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Abstract

Human carcinoembryonic antigen-related cell adhesion molecules (CEACAMs) are a family of 

receptors that mediate intercellular interactions. Pathogenic bacteria have ligands that bind 

CEACAMs on human cells. Neisseria gonorrhoeae (Gc) encodes numerous unique outer 

membrane opacity-associated (Opa) proteins that are ligands for one or more CEACAMs. 

CEACAMs that are expressed on epithelial cells facilitate Gc colonization, while those expressed 

on neutrophils affect phagocytosis and consequent intracellular survival of Gc. Since Opa protein 

expression is phase-variable, variations in receptor tropism affect how individual bacteria within a 

population interact with host cells. Here we report the development of a rapid, quantitative method 

for collecting and analyzing fluorescence intensity data from thousands of cells in a population 

using imaging flow cytometry to detect N-CEACAM bound to the surface of Opa-expressing Gc. 

We use this method to confirm previous findings regarding Opa-CEACAM interactions and to 

examine the receptor—ligand interactions of Gc expressing other Opa proteins, as well as for other 

N-CEACAM proteins.

Keywords

imaging flow cytometry; carcinoembryonic antigen-related cell adhesion molecule (CEACAM); 
Neisseria gonorrhoeae; Opa protein; receptor-ligand binding

Human carcinoembryonic antigen-related cell adhesion molecules (CEACAMs) are a family 

of 12 receptors with distinct expression patterns on different cell types. Each CEACAM has 

unique ligand binding capacities, and some CEACAMs have activating or inhibitory 

cytosolic signaling motifs, while others have no cytosolic tail and contain 

glycosylphosphatidylinositol (GPI) anchors in the membrane. Thus, the consequence of an 
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interaction between a CEACAM and a potential ligand is dependent on which CEACAM is 

engaged (1).

CEACAMs are exploited by pathogenic bacteria during infection (2). Examples of 

pathogens with ligands that bind CEACAMs are Moraxella catarrhalis (UspA protein), 

Haemophilus influenzae (OmpP1 protein), Escherichia coli (Dr adhesins), and Neisseria 
gonorrhoeae (Opa proteins) (3–5). N. gonorrhoeae (Gc) is an obligate human pathogen that 

causes the sexually transmitted infection gonorrhea. Gc interacts with CEACAMs via outer 

membrane opacity-associated (Opa) proteins. Each strain of Gc encodes 10 or more opa 
genes, which undergo recombination and mutation to diversify within and among strains (6). 

Each Opa is phase-variable, such that a single strain can express anywhere from zero to 

multiple Opa proteins. Gc recovered from infected individuals is predominantly Opa 

expressors (7). Most Opa proteins in a strain are ligands for one or more human CEACAMs. 

Receptor binding cannot be predicted from the Opa primary sequence and is instead dictated 

by structural characteristics of Opa extracellular loops (8).

CEACAM engages Opa proteins through an extracellular N-terminal immunoglobulin fold 

(9–11). CEACAM-Opa binding allows Gc to engage both epithelial cells and neutrophils 

during infection of the host (9). Characterizing the CEACAM binding profiles of diverse 

Opa proteins from different strains contributes to our understanding of how Gc interacts with 

CEACAM-bearing cells to cause productive infection.

Various methods have been used to determine the specificity and selectivity of Opa-

CEACAM interactions. Opa binding to CEACAMs that are expressed on the membrane of 

HeLa cells and CHO cells has been assessed by Western blot, fluorescence microscopy, 

immunoelectron microscopy, and microtiter plate-based fluorescent detection of bound 

bacteria (12–17). While mammalian cell lines are a relevant model for host-Gc interactions, 

the potential for interference by other receptors on the cell surface can confound conclusions 

about the CEACAM binding capacity of Opa proteins. An alternative approach is to use cell-

free purified CEACAMs expressed as fusions to GFP (18–21) or Fc tag (22) that are 

incubated with Gc and other bacteria expressing Opa proteins, with CEACAM binding 

assessed by flow cytometry. Previously, our group evaluated Opa-CEACAM interactions by 

the ability of Gc to bind recombinantly expressed N-terminus of CEACAM (N-CEACAM). 

