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Significance  28 
Probiotics can be engineered to detect and act upon extracellular disease indicators, optimizing 29 
therapeutic outcomes. Particularly, self-regulating sense-and-respond genetic circuits have the 30 
potential to enhance the accuracy, efficacy, and adaptability of treatment interventions. In this 31 
study, we developed and characterized a new integrated and modular toolkit that detects a gut 32 
inflammation biomarker, specifically nitric oxide, and responds to it in an inducible manner by 33 
secreting humanized nanobodies targeting the pro-inflammatory molecule TNFα. We also 34 
develop a coarse-grained mathematical framework for modelling engineered probiotic activity 35 
in the gut. This novel system contributes to current efforts to develop new engineered probiotic 36 
systems and holds promise for inspiring new treatments for gut inflammation associated with 37 
various autoimmune diseases. 38 
 39 
Abstract 40 
Inflammatory Bowel Disease (IBD) is characterized by chronic intestinal inflammation with no 41 
cure and limited treatment options that often have systemic side effects. In this study, we 42 
developed a target-specific system to potentially treat IBD by engineering the probiotic 43 
bacterium Escherichia coli Nissle 1917 (EcN). Our modular system comprises three 44 
components: a transcription factor-based sensor (NorR) capable of detecting the inflammation 45 
biomarker nitric oxide, a type 1 hemolysin secretion system, and a therapeutic cargo consisting 46 
of a library of humanized anti-TNFα nanobodies. Despite a reduction in sensitivity, our system 47 
demonstrated a concentration-dependent response to nitric oxide, successfully secreting 48 
functional nanobodies with binding affinities comparable to the commonly used drug 49 
Adalimumab, as confirmed by ELISA and in vitro assays. This newly validated nanobody 50 
library expands EcN therapeutic capabilities. The adopted secretion system, also characterized 51 
for the first time in EcN, can be further adapted as a platform for screening and purifying 52 
proteins of interest. Additionally, we provided a mathematical framework to assess critical 53 
parameters in engineering probiotic systems, including the production and diffusion of relevant 54 
molecules, bacterial colonization rates, and particle interactions. This integrated approach 55 
expands the synthetic biology toolbox for EcN-based therapies, providing novel parts, circuits, 56 
and a model for tunable responses at inflammatory hotspots. 57 
 58 
Keywords: engineered probiotic, IBD, inflammation, E. coli Nissle 1917 (EcN), nitric oxide, 59 
TNFα, nanobodies 60 
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Graphical abstract 62 

 63 

Graphical Table of Contents. The engineered probiotic system: Inflamed intestinal cells 64 

release the inflammatory regulator TNFα (depicted as red squares), which promotes 65 

inflammation through a positive feedback loop. Concurrently, these cells produce large amounts 66 
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of nitric oxide (NO, represented by yellow circles) during inflammation. Our custom-67 

engineered EcN biosensor can detect NO using a NorR-based sensor (in purple) and 68 

subsequently trigger the production of nanobodies (in turquoise). These nanobodies are then 69 

released into the extracellular environment via a specially engineered secretion system in the 70 

bacterial host (shown in dark blue). Once outside the cell, the nanobodies attach to TNFα, 71 

effectively sequestering them and reducing inflammation. The graph at the bottom of this panel 72 

illustrates the general behavior of our system: nanobody production starts upon reaching a 73 

certain NO concentration threshold and continues in an NO-dependent fashion. As nanobodies 74 

are produced, they capture TNFα, leading to a reduction in inflammation and a decrease in NO 75 

production. This decrease in NO then halts the nanobody production. 76 

 77 
  78 
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INTRODUCTION 79 

 80 

Inflammatory Bowel Diseases (IBD) are chronic relapsing inflammations of the gastrointestinal 81 

tract that affect more than six million people worldwide   1–5. Inflammation of the intestinal 82 

mucosa compromises barrier function, exposing deeper gastrointestinal layers to luminal 83 

antigens and microbiota, which triggers aberrant immune responses and maintains local and 84 

systemic inflammation 2. Current pharmacological interventions aim to induce clinical 85 

remission by reducing mucosal inflammation and alleviating disease symptoms. 86 

 87 

Among the approved therapies for IBD6, monoclonal antibodies against pro-inflammatory 88 

cytokines like tumor necrosis factor (TNFα), IL-12/23, or integrins are particularly effective 6. 89 

TNFα is a key pro-inflammatory mediator with elevated levels in inflamed gut tissue7, making 90 

it an attractive drug target with demonstrated therapeutic benefit 6,8,9. However, the systemic 91 

action of these therapeutics can lead to immunosuppression, increasing the risk of serious 92 

infections and lymphoma 8,10. Therefore, there is a high demand for new therapeutic solutions 93 

that target mucosal inflammation more precisely and are cost-effective 3,10,11. 94 

