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Conventional assays to probe signaling protein interactions
and function involve measurement of luciferase reporter
expression within the bulk cell population, with lack of control
over target-protein expression level. To address this issue, we
have developed a rapid and robust ﬂow cytometric assay for
analysis of signaling protein function. A ﬂuorescent reporter
and ﬂuorescent tagging of the target protein enables simultaneous assessment of protein expression and signaling within
individual cells. We have applied our technique to the analysis
of variants of the lipopolysaccharide receptor Toll-like receptor
4 (TLR4) and its adapter protein MyD88, using a NF-кB–
responsive promoter driving mScarlet-I expression. The assay
enables exclusion of nontransfected cells and overexpressing
cells that signal spontaneously. Additionally, our assay allows
the identiﬁcation of protein variants that fail to express. We
found that the assays were highly sensitive, with cells
expressing an appropriate level of GFP-MyD88 showing
approximately 200-fold induction of mScarlet-I by lipopolysaccharide, and we can detect subtle protein concentrationdependent effects of mutations. Importantly, the assay is
adaptable to various signaling pathways.

Cell signaling requires protein interactions that mediate
formation of complexes ranging from dimers to large assemblies. Molecular deﬁnition of how the signaling proteins
interact to culminate in enzyme activation is paramount to
understanding signaling mechanisms, their disturbance in
disease states, and the potential for drug targeting. Cell-based
methods for analysis of the interactions and function of
signaling proteins need improvement. Most approaches
involve site-directed mutagenesis and assays of signaling activity. The ideal structure-function analysis in signaling pathways would involve knock-in mutations in the endogenous
locus, but this is not practical when screening multiple mutations. Instead, transient expression of variant proteins in cells
lacking endogenous expression, and assessment of the induction of a pathway-speciﬁc reporter gene, such as luciferase,
provides a practical approach (1–6). However, this technique is
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complicated by variable transfection efﬁciency between samples or between experiments, variable expression levels across
the cell population, protein expression above physiological
levels, and possible mutation-speciﬁc effects on protein
expression. Standard reporter systems that are assessed on
bulk cell populations cannot resolve these problems nor control for variations in protein expression. Furthermore, when
expression of the target protein is assessed, for example by
Western blotting, there are no means of accurate compensation for varied expression levels, and a substantial range is
usually tolerated.
Flow cytometry is the perfect technique to solve problems of
current signaling reporter assays, by using a ﬂuorescent reporter system combined with ﬂuorescently tagged target proteins. Despite their wide use in visualizing protein localization
and a range of other reporter functions, ﬂuorescent proteins
have not been exploited as reporters in mutational analysis of
signaling pathways. When the target protein is ﬂuorescently
tagged, both signaling output and target protein expression
level can be assessed within individual cells. This permits
analysis of signaling function to be limited to those cells with
an appropriate level of target protein expression, ideally as
close to endogenous levels as possible. Here, we aimed to
develop simple ﬂow cytometry–based ﬂuorescent reporter
assays for studying protein interactions within the TLR4
signaling pathway, in order to validate structures that are being
generated for signaling protein complexes (7, 8).
Toll-like receptors (TLRs) are innate immune receptors that
detect and respond to a range of pathogen molecules as well as
host danger signals. TLR4 is the receptor for bacterial lipopolysaccharide (LPS) and elicits defense against Gram-negative
bacterial infections, as well as contributing to sepsis and a
range of chronic inﬂammatory conditions (9, 10). LPS binding
into the hydrophobic pocket of the TLR4 coreceptor MD-2
promotes dimerization of two TLR4-MD2-LPS subcomplexes (11–14). This is presumed to lead to dimerization
of the TLR4 cytosolic Toll/interleukin-1 receptor (TIR)
domain and recruitment of adaptor proteins myeloid differentiation primary response gene 88 (MyD88) and MyD88
adaptor-like (MAL) (15). Ultimately, the assembly initiates
kinase activity, leading to activation of transcription factors
NF-кB and AP-1, and induction of proinﬂammatory cytokines.
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Fluorescent reporter assays for signaling protein function
Following internalization of TLR4 into endosomes, signaling
via adaptors TRAM (TRIF-related adaptor molecule) and
TRIF (TIR domain-containing adaptor protein inducing
interferon-β) leads to activation of transcription factor IRF3,
promoting inﬂammation and a type-I IFN response (16–20).
The four adaptor molecules all contain TIR domains, and their
mode of interaction is starting to be elucidated with the
structural characterization of assemblies reconstituted in vitro
(7, 8). Interaction analysis in cells to validate these structures
requires a reliable cellular signaling assay.
Mutational studies of TLR signaling components have
previously used NF-кB–driven luciferase reporter assays on
the bulk cell population (4–6, 21–23). Assessment of the levels
of expressed TLR or adaptor proteins, although not always
performed, has used semiquantitative Western blots or
sometimes immunostaining and ﬂow cytometry. Here, we have
combined transient expression of monomeric enhanced GFP
(mEGFP)-tagged TLR4 or MyD88 in HEK293 cell lines with a
stably integrated NF-κB–driven mScarlet-I reporter to allow
convenient single-cell analysis. While these cells may not
recapitulate all the regulatory subtlety of innate immune cell
signaling, the essential protein–protein interactions will be
preserved and can be readily analyzed. Furthermore,
HEK293 cells lack innate immune DNA sensing pathways
initiated by TLR9, cGAS, and AIM2 (24, 25), enabling DNA
transfection without these interfering signal outputs. We
demonstrate that our dual ﬂuorophore ﬂow cytometric assay
can be used successfully in a moderate throughput manner.
This concept could be adapted for use in a wide range of

signaling pathways to generate robust characterization of
protein interactions.

