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Abstract
Problem—Macrophage function has many implications in a variety of diseases. Understanding
their biology becomes imperative when trying to elucidate immune cell interactions with their
environment and in vitro cell lines allow researchers to manipulate these interactions. A common
cell line used is THP-1, a promyeloid cell line suggestive to outside factors, and therefore sensitive
to culture conditions. In this study we describe how culture conditions can alter THP-1
morphology and in turn affect their response to differentiation stimuli.

Method of Study—THP-1 cells were cultured in two conditions and treated with PMA or
MCSF. CD14 surface expression was determined by flow cytometry and cytokine/chemokine
production determined by multiplex analysis.

Results—Culture conditions of THP-1 affect their response to PMA. Highly confluent THP-1
cells differentiate into a heterogeneous population responsive to PMA as seen by an increase in
CD14 expression. However, these cells, cultured in low confluence, remain as a homogenous
population and do not gain CD14. Additionally, there are major differences in the constitutive
cytokine profile.

Conclusion—We demonstrate that the culture conditions of THP-1 cells can alter their response
PMA. This suggests that culture techniques may account for the discrepancy in the literature of
both basal THP-1 phenotype and their response to PMA.
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INTRODUCTION
Macrophages originate from circulating monocytes and are recruited from the blood to the
tissues 1 by specific signals originating from the local microenvironment. 2-4. Macrophages
become highly specialized in response to local factors, which, in turn, determine their
phenotype and function 5, 6. Macrophage function is important in many aspects of tissue
homeostasis, including repair and cleanup, as well as mounting an efficient immune
response that can effect the innate response and also the resulting adaptive response 7-11.
Since macrophages mediate innate immune responses and contribute to the adaptive immune
response through their antigen presenting capacity it is relevant to understand their biology.
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Tissue macrophage function and phenotypes have been studied extensively and it is well
established that these cells have a high level of plasticity. Pro-inflammatory and anti-
inflammatory macrophages induced from peripheral monocytes by different stimuli have
been named M1 or M2 macrophages to parallel the Th1/Th2 paradigm. More recent data
suggests that even this classification is an oversimplification as phenotypes are very specific
to their microenvironment 12.

There are several methods used to study macrophages in vitro; most commonly used are
primary peripheral blood mononuclear cells (PBMCs) and monocyte cell lines of varying
degrees of differentiation. These populations are frequently used to model macrophage
function since primary tissue macrophages are difficult to grow and expand in vitro.
Peripheral blood monocytes can be used in culture to characterize macrophage function;
unfortunately, they can be difficult to work with due to lack of purity, variability, and
availability of samples. It is therefore beneficial to use cell lines, which eliminate these
issues and can be maintained as a homogeneous ongoing population 13.

There are several examples of monocytic cell lines, such as U937, HL-6p or THP-1. The
human acute monocytic leukemia THP-1 is the most common cell line utilized to study
monocyte/macrophage differentiation and function 13 14. They are highly plastic, sensitive to
many stimuli, and therefore can be polarized into multiple lineages 9, 15, 16. Early studies
indicate that THP-1 cells resemble primary monocytes and macrophages in morphology and
differentiation property 17. PMA treatment of THP-1 cells leads to a more mature phenotype
with a lower rate of proliferation, higher levels of adherence, higher rate of phagocytosis and
increased cell-surface expression of CD11b and CD14 13, 18-20. Interestingly, following
these early studies, the THP-1 response to PMA and their differentiation phenotype has been
found to be highly variable between researchers and publications. For example, CD14 is a
common marker used to show differentiation of monocytes to macrophages 20, 21. In
general, macrophages gain CD14 while loss of CD14 is associated with a dendritic cell
phenotype 22. However, we found significant inconsistencies in numerous reports in terms
of CD14 expression by THP-1 cells at basal levels as well as using the same stimuli.

In the present study we evaluate the effect of culture techniques on the phenotype of THP-1
cells and the resulting effect on THP-1 response to differentiation stimuli. We demonstrate
that the basal line status of the culture, prior to any stimuli, is a critical determining factor
for the type of differentiation response.

Material and Methods
Cell culture

THP-1 cells, a pro-monocytic cell line, were cultured in RPMI 1640 (Life Technologies,
Grand Island, NY) supplemented with 10% fetal bovine serum (Gemini Bio-Products, West
Sacramento, CA), 10 mM Hepes, 0.1 mM MEM non-essential amino acids, 1 mM sodium
pyruvate, and 100 nM penicillin/streptomycin (Life Technologies). Two subtypes, Condition
I and Condition II, of THP-1 cells were determined. Condition I was cultured at a high
density (2.0 × 106/ml) with media being refreshed every 5-7 days for a period of 1 month.
Condition II was cultured at a lower density (2.5 × 105/ml) with media being refreshed every
three days for one week; both conditions were maintained at 5% CO2, 37°C.