 95 

Engineered probiotics12,13 offer a potential solution for such treatments, being able to reach 96 

inflammatory hotspots in the gut where the mucus barrier is compromised by chronic 97 

inflammation 14. The probiotic Escherichia coli Nissle 1917 (EcN) 15–17 is naturally present in 98 

the human gut and has been widely used to treat intestinal diseases due to its anti-inflammatory 99 

and antimicrobial properties  17–24. Thus, EcN is a promising chassis for targeted gut therapies 100 

25. Over the last decade, this strain has been extensively engineered to produce biomolecules at 101 

disease sites, particularly for treating intestinal diseases 26–33. However, despite recent 102 

developments in expanding the tools and biological parts for engineering EcN, there remains a 103 
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shortage of self-regulating genetic circuits that can recognize specific biomarkers and respond 104 

by producing therapeutic molecules34.  105 

 106 

To address this challenge and contribute to the expansion of the EcN Synthetic Biology toolbox, 107 

we designed, engineered, and characterized a new genetic circuit for EcN to act as a 108 

biotherapeutic against gut inflammation. This circuit detects nitric oxide (NO) as a biomarker 109 

and responds by producing and secreting nanobodies to sequester TNFα and locally reduce 110 

inflammation. To date, only one other study has created a similar functional system, however, 111 

without a biomarker-induced expression and using alternative components in their circuitry33. 112 

The scarcity of such systems in EcN highlights the need for alternative systems such as the one 113 

presented in our study.  114 

 115 

Nitric oxide is a free radical synthesized by inducible nitric oxide synthase in gut epithelial cells, 116 

with increased concentrations at inflamed sites  35,36. This small molecule can also penetrate 117 

bacterial membranes without specialized surface receptors 37, making it an effective biomarker 118 

for inflammation. In this study, we utilized a NO biosensor endogenous to E. coli, specifically 119 

the NorR-pNorV system, which was previously modified and characterized by Xiaoyu J. Chen 120 

et al.38, to trigger the expression of the nanobody delivery system.  121 

 122 

Nanobodies, single-domain antibodies that can bind specific antigens39,40 , are advantageous in 123 

therapeutic applications due to their superior tissue penetration, stability, and ease of production 124 

by bacteria33. These nanobodies can be "humanized" to reduce immunogenicity by modifying 125 

specific amino acids 41. In this study, we used humanized nanobodies developed by Silence et 126 

al. 42 , producing them for the first time in EcN. 127 

 128 
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The secretion of nanobodies is essential for TNFα inactivation since this cytokine is present in 129 

the gut extracellular environment. Most secretion systems in gram-negative bacteria such as 130 

EcN typically release proteins into the periplasmic space rather than the surrounding 131 

environment43. Thus, we utilized the Type I Hemolysin A Secretion System from uropathogenic 132 

E. coli 44–48. This system has the advantage of being one of the smallest secretion complexes in 133 

gram-negative bacteria, and its functionality has not been described in EcN before. 134 

 135 

Thus, in this study, we engineered a novel self-regulated system to produce and secrete anti-136 

TNFα nanobodies in response to NO, aiming to reduce intestinal inflammation. Our data shows 137 

that although NO sensitivity was lower than reported in a previous study38, our system 138 

successfully expressed a variety of humanized nanobodies in an inducible manner. We also 139 

demonstrate that the produced nanobodies can be effectively secreted to the extracellular 140 

environment, retaining their functional capabilities to bind TNFα and reduce inflammation in 141 

cell-based assays. This indicates that this system can also facilitate the screening and 142 

purification of nanobodies or other proteins of interest in future studies using EcN. Lastly, we 143 

developed a mathematical framework to investigate relevant parameters for gut inflammation 144 

treatment, addressing the scarcity of modelling tools for such systems.  145 

  146 
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RESULTS 147 

 148 

Experimental design  149 

We designed our system by integrating two independent modules on separate plasmids: a 150 

sensing module and a secretion module. The sensing module recognizes NO concentrations 151 

through the NorR transcription regulator and promotes the production of nanobodies in an 152 

inducible manner. The secretion module encodes a secretion system that allows the secretion of 153 

nanobodies into the extracellular environment. We characterized each component of our system 154 

independently before combining the complete engineered device. This allowed us not only to 155 

provide a proof of concept for each subsystem but also to optimize some of them in an iterative 156 

process. Firstly, we assessed different architectures of our sensing system through fluorescence 157 

reporter-based assays, characterizing their limit of detection and output fold-change in response 158 

to different NO concentrations. Secondly, we assessed the production and secretion of 159 

nanobodies and their activity using in vitro and cell-based assays. Finally, we tested the whole 160 

device and its ability to produce nanobodies in an induced manner. We complemented our study 161 

with a simple yet insightful mathematical framework assessing the interactions between the 162 

