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Innate immunity activation largely depends on recognition of microorganism structures by Pattern Recognition Receptors
(PRRs). PRR downstream signaling results in production of pro- and anti-inflammatory cytokines and other mediators. More-
over, PRR engagement in antigen-presenting cells initiates the activation of adaptive immunity. Recent reports suggest that for
the activation of innate immune responses and initiation of adaptive immunity, synergistic effects between two or more PRRs
are necessary. No systematic analysis of the interaction between the major PRR pathways were performed to date. In this study, a
systematical analysis of the interactions between PRR signaling pathways was performed. PBMCs derived from 10 healthy vol-
unteers were stimulated with either a single PRR ligand or a combination of two PRR ligands. Known ligands for the major PRR
families were used: Toll-like receptors (TLRs), C-type lectin receptors (CLRs), NOD-like receptors (NLRs), and RigI-helicases.
After 24 h of incubation, production of tumor necrosis factor alpha (TNF-�), interleukin-1 beta (IL-1�), IL-6, and IL-10 was
measured in supernatants by enzyme-linked immunosorbent assay (ELISA). The consistency of the PRR interactions (both in-
hibitory and synergistic) between the various individuals was assessed. A number of PRR-dependent signaling interactions were
found to be consistent, both between individuals and with regard to multiple cytokines. The combinations of TLR2 and NOD2,
TLR5 and NOD2, TLR5 and TLR3, and TLR5 and TLR9 acted as synergistic combinations. Surprisingly, inhibitory interactions
between TLR4 and TLR2, TLR4 and Dectin-1, and TLR2 and TLR9 as well as TLR3 and TLR2 were observed. These consistent
signaling interactions between PRR combinations may represent promising targets for immunomodulation and vaccine adju-
vant development.

The first step in mounting an appropriate host defense to infec-
tion is the recognition of pathogens by the innate immune

system. This recognition is mediated through so-called pattern
recognition receptors (PRRs) expressed on the cell membrane
of cells of the innate immune system (1, 2). The recognition of
pathogens by PRRs leads on the one hand to the activation of
inflammation, or innate host defense, and on the other hand to the
initiation of adaptive immunity, and eventually to immunological
memory, as pursued in vaccination strategies.

PRRs recognize Pathogen-Associated Molecular Patterns
(PAMPs), conserved motifs derived from a broad spectrum of
pathogens, including fungi, bacteria, parasites, and viruses (1, 2).
Hence, these receptors can provide highly specific recognition of a
vast range of microbes (3). Recognition of a PAMP by a PRR
results in the activation of the innate immune system via several
intracellular signaling pathways that are described in more detail
elsewhere (4–6). Several major families of PRRs have been de-
scribed to date, including the Toll-like receptors (TLRs), C-type
lectin receptors (CLRs), NOD-like receptors (NLRs), and RigI-
helicases (7–9). TLRs and CLRs are present on the cell membrane
and in endosomes, while NLRs and RigI-helicases are intracellular
microbial sensors (2, 10).

Important adaptor molecules of the TLR intracellular path-
ways are MyD88, TRIF, TRAM, and MAL/TIRAP (11). Other
adaptor molecules such as Syk and Raf-1 (in the case of CLRs) or
Rip2/RICK (in the case of some NLRs such as NOD1/NOD2) are
also involved in intracellular signaling (12, 13). PRRs recruit one
or more of these adaptor molecules in order to provide specific

signaling (5). Activation of signaling pathways ultimately leads to
the production of pro- and/or anti-inflammatory cytokines, such
as those mediated by the transcription factors nuclear factor �B
(NF-�B) and activating factor 1 (AP1), that induce production of
inflammatory cytokines and shape the subsequent adaptive im-
mune response (7, 14, 15).

