchrotron radiation circular dichroism spectroscopy revealed that the GA co-polymers present little 

secondary structure, probably in consequence of the high content of lysine, which contributes a 
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hydrophilic and positively charged character to the peptide [130]. In this sense, the GA co-polymers 

and MBP share biophysical characteristics since MBP in aqueous environment are a classic and  

well-studied examples of an intrinsically unordered protein [22]. In experiments carried out in vitro 

Stapulionis et al. reported that the GA co-polymers bind integrin αMβ2 to a level where they may act as 

competitive ligand binding antagonist, blocking the binding of this integrin to MBP [130].  

These in vitro findings inspired a suggestion on the PMA of GA. Following injury to myelin sheath 

of the nerve, MBP is brought into contact with the aqueous environments of the CSF, which unfolds 

the protein making it a ligand for integrin αMβ2. It has been shown that MBP can be detected in CSF of 

MS patients, presumably as a consequence of demyelination in the white matter of the brain [141,142]. 

The interaction with integrin αMβ2 promotes the phagocytic uptake of MBP, possibly in a format  

where MBP is part of myelin sheath fragments, which was shown earlier to be internalized by  

phagocytes [143,144]. Such internalization may lead to cytokine production by the phagocytes as well 

as a direct attack by these cells on the myelin sheath, which could affect both myelination and 

remyelinination processes. Studies in mice clearly suggest that there is complex interplay between 

leukocyte subsets in the process of healing CNS lesions [145]. Both under normophysiological 

conditions as well as in the pathophysiology of MS, several types of integrin αMβ2-expressing cells can 

be found in the CNS. In particular, these include microglial cells as well as other cells of myeloid 

origin invading the CNS from the blood, most notably monocytes and neutrophil granulocytes under 

extreme circumstances [146].  

For GA to be efficient in blocking the binding between αMβ2 and MBP in the CNS, an obvious 

prerequisite is the ability of GA to pass the BBB. As a first step on the route to reach the CNS, the 

survival following the injection would seem particularly important. In vitro data and data from clinical 

trials in healthy volunteers indicate that after subcutaneous administration, GA is rapidly absorbed. 

The pharmacokinetics of GA have indeed been evaluated in mice, rats and monkeys by radiolabeling 

technique [147]. Maximum serum radioactivity is observed after 2 to 4 hours in monkeys. The active 

substance is rapidly absorbed after subcutaneous injection (20 mg daily) with 10% remaining at the 

injection site after 1 h [148]. There is a rapid hydrolysis to amino acids and shorter peptides and a large 

part of the degradation already occur in the subcutaneous tissue. Furthermore, no systemic plasma, 

urinary or fecal excretion of GA is indicated [148]. However, this may not impair the influence on 

integrin αMβ2 since it is well established that even small peptides may act as binding antagonists  

in vivo. With regard to the actual site of action for the MBP binding-antagonistic effects of GA, both 

the report by Stapulionis et al. [130] as well in Figure 3, it is suggested that this would be relevant in 

the immediate contact between the damaged myelin sheath and an integrin αMβ2-expressing phagocyte 

such as microglial cells or monocytes having crossed the BBB [149,150]. An important caveat to this 

suggestion concerns the biodistribution of GA, or more specifically, if the GA polymers are able to 

cross the BBB. We are not aware of any studies addressing if GA may actually reach the CNS, but an 

important reason to suggest such a possibility may be the dysfunction, or breakdown, of the BBB, 

which is thought to occur in MS. It is a classic finding that the concentration of high-molecular weight 

proteins such as fibrinogen increases in the CSF in the event of a break-down of the BBB and even in 

healthy individuals there appears to be an exchange of substances with a Mr of less than 160,000 [151]. 

Any proteolytic break-down products of the GA polymers, and maybe even the intact co-polymers 

themselves, would seem ideally suited for crossing the BBB. Furthermore, in addition to the  
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co-polymers the GA formulation contains 40 mg/mL mannitol. The addition of mannitol is a method to 

bring drugs across the BBB [152]. It should be noted, however, that this addition was apparently not 

part of the Cop-1 formulations used in the many studies on EAE mentioned above. 

It is also possible, however, that the αMβ2 ligand binding antagonistic properties of GA may 

influence the immune response to myelin sheath by acting on leukocytes outside the CNS, i.e., in 

plasma or secondary lymphoid tissues. A recent study by Toker et al. pointed that fluorescently tagged 

GA co-polymers are selectively bound by CD11b+ (i.e., integrin αMβ2-expressing) peripheral 

monocytes in an MHC class II independent mechanism [153]. This finding indicates that GA may 

form stable ligation to receptors on monocyte cell surface over a significant time span. Monocytes are 

usually considered a part of the innate immune system, but their potential to differentiate into 

macrophages and possibly myeloid-derived dendritic cells also enables functions in the acquired 

immune system, most notably with regard to regulating T cell functions. This is important to note since 

the many reported influences on the adaptive immunity by GA treatment mentioned above at the very 

least could come about through an indirect route targeting myeloid cells of the innate immune system. 

Any interaction between integrin αMβ2 and MBP, or fragments hereof, in blood is purely speculative. 

In principle, the MBP found in the cerebrospinal fluid [141] could leak through a damaged BBB into 

plasma as it has been reported for both acute brain damage as well as chronic progressive neurological 

disorders [154]. However, yet other roles of the influence of GA on the function of αMβ2 may be 

suggested. In a clinical setting, Sellebjerg et al. reported that GA treatment increased the number of 

circulating monocytes with approximately 20% [84]. Obviously, these effects of GA treatment are 

taking place outside the CNS. While the mechanistic explanation for this finding remains to be 

explored, one possibility is that GA releases the otherwise adherent monocytes through GA’s ligand 

binding-antagonistic properties towards the integrin αMβ2. The GA-activity on monocyte function is of 

considerable interest since recent findings have indicated this leukocyte subset to play a major role in 

processes affected by MS [149,150] apparently through the ability of monocytes to modulate the 

function of T lymphocytes. The findings by Toker et al. [153] are strong evidence that the GA  

co-polymers may target integrin αMβ2 under physiological conditions affecting this leukocyte subset of 

the innate immune system. 

Alternative modes of action of GA may include a neuro-protective activity [129], apparently in a 

way connected to the ability of the drug to skew the inflammation towards a Th2 type humoral 

immune response. In a mouse model, accumulated GA-specific cells have been reported to express 

brain-derived neurotrophic factor (BDNF) in situ as detected by BDNF-immunostaining and confocal 

microscopy [155]. Interestingly, BDNF production may also be induced in dendritic cells following 

Cop-1 treatment. With regard to the humoral response, GA-reactive antibodies do not reduce the 

clinical efficiency of GA [83]. Indeed, Ure et al. showed that GA-reactive antibodies mediate positive 

effect on re-myelination [156]. This effect is not limited to EAE and can be observed in other models 

of encephalitis, one example being neuroprotecting effects in a murine model HIV-induced encephalitis.  

6. Conclusions 

As yet, no curative treatment exists for MS. However, it is clear that biological therapy targeting 

functions of the immune system presents several benefits, although strong suppression of the immune 
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system is associated with severe opportunistic infections as a side effect. Particularly from this 

perspective, the efficacy of GA treatment is of interest. This review of the current knowledge on the 

PMA of GA, points to several routes targeting the immune system. Remarkably, in addition to the 

effects on the adaptive immune system, more recent findings now suggest that cellular components of 

the innate immune system are targeted, at least partially, through cell adhesion molecules such as 

integrin αMβ2. From a biochemical point of view, it is perhaps not surprising that several PMA are at 

play when treating patients with random co-polymers of such diversity as in the case of GA. A more 

detailed understanding of these PMA is likely to support the development of a more potent drug. 

Furthermore, an important aspect is the development of new types of random copolymers for  

anti-inflammatory treatment. The case of GA suggests that such strategies may hold particular promise 

when several inflammatory responses are part of the pathogenic processes, which is likely to expand 

the use of GA or similar drugs to aid additional inflammatory disorders.  
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Abstract

Influenza is a major challenge to healthcare systems world-wide. While prophylactic vaccination is largely
efficient, long-lasting immunity has not been achieved in immunized populations, at least in part due to the
challenges arising from the antigen variation between strains of influenza A virus as a consequence of genetic
drift and shift. From progress in our understanding of the immune system, the mode-of-action of vaccines can
be divided into the stimulation of the adaptive system through inclusion of appropriate vaccine antigens and of
the innate immune system by the addition of adjuvant to the vaccine formulation. A shared property of many
vaccine adjuvants is found in their nature of water-insoluble precipitates, for instance the particulate material
made from aluminum salts. Previously, it was thought that embedding of vaccine antigens in these materials
provided a “depot” of antigens enabling a long exposure of the immune system to the antigen. However, more
recent work points to a role of particulate adjuvants in stimulating cellular parts of the innate immune system.
Here, we briefly outline the infectious medicine and immune biology of influenza virus infection and procedures
to provide sufficient and stably available amounts of vaccine antigen. This is followed by presentation of the
many roles of adjuvants, which involve humoral factors of innate immunity, notably complement. In a
perspective of the ultrastructural properties of these humoral factors, it becomes possible to rationalize why
these insoluble precipitates or emulsions are such a provocation of the immune system. We propose that the
biophysics of particulate material may hold opportunities that could aid the development of more efficient
influenza vaccines.