EcN and inflammation sites, focusing on the production rates of NO, the production rates of 163 

TNFα and the bacterial response to NO through production of the anti-TNFα nanobodies.  164 

 165 

Characterization of the NO sensing module 166 

To create an inducible system that can sense and respond to inflammation in the gut, we chose 167 

a NO-sensitive genetic circuit based on the NorR regulator. NorR is an endogenous 168 

transcription factor from E. coli responsible for sensing NO concentrations and modulating the 169 

expression of genes that are essential for NO detoxification under anaerobic conditions 49,50. 170 

NorR interacts with NO through a non-haem iron center and binds cooperatively to three 171 
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enhancer sites at the pNorV promoter to regulate transcription of both norVW genes and its own 172 

divergently transcribed gene (norR) 49–51. In E. coli, it thereby regulates the activity of the target 173 

norV gene in a NO-dependent manner. At low NO concentrations, NorR is predominantly 174 

present in its free form, which inhibits pNorV. However, at higher concentrations of NO, the 175 

radical binds NorR, inducing a conformational change of this protein, which makes it now able 176 

to promote σ54-dependent translational activation52.  177 

 178 

Our sensor was based on a previous study by Xiaoyu J. Chen et al.38, consisting of the promoter 179 

pNorVβ, an optimized variant of the natural E. coli K-12  pNorV lacking the second integration 180 

host factor (IHF) binding site 38. We placed the promoter upstream a bicistronic operon 181 

containing genes encoding for a superfolder GFP (sfGFP)53 and for the NorR regulator (norR), 182 

in this order. The regulatory logic is based on a positive feedback loop that modulates NorR 183 

availability in a NO-dependent manner 38 (Figure 1a, see Supplementary Methods and 184 

Supplementary Figures S1-S3 for more information about constructs and plasmids). This 185 

architecture ensures low inhibitory NorR levels in the cells but high availability of activated 186 

NorR in environments with a high NO concentration 38. Due to the potential cellular toxicity of 187 

NO54, we verified that the concentrations used did not influence EcN cell growth in our 188 

experiments (Supplementary Figure S4). Removal of the positive feedback loop decreases the 189 

induced expression of downstream genes (see Supplementary Figure S5). To characterize and 190 

compare our NO-sensing constructs` limit of detection and dynamic range, we performed time-191 

lapse fluorescence plate reader assays. We performed these experiments using EcN cells.  192 

 193 

We observed that the NorR circuit design with the best performance in the original study38 194 

featured three consecutive ribosome binding sites (RBSs) upstream of the sfGFP gene. To 195 

investigate the impact of altering the number of consecutive RBSs on the sensitivity of our 196 

system, we designed, constructed, and characterized three variants with one, two, or three 197 
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consecutive RBSs, respectively named β-1, β-2, and β-3 (Figure 1b). This approach allowed 198 

us to assess the effect of varying the number of RBSs on the sensitivity of our system. To 199 

account for background fluorescence, we systematically compared our constructs to a negative 200 

control plasmid that did not contain any promoter (Figure 1b). We also compared our constructs 201 

to the wild-type pNorV with a single RBS (Figure 1b). 202 

 203 

The number of Ribosome Binding Sites (RBSs) upstream of sfGFP influences its 204 

expression levels and the leakiness of the construct 205 

Our first observation was that the pNorVβ system exhibited higher fluorescence levels than the 206 

wild-type, regardless of the NO concentration (Figure 1c), indicating this system is leakier than 207 

the wild-type. By changing the number of RBSs, we observed differences in our detection limits 208 

and the overall fluorescent reporter expression. We can observe in Figure 1c that our constructs 209 

can be increasingly ranked regarding basal sfGFP expression as WT < β-1 < β-3< β-2. 210 

Interestingly, the consecutive addition of ribosome binding sites (RBSs) does not result in a 211 

linear increase in sfGFP expression. We speculate that this phenomenon may be due to 212 

structural consequences arising from repeating sequences in tandem, such as the potential 213 

formation of secondary structures or hairpins 55. Additionally, ribosome stalling could occur, 214 

where ribosomes pause or slow down due to interactions between ribosomes initiated at 215 

different RBSs56,57.  216 

 217 

We observed that β-2 is highly leaky, showing higher sfGFP expression even in the absence of 218 

induction ([NO] = 0). The higher expression baseline of β-2 sfGFP expression can also be 219 

highlighted in Figure 1d, showing the fold-of change in sfGFP expression for each construct 220 

at all tested NO concentrations. We also observed in Figure 1d that β-1 responds to a lower 221 

concentration than the other constructs ([NO] = 125µM). This is further illustrated in Figure 222 