Results
Generation of a ﬂuorescent NF-κB reporter TLR4 signaling cell
line with MyD88 knock-out
Published functional studies of transiently expressed MyD88
amino acid variants (26, 27) have been compromised by using cells
that express endogenous MyD88. Thus, only spontaneous signaling
upon overexpression of variants could be assessed, and not LPSinduced signaling. To allow deﬁnitive investigation of the effect of
amino acid changes in the TIR domain of MyD88 on its signaling
capacity, we generated a cell line containing TLR4 and a NF-κB–
driven reporter plasmid but lacking MyD88 expression. We ﬁrst
constructed a NF-κB–driven mScarlet-I reporter plasmid (Fig. 1A)
and stably transfected it into a HEK293 cell line that expresses
TLR4, MD2, and CD14 (HEK-Blue hTLR4). A selected clone
referred to as HEK-TLR4-mScarlet showed a time-dependent
response to LPS (Fig. 1B), with a profound ﬂuorescence shift in
96% of cells at 16 h after LPS treatment (Fig. 1C). The CRISPR/
Cas9 system was then used to knock out MyD88. A clone was
selected that lacked LPS-dependent signaling as well as MyD88
protein expression detected by Western blot (Fig. 1, C and D).
Establishment of a highly sensitive dual ﬂuorophore assay for
functional analysis of MyD88
We assessed the use of HEK-TLR4-mScarlet MyD88 KO
cells for determining the signaling functionality of transfected

Figure 1. Generation of a TLR4 signaling reporter line with a knockout of MyD88. A, NF-κB reporter construct containing four NF-κB response elements
and a minimal promoter driving the mScarlet-I gene. B, HEK-TLR4-mScarlet cells express mScarlet-I in a time-dependent manner with LPS stimulation. Cells
were treated with 100 ng/ml LPS for the stated times, ﬁxed with 4% paraformaldehyde and then analyzed by ﬂow cytometry. Histograms of mScarlet-I
expression at the different time points are shown overlaid. C, CRISPR/Cas9 KO of MyD88 in HEK-TLR4-mScarlet cells prevents LPS-induced activation of
the NF-κB-mScarlet-I reporter. Responses of the TLR4-mScarlet cell line and its MyD88 KO derivative to 16-h treatment with 100 ng/ml LPS are shown.
D, Western blot analysis of MyD88 protein in the KO and parental cell extracts. LPS, lipopolysaccharide; TLR, toll-like receptor.
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GFP-MyD88 that is tagged on the N-terminus with mEGFP, as
well as nonﬂuorescently tagged MyD88-V5. LPS-dependent
signaling was observed for both constructs, indicated by substantial increases in mScarlet-I expression (Fig. 2A). A dose of
25 ng of plasmid per well was selected in prior optimization, as
higher amounts of plasmid gave increased levels of spontaneous signaling. The GFP tag enabled selection of MyD88expressing cells and exclusion of overexpressing cells. Two
gates for possible analysis are shown. Both gates gave strong
induction, with a reduction in basal signaling using the lower
black gate (Fig. 2B). The black gate provided a 194-fold increase in mScarlet-I geometric mean upon LPS treatment,
compared with 78-fold for the higher red gate. Ungated data
gave only 27-fold induction.
Analysis window for transient MyD88 expression is
comparable to endogenous protein levels
We compared the levels of MyD88 achieved by transient
expression in the MyD88 KO cells to the endogenous
expression in the parental HEK-TLR4-mScarlet-I cells by immunostaining with an anti-MyD88 antibody followed by Alexa
647-labeled secondary antibody (Figs. 3A and S1A). The lower
range of expression in transiently transfected cells overlaps
with endogenous expression. Cells within the endogenous
range of MyD88 respond appropriately to LPS (Fig. 3A). The
upper limit of endogenous protein expression appears to be
close to the threshold for ligand-independent signaling seen
with immunolabeled GFP-MyD88 (Fig. 3A).
Interestingly, assessment of the GFP signal showed some
populations with much higher GFP-MyD88 expression levels
than those seen with immunolabeling (Fig. 3A). MyD88
overexpression does cause large aggregates in cells (8) and it is

