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Abstract

Polysaccharopeptide (PSP), from Coriolus versicolor, has been used widely as an adjuvant
to chemotherapy with demonstrated anti-tumor and broad immunomodulating effects.
While PSP’s mechanism of action still remains unknown, its enhanced immunomodulatory
potential with acacia gum is of great interest. Acacia gum, which also contains polysaccha-
rides and glycoproteins, has been demonstrated to be immunopotentiating. To elucidate
whether PSP directly activates T-cell-dependent B-cell responses in vivo, we used a well-
established hapten carrier system (Nitrophenyl-chicken gamma globulin (NP-CGG)). 6-
week C57BL/6 male mice were immunised with 50 pg of NP,5-CGG alum precipitate intra-
peritoneally. Mice were gavaged daily with 50mg/kg PSP in a vehicle containing acacia
gum and sacrificed at days 0, 4, 7, 10, 14 and 21. ELISA was used to measure the total and
relative hapten-specific anti-NP IgA, IgM and IgG titre levels compared to the controls. It
was found that PSP, combined with acacia gum, significantly increased total IgG titre levels
at day 4 (P< 0.05), decreased IgM titre levels at days 4 and 21 (P< 0.05) with no alterations
observed in the IgA or IgE titre levels at any of the time points measured. Our results sug-
gest that while PSP combined with acacia gum appears to exert weak immunological
effects through specific T-cell dependent B-cell responses, they are likely to be broad and
non-specific which supports the current literature on PSP. We report for the first time the
application of a well-established hapten-carrier system that can be used to characterise and
delineate specific T-cell dependent B-cell responses of potential immunomodulatory glyco-
protein-based herbal medicines combinations in vivo.
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Introduction

Evading immune destruction has been deemed as an emerging hallmark of cancer [1]. In par-
ticular, the absence of strong cancer antigens, loss of MHC class I, or stimulatory and or co-
stimulatory molecules can result in the failure of T-cell recognition, antigen presentation and
tumor elimination [2,3]. The side-effects associated with chemotherapy places additional bur-
den on the host’s ability to mount an effective immune response against antigens and the com-
promised immune system is therefore vulnerable to potentially life-threatening infections [4].
Attempts at targeting and stimulating the suppressed host’s immune response against such
assaults has been met with mixed success in the delivery of effective therapies. Although vari-
ous immunotherapeutic approaches such as dendritic cell vaccination possess low toxicity,
unfortunately they rarely exceed an objective clinical tumor response rate of 15% [5]. Therapies
such as tumor-infiltrating lymphocytes (TILs) protocols have been recently evaluated in a
pooled analysis reporting a 20% complete response rate with a 70% overall objective response
rate in patients with melanoma [6]. Cytokine therapies, in particular the systemic administra-
tion of IL-12 have been associated with severe side effects and a very narrow therapeutic index
[7]. Few such clinical trials administering IL-12 in cancer patients have showed encouraging
results [7]. However, immunotherapy with other interleukins such as high dose IL-2 remains
to be an effective treatment for the last 20 years in patients with metastatic renal cell carcinoma,
conferring well-documented complete durable responses in 10-15% of select patients [8]. Anti-
body mediated therapies such as the development of monoclonal antibodies have been used to
successfully target various receptors including VEGF, EGFR, Her-2 exerting various effects on
different cancers resulting in prolonged survival [9]. In particular, the development of the fully
humanized IgG1 monoclonal antibody ipilimumab targets the cytotoxic T lymphocyte anti-
gen-4 (CTLA-4) on the surface of helper T-cells thereby inhibiting the development of immune
tolerance. Ipilimumab is approved by the FDA for the treatment of melanoma [10]. More
recently, the discovery of MDX-1106 (nivolumab), a fully humanised IgG4 checkpoint inhibi-
tor targets programmed death 1(PD-1) exerting immunosuppressive effects on T-cells prevent-
ing tolerance. Phases I and II studies have been carried out on various cancers, showing
objective tumor responses and improving overall survival of advanced melanoma patients [11].
As a result, nivolumab has been approved by the FDA for treating patients with unresectable
or metastatic melanoma who are no longer responsive to other drugs, and patients with meta-
static squamous non-small cell lung cancer (NSCLC) with progression on or after platinum-
based chemotherapy. The aim is to develop and combine various therapeutic strategies
together that deliver broad spectrum effects with potentially less toxicity while minimizing
resistance, thereby improving treatment outcomes for those with cancer. Thalidomide is one
such drug used for the effective management of multiple myeloma, possessing complex but
multifaceted effects including potent cytotoxic and immunomodulatory activities [12]. In par-
ticular, thalidomide has the ability to stimulate prognostically significant cytotoxic T-cells
responses in patients with multiple myeloma [13] and Waldenstrom macroglobulinemia [14].
Numerous nutritional interventions have demonstrated potential in modulating the dsyre-
gulated immune response. In particular, mushroom derivatives have been well studied and are
known to possess immune-stimulatory effects, but clear evidence of their ability to augment
immunological responses against specific antigens is slowly emerging [15]. Protein-bound
polysaccharides or polysaccharopeptides (PSP), are a class of compounds found abundantly in
certain mushrooms and have been widely used as biological response modifiers (BRM) in East
Asia [16]. PSP derived from Coriolus versicolor has been reported to enhance the immune sys-
tem, and be a potent immunomodulator against cancers and infections [17-19]. Immunosti-
mulating effects of PSP include elevation of pro-inflammatory cytokines such as interferon y
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Fig 1. Schematic diagram of the events that give rise to cognate interactions between T-cell and B-
cells.