1e, which shows the rate of change, a sensitivity metric for each genetic construct to variations 223 
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in NO levels, as measured by changes in sfGFP fluorescence. The percentage change in sfGFP 224 

fluorescence intensity is calculated when the NO concentration shifts from an initial baseline 225 

to a new value. This percentage is then normalized against the initial NO concentration, 226 

providing a relative measure of change. 227 

 228 

Figure 1. Design and characterization of the NO detection module. a. NO-dependent 229 

activation from NorR. The NorR transcription factor (represented by the purple chevron) 230 
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binds its cognate binding site at the promoter pNorVβ (black arrow). When not bound to nitric 231 

oxide (yellow circles), NorR acts as a competitive inhibitor of its NO-bound form and represses 232 

pNorVβ. However, at high NO concentrations, the NO-bound form of NorR is predominant and 233 

acts as a positive inducer of pNorVβ. The presence of norR in the inducible operon generates a 234 

positive feedback mechanism. Ribosomes are represented in red and the sfGFP gene in 235 

green. b. Construct variants characterized. Our original construct β-1 consisted of sfGFP 236 

and norR, preceded by one RBS each, and placed under the control of the optimized promoter 237 

pNorVβ. To avoid read-through, we placed a double-terminator at the end of the operon. We 238 

normalized the responses of β-1, β-2, and β-3 to a negative control (Neg) and compared to a 239 

positive control (WT). Neg consisted of sfGFP and norR genes, preceded by one RBS each, 240 

and did not contain any promoter, accounting for the intrinsic leakiness of our module. WT 241 

consisted of sfGFP and norR genes, preceded by one RBS each, and placed under the control 242 

of the wild-type promoter pNorV.) c. Time-lapse fluorescence assay for construct 243 

characterization. We have grown each construct for 16 hours (x-axis) on a microplate reader 244 

where green fluorescence (arbitrary units) and measured the culture’s OD600 every 15 minutes. 245 

The y-axis represents normalized fluorescence values (sfGFP/OD600). Each panel grid 246 

represents a different concentration of diethylenetriamine/nitric oxide (DETA/NO) used to test 247 

individual constructs. The DETA/NO gradients we used were 0, 8, 31,125,500, and 2000μM. 248 

Each line color represents a construct. Line shadings represent the standard deviation of our 249 

biological replicates (n=3). We performed all measurements with both biological and technical 250 

triplicates. Notice that measurements are on log2 scale to facilitate data visualization. d. Fold 251 

of change for each construct. Each curve represents the fold of change for each construct at T 252 

= 8h along a gradient of NO concentrations. Line shadings represent the standard deviation of 253 

our biological replicates (n=3). Notice that measurements are on the log2 scale to facilitate data 254 

visualization. e. Rate of change for each construct. The bar plots represent the rate of change 255 

for each construct for each DETA/NO change of concentration at T = 8h. We calculated rates 256 
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of change as the relative increase in fluorescence (reported as percentages, y-axis) from an 257 

initial NO concentration to the next incremental one. We have performed such calculations for 258 

each consecutive pair of concentrations (x-axis). Error bars represent the standard deviation of 259 

our biological replicates (n=3). 260 

 261 

Purified monovalent and bivalent anti-TNFα nanobodies efficiently capture TNFα, 262 

comparable to monoclonal antibodies used in the clinics. 263 

To develop the nanobody production module, we have selected three previously described anti-264 

TNFα humanized nanobody candidates42 and combined these to additionally produce bivalent 265 

nanobodies, linked via a short peptide linker (EPKTPKPQPAAA; for monovalent and bivalent 266 

nanobodies see Materials and Methods Table 3). Firstly, to assess the proper expression and 267 

activity of our candidates, we cloned their sequences into the pSBinit58 expression vector (see 268 

Materials and Methods, Table 2 and Supplementary Figures S6-S7), allowing controlled 269 

expression upon L-arabinose induction (see Figure 2a). We transformed the plasmids into the 270 

expression strain E. coli MC1061 (see Materials and Methods, Table 1). After induction, we 271 

performed periplasmic extraction for monovalent nanobodies and whole-cell lysis for bivalent 272 

constructs (Figure 2a) and observed a quantitatively higher output of monovalent nanobodies 273 

compared to the bivalent constructs (Supplementary Figures S8-S9).  274 

 275 

We proceeded by performing an ELISA with the purified nanobodies to test their capability to 276 

bind TNFα (see Materials and Methods). The Figure 2b shows the fold change in the binding 277 

capacity of our different nanobody candidates compared to our negative control. The bivalent 278 

nanobodies exhibit a statistically significant enhancement in binding efficiency, demonstrating 279 

an average 1.3-fold increase over the monovalent nanobodies (see Supplementary Figure S10). 280 

