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Variants of beta-glucan polysaccharides
downregulate autoimmune inflammation
Cecilia Fahlquist-Hagert 1,3✉, Outi Sareila1,2,4, Sofia Rosendahl1,2 & Rikard Holmdahl 1,2✉

Common infections and polysaccharides, from bacteria and yeasts, could trigger psoriasis

and psoriatic arthritis (PsA), and possibly rheumatoid arthritis (RA). The objective of this

study was to investigate the effects of β-glucan polysaccharides in the effector phase of

arthritis and as regulators of psoriasis and PsA-like symptoms in mice. Collagen antibody

induced arthritis was studied as a model of RA and mannan-induced psoriasis (MIP) was

used as model for psoriasis and PsA, using mice with a mutation of Ncf1 on the B10.Q genetic

background, making them highly disease susceptible. The mice were exposed to three

common variants: 1,6-β-glucan, 1,3-β-glucan and 1,3-1,6-β-glucan. These β-glucans down-

regulated disease in mice if administered simultaneously, before or after mannan. Interest-

ingly, the protection was macrophage mannose receptor (MMR/CD206) dependent with a

more pronounced protection long-term than short-term. The number of resident peritoneal

macrophages decreased after in vivo challenge with β-glucan and mannan compared to

mannan alone, whereas the numbers of infiltrating cells correspondingly increased, further

indicating macrophages as key for β-glucan mediated regulation. At the doses tested,

β-glucans could not induce arthritis, psoriasis or PsA in wild-type mice. However, β-glucans
could ameliorate the PsA-like symptoms representing a new unforeseen possibility to explore

for future clinical treatment.
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Psoriasis and psoriatic arthritis (PsA) are common diseases
in humans, which are triggered by unknown environmental
factors in genetically susceptible individuals causing chronic

inflammatory disease. Psoriasis is characterized by inflammation
and hyperproliferation in the skin and affects 2–3% of the
population worldwide, and approximately 25% of the psoriasis
patients will develop PsA phenotypes1,2. While the environmental
triggers are unclear, physical injuries to the skin (the “Koebner
response”), various infections, and inflammation-induced stimuli
have been shown to initiate/exacerbate psoriatic lesions3. The
natural polysaccharide mannan, from the baker’s yeast Sacchar-
omyces cerevisiae, has been shown to induce psoriasis and PsA-
like disease (mannan-induced psoriasis, MIP) in mice4. PSORS1
is the major psoriasis susceptibility locus in humans5. In mice,
MIP is regulated by Qa genes in the mouse PSORS1 locus and
therefore mice with an H2q haplotype are more susceptible than
the standard H2b haplotype6. In mice pre-injected with anti-
collagen type II (aCol2) antibodies, binding joint cartilage,
mannan triggers the development of chronic arthritis with simi-
larities to rheumatoid arthritis (RA), a model denoted mannan
enhanced collagen antibody-induced arthritis, mCAIA4,7–9. MIP
and mCAIA are both driven by the innate immune system, with no
critical dependency of adaptive immune cells such as B and
T cells4,7,10. Both MIP and mCAIA are regulated by the NADPH
oxidase type 2 (NOX2)-derived reactive oxygen species (ROS) as
more severe disease develops in mice with a mutation in
the neutrophil cytosolic factor 1 (Ncf1) gene4,7,10. The NCF1
gene is polymorphic also in humans and is a major locus
associated with autoimmune disease. Importantly, it is known that
copy number variation of the NCF1 gene is associated with rheu-
matoid arthritis and a NCF1 single-nucleotide polymorphism
represents the major genetic factor associated with systemic lupus
erythematosus11–13.

Humans are exposed to mannan through different sources as it is
a component in yeasts, bacteria, and plants. Mannan often occurs
together with the polysaccharide β-glucan14. Thus, when the
immune response encounters mannan it often encounters β-glucan
as well. β-glucans are widely occurring polysaccharides consisting of
d‐glucose monomers linked by β‐glycosidic bonds, functioning as
structural components of algae, bacteria, fungi, and plants. β‐glu-
cans have a defined structure–activity relationship but has been
shown to have a varied biological activity depending on the source
and structure of the β‐glucan15. Indeed, in mice with a mutation in
the ZAP70 gene, enhancing the activation of autoreactive T cells
(SKG mice), 1,3-β-glucans (Curdlan) have been shown to induce
arthritis16 and spondylarthritis17. The development of arthritis by
Curdlan is believed to operate through stimulation of Dectin-118.
Curdlan has also been shown to activate macrophages leading to a
hyperinflammatory status in mouse models19. β-glucans have been
shown to bind to Dectin-1, primarily expressed on monocytes/
macrophages and neutrophils20, CD14 (Fcer2a)21, present primarily
on macrophages but also on neutrophils and dendritic cells, and
CD11b/CD18 (also known as complement receptor 3 (CR3)),
present on neutrophils22. Anti-inflammatory effects of β-glucans
have previously been described23, for example in an in vivo model
of colitis24,25 were 1,3-β-glucan from mushroom (Lentinan) or
fractions from β-glucan extracted from C. albicans, respectively, was
able to protect from dextran sulfate sodium (DSS)-induced colitis
mice with severe weight loss due to shortening and severe damage
to the intestine. Furthermore, β-glucans have been shown to protect
against ear edema induced by croton oil26. Humans are exposed to
different β-glucan configurations on a regular basis and different
configurations could affect the immune system differently15–17,27.
In this paper, we investigate whether β-glucans have a protective or
pathogenic effect on the development of psoriasis and psoriatic
arthritis in the MIP model, focusing on the three common variants

of β-glucans; baker’s yeast glucan (a 1,3–1,6 β-glucan), curdlan, a
1,3-β-glucan and pustulan, a 1,6-β-glucan.