Reagents
THP-1 cells were differentiated with PMA (phorbol 12-myristate 13-acetate; Sigma-Aldrich,
St. Louis, MO) or MCSF (Peprotech, Rocky Hill, NJ) at a concentration of 10ng/ml in
RPMI 1640 + 1% fetal bovine serum (Gemini Bio-Products). Treatments were refreshed
every three days through day six. Cell-free conditioned media was collected at day 0 and
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day six, and stored at −40°C until further analysis. Basal THP-1 cells were plated and
collected after 24hrs, spun and washed in FACS buffer (1X PBS, 0.05% BSA, and 1%
sodium azide) prior to flow analysis.

Luminex
Cell free supernatant cytokine and chemokine secretion was determined by multiplex
analysis using the BioPLex assay (Bio-Rad, Hercules, CA, USA) with detection and analysis
using the Luminex 100 IS system (Luminex, Austin, TX).

Flow cytometry
The expression of CD14 was evaluated by flow cytometry using anti-human CD14
phycoerythrin-conjugated antibody (1:20) (Ebioscience, San Diego, CA, USA). FSC/SSC in
both conditions were acquired with identical settings using a BD FACS Calibur. All groups
were compared to an isotype control, mouse IgG1 K isotype Control (Ebioscience) and
experiments were performed at least in triplicate.

Results
Differential response of THP-1 cells

We tested the response of THP-1 cells to the common macrophage differentiation factors
PMA and M-CSF as described in materials and methods to evaluate whether PMA or M-
CSF was able to induce expression of CD14, a marker of monocyte lineage. Initial studies
were done utilizing a long-term THP-1 culture, grown at a higher density (Condition I). As
shown in figure 1A, this THP-1 culture was characterized having 20.9% CD14+ cells
without any stimulation. Upon treatment with PMA, we observed a significant increase in
the number of CD14+ cells (37.9%), while treatment with M-CSF showed no significant
change (17.3%) (Fig.1A). A second study was done using a new culture at a lower density
(Condition II). THP-1 cells were treated with the same stimuli, concentrations and time and
evaluated for CD14 expression. Unexpectedly, the percentage of CD14+ cells in the control
group was almost undetectable (2.6%). Moreover, upon treatment with PMA no change in
CD14 expression was seen (Fig.1B).

We then evaluated whether any of the stimuli would change the morphologic characteristics
of the THP-1 cells by evaluating their size (FSC) and density (SSC) by flow cytometry. In
Condition I, 58% of cells cultured in RPMI were large and had low complexity; in response
to PMA 33% became more granular, while 16% of those lost their size. In response to M-
CSF 39% remained large with low complexity while 11% became more granular, but most
maintained their size. (Fig.2A). However, for Condition II the cells cultured in RPMI were
all small with low complexity and in response to PMA 56% of the cells increased
complexity, but all maintained the same size. In contrast, treatment of Condition II with M-
CSF maintained nearly similar characteristics as the RPMI control (Fig.2B).

To understand the differential response from the two cultures we compared the morphology
of the cell cultures prior to any treatment. As shown in figure 3, the morphological
characteristics of the two cultures were remarkably different. The culture which was
responsive to PMA (Condition I), was a heterogeneous culture formed by a high percentage
of big cells with low density. However, the culture that did not respond to PMA (Condition
II) was much more homogeneous, composed of only small cells.

Cytokine profile
Next we analyzed supernatants from cultures using both conditions, with and without PMA,
and determined the cytokine profiles. Cytokines produced by the two cultures without
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stimulation were similar, however, the concentrations of IL-8, MIP-1a and MIP-1b were
significantly enhanced in Condition I, while VEGF and IL-12p70 were higher in Condition
II (Fig.4). In response to PMA we observed a much higher response of many
proinflammatory cytokines in Condition I compared to Condition II, while MCP-1, MIP-1β,
GROα, and RANTES had a similar response in both conditions. Also, the decreased levels
of VEGF and IL-12p70 were more striking in Condition I compared to Condition II (Table
I).

Discussion
We report the effect of culture conditions on THP-1 cells response to differentiation stimuli.
We demonstrate that the expression of CD14, a widely used marker for monocyte-
macrophage differentiation, reflects the conditions of the culture and will vary as a marker
for response to PMA.

Macrophage differentiation and polarization occur in vivo under the influence of the
localized cytokine milieu 23-26. In vitro studies for the purpose of studying macrophage
differentiation and function rely on cellular differentiation in culture using cytokines or
pharmacologic agents. The cellular models used in these studies include monocytes isolated
from peripheral blood mononuclear cells (PBMC) or leukemic cell lines of which HL-60,
U937 and THP-1 cells are the most commonly used.

THP-1 cells are a leukemic cell line derived from a patient with acute monocytic
leukemia 17. Since its original description in 1980, THP-1 cells have been used as a model
for monocyte-macrophage differentiation in numerous studies, indicative of the relevance of
these cells for our understanding macrophage biology 2713.