likely that this obscures the antibody epitope. Therefore, GFPMyD88 will give more reliable representation of the true level
of expression than immunolabeling. However, for proteins
where the 27 kDa GFP tag interferes with protein function, the
protein can be directly immunolabelled (Fig. 3) or a small
epitope tag such as V5 (Fig. S1B) can be used.
We next examined whether the subset of GFP-MyD88–
expressing cells with low level GFP signal, similar to that used
previously for analysis (Fig. 2A), demonstrate expression at
endogenous levels. GFP-MyD88–expressing cells were
immunolabeled with anti-MyD88, allowing simultaneous
assessment of both measures of expression and comparison to
endogenous expression. The cells were ﬁrst gated for low GFP
expression, and then the gated cells were analyzed for the
signal from anti-MyD88 immunolabeling (Fig. 3B). Notably,
the resulting population largely fell within the gate for
endogenous expression deﬁned in Figure 3A. Overall, the results show that selection of the population of cells with GFPMyD88 at a level below that which causes spontaneous
signaling ensures a physiologically relevant protein level.
Single cell analysis in MyD88 KO cells allows evaluation of
MyD88 variants
Several MyD88 TIR domain mutants generated in the GFPMyD88 construct were transfected into the reporter cell line
(Fig. 4A). The selection of a population of cells with a deﬁned
GFP-MyD88 level facilitates a fair comparison of signaling and
eliminates problems of variable transfection efﬁciency. Evaluation in HEK-TLR4-mScarlet MyD88 KO cells demonstrated
K282A was functional and R196A was inactive. MyD88 F270A
showed loss of activity using the low gate representative of
physiological expression levels (Fig. 3) but was still LPS-

Figure 2. A ﬂow cytometric dual ﬂuorophore assay for LPS-induced NF-κB signaling with GFP-MyD88. A, HEK-TLR4-mScarlet MyD88 KO cells were
transfected with either pEF6 empty vector, MyD88-V5, or GFP-MyD88. Samples were treated ± 100 ng/ml LPS and analyzed by ﬂow cytometry. The black
and red gates deﬁne two populations of GFP+ cells for analysis. Results are typical of three experiments. B, analysis of cells with low or moderate levels of
MyD88, or the total cell population, upon LPS treatment. Data is derived from the black and red gates in panel A or was ungated for the total population.
Bars show the means and data points shown are from ﬁve independent experiments (n = 5). Fold induction in response to LPS is indicated. LPS, lipopolysaccharide; TLR, toll-like receptor.
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Figure 3. Endogenous levels of MyD88 are comparable to transient expression in KO cells. HEK-TLR4-mScarlet cells expressing endogenous MyD88
(parental cells) and corresponding MyD88 KO cells with or without transiently expressed GFP-tagged MyD88 protein were treated ± 100 ng/ml LPS. Cells were
immunolabeled with anti-MyD88 antibody and Alexa Fluor 647-labeled secondary antibody. A, the gating on Alexa Fluor 647 plots select cells clearly positive
for MyD88 within the endogenous range (see also Fig. S1A) and below the level giving constitutive signaling. Data is representative of two experiments. B,
analysis of data from panel A for MyD88 KO cells transiently expressing GFP-MyD88 using a gate for low GFP shows that these cells have levels of MyD88
expression within the endogenous range. The cells falling within the gate on the left hand panel were analyzed for Alexa Fluor 647 anti-MyD88 labeling in the
right hand panel. The window in the right hand panel was deﬁned by endogenous expression levels in (A). LPS, lipopolysaccharide; TLR, toll-like receptor.
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Figure 4. Reconstitution of MyD88 in a KO cell line allows assessment of the function of MyD88 TIR domain variants. HEK-TLR4-mScarlet cells with
endogenous MyD88 as well as the corresponding MyD88 KO cell line were transfected with WT GFP-MyD88 and MyD88 with amino acid changes R196A, F270A, and
K282A. Cells were assessed for MyD88 expression and NF-κB activity by ﬂow cytometric analysis of GFP and mScarlet-I expression, respectively. Concurrently, SEAP
enzyme was assayed in the cell medium. A, primary ﬂow cytometry data from MyD88 KO cells shows dependence of LPS-induced mScarlet-I expression on the levels of
GFP-MyD88 for WT and amino acid variants. The gates used for analysis and percentages of cells within these gates and quadrants are indicated. Results shown are
typical of three experiments. B, single cell-based ﬂow cytometric analysis of the geometric mean of mScarlet-I expression in cells gated for low and moderate GFPMyD88 expression and relative SEAP activity in culture medium. Data are shown as the percentage of the WT GFP-MyD88 sample treated with 100 ng/ml LPS. Bars
show the mean and data points show the results from three independent experiments (n = 3). N/A= not applicable, as vector alone samples do not fall within GFPpositive gates. C, a plot of the mean log(mScarlet) within log(GFP) expression bins indicates the GFP-MyD88 expression level at which signaling occurs. Sigmoidal curves
were ﬁtted to the average of duplicate samples from the experiment in panel A. D, signaling index was determined from the log(GFP) level giving half-maximal signaling.
Intercepts of the dashed line in panel C were transformed by taking the inverse of the antilog, expressed relative to WT treated with 100 ng/ml LPS. Bars show the mean
and data points show the results from three independent experiments (n = 3). LPS, lipopolysaccharide; SEAP, secreted embryonic alkaline phosphatase; TLR, toll-like
receptor; TIR, Toll/interleukin-1 receptor.
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responsive at higher expression levels (Fig. 4A). This suggests
that this mutation gives a reduced afﬁnity for interactions
within the signaling complex, which is overcome by higher
expression.
We then compared the ﬂow cytometry assay with the
QUANTI-Blue secreted embryonic alkaline phosphatase
(SEAP) reporter assay, as the cell line retains the NF-κB–
driven SEAP reporter. Responses of both the parental HEKTLR4-mScarlet and MyD88 KO cell lines were tested. The
parental cell line is competent for LPS-induced signaling, and
hence the SEAP assay does not show differences in LPS
response between the MyD88-transfected cells and the vector
control (Fig. 4B). Results for the vector control samples are not
shown for the ﬂow cytometric assay as the responding cells do
not fall within the GFP-positive window. The MyD88 KO is
thus an essential requirement for assessment of mutants
within the full signaling pathway. Prior work has examined
constitutive signaling resulting from overexpression in cells
with endogenous MyD88 (26, 27). Assessed by SEAP assay,
this failed to indicate the inactivity of MyD88 R196A (Fig. 4B).
Single cell analysis demonstrated the beneﬁts of selecting a
speciﬁc MyD88 expression window to assess the LPS response.
In the MyD88 KO cells the SEAP reporter system demonstrated LPS-dependent signaling and showed R196A to be
silencing and F270A to be handicapped. However, high basal
levels of SEAP due to the inability to exclude overexpressing
cells gave an average 9-fold SEAP induction by LPS for the WT
MyD88, compared with 274-fold for the ﬂuorescent assay with
the low expression window (Fig. 4B).
Although use of the lower window shows the signaling capacity of MyD88 expressed at near physiological levels, it does
not capture all the available information on the effects of
mutations. To quantitatively express the degree of signaling
handicap, we assessed the MyD88-GFP expression threshold at
which signaling occurred. The whole data set for each sample
was divided into 30 log10GFP expression levels and the average
log10mScarlet expression determined for each. Curve ﬁtting
allowed determination of the level of MyD88-GFP giving a
half-maximal response (Fig. 4C). The inverse anti-log of this
value provides an index of signaling capacity with and without
LPS (Fig. 4D). This signaling index indicated the elevated basal
signaling from K282A and the more moderate handicap of
F270A compared with the R196A null variant, with good
reproducibility.