Results
Selection and characterization of β-glucans. To investigate
whether beta-glucans can induce or protect against arthritis and
psoriasis we selected three different β-glucans; 1,3–1,6 β-glucan
from baker’s yeast, curdlan (1,3-β-glucan) and pustulan (1.6-β-
glucan). First, the solubility and purity were investigated, to
exclude possible effects of contaminations. It is important to note
that all β-glucans are insoluble in water but can form suspensions
with small precipitations, gelatinous flakes in white almost see-
through color that at low β-glucan concentrations is injectable. To
further confirm that this had no effect on our treatment design,
small trials were performed where the β-glucan suspensions were
compared to filtered β-glucan suspensions. The effect upon MIP
was milder when the suspension had been filtered to remove the
precipitations (Supplementary Figs. 1 and 2), highlighting the
importance of using these compounds as suspensions to admin-
ister the intended dose and all (e.g., soluble and insoluble) forms
of the product.

The presence of bacterial contamination in 1,3- and 1,6-β-
glucans had been assessed by the manufacturer using HEK-Blue™
TLR2 and HEK-Blue™ TLR4 cells (Table 1). To further
characterize the β-glucans, we performed a Limulus Amebocyte
Lysate (LAL) assay to study possible endotoxin contamination in
the β-glucans. Since some β-glucans are known to interfere with
the LAL assay28,29, we tested the β-glucans in the presence of β-
G-Blocker to render the test more specific to endotoxin.
Endotoxin was not detected in 1,3–1,6-β-glucan (Supplementary
Fig. 3). Both 1,3- and 1,6-β-glucan resulted in a signal that was
dose-dependently diminished by the 1,6-β-G-Blocker. In the 9:1
(v/v) excess of the blocker, the reading corresponded to
endotoxin activity of 8 EU/mg of 1,3-β-glucan and 16 EU/mg
of 1,6-β-glucan. We conclude that there is no endotoxin
contamination of β-glucan that could affect the results. Regarding
curdlan and pustulan the small possible contaminations are
unlikely to affect both a disease-promoting and a possible disease
protective effect. It should be seen in relation to the use of LPS,
mannan, or lipomannan for enhancement of the classical CAIA
method in which a far larger dose is needed to enhance arthritis
and no protective effect can be noted30.

β-glucan from S. cerevisiae cannot induce arthritis. As
β-glucans have previously been shown to induce an inflammatory
response18 we addressed the possibility that β-glucans could
induce arthritis, in similarity with mannan4,7,10. As a repre-
sentative of 1,3–1,6-β-glucan, we chose to use glucan from Sac-
charomyces cerevisiae to investigate its effect on psoriasis induced
by mannan, another polysaccharide from S. cerevisiae. We have
earlier seen enhancement of CAIA with immunostimulants from
bacteria7,30. Others have reported enhancement of autoimmune
arthritis in mice by Candida albicans β-glucan31,32, and thus we
investigated whether the S. cerevisiae β-glucan also enhances
CAIA. The dose of 800 µg was chosen because it is a high enough
dose to be expected to boost CAIA30,33. To that end, 1,3–1,6-β-
glucan was injected with or without prior exposure to anti-Col2
antibodies to investigate its ability to induce PsA or enhance RA-
like symptoms in CAIA, similar to mannan7 in a dose corre-
sponding to previously successful immunostimulants30. However,
1,3–1,6-β-glucan alone did not induce any disease and did in
combination with aCol2 antibodies cause only a mild transient
disease (Fig. 1a, b), similar to what is normally seen with aCol2
antibodies alone7. The lack of arthritis is in line with Kelkka
et al.30 showing that zymosan, a β-glucan containing bacterial
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extraction is not capable of inducing arthritis either, even at as
high a dose as 2 mg. However, administration of 1,3–1,6-β-glucan
induced splenomegaly, which was severely enhanced in mice with
a loss of function mutation (m1j) in Ncf1 (Ncf1*/*), with and
without aCol2 antibodies (Fig. 1c–e). Furthermore, 1,3–1,6-β-
glucan caused the Ncf1*/* mice, but not wild-type or MN+mice,
having functional Ncf1 in macrophages only, to lose weight

rapidly after injection (Fig. 1f, g). Thus, β-glucan induced severe
weight loss if the mice had defective Ncf1 in macrophages
but could not induce PsA or RA-like disease, such as MIP or
mCAIA4,7.

Pustulan, a 1,6-β-glucan, is protective against mannan-induced
PsA-like symptoms. To further test the ability of β-glucans to
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regulate PsA we selected to use curdlan, a 1,3-β-glucan from
Alcaligenes faecalis and pustulan, a 1,6-β-glucan from Lasallia
pustulata. These compounds were selected as representatives of
the 1,3- and 1,6-β-glucans because they are water-insoluble β-
glucans but in contrast to glucan extracted from S. cerevisiae,
these are extracted from bacteria or fungi (lichen). In contrast to
branched 1,3–1,6-β-glucan, curdlan and pustulan are linear
polysaccharides (Table 1). Curdlan (3 mg) has previously been
shown to trigger arthritis in SKG and BALB/c mice18, and also
triggers spondylarthritis in SKG mice17.

We tested the in vivo effect of 1,3-β-glucan and 1,6-β-glucan in
BQ.Ncf1*/* mice. The results showed that neither 1,3-β-glucan
(Fig. 2a) nor 1,6-β-glucan (Fig. 2c) could induce arthritis by
themselves whereas co-injecting them with mannan down-
regulated arthritis symptoms in MIP. The same was seen with
the highest dose (3 mg) in arthritis prevalence (Supplementary
Fig. 4a, b). The effect seemed to be dose-dependent as there was a
trend that 1 and 2mg of 1,6-β-glucan had less effect on arthritis
compared to 3 mg (Fig. 2c and Supplementary Fig. 4b). Both 1,3-
β-glucan and 1,6-β-glucan caused splenomegaly at a dose of 3 mg
(Fig. 2b, d), while 2 mg 1,6-β-glucan (Fig. 2d) did not. When
spleen indexes were calculated to eliminate differences in
bodyweight, splenomegaly remained significant with 3 mg of
1,6-β-glucan when administered together with mannan (Fig. 2d).
Furthermore, testing the dose-dependency of 1,3-β-glucan with
3 mg and 0.1 mg doses in parallel demonstrated that 0.1 mg dose
had no effect on arthritic or psoriatic symptoms in MIP
(Supplementary Figs. 5 and 6). None of the β-glucans caused
statistically significant weight loss (Supplementary Fig. 7), how-
ever, at 3 mg some mice begin to lose some weight. When
injection of 1,6-β-glucan (3 mg) was given one day after the
mannan injection, there was also a profound regulatory effect
with decreased severity (Fig. 2e) and faster healing (Supplemen-
tary Fig. 6c) indicating a protective effect of β-glucan also after
disease initiation. The mice treated with 1,6-β-glucan 1 day after
mannan injection showed an increased splenomegaly (Fig. 2e)
consistent with the finding when co-injected with mannan.

