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In the present study, we aimed to determine the influence of β-(1,3)-D-glucans on the LPS-induced pro-inflam-
matory cytokine response in the Monocyte Activation Test (MAT) for pyrogens, and on the LPS-induced febrile
response in the Rabbit Pyrogen Test (RPT), thus evaluating the resulting effect in the outcome of each test. It
was found that β-(1,3)-D-glucans elicited the production of pro-inflammatory cytokines IL-1β, IL-6 and TNF-α,
also known as endogenous pyrogens, but not enough to classify them as pyrogenic according to MAT. The
sameβ-(1,3)-D-glucans sampleswere non-pyrogenic by RPT. However, β-(1,3)-D-glucans significantly enhanced
the LPS-induced pro-inflammatory cytokines response inMAT, insomuch that samples containingnon-pyrogenic
concentrations of LPS become pyrogenic. On the other hand, β-(1,3)-D-glucans had no effect on sub-pyrogenic
LPS doses in the RPT, but surprisingly, inhibited the LPS-induced febrile response of pyrogenic LPS concentrations.
Thus, while β-(1,3)-D-glucans could mask the LPS pyrogenic activity in the RPT, they exerted an overstimulation
of pro-inflammatory cytokines in the MAT. Hence, MAT provides higher safety since it evidences an unwanted
biological response, which is not completely controlled and is overlooked by the RPT.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Pyrogenicity tests are mandatory for the approval and commerciali-
zation of parenteral pharmaceuticals, biopharmaceuticals and biological
products. The rabbit pyrogen test (RPT) and the Limulus Amebocyte Ly-
sate (LAL) assay are the methods accepted in most pharmacopeias to
control the presence of pyrogens. Subsequently, the monocyte activa-
tion test (MAT) emerged as a promising alternative to RPT, which at-
tempt to solve ethical, economic and safety issues (Hartung, 2015;
Hoffmann et al., 2005b).

The MAT is based on the in vitro activation of human monocytoid
cells by pyrogens, leading to the release of pro-inflammatory cytokines
that are determined by ELISA (Hartung, 2015; Hoffmann et al., 2005b;
Spreitzer et al., 2008). Five variants, which have been standardized, val-
idated (Hoffmann et al., 2005b) and accepted by the European Centre
for the Validation of Alternative Methods (ECVAM) (ESAC Statement,
2006), are included in the European Pharmacopoeia (EP) (EP, 2010a).
However they are not yet mandatory in any monography. In addition
to detect a broad spectrum of pyrogens as RPT, MAT seems a more
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erdomo.morales@gmail.com
relevant assay since it mimics the human fever reaction (Hartung et
al., 2001).

We have previously supported the advantages of MAT for the detec-
tion of pyrogens particularly in protein-based biological and biophar-
maceutical products, owing to the fact that several proteins are able to
mask endotoxin to LAL (Perdomo-Morales et al., 2011). In the same
study, we suggested that β-(1,3)-D-glucans (BG) released from cellu-
lose-derivedfilters cause a dramatically enhanced IL-6 response to Lipo-
polysaccharides (LPS) in the MAT.

Previous reports described that BG enhance the LPS-induced pro-in-
flammatory cytokines response in human whole blood (Engstad et al.,
2002; Kikkert et al., 2007). In addition, probably due to the fact that
BG themselves might elicit the production of such cytokines (Noss et
al., 2013; Wouters et al., 2002), they are listed among non-endotoxin
pyrogens (Hasiwa et al., 2013), even though they have been largely con-
sidered as non-pyrogenic (Williams, 2007b).

BG are homopolymers of glucose composed by a linear β-(1,3)-
linked backbone with β-(1,6)-linked side chains of varying length and
distribution, which can form complex tertiary structures stabilized by
interchain hydrogen bonds (Barsanti et al., 2011; Soltanian et al.,
2009). They are mostly found in the cell wall of fungi and yeast, but
can also occur in certain bacteria and algae (Rice et al., 2005; Soltanian
et al., 2009). BG are not found in metazoan and are recognized by pat-
tern recognition receptors thereby stimulating the innate immune
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response (Brown andGordon, 2003; Soltanian et al., 2009). Thus, BG are
considered as microbe-associated molecular patterns (MAMP).

The great structural differences of BG, which generally depend on
their sources and themethods used to purify them, have resulted in dif-
ferences in their biological activities (Barsanti et al., 2011; Soltanian et
al., 2009). In general, BG have important immunostimulatory activities
such as activation of immune cells and the induction of cytokines secre-
tion (Brown and Gordon, 2003; Goodridge et al., 2009). In mammals,
these activities are mediated by different cellular receptors such as
Toll-like receptors (TLR), lactosylceramide, scavenger receptors, com-
plement receptor 3 (CR3) and dectin-1 (Barsanti et al., 2011;
Goodridge et al., 2009). These last two seem to play a major role in BG
recognition by innate immune cells includingmonocytes, macrophages,
dendritic cells and neutrophils (Bose et al., 2013; Brown, 2006;
Goodridge et al., 2011).

The main source of BG in injectable pharmaceuticals is cellulose-
based filters (e.g. depth-type) used for clarification and sterilization
(Nagasawa et al., 2003; Ohata et al., 2003; Usami et al., 2002). Other
sources are fungal fermentations, plant hydrolysates (Finkelman,
2005), and probably fungal contamination. The Food and Drug Admin-
istration (FDA) has not specifically regulated the presence of BG in phar-
maceuticals. The FDA indicated in 1992 that this is a theoretical problem
rather than an evidence-based one, where each individual casemust be
considered. The FDA left to the pharmaceutical companies to decide
whether or not to allow the presence of BG in their products
(Munson, 1992). On the other hand, the FDAhas stated that any non-in-
tentionally added substance in injectable must be considered as a con-
taminant (FDA, 2003).