In that assay, the bacteria were incubated with various N-CEACAMs, the supernatant and 

bacterial pellet were collected and separated by SDS-PAGE, and the N-CEACAM 

partitioning to the pellet was analyzed by immunoblotting with pan-CEACAM antibody 

(23). However, this method was subject to variation due to gel loading, blot transfer, and 

background bands due to nonspecific antibody binding, was time-consuming, and reported 

results for the whole Gc population rather than on a single-bacterium basis.

Here we report an approach to define Opa-mediated interactions with recombinant N-

CEACAM by using imaging flow cytometry, which offers advantages over conventional 

flow cytometry. The primary advantage is that given the small size of Gc (0.5 μm diameter 

as a monococcus and 1 μm as a diplococcus), conventional flow cytometry requires 

customization and/or extensive calibration and standardization to avoid inaccurate 

measurements of submicron particles (24–27). In contrast to conventional flow cytometry 
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where single particles are detected bases on a signal threshold, imaging flow cytometry 

instead identifies objects based on pixel intensities of the particle images that are above 

background intensity, allowing for accurate detection of bacteria this size. Furthermore, 

imaging flow cytometry, but not conventional flow cytometry, makes it more straightforward 

to exclude bacterial aggregates that could skew the MFI of the whole bacterial population 

that is analyzed. Theoretically, this approach can be extended to other CEACAM-binding 

bacteria, and more generally to any ligand—receptor interaction where one of the interacting 

partners can be made into a soluble fragment.

Materials and Methods

Creation of Recombinant N-CEACAMs 4, 5, 6, and 8

Coding sequences for the recombinant expression of N-CEACAM were synthesized and 

subcloned into the pGEX-2T vector (containing a glutathione S-transferase (GST)-tag) by 

GenScript. The constructs were designed so that the N-terminal GST tag is separated from 

the CEACAM domain by a TEV cleavage site as and a short linker (of the amino acid 

sequence GGA) as previously reported (23). Plasmids from GenScript were confirmed by 

Sanger sequencing with forward and reverse primers.

Site Directed Mutagenesis for the Creation of CEACAM1-I87A/Q89A/I91A

Three rounds of PIPE site directed mutagenesis were performed in sequence for the three 

different mutations introduced. For each round, PIPE-PCR was performed as previously 

described (28). E. coli Top 10 cells were transformed with the resulting amplicon. DNA was 

purified using the QiaPrep Spin Miniprep Kit (Qiagen) and mutations were confirmed by 

Sanger sequencing (Genewiz). The primers for mutagenesis are as follows:

CEACAM1-T87A-F:

TTCTACGCACTACAAGTCATAAAGTCAGATCTTGTG

CEACAM1-T87A-R:

TTGTAGTGCGTAGAATCCTGTGTCATTCTGGGTGAC

CEACAM1-_89A-F:

GCACTAGCAGTCATAAAGTCAGATCTTGTGAATGAA

CEACAM1-_89A-R:

TATGACTGCTAGTGCGTAGAATCCTGTGTCATTCTG

CEACAM1-_91A-F:

GCAGTCGCAAAGTCAGATCTTGTGAATGAAGAAGCA

CEACAM1-_91A-R:

Werner et al. Page 3

Cytometry A. Author manuscript; available in PMC 2021 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



TGACTTTGCGACTGCTAGTGCGTAGAATCCTGTGTC

GST-CEACAM Protein Purification

Recombinant protein was expressed and purified as previously described for the N-terminal 

domains of CEACAM 1 and 3 (23) using the pGEX-2T vector containing GST-tagged N-

terminal domains of CEACAM1, 3, 4, 5, 6, and 8. All proteins were prepared in a final 

buffer of 20 mM Tris, pH 8.0, 500 mM sodium chloride and 10% glycerol and brought to a 

final concentration between 4 and 6 mg/ml using an Amicon Ultra Centrifugal Filter Unit 

with a 10,000 MWCO (Millipore). Purified GST-CEACAM proteins were stored for at 

−80°C. GST-CEACAM protein yields ranged between 0.5 and 12 mg protein per liter of E. 
coli culture.

