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Fusobacterium nucleatum subsp. nucleatum RadD
binds Siglec-7 and inhibits
NK cell-mediated cancer cell killing

Johanna Galaski,1,2,3 Ahmed Rishiq,1 Mingdong Liu,1 Reem Bsoul,4 Almog Bergson,1 Renate Lux,5

Gilad Bachrach,4,6 and Ofer Mandelboim1,6,7,*
SUMMARY

Fusobacterium nucleatum is an oral commensal bacterium that can colonize extraoral tumor entities,
such as colorectal cancer and breast cancer. Recent studies revealed its ability to modulate the immune
response in the tumor microenvironment (TME), promoting cancer progression and metastasis. Impor-
tantly, F. nucleatum subsp. animalis was shown to bind to Siglec-7 via lipopolysaccharides, leading to a
pro-inflammatory profile in human monocyte-derived dendritic cells. In this study, we show that
F. nucleatum subsp. nucleatum RadD binds to Siglec-7 on NK cells, thereby inhibiting NK cell-mediated
cancer cell killing. We demonstrate that this binding is dependent on arginine residue R124 in Siglec-7.
Finally, we determine that this binding is independent of the known interaction of RadD with IgA.
Taken together, our findings elucidate the targeting of Siglec-7 by F. nucleatum subsp. nucleatum
RadD as a means to modulate the NK cell response and potentially promoting immune evasion and
tumor progression.

INTRODUCTION

The interplay between cancer cells and immune cells within the tumor microenvironment (TME) shapes tumor progression, metastasis, and

therapeutic outcomes. In recent years, the importance of tumor-resident bacteria has become increasingly evident. Landmark studies have

revealed that the tumor microbiome is tumor-type specific1 and organized in specific microniches, influencing cancer progression and im-

mune responses.2 In this context, the commensal bacterium Fusobacterium nucleatum has emerged as a prominent player due to its asso-

ciation with various malignancies including colorectal,3 esophageal,4 pancreatic,5 and breast cancer.6 Mounting evidence suggests that

F. nucleatum can manipulate the immune response, contributing to an immunosuppressive environment. More specifically, we previously

showed that F. nucleatum engages the inhibitory immune receptor T cell immunoreceptor with Ig and immunoreceptor tyrosine-based inhib-

itory motif (ITIM) domains (TIGIT), expressed on NK and T cells, via its adhesion protein Fap2.7 Furthermore, we and others found that

F. nucleatum targets the inhibitory receptor carcinoembryonic antigen cell adhesionmolecule 1 (CEACAM1) via theCEACAMbinding protein

of Fusobacterium (CbpF),8,9 leading to T cell inhibition.10 Here, we show that F. nucleatum subsp. nucleatum binds to the inhibitory receptor

Siglec-7 via its major adhesin RadD and protects cancer cells from natural killer (NK) cell cytotoxicity.

Siglec-7 is a member of the sialic acid-binding immunoglobulin-like lectins (Siglecs) that is predominantly expressed on NK cells. It rec-

ognizes sialic acid-containing glycans and regulates immune cell functions. Inhibitory signaling is mediated via cytosolic ITIMs. It was previ-

ously shown that Siglec-7 ligands are overexpressed on a broad range of human malignancies and that NK cell antitumor immunity is atten-

uated after engagement of Siglec-7 ligands.11 Interestingly, several bacteria have convergently evolved ligands for Siglec-7. For instance,

group B streptococcus (GBS) binds to Siglec-7 both through sialylated capsular polysaccharides12 and via its cell wall-anchored b antigen

in a sialic acid-independent manner.13 In another study, Lamprinaki and colleagues showed for the first time that F. nucleatum ssp. animalis

binds to Siglec-7. The interaction was observed using whole bacteria, F. nucleatum-derived outer membrane vesicle and lipopolysaccharide

(LPS). Intriguingly, this led to a pro-inflammatory profile in human monocyte-derived dendritic cells.14

In this study, we demonstrate the direct binding between F. nucleatum subsp. nucleatum RadD and Siglec-7, leading to an inhibition of NK

cell killing of tumor cells. We further show that this interaction depends on arginine residue R124 in Siglec-7. Taken together, F. nucleatum
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subsp. nucleatum RadD may exploit Siglec-7 as a means to modulate NK cell responses within the TME, consequently promoting immune

evasion and facilitating tumor progression.
RESULTS

F. nucleatum subsp. nucleatum binds Siglec-7

F. nucleatum subp. nucleatum is known to bind to several immune receptors such as CEACAM1 and TIGIT to circumvent the immune

response.7–10 Here, we assessed binding of FITC-labeled F. nucleatum subsp. nucleatum strain ATCC 23726 (subsequently abbreviated as

Fnn 23726) to several different NK cell receptor fusion proteins in which the extracellular domain of the respective immune receptor is fused

to the Fc portion of human IgG1 (containing the N297Amutation to abrogate Fc receptor binding). We found that Fnn 23726 binds to Siglec-

7-Ig, but not NTB-A-Ig, 2B4-Ig, and CD16-Ig (Figures 1A and S1 with gating strategy). To elucidate whether interaction with Siglec-7 is a

conserved feature among different F. nucleatum subspecies, we evaluated additional strains of the F. nucleatum subspecies nucleatum

and polymorphum (Figure 1B). While Fnn 23726 and Fnn 25586 both bound to Siglec-7-Ig, F. nucleatum subsp. polymorphum strains

ATCC 10953 and 12230 (subsequently abbreviated as Fnp 10953 and Fnp 12230) showed little to no staining.