This study aimed to determine the influence of BG on the secretion
of pro-inflammatory cytokines induced by LPS in MAT and on the LPS-
induced febrile response in rabbits, thus evaluating the resulting effect
in the outcome of each pyrogen test.

2. Materials and methods

2.1. Reagents

The 2nd International Standard for Endotoxin (NIBSC code: 94/580,
UK), reconstituted and stored as recommended in the manufacturer's
instructions, was used as standard in MAT and RPT. Bovine serum albu-
min Fraction V, 3,3′,5,5′-tetramethylbenzidine, streptavidine peroxi-
dase and polysorbate-20 were from Sigma (St. Louis, MO). D-Glucose,
sodium hydroxide, sodium chloride, potassium chloride, di-sodium hy-
drogen phosphate, potassium di-hydrogen phosphate, acetone, diethyl
ether and absolute ethanol were purchased from Merck (Darmstadt,
Germany). Monoclonal matched human antibodies against IL-1β, IL-6
and TNF-α were from Thermo Scientific (Rockford, IL).

The International Standard of human IL-1β (rDNA derived, NIBSC
code: 86/552, UK), WHO 1st International Standard of human IL-6
(NIBSC code: 89/548, UK) and WHO International Standard of human
TNF-α (NIBSC code: 88/786, UK), were used as standards in ELISA and
were reconstituted in phosphate-buffered saline (PBS) containing 3%
bovine serum albumin (BSA) and stored at −80 °C until use. All con-
sumables were purchased sterile and certified pyrogen-free. Glassware
was depyrogenated by dry-heat at 250 °C for 1 h.

2.2. Preparation of soluble BG from Saccharomyces cerevisiae

Insoluble BG were obtained from baker's yeast S. cerevisiae (Sandula
et al., 1999), with some modifications. In brief, 33 g of dry yeast was
swollen with 200 ml endotoxin-free water at 65 °C for 24 h, followed
by digestion with 3% NaOH at 60 °C. After centrifugation at 4000 rpm
for 15 min, the pellet was resuspended with 3% NaOH and shaken at
90 °C for 90 min in an orbital shaker. The suspension was centrifuged
under the same conditions and the pellet was resuspended in endotox-
in-free water, neutralized and dialyzed against distilledwater at 4 °C for
36 h. The dialyzed solutionwas then centrifuged and the pelletwas suc-
cessively washed with ethanol, acetone and diethyl ether, and finally
dried under nitrogen. The process to obtain soluble BG was conducted
as described previously (Cardenas et al., 2000). The powder was
suspended at 1% (w/v) in endotoxin-free water and heated at 100 °C
for 10 min in a water bath. Thereafter, the suspension was centrifuged
and the supernatant collected and stored at−80 °C until use.

The concentration of BG was determined in terms of glucose-equiv-
alent concentrations by the phenol-sulfuric assay (Dubois et al., 1956)
using D-glucose as standard. The presence of soluble BG was confirmed
with the Glucatell® kit (Associates of Cape Cod, E. Falmouth, MA) using
pachyman as standard according to the manufacturer's instructions.
Contaminations with endotoxins and proteins were assessed by the ki-
netic chromogenic LAL assay specific for endotoxins using the
Pyrochrome® kit andGlucashield® Buffer (Associates of Cape Cod, E. Fal-
mouth, MA) (Perdomo-Morales et al., 2011) and by the Lowry method
(Lowry et al., 1951), respectively.
2.3. Monocyte activation test

TheMATwas conducted using fresh humanwhole blood (WB-MAT)
as we described in detail earlier (Perdomo-Morales et al., 2011). The
blood was collected and used for experiments after obtaining the in-
formed consent from the volunteers, and the qualification of blood do-
nors was assessed as recommended by the EP (EP, 2010a). The
Institutional Ethical Committee approved the experimentation with
human blood with code CIE-001/2014.

The blood waswithdrawn from five individual healthy donors using
syringes (Multifly®, Sarstedt, Germany) connected to sodium heparin
coated tubes (S-Monovette®, Sarstedt, Germany), and was used before
3 h after extraction (EP, 2010a). Whole blood was incubated in quadru-
plicate with increasing concentrations of BG (0.0002–200 μg/ml), or
with samples containing the same range of concentrations of BG
combined with a fixed LPS concentration (0.25 EU/ml). The pro-
inflammatory cytokines IL-1β, IL-6 and TNF-α, were determined in
the supernatant from the whole blood incubation by an in-house
sandwich ELISA. Cytokines concentrations were obtained by linear
regression of the linear portion of the curve of cytokine standard
concentration vs. absorbance (Perdomo-Morales et al., 2011). A line-
ar range between 7.8 and 500 pg/mLwas obtained for the three cyto-
kines assayed.

The pyrogenic classification of each sample usingMAT was assessed
as established by the Method A of the EP (EP, 2010a). Thus, the results
were obtained from the dose–response plot of endotoxin standard con-
centration vs. absorbance, and expressed as endotoxin equivalent units
per ml (EEU/ml) (Perdomo-Morales et al., 2011). Samples containing
more than 0.5 EEU/ml were considered pyrogenic (Hoffmann et al.,
2005b; Spreitzer et al., 2002).
2.4. Rabbit pyrogen test

Healthymale rabbits of the Chinchilla typewere purchased from the
National Center for the Production of Laboratory Animals (CENPALAB,
Havana, Cuba). Rabbitswere housed in plastic cages and kept in quaran-
tine for one week prior the study. Both housing of animals and experi-
mental conditions were performed according to the United States
Pharmacopoeia (USP) (USP, 2012). Rectal temperature was recorded
every half hour for 180min after sample injection, temperature increase
(ΔT) was the difference between the temperature at each point and the
lower basal temperature, whichwas recorded 30 and 60min before ad-
ministration. All animal experiments were carried out in accordance
with the EU Directive 2010/63/EU for animal experiments andwere ap-
proved by the Institutional Animal Ethical Committee with code CIEA-
044/2013.
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2.4.1. Determination of the threshold endotoxin concentration of the rabbit
colony

Before undertaking the RPT experiments, the endotoxin concentra-
tion that represents the threshold dose between pyrogenic and non-py-
rogenicwas determined. Rabbitswere divided into seven groups (n=3
for each). Animals were injected (1 ml/kg through the marginal ear
vein) with 0.625, 1.25, 2.5, 5, 10, 25 and 50 EU/kg bodyweight of endo-
toxin standard in physiological saline (Fresenius Kabi, Germany). Rectal
temperatures were recorded every half hour during the 3 h following
the administration.