β-glucan (S. cerevisiae) mediates MMR-dependent long-term
protection against MIP. MIP is an acute disease model, however,
it has been shown that repeated mannan injections causes new
disease flares, similar to the first, after the initial disease has
healed4. This model also mimics the human disease where the
patients have periods of feeling well and periods where the disease
flares34. We had seen amelioration of MIP in the presence of
β-glucans (Fig. 2, above) when disease was induced together/
simultaneously, or one day before, the administration of β-glucan.
To investigate whether β-glucan exerts long-term protection we
initiated MIP with or without 1,3–1,6-β-glucan with a control
group only receiving 1,3–1,6-β-glucan. We thereafter waited until
the disease had healed and re-challenged the mice with mannan.
The results showed that the β-glucan mediated protective effect
was still active after 18 days; the β-glucan pre-treated mice

developed less severe MIP (Fig. 3a) with decreased disease pre-
valence (Supplementary Fig. 8a).

To investigate which cells mediated the protective effect we
investigated macrophages since we had earlier shown that
macrophages are key regulatory cells in MIP4. Furthermore, we
have previously shown that the macrophage mannose receptor
(MMR, CD206) mediates a ROS-dependent regulatory effect on
MIP10. Interestingly, MMR-deficient mice showed a reduced
protective effect by 1,3–1,6-β-glucan against MIP, both if injected
18 days prior to or simultaneously with mannan (Fig. 3b and
Supplementary Fig. 8b). MMR deficiency affected both the
severity and prevalence of the disease. β-glucan caused spleno-
megaly in Ncf1-mutated mice, independent of MMR (Supple-
mentary Fig. 8e). No protective effect of 1,6-β-glucan was seen in
ROS-sufficient MMR-deficient mice in severity (Fig. 3c) or
prevalence (Supplementary Fig. 8c) after re-stimulation with
mannan at day 18. Interestingly, treatment with 1,6-β-glucan of
mice expressing Ncf1 with a human CD68 promoter (MN+
mice), leading to ROS production in macrophages only35,36,
showed that the β-glucan is no longer an effective protector
against the severity (Fig. 3d) nor the prevalence of MIP
(Supplementary Fig. 8d). This shows that the protective effect is
mediated by macrophages. MN+mice did not develop spleno-
megaly if subjected to β-glucan (Supplementary Fig. 8f), further
confirming the role of macrophages.

Pustulan, a 1,6-β-glucan, protects against psoriasis. Pustulan
ameliorated arthritic symptoms in the joints in MIP in Ncf1-
mutated mice (Fig. 3d), as described above. To investigate whe-
ther a 1,6-β-glucan also modulates the psoriatic symptoms in
MIP, psoriatic lesions were scored as described in “Methods” in
mice exposed simultaneously to mannan and pustulan, the 1,6-β-
glucan. Mannan-induced psoriasis was significantly ameliorated
by the 1,6-β-glucan in Ncf1-mutated mice (Fig. 4a, b). Similar to
PsA (Fig. 3d), the effect was macrophage dependent as the pro-
tection was lost in MN+mice (Fig. 4a, b).

The development of psoriatic lesions and arthritis symptoms in
MIP is dependent on cytokines such as TNF-α and IL-17 which
get expressed a few days after disease induction4. To investigate if
β-glucan can ameliorate MIP even after the initial triggering
phase, 1,6-β-glucan was injected one day after the injection of
mannan. The psoriatic lesions were delayed (Fig. 4c, d), indicating
a protective role of β-glucan also in already initiated disease. Lack
of MMR prohibited 1,6-β-glucans from being protective against
psoriasis (Fig. 4e, f). Thus, the effect on psoriasis was similar as
observed for arthritis symptoms in MIP.

Pustulan, a 1,6-β-glucan, downregulates peritoneal resident
macrophages. Peritoneal resident and infiltrating macrophages
are among the first defense from an intraperitoneal injection, and
it is also part of the first defense when ingesting bacteria con-
taining mannan or β-glucans. To further investigate the immu-
nomodulatory effects of pustulan, a 1,6-β-glucan, we evaluated its

Fig. 1 Ncf1 deficiency sensitized mice to the effects of β-glucan without enhancing clinical arthritis in CAIA. Arthritis severity (a), prevalence (b) was
assessed in mice exposed to CAIA initiated by i.v. anti-collagen type II antibodies (aCol2 ab) and triggered by i.p. 1,3–1,6-β-glucan on day 5 to compare
Ncf1-deficient (Ncf1*/*) mice and wild-type mice with MN+mice having functional Ncf1 expressed under human CD68 promoter. The mice and the spleens
were weighted at euthanasia day after β-glucan in combination with aCol2 ab, and spleen indexes calculated to correlate the spleen weight with the
bodyweight of the mouse in CAIA (c). Mice and the spleens were weighed also after intraperitoneal β-glucan exposure. Representative images of
splenomegaly are shown in (d). Bodyweight, spleen weight, and the spleen index are shown in (e). The bodyweight curves of mice exposed to CAIA
initiated by i.v. anti-collagen type II antibodies (aCol2 ab) and triggered by i.p. 1,3–1,6-β-glucan on day 5 is shown in (f, g). Data are pooled from two
experiments in (a, b and f, g); data in (c and e) are pooled from several experiments. Statistical analyses were performed by Mann–Whitney test. *P < 0.05;
**P < 0.01; and ***P < 0.001. Results are presented as mean ± SEM.
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local effects on the cells in the peritoneum where it was
administered. To investigate the macrophages phenotypes after
exposure to mannan and/or β-glucan, peritoneal resident
(CD11b+ F4/80hi) and infiltrating (CD11b+ F4/80lo) cells were
measured at day 8 post injection of either mannan or mannan
combined with 1,6-β-glucan. Interestingly, β-glucan lowered the
percentages of resident macrophages (Fig. 5a) but increases the

percentages of infiltrating macrophages (Fig. 5b). To investigate if
this effect was dependent upon when β-glucan was administrated,
peritoneal cells were stimulated in vitro with mannan and/or
1,6-β-glucan for a total of 2 h. Interestingly, 1,6-β-glucan lowers
the relative numbers of resident F4/80+ macrophages indepen-
dent if they were subject to 1,6-β-glucan simultaneously with
mannan or 1 h before or after (Fig. 5c). This effect was
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independent of whether the mice expressed MMR or not. Con-
trasting to the in vivo result, 1,6-β-glucan decreased also the
relative numbers of CD11b+ F4/80lo cells when treated in vitro,
independently of MMR (Fig. 5d). The contrasting results are most
likely an artifact of the in vitro setting, in which the cellular
exchange between tissues is prohibited, in contrast to an in vivo
setting.

