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Allergen recognition and processing by antigen presenting cells is essential for the

sensitization step of food allergy. Macrophages and dendritic cells are both phagocytic

antigen presenting cells and play important roles in innate immune responses and

signaling between the innate and adaptive immune system. To obtain a model system

with a homogeneous genetic background, we derived macrophages and dendritic cells

from THP-1 monocytes. The difference between macrophages and dendritic cells was

clearly shown by differences in their transcription response (microarray) and protein

expression levels. Their resemblance to primary cells was analyzed by comparison to

properties as described in literature. The uptake of β-lactoglobulin after wet-heating

(60◦C in solution) by THP-1 derived macrophages was earlier reported to be significantly

increased. To analyse the subsequent immune response, we incubated THP-1 derived

macrophages and dendritic cells with native and differently processed β-lactoglobulin

and determined the transcription and cytokine expression levels of the cells. A stronger

transcriptional response was found in macrophages than in dendritic cells, while severely

structurally modified β-lactoglobulin induced a more limited transcriptional response,

especially when compared to native and limitedly modified β-lactoglobulin. These results

show that processing is relevant for the transcriptional response toward β-lactoglobulin

of innate immune cells.

Keywords: β-lactoglobulin, THP-1, macrophage, dendritic cell, heat-treatment, microarray, cytokine, ingenuity

pathway analysis

INTRODUCTION

A food allergy is an immune mediated reaction against an otherwise harmless protein, also known
as allergen (1, 2). Cow’s milk allergy is one of the most common food allergies in the world which
affects about 2.5% of all children (3). Thermal processing of milk is an essential step in the dairy
industry to ensure microbiological safety and prolong shelf life (4). However, heat treatments
like pasteurization, sterilization and spray drying will affect the structural characteristics of the
proteins present in cow’s milk, including the whey protein β-lactoglobulin (BLG) which is one
of the major allergens present in milk (5–7). Structural modifications like unfolding, aggregation
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FIGURE 5 | LPS-mediated activation resulted in significantly different increases of cytokine production for THP-1-derived macrophage- (M0) and dendritic-like cells

(iDC). THP-1 monocytes were non-treated or differentiated into M0 and iDC and stimulated with LPS. The supernatant of the cell cultures was collected, and the

cytokines levels of IL-6 (A), IL-10 (B), IL-8 (C), and TNF-α (D) were determined using ELISA. The results represent mean values ± SD of 2–4 independent

experimental measurements. The statistical differences were calculated with Fishers Least Significant Difference (LSD) test and bars with different letters represent

significant differences (p < 0.05).

FIGURE 6 | THP-1-derived macrophage- (M0) and dendritic-like cells (iDC)

revealed a significantly increased capacity to process antigens compared to

monocytes. Proteolytic cleavage of fluorophores from DQ-OVA (initially

auto-quenching due to heavily labeling) result in fluorescent signals. THP-1

monocytes were non-treated or differentiated into M0 and iDC and incubated

with DQ-OVA for 2 h, after which the florescence signal was measured by flow

cytometry. The results represent the average MFI ± SD of 5 independent

experimental measurements. The statistical differences between any two data

set were calculated with two-tailed unpaired T-test, **p < 0.01.

IFNG (IFNγ), TLR4, IL27, TLR2, TNF (TNF-α), and
IL-1β were significantly activated while LY6E, which has

immunosuppressive effects (54), was inhibited. There was no
clear difference in the type of activated or inhibited upstream
regulators in M0 incubated with L-glu-BLG compared to BLG,
but the activation levels (based on z-scores) were weaker in the
former condition.

Significantly Higher Transcription and
Secretion Levels for Specific Cytokines
Could Be Found in Native and
Low-Temperature Dry-Heated BLG Treated
M0
Similar as for establishing the M0 and iDC cell models,
cytokine and chemokine analysis was performed to further
characterize M0 responses to native and L-glu-BLG. From the
gene transcription data, cytokine genes with a significantly
differential transcription level in M0 following incubation with
any BLG sample are presented in Table 1 (there were no
significantly differentially transcribed cytokine gene for any of the
iDC stimulations). In fact, significantly differentially transcribed
cytokine or chemokine genes were found only in M0 incubated
with BLG or L-glu-BLG with transcription levels being slightly
higher in the former. Significant increases in transcription levels
when compared tomedium stimulatedM0were found for IL23A,
IL32, CCL1, CCL4, CCL5, CCL19, CCL22, CXCL3, CXCL8,
CXCL10, and CXCL11 following M0 stimulation with native
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FIGURE 7 | After exposure to BLG samples, THP-1 derived dendritic-like cells (iDC) hardly showed a response in gene transcription profiles if compared to medium

control, while the response of macrophage-like cells (M0) mainly occurred in response to native and L-glu-BLG. THP-1 monocytes were differentiated into M0 and

iDCs and incubated with medium (non-treated) or different BLG samples (native, L-glu-BLG, H-glu-BLG, or W-glu-BLG) for 6 h. Microarray analysis provided data on

the transcriptome which was expressed as average fold change between treated vs. non-treated cells of 3 independent experimental replicates. The bar chart

indicates the number of significantly (with fold change absolute value > 2 and q value < 0.05) up or down regulated genes for M0 (A) and iDC (B) treated with native

or processed BLG. In a Venn diagram the numbers of significantly transcribed genes which are shared or exclusive for M0 incubated with BLG or L-glu-BLG were

shown (C).