doi:10.1371/journal.pone.0146881.g001
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(IFN-v), interleukins such as IL-2; natural killer (NK) cell activity, activation of complement
(C3), and T-cell proliferation [20]. Importantly, we previously reported that PSP upregulates
the percentage of monocytes but did not alter T-cell subsets, NK cells or B-cells[21]. In particu-
lar, we did not find any significant differences in the CD4/8 ratio after PSP treatment [21]. This
finding supports clinical studies that have reported no significant changes in the CD4/8 ratio
after PSP treatment [22,23]. While our previous study on PSP was conducted in vitro, it did
not take into account the issues of bioavailability or its effects on liver metabolism. It is plausi-
ble that the negative T-cell results may be attributable to the absence of a completely intact
immune triad of DC, T and B-cells. A confirmatory study using animals is therefore crucial
and the subject of this study.

In T-cell dependent B-cell antibody responses, an antigen taken up by DC or macrophages
are presented to naive T-helper cells where cognate interaction between B-cells can occur. The
B-cell with the same specificity as a particular T-cell engulfs and digests the antigen and dis-
plays the antigenic fragments bound to its unique MHC II molecules on its surface for further
presentation. A mature matching T-cell interacts with the B-cell and secretes cytokines leading
to cell division of B-cells and antibody production. This process may lead to the production of
memory B-cells (Fig 1).
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Interestingly, much of the data (including our own) suggest an augmentation of cytokine
levels and immunological subsets conferred by PSP’s non-specific but broad ranging activities.
Whether PSP exerts T-cell dependent B-cell antibody responses, or T-cell independent B-cell
antibody responses has not been elucidated partly due to a lack of appropriate assays including
animal models. An attempt to evaluate adjuvant effects of vaccination with glycoprotein-based
herbal medicines with immunomodulatory potential (particularly Astragalus and PSPs from
Coriolus versicolor) paired with KLH conjugates have been conducted [24,25]. While this study
was able to demonstrate significant adjuvant effects with these herbal medicines, the KLH
models present a number of limitations. Firstly the B-cell response to the complex KLH protein
is a polyclonal response in relation to a wide repertoire of antigenic epitopes making the deter-
mination of specific responses such as T-cell dependent B-cell responses impossible. Secondly
this T-cell dependent B-cell response in the KLH model spans an extended duration rendering
it difficult to differentiate between direct and indirect effects. The adjuvant effects of vaccinat-
ing with glycoprotein-based herbal medicines in this KLH study are likely to be broad and
non-specific. Therefore the NP-CGG model addresses both these limitations of the KLH
model in being able to determine direct and specific T-cell dependent B-cell adjuvant effects of
immunomodulatory herbal medicines combined with immunopotentiating agents. In order to
maximise the splenic immune response, NP-CGG was administered via the i.p. route. As this is
a mechanistic study to confirm adaptive immunity, there is no eventual clinical application for
the NP-CGG model via the i.p. route itself. By measuring the specific anti-NP responses at dif-
ferent time points, a synchronous T-cell-dependent B-cell response can be outlined clearly.