Previous studies have indicated that some PRRs are able to
interact with each other, thereby modulating the magnitude
and/or type of cytokine production (4, 16–18), with synergistic or
inhibitory effects or both. However, whether these interactions are
generally embedded in the innate immune system and biologically
conserved between different individuals is not known. The iden-
tification of the most consistent PRR interactions would provide
insight into the interplay of the signaling pathways that modulate
cytokine responses in the majority of the individuals in a popula-
tion, with important consequences for the design of vaccine adju-
vants. In this study, we investigated signaling interactions between
several PRRs in order to identify biologically conserved signaling
in cytokine responses of innate immune cells. Ultimately, this
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could lead to combinations of PRR agonists that can be used as a
vaccine adjuvant.

MATERIALS AND METHODS
Volunteers. Blood samples were collected from 10 healthy volunteers.
After informed consent was obtained, blood was collected into 10-ml
EDTA tubes (BD, Plymouth, United Kingdom).

PBMC isolation and stimulation with PRR ligands. Peripheral blood
mononuclear cells (PBMCs) were isolated as described previously (19).
Briefly, a PBMC fraction was obtained by differential centrifugation over
Ficoll-Paque. PBMCs (5 � 105 cells per well) were incubated for 24 h at
37°C in round-bottom 96-well plates (Cellstar; Greiner Bio-one, Alphen
a/d Rijn, the Netherlands) with a single ultrapure PRR ligand or a combi-
nation of two. RPMI 1640 Dutch modification culture medium (Sigma-
Aldrich, Zwijndrecht, the Netherlands) was used, which was supple-
mented with 1% gentamicin, 1% L-glutamine, and 1% pyruvate (Life
Technologies, Nieuwerkerk, the Netherlands). The concentrations of the
different ultrapure ligands used are based on literature research and ex-
perience in our laboratory and are described in Table 1. These concentra-
tions give a robust but nonmaximal response of most cytokines if used as
a single ligand to stimulate PBMCs. This allows detection of increases in
cytokine production upon combination with another ligand. Therefore,
the concentrations used are suitable to study synergistic or inhibitory
effects.

After stimulation, the plates were centrifuged (8 min, 1,700 rpm, room
temperature [RT]) and the supernatants were collected and stored at
�20°C until analysis. The stimulation experiments were performed in
duplicate, and supernatants from duplicate wells were pooled for cytokine
determination using enzyme-linked immunosorbent assays (ELISA).
Each combination of ligands was used with PBMCs of 10 different volun-
teers.

ELISA. Cytokine concentrations in culture supernatants were deter-
mined using commercially available ELISA kits for tumor necrosis alpha
(TNF-�) and interleukin-1 beta (IL-1�) (R&D Systems, Abingdon, Ox-
fordshire, United Kingdom) and IL-10 and IL-6 (Pelikine Compact; San-
quin Reagents, Amsterdam, the Netherlands). The measurements were
performed according to the manufacturer’s instructions.

Calculations and statistical analysis. The criteria according to which
interactions between two specific signaling pathways downstream of ac-
tivated PRRs were considered synergistic or inhibitory were defined be-
fore the start of the experiments. A “synergistic effect” was defined as a
cytokine response to a combination of ligands that was at least 1.5-fold
higher than the sum of the cytokine responses induced by each of the
individual ligands. An “inhibitory effect” was defined as a cytokine re-
sponse to a combination of ligands that was less than or equal to 0.75-fold
of the sum of the cytokine responses to each of the individual ligands and
lower than the cytokine response to a single ligand or to both of the
ligands. The definitions of both synergy and inhibition are further ex-
plained in Fig. 1. All other patterns were designated “no effect/additive
effect.”

An effect was considered present (biologically conserved) in the ma-
jority of the healthy volunteers tested if a type of interaction was demon-
strated in at least 7 of the 10 subjects. If there was more variation between
subjects, it was defined as a “variable effect.”

The biologically conserved interactions (depicted in red and blue in
Fig. 2) were analyzed statistically using Wilcoxon matched-pair tests.
Sums of cytokine concentrations after single-ligand stimulations were
compared to cytokine concentrations after combined stimulations. Dif-
ferences were considered significant if P � 0.05.