Keywords: Adjuvants, Influenza vaccination, Particle size

Introduction
Seasonal influenza is one of the most common infections
in humans. In general, symptoms are mild. However,
elderly people and patients with a compromised immune
response, or an otherwise impaired health may ultimately
succumb to severe complications of the infection. For
this reason, there is an important and continuous need
for vaccine development, and production. Influenza
vaccines only provide strain specific protection. Because
of antigenic drift, vaccines are tailored to the present

circulating strains each year. A change of vaccines is
also needed when antigenic shift occurs, and a new
pandemic arise. With the challenges in production and
distribution in mind, a pan-protective influenza vaccine
providing long-term protection would be a huge step
forward.
In this paper, we argue that one strategy to achieve this

goal is through the use of better adjuvants, in particular
these inducing an immune response mimicking the
natural infection.
Several decades of research have unravelled the mech-

anisms of the immune system, which are important in
protecting against influenza virus infection. It is now
clear these mechanisms prominently involve contributions
from both the innate and adaptive immune system. In
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clinicallyused and experimental vaccines, there is consid-
erable uniformity in the choice of antigenic components
in influenza vaccines, and hence how to guide the adaptive
immune response in fighting the virus. Some vaccines
include adjuvants, which largely act by stimulating the
innate immune system, thereby priming a stronger response
by the adaptive immune system. Interestingly, the choices of
adjuvants are chemically diverse, but often with a particulate
nature, prompting C.A. Janeway (1943–2003) famously
to refer to these as “messy precipitates” [1].
Here, we discuss current trends in the development of

adjuvants for use with influenza vaccines. In “Introduction”
section, a brief outline is presented on the clinical man-
ifestations and viral biology of influenza virus together
with mechanisms of the immune system limiting the
infection. In “Adaptive immunity and formulation of
antigenic components in influenza vaccines” section,
some of the vaccine antigens used, and their route of
administration are compared. Finally, “Innate immunity
and immunogenic and physicochemical properties of
adjuvants” section reviews the pharmacological mode-
of-action of clinicallyused, and experimental adjuvants
in influenza vaccines by elaborating on the potential for
adjuvant particle-size-related immunomodulatory stimuli.

Clinical manifestations of influenza virus infections
Droplet transmission and physical contact with virus-
contaminated surfaces seems to be the primary means
of influenza virus dissemination prior to inoculation
[2]. The incubation time is approximately 1 to 3 days
[3]. Cardinal manifestations of disease are malaise and
headache during the prodromal period. This is followed
by a sore throat, due to laryngotracheobronchitis and
hyperaemic, or erythematous oral and pharyngeal mucous
membranes associated with catarrhalia, rapid increase
in body temperature, non-productive cough, dedolation,
chills, and myalgia. The severity of the symptoms depends
on the degree of immunity raised by past infections.
Pre-existing conditions disposing a more severe disease
include pregnancy where seasonal influenza provokes a
3–4 fold increased risk of cardiopulmonary illness, notably
in the third trimester [4]. Chronic lung diseases or affected
respiratory function due to respiratory muscle atrophy,
cardiovascular diseases, diabetes, chronic liver and kidney
diseases [5], acquired immunodeficiency [6], or obesity [7]
also predispose to an aggravated course of the infection.
Children infected with influenza usually present the
same symptomatology as in adults, however, frequently
with higher body core temperature, croup, otitis media,
bronchiolitis, abdominal pain, and vomiting. Furthermore,
unlike in adults, influenza-associated mortality in children
appears not to be associated with an underlying medical
condition [8]. Persistent fever, i.e., for longer than five
days, may be a consequence of bacterial co-infections with

Streptococcus pneumonia, Haemophilus influenza and
Staphylococcus aureus. These pathogens cause sinuitis,
otitis, bronchitis and/or pneumonitis. Co-infections with
Staphylococci are fulminant and even lethal [9,10]. In
more general, the bacterial pathogens may cause septic
shock as well as exacerbate pulmonary and cardiac
diseases [11-13].

Architecture and strain diversity of the influenza virus
Influenza viruses are the only members of the Orthomy
xoviridae family. They are classified into three different gen-
era, A, B and C, based on the expression of matrix (M1)
protein, membrane (M2) protein and nucleoprotein (NP).
Orthomyxoviridae viruses have several biological properties
in common. However, they differ significantly in their host
tropism [14]. Influenza viruses of genera B and C princi-
pally infect humans, although they occasionally have been
isolated from seals and pigs [15,16]. Influenza A viruses, on
the other hand, propagate in several animal hosts, including
humans, pigs, horses, minks, and in domestic and wild
birds. Waterfowls are the primary reservoirs, in which the
virus is hosted in the intestine. Several species act as mixing
vessel between humans and birds, primarily the pig, which
express receptors for both human and avian viruses in
their upper respiratory tract epithelial cells. In general,
influenza A viruses are nonpathogenic in birds and are
classified as either low or high pathogenic avian influenza
viruses (LPAI or HPAI, respectively), depending on the
morbidity and mortality upon transmission to other
species, including humans [17].
Subtyping of influenza viruses is based on the antigenic

properties of their surface hemagglutinin (HA) and neur-
aminidase (NA) glycoproteins. Currently, 17 different
subtypes of HA have been identified, of which the
most recent (H17) was identified in fruit bats [18]. Nine
different subtypes of NA are known. The influenza virion
(Figure 1) contains a linear, negative sense, single-stranded
RNA with 7 (C genus) or 8 (A and B genera) segments,
each expressing one or two of the influenza virus proteins.
The segmented genome of the influenza virus facilitates
genomic changes by genetic drift and/or genetic shift.
Genetic drift refers to minor changes due to mutation in
the genes encoding HA or NA, altering viral antigenicity.
Such alterations are sufficient to permit infections in indi-
viduals with immunity to similar viruses, and drift explains
the regular outbreaks of seasonal influenza. Genetic shifts
are major changes as a result of reassortment of genome
segments from different human and/or animal strains
producing anything from slightly to completely different
influenza virus genomes. In this situation little pre-existing
immunity to the virus can be found in human populations,
potentially leading to severe pandemics. The latter process
is restricted to virus of the A genus [14].
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Viral infectivity, treatment, and immunity to influenza
The requirements for influenza A virus infectivity are well
studied. These viruses depend on sialic acid expression
on the host tissue, which permits the attachment of the
viral HA proteins. Human influenza virus mainly infects
non-ciliated cells in the respiratory tract, while the
avian virus infects ciliated cells [23], thereby reflecting
the carbohydrate selectivity of HA. The avian viruses
prefer attachment to galactose residues forming an α-
(2,3)-glycosidic linkage to the sialic acid, while human
viruses preferentially bind to galactose residues forming
an α-(2,6)-linkage [24]. Pigs have both types of sialylations
in their upper respiratory tract, while humans express
α-(2,6)-galactose linked sialic acid in the upper respiratory
tract and α(2,3)-galactose linked sialic acid in the lower
respiratory tract [25]. NA activity is essential both to
ensure the release of virus from infected cells, and to
facilitate the development of the infection by providing
access to the deeper layers of tissue, i.e. below the
sialylated lung mucus [26].
Following infection with the influenza virus, inflamma-

tory cells of the innate immune system accumulate in
the mucosal membrane. The cellular response to infection
involves hyperemia of the epithelium and necrosis in
bronchiolar epithelial cells [27]. At least in part, this
response is a consequence of the recruitment of neu-
trophil granulocytes to the site of inflammation and

viral activation of epithelial cells [28]. The recruitment
of granulocytes depends on the proteolytic cleavage of
humoral factors of the innate immune system, particularly
the group of plasma proteins constituting the complement
system. Small fragments of these proteins, notably C5a,
permeate the endothelium of adjoining blood vessels in
the zone of inflammation and create a chemokine gradient
guiding the granulocytes [29]. It is a classic finding that
mannan-binding lectin (MBL, also known as mannose-
binding lectin or mannan or mannose-binding protein,
MBP), a complement-activating plasma protein, is signifi-
cant in the protection against influenza infection in ferrets
[30,31]. Evidence also suggests that MBL plays a similar
role in infections in humans [32]. MBL recognizes a
particular topological pattern of glycans on HA, thereby
triggering complement activation through the lectin
pathway [31,33,34]. Opsonization through the deposition
of proteolytic fragments of complement component C3
allows neutrophil granulocytes and other myeloid cells
to the viral particles through complement receptor
(CR)3 (also known as integrin αMβ2, Mac-1, or CD11b/
CD18) and CR4 (also known as integrin αXβ2, p150,95
or CD11c/CD18) [35]. Other pattern recognition mole-
cules, such as Toll-like receptors (TLRs), recognize the
single-stranded RNA transported into infected cells by
the influenza virus [36], which alerts cellular parts of
the immune system.