The threshold endotoxin concentration was calculated according to
the method described by Hoffmann (Hoffmann et al., 2005a) taking
into account the algorithms proposed by the USP (USP, 2012) and the
EP (EP, 2010b), which differ in their threshold responses. The threshold
endotoxin concentration is what causes amean rabbit temperature that
leads to a pyrogenic classification in thefinal step. Thus, according to the
USP algorithm, this would be the dose of endotoxinwhich causes a tem-
perature increase of 0.4125 °C resulting from the division of 3.30 °C
(failure criterion in the final step) by 8 (the total number of rabbits test-
ed). In the case of EP criteria, the threshold endotoxin concentration is
the dose of endotoxin that increases temperature in 0.55 °C due to the
division of 6.60 °C by 12.

2.4.2. Influence of BG on LPS-induced febrile response in RPT
The animals (n = 15) were allocated into five groups (n= 3 each).

Control rabbits were intravenously injected (2ml/kg)with 0.625 EU/ml
in saline, corresponding to a dose of 1.25 EU/kg. The other groups were
injected (2ml/kg) with 0.625 EU/ml concomitantly with BG at 0.1, 1, 10
and 100 μg/ml (corresponding to a dose of 1.25 EU/kg plus BG at 0.2, 2,
20 and 200 μg/kg).

The pyrogenic classification of samples was defined according to the
USP (USP, 2012). In brief, if after injection there are no rabbits showing a
ΔT equal or higher than 0.50 °C during 180 min, the sample passes the
test. If a rabbit shows an individualΔT of 0.50 °C ormore, five additional
animals need to be tested. If no more than three of the eight animals in
this final step show a ΔT of 0.50 °C or more, and if the sum of the eight
individual maximum ΔT does not exceed 3.30 °C, the sample is deemed
non-pyrogenic. Failure to meet any of these two conditions in the final
step indicates that the sample is pyrogenic.

2.5. Statistical analysis

Statistical analyses were performed using the Graph Pad Prism soft-
ware, Version 5.0 (Graph Pad Software, San Diego, USA). All data are
given as mean ± SD. P-values b 0.05 were considered significant and
were tested with a Student's t-test, Mann–Whitney test or one-way
ANOVA with Dunnett's Multiple Comparison test.

3. Results

3.1. Pro-inflammatory cytokines induction by BG

The soluble BG from S. cerevisiae was used as a type example of BG
through this study. The solution obtained was at 204 μg/ml (in terms of
glucose-equivalent concentrations), which represented the 0.3% (w/w)
of dried yeast, contained 1.2% (w/w) of proteins. The endotoxin content
was below 0.3 EU/mg as assessed by endotoxin-specific LAL assay,
supporting that biological reactions measured across this study were
unlikely due to endotoxin contamination. The presence of BG in our
preparation was confirmed using the Glucatell® kit, which specifically
determines BG by means of the Factor G pathway of the LAL reaction.
The concentration of BG in term of biological activity using Glucatell®

and pachyman as standard was 16 μg/ml. It is important to emphasize
that BG concentrations used through this study were expressed as
glucose-equivalent concentrations.
BG stimulated TNF-α in all donors, while IL-1β and IL-6 showed the
lowest concentrations, being undetectable in three of the five donors
even at the highest BG concentration (Table 1, column A). Fig. 1 shows
the BG-induced response profile in a donor for whom all cytokines
were clearly detected. This result suggests that the response to BGvaries
among individual subjects, as occurswith other pro-inflammatory stim-
uli like LPS (Spreitzer et al., 2008;Wouters et al., 2002),which is also ev-
idenced in the present work (see column B, Table 1). It was generally
found that high BG concentrations were required to induce the low to
moderate cytokine response observed.

We proceeded to determinewhether BG samples were pyrogenic or
not according to MAT. The endotoxin equivalent concentrations were
calculated using an endotoxin standard curve, which was included
alongwith the samples in the incubationswithwhole blood. A linear re-
lationship was obtained from 0.125 to 1 EU/ml for IL-1β and from
0.0625 to 1 EU/ml for IL-6, as previously found in similar experimental
conditions (Perdomo-Morales et al., 2011), and from 0.25 to 1 EU/ml
for TNF-α, being this last the least sensitive readout (Fig. 2). All endo-
toxin curves showed in Fig. 2 fulfilled the acceptance criteria established
by the EP (EP, 2010a). In addition, all responses obtained both in the ab-
sence of stimuli andwith the lowest LPS concentrationwere statistically
significant (p b 0.05), which indicates the lack of response in
unstimulated monocytes.

Endotoxin equivalent concentrations in all BG samples were quite
below 0.5 EEU/ml (see Table 2 for lower and upper BG concentrations),
and hence BG was deemed non-pyrogenic by MAT.

It was noticeable that endotoxin equivalent concentration produced
by the highest BG concentration evaluatedwas above 0.5 EEU/ml in one
donor using TNF-α as readout, which could be in accordance with the
higher TNF-α response in such donor (Table 1).