RESULTS
Interaction studies. The interactions between different PRR li-
gands are depicted in Fig. 2. An inhibitory effect for comparisons
of the production of IL-1�, IL-6, and TNF-� between TLR4 and
Dectin-1 (significant for IL-1� and IL-6) as well as TLR3 and T
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TLR2 was found for IL-1� and IL-6. Similar effects were found for
combinations of TLR4 and TLR2 or TLR2 and TLR9 induction of
IL-1� production.

The combination of TLR5 and TLR9 resulted in synergistic
effects for IL-1� and IL-6 production. Furthermore, synergistic
effects on IL-1�, IL-6, and IL-10 production were observed for the
combinations TLR2 and NOD2 (significant for IL-10), TLR5 and
NOD2 (significant for IL-10), and TLR5 and TLR3 (significant for
IL-1�). A synergistic effect was also found for IL-10 and IL-6 pro-
duction after stimulation of a combination of TLR3 and NOD2 or
NOD2 and Dectin-1 (significant for IL-10). Stimulation of TLR5
and Dectin-1 resulted in a synergistic effect on IL-10 production,
but other cytokines showed only variable effects.

Of interest, the synergistic effects of TLR3 and TLR5 and of
TLR5 and TLR9 stimulation mentioned above were observed in at
least 9 of the healthy volunteers for IL-1� (significant) and IL-10
production and for IL-1� production (significant), respectively
(Fig. 3).

Several PRRs did not interact with others. In particular, man-
nose-receptor-dependent induction of cytokine production
seemed independent of activation of other PRRs.

TLR2 and TLR4 interaction. The results of our study indicate
an inhibitory effect between TLR2 and TLR4 for the production of
IL-1�. This is in contrast with previous studies (18, 21–25). In
order to study the interaction between TLR2 and TLR4 in more
detail, a dose-response experiment with lipopolysaccharide (LPS)

FIG 1 Interaction classifications. On the y axis, production of a cytokine is depicted. On the x axis, the ligands (A and B) used to stimulate the PBMCs are
depicted; PBMCs were stimulated with either a single ligand or a combination of two PRR ligands. To identify a synergistic effect, the cytokine production after
stimulation with both ligands combined should be higher than the combined values of the two single effects. An inhibitory effect was defined as a cytokine
response to a combination of ligands that was maximally 0.75-fold of the sum of the cytokine responses to either of the individual ligands and lower than the
cytokine response to a single ligand or to both of the ligands. A cytokine production of the combination of stimuli higher than production of each of the single
stimulations, but not higher than the sum of the two, is considered additive and is thus classified as “no effect/additive effect.”

FIG 2 Overview of interaction PRRs. Color indicates type of interaction in at least 7 of 10 of the healthy volunteers. Data represent results of an ELISA on culture
supernatants after 24 h of stimulation at 37°C with combinations of ligands as specified in Table 1. *, P � 0.05 (Wilcoxon matched-pair test, comparison of
cytokine production upon stimulation with both ligands with sum of cytokine production values upon stimulation with each of the ligands separately). Red,
synergistic effect; green, no effect/additive effect; blue, inhibitory effect; white, variable effect; black, experiment not performed.
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and Pam3Cys was performed. Increasing concentrations of LPS or
Pam3Cys resulted in increased IL-1� and TNF-� production, but
the combination of the two ligands showed an inhibitory effect
(Fig. 4), confirming our initial results.

Interindividual variation. In this study, the interactions be-
tween PRRs were highly variable between subjects. To illustrate
the interindividual variation in PRR signaling interactions, the
interaction between NOD2 and TLR4 for the production of
TNF-� in all 10 healthy volunteers is depicted in Fig. 5. In most
volunteers, muramyl dipeptide (MDP)-induced TNF-� produc-
tion was around 100 to 200 pg/ml. LPS stimulation generally re-
sulted in higher levels of TNF-� than MDP stimulation. The re-
sponse to the combination of the two ligands was highly variable
between subjects, and no effects/additive effects, inhibitory ef-
fects, or synergistic effects on TNF-� production were observed in
the different volunteers.