Figure 1 Architecture of the influenza virion. While the virus has often been depicted as spherical in microbiology textbooks [14], recent
investigations suggest a far more pleiomorph appearance, only some particles being essentially spherical while others are tubular. The approximate
length of the virion is 120 nm, possibly influenced by the organization of the RNA by the multiple ribonucleoprotein complexes [19] shown in the
center of virion surrounded by the capsid and layer of matrix protein M1. The relative abundance of the HA and NA proteins are indicated based on
reports by Mitnaul et al. [20] and Zhang et al. [21] (components not to scale). Based on data from the report by Gjelstrup et al. [22], a 6×MBL3 oligomer
is drawn to scale relative to the size of the influenza virion.
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In addition to mediating direct clearance of influenza
virus, the innate immune system is also important in
priming a response by mechanisms of adaptive immun-
ity. Dendritic cells (DC) transport viral antigens into
the lymph nodes, where naïve T cells are converted into
influenza antigen-reactive CD8+ cytotoxic T lymphocytes
(CTL) or CD4+ T helper (Th) cells. T cell responses are
critical for protection against influenza infection, as
was established in a classic study on human volunteers
infected with an unattenuated strain of influenza virus
[37]. Perhaps surprisingly, a recent analysis showed that
CD4+ T cells with an interferon-γ-producing Th1 pheno-
type, and only to a lesser extent CTLs, are particularly
important in protection in humans [38]. Influenza vaccines
are evaluated by their ability to react with antibodies
[39]. While there is evidence that antibody titers to vaccine
antigens correlate with vaccine efficacy [39], the recent
identification of CD4+ Th1 cells as important in protection
against influenza infection [38] could raise a question if
antibody titers are a sufficiently comprehensive measure of
vaccine-induced immunity to infection. At the very least,
vaccine strategies permitting formation of such influenza
virus antigen-reactive T cells should be carefully considered
as discussed in “Adaptive immunity and formulation of
antigenic components in influenza vaccines” section.
Mature naïve T cells are maturated inside the thymus.

Thymic function declines, however, with age, due to a
gradual replacement of thymopoietic tissue with adipose
tissue [40-42]. Thus, it is not surprising that impaired
formation of antigen-specific antibodies in the elderly
was reported for influenza vaccination [42,43]. Although
the total size of the peripheral lymphocyte pool is stable
throughout life, the composition of both CD4+ and CD8+
T cells with regard to naïve and memory subpopulations
changes with age [42,44]. A modest decline of naïve CD4+
lymphocytes is observed until the ages of 65–75, due to
homeostatic control mechanisms, but subsequently the
naïve CD4+ T cell reserve collapses [42,45]. Consistent
with this, changes within the CD4+ naïve and memory
subsets have been shown to impair long-term CD4+ T
cell responses to influenza and hepatitis B vaccination
[42,46,47]. These observations are particularly important
in view of the essential role of these cells in protecting
against the infection [38,42].
At the molecular level one of the most profound bio-

logical indicators of ageing in the human immune system
is the progressive loss of expression of the co-stimulatory
molecule CD28 on T cells that have undergone repeated
antigen stimulations [42,48-50]. However, other mecha-
nisms may be affected as well. In vaccinees younger than
35 years, expression of the adhesion molecule CD62L was
observed to correlate with the ability to raise immunity to
the hepatitis B virus following vaccination with hepatitis
B surface antigen. The association between expression

of the adhesion molecule CD62L (L-selectin) on CD4+

naïve and central memory T cells and the formation of
antigen-specific antibodies was not found for donors
older than 55 years [47]. Age-related alterations in the
vaccine responsiveness may consequently affect vaccinees
far younger than previously thought [42,47]. Since the
function of CD62L pertains to general functions of T cells,
it is possible that the observations by Rosenberg et al.
[42,47] pertain to a wider number of vaccinations than
those protecting against hepatitis B virus, and this also
includes influenza vaccinations.

Adaptive immunity and formulation of antigenic
components in influenza vaccines
Advancements in understanding the etiology of infectious
diseases and especially how antigen responses are formed
through the adaptive immune system have provided
means for novel ways of vaccine production and adminis-
tration into the human body. The success of these accom-
plishments includes elimination of small pox as a human
infection and efficient vaccines against other viruses pro-
viding life-long protection. Indeed, the concept of vaccin-
ation is no longer limited to prevention of infectious
diseases, but is also used in modulating immune responses
in autoimmune diseases [51]. With the live-attenuated
small pox vaccine as an important example, vaccines
broadly stimulating the immune system in a manner re-
sembling the natural infection are far superior to most
sub-component based, or otherwise engineered vaccines.
By contrast, the prophylactic influenza vaccination has not
achieved to induce long-lasting immunity in immunized
populations [52]. To overcome this problem, the strategy
has focused on challenging the adaptive immune response
with influenza virus antigens tailored to the predicted up-
coming seasonal or pandemic influenza virus, although
the need for adequate supplies of vaccines and frequent
vaccination hinder efforts to obtain sufficient protection.
As an indication of load of vaccines supplied for single
season, the United States of America federal Food and
Drug Administration-recommended influenza vaccina-
tions for the season 2013–2014 are listed in Table 1. It is
tempting to suggest that inability to achieve long-lasting
protection is in consequence of the wide use of inactivated
or sub-component based formulations. However, the live-
attenuated influenza vaccine FluMist (Table 1) also re-
quires annual administration, suggesting that the biology
of the virus is the real culprit in limiting vaccine efficiency.
Below, we list major strategies for producing the antigenic
component of influenza viruses.

Protein-based vaccines against influenza
Influenza vaccine antigens are commonly formulated either
as whole inactivated virus or in vitro-expressed viral protein
subcomponents [53].
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Inactivated whole seasonal influenza vaccines are the
most widely used, covering approximately 90% of human
vaccine sales world-wide [54]. A new avian influenza
vaccine is normally made by inoculation of the isolated
virus into embryonated chicken eggs. The manufacturing
process has been described in detail elsewhere [54].
Briefly, the allantoic fluids from influenza virus-inoculated
embryonated eggs are collected in a fully automated
process followed by a simple clarification step. The virus is
recovered through multiple filtration and concentration
steps and inactivated with chemicals such as formalin
or β-propiolactone, typically in two steps [54]. The final
influenza vaccine is trivalent with two strains of Influenza
A virus (H3N2 and H1N1) and one strain of Influenza B
virus to provide a suitable antigenic range that will meet
the viral challenge of the season [55]. However, several
problems in such manufacture remain poorly resolved.
First, a stable supply of eggs is needed, which has required
drastic reorganization of hen flock management [54].
Second, the egg-based viral culture is not efficient in
producing high titers of virus with antigenic and gen-
etic fidelity. Hence, there is a question of whether this
procedure permits production on a scale that would
be able to protect against a serious pandemic. Third,
the potential susceptibility of chickens to HPAI viruses
further jeopardizes the availability of eggs for vaccine
production in the event of a pandemic strain arising
from an HPAI virus [56].
A simpler approach to make influenza antigens in cell

cultures routinely involves the synthesis of protein sub-
components of the virus using recombinant methodologies
[57]. Several experimental enquiries are further exploring
these possibilities by testing multiple host cell types for
efficacy in producing different recombinant influenza

antigens. HA was made in insect cells [58], the M2 protein
in plant cells [59] as well as Escherichia coli, where this
protein was conjugated to the TLR-5 ligand flagellin [60],
or the heat shock protein (HSP)-70 of Mycobacterium
tuberculosis [61]. As discussed further in “Innate immunity
and immunogenic and physicochemical properties of
adjuvants” section, these adjuvants are necessary since the
subunit antigens are generally poorly immunogenic.