The bivalent constructs show a mean TNFα binding capacity of 13.5 ± 0.1 (mean ± s.d.), 281 

compared to 12.3 ± 0.2 for the monovalent constructs. Adalimumab, an approved monoclonal 282 
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anti-TNFα antibody that is already used in the clinic to treat IBD (see Materials and Methods 283 

for antibody purification), is used as a positive control and our bivalent nanobody constructs 284 

show a similar binding capability to this therapeutic. 285 

 286 

Anti-TNFα nanobodies show anti-inflammatory effects on stimulated human monocytes 287 

in vitro 288 

To evaluate the effect of anti-TNFα nanobodies on the immune response of cells to an 289 

inflammatory stimulus in vitro, we stimulated THP-1 human monocytes with increasing 290 

concentrations of recombinant TNFα (rTNFα) and subsequently added our purified nanobody 291 

candidates (see Materials and Methods). We performed real-time quantitative PCR analysis 292 

and measured the relative amount of IL1B expressed by immune cells as a response to 293 

inflammation through TNFα signaling (Figure 2c, Supplementary Methods). The cytokine 294 

IL-1β is an important inflammation mediator and, therefore, a good marker to prove functional 295 

TNFα-inhibition59. 296 

 297 

We were able to observe an up to 4-fold decrease in IL1B expression of stimulated monocytes 298 

when different nanobodies were added compared to the control cells that only received the 299 

inflammatory stimulus (Figure 2d). This experiment shows that tested nanobodies have the 300 

same capability to lower inflammation as monoclonal antibodies, which are already used in the 301 

clinic to treat IBD patients. However, with increasing TNFα concentrations, the anti-302 

inflammatory effect that the nanobodies have on the monocytes seems to slowly decline, 303 

indicating that higher concentrations of nanobodies are required to maintain low IL1B 304 

expression levels. This decline is not observable with the available drug Adalimumab60. It is 305 

also important to note that the difference between monovalent and bivalent nanobody constructs 306 

does not seem to be of great influence on the inflammatory response of triggered monocytes. 307 
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 308 

Figure 2. Design and characterization of the purified anti-TNFα nanobodies. a. Design of 309 

monovalent and bivalent anti-TNFα nanobodies. We linked bivalent nanobody constructs 310 

via a short peptide linker (EPKTPKPQPAAA). To characterize the nanobodies, we added a 311 

myc-tag and a his-tag to their C-terminal sites. Their expression was under the control of the 312 

inducible pBad system, which relies on the addition of L-arabinose. We induced the expression 313 

of nanobodies with the pBad inducible system. We harvested monovalent nanobodies via 314 

periplasmic extraction and bivalent nanobodies through whole-cell lysis. We purified all 315 

nanobodies by immobilized metal anion chromatography (IMAC). b. Testing binding 316 

capability of purified nanobodies with enzyme-linked immunosorbent assay. We tested 317 

TNFα-binding using an ELISA by capturing the purified nanobodies via their myc-tag. Then, 318 

we visualized the binding of nanobodies to biotinylated TNFα with the streptavidin-peroxidase. 319 
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We measured the absorbance of each well with a plate reader and analyzed the fold change with 320 

R studio. c. Principle of the cell assay used to determine anti-inflammatory properties of 321 

purified anti-TNFα nanobodies. We incubated Human THP-1 monocytes with rTNFα and 322 

different purified anti-TNFα nanobodies. We assessed the immune response of the monocytic 323 

cell line to rTNFα by quantitatively determining the IL1B expression levels with the use of RT-324 

qPCR. The binding of the nanobodies to rTNFα is supposed to inhibit the inflammatory effect 325 

observed in untreated but stimulated THP-1 cells. d. IL1B expression compared to GAPDH 326 

in human THP-1 monocytic cell line. Quantitative analysis of the inflammatory IL1B 327 

expression levels revealed a decreased immune response of rTNFα-stimulated cells when 328 

purified nanobodies were added, compared to untreated cells (labeled as “TNF”, pink line). 329 

Adalimumab is an anti-TNFα monoclonal antibody frequently used in the clinic to treat IBD 330 

patients and served in this experiment as a positive control. 331 

 332 

Anti-TNFα nanobodies can be secreted from EcN 333 

In order for EcN to deliver nanobodies to its environment, it must be able to secrete them 334 

without impacting their function. To achieve this, we engineered the HlyA secretion system47,48 335 

into EcN along with fusing the nanobodies to the HlyA-tag, marking them for selective export 336 

(Figure 3a, Supplementary Figure S11). As a first step, we tested the functionality of the 337 

nanobodies after expression and secretion in E. coli MC1061. We performed a double 338 

transformation of E. coli MC1061 with two plasmids: our secretion plasmid (Supplementary 339 