We report here for the first time the application of a well-established hapten-carrier system
NP-CGG to characterize and delineate the specific T-cell dependent B-cell immunological
responses in the presence of PSP, a commonly used adjuvant to cancer immunotherapy. T-cell
dependent B-cell antibody responses in particular have enormous potential for conferring
adaptive immunity against cancer antigens (increased avidity) [26-28]. Therefore PSP’s ability
to exert T-cell dependent responses in vivo is therefore highly desirable and has been investi-
gated in this study.

We hypothesized that in the NP-CGG model, PSP exerts its immunological effects through
T-cell dependent B-cell interactions by altering the subsequent immunoglobulin (Ig) isotype
class as well the quantity of the Ig in animals initially challenged by NP-CGG and subsequently
given PSP.

While it is well established that in this model peak antibody production of specific classes
occurs at specific time points (IgM = day 10, IgG = day 14, IgA = day 18[29]), any augmenta-
tion by PSP can be readily determined. It has been previously shown that for primary responses
against NP, there exists an initial lag phase of 3-4 days T-cell priming [30]. Then the NP-spe-
cific B-cells will be recruited into splenic antibody responses, activated and grow exponentially.
These B-cell clones then either develop into short-lived plasmablasts in extrafollicular foci, or
migrate into follicles where they form germinal center long-lived plasma cells. Not only do the
life-spans of the plasma cells from these two sources differ, the germinal center-derived plasma
cells have been found to be of much higher affinities towards the specific immunogen [30].
This improved antigen-antibody blinding will have an important role for efficient B-cell effec-
tor functions, and thus clinically relevant implications. The aim of the study was to determine
the antibody responses at various time points and assess the class of immunoglobulin they pro-
duced. Our study allows us to elucidate the mechanism of action of a clinically useful herbal
medicine as an adjunct to cancer management. Acacia is a well- known immunopotentiator,
where studies have shown that acacia gum can activate dendritic cells [31], confer innate and
adaptive immunity (Strobel and Ferguson, 1982)[32] as well as exert anti-parasitic effects in
vivo [33]. In addition, Strobel and others (1986) subsequently found that acacia gum can be
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used to induce oral tolerance depending on the model used [34]. In our study, acacia gum was
used as an immunopotentiator to explore the combined effects with PSP to determine whether
the T-cell dependent B-cells responses were enhanced compared to acacia gum alone

Materials and Methods
Animals and diet

5 week old C57BL/6 male mice were obtained from The Animal Resource Centre (Canning
Vale, Australia) and maintained in a specific pathogen free facility with irradiated food and
water ad libitum.

All animal procedures were carried out in strict accordance with the recommendations in
the Laboratory Animal Services Standard Operating Procedures and policies developed by the
University of Sydney. The protocol was approved by the Animal Ethics Committee of the Uni-
versity of Sydney (Approval No: L24/2-2007/1/4484). Refer to flow diagram in Fig 2. All mice

90 5-week old C57BL/6 male mice
arrived and were separated into
groups of 6 mice for each time point .
Mice were allowed to acclimatise for
1 week

At 6 week of age, all mice were
immunised with 50 pg NP - CGG in
alum precipitate

!

A group of 6 mice were sacrificed at
baseline (day 0)

Mice were divided into 4 groups. All
mice except the “no gavage” group
were gavaged daily

!

N | / Mice were sacrificed at days
0 gavage contro 10 and 21

Serum and spleen tissue
MQ water control collected

—»|  Spleens weighed

4,7,10, 14 and 21 | ¢ Spleens weighed
Serum and spleen tissue
collected

PSP

Acacia gum / Mice were sacrificed at days

ELISA <

Fig 2. Schedule for acclimatization, immunization, PSP treatment and sacrifice of mice. 5 week old
mice were allowed to acclimatize for one week, immunized with NP,5-CGG at 6 weeks, groups of mice were
then gavaged daily with PSP, ACACIA or MQ for up to 21 days and sacrificed at various time points (days 0,
4,7,10,14 and 21).

doi:10.1371/journal.pone.0146881.9g002
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were monitored regularly and especially after gavaging and immunization for any adverse
health issues and managed accordingly. Appropriate methods for euthanasia were carried out.