BLG and/or L-glu-BLG. The transcriptional data was verified
by protein detection for IL-8 (CXCL8), CCL20 and IL-1β. M0
incubated with native or heat-treated BLG samples showed a
significantly higher secretion of all cytokines after treatment with
native BLG and L-glu-BLG compared to other BLG samples (55).
In iDC, BLG and L-glu-BLG similarly induced a significantly
increased secretion of IL-8 and IL-1β, but not CCL20 (Figure 9).

DISCUSSION

The differentiation of THP-1 monocytes into macrophage-like
cells (M0) by PMA is a common method, whereas studies
about the differentiation into dendritic-like cells are relatively
limited (56). Based on the protocol of Katayama et al. (17), we
generated THP-1 derived immature dendritic-like cells (iDC)
using PMA and IL-4. The morphology, transcription profile,
expression and secretion levels of surface markers and cytokines
and chemokines, and antigen processing capability of THP-1
derived M0 and iDC were determined, and these were compared
to their progenitor monocytes. Although PMAwas used to derive
both cell types, the lower concentration of PMA and the addition
of IL-4 induced dendritic-like cells as a clearly different cell type

from macrophages and monocytes. The difference of M0 and
iDC from their progenitor THP-1 monocytes is clear from their
morphology (Figure 1), as well as the vast number of significantly
transcribed genes compared tomonocytes (Figure 2). There were
in total 5,254 genes significantly differentially transcribed in M0
and iDC compared to monocytes, of which about half were
shared by both cell types. From the canonical pathway analysis
in Figure 3, both M0 and iDC showed significant association
with cell differentiation and immune response related pathways,
indicating their differentiated cell identities and essential role in
immune responses. Their antigen processing capabilities were
illustrated by the enhanced proteolytic cleavage of DQ-OVA
when compared to monocytes, as shown in Figure 6.

The difference between iDC and M0 was also obvious
from their morphology, with a typical circular shape and the
presence of dendrites for iDC (Figure 1). When looking at
the significantly differentially transcribed genes compared to
monocytes, the correlation between the fold change of M0
and iDC is moderate (Figure 2A), but with many uniquely
differentially transcribed genes for each cell type, suggesting clear
phenotypic differences. The fact that iDC had a higher number
of significantly differentially transcribed genes than M0 might
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FIGURE 8 | Significantly associated canonical pathways in THP-1 derived macrophage-like cells (M0) incubated with BLG and L-glu-BLG were mostly related to

immune responses. THP-1 monocytes were differentiated into M0 cells and were incubated with medium (non-treated), native or L-glu-BLG for 6 h. Microarray

analysis provided data on the transcriptome which was expressed as average fold change between treated vs. non-treated cells of 3 independent experimental

(Continued)
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FIGURE 8 | replicates. Then, the transcriptomes were imported into IPA for canonical pathway analysis. Canonical pathways with a p < 0.001 were selected, labeled

in red and listed separately according to the categories: present in both native and L-glu-BLG treated M0, only native treated M0 and only L-glu-BLG treated M0. In

each category, the pathways were listed from top to bottom following the p-value difference between native and L-glu-BLG treated M0 from large to small.

be caused by stronger activation of upstream regulators (TNF-
α, TLR4, TREM1, and TSLP) and secretion of IL-8 and TNF-α
compared to M0 (Supplementary Table 3 and Figure 5). TNF-α
and TLR4 play essential roles in activating T cells (57, 58). This
coincided with the significantly associated pathways Leukocyte
Extravasation Signaling and IL-10 Signaling (Figure 3). The
C-type lectin-like receptor CD209 (DC-SIGN), which was
significantly stronger expressed in iDC than in THP-1monocytes
andM0, is involved in dendritic cell-T cell interaction (59). These
observations indicate the additional T cell signaling function
of iDC next to their role in phagocytosis and other immune
regulatory functions as APCs (60). On the other hand, M0

TABLE 1 | Transcription fold change of cytokine genes in M0 incubated with BLG

samples.