In vivo-expressed influenza DNA vaccines
DNA vaccines are basically expression constructs that
will produce the encoded antigen following delivery of the
construct to an appropriate host cell. Compared with
the production of whole viruses or viral subcomponents,
DNA vaccines are easy to manufacture and extraordinarily
stable when stored in the lyophilized state.
DNA vaccines have been applied as model systems to

study the possibility of inducing antibodies against the
HA, NP, and M1 proteins [62,63], the ability to raise
CTL response, and to investigate the protection in mice,
chicken, ferrets and primates using intranasal instillation,
intravenous injection, intramuscular injection, or gene gun
[62,64]. These experiments confirmed that influenza DNA
vaccines can induce humoral and cellular responses, and
the animal will get full or partial immunity to the chal-
lenge [62]. In mice, the antibody formation against HA
was mostly of IgG2a isotype, but switched to IgG1 when
the gene gun was used. IgG and IgA antibodies to HA
were also secreted to the upper respiratory tract of vac-
cinated animals [65]. In primates, the titer was as high
as the titer induced by human commercial influenza
vaccines [66]. In mice, NP-coding DNA vaccines were able
to increase the level of CD8+ CTL as well as the cellular
immune response, which can give proper immunity to a

Table 1 Influenza virus vaccines for the United States of America 2013–2014 seasona

Seasonal influenza vaccines Type/abbrev. # Antigens Route of administration Manufacturer Age range Adjuvant

Afluria Inactivated/IIV3b Trivalent Intramuscular CSL Limited 5 ≥ None

FluLaval Inactivated/IIV3b Trivalent Intramuscular GlaxoSmithKline 18 ≥ None

Fluarix Inactivated/IIV3b Trivalent Intramuscular GlaxoSmithKline 3 ≥ None

Inactivated/IIV4b Quadrivalent Intramuscular None

Flublok Recombinant/RIV3c Trivalent Intramuscular Protein Sciences 18-49 None

Flucelvax Cell Culture/ccIIV3b Trivalent Intramuscular Novartis 18 ≥ None

FluMist Live Attenuated/LAIV4d Quadrivalent Intranasal Medimmune 2-49 None

Fluvirin Inactivated Trivalent Intramuscular Novartis 4 ≥ None

Fluzone Inactivated/IIV3b Trivalent Intramuscular Sanofi Pasteur 6 mo ≥e None

Inactivated/IIV4b Quadrivalent Intramuscular None
aU.S. Food and Drug Administration recommends that the trivalent-formulation influenza vaccines for the U.S. 2013–2014 influenza season contain the following:
(1) A/California/7/2009 (H1N1)-like virus, (2) (H3N2) virus antigenically like the cell-propagated prototype virus A/Victoria/361/2011, and (3) B/Massachusetts/2/
2012-like virus. For the quadrivalent-formulation influenza vaccines for the U.S. 2013–2014 influenza season contain the above three strains and the following
additional B strain: (4) B/Brisbane/60/2008-like virus. bIIV refers to inactivated vaccines (egg and cell-culture based). Includes trivalent (IIV3) and quadrivalent (IIV4).
cRIV refers to recombinant HA influenza vaccine. Trivalent (RIV3). dLAIV refers to Live Attenuated Influenza Vaccine. Quadrivalent (LAIV4). eDose dependent.
Informations were found on web sites: http://www.emergency.cdc.gov/coca/ppt/2013/08_13_13_Immunizations.pdf, http://www.fda.gov/biologicsbloodvaccines/
guidancecomplianceregulatoryinformation/post-marketactivities/lotreleases/ucm343828.htm (accessed on 4 September 2013).
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wide spectrum of influenza subtypes [64]. Furthermore,
vaccination with the influenza DNA vaccine coding NP
helped to induce high levels of secretion of CD4+ Th1,
and to increase the levels of interferon-γ and interleukin-
20 [67]. Both CD8+ CTL and CD4+ T-cells gave protec-
tion against influenza challenge [65]. In view of the recent
findings that interferon-γ-secreting CD4+ Th cells are
important in obtaining protection against influenza virus
infection [38], DNA vaccination may carry particularly
beneficial properties in shaping the right phenotypic
composition of influenza virus antigen-reactive T lympho-
cytes. However, in spite of nearly two decades of research,
influenza DNA vaccination in clinical trials has not been
an unqualified success, suggesting that both choices of
antigens and adjuvants as well as the means of DNA cell
delivery may need reconsideration [55].
The Flumist vaccine (Table 1) with live-attenuated virus

represents an important alternative to obtain in vivo
expression of influenza virus antigens, this way supporting
T cellular responses. In this case, an attenuated master
donor virus with appropriate characteristics with regard to
cold-adaptation and stability is mixed in cell cultures with
a potentially epidemic wild-type virus. This procedure
reassorts the RNA segments of the master donor such that
it will encode the HA and NA of the wild-type virus [68].

Innate immunity and immunogenic and
physicochemical properties of adjuvants
Vaccines are occasionally formulated with adjuvants to
augment the potency of the antigen and presentation to
the immune system. These co-administered adjuvants may
enhance humoral and cellular immune responses simul-
taneously [69]. Adjuvants comprise a surprisingly diverse
range of compounds, including mineral salts, oil-in-water
emulsions, saponin-based adjuvants, liposomes, micropar-
ticles, cytokines, and polysaccharides [70]. Pandemic influ-
enza vaccines are formulated with adjuvant since they
are typically monovalent and meant to protect immuno-
logically naïve vaccinees. Among seasonal influenza
vaccination, as noted from Table 1, none of the 2013–
2014 seasonal vaccinations contains adjuvants. Never-
theless, as presented further below, several experimental
approaches clearly support that improvement of adjuvant
efficacy may be an important route to obtaining better
protecting influenza vaccines or reduce the dosage needed
to obtain sufficient protection.
Historically, vaccine adjuvants were developed empir-

ically, initially based on an assumption that the antigen
adsorption onto solids would prolong the stimulus in vivo
[71,72]. In a broad outline, their immunostimulating
contributions are currently considered as relating to (1)
chemical stabilization of vaccine antigens, (2) improving
antigen delivery to antigen-presenting cells, (3) improving
antigen processing and presentation by antigen-presenting

cells, (4) stimulating the production of desirable immuno-
modulatory cytokines, and (5) permitting a decrease in the
required dosage of the administered antigen. It is clear
that the innate immune system is involved in all of these
effects. In an important treatise defining the concept of
innate immunity, Janeway noted that immune responses
raised to soluble proteins in experimental models almost
always required the further addition of “messy precipitates”
[1], which apparently deliver a stimulus required for effi-
cient formation of antigen-specific immunity. As noted in
“Protein-based vaccines against influenza” section, indeed
adjuvants are obligatory in vaccines based on viral subcom-
ponents such as the pandemic influenza vaccines. Janeway
concluded that this stimulus was triggered by “nonclonal
recognition of nonself patterns” [1]. This is now widely
recognized in the concept of adjuvants mimicking patho-
gen-associated molecular patterns [73,74], and supported
by observations on pattern-recognition receptor agonists
used as adjuvants [75]. However, the particulate nature of
many adjuvants has received less attention as part of the
explanation for the mechanisms of adjuvants. As explored
further below, the particulate nature of many adjuvants
may add an ultrastructural feature to the vaccine formula-
tion, which is likely to activate both humoral and cellular
factors of the innate immune system.