Immunization and antigen

4-hydroxy-3-nitrophenylacetyl (NP) hapten conjugated to chicken y globulin (CGG)
(NP,5-CGG; BioSearch Technologies, Novato, CA) was precipitated in alum [35]. 6 week old
mice were immunised with 50 pg alum precipitate (in 200 pL PBS) injected i.p. at baseline
(day 0) and then divided into 4 groups: NPCGG = no gavage control or untreated control,
MQ = MQ water vehicle control, ACACIA = acacia gum, PSP = PSP treated

PSP and serum collection

Polysaccharopeptide (PSP) derived from the Chinese Cov-1 strain of Coriolus versicolor (Win-
sor Health Products Ltd, Hong Kong) was obtained and described previously [21]. PSP was
suspended in 5% sterilized acacia gum in MQ water (Sigma, St. Louis, MO, USA) in a final
concentration of 5mg/ml. 50 mg/kg (200 pl) of PSP was administered daily to the mice in the
treatment group by oral gavage (PSP) and stopped after 21 days. Since acacia gum was the
immunomodulatory potential baseline for the study, PSP was administered together with aca-
cia gum. Any potential immunomodulatory effects of PSP would be expected to be greater
than those of acacia gum. The remaining mice were controls and administered acacia gum
(ACACIA), MQ water (MQ), or no gavage (NP-CGG). PSP was not administered to mice in
the MQ group.

Groups of 6 mice were then sacrificed sequentially at baseline (day 0); 4, 7, 10, 14 and 21
days post immunization. PSP and ACACIA treated mice were sacrificed at days 4, 7, 10, 14 and
21; whereas MQ and NP-CGG treated mice were sacrificed at days 10 and 21. Serum was col-
lected at all these time points.

Conjugation of NP succinimide ester to protein carriers

Using the method by Lalor [36] the succinimide ester of NP (4-hydroxy-5-iodo-3-nitrophenyl)
caproate-O-succinimide (NIP-OSu) (Biosearch Technologies, Novato, CA, USA) was conju-
gated to bovine serum albumin (BSA; Sigma) yielding an approximate substitution ratio of
NP, BSA and NP3 BSA respectively.

Detection of NP-specific serum antibody by ELISA

NP-specific serum IgM, IgG, IgA and IgE were quantified by ELISA at various time points. To
determine whether PSP was able to augment the predominantly early IgM antibody response
to NP-CGG that peaks at day 10, we measured serum levels of mice at 0, 4, 7, 10, 14 and 21
days post immunization. Similarly to evaluate changes in the IgA responses to NP-CGG which
peaks at day 18, we measured the serum titre levels of mice at 0, 10, 14 and 21 days post immu-
nization. To examine whether PSP has the potential to augment any long term immunological
responses that occur post 14 days of immunization, we measured high affinity and total IgG
antibody responses to NP-CGG by direct ELISA using NP,-BSA and NP;4-BSA respectively as
the coating protein. Serum titres were determined at 0, 4, 7, 10, 14 and 21 days post immuniza-
tion on NP,5-CGG. To rule out any possible inflammatory or allergic responses that may have
occurred in response to administering PSP for an extended period of time, we measured the
IgE titre levels 7 days post immunization. Briefly 96-well plates were coated with either 100 pl
of 5ug/ml NP,-BSA or NP;5-BSA in 0.5 M carbonate buffer (pH 9.6) at 4°C overnight and
blocked with 1% BSA in PBS. After four washes with PBS containing 0.05% Tween 20 (Santa
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Cruz Biotechnology, CA, USA), serially diluted serum samples were added to each well in
duplicate and incubated for 1 h at 37°C in a humidified box. After washing, biotin-conjugated
goat anti-mouse IgM, IgG, IgA (Caltag Laboratories) or IgE (Southern Biotech) dilutions rang-
ing from 1:3000 to 1:10000 was added and incubated for 1 h at 37°C in a humidified box.
SA-HRP activity was visualized using O-phenylenediamine (OPD; Sigma). After development
the coloured reaction was stopped with 50 pl of 20% H,SO, and optical densities were deter-
mined at 492 nm using a POLARstar plate reader (BMG Labtech, Australia). Positive control
sera were included so that standard calibration curves for determination of relative antibody
titres could be produced.

Statistical analysis

Statistical analyses were performed using the non-parametric Kruskall-Wallis or post-hoc
Mann-Whitney tests when appropriate. Statistical significance was achieved when p < 0.05
when compared to the control groups.