PMA is one of the most common reagents used to induce THP-1 differentiation into
macrophage-like cells. The phenotype of the cells following PMA stimulation varies
between studies, with some of the differences attributed to the time of incubation or
concentration used in the study.

The use of cell lines, such as THP-1, has numerous advantages compared to primary
cultures. First, homogeneous genetic background minimizes the degree of variability in the
cell phenotype; second, it allows for genetic modification by transfection of genes; and third,
cell lines standardize protocols for differentiation into various macrophage subtypes. A
disadvantage of cell lines is their sensitivity to good culture conditions. Either monolayers or
cells in suspension can undergo differentiation as result of inconsistent culture conditions
and consequently affect the outcome of the study.

Looking at CD14 as one of the markers for the response of THP-1 cells to PMA it is
surprising to find that some of the differences between studies are already present at
controls, not in the treatment. Some studies have reported almost 90% CD14 expression in
unstimulated THP-1 cells 28 29 while others have reported lower or no expression 20 30.
Similarly, reports describing THP-1 CD14 levels in response to PMA varies from poor or no
response 31, 32 to increased levels 33 34 20.

In this study we evaluated the effect of culture conditions on the heterogeneity of the THP-1
cell line. In low-density cultures (Condition II), we found, as reported in initial studies, these
cells are homogeneous, characterized by small cells with low density 35, 36 are CD14- and
differentiation with PMA does not increase CD14 expression. However, cells kept for an
extended period of time at high cell density (Condition I), the culture becomes
heterogeneous with a high number of big cells, increased density, and high percentage of
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CD14+ cells. This culture is highly sensitive to PMA and CD14 expression increases
significantly.

All these changes are reflected in the cytokine profile. The levels of cytokines produced in
response to PMA are not the same in the two culture conditions. The culture with a
heterogeneous cell population (Condition I) has a stronger response to PMA as
demonstrated by higher levels of pro-inflammatory cytokines.

In summary, culture conditions of THP-1 such as concentration and time is extremely
important to take into consideration before starting differentiation studies using THP-1 cells.
The heterogeneity of the culture can affect the expression levels of CD14 and may
potentially be used as a marker for the quality of the culture. This data also indicates the
need to be cautious when interpreting data where conditions of the basal cell culture are not
described or presented.
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Figure 1.
Differential response to PMA by THP-1. THP-1 cells were treated with 10ng/ml PMA or
MCSF as described in materials and methods and CD14 expression determined by flow
cytometry. In Condition I (A), CD14 expression increased after treatment with PMA as
compared to NT, however, in Condition II (B) there was no change; MCSF had little effect
on CD14; data are representative of at least three experiments.
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Figure 2.
THP-1 cells differentially change morphology in response to PMA. THP-1 cells were treated
with 10ng/ml PMA or MCSF as described in materials and methods and size (FSC) and
complexity (SSC) determined by flow cytometry. In Condition I (A), PMA treatment creates
a more macrophage phenotype characterized by larger cells that gain complexity. In
Condition II (B) PMA pushes THP-1 cells to a more granular phenotype as seen by an
increase in complexity but not size; data are representative of at least three experiments.
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Figure 3.
THP-1 morphology under basal conditions. THP-1 cells were collected after 48hrs in
culture, and analyzed for size (FSC) and complexity (SSC) determined by flow cytometry
size. Condition I THP-1 cells, without any stimulant, are heterogeneous in size while the
cells cultured in Condition II are a more compact and homogeneous population; data are
representative of at least three experiments.
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Figure 4.
THP-1 cytokine secretion under basal conditions. THP-1 cells were collected after 48hrs in
culture, and cell-free supernatants analyzed for cytokine and chemokine secretion by
multiplex. Condition 1 THP-1 cells constitutively secrete higher levels of cytokines as
compared to condition II, with exception of IL-12 and VEGF.
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Table I
Differential Cytokine response of THP-1 cells to PMA

THP-1 cells cytokine secretion after stimulation with PMA. THP-1 cells were treated with 10ng/ml PMA or
MCSF as described in materials and methods and cell-free supernatants analyzed for cytokine and chemokine
secretion by multiplex; data is represented as fold change compared to the NT.

cytokine/chemokine Condition I Condition II

IL-1b 109.7F↑ 6.9F↑

IL-6 285F↑ 224F↑

IL-8 331F↑ 90.5F↑

IL-12p70 18.9F↓ 1.6F↓

G-CSF 321.2F↑ 825F↑

MCP-1 3.1F↑ 3.2F↑

MIP-1α 2.2F↑ 1.1F↑

MIP-1β 2.1F↑ 2.9F↑

RANTES 1.2F↑ 1.3F↑

TNFα 5491F↑ 1737F↑

VEGF 580F↓ 2F↓

GROα 113F↑ 200F↑
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