Cytokine BLG L-glu-BLG H-glu-BLG W-glu-BLG

IL23A 2.3* 1.6 1.2 1.0

IL32 3.4* 3.8* 1.8 2.1

CCL1 4.9* 2.6* 1.7 1.4

CCL4 4.5* 3.3 1.3 1.6

CCL5 2.2* 1.8* 1.1 1.2

CCL19 4.9* 4.3* 1.3 1.5

CCL22 3.7* 2.7* 1.6 1.6

CXCL3 3.5* 3.3 −1.2 1.1

CXCL8 14.0* 9.0 2.2 3.5

CXCL10 3.8* 5.7* 1.4 2.1

CXCL11 2.1* 1.8 1.3 1.2

The values indicate fold changes of the transcription of THP-1 derived M0 exposed to

different BLG samples compared to their control (exposed to culture medium) of N = 3

experiments, *q < 0.05.

showed exclusive and significant associations with uptake and
proinflammatory related pathways (Figure 3), which is in line
with the more prominent role of M0 in inducing phagocytosis
and inflammation compared to iDC. Expression of CD14 was
significantly higher in M0, which is reported to be a pattern
recognition receptor for LPS and related to the innate immune
response of macrophages (61). LPS-stimulated M0 secreted
significantly higher amounts of IL-6 and IL-10 (Figure 5), which
is in line with other studies (62, 63). The transcription levels
of the surface markers (Supplementary Table 7) corroborated
the outcomes of the surface marker expression for both M0
and iDC. Overall, our THP-1 derived M0 and iDC could be
distinguished from each other and showed clearly differing
properties. Moreover, they successfully represented the primary
macrophages and dendritic cells by showing antigen uptake,
processing and inflammatory response by M0, and the function
of T cell stimulation and signaling between the innate and
adaptive immune system by iDC.

Although iDC had more significantly differentially

transcribed genes and higher transcription levels compared

to monocytes than M0, its response to BLG samples was
much weaker than M0 in both transcription and cytokine

secretion levels (Figures 7, 9). BLG was reported to have

limited immunomodulatory effects when incubated with murine

DC (64), whereas its immune effect on macrophages has not

been clearly studied yet. As shown in Table 1 and Figure 9,

incubation of M0 with native or L-glu-BLG induced increased

gene transcription and protein secretion of cytokines when

compared to W-glu-BLG or H-glu-BLG. The latter two samples

were also reported to show the strongest difference from native

BLG in terms of structure and uptake by M0 as described in our
previous study (19). Thus, the lower cytokine secretion levels

FIGURE 9 | Cytokine response of THP-1 derived dendritic-like cells (iDC) upon exposure to native or heat-treated BLG varies. BLG was untreated or heated (W, H, or

L) in the presence of glucose and incubated with iDC. The cytokine secretion of IL-8 (A), CCL20 (B), and IL-1β (C) in the supernatant was analyzed with ELISA. The

results represent mean values ± SD of 3 independent experimental measurements. The statistical differences were calculated with Dunnett’s Test compared to

medium control: *p < 0.05; **p < 0.01; ***p < 0.001.
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of the M0 treated by W-glu-BLG or H-glu-BLG compared to
native BLG may be related to their severe structural change after
heat processing.

The inflammatory pathways and activation of innate
immunity related upstream regulators in M0 that were
significantly associated with incubation with BLG and L-glu-
BLG (Figure 8 and Supplementary Table 6) appear to indicate
a pro-inflammatory effect of BLG. A considerable number of
adaptive immunity and T cell signaling pathways were activated,
which is not surprising as other studies also demonstrated that
macrophages have the ability to regulate adaptive immune
responses and even directly contact T cells (65, 66). The pro-
inflammatory effect of BLG and L-glu-BLG could possibly
be linked with the significant association of T helper 1 (Th1)
Pathways (67). In addition to the Th1 response, the response of
M0 to incubation with the BLG sample also seemed to impact
Th17 cells, as suggested by the significant association with
IL-23, Th17, and several IL-17 related pathways. There was
no clear difference in the activation of upstream regulators by
M0 incubated with BLG or L-glu-BLG, and they also shared
most of the significantly associated pathways. In a study, where
human primary monocyte-derived dendritic cells were used
and the cytokine profile of CD4+ T cells, co-cultured with these
dendritic cells, was measured, exposure to native ovalbumin
was also associated with Th1 cytokine induction (IFN-γ) (68).
Endocytic uptake is the crucial and fundamental step in inducing
further responses by APCs (69). As indicated by our results, M0
incubated with BLG samples showed stronger transcriptional
responses than iDC. Wet-heated BLG, which has undergone
the severest physicochemical modifications and also showed
the highest uptake among all tested samples (19), did not cause
the strongest transcriptional response by innate immune cells.
There is thus no clear relationship between the uptake efficiency
in M0 and the transcription-inducing effects of BLG. Although
the underlying mechanisms are unclear, the data show that less
modified BLG leads to a more extensive transcriptional response,
indicating that extensive heating destructs immunogenic
structures on BLG. Glycation, as occurring at low-temperature
dry-heated conditions, might change the immunogenicity of
BLG toward a Th2 differentiation enhancing direction which is
related to chronic inflammatory disease and allergy (70).

In conclusion, dendritic-like cells were generated successfully
from THP-1 monocytes, which clearly differed from both their

progenitor and M0. In addition, a high level of uptake of
processed BLG by APCs was shown to not be linked to a high
level of gene transcription and cytokine production. It should
be noted that this work is based on in vitro experiments, the
result of which still need to be further verified in vivo, as
functional responses of immune cells, rather than uptake or gene
transcription alone, are required to identify the immunogenicity
of proteins before and after processing-induced changes.
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