Results
Acacia and PSP have no effect on body and spleen weights

As PSP and Acacia are both known to be immunopotentiators, it is plausible that any enhanced
immune responses caused by these agents in the NP-CGG model are likely to occur in the
spleen and be reflected in changes in spleen weight. Body weight was also assessed to corre-
spond with any changes in spleen weight and rule out any adverse effects of PSP and Acacia
that may conversely be seen in a decrease in body weights. We did not find any significant vari-
ation in the body weights of mice before or during immunization (Table 1). Nor was there any
significant variation in the body weights of mice in between groups or at different time points
except at day 21, where NPCGG and MQ (P <0.05) were significantly increased compared to
ACACIA (Table 2). There is a trend of increasing spleen weight seen from days 7-14 in the
ACACIA group although this increase did not reach statistical significance. Overall there was
no significant variation in spleen weights at death between groups (Table 3).

PSP decreases NP-specific IgM titre levels at days 4 and 21

We assessed IgM titre levels since they are the first antibody to be produced by B-cells against
an antigen in mice and humans alike and are especially potent in activating the complement
system. IgM titre levels were assessed at each time point (days 4, 7, 10, 14 and 21) in order to
determine whether PSP combined with Acacia could augment the known IgM titre level as per
the NP-CGG model. In this model we would expect that the IgM titre level to peak at day 10.
Any deviations such as a shift in this peak or earlier or later changes will be reflected in this

Table 1. Summary of mean body weights of mice at different time points.

Mice at various time  Mice on arrival (5
points weeks old, n = 90)

Mean body weight (g) 15.28 £ 0.23
between groups
(n=6)

Mice after 1 week acclimatisation (6 Mice 1 week post Mice 2 weeks after

weeks old, baseline: day 0) (n =90) immunization with NP-CGG  immunization with NP-CGG
(n=90) (n=34)

19.16 £ 0.24 20.51 £ 0.62 22.35+0.18

Table 1 summarises the mean + SD body weights of C57BL/6 male mice upon arrival, 1 week after acclimatisation and at 1, 2 and 3 weeks post-
immunization with NP-CGG. There were no significant variations in weight between groups and no decreases in weight indicating the absence of any

post-immunization issues P > 0.05

doi:10.1371/journal.pone.0146881.t001
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Table 2. Summary of mean body weights of mice for each treatment group at death.

Days post immunization

0
4
7
10
14
21

NP-CGG(n = 6) MQ (n = 6) ACACIA (n =6) PSP (n = 6)
15.08 £ 0.85 ND ND ND

ND ND 18.10 £ 2.11 19.07 £ 1.32

ND ND 19.71 £2.03 21.10 £ 0.91

21.97 £1.49 20.95 £ 0.85 20.85 £ 0.93 21.82 +£1.51

ND ND 21.94£0.84 22.47 £1.27

25.73 £ 0.65 22.52 +£0.78 22.61+0.79 23.38 + 1.82

Table 2 summarises the mean body weights (g) + SD for each treatment group of mice at death (n = 6) sacrificed on days 0, 4, 7, 10, 14 and 21. There
were no significant differences in body weight between groups except at day 21 where NP-CGG and MQ mean body weights were significantly increased
compared to ACACIA *P < 0.05, ND (not done)

doi:10.1371/journal.pone.0146881.1002

maximum occurring at different time points. Interestingly we found a significant decrease in
the serum NP specific IgM titre levels in the mice treated with PSP at days 4 and 21 (Fig 3B and
3F) compared to those treated with the ACACIA (P < 0.05). In contrast, we found a significant
increase in the ACACIA group compared to the NP-CGG control group (P <0.05) at day 21
(Fig 3F). The MQ group showed a slight increase in serum NP specific IgM titre levels at day
10 which is more apparent on day 21 (Fig 3D and 3F), although they were not significantly dif-
ferent from any of the other groups. There were no significant differences in the NP specific
IgM titre levels at 7, 10 or 14 days post immunization in the PSP or ACACIA groups nor in the
MQ or NP-CGG control groups (P >0.05) (Fig 3C-3E).