Discussion
In this work, we show an anti-inflammatory effect of β-glucans,
using the mannan-induced model for psoriasis and psoriatic
arthritis in mice. The effect was both preventive (injected 18 days
before initiation of disease) and directly interacting with the priming
phase (injected simultaneously or one day after mannan injection).
The effects were not restricted to certain β-glucan variant, since all
three β-glucans tested proved to have downregulative effects. β-
glucan activation of macrophages contributed to the protective
effect and MMR could be shown to play a role in the beta-glucan
mediated protection. None of the β-glucans could induce arthritis
nor psoriasis-like symptoms, although some mice developed mild
transient swelling and redness of singular joints, but not significantly
different from what could occur in normal mice. However, we used
C57/Black mice, and it is possible that shifting to other genetic
backgrounds could give a more pathogenic effect of β-glucans, e. g.
explaining previous results that 1,3-β-glucan could induce transient
disease in BALB/c mice18 and that 1,6-β-glucan could induce
arthritis and spondylarthritis in SKG mice16,17. Interestingly,
β-1,3-glucans have been shown to protect mice from a lethal dose of
Listeria monocytogenes, if administered prophylactically for 10 days.
It was however unclear whether β-glucan reduced the pathogenicity
of the pathogen or raised the immune defense37. β-glucans has also
been studied for their abilities to enhance therapeutic effects of drugs
against cancer through uptake by macrophages38,39, although neu-
trophils and dendritic cells express receptors for binding β-glucans
as well. Macrophages has been shown to be one of the more
important immune regulatory cells in MIP, having both the ability
to drive4 the disease and to downregulate it10. Considering this, it
was not surprising to find that β-glucan can affect the levels of
resident macrophages in the peritoneum.

The hyperinflammatory symptoms such as splenomegaly pre-
sented in the mice upon β-glucan challenge has previously been
indicated both in wild-type mice and in a ROS deficient envir-
onment, linked to innate immune cell infiltration and activity of
primarily monocytes/macrophages and a production of TNF and
IL-219,40–42. Interestingly, many yeast and mold-related diseases
are aggravated by defects in the NOX complex21.

Ncf1 has previously been shown to have a regulatory role in
MIP, where lower NOX2 induced ROS enhances disease4. In this
model, ROS from macrophages seems to prohibit the β-glucan
disease-protective effect. It is thus probable that overreactive
macrophages, due to a loss of the downregulative effects of ROS,
is downregulated by β-glucan. A connection between ROS pro-
duced by NOX2 and MMR was previously shown10 and in this
study, we show that lack of MMR also prohibited the down-
regulative effect of β-glucans upon MIP. Although MMR has been

shown to regulate MIP10 the receptor is not currently known to
bind β-glucans so it is most likely downstream effects rather than
mannan and β-glucan competing over the same receptor. Indeed,
injecting mannan on one side of the peritoneum and β-glucan on
the other side directly after each other shows the same down-
regulative effect on MIP (Supplementary Figs. 1–3). It is further
confirmed with the long-term protective effects of glucan against
MIP and that glucan injected 1-day post disease induction milder
the disease. This also indicates that it is not mannan and β-glucan
aggregating with each other, and thus cannot induce disease
properly, that lowers the severity of MIP. Further confirmed by
the protective role of β-glucan even if injected 18 days prior to
mannan exposure or one day after.

The purity of the in vivo administered β-glucans had been, to
certain extent, characterized by the manufacturers (Table 1).
Curdlan and pustulan were tested to induce TLR2 and TLR4
activity when used at concentrations higher than 100 µg/ml and
10 µg/ml, respectively. We thus tested the endotoxin activity in
the three β-glucans in parallel using a LAL assay. Glucan from
baker’s yeast, the 1,3–1,6-β-glucan, was branded 98% pure,
and was found free from endotoxins. Endotoxin activity in the
1,3- and 1,6-β-glucan products was found to be 8 EU/mg and 16
EU/mg, respectively. Considering the endotoxin activity of LPS
(~25 EU/ng43), the detected endotoxin activities would corre-
spond to a LPS contamination of <1 ng/mg, i.e., maximum of
0.0001% impurity. Since the interference of β-glucans with
the LAL assay is a well-known phenomenon28,29, and the
b-G-Blocker is indicated in cases where β-glucan contamination
is suspected, it is possible that the blocker did not result in
complete elimination of the β-glucan’s false positive signal in the
LAL assay. Taken together, the results showed that the endotoxin
activity is so low that the observed in vivo effects of β-glucans
could not be due to endotoxin effects. This conclusion is further
supported by our observation that β-glucan (a 1,3−1,6 the β-
glucan from S. cerevisiae) has no endotoxin contamination and
still do not induce arthritis and mediate protection, the obser-
vations and conclusions in the paper is not affected by endotoxin.

Psoriasis, PsA and RA are all complex, polygenic, and het-
erogenic diseases, suggesting that multiple pathways are involved
in the initial stages of the disease and probably also in main-
taining the disease. Disease expression involve more than one
irregular signal altering innate and adaptive immune regulation
and cause autoimmune disease. Here we show that certain
β-glucan polysaccharides can protect against mannan-induced
psoriasis, rather than inducing disease. Further investigation into
how the environment both can induce, but also suppress the
development of autoimmune disease, is needed. However, our
findings suggest that certain β-glucans have a therapeutic
potential in the treatment of autoimmune diseases.