Establishment of a dual ﬂuorophore assay for functional
analysis of TLR4
Upon transfection with untagged TLR4, treatment with LPS
led to a substantial increase in the population of mScarlet-I–
expressing cells (Fig. 5B). The lack of LPS response in
untransfected and vector-transfected cells conﬁrmed TLR4dependence. Some LPS-independent mScarlet-I–expressing
cells were seen in all samples, with basal mScarlet-I expression
increasing upon chemical transfection compared to untransfected cells. This suggests that a stress response to transfection
triggers a small NF-κB response. HEK-mScarlet cells transiently transfected with a plasmid expressing TLR4 tagged with
C-terminal mEGFP (TLR4-GFP) demonstrated successful
LPS-dependent TLR4 activation (Fig. 5B), as cells that were
TLR4-GFP–positive responded to LPS with a substantial shift
in mScarlet-I ﬂuorescence. The level of TLR4 required for
functional signaling appears to be quite low, as some cells
below the TLR4-GFP detection limit also show LPS-induced
expression of mScarlet-I (Fig. 5B).
The overall TLR4-GFP expression increased with LPS
treatment (Fig. 5B), due to the NF-κB–responsive CMV promoter driving the TLR4-GFP gene (29, 30). This could be
avoided by use of a different promoter such as EF-1α but does
not affect the ability to analyze TLR4 function. Notably, in the
absence of LPS stimulation, cells with the highest levels of
TLR4-GFP were predominantly mScarlet-I positive. Use of the
MyD88 KO cell line demonstrated that constitutive mScarlet-I
expression in a minority of cells is partially due to an MyD88independent stress response to chemical transfection but
predominantly due to an MyD88-dependent response to TLR4
overexpression (Fig. S2). The latter may be due to a nonphysiological TLR4 aggregation recruiting MyD88, or alternatively, TLR4 dimerization forced by high expression may
partially overcome the handicap of any TIR domain mutations.
In either case, use of ﬂow cytometry conveniently allows these
cells to be excluded from analysis.
Results obtained by gating for a population of uniform low
TLR4 expression levels (black gate, Fig. 5B) were compared to
a gate including all GFP-positive cells (red gate). The low
expression gate removes much of the LPS-independent
signaling and had greater fold induction with LPS than the
red gate (26-fold versus 17-fold) (Fig. 5C). Overall, the assay
enables analysis of TLR4 signaling in cells with a deﬁned
TLR4-GFP expression level, excluding nonexpressing cells and
cells with overly high TLR4-GFP expression where the
mScarlet-I reporter expression is independent of LPS.