PSP increases NP-specific IgG titre levels at day 4

We assessed IgG levels as since they follow the production of IgM and IgA though more potent
in longer term secondary immune responses, IgG titre levels were assessed at each time point
(days 4, 7, 10, 14 and 21) in order to determine whether PSP combined with Acacia could aug-
ment the known IgG titre level as per the NP-CGG model. In this model we would expect that
the IgG titre level to peak at day 14. Any deviations such as a shift in this peak or earlier or later
changes will be reflected in this maximum occurring at different time points. We found a sig-
nificant increase in the low affinity NP-specific IgG serum titre levels in mice treated with PSP
at day 4 compared to ACACIA (P < 0.05) as seen in Fig 4. This increase in titre level at day 4
occurs much earlier than expected. The ratio between the expression of the total high affinity
to the low affinity NP-specific IgG antibody response was significant for ACACIA at day 4

(P =0.008) compared to PSP (Fig 4). The MQ group showed a slight increase in NP specific

Table 3. Summary of mean spleen weights of mice for each treatment group at death.

Days post immunization

0
4
7
10
14
21

NP-CGG (n = 6) MQ (n = 6) ACACIA (n=6) PSP (n = 6)
45.58 + 3.95 ND ND ND
ND ND 81.98 +5.78 86.33 £ 9.93
ND ND 111.47 £ 53.78 81.07 £12.19
87.84 £ 10.09 96.41 + 38.87 114.47 £ 32.79 103.71 £ 16.77
ND ND 105.03 + 55.55 84.68 + 8.02
93.38 £ 17.20 90.73 £ 48.74 82.61 £ 12.21 79.14 £ 11.81

Table 3 summarises the mean spleen weights (mg) + SD for each treatment group of mice at death sacrificed on days 0, 4, 7, 10, 14 and 21.There were
no significant differences in spleen weight between groups P >0.05, ND (not done)

doi:10.1371/journal.pone.0146881.1003
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Fig 3. a-f. PSP significantly decreased NP-specific IgM responses at days 4 and 21 compared to ACACIA. C57BL/6 mice were immunised with
NP,sCGG and serum was collected on days 0, 4, 7, 10, 14 and 21. NP-specific IgM titers were measured from two-fold serially diluted (1/40-1/80) serum
samples by ELISA. ACACIA significantly increased NP—specific IgM responses at day 21 compared to NP-CGG alone. Data are shown as the median from
two independent experiments with 5-6 mice per group. *P < 0.05.

doi:10.1371/journal.pone.0146881.g003

IgG serum titre levels at day 10 which is more apparent on day 21 (Fig 4D and 4F) for both the
total high affinity and low affinity responses although they were not significantly different
from any of the other groups.

Opverall, we did not find any significant differences in the expression of the total high affinity
or low affinity NP-specific IgG serum levels to NP-CGG at any of the other time points or
groups (P >0.05).

PSP does not alter NP-specific IgA titre levels

We assessed IgA titre levels since they are the first level of defense acting as a neutralizing anti-
body against antigens invading through the mucosa. IgA titre levels were assessed at each time
point (days 4, 7, 10, 14 and 21) in order to determine whether PSP combined with Acacia
could augment the known IgA titre level as per the NP-CGG model. In this model we would
expect that the IgA titre level to peak at day 18. Any deviations such as a shift in this peak or
earlier or later changes will be reflected in this maximum occurring at different time points. As
such, we did not find any significant differences in the NP-specific IgA serum levels at any of
the time points investigated nor in any of groups (P >0.05) (Fig 5).

PSP does not alter NP-specific IgE titre levels

We assessed IgE titre levels to rule out whether PSP is capable of inducing allergenic effects in
this model since antigen binding may trigger the mast cell to release chemical mediators such
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Fig 4. a-f. PSP significantly increase NP-specific IgG responses compared to the vehicle control. Expression of the total high affinity and low affinity
NP-specific IgG titers were measured from two-fold serially diluted serum samples (from 1/40-1/80 for day 4 to 1/8000-1/10000 for day 10 onwards) using
NP.-per BSA (NP,) and NP4g-per BSA (NP4g) respectively by ELISA. The low affinity NP-specific IgG antibody responses to ACACIA were significant at day
4 but at no other time point (day 7, 10, 14 or 21) compared to PSP. The ratio between the expression of total high affinity and low affinity NP-specific IgG
responses was significant for ACACIA at day 4 compared to PSP. NP, baseline very low (data not shown). Data are shown as the median from two
independent experiments with 5-6 mice per group. *P < 0.05.