DISCUSSION

The aims of this study were to systematically investigate the inter-
actions between the best-known PRR pathways on the one hand,
and to assess the consistency of these effects in various individuals
on the other hand. Knowledge on the consistency of the synergis-
tic combinations of PRR pathways could be used to develop novel
vaccine adjuvants that would exert their boosting effect during

vaccination in the vast majority of the individuals in a population.
This study resulted in the identification of several combinations of
PRR ligands that have this potential.

A remarkable, yet not entirely unexpected finding of this study
is the large variability between healthy individuals. This variation
can be attributed to many factors. One of these is the genetic
background of the individuals tested. There are many established
variations in genes that are known to influence the function and
downstream effects of PRRs, which could naturally influence the
cytokine production after stimulation with PRR ligands (26, 27).
This interindividual variation has important implications with re-
gard to the design of immunotherapeutic approaches based on
PRR-mediated effects. For the development of vaccine adjuvants
based on PRR-ligand combinations, only those combinations that
result in synergistic cytokine production in the majority of the
population are likely to be of therapeutic value.

In this respect, in the present report we identify several consis-
tent PRR interactions that were present in the majority of individ-
uals tested. The combinations of ligands most consistently associ-
ated with synergistic effects were NOD2 and TLR2, NOD2 and
TLR5, TLR3 and TLR5, and TLR5 and TLR9. In particular, the
interaction of TLR5 with TLR3 and TLR9 was remarkably consis-
tent, since it was present in at least 9 of the studied volunteers for

FIG 3 Flagellin interactions. PBMCs were stimulated for 24 h with the indicated ligand or combinations of ligands, and cytokines were measured in the
supernatants by ELISA (n � 10 volunteers). The bars indicate a synergistic interaction of flagellin with CpG or poly(I·C) for the production of IL-1�. Data are
expressed as medians with interquartile ranges. *, significantly different (P � 0.05) from stimulation with single ligands and the sum of both single ligands; #,
significantly different (P � 0.05) from no-ligand (RPMI) results (Wilcoxon matched-pair test).

FIG 4 Dose response. LPS plus Pam3Cys PBMCs were stimulated for 24 h with the indicated ligand or combinations of ligands, and cytokines were measured
in the supernatants by ELISA (n � 2 volunteers). The bars indicate different concentrations of Pam3Cys, while increasing concentrations of LPS are depicted on
the x axis. Increasing concentrations of LPS and Pam3Cys resulted in increased IL-1� and TNF-� production for single ligands, but no synergistic production of
either IL-1� or TNF-� was observed when LPS and Pam3Cys were combined. Data are depicted as medians.
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all the cytokines studied. These combinations could therefore rep-
resent candidates for the development of novel vaccine adjuvants.
In the pursuit of identifying novel vaccine adjuvants to activate the
immune system, synergy for IL-10 production could be disadvan-
tageous, since IL-10 is known to have potent anti-inflammatory
effects (28). In that respect, the combination of TLR5 and TLR9

appears also promising, because IL-1�, but not IL-10, is produced
in a synergistic manner after engagement of these receptors.

In addition to the synergistic effects of some PRR combina-
tions as detailed above, a number of biologically conserved inhib-
itory combinations were also documented: TLR4 and Dectin-1,
TLR3 and TLR2, TLR2 and TLR9, and TLR4 and TLR2 result in
impaired cytokine production. These findings are surprising, as
they contradict a number of studies published in the literature
suggesting additive or even synergistic effects of ligands for these
receptors. This is particularly true for the TLR4-TLR2 costimula-
tion (18, 21–25). We have performed additional experiments to
assess the validity of our observation, and a dose-response exper-
iment with LPS and Pam3Cys confirmed our initial findings. The
most likely explanation for the difference between our findings
and those in previous studies is that we have used primary human
PBMCs, and we assessed the interindividual consistency of these
stimulations, while previous studies have mostly used either
mouse cells or human cell lines (18, 21–25).