Generation of a NF-κB–driven mScarlet-I reporter cell line
To assess the effect of mutations in the TIR domain of TLR4
on its signaling capacity, we stably transfected the NF-κBmScarlet-I reporter plasmid into a HEK293 cell line that expresses the TLR4 coreceptors CD14 and MD2 but lacks TLR4
(HEK-Blue MD2-CD14 cells). The resulting HEK-mScarlet
cell line was generated from a cell clone that showed detectable mScarlet-I expression in 4% of untreated cells and in
96% of cells post-stimulation with TNF-α, an NF-κB stimulus (28) (Fig. 5A).
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Comparison of bulk population and single-cell assays for
signaling
We assessed several TLR4 TIR domain mutants using our
mScarlet-I ﬂow cytometry assay and SEAP reporter assay. In
both assay systems, the TLR4 TIR domain mutation R787A
decreased NF-κB activity by 40-50%, whereas R710A was
completely inactive (Fig. 6, A and B). The results with R710A are
consistent with previous publications using a luciferase reporter
system (4, 22), whereas R787A has not been tested previously in
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Figure 5. A ﬂow cytometric dual ﬂuorophore assay for LPS-activated NF-κB allows analysis of cells with appropriate TLR4-GFP expression levels. A,
generation of a reporter cell line for analyzing signaling function of TLR4 variants. Flow cytometric analysis of HEK-mScarlet cells that express CD14 and
MD2, with an integrated NF-κB-mScarlet-I reporter gene after treatment with or without 100 ng/ml TNF-α for 16 h. Data is representative of three experiments. B, both untagged and GFP-tagged TLR4 reconstitute LPS-induced signaling in HEK-mScarlet reporter cells. Cells were either untransfected or
transfected with pcDNA empty vector, untagged TLR4, or TLR4-GFP and then unstimulated or stimulated with 100 ng/ml LPS overnight and analyzed by
ﬂow cytometry. Two gating strategies are shown for TLR4-GFP: total GFP+ (red gate) and low GFP+ (black gate). Results are representative of 25 separate
experiments. C, histograms of mScarlet-I–positive cells in the two GFP+ gates shown in panel B. D, the mScarlet-I geometric mean ﬂuorescent intensity (MFI)
in the two GFP+ gates shown in panel B. Bars show the means and data points shown are from six independent transfections within three experiments (n =
3). Fold induction by LPS treatment is indicated. LPS, lipopolysaccharide; TLR, toll-like receptor.

isolation. The nonconservative substitution P714H showed no
activity in the SEAP assay but gave low constitutive mScarlet-I
expression with substantial error. However, looking at the
primary ﬂow cytometry data shows immediately that P714H is
very poorly expressed in comparison to WT, R710A, and
R787A constructs (Fig. 6C). This suggests that P714H is misfolded and unstable. P714H did not show up as spontaneously
signaling in the SEAP assay, as the few TLR4-GFP-expressing
cells with NF-κB activity were only a small fraction of the total
cells. Overall, this demonstrates the robust results obtained
with the ﬂuorescent reporter assay, the importance of assessing
the protein expression and excluding constructs with inadequate expression, and the convenience of ﬂuorescent tagging
for this purpose.

Discussion
We have developed an innovative ﬂow cytometric assay for
analysis of protein function in signaling pathways. This

technique provides substantial improvement in reliability,
convenience, and information content, compared to the
methods generally used in the ﬁeld. The use of ﬂuorescent
reporters allows both protein expression levels and signaling
activity to be determined concurrently within a single cell,
without the need for staining, enzyme assays, or further sample
processing. Importantly, ﬂow cytometry allows the determination of signaling activity in cell populations with deﬁned
protein expression levels. This feature allows exclusion of
untransfected cells from analysis and eliminates problems of
variation in transfection efﬁciency between samples, protein
overexpression leading to spontaneous signaling, and variable
expression level between cells within the population.
The usual current practice for structure-function analysis of
signaling proteins is to use a luciferase reporter gene with a
pathway-speciﬁc promoter. This technique has been utilized
for analysis of signaling of a wide range of proteins including
steroid hormone receptors, G protein–coupled receptors,
transcription factors, and innate immune receptors including
J. Biol. Chem. (2022) 298(12) 102666
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Figure 6. The ﬂuorescent reporter assay allows convenient analysis of TLR4 variant signaling with simultaneous assessment of TLR4 expression.
HEK-mScarlet reporter cells were transfected with TLR4-GFP and then either left untreated or treated with 3 ng/ml or 100 ng/ml LPS. WT TLR4-GFP and the
TLR4 TIR domain mutants R710A, R787A, and P714H were tested. Cells in each experiment were assessed for NF-κB activity by both ﬂow cytometry for
mScarlet-I expression and SEAP assay of culture medium for SEAP reporter. Data are shown as the percentage of the WT TLR4-GFP sample treated with
100 ng/ml LPS. Bars show the means and data points shown are from four independent transfections within two experiments. A, single cell-based ﬂow
cytometric analysis of the geometric mean of NF-κB–induced mScarlet-I expression in cells gated for low TLR4-GFP. B, analysis of NF-κB–induced SEAP
reporter enzyme activity in the culture medium. Dotted line denotes LPS-treated empty vector–transfected cells. C, primary ﬂow cytometry data for panel A
shows variation in TLR4-GFP expression (y-axis) and mScarlet-I expression (x-axis) for WT and mutant TLR4-GFP stimulated with or without 100 ng/ml LPS.
The gate used for analysis in panel A and percentages of cells within this gate and quadrants are indicated. Results shown are typical of four independent
transfections. LPS, lipopolysaccharide; SEAP, secreted embryonic alkaline phosphatase; TIR, Toll/interleukin-1 receptor; TLR, toll-like receptor.