Methods
Mice. BQ.Ncf1m1J mice (denoted here as Ncf1*/*)44 and MN+mice with an
Ncf1m1J mutation, but expressing WT Ncf1 under human CD68 promoter36 have
been described earlier, as has the CD206 (macrophage mannose receptor, MMR)
deficient mice45. The mice have been back-crossed more than 10 times to BQ
background and were used here with (Ncf1*/*.MMR−/−) or without (MMR−/−) the

Fig. 2 β-glucan can protect against mannan-induced psoriasis (MIP). MIP was induced in Ncf1-deficient mice with or without co-administration of
1,3-β-glucan (a, b) or 1,6-β-glucan (c, d). Arthritis severity was followed, and spleen weight measured at the end of the experiment at day 8 in (a, b) and
day 7 in (c, d). MIP was induced in Ncf1-deficient mice on day 0, and 3 mg of 1,6-β-glucan administered one day later (e). Arthritis severity was followed,
and spleens weighted at the end of the experiment on day 9. The number of mice in each group is shown in parentheses. The data in (c) are pooled from
two experiments, except the doses of 1 mg and 2mg which were included only in one experiment. Spleen index was calculated with the data from one
experiment. For groups with 1,6-β-glucan alone, N= 8 for arthritis, and N= 4 for spleen weight. Results are presented as mean and error bars represent the
SEM. Statistical analyses were performed by Mann–Whitney test and * indicates a comparison between mannan and mannan + 3mg β-glucan, whereas ^
indicates comparison between mannan and β-glucan in severity graphs. */^P < 0.05; **/^^P < 0.01; and ***P < 0.001.
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Fig. 3 Macrophages mediate the protective effect of β-glucan in MIP. Arthritis severity was followed in MIP induced in Ncf1-deficient (a), Ncf1 and MMR-
deficient (b) or MMR-deficient (c) mice with or without co-administration of 1,3–1,6-β-glucan (5 mg; a, b) or 1,6-β-glucan (2 mg; c). After 18 days, MIP was
re-induced by the administration of mannan to investigate the long-term effects of β-glucans. MIP was induced in MN+ and Ncf1-deficient mice (d) with or
without co-administration of 1,6-β-glucan (2 mg) to investigate the effect of Ncf1 expressed under the human CD68 promoter on the Ncf1-deficient
background in MN+mice. The data are from three combined experiments in (a, b, d), and from one experiment in (c, d). Number of mice in each group is
shown in parentheses in the legend. Statistical analyses were performed by Mann–Whitney test to compare the group receiving mannan with the group
receiving mannan and β-glucan. *P < 0.05; **P < 0.01; and ***P < 0.001. Results are presented as mean and error bars represent the SEM.
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Ncf1m1J mutation. B10.Q mice with normal MMR and Ncf1 genes were regarded as
WT. The mice were genotyped as previously described10,36,44,46. All the mice were
housed in specific pathogen-free conditions in open47 or closed4 cages, as pre-
viously described and provided with enrichments, standard chow, and water ad
libitum at the Central Animal Laboratory of University of Turku or at the Medical
Inflammation Research animal house at the Karolinska Institute. All mouse
experiments followed the ARRIVE guidelines including littermate controls, blind
experiments, mixing in cages as well as age- and sex balance between groups.

Exclusion was only done if the mice were suffering severe weight loss or exhibited
other signs of poor well-being. Experiments were performed with 8–25 weeks old
mice. Only naïve mice were used, no previous experiments have been performed
on them.

Polysaccharides. The polysaccharides used in the study are described in Table 1.
Mannan (#M7504) and 1,3–1,6-β-glucan (#G5011) from Saccharomyces cerevisiae
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were purchased from Sigma-Aldrich. 1,3-β-glucan from Alcaligenes faecalis
(Curdlan, #tlrl-curd) and 1,6-β-glucan from Lasallia pustulata (Pustulan, #tlrl-pst)
were purchased from InvivoGen.

Limulus Amebocyte Lysate (LAL) assayLimulus Amebocyte Lysate (LAL) assay
(QCL-1000®, #50-647U by Lonza, Walkersville, USA) was used to determine the
endotoxin concentration in aqueous suspensions of β-glucans, in the presence or in
the absence of β-G-Blocker (B50-700, Lonza, Walkersville, USA). Serial dilutions
were tested up to 5 mg/ml (1,3–1,6-β-glucan) or 3 mg/ml (1,3- and 1,6-β-glucans).
The absorbance of the chromogenic substrate was read at 405 nm with a Synergy 2
Multi-Mode Microplate Reader with BioTek Gen5 software (BioTek Instruments,
Winooski, VT, USA). Endotoxin concentration was determined with the help of
the standard and using the β-glucan dilutions that resulted in an absorbance result
within the standard curve.

In vivo administrations. For induction of CAIA, a cocktail of four monoclonal
anti-collagen type II (aCol2) antibodies, produced in-house from the clones U1,
M2139, CIIC1 and CIIC2, were injected intravenously according to a previously
reported protocol33 at day 0. At day 5 post immunization 800 µg of 1,3–1,6-β-
glucan, suspended in PBS, was administrated intraperitoneally.

MIP was induced by injecting 10 mg of mannan if open cages and 20 mg
mannan if closed cages due to differences in sensitivity toward the compound, as
previously described4,10.

1,3-β-glucan, 1,6-β-glucan or 1,3–1,6-β-glucan were tested alone or in
combination with MIP, 18 days before disease induction, simultaneously with
induction of MIP or 1-day post MIP induction in different concentrations in PBS
suspensions by intraperitoneal injection. All suspensions were well mixed during
the administration procedure to ensure each mouse received the same dose.

A small trial was also performed were mice were injected with glucan and
mannan at different sides of the peritoneum to rule out that the effect is due to
aggregation of the two in the tube prior to injection. Furthermore, a small trial was
performed were the aggregates in the glucan suspension was filtered away prior to
injection using a 70-µm filter.