Licensed adjuvants in clinical use
Among adjuvants that have obtained a license in the
European Union (Table 2), aluminum salts, oil-in-water
emulsions (e.g., MF59), alum-adsorbed TLR4 agonists (e.g.,
adjuvant system [AS] 04), and liposomes (e.g., Crucell), are
the most widely used [80]. The list of licensed adjuvants in
the United States is even more restricted, and includes
only aluminum salts and AS04 [81] (Table 2).
Aluminum salts are widely used as adjuvants and are

included in the hepatitis B virus, papillomavirus, and
diphtheria-tetanus-pertussis vaccines [72]. The majority
of aluminum salt adjuvants used in humans comprise
amorphous aluminum hydroxyphosphate (Al(OH)x (PO4)y),
amorphous aluminum hydroxysulfate (generated from
precipitation of the antigen with AlK(SO4)2 named alum),
and aluminum hydroxide, which is more correctly described
as aluminum oxyhydroxide, AlO(OH) [76]. These salts
are insoluble in water and form particles disperse in
size (Table 2).
Studies have demonstrated the apparent superiority of

aluminum hydroxide-adsorbed vaccines when compared
to soluble adjuvants [82]. However, aluminum salts are
ineffective in providing immunity against pathogens
requiring Th1 mediated immunity [83,84]. Their mode-of-
action were previously considered to support antigen
persistence in vivo by prolonging antigen release. This
effect is often referred to as the “depot effect”, although
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its relevance has been questioned in recent reports
[85]. The aluminum salt particles may rather serve to
activate macrophages and dendritic cells [72,86]. With
regard to safety, aluminum salts have been commercially
available for several decades [87], and are generally consid-
ered well-tolerated [88]. However, experimental evidence
suggests that complexing of Al3+ ions with glucose-6-
phosphate may interfere with the energy metabolism in
a way that at least on speculative grounds might link
high concentrations of aluminum to neural disorders or
inflammatory syndromes [89].
Oil-in-water emulsions based on the natural lipid prod-

uct squalene, i.e., MF59, are licensed in most parts of
Europe to be used with an updated seasonal influenza
vaccine, primarily in elderly vaccinees. Moreover, MF59 and
AS03 are the adjuvants of choice in pandemic influenza
vaccines [74,90]. Although made from a softer material
than the aluminum salts, the squalene and polysorbate
mixture nevertheless in aqueous environment manage to
form stable droplets as a consequence of the hydrophobic
effect [77,78] and a diameter of ~100 nm [91]. As is also
the case for mineral particles, the oil-in-water interface may
adsorb protein from the medium, such as albumin [92].
In terms of the pharmacological mode-of-action, MF59

presumably acts by inducing a local immunostimulatory
environment at the site of injection. This is characterized
by enhanced antigen persistence, an increased antigen
uptake by dendritic cells, and the recruitment of APCs
[90,93]. Oil-in-water emulsions induce stronger antibody
responses, which reduce the need for multiple doses, and
lead to a combined Th1 and Th2 memory response [94].
The administration of squalene has been associated with
the development of arthritis in rats [95]. Nevertheless,
the evidence so far presented does not suggest significant
or frequent side effects prompted by the use of squalene
adjuvant in humans [96]. The H1N1 influenza vaccination

Pandemrix contains squalene. Application of the vaccin-
ation was suggested to be associated with the development
of narcolepsy in children [97,98], a disorder which involves
the immune system [99]. However, it is unclear what role,
if any, the AS03 adjuvant played in these clinical findings.
Other vaccines utilize a new class of adjuvant systems

(AS04), which combine aluminum hydroxide and a
proprietary form of detoxified monophosphoryl lipid A
(MPL). MPL is derived from the gram-negative bacterium
Salmonella minnesota R595 strain, and is a specific agon-
ist of TLR4, comparable to lipopolysaccharide [100-104].
Indeed, lipopolysaccharide may also potentiate the im-
mune response. However, frequent pyrogenic activities
preclude the use of lipopolyssacharide as adjuvant for
human use [72,74,83]. In contrast, the less toxic MPL is
administered in vaccines for human use without any
reported adverse effects [105]. AS04 directs a polarized
Th1-response, as opposed to the Th2 response of
aluminum salt alone. While the adjuvant activity of this
formulation can mostly be ascribed to MPL, the “depot
effect” of aluminum was suggested to prolong the
stimulation by MPL [74,83].
Similar to the more familiar liposomes, virosomes are

composed of a phospholipid bilayer, but unlike liposomes,
the bilayer is unilamellar and modified with viral envelope
proteins (e.g., in the case of influenza-like particles with
NA and HA anchored in their virosomal membrane).
In this way, virosomes are designed to bind and fuse
with host cells similar to their cognate viruses. Antigens
anchored to the surface are degraded upon endosomal
fusion within the endosome and are consequently dis-
played to the immune system by MHC class II receptors.
In contrast, antigens encapsulated within the virosomes
are transported to the cytosol during the fusion event,
which enables them to enter the MHC class I pathway of
antigen presentation. Hence, virosomes possess the

Table 2 Approximate diameters and chemical constituents of particulate adjuvants used in humans for prophylactic
vaccination against viral infectionsa

Adjuvant name
(Provider; year
licensed)

Particle
size (nm)

Adjuvant type Chemical constituents Vaccines (virus)

Aluminum salt
(Various; 1924)

1,000-
20,000b

Mineral salts Aluminium hydroxyphosphate or Aluminum
hydroxysulfate or Aluminum oxyhydroxide

Various

MF59 (Novartis; 1997) 160c Oil-in-water
emulsion

Squalene, polysorbate 80, sorbitan trioleate Fluad (seasonal influenza), Focetria (pandemic
influenza), Aflunov (pre-pandemic influenza)

AS03
(GlaxoSmithKline;
2005)

< 200d Oil-in-water
emulsion

Squalene; polysorbate 80, α-tocopherol Pandemrix (pandemic influenza), Prepandrix
(pre-pandemic influenza)

Virosomes (Berna
Biotech; 2000)

100-200e Liposomes Influenza virus (lipid) envelope Inflexal (seasonal influenza), Epaxal (hepatitis A)

AS04
(GlaxoSmithKline;
2005)

1,000-
20,000b

Alum-adsorbed
TLR4 agonist

Aluminum oxyhydroxide, MPL Fendrix (hepatitis B), Cervarix (human papilloma
virus)

aData reported are for the vaccine formulations with antigens. bValues are from a review by Hem & HogenEsch [76]. cValue from a review by O’Hagan et al. [77].
dValue from a review by Garcon et al. [78]. eValue from de Jonge et al. [79].
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capability of mediating humoral as well as cell-mediated
immune responses [106,107]. Currently, two commercial
vaccines utilizing the virosome technology have acquired
a license: Epaxal® against hepatitis A and Inflexal® against
influenza. Both are proven to be effective immunogens
with unique adjuvant properties [108].

New generation of adjuvants for influenza vaccines
Novel vaccine adjuvants are designed to favour stronger
responses as well as the development of Th1, Th2, or
CTL-mediated immunity. Cationic liposomes are such
strong activators of the immune system. As already men-
tioned above, selective cellular responses may be required
to offer efficient immunity to influenza [109]. To achieve
this goal, genetic adjuvants and cytokines may be efficient.
In general, genetic adjuvants are constituted by plasmid
vectors encoding immunomodulatory products, such as
cytokines [110]. Interestingly, novel directions in the
design of genetic adjuvants include the use of DNA
motifs such as CpG or HSPs from Mycobacterium.
Cationic liposomes are potent stimulators of the im-

mune system [111,112]. While there is a considerable
literature on experimental use of such liposomes as
adjuvant, it is only recently that promising clinical trials
have been conducted [113]. At least two influenza vaccines
with cationic liposomes as adjuvants have been tested in
clinical trials [114,115]; one addressing the complications
mentioned in “Viral infectivity, treatment, and immunity
to influenza” section of raising protective immunity in
the elderly vaccinees [115]. The cationic adjuvant formula-
tion no. 1 (CAF01) consists of dimethyldioctadecylam-
monium and α,α‘-trehalose-6,6′-dibehenate (TDB) [116].
TDB is a synthetic analogue of trehalose 6,6′-dimycolate,
which itself possess an unwanted toxicity. However, by pre-
serving the Mycobacterium-like lipid structure in TDB, the
CAF01 formulation makes it possible to raise an immune
response to antigens from Mycobacterium, such as
the early-secreted antigenic target 6 kDa (ESAT-6). The
mode-of-action of the adjuvant seems to involve the
TLR-independent Syk/Card9-dependent pathway [116],
apparently through direct binding to the C-type lectin
receptor Mincle expressed in macrophages [117]. These
findings points to an interesting principle in the choice
of appropriate adjuvants also explored below, namely
efficient adjuvants as a source of an innate immune re-
sponse similar to those induced by the target microbial
organism. As a tool to direct T cellular response the
CAF01 cationic lipid composition appears to produce a
Th1 response [118], but examples of cationic lipids
stimulating Th2 response are also reported [118,119].
Unmethylated bacterial CpG motifs are commonly used

recombinant adjuvants that can induce innate immune
response to DNA vaccines. Because CpG motifs in ver-
tebrates are often methylated, bacterial CpG motifs are

recognized as pathogen-associated molecular patterns
by the human immune system, typically by TLR-9 after
receptor-mediated endocytosis [120-122]. CpG motifs
enhance both humoral and cellular immune responses to
the encoded vaccine antigen, skewing the cellular response
towards Th1 phenotype [123]. Recently, CpG DNA
formed an important part in DNA vaccine protection
against Mycobacterium tuberculosis, with ability of the
adjuvant to augment the lung infiltrate of interferon-γ
producing T lymphocytes [124]. This finding is not,
however, independent of the microbial challenge or
applied vaccine antigen. Wu et al. showed that addition
of CpG DNA may even weaken the protective activity
of the influenza M2 protein vaccine [125].
In three independent studies, Mycobacterium-dependent

protein-1, HSP 70, and ESAT-6, respectively, were used as
potential genetic adjuvants for the avian influenza H5
DNA vaccine [61,126,127]. HSPs are chaperones and play
an important role in protein folding and prevention of
protein aggregation or misfolding. Previous studies have
shown the high potential of HSPs as genetic adjuvants in
DNA-based vaccination, probably due to their capacity to
stabilize weak antigens, permitting the delivery to APCs,
notably DCs [128]. When fused to vaccine antigens,
HSPs or heat shock cognate proteins can elicit CD8+
CTL response in vivo and in vitro [129]. Optimal
results are obtained if they are directly fused with the
vaccine gene of interest [61,130,131]. Rasoli et al. tested
a potential enhancement of immunogenicity of an avian
influenza virus DNA vaccine, where the H5 gene was
fused with the HSP-70 gene [61].