TLRs (1–3, 31–34). Like SEAP, luciferase activity gives an
average result for the cell population. The problem of variable
transfection efﬁciency between samples is generally tackled by
normalization to a cotransfected construct with a constitutive
promoter driving a Renilla luciferase reporter (32). Differences
in protein expression levels that are intrinsic to the speciﬁc
mutants being assessed are more difﬁcult to control for. Some
studies do not detail protein expression, while inferring functional effects of mutations (1). Expression is most commonly
assessed by Western blotting (4, 5, 21, 22), which is generally
semiquantitative (35). Furthermore, as there is no way to
normalize results using this data, modest or even substantial
differences in expression are generally ignored. We have solved
these problems using ﬂuorescent tagging of the protein under
investigation and single-cell analysis. Flow cytometry enables
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exclusive analysis of ligand-speciﬁc responses, as untransfected
cells and those with high expression and constitutive signaling
activity can be excluded.
In previous TLR structure-function publications, protein
expression and activity analyses have been performed separately, utilizing either immunoﬂuorescent ﬂow cytometry or
Western blot to determine protein expression and NF-κB–
driven luciferase or SEAP assay to evaluate TLR activity
(4–6, 14, 21–23, 26, 36–46). Our analysis of WT and mutant
TLR4 protein expression immediately highlights constructs
that do not express well, likely due to misfolding or structural
disruptions that destabilize the protein. Here, the P714H TLR4
mutant gave poor expression levels. P714H is the human
counterpart of the TLR4 P712H mutation of C3H/HeJ mice,
found to be responsible for their lack of response to LPS (47).

Fluorescent reporter assays for signaling protein function
Structure-function studies using transfected P714H have not
previously noted deﬁcient expression of this construct, using
Western blotting and immunostaining of epitope-tagged TLR4
(6, 21, 22, 48). Although DNA sequencing showed the promoter intact, P714H showed consistently low expression
across nine experiments, including data presented here.
Assessment of GFP levels may be a good indicator of appropriately folded protein, whereas Western blot or immunostaining for short epitope tags will include misfolded
aggregated proteins. For P714H, the small number of cells
falling within the analyzed window of TLR4 expression do
show somewhat elevated basal NF-κB activity. Although we
considered that this could be due to the unfolded protein
response that is known to elicit NF-κB signaling (49, 50), the
proportion of mScarlet-positive cells in the absence of LPS is
substantially reduced in the MyD88 KO (Fig. S2). This suggests
that P714H may have low constitutive signaling due to MyD88
recruitment to protein aggregates. The combination of low
TLR4 expression and basal NF-κB activity is consistent with
protein misfolding, aggregation, and degradation.
MyD88 is a central molecule in TLR signaling. To our
knowledge, published work has not achieved reconstitution of
the TLR4 pathway with MyD88 in a MyD88 KO cell line to
allow a highly sensitive response to LPS and appropriate study
of mutants (26, 27). MyD88-dependent signaling has been
reconstituted in MyD88 KO immortalized mouse BMM-like
cell lines; however, comprehensive studies of MyD88 variants
have not been done (27, 51). By analyzing cells with MyD88
levels that were demonstrated to be physiologically relevant
(Fig. 3), we obtained a minimum 194-fold induction of the
reporter gene by LPS, providing sensitive detection of the effect of MyD88 variants. Signaling can be assessed at various
levels of MyD88 expression to identify variants that still
function but have lower afﬁnity interactions. Alternatively, the
threshold of protein expression at which signaling occurs can
be used as an index showing functional handicap due to mutation. Key to the success of our signaling model is the use of
MyD88 KO cells, as the presence of the WT protein compromises analysis of the mutant proteins. Published work has
generally analyzed constitutive LPS-independent signaling in
response to over-expressed MyD88, in the presence of
endogenous WT MyD88 expression (26, 52). In an alternative
approach, one group has used expression of a dominant
negative MyD88 TIR domain fragment that can inhibit LPSinduced signaling in cells with an intact TLR4 pathway (42).
That style of analysis would also beneﬁt from adaption to a
ﬂuorescent assay to control for protein expression levels.
One drawback of our technique is the need for a functioning
ﬂuorescently tagged construct. Fluorescent protein tags are
generally 25 to 30 kDa and could sterically hinder normal interactions and function, although we have not so far encountered a problem in tagging of TLR signaling components.
Screening of both N- and C-terminal tags and a variety of
lengths of ﬂexible linkers may be necessary. The ﬂuorophore
chosen should avoid the tendency to oligomerize and because
this is not well characterized for all ﬂuorophores, we selected
the monomeric EGFP mutant (53). However, if tagging with a