Gc Isolates and Growth Conditions

All Gc isolates are in an FA1090 strain background. Opaless Gc in which all native opa 
genes were deleted was previously described (29). OpaD+ Gc, Opa50+ Gc, and Opa60+ Gc 

contain non-phase-variable, constitutively expressed versions of each opa gene, cloned into 

the native opaD locus of Opaless Gc (23). An FA1090 Gc strain with a non-phase-variable, 

IPTG-inducible expressed opa54 gene was created. opa54 was amplified out of strain N2027 

(strain kindly provided by Scott Gray-Owen, University of Toronto). The opa54 gene 

already contained a non-phase-variable signal sequence. Restriction enzyme sites (XbaI and 

SacI) were added to the opa54 amplicon for ligation into the Gc complementation plasmid 

pKH35 (30) using forward primer AAATTCTAGATCCAAGGAGCCGAA and reverse 

primer AAAACTCGAGTCAGAAGCGGTAGCG. Both the PCR product and plasmid were 

digested with XbaI and SacI, ligated together, and transformed into TOP 10 E. coli. Proper 

insertion of opa54 into pKH35 was confirmed by restriction digest and DNA sequencing 

using the primers above (Genewiz). pKH35 with opa54 was transformed into Opaless Gc 

and selected for by chloramphenicol resistance at 0.5 μg/ml. Opa54 expression was 

confirmed by Western blot using the 4B12 anti-Opa antibody after growth of Opa54+ Gc on 

GCB plates containing 1 mM IPTG. All Gc were grown overnight on GCB plates containing 

Kellogg’s supplements I and II at 37°C and 5% CO2, except Opa54+ Gc, where plates 

additionally contained 1 mM IPTG to induce Opa54 expression.

Opa-CEACAM Pulldown

Protein concentration of N-CEACAMs were measured by absorbance at 280 nm. On the day 

of the assay, N-CEACAMs were diluted in 500 μl to the indicated final concentration per 

sample in RPMI with 10% FBS (RPMI-10). Gc were collected from GCB plates, normalized 

to a concentration of 1 × 108 CFU/ml, washed once in 1x PBS containing 5 mM MgSO4, 

and resuspended in the N-CEACAM-RPMI-10 solution. Gc and the CEACAM solution 

were incubated with end over end rotation for 30 min at 37°C with 5% CO2. After 

incubation, bacteria were pelleted at 10,000g and washed twice in 1× PBS with 5 mM 

MgSO4.
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Bacterial Staining

Gc were resuspended in 75 μl 0.5 μg/ml mouse anti-GST monoclonal antibody clone p1A12 

(Biolegend, San Diego, CA) in RPMI-10 and incubated at 37°C for 30 min. Bacteria were 

pelleted at 10,000g for 3 min at room temperature, and the supernatant was discarded. The 

bacterial pellet was resuspended in 75 μl of 5 μg/ml goat anti-mouse AF488 (Invitrogen, 

Carlsbad, CA) in RPMI with 10% FBS and incubated for 30 min at 37°C. Bacteria were 

pelleted at 10,000g for 3 min at room temperature, and the supernatant was discarded. Gc 

were then resuspended in 2% paraformaldehyde (PFA) containing 5 μg/ml 4′,6-diamidino-2-

phenylindole (DAPI) DNA stain.

Data Acquisition

Samples were analyzed by imaging flow cytometry using ImagestreamX Mk II with 

INSPIRE® software (Luminex Corporation). Alexa Fluor®488 fluorescence was detected 

with excitation at 488 nm and emission collected with a 480–560 nm filter. DAPI 

fluorescence was detected with excitation at 405 nm and emission collected with a 420–505 

nm filter. For each sample, a laser LED intensity of 40.59 mW was used for brightfield 1 and 

the emission was collected with a 420–480 nm filter; a laser LED intensity 55.00 mW was 

used for brightfield 2 and the emission collected with a 570–595 nm filter. Compensation 

matrices to remove spectral overlap were calculated for each experiment using DAPI+ 

bacteria without addition of αGST/αMsAF488, and non-DAPI-labeled OpaD+ Gc bound to 

N-CEACAM1 with αGST/αMsAF488 (see Supporting information Data S1).