Next to these observations regarding the consistency of the
biological effect of PRR-ligand combinations, additional impor-
tant observations can be made. First, the interaction patterns dif-
fered substantially between the four measured cytokines. There
are relatively more combinations of ligands that exhibit synergism
in the production of IL-10, IL-1�, and IL-6 than of TNF-�. These
differences could theoretically be due to the existence of (partly)
separate signaling pathways for these cytokines. It is also conceiv-
able that a pathway leading to production of one cytokine is more
biologically conserved than that leading to another cytokine.

Second, it appears that there are several main “intracellular
highways” which comprise PRRs that preferentially interact with
each other. Multiple PRRs within one highway effectively influ-
ence each other, while PRRs in different highways do not appear to
interact. The mannose receptor, for example, appears not to in-
teract with the signaling pathways of other PRRs and thus can be
regarded as an isolated highway. Alternatively, our results of man-
nose-receptor stimulation could have been influenced by the very
low number of mannose receptors present on the surface of
monocytes (29). TLR4 signaling, although to a lesser extent, also
appears to represent an isolated pathway: when PBMCs are stim-
ulated with LPS, a relatively high number of combinations of li-
gands result in a noninteractive/additive cytokine production. In
addition to the mannose-receptor and TLR4 pathways, we can
also distinguish a group of receptors which appear to show com-
plex interactions with each other, that may be considered a
“TLR2-Dectin-1-NOD2-TLR3-TLR5 highway.” These receptors
seem to interact with each other very effectively. TLR9 also seems
to be involved in interactions with the intracellular pathways from
this group of receptors, but specifically for the induction of IL-1�
and IL-6 production, and to a lesser extent for IL-10 and TNF-�
production. In particular, cytokine responses through dectin-1
signaling are dependent on these interactions, since stimulation
with �-glucan alone results in very limited cytokine production.
Therefore, it is possible that dectin-1 signaling is dedicated to the
regulation and enforcement of the effect of other PRRs, rather
than the activation of the immune system by itself.

Several limitations apply to our study. First of all, the molecular
mechanisms behind the interactions described in the present report
have not been explored and should be evaluated in future studies.
These interactions could be the result of intracellular interactions
between signaling pathways, but they could also be regulated via re-

FIG 5 Interindividual variation. Data represent TNF-� production after 24 h of
PBMC stimulation with MDP, LPS, or MDP and LPS (n � 10 volunteers). Five
individuals exhibited no interaction, three demonstrated an inhibitory effect, and
two produced TNF-� in a synergistic manner after combined stimulation.
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lease of soluble regulatory factors such as cytokines. Furthermore,
altered expression of receptors by (combinations of) ligands could
also confound true interaction effects between these receptors. Future
studies that focus on the use of the herein-identified combinations of
ligands as vaccine adjuvants should include specific cytokines with
specific properties (e.g., IP-10 or interferon [IFN] for the TRIF path-
way, or potential indicators for Th1 responses) and detailed data on
dendritic cells and T cell responses. Finally, multiple time points
could be included in future studies; in particular, information on
early responses (4 to 6 h) would be helpful.

In conclusion, the present report provides new information
with regard to the pathway interactions downstream of PRR sig-
naling that lead to the induction of innate host responses and
initiate the adaptive immunity. Unraveling these signaling cas-
cades not only is vital for the understanding of the innate immune
system in general, but also could help to identify new targets for
immunomodulation (3, 30). Furthermore, the consistency of the
biological synergistic interactions between several combinations
of PRRs may be important to the field of vaccine adjuvant research
(18). Robust activation of the innate immune system, subse-
quently evoking an adaptive immune response involving memory
T cells, is vital for the effectiveness of a vaccine. Based on the
present data, specific combinations such as TLR5/TLR3 and
TLR5/TLR9 appear particularly promising, as their synergistic in-
teractions were biologically conserved in the majority of the indi-
viduals tested in the present study population. Therefore, the po-
tential of these combinations of ligands as vaccine adjuvants
should be further explored to improve vaccination strategies.
Nevertheless, care should be taken that certain ligand combina-
tions do not result in a too-pronounced immune response result-
ing in tissue damage and organ failure. Hence, future studies
should take into account the balance between the immune re-
sponse required for immunization and potential harmful effects.
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