Macroscopic scoring of disease development. To assess disease, the mice were
blindly scored according to a standardized macroscopic scoring system evaluating
both arthritic symptoms and psoriatic lesions4,47,48. For arthritic symptoms, one
point was assigned for each swollen and red toe or knuckle, and five points were
assigned for each inflamed ankle, giving maximum of 15 points/paw and 60 points
/mouse. For psoriasis, the maximum was 15 points/ mouse. Each mouse was also
weighed during the experiment to assess potential weight loss of the mice and the
spleens were weighed post euthanasia to assess splenomegaly.

In vitro treatment. Naïve peritoneal cells were harvested with PBS, collected by
centrifugation, counted, resuspended into DMEM, and equal number of cells were
plated to a 96-well plate. The cells were subsequently stimulated with mannan

Fig. 4 Psoriatic symptoms are ameliorated by 1,6-β-glucan. MIP was induced in Ncf1-deficient mice and in MN+mice (Ncf1*/* mice expressing functional
Ncf1 under a human CD68 promotor) with or without co-administration of 1,6-β-glucan (2mg) and the severity (a) and the prevalence (b) of psoriatic lesions
were quantified by macroscopic scoring. The severity (c) and prevalence (d) of psoriatic lesions was followed in Ncf1-deficient mice when 1,6-β-glucan (2mg)
was administered one day after induction ofMIP. Development of psoriatic lesions was investigated also inMMR-deficient mice whenMIP was induced with or
without co-administration of 1,6-β-glucan (2mg) and when MIP was re-induced by mannan 18 days later (e, f). Number of mice in each group are shown in
parentheses. Data are pooled from two (a–d) or one (e, f) experiments. Statistical analyses were performed by Mann–Whitney test to compare the group
receiving mannan with the group receiving mannan and β-glucan. *P < 0.05; **P < 0.01. Values are presented as mean and error bars present the SEM.

Fig. 5 1,6-β-glucan decreases the number of resident peritoneal macrophages. Resident (a) and infiltrating (b) macrophages were measured among live
peritoneal cells collected day 8 after induction of MIP with or without co-administration of 1,6-β-glucan (2mg) in Ncf1*/* and MN+mice. For analysis of
cell phenotypes after in vitro stimulation (c, d), naive peritoneal cells were collected from MMR−/− and WT mice and challenged in vitro for a total of 2 h,
using two different stimulation points (1 h in between), with mannan (M) and/or 1,6-β-glucan (β) without washes between the treatments. Resident
macrophages were defined as CD11b+ F4/80hi (in a and c) and infiltrating macrophages as CD11b+ F4/80lo (in b and d), as determined by flow
cytometry. Data in (c, d) are a combination of two experiments with total n= 21. Statistical analyses were performed with Mann–Whitney test (a, b) and
one-way ANOVA using Bonferroni post test (c, d). *P < 0.05; and **P < 0.01. Results are presented as mean with SEM.
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(5 mg/ml) and/or 1,6-β-glucan (1 mg/ml) or left in plain culture medium without
stimuli. After 1 h of incubation at +37 °C, the cells received another round of
stimuli by mannan and/or 1,6-β-glucan or medium as control, without being
washed in between, resulting in different combinations of stimuli. After another
1-h incubation at +37 °C, the cells were collected for flow cytometry analyses.

Flow cytometry. Flow cytometric analyses of peritoneal samples were performed
as described earlier47,49. After cells had been counted and equally plated, FcγIII
(CD16) and FcγII (CD32) receptors were blocked (ratIgG2b blocking of CD16/
CD32, #553142, BD Biosciences) and surface antigens were stained with fluores-
cently labeled antibodies. The antibodies used were CD11b-APC-Cy7 (BD Bios-
ciences #561039) and F4/80-Texas Red-PE (Invitrogen #MF48017) or F4/80-AF647
(Serotec #MCA497A647). The samples were acquired on a Fortessa flow cytometer
(BD Biosciences) and the results analyzed using FlowJO software V10 (Tree Star).
Gating strategy is illustrated in Supplementary Fig. 9. As a reference anti-CD16/
CD32 was diluted 1:80 prior to the addition of 15 µl to cell pellet, after 5 min the
other antibodies are diluted 1:100 and 15 µl added to each well and incubated for
20 min on ice (no wash in between).

Statistics and reproducibility. Statistical analyses were performed with GraphPad
Prism, version 5. Disease scores, weight of mice and spleen data and cellular analyses
were analyzed by Mann–Whitney test, and comparisons of multiple groups after
in vitro stimulation was performed by one-way ANOVA using Bonferroni post test.
Animal numbers are indicated in the figures. Experiments are reproduced 2–3 times.
Replicates are defined using identical genotypes and treatment schemes.

Study approval. All experiments were carried out under ethical permit numbers
ESAVI-0000497/041003/2011 and ESAVI/439/04.10.07/2017 at the University of
Turku and the Karolinska Institute under the permit number N490/12 and N35/16.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are available from the corresponding
authors upon reasonable request and at https://doi.org/10.17605/OSF.IO/KGYS3, from
the www.osf.oi server, accession ID kgys3.

Received: 19 June 2021; Accepted: 14 April 2022;

References
1. Michael, P. S. & Boehncke, W. H. Psoriasis. N. Engl. J. Med. 352, 1899 (2005).
2. Kopp, T. et al. Clinical improvement in psoriasis with specific targeting of

interleukin-23. Nature 521, 222 (2015).
3. Griffiths, C. E. & Barker, J. N. Pathogenesis and clinical features of psoriasis.

Lancet 370, 263–271 (2007).
4. Khmaladze, I. et al. Mannan induces ROS-regulated, IL-17A-dependent

psoriasis arthritis-like disease in mice. Proc. Natl Acad. Sci. USA 111,
E3669–E3678 (2014).

5. Trembath, R. C. et al. Identification of a major susceptibility locus on
chromosome 6p and evidence for further disease loci revealed by a two stage
genome-wide search in psoriasis. Hum. Mol. Genet. 6, 813–820 (1997).

6. Zhong, J., Li, Q. & Holmdahl, R. Natural loss-of-function mutations in Qa2
and NCF1 cause the spread of mannan-induced psoriasis. J. Investig.
Dermatol. 141, 1765–1771 (2021).

7. Hagert, C. et al. Chronic active arthritis driven by macrophages without
involvement of T cells. Arthritis Rheumatol. 70, 1343–1353 (2018).