ﬂuorescent protein is problematic, we showed that immunolabeling of the native protein or smaller epitope tags is possible.
The caveats to this are accessibility of the epitopes when proteins are complexed, variable loss of protein during ﬁxation and
permeabilization, and increased assay complexity. Thus, where
possible, genetically-encoded ﬂuorophore tags are preferred.
The combination of ﬂuorescent reporter output and ﬂuorescently tagged target proteins can be used in a diverse array
of experimental investigations to mimic realistic signaling
conditions. It allows the transition from whole population
assays and separate protein expression analysis to a single cell–
based system for both. This may be especially beneﬁcial for
selecting appropriate protein expression levels in those pathways that normally function with very low endogenous protein
levels. Addition of further ﬂuorophores could expand analytical potential to look at combinations of mutants in several
different proteins or two different reporter constructs. This
assay offers substantial advantages over existing practices in
the determination of biologically relevant protein interaction
interfaces. Once an interaction model has been developed, the
role of critical residues should ideally be conﬁrmed in cells
with the native signaling pathway. The most feasible system for
studying TLR4 signaling complexes is immortalized macrophages from gene KO mice, although this would require
retroviral transduction. This is a labor-intensive procedure,
emphasizing the value of our technique for initial screening in
HEK293 cells that are more readily manipulated.

Experimental procedures
Plasmids
A single point mutation (A207K) was introduced into EGFP
in the plasmid pEGFP-N1 to prevent dimerization (53),
generating mEGFP. The sequence encoding YFP in pcDNA3TLR4-YFP (Addgene plasmid #13018, http://n2t.net/addgene:13018; RRID:Addgene 13018) was replaced with mEGFP
to form the pcDNA3-hTLR4-GFP plasmid. Full-length MyD88
was cloned into pEF6 with an N-terminal mEGFP tag, with a
linker (GGGGS)3 inserted between mEGFP and MyD88 to
form the pEF6-GFP-MyD88 plasmid. The plasmid expressing
MyD88-V5 has previously been described (8). To make the
pNF-κB-mScarlet-I reporter plasmid (7), the cDNA encoding
luciferase in the pNF-κB-Luc plasmid (Stratagene) was
replaced with the cDNA encoding mScarlet-I, which was
ampliﬁed by PCR from Lck-mScarlet-I expression plasmid (54)
(Addgene plasmid #98821, http://n2t.net/addgene:98821;
RRID:Addgene_98821). TLR4 and MyD88 mutants were
generated via Quikchange (Stratagene) or Q5 (New England
Biolabs) site-directed mutagenesis. All plasmids were veriﬁed
by automated DNA sequencing (Australian Genome Research
Facility). Endotoxin was removed from plasmid DNA using
Triton X-114 (55).
Cell culture
HEK-Blue hMD2-CD14 and HEK-Blue hTLR4 cells were
obtained from InvivoGen. All cells were maintained in Dulbecco’s modiﬁed Eagle’s medium (DMEM) with 4.5 g/l glucose
J. Biol. Chem. (2022) 298(12) 102666
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(GIBCO), 110 mg/l sodium pyruvate, supplemented with
Glutamax-1 and 10% heat inactivated fetal calf serum (hiFCS;
GIBCO), 50 U/ml penicillin, and 50 μg/ml streptomycin (Life
Technologies), hereafter referred to as complete DMEM medium. Cells were grown in a humidiﬁed incubator at 37  C
with 5% CO2. All cell lines were periodically maintained in
respective selective antibiotics (InvivoGen).

Generation of reporter cell lines
The pNF-κB-mScarlet-I construct was chemically transfected into both HEK-Blue hMD2-CD14 and HEK-Blue
hTLR4 cells using Lipofectamine 2000. Cotransfection of
pEF6 plasmid into the HEK-Blue MD2-CD14 cells allowed
selection with blasticidin, followed by single-cell cloning and
screening ± 100 ng/ml TNF-α (PeproTech). This generated the
HEK-Blue hMD2-CD14 NFκB-mScarlet-I cell line, termed
here as HEK-mScarlet. The generated HEK-Blue hTLR4
NFκB-mScarlet-I cell line has been described previously (7).

CRISPR knock out of MyD88
The CRISPR/Cas9 system was utilized to knock out MyD88,
as described previously (7). Single-cell clones were screened
with or without ultrapure Escherichia coli LPS 0111:B4 (Cat.
tlrl-3pelps, InvivoGen) (100 ng/ml LPS) treatment for
mScarlet-I expression on a Cytoﬂex S ﬂow cytometer. A
Western blot was run for all handicapped cell lines to determine the level of MyD88 protein, using anti-MyD88 antibody
(D80F5, Cell Signaling Technology).