Finally, we also tested F. nucleatum strain CTI-7, a clinical isolate recovered from human colon adenocarcinoma, which lacks the autotrans-

porter protein Fap2.7 Clinical isolate CTI-7 consistently showed binding to Siglec-7-Ig (Figure 1C).
F. nucleatum subspecies nucleatum leads to Siglec-7-dependent inhibition of NK cell-mediated cancer cell killing

Next, we wanted to assess the effect of F. nucleatum binding to Siglec-7 on NK cell killing of cancer cells using Fnn 23726 as a representative

strain. However, F. nucleatum interacts with several NK cell receptors, hindering our ability to directly investigate the binding of F. nucleatum

to Siglec-7 on NK cells. Consequently, we established a controlled experimental system to isolate the effect of F. nucleatum binding to

Siglec-7. The NK cell line YTS Eco does not express any known inhibitory NK cell receptors and activation of this cell line is mainly dependent

on the engagement of the activating receptor 2B4 byCD48.15 Fnn 23726 does not bind to 2B4 Ig (Figure 1A), whichmakes this cell line ideal for

testing the effect of the interaction of Fnn 23726 and Siglec-7 on NK cell cytotoxicity. We established YTS Eco cell lines using the lentiviral

vector pHage-DsRED(�)-eGFP(+) (empty vector; EV) or the vector containing the human siglec-7 gene. We then conducted binding assays

between Fnn 23726 and YTS Siglec-7 cells before sorting. This allowed us to directly compare binding of Fnn 23726 to YTS cells that expressed

no to low levels of Siglec-7 and YTS cells that expressed high levels of Siglec-7. We used GFP as a surrogate for Siglec-7 expression (Fig-

ure S2A). We found that binding of Cy5-labeled Fnn 23726 to YTS cells expressing high levels of Siglec-7 was significantly higher compared

to YTS cells expressing no to low levels of Siglec-7 (p < 0.0001; Figures S2B and S2C), suggesting that Fnn 23726 binds to Siglec-7 expressed

on YTS cells. However, the effects were only subtle, since Siglec-7 is only one of many cell surface receptors that Fnn 23726 is known to

interact with.

Next, we assessed the cytotoxicity of YTS empty vector (EV) or YTS Siglec-7 cells toward the CD48-positive target cells 721.221 and BCBL1

in the presence or absence of Fnn 23726 (illustrated in Figure 2A). Levels of the activating receptor 2B4 were comparable in both YTS EV and

YTS Siglec-7 cells (Figure 2B). Both target cell lines were found to express Siglec-7 ligands (Figures 2C and 2D). In the absence of Siglec-7, we

observed no difference in 721.221 and BCBL1 cell killing with or without bacteria (Figures 2E and 2F). Consistent with the expression of

Siglec-7 ligands on both cell lines, killing of 721.221 and BCBL1 cells by YTS Siglec-7 cells in the absence of Fnn 23726 was significantly

reduced in comparison to YTS EV cells (p = 0.029 and p = 0.036, respectively) (Figures 2E and 2F). No relevant cell death was observed

for YTS EV or YTS Siglec-7 cells following incubation with cancer cell lines (Figure S3). Importantly, in the presence of Fnn 23726, killing of

both 721.221 and BCBL1 cells by YTS Siglec-7 cells was significantly inhibited (p= 0.034 and p= 0.044, respectively) (Figures 2E and 2F). Taken

together, these results indicate that binding of Fnn 23726 to Siglec-7 inhibits NK cell cytotoxicity toward cancer cells.
The Fnn 23726 autotransporter RadD is the bacterial ligand of Siglec-7

To elucidate the nature of the ligand of Siglec-7 in Fnn 23726, we immunoprecipitated bacterial lysates with Siglec-7-Ig or controls. Visual-

ization of immunoprecipitates revealed a large band (>250 kDa) that was identified as Fnn 23726 RadD bymass spectrometry (Figure 3A). This

band was not present in the negative control (Figure 3A). As a positive control we used CEACAM1-Ig that yielded a band of the size of its

known binding partner Fnn 23726 CbpF.8 This band did not appear for the mutant DN CEACAM1-Ig that does not interact with CbpF (Fig-

ure 3A).8,10 Additional bands either matched the size of the fusion proteins used for immunoprecipitation or were unspecific. To corroborate

Fnn 23726 RadD as the ligand of Siglec-7, we repeated the immunoprecipitation using lysates of aDRadD Fnn 23726mutant. As expected, the

band that was immunoprecipitated with Siglec-7-Ig using wild-type Fnn 23726 was not detected, while binding of CEACAM1-Ig to CbpF was

still retained (Figure 3B). Consistent with these findings, when the Fnn 23726 DRadD mutant was incubated with Siglec-7-Ig and analyzed us-

ing flow cytometry, it exhibited a total loss of binding. In contrast, the wild-type counterpart displayed staining with Siglec-7-Ig (Figures 3C,

quantified in 3D). We thus identified RadD as the Fnn 23726 ligand for Siglec-7.

Importantly, RadD is known to be expressed in Fnn 23726, Fnn 25586, and Fnp 10953.16,17 Analysis of the Fnp 12230 genome (accession

number gb|CP053468.1) revealed that it encodes eight open reading frames that are annotated as autotransporter or fdes (Table S1). Of

these, only five contain the beta-barrel that is characteristic for large autotransporter-like outer membrane proteins like RadD. None of

the Fnp 12230 proteins is similar in length (Table S1) or exhibits a close phylogenic relationship to RadD of Fnn 23726, Fnn 25586, or Fnp

10953 (Figure S4). Consistent with the absence of a RadD homolog in Fnp 12230, this strain showed no binding to Siglec-7 (Figure 1).
2 iScience 27, 110157, June 21, 2024
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Figure 1. Siglec-7 binding to F. nucleatum strains

(A) FITC-labeled F. nucleatum subsp. nucleatum ATCC 23726 (Fnn 23726) was incubated with 2 mg of Siglec-7-Ig, NTB-A-Ig, 2B4-Ig, or CD16-Ig and binding was

revealed with fluorescently labeled secondary antibodies. Filled gray histograms represent staining with secondary antibody only. One representative

experiment out of three is shown.