Data Analysis

Data analysis was performed using IDEAS® v6.2 software (Luminex Corporation). The 

gating strategy for data analysis using this software is outlined in Figure 1. A compensation 

matrix was created from the single-color controls: bacteria singly positive for AF488 or 

DAPI. This compensation matrix was applied to all files from the experiment. From the 

DAPI intensity histogram, DAPI+ bacteria were identified (Fig. 1A). A scatter plot with area 

on the x-axis and aspect ratio on y-axis was generated, and single particles (“singlets”) were 

identified by gating on the cell population with high aspect ratio (>0.2) and low area (<20) 

(Fig. 1B,C). A histogram of brightfield gradient root mean square (RMS) was generated for 

single DAPI+ bacteria and focused bacteria were identified as a cell population with high 

(≥52) gradient RMS (Fig. 1D–F). Within the gate, the population with RMS < 65 was not 

different in MFI for AF488 than the population RMS > 65 (4,718.38 vs. 4,506.08, 

respectively). A histogram of AF488 intensity for the population of single DAPI+ focused 

bacteria was created (Fig. 1G–I). A gate was created in this histogram to identify the 

CEACAM+ Gc population. The gating strategy needs to be experimentally determined by 

each user, by setting the positive gate above the intensity of the cell population in the 

negative control.

Statistics

Comparisons between single Gc isolates for a given CEACAM were performed using one-

way ANOVA with post hoc multiple comparisons. Comparisons between fluorescence on 

OpaD+ Gc after incubation with N-CEACAM1 compared to the addition of no CEACAM or 
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a triple mutant N-CEACAM1 were performed using a Student’s unpaired t test. 

Comparisons between N-CEACAM1 binding to OpaD+ Gc and Opaless Gc were performed 

using a Student’s unpaired t test.

Results

Confirmation of a Specific Interaction between Opa and CEACAM by Imaging Flow 
Cytometry

We developed an imaging flow cytometry-based method to analyze the CEACAM-binding 

profiles of Gc expressing an Opa protein of interest. In this assay, Gc is incubated with N-

CEACAM. A protocol for protein expression and purification of recombinant GST-tagged 

N-CEACAMs was previously optimized (23). N-CEACAM was recombinantly expressed as 

a GST-fusion because we previously found the GST moiety prevented N-CEACAM 

aggregation. The N-CEACAM remaining bound to Gc after washing is detected with an 

anti-GST antibody, followed by AlexaFluor 488 (AF488)-labeled anti-mouse IgG. Gc was 

detected with DAPI. The Gc suspension is examined by imaging flow cytometry by gating 

on DAPI+, focused particles and quantifying AF488 fluorescence in this gate (Fig. 1). Data 

are expressed as percent of bacteria that are AF488 positive (Fig. 2a) and as MFI of AF488 

fluorescence (Fig. 2b) for all particles.

The imaging flow cytometry method was first developed using OpaD+ Gc and N-

CEACAM1; we previously reported that OpaD binds to CEACAM1 (23) (Fig. 2). Binding 

of N-CEACAM-1 by OpaD+ Gc was significantly higher by percentage and MFI than 

binding to Opaless due to the specific interaction of the OpaD protein on Gc and 

recombinant N-CEACAM1. Several technical and biological controls were employed to 

validate the specificity of the Opa-CEACAM interaction. (1) In the absence of N-

CEACAM1, OpaD+ Gc had minimal AF488+ Gc, i.e. fluorescence from nonspecific 

binding of α-GST and α-MsAF488 to OpaD+ Gc, showing that fluorescence only occurs 

when CEACAM is present on the measured bacteria. (2) To determine the necessity for Opa 

expression on Gc to allow CEACAM binding, we showed that for Opaless Gc, percentage 

AF488+ and fluorescence were not significantly different from the no-CEACAM negative 

control. (3) The percentage AF488+ and MFI of OpaD+ Gc incubated with recombinant 

GST was not significantly different from the no-CEACAM negative control, further 

confirming that the interaction being measured is CEACAM-Opa, not GST-Opa. (4) N-

CEACAM1 with three point mutations in the Opa binding interface (CEACAM1-I87A/

Q89A/I91A (31)) was no different in interaction with OpaD+ Gc than the non-CEACAM 

negative control in percentage AF488+ Gc or MFI. Together, these results demonstrate that 

Gc specifically binds to CEACAM using Opa as a ligand, and support the use of imaging 

flow cytometry to examine this interaction.