Adjuvants as particulate material and immunogenicity
Many commonly applied adjuvants precipitate in aque-
ous environment and remain stable as particles once ad-
ministered suggesting this property to be important.
With doubts being cast on the “depot” effect as rationali-
zing the effect of adjuvant [85], it remains enigmatic pre-
cisely why “messy precipitates” as adjuvants are such a
provocation of the immune system. As detailed in an
excellent review by Fox et al. [132], the physicochemical
properties of particulate materials affect, however, many
aspects of vaccine efficacy. Indeed, as noted above, other
physicochemical properties such as surface charge of the
particulate material has received interest, while the size
of these particles are not often mentioned even though it
is an intrinsic property of precipitates.
We propose that the colloidal nature of several adjuvants

(Table 2) influence the immune system through three
highly interconnected routes.
First, the deposition of soluble proteins of the innate

immune system on particle surfaces stimulates in many
cases a proinflammatory response. Notably, these proteins
include components of the complement system, which
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may amplify interactions with receptors on cells of the
innate immune system. In this situation, peptides released
by the complement activation make the adjuvants proin-
flammatory “by-standers”, which influence the vaccine
response indirectly by activating leukocytes. Second, both
the deposition of complement as well as a spontaneous
deposition of other proteins on the adjuvant particle
surface, such as the abundant plasma proteins fibrinogen
or albumin may generate cues for recognition by receptors
expressed on leukocytes. This is a less indirect route of
stimulating leukocytes to vaccine antigen responses since
such protein-coated adjuvants directly interact with the
leukocytes involved in the process. Third, the biophysical
characteristics of particulate material, e.g., size and surface
charge, may dramatically influence cellular uptake and re-
sponse [133]. This phenomenon relates to both the rigidity
of the cell membrane, and the accompanying molecular
interactions permitting receptor recognition of ligands on
the particulate surfaces Figure 2. As reviewed below, here

it appears that size per se is an important factor in the
direct interactions between the adjuvant and leukocytes.
The complement system is constituted by approximately

40 soluble plasma proteins and receptors. In essence,
the function of complement involves the capability of
the soluble proteins to transform into a surface-bound
state with deposition on target surfaces, e.g.; the cell walls
of bacterial or fungal organisms, envelopes or capsids of
viruses, or even decayed host tissue or apoptotic cells. The
pathways of activation have been detailed elsewhere [134].
Briefly, three distinct mechanisms initiate the deposition
of complement. The classical pathway (i) is activated by
binding of the complement component (C) C1 complex to
IgG or IgM antibodies. Followed by proteolytic activation
of C4 and C2, which generate the surface-bound frag-
ments C4b and C2a and the small soluble fragments C4a
and C2b, an enzyme C4bC2a is formed, which converts
C3 into surface-bound C3b and the soluble fragment C3a.
A similar process, named the lectin pathway (ii), may be

Figure 2 The sources and consequences of plasma protein deposition on particulate adjuvants. Deposition of complement is
well-described for liposomes and is likely to happen on the surface lipid adjuvants as well [142]. The deposition of complement on aluminum
oxide particles is less characterized [148]. As clear from the schematic, a particle with a diameter of ~100 nm presents certain space and
topological restraints, which may influence both the complement activation and actually capacity for carrying deposited protein as detailed
elsewhere [134]. Following activation of the complement components C3, C4, and C5 these are covalently bound to target surfaces
concomitantly with the proteolytic release of small peptides from the molecules (indicated with colors). This release depends on the pathway of
complement activation and may hence create a signature for adjuvants. In this scenario, which does not explicitely involve the vaccine antigen,
the adjuvants act as by-standers creating a milieu of immunostimulatory peptides. Proteolytic processing of the C3b fragment creates the iC3b
fragments, which is ligand for both CR3 and CR4 and may thus support phagocytosis by “professional phagocytes” [161] through the connection
of these receptors with cytoskeleton. In addition to complement, surface-adsorbed fibrinogen is a ligand for CR3 and CR4, probably in part
because of the structural denaturation of the protein as a consequence of the surface adsorption, which enhances the interaction with these
receptors [155,156]. Sizes are indicated approximately to scale based on data presented in Refs. [134,166,167].
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initiated by binding of MBL to suitable carbohydrates or
by binding of ficolins to certain acetylated compounds
[135]. Finally, the alternative pathway (iii) is based on
the ability of C3 to deposit spontaneously on nearly all
biological surfaces. Host cells may catalyze the removal
of C3 and other complement components from their
cell surface. By contrast, many microbial cells do not
harbour such mechanisms, and are hence susceptible to
complement attack. Following the covalent deposition
of C3b, a complex with the proteolytic part of activated
Factor B (termed Bb) is formed. Unlike C4bC2a enzyme,
the C3bBb enzyme permits a positive amplification loop
since the deposition of more C3b creates more enzymes.
Further proteolytic degradation in situ generates the iC3b
and C3d fragments, which are ligand for complement
receptors (CR)2 and CR3. Also, the C4bC2a and C3bBb
enzymes enables the recruitment of the large C5b to
the surface, while releasing the small C5a peptide to the
environment. C5a is a strong activator of the endothelium
of blood vessels, and central in the recruitment of many
inflammatory cells to the site of complement activation.
Complement has long been known to play a quintes-

sential role of in raising a strong antibody response to
antigens [136], now more fully understood with the help of
intravital fluorescent microscopy of the cellular processes
involved in the lymph node [137,138]. A part of the benefit
from complement activation may derive from the covalent
coupling of a proteolytic fragment of C3 (C3d) to antigens,
this way supporting the uptake by B cells through CR2.
This has already been explored as a so-called “molecular
adjuvant” in experimental studies by engineered coupling
of this fragment onto target antigens, including influenza
vaccine antigens [139-141].
A less appreciated route of complement influencing

the function of adjuvants involves direct activation of
complement. Indeed, it is well established that lipid vesicles
in the kind of liposomes may activate the complement sys-
tem [142,143]. The in vivo significance of this phenomenon
is well-known in the field of drug delivery. Such activation
accelerates the clearance of the liposome from free circula-
tion through capture by hepatic macrophages in a process,
which is very similar to the fate of viral particles opsonised
by complement. More recently, it has become clear that
poloxamers, a type of pluronic block co-polymers, also
activate the complement system as well as more widely
affects cellular functions when administered [144,145].
Poloxamers have been tested in the context of experimental
DNA vaccines to influenza virus [146]. The benefit from
this addition was probably in part obtained by improving
DNA drug delivery [146]. Nevertheless, it is tempting to
suggest that complement activation by poloxamers also
contributed to the immunogenicity due to the complement
system’s many influences on the inflammatory response.
Interestingly, these poloxamers as well as drug delivery