doi:10.1371/journal.pone.0146881.9004
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Fig 5. a-d. Absence of any significant NP- specific IgA responses to PSP or ACACIA. After NP-CGG immunization no changes in IgA antibody
responses were observed at any time point (day 0, 10, 14 or 21) to PSP or ACACIA. NP- specific IgA titers were measured from two-fold serially diluted (1/50-
1/100) serum samples by ELISA. Data are shown as the median from two independent experiments with 5-6 mice per group.

doi:10.1371/journal.pone.0146881.g005

as histamine that induce anti-parasite immunity and allergy. We did not find any significant
changes in IgE levels at days 10, 14 or 21 in the PSP treated group compared to baseline
(NP-CGG group at day 0 post immunization) (P >0.05) as seen in Fig 6. It is unlikely that PSP
exerts allergic responses in this model.

Discussion

Cancer immunosurveillance occurs when the immune system’s checking processes are
impaired, thereby resulting in an inability to correctly identify, effectively target and destroy
cancer cells which can lead to tumor growth and metastasis. More recently, “cancer immunoe-
diting” has been used to describe this dynamic process of elimination, equilibrium and escape
[37]. While immunotherapy is a sound targeted approach to address and augment each of
these processes, the use of herbal medicines offers great promise. Polysaccharopeptides such as
PSK and PSP derived from the mushroom Coriolus versicolor have been well studied and pur-
ported to enhance the immune system with broad ranging anti-cancer activities, conferring a
survival advantage in cancer patients [38]. PSK (otherwise known as Krestin) has been used in
Japan as an adjuvant to conventional anti-cancer treatments since 1977 [39].
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Fig 6. Absence of any significant NP-specific IgE responses to PSP. After NP-CGG immunization no
changes in IgE antibody responses were observed at any time point (day 4, 7, 10, 14 or 21) to PSP NP-
specific IgE titers were measured from two-fold serially diluted (1/5-1/20) serum samples by ELISA. Data are
shown as the median from two independent experiments with 5-6 mice per group.

doi:10.1371/journal.pone.0146881.g006
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Similarly, PSP has been used as an immune enhancer in China and has been subject to 30
years of research; however despite extensive in vitro, in vivo and clinical studies, the specific
immunological mechanism of action has still not been clearly identified. We are the first to
report the application of a well-established in vivo model NP-CGG to herbal medicines with
immunotherapeutic potential. We report that PSP does not exert specific immunological
effects through T-cell dependent B-cell responses. This can be seen in the absence of any signif-
icant changes in the various anti NP-immunoglobulins tested including IgM, IgG, IgA or IgE
(Figs 3-6). Although we observed a statistically significant decrease in the serum specific IgM
titre level in mice treated PSP on days 4 and 21 (Fig 3B and 3F) compared to those treated with
ACACIA (P < 0.05), these results though small are indicative of a trend. Additionally, we
observed a significant increase in the total IgG serum titre level in mice treated with PSP on
day 4 compared to ACACIA (P < 0.05) as seen in Fig 4. In terms of the known mechanics of
the NP-CGG model, IgG responses are likely to occur at day 14 onwards [30], these early
changes observed are small but lower than expected. While PSP did not significantly alter the
IgE titre levels in mice treated with PSP (Fig 6), it is unlikely that PSP contributes to allergic
responses. In this study we have demonstrated a consistent increasing trend across all Ig clas-
ses, except IgE, to NP-CGG by PSP. This is consistent with isotype switching IgM to IgG. IgA
responses drop off over time as expected due to tolerance caused by consistent mucosal stimu-
lation of gavaging. PSP therefore produces small effects on the T-cell dependent B-cell
responses in vivo. There is a trend of increasing spleen weight seen from days 7-14 in the ACA-
CIA group weight with a corresponding decrease in body weight, although this increase did
not reach statistical significance. Additionally, we did not observe any significant alterations in
body or spleen weights in any of the groups measured due to the addition of PSP (Tables 2 and
3) or adverse reactions associated with immunization. Increased body weights within groups
were as expected.