3.2. Influence of BG on LPS-induced pro-inflammatory cytokine response

To study the effect of BG on LPS-induced cytokines production,
human whole blood was incubated with BG (0.0002–200 μg/ml) and a
constant LPS concentration (0.25 EU/ml), which fall around the middle
of the LPS standard curve, allowing the assessment of inhibition or en-
hancement in the response to LPS promoted by BG.

It was found that from around 2 μg/ml of BG concomitantlywith LPS,
the response of all cytokines was significantly increased regarding LPS-
mediated response in every donor (p b 0.05) (Fig. 3). We next analyzed
whether BG exerted a synergistic or additive effect on the increased LPS
response observed. The degree of synergismwas calculated by the rela-
tion between the actual experimental value obtained with LPS + BG
and the additive value of cytokine concentrations released for each
stimulus separately, as previously described (Engstad et al., 2002). All
degrees of synergism were greater than one, indicating that BG and
LPS had a synergistic effect in the production of all cytokines (Table 1).

The synergismwas most evident at BG concentrations above 2 μg/ml,
which seems to be the lower threshold level for enhancement, though in
some donors it was verified at lower concentrations (Fig. 3). In addition, a
higher threshold at BG concentrations around 20 μg/ml in most donors
was observed (Fig. 3). The synergic response of BG+LPSwas not propor-
tional to theBGconcentration, probably because non-endotoxinpyrogens
often show very steep dose–response curves (EP, 2010a).

In addition, while IL-1β secretion was the least stimulated by BG it-
self, it was themost powerfully synergized (two to 14 times higher than
the hypothetical additive effect for the highest concentration of BG)
(Table 1).

Such a synergistic effect of BG caused samples containing BG and LPS
to fail the MAT (i.e. are pyrogenic) when IL-1β was used as readout,
since the endotoxin concentrations estimated were above 0.5 EEU/ml
in all donors (Table 2). The results were less conclusive with IL-6 be-
cause the same samples passed the test in three from five donors, al-
though they were near the failure borderline (Table 2). If we consider
TNF-α readout, all samples failed the test at the higher BG



Table 1
Cytokines concentrations and synergism degrees in the cytokines responses in blood from five individual donors stimulated with LPS, β-(1,3)-glucans and combinations of both stimuli.

A B C D E

Donor Cytokine BG
(μg/ml)

Cytokine (pg/ml) induced
by BG

Cytokine (pg/ml) induced
by LPS

Cytokine (pg/ml) induced by
BG + LPS

Additive effect
(A + B)

Degree of synergism
(C/D)

1 IL-1β 2 n.d. 34.8 ± 1.93 213.8 ± 17.49 42.6 4.7
20 n.d. 265.7 ± 41.85 42.6 6.6
200 n.d. 319.6 ± 31.55 42.6 7.3

IL-6 2 n.d 81.8 ± 1.64 106.0 ± 7.60 89.6 1.1
20 n.d. 107.5 ± 9.01 89.6 1.3
200 n.d 126.8 ± 3.30 89.6 1.4

TNF-α 2 n.d. n.d. 41.2 ± 6.90 15.6 2.3
20 n.d. 57.1 ± 8.42 15.6 4.0
200 14.6 ± 10.77 66.2 ± 0.95 15.6 3.2

2 IL-1β 2 n.d. 31.8 ± 0.02 265.4 ± 14.36 39.6 6.7
20 n.d. 278.7 ± 53.67 39.6 7.0
200 n.d. 401.5 ± 32.00 39.6 10.1

IL-6 2 n.d. 13.7 ± 0.01 25.9 ± 7.49 21.5 1.2
20 n.d. 46.1 ± 7.20 21.5 2.1
200 n.d. 41.0 ± 7.23 21.5 1.9

TNF-α 2 – n.d. – – –
20 n.d. 35.3 ± 2.96 10.3 2.3
200 10.0 ± 1.47 40.3 ± 5.93 12.5 2.3

3 IL-1β 2 n.d. 72.8 ± 8.73 280.7 ± 13.67 80.6 3.5
20 4.5 ± 0.83 293.1 ± 50.82 77.3 3.8
200 7.8 ± 0.62 456.1 ± 40.16 80.6 5.6

IL-6 2 4.8 ± 1.12 43.8 ± 1.37 96.1 ± 2.58 48.6 2.0
20 11.9 ± 1.24 106.5 ± 26.20 55.7 1.9
200 14.8 ± 4.24 179.8 ± 43.84 58.6 3.1

TNF-α 2 n.d. 7.7 ± 1.22 28.1 ± 0.25 15.5 1.8
20 n.d. 96.2 ± 19.21 15.5 6.2
200 21.1 ± 0.64 118.1 ± 8.30 28.8 4.1

4 IL-1β 2 n.d. n.d. 13.4 ± 3.05 10.1 0.9
20 n.d. 18.1 ± 3.35 10.1 1.2
200 n.d. 25.7 ± 0.71 10.1 1.7

IL-6 2 n.d. 28.2 ± 3.74 36.8 ± 8.20 36.0 1.0
20 n.d. 64.5 ± 10.56 36.0 1.8
200 n.d. 65.1 ± 0.83 36.0 1.8

TNF-α 2 – 11.6 ± 4.22 – – –
20 n.d. 31.5 ± 4.12 19.4 1.6
200 7.9 ± 2.06 36.2 ± 2.96 19.5 1.8

5 IL-1β 2 n.d. 10.3 ± 2.03 70.4 ± 12.14 18.1 3.9
20 n.d. 263.0 ± 58.77 18.1 14.5
200 11.2 ± 2.94 312.4 ± 43.66 21.5 14.5

IL-6 2 4.2 ± 0.51 21.0 ± 0.87 54.0 ± 3.61 25.2 2.1
20 6.6 ± 2.17 168.2 ± 12.22 27.6 6.1
200 20.4 ± 0.88 329.8 ± 13.64 41.4 8.0

TNF-α 2 n.d. 14.2 ± 1.96 35.5 ± 4.24 22.0 1.6
20 n.d. 101.8 ± 18.51 22.0 4.6
200 46.7 ± 7.49 192.9 ± 2.49 61.0 3.2

Results in columns A, B and C are expressed as mean with S.D. from four replicates.
n.d. Non detectable.β-(1,3)-glucan (BG) or LPS by themselves did not induce cytokine secretion or itwas below the lowest concentration of the curve (7.8 pg/ml). In such cases, the degree
of synergism was calculated using the lowest cytokine standard concentration.
– Non determined.
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concentration. Thus, the probability of failure was clearly related to the
level of enhancing.