Figure S11) and the pSBinit expression plasmid, which allows for nanobody expression upon 340 

L-arabinose induction (Supplementary Figure S7). After overnight induction, we harvested 341 

the supernatant from the cell culture, and performed a western blot and ELISA to quantify the 342 

presence and TNFα binding of the secreted nanobodies (Figure 3b). In EcN, the nanobody Nb1 343 

and the bivalent nanobody Nb8 were successfully secreted, and their binding affinities were 344 

maintained (Figure 3c, (Supplementary Figures S13-S14). 345 
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Nitric oxide can be used to trigger anti-TNFα nanobody expression 346 

To create a system capable of sensing NO and thereby triggering the production and secretion 347 

of nanobodies, we built a new plasmid, where the monovalent nanobody Nb1 was cloned 348 

downstream of the aforementioned pNorVβ promoter (see Table 2, Supplementary Methods 349 

and Supplementary Figure S15). We used the circuit with two RBS (ß-2) upstream of the 350 

cloned nanobodies, as it presented the highest expression levels. We used DETA/NO for 351 

induction and allowed cells to express nanobodies overnight. We then quantified the presence 352 

of nanobodies in the supernatant by western blot, in which we detected secreted nanobodies 353 

using a C-terminal myc-tag. The western blot showed that while EcN could sense NO and 354 

increase the expression and secretion of anti-TNFα nanobodies, there was still a high-level 355 

baseline expression without NO (see Supplementary Figure S16).  356 

 357 

Despite the high levels of baseline expression, the secreted nanobodies maintained their 358 

functionality, as shown in ELISA assays (see Supplementary Figure S16). To reduce baseline 359 

expression, we tested an alternative circuit differing by having a single RBS (ß-1) upstream of 360 

the nanobody coding region. This had previously shown less expression leakage. The single 361 

RBS system yielded a more dynamic response to NO concentration in E. coli MC1061 after 8 362 

hours of expression. Relative expression showed a threefold increase from baseline to a 1 mM 363 

NO concentration (Figure 3d). It is worth noting that we observed a basal production of 364 

nanobodies even without the addition of the NO inducer (Figure 3d, rightmost western blot 365 

and its corresponding bar plot). Lastly, the control with no secretion system shows no 366 

presence of nanobodies in the supernatant. This confirms the need for a secretion system to 367 

export the nanobodies, as cell death does not appear to result in the release of functional 368 

nanobodies. 369 

.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 17, 2024. ; https://doi.org/10.1101/2024.06.17.599326doi: bioRxiv preprint 

https://doi.org/10.1101/2024.06.17.599326
http://creativecommons.org/licenses/by-nc/4.0/


 370 

Figure 3. Design and characterisation of arabinose- and NO-induced anti-TNFα 371 

nanobodies secretion in E. coli Nissle 1917 and E. coli MC1061. a. Principle of NO-induced 372 

nanobody secretion with the Hemolysin A secretion system. Nitric oxide is a small organic 373 

molecule able to surpass the double membrane of E. coli. NO binding to the PnorV-ß promoter 374 

induces the expression of the monovalent nanobody candidate Nb1, which is tagged with a 375 

myc- and HlyA-tag. NorR expressions result in a positive feedback loop, enhancing the 376 

nanobody expression further. Thanks to the HlyA-tag, the produced nanobodies are secreted by 377 
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the hemolysin A secretion system in a one-step manner into the extracellular space. b. 378 

Arabinose-induced secretion of monovalent and bivalent nanobodies with E. coli MC1061. 379 

Western blot and ELISA analysis revealed successful secretion of functional monovalent and 380 

bivalent nanobodies upon overnight arabinose induction in E. coli MC1061. c. Arabinose-381 

induced secretion of monovalent and bivalent anti-TNFα nanobodies in EcN and MC1061. 382 

ELISA analysis shows a successful secretion of functional monovalent Nb1 and bivalent Nb8 383 

nanobodies upon overnight arabinose induction, retaining their TNFα-binding capabilities 384 

regardless of the HlyA-tag. d. NO-induced secretion of monovalent anti-TNFα nanobodies 385 

with a single-RBS system in E. coli MC1061. The NO-induced monovalent nanobody 386 

secretion was achieved using the single-RBS system (ß-1). This yielded a more dynamic 387 

response to NO than the previous two-RBS system (ß-2) (Supplementary Figure S16) and a 388 

lower baseline expression of monovalent nanobody candidate Nb1 in E. coli MC1061. The 389 

absence of the two secretion system components (HlyB and HlyD) resulted, as expected, in no 390 

secretion of nanobodies. With increasing NO-levels, higher nanobody expression can be 391 

observed. A baseline expression in the absence of NO is still present yet weaker than in the ß-2 392 