8. Sheng, K. C. et al. Mannan derivatives induce phenotypic and functional
maturation of mouse dendritic cells. Immunology 118, 372–383 (2006).

9. Taylor, P. R., Gordon, S. & Martinez-Pomares, L. The mannose receptor:
linking homeostasis and immunity through sugar recognition. Trends
Immunol. 26, 104–110 (2005).

10. Hagert, C. et al. The macrophage mannose receptor regulate mannan-induced
psoriasis, psoriatic arthritis, and rheumatoid arthritis-like disease models.
Front. Immunol. 9, 114 (2018).

11. Olsson, L. M. et al. Copy number variation of the gene NCF1 is associated
with rheumatoid arthritis. Antioxid. Redox Signal. 16, 71–78 (2012).

12. Olsson, L. M. et al. A single nucleotide polymorphism in the NCF1 gene
leading to reduced oxidative burst is associated with systemic lupus
erythematosus. Ann. Rheum. Dis. 76, 1607–1613 (2017).

13. Zhao, J. et al. A missense variant in NCF1 is associated with susceptibility to
multiple autoimmune diseases. Nat. Genet. 49, 433–437 (2017).

14. Hardison, S. E. & Brown, G. D. C-type lectin receptors orchestrate antifungal
immunity. Nat. Immunol. 13, 817–822 (2012).

15. De Marco Castro, E., Calder, P. C. & Roche, H. M. beta-1,3/1,6-Glucans and
Immunity: State of the Art and Future Directions. Mol. Nutr. Food Res. 65,
e1901071 (2021).

16. Sakaguchi, N. et al. Altered thymic T-cell selection due to a mutation of the
ZAP-70 gene causes autoimmune arthritis in mice. Nature 426, 454–460
(2003).

17. Ruutu, M. et al. Beta-glucan triggers spondylarthritis and Crohn’s disease-like
ileitis in SKG mice. Arthritis Rheum. 64, 2211–2222 (2012).

18. Yoshitomi, H. et al. A role for fungal {beta}-glucans and their receptor Dectin-
1 in the induction of autoimmune arthritis in genetically susceptible mice. J.
Exp. Med. 201, 949–960 (2005).

19. Deffert, C. et al. Hyperinflammation of chronic granulomatous disease is
abolished by NOX2 reconstitution in macrophages and dendritic cells. J.
Pathol. 228, 341–350 (2012).

20. Brown, G. D. & Gordon, S. Immune recognition. A new receptor for beta-
glucans. Nature 413, p. 36–37 (2001).

21. Lionakis, M. S., Iliev, I. D. & Hohl, T. M. Immunity against fungi. JCI Insight
2, e93156 (2017).

22. van Bruggen, R. et al. Complement receptor 3, not Dectin-1, is the major
receptor on human neutrophils for beta-glucan-bearing particles. Mol.
Immunol. 47, 575–581 (2009).

23. Du, B. et al. An insight into anti-inflammatory effects of fungal beta-glucans.
Trends Food Sci. Technol. 41, 49–59 (2015).

24. Nishitani, Y. et al. Intestinal anti-inflammatory activity of lentinan: influence
on IL-8 and TNFR1 expression in intestinal epithelial cells. PLoS ONE 8,
e62441 (2013).

25. Jawhara, S. et al. Modulation of intestinal inflammation by yeasts and cell wall
extracts: strain dependence and unexpected anti-inflammatory role of glucan
fractions. PLoS ONE 7, e40648 (2012).

26. Guerra Dore, C. M. et al. Antiinflammatory, antioxidant and cytotoxic actions
of beta-glucan-rich extract from Geastrum saccatum mushroom. Int
Immunopharmacol. 7, 1160–1169 (2007).

27. Vetvicka, V. & Vetvickova, J. Comparison of immunological properties of
various bioactive combinations. Biomed. Pap. Med Fac. Univ. Palacky.
Olomouc Czech Repub. 156, 218–222 (2012).

28. Morita, T., Tanaka, S., Nakamura, T. & Iwanaga, S. A new (1 → 3)-β-D-
glucan-mediated coagulation pathway found in Limulus amebocytes. FEBS
Lett. 129, 318–321 (1981).

29. Pearson, F. C. et al. Characterization of Limulus amoebocyte lysate-reactive
material from hollow-fiber dialyzers. Appl Environ. Microbiol. 48, 1189–1196
(1984).

30. Kelkka, T. et al. Enhancement of antibody-induced arthritis via Toll-like
receptor 2 stimulation is regulated by granulocyte reactive oxygen species. Am.
J. Pathol. 181, 141–150 (2012).

31. Hida, S. et al. Effect of Candida albicans cell wall glucan as adjuvant for
induction of autoimmune arthritis in mice. J. Autoimmun. 25, 93–101 (2005).

32. Hida, S. et al. Beta-glucan derived from zymosan acts as an adjuvant for
collagen-induced arthritis. Microbiol Immunol. 50, 453–461 (2006).

33. Nandakumar, K. S. & Holmdahl, R. Efficient promotion of collagen antibody
induced arthritis (CAIA) using four monoclonal antibodies specific for the
major epitopes recognized in both collagen induced arthritis and rheumatoid
arthritis. J. Immunological Methods 304, 126–136 (2005).

34. Moverley, A. R., Vinall-Collier, K. A. & Helliwell, P. S. It’s not just the joints,
it’s the whole thing: qualitative analysis of patients’ experience of flare in
psoriatic arthritis. Rheumatology 54, 1448–1453 (2015).

35. Pizzolla, A. et al. CD68-expressing cells can prime T cells and initiate
autoimmune arthritis in the absence of reactive oxygen species. Eur. J.
Immunol. 41, 403–412 (2011).

36. Gelderman, K. A. et al. Macrophages suppress T cell responses and arthritis
development in mice by producing reactive oxygen species. J. Clin. Investig.
117, 3020–3028 (2007).

37. Torello, C. O. et al. Immunohematopoietic modulation by oral beta-1,3-glucan
in mice infected with Listeria monocytogenes. Int. Immunopharmacol. 10,
1573–1579 (2010).