(B) Two strains of F. nucleatum subsp. nucleatum (Fnn 23726 and Fnn 25586) and two strains of F. nucleatum subsp. polymorphum (Fnp 10953 and Fnp 12230) as

well as (C) a clinical strain of F. nucleatum (Fnn CTI-7) were incubated with Siglec-7-Ig. Filled gray histograms represent staining with secondary antibody only.

One representative experiment out of two is shown.
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Figure 2. F. nucleatum subsp. nucleatum confers Siglec-7-dependent protection against NK cell-mediated cancer cell killing

(A) Schematic representation of target cell killing by YTS EV or YTS Siglec-7 cells. YTS empty vector (EV) or YTS Siglec-7 cells are activated almost exclusively by

CD48-expressing target cells via their activating receptor 2B4. In the presence of bacteria, killing of target cells is inhibited via Siglec-7.

(B) Staining of YTS EV or YTS Siglec-7 cells with Siglec-7 (upper histograms) and 2B4 (lower histograms) antibodies. Filled gray histograms represent staining with

isotype control and secondary antibody only, respectively.

(C) Staining of 721.221 or (D) BCBL-1 cells for Siglec-7 ligands with Siglec-7-Ig or of CD48 expression using anti-CD48 antibodies. (E) YTS EV or YTS Siglec-7 cells

were precincubated or not with F. nucleatum subsp. nucleatum ATCC 23726 (Fnn 23726) at a ratio of 1:20 for 30 min at 37�C. The cells were then incubated with

Calcein AM-labeled 721.221 or (F) BCBL-1 cells at an E:T ratio of 10:1 for 4 h at 37�Cand the Calcein release into the supernatant was quantified. Each graph shows

data from three independent experiments and each independent experiment is colored differently (white, blue, and black). Each experiment was performed in

triplicates. Significance was tested usingmixed-effects analysis with theGeisser-Greenhouse correction and Sidak’s multiple comparisons test (* p% 0.05; ** p%

0.01; *** p % 0.001).
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Binding of RadD to Siglec-7 is blocked by arginine and lysine

Previous researchdemonstrated the inhibitory effect of arginineon F. nucleatumRadD interactions.16 This promptedus to investigatewhether

arginine impacts the interaction betweenFnn 23726 RadDandSiglec-7. Indeed, bindingof Fnn 23726 to Siglec-7-Igwas sensitive to increasing

concentrations of arginine (Figure 4A). More specifically, at a concentration of only 5 mM, binding to Siglec-7-Ig was already reduced by 31%

(p < 0.0001) (Figure 4B). In contrast, binding of CEACAM1-Ig was not reduced in the presence of arginine (Figures 4C, quantified in 4D).

More recently, lysine, another positively charged amino acid, was shown to inhibit RadD-dependent coaggregation.18 Similar to our ex-

periments with arginine, we conducted blocking experiments to assess the effect of lysine on the binding of Fnn 23726 to Siglec-7-Ig. Consis-

tently, we found that the binding of Fnn 23726 to Siglec-7-Ig was impaired by lysine in a dose-dependent manner (Figure S5). Conversely, no

such effect was observed for the binding of F. nucleatum to Ceacam1-Ig. These findings reveal the inhibitory effect of arginine and lysine on

the RadD-Siglec-7 interaction.

Binding of RadD to Siglec-7 is dependent on the arginine residue R124 in Siglec-7 and can be blocked using the Siglec-7

antibody S7.7

Aprevious study that resolved the high-resolution crystal structure of Siglec-7 found that arginine R124 is a key residue. It interacts with sialic acids

and is thus pivotal for sialic acid-dependent ligand binding.19 Binding of a Siglec-7 R124A-Ig mutant to ligands such as gangliosides GM3, GD3,

GD1a, and GT1b as well as leukosialin (CD43) was previously shown to be disrupted.20,21 De-sialylation of Fnn 23726 did not affect binding to

Siglec-7 (Figure S6), in line with the lack of de novo synthesis of sialic acids in this strain.22 However, RadD is known to bind to arginine17 and we

thus hypothesized that arginine R124 might be critical for RadD binding to Siglec-7. To test this hypothesis, we generated a Siglec-7 R124A-Ig

mutant.The fusionproteinSiglec-7R124A-IgwasdetectedbySiglec-7-specificantibodiesat similar levels as thewild-typeprotein (datanot shown),

consistent with previous findings,23 indicating that it is stably expressed. Strikingly, binding of Siglec-7 R124A-Ig to Fnn 23726 was comparable to

background levels (Figures 4E, quantified in 4F). In line with these results, Siglec-7 R124A-Ig failed to efficiently precipitate RadD (Figure 4G).

Next, we sought to investigate whether the interaction between Fnn 23726 and Siglec-7 could be blocked using Siglec-7 antibodies.When

Siglec-7-Ig was pre-incubated with the Siglec-7 monoclonal antibody S7.7, binding to Fnn 23726 was almost reduced to background levels

(Figure S7). In contrast, binding was unaffected by Siglec-7 antibody K8 (data not shown). Subsequent attempts to use Siglec-7 antibody S7.7

for blocking in functional experiments were inconclusive, due to the functional inhibition of the NK cell response by the antibody. In line with

these results, previous studies found this antibody to cross-link and functionally suppress NK cell activity.13,24 Taken together, these findings

highlight the importance of Siglec-7 arginine residue R124 and identify Siglec-7 antibody S7.7 as a blocking antibody for the interaction

between Fnn 23726 and Siglec-7.