system (Supplementary Figure S16). 393 

 394 

A coarse-grained model for engineered probiotics in the gut 395 

To support the experimental claims, we constructed a two-dimensional lattice-based reaction-396 

diffusion model 61–65 of the gut environment, as in-vivo testing in the gut microbiome is outside 397 

the scope of this study. The model is illustrated in Figure 5a. 398 

 399 

The model's primary objective was to examine the interactions between EcN and inflammation 400 

sites in a simplified manner, specifically focusing on the NO concentrations66, the production 401 

rates of TNFα67 and the bacterial response to NO through the production of the TNFα-binding 402 

nanobodies 68. Model methods and an in-depth description of the parameters used can be found 403 
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in the model section of the appendix. Through cycles of diffusion, decay, and reemission, we 404 

provided a preliminary outlook on the efficacy of our proposed treatment and its potential for 405 

healthcare applications. We note that the model is a coarse-grained one, and faithfully 406 

representing the gut environment was out of its scope. We focused on identifying the crucial 407 

parameters to tune in future work to optimize the treatment before heading into a further testing 408 

stage. 409 

 410 

To favor interpretability, generalization, and to promote ease of access and collaboration, the 411 

model follows a simplicity-based design. The model interprets a 1mm2 area of the gut surface 412 

as a 2D grid, with each grid cell representing a 1µm3 volume, containing the local concentration 413 

values for each parameter. The model operates in discrete time steps, with adaptations to make 414 

it approach a continuous time scale. 415 

 416 

Estimating the minimum number of bacteria for effective treatment 417 

To get an overview of the importance of the different parameters, we performed a series of 418 

simulations where we swept two variables at the same time over the range of our expected 419 

values and simulated for 60-second time steps.  420 

 421 

In our first series of simulations, illustrated in Figure 5b, we estimated the minimum number 422 

of bacteria needed to provide effective treatment and evaluated the densities on a great range 423 

of biologically plausible TNFα concentrations. The results show that around 20 bacteria per 424 

mm² should be enough to cover the inflamed gut area and sufficiently combat the inflammation 425 

for the expected TNFα concentrations. For higher concentrations of TNFα, however, the 426 

nanobodies produced are not sufficient to combat inflammation, and larger bacterial 427 

populations are needed. The graphs suggest a rough relationship of a doubling in bacterial 428 

density being able to combat a magnitude higher TNFα concentration. Bacterial density 429 
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estimates place this requirement at a feasible replacement value of 20 out of 104 gut bacteria 430 

per mm² 69,70 and thus the required colonization should be feasible and in further experiments 431 

we assume that this threshold will be reached. In Figure 5e, we investigate whether increasing 432 

the nanobody production could also be a viable solution. 433 

 434 

Nitric oxide detection threshold and nanobody production: 435 

In our study, the threshold for NO detection, the minimum amount of NO required for nanobody 436 

production, is essential for ensuring an inflammation-dependent response. In Figure 5c, we 437 

evaluated a range of these sensing thresholds and the amount of TNFα at the inflammation sites. 438 

As our threshold closely aligns with the expected NO concentration of around 15 μM36 (for 439 

details, see Supplementary Methods and Supplementary Figure S17), even slight decreases 440 

in sensitivity lead from the absence of inflammation reduction to complete reduction, even with 441 

higher than expected amounts of TNFα. Increased sensitivity of the bacteria towards NO gives 442 

diminishing returns, as this mostly affects bacteria in edge regions that detect trace amounts of 443 

NO but do not produce nanobodies at the affected location. In turn, there will be an excess 444 

production of nanobodies in these regions that hardly contribute to combating inflammation. It 445 

is important to note that in our simulations, we kept the amount of NO produced at inflammation 446 

sites constant, even for higher TNFα concentrations. In a patient setting, however, NO levels 447 

might vary significantly. 448 

 449 

Comparison between bacterial number and nanobody production: 450 

In Figure 5d, we assessed the importance of the number of bacteria we can introduce against 451 

the nanobody production of a single bacteria. For our expected TNFα values, the number of 452 

bacteria has a far greater effect than the amount of nanobodies produced per bacteria. This is 453 

most likely due to the nanobodies being spread locally, and even at the same amount of net 454 

nanobodies produced, greater coverage of gut-inflamed areas ensures that the nanobodies are 455 
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produced where they need to be. This trade-off also guarantees that no excess amount of 456 

nanobodies is produced which could lead to possible side effects. In vivo testing is required to 457 

assess the actual viability of our engineered bacteria, and further optimization should be based 458 

on this. 459 

 460 

In Figure 5e, we investigate whether higher TNFα concentrations can be mitigated by 461 

increasing nanobody production. The results demonstrate that, with a bacterial density of at 462 

least 20 per mm², an increase in nanobody production effectively reduces TNFα levels. 463 