Cell transfection and treatment for analysis of TLR4 and
MyD88 mutants
For transfections, 64,000 cells were plated per well in a 96well plate in 100 μl of complete DMEM medium lacking antibiotics and transfected approximately 5 h later. Transfection
complexes were prepared using DNA to Lipofectamine 2000
ratio of 1 μg:2.5 μl, according to the manufacturer’s instructions (ThermoFisher Scientiﬁc). For transfection of
hTLR4 plasmids, 200 ng of plasmid was transfected into cells.
For MyD88 expression plasmids, 25 ng of plasmid complexed
with 0.25 μl of Lipofectamine 2000 was transfected into cells.
The transfection complexes were added to cells and the plate
was centrifuged for 10 min at 700g to increase transfection
efﬁciency (56) and incubated overnight. Medium was then
replaced with fresh complete DMEM medium with 5% hiFCS
and incubated for 6 h. Cells were left unstimulated or stimulated with 3 ng/ml or 100 ng/ml LPS overnight and then cells
were analyzed by ﬂow cytometry, and where stated, the medium was analyzed using the SEAP reporter assay. For transfections in a 12-well plate, 250,000 HEK-TLR4-mScarlet-I
MyD88 KO cells were plated in 1 ml of complete DMEM
medium lacking antibiotics and transfected the next day.
Transfections were done as described above with 400 ng of
DNA.

10 J. Biol. Chem. (2022) 298(12) 102666

Immunostaining MyD88 and V5 tag
Cells were harvested in PBS and ﬁxed with 4% paraformaldehyde for 15 to 30 min at room temp, permeabilized in
PBS with 0.1% bovine serum albumin, 0.2% hiFCS, 0.1%
saponin, and 0.1% NaN3, blocked in PBS with 0.1% bovine
serum albumin, 1% hiFCS, and 0.1% NaN3 and then stained
with rabbit anti-MyD88 antibody at 1/20,000 dilution
(ab199247, Abcam) or rabbit anti-V5 antibody at 1/2000
dilution (D3H3Q, Cell Signaling Technology) overnight at 4

C. Samples were washed in block solution. The secondary
antibody goat anti-rabbit Alexa Fluor 647 F(ab’)2 fragment
(A21246, Life Technologies) was applied at 1/1500 dilution
and incubated at room temp for 1 h. Samples were washed in
block solution and resuspended in block solution for analysis.
Flow cytometry
Samples were run on a BD Cytoﬂex S ﬂow cytometer. GFP
was detected using excitation at 488 nm and emission at
525 nm (525/40), and mScarlet-I was detected using excitation
at 561 nm and emission at 585 nm (585/42). Gains were set to
100 for both channels. Alexa Fluor 647 was detected using
excitation 638 nm and emission at 660 nm (660/20). Forward
scatter (FSC) threshold was set to 80,000 and a minimum of
50,000 to 60,000 events were recorded; 100,000 events were
recorded for immunolabeled samples. Data was analyzed using
FlowJo 10.7.2. Samples were ﬁrst gated to exclude debris and
select live cells using a side scatter-area versus FSC-area plot
and then gated for single cells on a FSC-width versus FSC-area
plot (Fig. S3). Single cells were then viewed as GFP/Alexa
Fluor 647 versus mScarlet-I plots. Compensation of the
mScarlet-I signal out of the GFP channel was done at 0.8 to
1.5%. Empty vector control transfections determined the
threshold for TLR4-GFP or GFP-MyD88 expression, and cells
expressing low levels without constitutive signaling were gated
for analysis. Geometric mean for mScarlet-I ﬂuorescence of
the GFP+ gate was normalized to that of the WT treated with
100 ng/ml LPS to determine the NF-κB activity (% WT +LPS).
To generate the signaling index, compensated MyD88-GFP
and mScarlet values for singlet events in all samples were acquired from FlowJo software. The log10GFP expression levels
were assigned into 30 different bins using Power BI. The mean
Log10mScarlet value was determined for each GFP bin,
allowing curve ﬁtting using duplicate samples within each
experiment (Sigmoidal, 4PL, X is log(concentration) in
GraphPad Prism9). To obtain the threshold value of MyD88GFP which permitted signaling, for each sample, the value of
log10GFP at which the log10mScarlet was equivalent to the
half-maximal value for the WT + LPS sample was determined.
The inverse anti-log of this value provided an index of
signaling potential that can be compared with the WT protein.
SEAP reporter assay
For each sample, 5 μl of medium was transferred to a 384well plate and then 45 μl of QUANTI-BlueSolution (InvivoGen) was added. The absorbance at 640 nm was read at 5 min
intervals for 90 min on a Clariostar microplate reader (BMG

Fluorescent reporter assays for signaling protein function
Labtech) set to 37  C. The rate of the enzymatic reaction
within the linear portion was determined. The data was
normalized to the activity of WT samples treated with 100 ng/
ml LPS.
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Data availability
All data are available in the main text. Distribution of cell
lines requires negotiation with InvivoGen who generated the
parental lines we started with, but plasmids can be supplied to
recreate the ﬁnal cell lines.
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