Binding of Siglec-7 to RadD on different binding site compared to IgA

RadD (previously referred to as highmolecular weight arginine-binding protein) of Fnp 10953 was previously shown to bind to secretory IgA.17

Intriguingly, GBS b antigen was shown to bind to Siglec-7 via its B6N segment13 and to IgA via the adjacent IgA-binding region (IgA-BR).25 To

gain a broader understanding of RadD-dependent immune evasion strategies and recognition of Siglec-7, we were interested to test whether

the Fnn 23726 also binds to human IgA andwhether this binding competeswith binding to Siglec-7.We thus incubated both Fnn 23726 and its

DRadDmutant derivative with increasing amounts of human IgA.We found that the wild-type strain bound IgA in a concentration-dependent

manner (Figures 5A and 5C) while theDRadD strain showedweaker binding (Figures 5B and 5D), indicating that Fnn 23726 RadD is involved in

binding IgA but that other fusobacterial proteins may also contribute to the interaction (Figures 5A–5D). Next, we performed a competition

assay by preincubating Fnn 23726 with increasing amounts of IgA to saturate binding sites before staining with Siglec-7-Ig. We observed no

concentration-dependent decrease in the binding of Siglec-7-Ig to RadD, indicating that IgA and Siglec-7 may have distinct binding sites on

RadD (Figures 5E, quantified in 5F).

DISCUSSION

The presence of F. nucleatumwithin the TME of several cancer entities has been associated with tumor progression, metastasis, and immune

evasion.2,6,26 In this study, we show that RadD of F. nucleatum subsp. nucleatum binds to the inhibitory immune receptor Siglec-7, adding to

previously established immune inhibitory interactions including the binding of Fap2 to TIGIT7 and CbpF to CEACAM1.8,9
iScience 27, 110157, June 21, 2024 5
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Figure 3. RadD of F. nucleatum subsp. nucleatum is the bacterial ligand for Siglec-7

Lysates prepared from (A) F. nucleatum subsp. nucleatum ATCC 23726WT (Fnn 23726 WT) or (B) F. nucleatum subsp. nucleatum ATCC 23726 DRadD (Fnn 23726

DRadD) were immunoprecipitated using Siglec-7-Ig, CEACAM1-Ig, or CEACAM1 DN-Ig. Immunoprecipitates were visualized by Coomassie blue and

immunoprecipitated bands were analyzed by mass spectrometry. RadD levels were quantified relative to the negative control. RQ, relative quantification.

(C) FITC-labeled Fnn 23726 WT or its DRadD mutant was stained with Siglec-7-Ig. Filled gray histograms represent staining with secondary antibody only. One

representative experiment out of eight is shown.

(D)Quantification of Siglec-7-Ig binding toFnn 23726WTand theDRadDmutant shown as fold change inmedian fluorescent intensity (MFI) relative toFnn 23726WT.

Bars representmeansofeight independent experiments. Statistical significancewas assessedusinga two-tailedunpaired t test (* p%0.05; **p%0.01; *** p%0.001).
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The diversification of immune evasion mechanisms provides several potential benefits. First, by engaging different immune inhibitory

receptors, inhibition of the immune response is amplified and an immunosuppressive environment is sustained. Moreover, it allows for

the engagement of different immune cell subsets with heterogeneous expression patterns of inhibitory receptors: while TIGIT is expressed

on both T and NK cells,27; CEACAM1 is predominantly expressed on activated T cells,28 and Siglec-7 is expressed on a major subset of NK

cells.29 Finally, some F. nucleatum strains only express a subset of virulence factors. For instance, CTI-7 used in this study expresses RadD but

not Fap2. A comprehensive study published in Nature sheds light on the genetic variability in key virulence factors among Fusobacterium

species.30 Specifically, the study reveals that while F. nucleatum subsp. nucleatum strains often possess both the genes for radD and fap2,

F. nucleatum subsp. animalis strains frequently harbor either one or the other. This genetic variability underscores the adaptability of Fuso-

bacterium species in modulating immune responses and the advantage of targeting tumor surveillance via multiple pathways.

Previous studies have shown that Siglec-7 ligands are overexpressed on several different cancer cell types and inhibit the NK cells

response.11,31 Indeed, the target cell lines used in this study to assess NK cell killing in the presence or absence of F. nucleatum expressed
6 iScience 27, 110157, June 21, 2024
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Figure 4. RadD binding to Siglec-7 is inhibited by arginine and dependent on Siglec-7 arginine residue R124

(A) Staining of Fnn 23726 WT with Siglec-7-Ig or (C) CEACAM1-Ig in the presence of increasing concentrations of arginine. Filled gray histograms represent

staining with secondary antibody only. MFI values are indicated left of each histogram.

(B) Quantification of three independent experiments showing binding of Siglec-7-Ig or (D) CEACAM1-Ig as fold change in MFI in the presence of 5 mM arginine

relative to no blocking. Statistical significance was assessed using a two-tailed unpaired Student’s t test (* p % 0.05; ** p % 0.01; *** p % 0.001).

(E) FITC-labeled Fnn 23726 WT were stained with Siglec-7-Ig or Siglec-7 R124A-Ig. Filled gray histograms represent staining with secondary antibody only. One

representative staining out of three is shown.