Titration of N-CEACAMs Using OpaD+ Gc

We used the imaging flow cytometry assay to titrate each of several GST-tagged human N-

CEACAMs for OpaD+ Gc. The percentage of AF488+ Gc was determined at varying 

concentrations of each N-CEACAM (Fig. 3). Based on our previous report (23), we 

predicted OpaD+ Gc would bind to CEACAM1 and 3, and anticipated binding to additional 
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CEACAMs. Opaless Gc was used as a control for nonspecific binding at the highest 

concentration of each N-CEACAM (Fig. 4). Binding was evaluated as percent of bacteria 

that were AF488+.

N-CEACAMs 1 and 5 bound to OpaD+ Gc at low μM concentrations (0.4 and 0.2 μM, 

respectively). In comparison, maximal N-CEACAM3 binding was achieved at 12 μM. 

CEACAMs 4, 6, and 8 bound poorly to OpaD+ Gc (less than 25%, 10%, and 15% AF488+ 

Gc, respectively). At these concentrations, no specific binding to Opaless Gc was measured. 

While these titrations were reproducible for the N-CEACAM preparations used here, each 

preparation must be optimized for Opa-CEACAM binding based on a similar concentration 

titration.

CEACAM Binding by Each of Four Opa Proteins

To characterize the CEACAM binding of other Opas, we selected a concentration at which a 

CEACAM bound to OpaD. If there was no appreciable binding of OpaD to the N-

CEACAM, we selected the highest concentration tested (Fig. 3). Using these concentrations, 

the CEACAM binding profiles for Gc expressing OpaD from strain FA1090 or Opa50, 

Opa54, or Opa60 from strain MS11 were determined by imaging flow cytometry. Opaless 

Gc incubated with the indicated CEACAM served as a negative control for background 

AF488+ fluorescence on bacteria, as we have previously shown Opaless Gc does not bind 

CEACAMs (Fig. 2) (23). Multiple previous reports have shown that OpaD+ (23), Opa54+ 

(32), and Opa60+ Gc (10, 17, 23) can bind to CEACAM1, and in agreement, we saw 

significant binding of CEACAM1 to OpaD+, Opa54+, and Opa60+ Gc (Fig. 4a). Similarly, 

OpaD+ (23) and Opa60+ Gc (10, 17, 23) were reported to bind to CEACAM3, and in 

agreement, we saw significant binding of CEACAM 3 to OpaD+ and Opa60+ Gc (Fig. 4b). 

Previous literature has indicated that no Opas bind to CEACAM4 (33, 34). Using our assay, 

only Opa50+ Gc bound at significant, albeit low, levels to CEACAM4 (Fig. 4c). Most 

CEACAM-binding Opas have been reported to bind CEACAM5 (32), and in agreement, we 

found that OpaD+ and Opa60+ Gc both bound to CEACAM5 (Fig. 4d). Additionally, 

Opa60+ Gc bound significantly to CEACAM6, as previously reported (13) (Fig. 4e). Finally, 

no Opas have been reported to bind CEACAM8 (12, 13, 15). Here, only Opa50+ Gc bound 

CEACAM8 at low levels that were significantly above Opaless background (Fig. 4f).

The overall consensus between the imaging flow cytometry results and previous publications 

using other methods supports the use of this assay to rapidly and quantitatively measure the 

CEACAM binding profile of multiple Opa proteins.