3.3. Effect of BG on the LPS-induced pyrogenic response in rabbits

It is known that the pyrogenic response in rabbits is prone to vary
due to sensitivity could depend on several factors such as strain, age,
gender and housing conditions (Pericin and Grieve, 1984; van Dijck
and van de Voorde, 1977). Therefore, before proceedingwith the exper-
iments in RPT, the threshold endotoxin dose based on the fever thresh-
old for failure described in the USP (USP, 2012) and EP (EP, 2010b) was
determined. Endotoxin concentration thresholds of 2.37 and 5.44 EU/kg
were found according to the USP and EP criteria, respectively, which are
close to those previously obtained for Chinchilla strains (2.53 and 5.21
EU/kg) (Hoffmann et al., 2005a), thus indicating that RPT performs ad-
equately in our colony and experimental conditions.
Before going further, samples of BG were tested in RPT at doses be-
tween 0.2 and 200 μg/kg. All doses passed the RPT owing to the fact
that none of the concentrations tested caused a temperature increase
equal or above 0.50 °C (data not shown).

Considering the results of the in vitro experiments, in which co-
incubation of BG and LPS synergized pro-inflammatory cytokines se-
cretion insomuch that those samples could be regarded as pyrogenic,
we expected that such combination could increase the in vivo febrile
response in the RPT. Therefore, we first evaluated the febrile re-
sponse in rabbits administered with a constant sub-pyrogenic dose
of LPS (1.25 EU/kg) containing increasing BG doses (0.2–200 μg/
kg). The rabbits administered only with LPS represented the control
group. None of the samples produced a ΔT value equal to or higher
than 0.50 °C. In addition, no BG effect was apparent because no sig-
nificant differences (p b 0.05) were found in the ΔT obtained
among all treatments (data not shown).



Fig. 1. Effect of β-(1,3)-glucans (BG) on the pro-inflammatory cytokine responses inWB-
MAT. The fresh humanwhole blood (100 μl) was mixed with 100 μl of BG (2, 20, 150 and
200 μg/ml) in a final volume of 1.2 ml made up with 0.9% NaCl and incubated at 37 °C for
16–24 h. Cytokine levels in the supernatants from blood incubations were quantified by
ELISA. Results are expressed asmean± S.D. from four replicatedwhole blood incubations
with each sample.
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Therefore, it was decided to perform a second set of experiments
where the endotoxin dose was increased at the threshold value (2.37
EU/kg). Surprisingly, it was found that conversely to the results we ex-
pected, the administration of BG significantly inhibited the LPS-induced
pyrogenic response (p b 0.05) in all BG doses assayed, except for 200 μg/
kg (Fig. 4A).

In order to verify the fever-inhibiting effect promoted by BG, the en-
dotoxin dose was increased four times above the threshold endotoxin
dose. The same profile as in the previous experiment (Fig. 4B) was ob-
tained. The pyrogenic response at 10 EU/kg was significantly inhibited
in the presence of BG at 0.2 and 20 μg/kg (p b 0.05).

The above experiment was analyzed as established by the USP for
RPT in order to define whether each sample pass or fail the test. The
ΔT in the three required rabbits was below 0.50 °C in the sample con-
taining 10 EU/kg LPS plus 20 μg/kg BG (Fig. 5), and thus passed the
test in the first round. In the other samples, at least one rabbit had a
ΔT higher than 0.50 °C (Fig. 5), and therefore they were retested in
five additional animals per group. The control experiment (LPS at 10
EU/kg) and the sample containing 10 EU/kg LPS plus 200 μg/kg BG failed
the test since seven and four rabbits, respectively, showed ΔT higher
than 0.50 °C (Fig. 5). The remaining treatments passed the test as less
than three rabbits showed ΔT above 0.50 °C (Fig. 5), and the sum of
the eight individual maximum ΔT did not exceed 3.30 °C
(LPS+ 0.2 μg/ml BG, ΣΔTmax= 3.00 °C; LPS+ 2 μg/ml BG, ΣΔTmax=
3.20 °C). The result of these experiments showed that BG could mask
the pyrogenic response of LPS.
Fig. 2. Dose–response curves of pro-inflammatory cytokines in the whole blood from five diff
(100 μl) was incubated with 100 μl of increasing concentrations of LPS (0.125–1 EU/ml for IL-
at 37 °C overnight (four replicates). The cytokine response as optical density at 450 nm was de
4. Discussion

It has long been recognized that the LPS from the outer cell wall of
Gramnegative bacteria are by far themost relevant pyrogen in pharma-
ceuticals (Williams, 2007a), which has supported the successful re-
placement of RPT by LAL assay. Samples showing unavoidable
interference with LAL assay should still be tested by RPT.

Despite the several studies supporting the advantages of MAT over
RPT (Hasiwa et al., 2013; Hoffmann et al., 2005b; Schindler et al.,
2009; Spreitzer et al., 2008), this has not gained wide acceptance in
practice, and instead theuse of rabbits for pyrogen tests has significantly
increased in the last decade (Hartung, 2015). MAT seems to be particu-
larly suitable for assessing the outcome of combined presence of LPS
with other non-endotoxin pyrogens or pro-inflammatory entities
(Hasiwa et al., 2013). In this sense, in the present study we focused on
evaluating the influence of BG on the response to LPS by MAT and RPT.