(F) Siglec-7-Ig and Siglec-7 R124A-Ig staining of Fnn 23726WT quantified and shown as fold change inMFI relative to staining with Siglec-7 Ig. Bars represent means

of three independent experiments. Statistical significance was assessed using a two-tailed unpaired Student’s t test (* p % 0.05; ** p % 0.01; *** p % 0.001).

(G) Lysates prepared from Fnn 23726 WT were immunoprecipitated using Siglec-7-Ig or Siglec-7 R124A-Ig. Immunoprecipitates were visualized by Coomassie.

RadD levels were quantified relative to the negative control. RQ, relative quantification.
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high levels of Siglec-7 ligands.While expression of Siglec-7 ligands in these cell lines conferred protection fromNK cell cytotoxicity, this effect

was amplified in the presence of bacteria. Of note, several colorectal cancer and breast cancer cell lines—tumor entities where F. nucleatum is

frequently enriched—express little to no Siglec-7 ligands.11,31

The ability of RadD to recognize Siglec-7 seems to be dependent on the fusobacterial subspecies. While Siglec-7 showed strong binding

to F. nucleatum subsp. nucleatum, little to no bindingwas observed for F. nucleatum subsp. polymorphum. For Fnp 12230, the lack of binding

is explained by the absence of a RadD protein in this strain. The observed residual binding of Fnp 10953may be attributed to its expression of

sialic acids,22 as a mutant of Fnp 10953 lacking RadD still maintained the same low binding to Siglec-7 (data not shown), further suggesting

that this interaction might be mediated by sialylated surface glycans and not by RadD. Interestingly, previous work showed that RadD of

F. nucleatum subsp. nucleatum and polymorphum differ in the adhesins they recognize on Streptococcusmutans,32 highlighting their distinct

binding characteristics. Differences in the amino acid sequence of RadD from strains F. nucleatum 23726 and F. polymorphum 10953, which

share only 68.5% homology, might inform future studies aiming at deciphering the RadD domains involved in Siglec-7 binding.

Several bacteria have previously been reported to bind to Siglecs through surface glycans, such as Campylobacter jejuni sialylated lipoo-

ligosaccharides,33 Neisseria meningitides sialylated lipopolysaccharides,34 and GBS capsular sialic acids.12 Notably, an independent study

reported binding of F. nucleatum subsp. animalis to Siglec-7 and demonstrated that LPS glucosaminuronic and fusosamine residues inter-

acted with Siglec-7, consistent with the absence of sialic acids in the strain studied.14 Here, we identified the autotransporter RadD of
iScience 27, 110157, June 21, 2024 7
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Figure 5. IgA does not block binding of Siglec-7-Ig to F. nucleatum

(A) FITC-labeled Fnn 23726 WT or (B) Fnn 23726 DRadD were stained with increasing amounts of human serum IgA (0.5 mg, 1 mg, 2 mg, and 4 mg). Filled gray

histograms represent staining with secondary antibody only. One representative experiment out of three is shown. Quantification of the MFI of three

independent stainings of (C) Fnn 23726 WT and (D) Fnn 23726 DRadD with human serum IgA is shown.

(E) Staining of F. nucleatum 23726 WT with Siglec-7-Ig after preincubation of bacteria with increasing amounts of human serum IgA. Filled gray histograms

represent staining with secondary antibody only. MFI values are indicated left of each histogram.

(F) Quantification of three independent experiments showing the fold increase in MFI in the presence of 4 mg IgA relative to no blocking. Significance was tested

using Student’s t test (two-tailed and unpaired).
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F. nucleatum subsp. nucleatum 23726 as a ligand for Siglec-7. Whether LPS also contributes to Siglec-7 binding in Fnn 23726 was not inves-

tigated. However, a Fnn 23726mutant strain lacking RadD showed no residual binding to Siglec-7, suggesting that RadD is the primary ligand

of Siglec-7 in this strain and that LPS likely plays a minor role, if any.

RadD is an outer membrane adhesion protein that mediates coaggregation with other pathogens such as Clostridium difficile,35 Strepto-

coccus mutans,32 and Candida albicans.36 RadD was previously demonstrated to bind to arginine16,17 and lysine.18 The finding that coaggre-

gationwith other bacteriamediated by RadD can be effectively inhibited in the presence of arginine led to the nomenclature RadDor arginine

(R)-inhibitable adhesin D.16 We investigated the impact of arginine and lysine on the RadD-Siglec-7 interaction. We observed that both argi-

nine and lysine indeed block the binding of RadD to Siglec-7. Furthermore, the mutation of the arginine residue R124, known for its role in

forming a salt bridge with sialic acids and being crucial for sialic acid binding in all Siglecs (Angata et al., 2000), disrupted the RadD-Siglec-7

interaction. The binding of F. nucleatum RadD to exposed arginine residues likely enables promiscuous binding to a diverse range of host

cells and bacteria. These binding characteristics might allow for a versatile strategy to engage multiple targets in the host and to manipulate

the host immune system in a broad manner.

Edwards et al. demonstrated that a high molecular weight arginine-binding protein, now known as RadD, mediates binding of

F. nucleatum to human secretory IgA, an interaction that was described in Fnp 10953.17 Here, we show that Fnn 23726 binds to human serum

IgA and that IgA and Siglec-7 likely interact with distinct binding sites on RadD. Remarkably, to the best of our knowledge, RadD represents

the second bacterial protein, following GBS b antigen,25 found to interact with both Siglec-7 and human IgA. Given that F. nucleatum RadD

and GBS b antigen do not exhibit significant sequence homology, this suggests that both bacteria independently evolved the ability to

interact with both Siglec-7 and human IgA, underscoring the potential significance of these distinct binding capabilities.