Discussion

The goal of this project was to create and optimize a straightforward, rapid, specific method 

for determining bacterial ligand—host receptor interactions by imaging flow cytometry, 

using Gc Opa proteins and human CEACAMs. Compared with our previous immunoblot-

based method (23), imaging flow cytometry allows gating on single, intact bacteria, such 

that differences within a population can be evaluated and complications with SDS-PAGE 

and transfer are avoided. Further, the use of recombinant N-CEACAM in the current 

approach avoids the complications faced by CEACAM expression in mammalian cell lines, 
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such as efficiency of CEACAM expression, expression of multiple splice variants, and 

confounding results due to expression of endogenous CEACAM(s). Furthermore, compared 

to conventional flow cytometry methods, imaging flow cytometry allows single submicron 

size bacteria to be reliably identified, without customizing and calibrating a conventional 

flow cytometer, which may not be feasible in a multiuser core facility (24, 35).

We used this approach to measure specific and selective interactions between four different 

Opa proteins and the N-terminal domains of six different CEACAMs. Gating on single, 

DAPI+ bacteria ensured that all positive signal detected is from CEACAM bound to intact 

bacteria, and not from a dimerized protein or protein aggregates that nonspecifically pellet 

along with the bacteria. When selecting for in focus bacteria, we noted two populations in 

the gate that have 52 < RMS < 65 and 66 < RMS < 78, but since they have the same MFI for 

AF488 (see Materials and Methods), they do not affect interpretation of results regarding 

ability of Opa + bacteria to bind GST-N-CEACAM. At this time, we do not know what is 

responsible for the difference in RMS, but could be due to stage of bacterial growth and/or 

monococcal vs. diplococcal form. Importantly, CEACAMs do not bind bacteria that do not 

express Opa proteins, neither the GST antibody or GST alone bind Opa + Gc, and mutation 

of key residues in the CEACAM1-Opa binding interface prevents Opa-Gc interaction (Fig. 

2). Our results generally correspond to the selectivity of CEACAM-dependent binding of 

these particular Opa + Gc reported by us (23) and others (10, 14, 17, 21, 23, 32, 33, 36, 37). 

Moreover, we found that OpaD+ Gc interacts with CEACAM5, an epithelial CEACAM, 

which agrees with our observation that OpaD+ Gc binds avidly to epithelial cells (38). Thus, 

the imaging flow cytometry approach confirms known Opa-CEACAM interactions.

Understanding the selectivity of CEACAM binding to Opa allows us to infer which 

signaling pathways may be active in the context of host—pathogen interactions. For 

example, the cytoplasmic tail of CEACAM1 contains an immunoreceptor tyrosine based 

inhibitory motif (ITIM). ITIM signaling in most cell types relies on activation of SHP-1 and 

SHP-2 to inhibit cellular activity (39). In neutrophils, this could mean that antimicrobial 

activity is inhibited by ligand binding to CEACAM1. CEACAM3 is expressed solely on 

granulocytes like neutrophils. It is thought to be a decoy receptor that pathogenic bacteria 

bind with the same ligands they use to bind CEACAMs that promote infection (40). 

Polymorphisms in the CEACAM3 amino acid sequence allow for recognition of a spectrum 

of bacterial pathogens among human subpopulations (41). CEACAM3 has an ITAM domain 

in its C-terminus, and this is thought to cause the activation of neutrophils and bacterial 

killing. Knowing which ligands are able to bind to this specific CEACAM could be 

important in understanding why some pathogens are killed by granulocytes and others are 

not.

Previous reports have shown that neither CEACAM4 or CEACAM8 bind to any Opa 

proteins (33, 34). In this study, low yet statistically significant percentages of Opa50+ Gc 

were positive for CEACAM4 and for CEACAM8. CEACAM4 is hypothesized to be an 

“orphan” granulocyte receptor that does not interact with bacterial ligands, although the C-

terminal ITAM retains the ability to drive bacterial internalization (34). It is important to 

note that our system is using nonglycosylated N-CEACAM, which could explain the 
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discrepancy of our results with previous literature. Future studies looking at glycosylated 

CEACAM4 and CEACAM8 could describe if and how this interaction occurs biologically.