liposomes and lipidic adjuvants used in the clinic (Table 2)
attain diameters of 100–200 nm [77-79,146], similar to
the dimensions of influenza virus particles with a diameter
of ~120 nm (Figure 1) [19]. This is a conspicuous property
of both the adjuvant and viral particles since Pedersen et al.
[147] reported that nanoparticles with structural features
similar to molecular initiators of complement activation
produced stronger responses than particles with either
smaller or larger sizes than these initiators. At least in
serum from some donors the strongest activation was
clearly found for dextran-coated polystyrene or iron oxide
particles with diameters of 100–250 nm, apparently pend-
ing a sufficient titer of anti-dextran IgM. This effect was
attributed to perturbations in the ultrastructure of IgM
with cross-sectional diameters in the order of 20–30 nm
[134], when IgM bound epitopes on the curved surface of
the particles. With regard to aluminium salts and phos-
phate adjuvants, these are composed of small (~50 nm)
primary particles, similar in size to the lipid adjuvants.
The antigen-precipitated particles are, however, far larger
than those generated from lipid adjuvants, typically with
diameters ~1,000-20,000 nm [76]. This would seem to
preclude complement activation through the processes
addressed by Pedersen et al. [147]. Furthermore, while
aluminium salt particles activate complement [148], there
is evidence that at least hydrated aluminium surfaces
adsorbed complement in a manner not generating the
typical proteolytic cleavage products associated with acti-
vation [149]. This could point to significant differences
between particulate adjuvants in their interaction with the
complement proteins and hence in their immunomodula-
tory capacity and capabilities.
Obviously, the topology of particles is only one source

of properties that may tune the ability to activate com-
plement. By altering the interligand distance from 6 nm
up 14 nm, an almost 1,000-fold increase in the dissoci-
ation constant was observed for the binding of the MBL
oligomers to these surfaces [22]. This disproportional
response, with a two-fold alteration in ligand density caus-
ing a 1,000-fold lowering of the affinity, was interpreted to
reflect the critical difference between binding patterns of
dimensions comparable to the size of MBL and those even
just moderately exceeding these dimensions. As recently
demonstrated by Pacheco et al. [150] for complement
activation through particle surface-bound IgG, there is
a complex interplay between size of the particles and
amount of bound ligand for C1, i.e., the IgG Fc parts,
in regulating the strength of the activation [150]. Similar
to the findings by Pedersen et al. [147], particles with a
diameter of 500 nm appeared more efficient in activating
complement than larger particles with a diameter of
4,000 nm. From careful quantification of the surface-bound
IgG and multiple experiments varying the amount of IgG,
Pacheco et al. hypothesized that an essential trigger of
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complement activation is assembly of the C1 complex
via binding to multiple, closely apposed Fc parts [150].
C1 and MBL share several biochemical properties, in
particular with regard to their ultrastructure and ability
of both proteins to form polyvalent interactions. With
this in mind, the critical role of polyvalency for strong
MBL bonding to ligand-presenting surfaces [22], supports
Pacheco et al. hypothesis [150].
As already noted in “Viral infectivity, treatment, and

immunity to influenza” section, complement activation
is an important part of immunity to influenza virus. The
ability of adjuvant to trigger such a response is conse-
quently mimicking conditions that could well be essential
to enable full priming of the adaptive immune system,
which is required to obtain antigen recognition. Im-
portantly, in this scenario, the influence of complement
activation is mediated by the adjuvant particles acting as
“by-standers” creating a milieu of inflammation-stimulating
complement peptides. More specifically, the generation
of the smaller peptide fragments from C3, C4 and C5
may arguably create signatures of the type of complement
activation induced. It may be significant that the adjuvant
mimic the complement activation signature of the natural
infection, which vaccination sought to prevent. For instance,
liposomes appear to trigger a response through the alterna-
tive pathway [151] implying that primarily C3a and C5a
are generated in this process. By contrast, as mentioned
above, influenza virus is most likely activating complement
through all pathways [152] with a prominent role of the
lectin pathway, thereby suggesting the additional presence
of C4a and C2b fragments. Yet, the influences of these
peptidic signatures are only incompletely understood.
As a valuable comparison on how small differences in
proteolytic activities may change the profile of cleavage
products, a recent report demonstrated vast alterations
in the cleavage of soluble protein, and their cutaneous
deposition during inflammation. This emerged as a
consequence of genetic ablation in mice of a single prote-
ase, namely MMP-2 [153]. By analogy, we propose that
regulating the adjuvant-triggered pathway of complement
activation, and hence the proteolytic activities, potentially
could quantitatively and qualitatively improve the out-
come of vaccination.
An even simpler route to immune activation through

the interaction between adjuvant surfaces and body fluid
proteins is derived from the spontaneous surface deposition
of notably albumin and fibrinogen [154]. Such spontaneous
deposition on particle surfaces has been observed to affect
or even destroy the structure of the adsorbed protein in
particle-size-dependent manner [155]. Denatured fibrino-
gen is a ligand for CR3 and CR4 [156]. Hence, the surfaces
of particulate adjuvants play an important role in permit-
ting receptor-mediated contacts between adjuvants and
leukocytes, probably in some cases by manufacturing a

high density of cues for receptor binding on the particle
surface. Such interactions are extremely strong [34]
and may cause receptor signalling through CR3 leading
to stimulation of cytokine production [157]. Obviously,
the processes discussed above are initiated by simple
contact of the colloidal adjuvant with protein-containing
fluids, notably blood or interstitial fluids, which seems
unavoidable with the chosen routes of vaccine adminis-
tration. As outlined above and also noted from other
studies [158], the transition of soluble proteins onto
surfaces offers a wealth of complex quantitative influences,
which may well manipulate those microenvironments-
developing immune responses. Even so, it is an interesting
observation that both past and present investigations
into the adjuvant properties have largely ignored these
processes and focused on the later cellular responses,
such as modulated receptor expression and activation
of the inflammasome. As noted by Fox et al. [132] this
does not capture the full picture of the processes enabling
the adjuvants to make such stimulations.
It is a classic observation that receptor-mediated endo-

cytosis both have upper and lower limits with regard to
the size range of particulate material that may enter the
cell through a given mechanism [159,160]. Pinocytosis and
receptor-mediated endocytosis brings in to the cytoplasm
relatively small entities such as macromolecules or viral
particles, apparently through a shared use of clathrin
[159]. Receptor-mediated endocytosis is most efficient
with particles taking radii of 25–30 nm with a sharp
cut in efficiency for radii smaller than ~22 nm [160].
These smaller particles may still enter the cells through
pinocytosis albeit less efficiently. By contrast, phagocytosis
enables uptake of particles larger than 500 nm in a process
involving reorganization of the actin cytoskeleton. This
process is typically mediated by Fc receptors, or the
integrins CR3 and CR4 expressed on “professional phago-
cytes” [161], which includes macrophages/dendritic cells,
monocytes, and granulocytes [159,161]. On top of the
size-selectivity in terms of the actual cellular process
mediating the uptake, it is now clear that both micro-
and nanoparticulate material influence these processes
through their shape [162,163]. This influence appears
to derive from the ability of the cell membrane to form
a phagocytic cup covering the particle [164].
In the context of adjuvants, it is of considerable interest

that human B cells are unable to phagocytose particulates
but may endocytose smaller particles [165]. This makes
the large aluminium hydroxide particles unlikely to dir-
ectly enter the cytosol of B cells, while the C3d-tagged
antigens would easily do so. By contrast, the aluminum
hydroxide particles can be phagocytozed by “professional
phagocytes”, which during the intracellular storage may
release the antigen from aluminium hydroxide matrix
and permitting presentation of antigen by myeloid cells
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in the lymph nodes to CD4+ T cells. In this way, simple
differences in size of the particulate adjuvant and modi-
fication of molecular adjuvant tags on the antigen could
potentially qualitatively and quantitatively change the
subsets of leukocytes involved in the formation of an
immune response. While the size-difference between
macromolecules and aluminium hydroxide particles are
striking and simple to relate to the known capacity of
certain types of cellular endocytosis, the lipid adjuvants
with sizes intermediate between these extremes are far
more difficult to assign similar discrete mechanisms.
Indeed, based on theoretical calculations and the well-
known ability of macrophages to clear liposomes [142,160],
their size regimen (Table 2) seems to indicate that
both B cells and myeloid cells would be able endo-
cytose or phagocytose these types particulates. At least
on speculative grounds, this would suggest that minor
differences in the size of these adjuvants could tilt
the immune response towards either endocytosis or
phagocytosis-mediated types of uptake hence altering
immunological outcome of vaccination.