We found that soluble BG from S. cerevisiae induced a significant
production of pro-inflammatory cytokines in WB-MAT, being TNF-α
the most relevant (Fig. 1 and Table 1). It has been described that BG
from baker's yeast and other sources having different physicochemical
properties, induce the production of pro-inflammatory cytokines in
human whole blood (Hasiwa et al., 2013; Noss et al., 2013;
Wouters et al., 2002), though some BG seem to lack this activity
(e.g. Laminarin, Pachyman, Paramylon and Schizophyllan) (Noss et
al., 2013). Interestingly, Laminarin induces a strong TNF-αmRNA ex-
pression, but no IL-6, in the murine monocytic cell line Raw 264.7
(Seong and Kim, 2010).

The pro-inflammatory response elicited by BG observed in the cur-
rent study was insufficient to classify them as pyrogenic by WB-MAT
using the accepted readouts by the ECVAM (IL-1β and IL-6). However,
it is noticeable that TNF-αwas the cytokinemost powerfully stimulated
by BG (Table 1), insomuch that BG could be classified as pyrogenic in
one donor according to EP. The same samples were deemed non-pyro-
genic by the RPT.

Previous studies have shown that curdlan, barley glucan, and zymo-
san result negative in MAT or barely active at high concentrations
(Hasiwa et al., 2013). It has been largely accepted that BG, including
those released from cellulose-derived filters, are non-pyrogenic, since
at large doses they are unable to induce a febrile response in rabbits
(Williams, 2007b). Others have shown that neither do immunoglobulin
solutions spiked with BG (Buchacher et al., 2010). Doses as high as
300 μg/kg of a carboxymethyl-β-(1,3)-glucan (CM-curdlan) do not pro-
duce fever in rabbits (Nakagawa et al., 2002). On the other hand, high
doses of yeast S. cerevisiae elicit a febrile response in rabbits, which
was adjudicated to zymosan (Kobayashi and Friedman, 1964), an insol-
uble BG also composed by mannans, proteins, and nucleic acids
(Soltanian et al., 2009). Intraperitoneal administration of zymosan at
amounts between 3 and 10 mg/kg induces a febrile response in rats
(Bastos-Pereira et al., 2014). Thus, induction of fever by subcutaneous
erent donors (●, ■, ▲, ▼, ♦) upon stimulation with LPS standard. The fresh whole blood
1β (A), 0.0625–1 EU/ml for IL-6 (B) and 0.25–1 EU/ml for TNF-α (C)) and 1 ml 0.9% NaCl
termined by ELISA.



Table 2
Pyrogenicity in terms of endotoxin equivalent concentrations of β-(1,3)-glucans and LPS + β-(1,3)-glucans determined by the Monocyte activation test.

Donor Readout EEU/ml

BG (2 μg/ml) BG (20 μg/ml) BG (200 μg/ml) LPS (0.25 EU/ml) + BG
(2 μg/ml)

LPS (0.25 EU/ml) + BG
(20 μg/ml)

LPS (0.25 EU/ml) + BG
(200 μg/ml)

1 IL-1β n.d.P n.d.P n.d.P 0.8 ± 0.06F N1.0F N1.0F

IL-6 n.d.P n.d.P n.d.P 0.3 ± 0.02P 0.4 ± 0.03P 0.4 ± 0.01P

TNF-α n.d.P b0.25P 0.4 ± 0.02P 0.6 ± 0.06F 0.8 ± 0.05F 0.8 ± 0.01F

2 IL-1β n.d.P n.d.P n.d.P 0.5 ± 0.02F 0.6 ± 0.06F 0.7 ± 0.03F

IL-6 n.d.P n.d.P n.d.P 0.3 ± 0.04P 0.4± 0.09P 0.4 ± 0.04P

TNF-α – n.d.P 0.3 ± 0.01P – 0.5 ± 0.03F 0.6 ± 0.01F

3 IL-1β n.d.P 0.1 ± 0.00P 0.1 ± 0.00P 0.6 ± 0.02F 0.7 ± 0.07F 0.9 ± 0.05F

IL-6 0.1 ± 0.01P 0.1 ± 0.00P 0.1 ± 0.00P 0.4 ± 0.01P 0.5 ± 0.08F 0.7 ± 0.10F

TNF-α b0.25P b0.25P 0.3 ± 0.00P 0.3 ± 0.00P 0.6 ± 0.08F 0.7 ± 0.06F

4 IL-1β n.d.P n.d.P n.d.P 0.4 ± 0.06P 0.5 ± 0.07F 0.7 ± 0.01F

IL-6 n.d.P n.d.P n.d.P 0.2 ± 0.04P 0.4 ± 0.04P 0.4 ± 0.00P

TNF-α – n.d.P 0.3 ± 0.14P – 0.5 ± 0.03P 0.5 ± 0.02F

5 IL-1β n.d.P 0.2 ± 0.02P 0.3 ± 0.02P 0.6 ± 0.07F N1.0F N1.0F

IL-6 0.1 ± 0.01P 0.1 ± 0.03P 0.3 ± 0.01P 0.6 ± 0.04F N1.0F N1.0F

TNF-α n.d.P b0.25P 0.6 ± 0.10F 0.5 ± 0.05F N1.0F N1.0F

Results are expressed as mean with S.D. of four replicates.
n.d. Non detectable.
– Non determined.

P Pass the test.
F Fail the test.
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injection of 10ml/kg of 15% S. cerevisiae suspension in rats has beenwide-
ly used as preclinical model to evaluate the antipyretic activity of drugs
(Vogel, 2002). Since cell wall of S. cerevisiae accounts for about 10–25%
of total cell weight, containing 30–60% of glucans (Barsanti et al., 2011),
it can be assumed that 15% S. cerevisiae suspension represents a dose of
glucans as high as around 0.2 g/kg. Such a high amount of BG is unlikely
to appear in the clinic or contaminating pharmaceutical products.