While this method was developed to investigate the binding and selectivity between Opa 

proteins and CEACAMs, it can be extended to other systems and can be modified for other 

applications and labeling approaches. Technical variations of this assay could include the 

use of a fluorophore conjugated to the primary antibody against the recombinant protein of 

interest or a tagged protein. Further, since we were able to titrate the CEACAM fluorescence 

based on concentration of N-CEACAM protein, this assay could be performed as a 

competition assay where the presence of a competitor will affect the binding of the primary 

protein of interest, resulting in a loss of signal. Competition assays would help elucidate 

physiologically relevant questions, such as the affinity of one ligand over another. In this 

study, we used Opa proteins as the ligand of CEACAM, but there are other types of 

interactions for which this assay can be used, including other pathogens that are CEACAM-

dependent like M. catarrhalis (UspA) and H. influenzae (OmpP1) (3, 4). More broadly, this 

system can be adapted to any receptor-ligand pair where one component is presented in its 

native conformation on the surface of a particle that is of the appropriate size and 

fluorescence for imaging flow cytometry, and its partner is soluble, in a functional 

conformation for binding, and can be followed with a fluorescent label. The speed, 

sensitivity, and throughput of imaging flow cytometry make this an effective approach for 

analysis of binding to small particles like bacteria.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1. 
Gating strategy. Gc was incubated with purified recombinant GST-N-CEACAM3 (CCM3), 

washed, and stained with anti-GST antibody, followed by anti-mouse-AF488 secondary 

antibody. Stained bacteria were fixed in PBS containing 2% PFA and 5 μg/ml DAPI. (A) 

Bacteria were defined as particles with high DAPI intensity. (B) Single bacteria were 

identified from DAPI+ population. (C) Examples of single and clumped bacteria. (D) 

Focused bacteria were defined as particles with RMS ≥52. (E) and (F) Examples of bacteria 
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out of focus (E) and focused (F). (G) AF488+ Gc gate includes bacteria with high AF488 

fluorescence intensity. (H) and (I) examples of AF488-negative (H) and positive (I) bacteria.
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Fig 2. 
Imaging flow cytometry can detect the binding of N-CEACAM-1 to Opa-expressing Gc. 

OpaD+ or Opaless Gc was incubated with GST-tagged N-CEACAM1 (GST-NCCM1), an N-

CEACAM-1 mutant where the binding interface for Opa proteins was disrupted (GST-

NCCM1 Mut; point mutations I87A/Q89A/I91A), GST alone, or no protein (no NCCM1). 

After washing, bacteria were fixed and stained with mouse anti-GST followed by AF488-

coupled anti-mouse, along with DAPI. The (a) percentage of DAPI+ Gc that are AF488-

positive and (b) MFI of AF488 for DAPI+ Gc was quantified using imaging flow cytometry 

using the gating strategy in Figure 1. Results presented are the mean ± standard error of the 

mean. N ≥ 3 (except for GST alone, n = 1). ***P < 0.001, ****P < 0.0001 (Student’s two-

tailed unpaired t test).
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Fig 3. 
Determination of the optimal final working concentration for N-CEACAMs. OpaD+ Gc was 

incubated with increasing concentrations of each of the recombinant GST-N-CEACAM 

proteins indicated. Depicted are final concentrations for each protein. Bacteria were 

processed for imaging flow cytometry as described in Figures 1 and 2. Results are presented 

as percent of AF488+ bacteria (similar results were obtained for MFI). Results presented are 

the mean ± standard error of the mean. N = 1–6 experiments.
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Fig 4. 
CEACAM binding profiles of Opa proteins. The binding of Opa + Gc to each of six 

recombinant N-CEACAMs was determined by imaging flow cytometry as in Figures 1 and 

2, using the concentration of each GST-N-CEACAM determined for OpaD+ Gc in Figure 3. 

Opaless served as a negative control for background AF488+ fluorescence on bacteria and 

was used as comparison for statistical significance. Results are presented as percent of 

AF488+ bacteria (similar results were obtained for MFI). Results presented are the mean ± 
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standard error of the mean. N = 3–6 experiments. **P < 0.01, ***P < 0.001, ****P < 0.0001 

(one-way ANOVA with post hoc multiple comparisons).
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