Conclusions
Vaccination to protect against influenza infection is a
field of great socio-economic and healthcare importance.
The dual targeting of vaccine formulations, engaging both
the innate and adaptive arms of the immune system, is
crucial for efficacy. The TLR recognition of certain ad-
juvants is well documented and may hence serve as the
prototype example for the claim that adjuvants are
essentially enhancers of the innate immune response.
The humoral part of the innate immune system, namely
the complement system, may, however, well be equally
important. In addressing the precise mechanisms of
interactions between the adjuvants and the molecular
environment of the body, we have stressed that in par-
ticular the size of adjuvants may fundamentally regulate
their properties with regard to stimulating the immune
response. The biology of influenza A viruses, notably their
genetic flexibility, is significantly limiting the prospect
of generating a single, omnipotent vaccine formulation.
On the other hand, the conservative choice of adjuvants
seems to ask the question if not more sophisticated strat-
egies would now be of value, here perhaps in particular
benefitting from the available scientific insight on
mechanisms of the innate immune system. We propose
that biophysical properties of the adjuvant formulation,
in particular the dimensions of particulate materials,
offer attractive opportunities to augment the immune
response elicited.
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I. Monograph: New Resorption Pathways in Polycaprolactone Degradation; roles of Mononuclear and Multinucleated Giant Cells 

Aim: to study target effects of multinucleated giant cells on the foreign body material polycaprolactone (PCL). Hypothesis: degradation of PCL by hydrolysis is further 
directed by resorption mediated by mononuclear and multinucleated giant cells. Methods: in this study we used human peripheral blood mononuclear cells (PBMCs) 
from healthy donors (n=3). Both monocytes and T lymphocytes were isolated by negative selection, i.e. tube-based magnetic separation with Dynabeads®. Monocytes 
were either seeded on PCL at fusiogenic density in monoculture or in co-culture with T lymphocytes at the ratio 2:1. Beta 2/CD18 integrin facilitated cell-to-material 
attachment and migration capabilities were analyzed by time-resolved immunofluorometric assay and confocal imaging. We prepared foreign body PCL constructs 
(MW = 50 kDa, Perstorp, UK), by mold design for dynamic mechanical analysis as Bose ElectroForce 3200 was used after 21 days of fusiogenic PBMC culturing. Then new 
sets of PCL constructs was produced by electrospinning, both pure constructs and additionally with incorporated 1 µm fluorescent carboxyl polymer microspheres, as 
to enable qualitative (confocal and electron scanning microscopy) and quantitative (flow cytometry) analysis for the PCL cell mediated degradation itself. Parallel to this 
in vitro study, we performed a paired in vivo cranial bone defect model study, on female Landrace pigs (n=3) as to investigate for multinucleated giant cell and T 
lymphocyte recruitment at the site of PCL implantation. Results: our in vivo data indicate formation of granulomas associated to implanted PCL scaffolds. These 
granulomas are composed of syncytium or tartrate-resistant acid phosphatase (TRAP) negative multinucleated giant cells and CD3 receptor positive cells, suggesting 
fusion of macrophages, hence formation of foreign body giant cells and T lymphocyte recruitment. By our in vitro study we show an increased release of the 1µm 
fluorescent microspheres from the electrospun PCL constructs into the microenvironment, post 7 days of multinucleated giant cell culturing. This phenomenon is even 
further enhanced after the addition of T lymphocytes at the ratio 2:1 into the culture system. Moreover, we find a significant increase in the shedding of CD18 by the 
multinucleated giant cells when those are exposed and attached to PCL compared to non-material exposure. These results indicate the immunogenicity of PCL in 
addition to the observed complement activation. Our data show that the shedding ultimately can result in CD18 binding to extracellular matrix (ECM) compounds left 
behind during cell migration. The results are in an alignment with our dynamic mechanical analysis data, which indicate increased material stiffness after 21 days of 
multinucleated giant cell culturing. Conclusion: degradation of PCL by hydrolysis is further directed by resorption and phagocytosis prior to complement component 
opsonization mediated by mononuclear (pre-cursors) and multinucleated giant cells. This effect is enhanced in the presence of T lymphocytes. We conclude that the 
initial increased material stiffness after 21 days of cell culturing, is a result of material attached ECM and due to the adhesion molecules.   

Supplementary work; pre-graduate MD/PhD period 
II. Paper: Cui W, Cuartas E, Ke J, Zhang Q, Einarsson HB, Sedgwick JD, Li J, Vignery A. CD200 and its receptor, CD200R, modulate bone mass via the 

differentiation of osteoclasts. Proc Natl Acad Sci USA. 2007; 104(36):14436-41 

Aim: to identify undescribed components of the machinery of macrophage fusion. Hypothesis: we postulated that the CD200-CD200R axis might play a role in the 
fusion of macrophages. Methods: CD200−/− mice were produced by homologous recombination, as described by Hoek et al (1). Bone-marrow derived macrophages and 
osteoclasts were generated from 6- to 12-week old CD200−/−, and CD200+/+ mice were prepared as before (2). Data (n=3-6) were generated by immunohistochemical 
analysis, light and confocal microscopy imaging, micro CT and bone densitometry, flow cytometry, RT-PCR in addition to western blotting. To identify previously 
undescribed components of the machinery of macrophage fusion, we submitted fusing alveolar macrophages from rats to genome-wide microarray analysis. Results: 
We found that the expression of CD200 was potently induced de novo in macrophages at the onset of fusion, and that osteoclasts deficient in CD200 had a defect in 
multinucleation and in signaling downstream of receptor activator of NF-κB (RANK), which are essential for osteoclastogenesis. We also found that CD200-deficient 
mice had a lower number of osteoclasts and a higher bone density than wild-type mice. Conclusion: together, our observations indicate that the CD200-CD200R axis 
plays a central role in the fusion of macrophages and the formation of osteoclasts. As stated in the manuscript: WC, EC, JK, QZ, HBE, and JL performed research and like 
indicated by the research year thesis HBE’s contribution is a part of his PhD dissertation. 
 
Supplementary work; post-graduate MD/PhD period  

III. Paper: Greisen SR, Einarsson HB, Hvid M, Hauge E, Deleuran B, Kragstrup TW. Spontaneous generation of functional osteoclasts from synovial fluid 
mononuclear cells as a model of inflammatory osteoclastogenesis. Manuscript submitted to Acta Pathologica, Microbiologica et Immunologica Scandinavica 

Aim: to provide a simple model for investigating inflammatory osteoclastogenesis. Hypothesis: we hypothesized that synovial fluid mononuclear cells (SFMCs) isolated 
from inflamed peripheral joints of patients with rheumatoid arthritis (RA) and spondyloarthritis (SpA) possess the ability to spontaneously develop into functional 
osteoclasts ex vivo. Methods: we used healthy human control PBMCs isolated from buffy coats. For both culture setups, controls (n=6) and SFMCs (n=12) were exposed 
to RANK ligand and M-CSF at the same concentration levels as described in the monograph. Post 21 days of culturing, cells were analyzed for pheno- and genotypic 
osteoclast characteristics, by TRAP-staining and light microscopy imaging, followed by qPCR and ELISA. Furthermore, the in vitro generated osteoclast-like cell 
resorption capabilities were determined by investigating for lacunae formations after pre-cursor cell seeding on dentin plates. Results: to evaluate osteoclast activity 
and differentiation we measured TRAP and MMP-9 secretion in the SFMC cultures at different time points. Both TRAP and MMP-9 secretion increased significantly (all p 
< 0.05). By adding RANKL and M-CSF to the SFMC cultures potentiated the spontaneous formation of multinucleated TRAP positive osteoclasts from 10.2% [3.3%-10.5%] 
to 14.2% [13.3%-16.3%] and significantly increased TRAP secretion (p = 0.028) which moreover was the tendency for the secretion of MMP-9. In addition to the evident 
SFMC induced dentin resorption, mRNA of the calcitonin receptor, cathepsin K and the β3 chain of the αvβ3 integrin complex were all present in the SFMC lysates. 
Conclusion: in this study we provide a method for studying inflammatory genesis of osteoclasts and appreciate the method as a suitable ex vivo model for testing 
treatments regulating or mediators potentiating osteoclast formation and activity. 

Other supplementary work; post-graduate MD/PhD period 
IV. Paper: Jalilian B, Christiansen SH, Einarsson HB, Mehdi R, Petersen E, Vorup-Jensen T. Properties and prospects of adjuvants in influenza vaccination – messy 

precipitates or blessed opportunities? Molecular and Cellular Therapies, 2013 Vol. 1,2 
V. Paper: Jalilian B, Einarsson HB, Vorup-Jensen T. Glatiramer acetate in treatment of multiple sclerosis: a toolbox of random co-polymers for targeting 

inflammatory mechanisms of both the innate and adaptive immune system? Int J Mol Sci. 2012; 13(11): 14579-605 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Down-Regulation+of+the+Macrophage+Lineage+Through+Interaction+with+OX2+(CD200)
http://www.ncbi.nlm.nih.gov/pubmed/?term=Down-Regulation+of+the+Macrophage+Lineage+Through+Interaction+with+OX2+(CD200)
http://www.ncbi.nlm.nih.gov/pubmed/15809356
http://www.ncbi.nlm.nih.gov/pubmed/15809356
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