Less is known about the pyrogenic activity of BG in humans. High
levels of BG in patients with invasive fungal infections and neutropenic
Fig. 3. Pro-inflammatory cytokines response induced by LPS and combinations of LPS and β-(1
batedwith 100 μl of 0.25 EU/ml LPS or 100 μl of 0.25 EU/ml LPS+ 100 μl of BG (0.0002–200 μg/
Cytokine concentrations (IL-1β (A), IL-6 (B) and TNF-α (C)) were quantified in each supernat
considered significantly different to LPS control by a one-way analysis of variance (ANOVA) follo
fever have been observed (Ellis et al., 2008; Obayashi et al., 1995),
though there is no evidence indicating that they are directly responsible
for febrile episodes. In fact, i.v. infusions of BG extracted from S.
cerevisiae at doses between 0.5 to 2 mg/kg do not elicit a pyrogenic re-
sponse in humans (Babineau et al., 1994).

BG are the major constituent of the cell wall from fungi (Rice et al.,
2005; Soltanian et al., 2009), and there are other cell-wall components
which are able to elicit a biological response (Barreto-Bergter and
Figueiredo, 2014). A recent review dealing with non-endotoxin
,3)-glucans (BG) in WB-MAT. Whole blood (100 μl) from five individual donors was incu-
ml) in a final volume of 1.2 mlmade upwith 0.9% NaCl and incubated at 37 °C for 16–24 h.
ant by ELISA. Results were expressed as mean ± S.D. of four determinations. Values were
wed by theDunnett'smultiple comparison test, *=p b 0.05; **=p b 0.01; ***=p b 0.001.



Fig. 4.Maximum temperature increase (ΔTmax) in rabbits induced by injection of LPS and combinations of LPS with β-(1,3)-glucans (BG). Rabbits were intravenously injected with BG
(0.2; 2; 20 and 200 μg/kg) concomitantly with two constant LPS doses for each experiment. LPS at 2.37 EU/kg (A); LPS at 10 EU/kg (B). Animals injected solely with LPSwere used as con-
trols. Body temperatures were measured each 30 min during the three hours following the administration. Dashed lines represent the individual fever threshold according to the USP
criteria. Results are expressed as individual values with their means ± S.D. of the three animals of each group. Asterisks mean values significantly different to control group for p ˂ 0.05
as assessed by the Mann–Whitney test.
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pyrogens showed that conversely to BG, fungi are highly reactive in
MAT (Hasiwa et al., 2013), thus fungi and fungal components are
often referred as non-endotoxin pyrogens (Hasiwa et al., 2013;
Williams, 2007b). Due to the ability of several BG to induce the produc-
tion of pro-inflammatory cytokines, also known as endogenous pyro-
gens, they could be classified as non-endotoxin pyrogens (Hasiwa et
al., 2013). The etymology of the term pyrogen come from the Greek
root “pyro” (in fire) and “gen” (thing that produces or causes), and is re-
ferred to any substance causing fever. Therefore, considering the evi-
dence available today, BG should be rather considered as proposed by
Williams (Williams, 2007b), as a Host Active Microbial Components
(HAMC).

In the above context, it is worth analyzing the case of Lipoteichoic
acid (LTA), which is stated as the LPS counterpart in Gram positive bac-
teria (Rockel andHartung, 2012). Similar to BG, LTA is non-pyrogenic by
the RPT, although conversely to BG, it elicits a strong response in MAT
Fig. 5. Effect of β-(1,3)-glucans (BG) in the outcome of the rabbit pyrogen test in samples
containing pyrogenic LPS doses. LPS (5 EU/ml) combined with BG (0.1; 1; 10 and 100 μg/
ml) were intravenously injected at 2 ml/kg resulting in doses of 10 EU/kg LPS (Control),
and BG (0.2; 2; 20 and 200 μg/kg) plus 10 EU/kg LPS. Results are showed as individual
maximum temperature (ΔTmax) increase and were analyzed according to the USP
criteria. The group with the lowest number of animals (LPS + BG 20 μg/kg) no need to
be retested since any rabbit showed a ΔTmax increase greater than 0.5 °C. The remaining
groups failed to fulfill this criterion and therefore their corresponding sampleswere tested
in five additional rabbits per group.
(Hasiwa et al., 2013; Spreitzer et al., 2008). In this case, non-pyrogenic-
ity of LTA in rabbits seems to bedue to differences in sensitivity between
humans and rabbits (Schindler et al., 2003).

A completely different situation arises when BGs are combined with
other MAMP such as LPS, and probably other TLR-ligands. Previous
studies have shown that commercial BG from yeast have a synergistic
effect on LPS response in human whole blood with respect to TNF-α
and IL-8; however, conversely to the findings of the current study,
they found no activity on LPS-induced IL-6 production (IL-1β was not
determined) (Engstad et al., 2002). The occurrence of synergistic effect
of combination of LPS and BG is also evidenced in other immunocompe-
tent cells (Huang et al., 2009; Seong and Kim, 2010).

It is important to note that BG synergize the LPS response in the con-
ventional LAL assay (Roslansky and Novitsky, 1991), and therefore the
occurrence of enhanced reaction to LPS in LAL generally indicates BG
contamination.OtherMAMPor exogenous pyrogensmight lead tomax-
imize deleterious effect of LPS and other pyrogens. For instance, pepti-
doglycan (PGN) and muramyldipeptide (MDP) synergize pro-
inflammatory cytokines secretion induced by LPS and LTA in WB-MAT
(Traub et al., 2004, 2006) and other assay systems using human whole
blood (Hadley et al., 2005; Wang et al., 2001). Similar effects occur in
human monocytoid cell-lines such as THP-1 (Natsuka et al., 2008;
Yang et al., 2001) and MonoMac-6 cells (Wolfert et al., 2002). The syn-
ergism between LPS and PGN is also evidenced in vivo (Shikama et al.,
2011; Takada et al., 2002; Wray et al., 2001).