While our study did not explore RadD’s role in F. nucleatum infection, a recent study investigated RadD in a mousemodel of preterm birth

associated with F. nucleatum infection using Fnn 23726.18 Intriguingly, the study demonstrated that an F. nucleatum mutant lacking RadD

displayed higher virulence, resulting in increased rates of preterm birth and elevated bacterial burden in maternal-fetal compartments.

This contrasts with our finding that RadD binding to Siglec-7 inhibits the NK cell response. However, RadD has many functions and its role

cannot be solely attributed to its interaction with Siglec-7. In addition, it’s important to note that Siglec-7 doesn’t have a counterpart in

mice. To fully understand the impact of the RadD-Siglec-7 axis in infection, further studies using human Siglec-7 transgenic mice are needed.

In conclusion, we show that F. nucleatum subsp. nucleatum inhibits theNK cell antitumor response bymanipulating the inhibitory receptor

Siglec-7.We show that this binding is subspecies-dependent whichmay contribute to differential pathogenicity among fusobacterial subspe-

cies. The RadD-Siglec-7 interaction adds to previously established inhibitory interactions between F. nucleatum and immune cell receptors,

revealing both the complexity and the remarkable ingenuity of this pathogen in manipulating the host immune response.

Limitations of the study

Whileour studyprovidesvaluable insight into the roleofF.nucleatum subsp.nucleatum inmodulatingtheNKcell antitumor responseviaSiglec-7,

it is important toacknowledgeseveral limitations. Firstly, the complexityof the interplaybetweenF.nucleatumandNKcellsmade it challenging to

functionally study the interactionofF.nucleatumwithSiglec-7. Thus, insteadofprimaryNKcells,we reliedon theYTScell lineas a surrogate.While

this allowedus to focus on the functional consequencesof Siglec-7 engagement, the reliance ona cell linemodel represents apotential limitation

of our study, as it does not fully capture the complexities of NK cell biology and their interactions with F. nucleatum.

Secondly, we attempted functional experiments using the F. nucleatumDRadDmutant. However, due to the intricate involvement of RadD

in various processes, including cell adhesion, functional experiments with theDRadDmutant did not yield conclusive results. This underscores

the challenges in isolating the specific contribution of RadD-Siglec-7 binding to NK cell modulation.

Furthermore, while we identified Siglec-7 antibody S7.7 as a blocking antibody of the interaction between Fnn 23726 and Siglec-7, its

application in functional experiments was hindered by the observed inhibitory signaling, consistent with existing literature.13,24

Lastly, we did not address whether blocking the interaction between RadD and Siglec-7 onNK cells would benefit the therapy of colorectal

cancer or breast cancer in vivo. This aspect warrants further investigation in future studies.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Purified a-human 2B4 (C1.7) Biolegend Cat#329502; RRID: AB_1279194

APC a-human CD48 (BJ40) Biolegend Cat#336714; RRID: AB_2810517

PE Mouse IgG1, k Isotype Ctrl Antibody (MOPC-21) Biolegend Cat#400112; RRID: AB_2847829

APC Mouse IgG1, k Isotype Ctrl Antibody (MOPC-21) Biolegend Cat#400120; RRID: AB_2888687

PE a-human Siglec-7 (QA79) Thermo Fisher Cat#12-5759-42; RRID: AB_11063982

Human serum IgA Thermo Fisher Cat#31148; RRID: AB_243597

Alexa Fluor� 647 AffiniPure F(ab’) Fragment Donkey Anti-Human IgG Jackson ImmunoResearch Cat#709-606-098; RRID: AB_2340580

Allophycocyanin (APC) AffiniPure Goat Anti-Human Serum IgA Jackson ImmunoResearch Cat#109-135-011; RRID: AB_2337689

Alexa Fluor� 647 AffiniPure F(ab’) Fragment Goat Anti-Mouse IgG (H+L) Jackson ImmunoResearch Cat#115-606-146; RRID: AB_2338930

Bacterial and virus strains

F. nucleatum ATCC 23726 ATCC N/A

F. nucleatum 23726 DRadD Kaplan et al. (2009), Mol Microbiol N/A

F. nucleatum ATCC 25586 ATCC N/A

F. nucleatum ATCC 10953 ATCC N/A

F. nucleatum ATCC 12230 WAL N/A

F. nucleatum CTI-7 Gur et al. (2015), Immunity N/A

Chemicals, peptides, and recombinant proteins

TransIT-LT1 Transfection Reagent Mirus Cat#MIR 2304

Polybrene Transfection Reagent Sigma Cat#TR-1003-G

Neuraminidase Clostridium perfringens (C. welchii) Sigma Cat#N2876-25UN

Octyl-b-D-Glucopyranosid Sigma Cat#O8001

Protease Inhibitor Cocktail Sigma Cat#P8340

Protein G PLUS-Agarose Santa Cruz Cat#sc-2002

Imperial Protein Stain Thermo Fisher Cat#24615

Fluorescein-Isothiocyanat Isomer I Sigma Cat#7250

Cy�5 Mono 5-pack Sigma Cat#PA25001

Arginine Sigma Cat#A8094

Lysine Sigma Cat#L5501

Calcein AM Thermo Fisher Cat#C1413

Experimental models: Cell lines

721.221 In House RRID:CVCL_6263

BCBL-1 In House RRID:CVCL_0165

HEK293T In House RRID:CVCL_0063

YTS Eco In House RRID:CVCL_EG36

YTS Eco Siglec-7 This study N/A

Oligonucleotides

SDM Siglec-7 R124A FWD: ATA CTT CTT TGC TAT

GGA GAA AGG AAA TAT AAA ATG GAA TTA TAA ATA TG

Merck Custom DNA Oligos

SDM Siglec-7 R124A REV: CTC CCC GCA TAC TCA TT Merck Custom DNA Oligos

(Continued on next page)
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Recombinant DNA

pHage-DsRED(-)-eGFP Addgene N/A

pHage-DsRED(-)-eGFP Siglec-7 In House N/A

Software and algorithms

Prism 6 GraphPad N/A

FCS Express De Novo Software N/A
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Lead contact