Interestingly, the effects of acacia gum on T-cell dependent responses are of significance. In
contrast to PSP, we found a significant increase in the IgM titre level in the ACACIA group
compared to the NP-CGG group (P <0.05) at day 21 (Fig 3F), which is later than expected as
IgM peaks at day 10. Interestingly, the ratio between the expression of the total high affinity
and low affinity -NP-specific IgG antibody response was significant for ACACIA at day 4
(P =0.008) compared to PSP (Fig 4), also occurring earlier than expected. There was a small
but non-significant increase in the serum NP specific IgM and IgG titre levels for MQ, espe-
cially at day 21, that may due to the larger variation of individual responses observed within
that particular group (P >0.05). In addition, we did not find any significant differences in the
expression of the total high affinity or low affinity IgG serum levels to NP-CGG at any of the
other time points or groups (P >0.05). While these results suggest that ACACIA might influ-
ence T-cell dependent B-cell responses, the fold differences are small and need to be confirmed.
Studies have shown that acacia gum can activate dendritic cells [31], confer innate and adaptive
immunity as well as exert anti-parasitic effects in vivo. Unsurprisingly, acacia gum is known to
be an immunopotentiator due to the presence of 1-3% arabinogalactan protein integral to its
structure, while allergenicity of acacia gum does not feature in the natural route via the gut
[34].Furthermore, a 90 day toxicity study where rats were fed a dietary level of 5% acacia gum
reported no adverse effects or histopathological alterations in the lymphoid tissues [40]. As
such, a few studies have reported the use of acacia gum as a vehicle control when investigating
potential immunological effects of herbal medicines, although without the augmented
responses by the control [41,42]. Acacia gum’s use as an immunopotentiator or adjuvant may
be more appropriate than as a control in such immunological studies. Our study demonstrates
a combined adjuvant response of acacia gum when combined with the immunomodulating
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herbal medicine PSP. Although our results indicate a small trend, further studies are needed to
confirm their combined effects using other animal models.

The role of adjuvants in their ability to stimulate the immune response to enhance vaccina-
tion therapies is well established. Noteworthy is the Kettering study that demonstrated the use
of an adjuvant QS-21 in Phase I trial administered with a constant dose of the melanoma gan-
glioside GM2 covalently attached to KLH [43]. Antibodies were induced against both the mela-
noma ganglioside and the protein KLH and were well tolerated in advanced melanoma
patients. Since then many different adjuvants are entering the clinic including those that are
derived from polysaccharides such as Advax. However PSP’s potential role as a vaccine adju-
vant cannot be dismissed. A recent study looking at the effects of PSK found that it was not
only able to activate dendritic cells in vitro and in vivo but acted as an adjuvant to OVAp323
vaccination inducing proliferation of antigen specific T-cells by augmenting the number of
antigen specific T-cells in the spleen and draining lymph nodes as well as enhancing cytokine
responses [44].

Our results support our previous in vitro studies reporting that PSP does not directly alter
T-cell subsets. We previously reported that PSP also does not alter NK cells or B-cells but
instead upregulates the percentage of monocytes [21]. Specifically, we did not find any signifi-
cant differences in the CD4/8 ratio after PSP treatment in vitro [21] which is in agreement with
clinical findings [22,23]. Based on the existing research, it is likely that PSP exerts it broad
effects in a non-specific manner. To confirm whether PSP and acacia gum exerts non-specific
adjuvant effects, further investigations should be conducted to examine whether this combina-
tion further enhances T-cell independent B-cell responses. This can be done using the same
model but by investigating the effect of this combination on different proteins conjugated to
NP, particularly Ficoll or other related responses such as hen egg lysozyme (HEL) and pigeon
cytochrome C (PCC). Observing the corresponding changes in the germinal centre of spleens
as well as immunoglobulins in sera would be ideal for this combination compared to the indi-
vidual agents. Other recent applications of the NP-CGG model include assessing the potential
immunosuppressive activities of certain drugs including quinoline compounds. While quino-
line-3-carbaoxamide was found to modulate primary T-cell dependent B-cell responses, func-
tional immunity was not inhibited [45]. There is therefore great potential and application for
using the NP-CGG model in the area of investigating novel therapeutic agents with immuno-
modulatory potential, such as herbal medicines, including medicinal mushrooms combined
with agents with known adjuvant properties such as acacia gum to enhance immune responses.

Currently the NP-CGG models have been used exclusively to study B-cell repertoire and
germinal centre changes in response to immunization with various agents and adjuvants. We
describe for the first time the application of this model to the investigation of the immune
enhancing effects of combined glycoprotein-based herbal medicines, most importantly to dif-
ferentiate these effects from the non-specific stimulatory T-cell and B-cell effects.
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