We have demonstrated here that BG synergize the IL-1β, IL-6 and
TNF-α response to LPS inWB-MAT (Fig. 3 and Table 1), andmost impor-
tantly, that such enhancement causes samples containing LPS at
subpyrogenic concentrations to become pyrogenic according to MAT
(Table 2).

The synergic activity of BG on LPS cytokine response suggests that
the burst response observed earlier (Perdomo-Morales et al., 2011),
was due to BG released from cellulose-derived filters. However, in
such case the increased response to LPS was only evident for IL-6,
which is in agreement with previous studies showing that glucans iso-
lated from dialysis membranes and menstrual tampons powerfully co-
stimulate IL-6 production induced by LPS and other TLR-ligands
(Kikkert et al., 2007). This discrepancy is probably related to the physi-
cochemical differences between BG and their concentrations in the
samples. In addition, it could also be related to the incubation time of
whole blood with the sample, since this parameter influences in the
level of synergism (Engstad et al., 2002).

Considering the synergistic effect could lead to a pyrogenic classifi-
cation, the in vivo effect of concomitant administration of LPS and BG
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in the RPT was evaluated. Contrary to our expectations, we found that
BG inhibited the pyrogenic response of LPS. It is noticeable the absence
of fever-inhibiting activity at the higher BG concentration (Fig. 4), for
which we have no explanation. Interestingly, the same pattern is
found in the immune response of invertebrates. For instance, the re-
sponse to BG by the prophenoloxidase activating system from crusta-
ceans (Soderhall, 1981) and the clotting system from horseshoe crabs
(Kakinuma et al., 1981), which are main components of the innate im-
munity of arthropods, are inhibited by high BG concentrations.

The mechanism behind the in vivo antipyretic effect observed is un-
known andmight respond to several factors. In rabbits, BG promote the
clearance of LPS from plasma, probably through increasing LPS removal
bymononuclear phagocyte systemactivated byBG (Yokota et al., 1991).
In addition, BG significantly attenuate the expression of pro-inflamma-
tory cytokines IL-1β, IL-6 and TNF-α in rats with septic peritonitis, pre-
sumably by down-regulating ICAM-1 and neutrophil accumulation
pathways (Bedirli et al., 2007), which is not generally in accordance
with the in vitro results that we and others (Hasiwa et al., 2013; Noss
et al., 2013; Wouters et al., 2002) have found. The main reason for the
fever-inhibiting activity observed could be that, in the presence of
pro-inflammatory stimuli, BG are able to change from a pro-inflamma-
tory to an anti-inflammatory profile by increasing the production of IL-
10 and IL-1 receptor antagonist (IL-1ra) (Huang et al., 2009; Luhm et al.,
2006), which are recognized endogenous antipyretics involved in the
termination of fever induced by exogenous pyrogens (Bartfai and
Conti, 2010; Leon et al., 1999). Moreover, BG synergize IL-10 response
in the presence of LPS (Engstad et al., 2002). Itwas recently demonstrat-
ed that BG-induced IL-1ra is independent of dectin-1 and CR3, but
throughout an unknown receptor (Smeekens et al., 2015).

Further studies are required in order to elucidate the mechanisms
behind the fever-inhibiting activity of BG. For the time being, its impli-
cations should be considered in relation to the reliability of RPT, partic-
ularly in parenteral pharmaceuticals that were filtered through
cellulose-based filters, which are known for releasing variable amounts
of BG (Nagasawa et al., 2003; Ohata et al., 2003; Perdomo-Morales et al.,
2011; Usami et al., 2002), or in those formulations involving fungal fer-
mentation or containing plant-derived hydrolysates, which are other
sources of BG contamination (Finkelman, 2005). Little has been report-
ed about the concentration of BG as contaminants of pharmaceuticals,
and the highest BG concentrations used in this study seem unlikely.
However, concentrations of BG near to those studied here (20 μg/ml)
have been reported in Albumin solutions that have been filtered thor-
ough cellulosic filters (Nagasawa et al., 2003).

Although unplanned and probably unwanted, the presence of BG in
injectable might exert rather a protective or beneficial effect. Therefore,
this might explain the lack of adverse clinical episodes involving BG
contamination of parenteral, and hence the lack of concern by regulato-
ry bodies.

On the other hand, it is important to bear in mind that RPT, despite
being considered the “gold standard” for pyrogenicity test, and generally
providing an acceptable level of safety for years, has brought about
many ethical conflicts and has several drawbacks. For example, asmen-
tioned before, the sensitivity depends on the strain used and the exper-
imental conditions. In addition, RPT is a qualitative test, i.e. it is limited
to define whether a product is pyrogenic or not (pass/fail test) despite
of the nature of sample components. With the advent of MAT, it has be-
come evident that certainMAMP that are not pyrogenic in RPT could in-
duce a strong pro-inflammatory response in humans. In addition, the
resulting implications of concomitant presence of different MAMP or
exogenous pyrogens in pharmaceuticals or biopharmaceuticals, could
be overlooked by the RPT but detected byMAT, providing better predic-
tion and hence increasing safety. Perhaps it is time to reevaluate what is
more important for safety of parenteral products: pyrogenicity per se, or
the ability of substances to elicit or enhance the immune response (e.g.
the releasing of pro-inflammatorymediators), with the subsequent del-
eterious or unpredictable influences on human health.
These thoughts are in line with previous statements (Williams,
2007a), which also argued that the term pyrogen lacks accuracy since
according to molecular and cellular mechanism currently known,
fever is the less significant response in inflammatory events, which
could even progress without febrile response.
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