38. Hong, F. et al. Beta-glucan functions as an adjuvant for monoclonal antibody
immunotherapy by recruiting tumoricidal granulocytes as killer cells. Cancer
Res. 63, 9023–9031 (2003).

39. Hong, F. et al. Mechanism by which orally administered beta-1,3-glucans
enhance the tumoricidal activity of antitumor monoclonal antibodies in
murine tumor models. J. Immunol. 173, 797–806 (2004).

40. Deffert, C. et al. TNF-alpha blockade in chronic granulomatous disease-
induced hyperinflammation: patient analysis and murine model. J. Allergy
Clin. Immunol. 128, 675–677 (2011).

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-022-03376-y ARTICLE

COMMUNICATIONS BIOLOGY |           (2022) 5:449 | https://doi.org/10.1038/s42003-022-03376-y | www.nature.com/commsbio 11

https://doi.org/10.17605/OSF.IO/KGYS3
http://www.osf.oi
www.nature.com/commsbio
www.nature.com/commsbio


41. Schappi, M. et al. Branched fungal beta-glucan causes hyperinflammation and
necrosis in phagocyte NADPH oxidase-deficient mice. J. Pathol. 214, 434–444
(2008).

42. Roset, M. S. et al. Brucella cyclic beta-1,2-glucan plays a critical role in the
induction of splenomegaly in mice. PLoS ONE 9, e101279 (2014).

43. Luchi, M. & Morrison, D. C. Comparable endotoxic properties of
lipopolysaccharides are manifest in diverse clinical isolates of gram-negative
bacteria. Infect. Immun. 68, 1899–1904 (2000).

44. Hultqvist, M. et al. Enhanced autoimmunity, arthritis, and encephalomyelitis
in mice with a reduced oxidative burst due to a mutation in the Ncf1 gene.
Proc. Natl Acad. Sci. USA 101, 12646 (2004).

45. Lee, S. J. et al. Mannose receptor-mediated regulation of serum glycoprotein
homeostasis. Science 295, 1898–1901 (2002).

46. Lee, S. J. et al. Normal host defense during systemic candidiasis in mannose
receptor-deficient mice. Infect. Immun. 71, 437–445 (2003).

47. Sareila, O. et al. Direct comparison of a natural loss-of-function single
nucleotide polymorphism with a targeted deletion in the Ncf1 gene reveals
different phenotypes. PLoS ONE 10, e0141974 (2015).

48. Khmaladze, I., Nandakumar, K. S. & Holmdahl, R. Reactive oxygen species in
psoriasis and psoriasis arthritis: relevance to human disease. Int. Arch. Allergy
Immunol. 166, 135–149 (2015).

49. Kelkka, T. et al. Reactive oxygen species deficiency induces autoimmunity
with type 1 interferon signature. Antioxid. Redox Signal. 21, 2231 (2014).

50. Li, X. G. et al. (18)F-labeling of mannan for inflammation
research with positron emission tomography. ACS Med Chem. Lett. 7,
826–830 (2016).

51. Saito, H. M. & A.; Harada, T. A Comparison of the structure of curdlan and
pachyman. Agric. Biol. Chem. 32, 1261–1269 (1968).

52. Cui, S. W., Wu, Y. & Ding, H. The range of dietary fibre ingredients and a
comparison of their technical functionality. Fibre-Rich and Wholegrain Foods.
96–119 https://doi.org/10.1533/9780857095787.1.96 (2013).

Acknowledgements
Flow cytometry was performed at the Cell Imaging Core, Turku Centre for Bio-
technology, Turku, Finland. We would like to thank Academy Professor Sirpa Jalkanen
for scientific discussions and Riina Larmo for excellent animal caretaking. We also thank
our funding agenecies: The Academy of Finland, the Sigrid Jusélius Foundation, the
National Doctoral Programme in Informational and Structural Biology, the Drug
Research Doctoral Programme of University of Turku Graduate School, the State
Research Funding of Turku University Hospital, the Turku University Foundation,
the King Gustaf V 80 Years Foundation, the Finnish Cultural Foundation, the Varsinais-
Suomi Regional Fund, the Swedish Foundation for Strategic Research, the KA Wallen-
berg Foundation, and the Swedish Research Council. The funding sources were not
involved in the study design; in the collection, analysis, or interpretation of data; in the
writing of this article; or in the decision to submit the article for publication.

Author contributions
C.F.-H.: designing research studies, performing experiments, acquiring of data, data
analysis, writing the manuscript. O.S.: designing research studies, performing experi-
ments, acquiring data, data analysis, revising the manuscript. S.R.; performing experi-
ments, acquiring of data, data analysis. R.H.: supervision and overall responsibility,
designing research studies, writing the manuscript. All authors ensure the accuracy of
this work.

Funding
Open access funding provided by Karolinska Institute.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s42003-022-03376-y.

Correspondence and requests for materials should be addressed to Cecilia Fahlquist-
Hagert or Rikard Holmdahl.

Peer review information Communications Biology thanks Yann Guerardel and Songtao
Fan for their contribution to the peer review of this work. Primary Handling Editors:
Jesmond Dalli and Eve Rogers. Peer reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

ARTICLE COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-022-03376-y

12 COMMUNICATIONS BIOLOGY |           (2022) 5:449 | https://doi.org/10.1038/s42003-022-03376-y | www.nature.com/commsbio

https://doi.org/10.1533/9780857095787.1.96
https://doi.org/10.1038/s42003-022-03376-y
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commsbio

	Variants of beta-glucan polysaccharides downregulate autoimmune inflammation
	Results
	Selection and characterization of β-glucans
	β-glucan from S. cerevisiae cannot induce arthritis
	Pustulan, a 1,6-β-glucan, is protective against mannan-induced PsA-like symptoms
	β-glucan (S. cerevisiae) mediates MMR-dependent long-term protection against MIP
	Pustulan, a 1,6-β-glucan, protects against psoriasis
	Pustulan, a 1,6-β-glucan, downregulates peritoneal resident macrophages

	Discussion
	Methods
	Mice
	Polysaccharides
	In vivo administrations
	Macroscopic scoring of disease development
	In�vitro treatment
	Flow cytometry
	Statistics and reproducibility
	Study approval

	Reporting summary
	Data availability
	References
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