Ofer Mandelboim: oferm@ekmd.huji.ac.il.
Materials availability

Newly generated materials reported in this paper are available from the lead contact upon request.
Data and code availability

Data reported in this paper will be shared by the lead contact upon request. This paper does not report original code. Any additional infor-

mation required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines

721.221 cells, BCBL-1 cells, HEK293T cells, and YTS Eco cells were grown in RPMI-1640 medium (Sigma-Aldrich) supplemented with 10% in-

activated fetal bovine serum (Sigma-Aldrich), 1 mM sodium pyruvate (Biological Industries), 2 mM glutamine (Biological Industries), nones-

sential amino acids (Biological Industries), 100 U/ml penicillin (Biological Industries) and 0.1 mg/ml streptomycin (Biological Industries). Cells

were cultured in a humidified incubator at 37�C with 5% CO2.

The cells used were regularly authenticated through flow cytometry staining for commonly known markers and tested for mycoplasma

contaminations.
Bacteria

The bacterial strains used in this study were F. nucleatum subsp. nucleatumATCC 23726 andATCC 25586, F. nucleatum subsp. polymorphum

ATCC 10953, transtracheal isolate 12230, and tumor isolate F. nucleatum subsp. nucleatumCTI-7. The generation of theDRadD F. nucleatum

subsp. nucleatum ATCC 23726 gene deletion mutant16 and the DRadD F. nucleatum subsp. polymorphum ATCC 10953 gene deletion

mutant32 are described elsewhere. Bacteria were kept in �80�C frozen glycerol stocks and grown at 37�C on anaerobic blood agar plates

(Novamed) in an anaerobic chamber generated using the Oxoid AnaeroGen anaerobic gas generator system (Thermo Fisher). Bacteria

were harvested from blood agar plates for subsequent experimental procedures.
METHOD DETAILS

Generation of YTS cell lines

YTS cell lines were established using lentiviruses generated via the TransIt-LT1 transfection system. To this end, the lentiviral vector pHage-

DsRED(–)-eGFP(+) alone (empty vector; EV) or the vector containing the human Siglec-7 gene were used. In brief, HEK293T cells were seeded

at 4 – 53 105 cells/ml in 2ml completemedium in a 6 well plate 24 hours before transfection. The following day, 0.5 mg of the VSV-G envelope

expressing plasmid, 0.5 mg of the gag-pol packaging plasmid psPAX2 and 1 mg of the respective lentiviral vector construct were prepared and

combined with 200 ml of Opti-MEMmedium. Next, the mixture was incubated with 6 ml of TransIt-LT1 transfection reagent (Mirus) for 10 mi-

nutes at room temperature before being added drop-wise to the 6 well plate containing HEK293T cells. Cells were then incubated at 37�C in

5% CO2.

Four days after transfection, the supernatants containing the lentiviruses were collected and filtered through a 0.42 mm filter. Lentiviruses

were used to transduce YTS cells. In brief, 1ml of the lentivirus preparationwas added to 2ml of fresh RPMI in a 6 well plate. Next, 0.5ml of YTS

cells at 500.000 cells/ml were added to each well. Finally, polybrenewas supplemented at 6 mg/ml per well. After expansion of transduced YTS

cells, they were sorted according to their GFP expression using a Sony SH800S cell sorter.
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De-sialylation of Fnn 23726

For the purpose of de-sialylation, bacteria were washed twice with PBS and resuspended in HEPES-buffered saline. Neuraminidase (from

Clostridium perfringens; Sigma N2876-25UN) was added for a final concentration of 100 mU/ml (with bacteria at OD1). Bacteria were incu-

bated for 16 hours at 37�C with mild shaking. Next, bacteria were washed an labeled with FITC as described below.

Fusion proteins

To generate fusion proteins, the extracellular portion of the protein of interest was cloned into amammalian expression vector containing the

mutated Fc portion of human IgG1 (CSI-Ig IRES-Puro Fc mut N197A). The generation of human Siglec-7-Ig, human NTB-A-Ig, human 2B4-Ig,

human CD16-Ig, human CEACAM1-Ig, and human CEACAM1 DN-Ig was described previously.37–40 Fusion proteins were generated in

HEK293T cells and purified using Protein A/G-Sepharose affinity Chromatography. To generate human Siglec-7 R124A-Ig, we used the

CSI-Ig (Fc mut N297A)-IRES-Puro Siglec-7 construct as a template. The point mutation was generated by PCR-based site-directed mutagen-

esis using the forward primer ATACTTCTT TGCTATGGAGAAAGGAAATATAAAATGGAATTATAAATATG and the reverse primer CTC

CCC GCA TAC TCA TT.

Immunoprecipitation of F. nucleatum RadD using fusion proteins

Fusobacterium nucleatum subsp. nucleatum ATCC 23726 WT or its DRadD derivative were grown on blood agar plates as described above.

Bacteria were washed twice and resuspended at anOD 600 of 6 in 3ml of lysis buffer (coaggregation buffer (150mMNaCl, 1 mMTris-HCl (pH

8), 0.1 mM CaCl2, 0.1 mMMgCl2) supplemented with octyl-glucopyranoside (100mM) and protease inhibitor cocktail (1:200, Sigma Aldrich)).

Lysis was performed overnight at 4�C with end-over-end rotation. Following cell lysis, cell debris was removed by centrifugation (5000 g for

8 minutes followed by 21000 g for 12 min). Approximately 500 mg of lysate weremixed with 1 mg of the indicated fusion protein and incubated

for 1 hour at 4�C with end-over-end rotation. After 1 hour, protein G-plus beads were added and incubated overnight at 4�C with end-over-

end rotation. The following day, immunoprecipitates were collected by centrifugation at 1000 g for 5 minutes at 4�C. Pellets were washed 4

times with coaggregation buffer. The pellets were resuspended in 40 ml of 2x electrophoresis buffer. Elution was performed by boiling sam-

ples for 3 minutes. After centrifugation, 20 ml of eluates were separated by 7.5% SDS-PAGE and stained with Imperial protein stain (Thermo

Fisher Scientific,Waltham,MA). Immunoprecipitated bands were excised and analyzed bymass spectrometry (at the Smoler Proteomics Cen-

ter, Department of Biology, Technion Institute of Technology, Haifa).

FITC-labeling of bacteria and flow cytometry

For flow cytometry assays, we labeled bacteria with FITC and gated on the FITC-positive population to discriminate bacteria from debris.

Bacteria were harvested from blood agar plates, washed twice and incubated with 0.1 mg/ml FITC (Sigma-Aldrich) in PBS at room temper-

ature in the dark for 30 minutes on a shaker. Subsequently, bacteria were washed three times in PBS at 4000 rpm for 10 minutes to remove

unbound FITC. Next, bacteria were divided into 96-well U plates at 1 million bacteria per well and incubated with the indicated amount of

fusion proteins (2 mg per well if not stated otherwise) for 1 hour on ice followed by washing and 30 minutes incubation with Alexa Fluor

647-conjugated donkey anti-human IgG or Allophycocyanin (APC) AffiniPure Goat Anti-Human Serum IgA (Jackson Immunoresearch). Histo-

grams of bacteria were gated on FITC-positive cells.

For arginine or lysine blocking experiments, incubation with fusion proteins was performed in the presence of increasing concentrations of

arginine or lysine (5 mM, 10 mM, 20 mM, 40 mM). For human serum IgA blocking experiments, bacteria were first incubated with increasing

amounts of human serum IgA (0.5 mg, 1 mg, 2 mg, 4 mg) for 1 hour on ice. Next, bacteria were incubated with 0.2 mg of Siglec-7-Ig. Following

washing, bacteria were stained with Alexa Fluor 647-conjugated donkey anti-human IgG (does not recognize human serum IgA). Values ob-

tained without blocking antibody were arbitrarily set to 1 and all other values were normalized accordingly.

For antibody blocking experiments, 2mg of fusion proteins were pre-incubated with 1 mg of a-human Siglec-7 (clone S7.7) for 1 hour on ice.

Cy5-labeling of bacteria and cell binding assay

For F. nucleatum binding assays, bacteria were labeled with Cy5 (PA25001 Life Sciences GE) solution diluted 0.1 mg/ml in PBS. Analogous to

FITC staining, bacteria were labeled with Cy5 for 30 minutes followed by three washes in PBS at 4000 rpm for 10 minutes. We opted for Cy5

staining for adhesion assays since FITC would have interfered with YTS cell GFP fluorescence in flow cytometry. For binding assays, 100.000

YTS cells were incubated with 1 million bacteria in a total of 100 ml per well and incubated for 1 hour on ice. Cells were washed and bacterial

binding was detected using a Cytoflex Flow Cytometer and analyzed by FCS express Version 6.

Calcein killing assay

Bacteria were harvested from blood agar plates and washed twice. Target cells were labeled with Calcein-AM for 30 minutes at 37�C in RPMI

without supplements. Cells were washed and plated in a 96 Uwell plate at 5000 cells/well. YTS cells were preincubated with bacteria for 30mi-

nutes at 37�C at a ratio of 1:10 (cells:bacteria). Effector cells with or without bacteria were then incubated with target cells at an E:T ratio of 10:1

for 4 hours at 37�C in RPMI with supplements. Maximal killing was determined by adding NaOH at a final concentration of 100 mM to the

target cells (with or without bacteria) and spontaneous release was determined by adding only target cells (with or without bacteria).

Following incubation, plates were centrifuged (1000 rpm for 5 min, 4�C) and supernatants (75 ml) were transferred to a black 96 well plate.
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The Calcein-AM release into the supernatant was measured using a Tecan Spark multiplate reader with excitation/emission wavelengths at

485nm/535 nm. Specific lysis was calculated as follows: (experimental - spontaneous lysis) / (maximal - spontaneous lysis) x 100.
Cell death staining of YTS cells

YTS cells were incubated with 721.221 or BCBL1 cells (50.000 YTS cells and 5000 target cells) for 4 hours at 37�C in RPMI with supplements.

Cells were then washed and stained with Zombie Aqua (Biolegend) at a dilution of 1:500 according to the manufacturer’s instructions. Cells

were washed and cell death was detected using a Cytoflex Flow Cytometer and analyzed by FCS express Version 6.
QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed using GraphPad Prism 6. A two-tailed unpaired or paired t test was used to determine statistical sig-

nificance of differences between two groups. P-values less than 0.05 were considered statistically significant (* p % 0.05; ** p % 0.01; *** p

% 0.001).
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