However, this effect is less pronounced compared to increasing the number of bacteria, as 464 

shown in Figure 5b, which more effectively reduces even higher concentrations of TNFα. 465 

Nevertheless, increasing nanobody production might be easier to achieve and still offers a 466 

viable approach to combating elevated TNFα concentrations. 467 

 468 

Figure 4. The reaction-diffusion model was evaluated on key parameters. The model’s 469 

purpose was to explore which parameters could be essential for the efficacy of our system. 470 

Parameters that are not varied are set to their default value, except for the sensing threshold, 471 

which we decreased by a factor of 10 during simulations as done in a recent study38, for 472 
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visibility reasons. We simulated each parameter configuration 10 times. Line shadings represent 473 

the standard deviation. a. Illustration of the components of the reaction-diffusion model. b. 474 

Relationship between bacterial density and TNFα concentrations. (n = 240). c. 475 

Relationship between sensing threshold and TNFα concentrations. (n=280) d. 476 

Relationship between nanobody production and bacterial density. (n = 300) e. 477 

Relationship between nanobody production and TNFα concentrations. (n = 380) 478 

  479 
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DISCUSSION 480 

 481 

Here, we describe the development of an integrated molecular system in EcN for the local 482 

sensing of gut inflammation and the production/delivery of high-specificity effectors to mitigate 483 

such inflammation. Specifically, we have engineered both laboratory and non-484 

pathogenic/probiotic human E. coli strains with a coupled system that can secrete nanobodies 485 

in a regulated manner upon NO induction. Secretion is achieved through the adoption of an 486 

exogenous Type I Hemolysin A Secretion System, which has been characterized in EcN for the 487 

first time in this study. We have also characterized a new library of humanized nanobodies in 488 

EcN, demonstrating that they can be successfully secreted and retain their functionality in vitro 489 

and in cell assays, binding to TNFα as efficiently as conventional drugs used for targeting this 490 

pro-inflammatory molecule. Modularity is a key strength of our system. The regulator can be 491 

easily swapped, allowing the detection of different biomarkers27,34. The cargo (nanobody in our 492 

case) can also be replaced in a straightforward manner with other therapeutic proteins, such as 493 

small peptides and colonization-increasing factors.  494 

 495 

Although mathematical models regarding gut colonization are available71–75, they are mostly 496 

focused on host-pathogen interactions and not on the colonization-sensing-delivery process 497 

from engineered probiotics. Thus, we also developed a simplified yet insightful modelling 498 

framework to investigate relevant parameters on probiotic engineering and its subsequent 499 

colonization in the gut. Specifically, we investigated the interactions between the probiotic 500 

bacteria and inflammation sites, focusing on biomarker (NO) concentration detection 501 

thresholds, therapeutic molecule production rates (TNFα), and the bacterial response in terms 502 

of therapeutic-target interactions (nanobody-TNFα). We observed that approximately 20 503 

bacteria per mm² are sufficient to manage inflammation. Bacterial density estimates place this 504 

requirement at a feasible replacement value of 20 out of 104 gut bacteria per mm² 69,70. However, 505 
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at higher TNFα levels, increased bacterial densities are necessary, suggesting a rough doubling 506 

of bacterial density for each magnitude increase in TNFα concentration.  507 

 508 

The current understanding of nitric oxide concentrations at inflammation sites within the gut 509 

across various patient demographics is limited, with most data focused on serum concentrations 510 

36. It is estimated that a baseline concentration of around 14 µM NO is typically necessary to 511 

detect gut inflammation 36. However, we anticipate that the luminal NO concentrations in the 512 

gut, particularly at sites of active inflammation, are likely to be considerably higher than this 513 

threshold. This expectation is based on the fact that NO, with its notably short half-life and 514 

rapid diffusion rates within the body76,77, would be more concentrated in regions immediately 515 

adjacent to inflammation sites. In light of the scarce available data on serum NO concentrations 516 

36, our simulations suggest that an optimal concentration for nanobody production in response 517 

to NO is approximately 15 μM. We also observed that enhancing bacterial sensitivity to NO 518 

beyond this threshold may lead to diminishing returns. Specifically, this could result in the 519 

overproduction of nanobodies in peripheral areas, where they might not contribute effectively 520 

to inflammation reduction. 521 

 522 

When comparing the impact of the bacterial number on nanobody production per bacterium 523 

through simulations, our results indicate that the number of bacteria plays a more critical role 524 

than the number of nanobodies produced by each bacterium. This is likely due to the localized 525 

distribution of nanobodies, suggesting that a broader gut coverage by bacteria is more effective 526 

than increasing the production rate of nanobodies per bacterium. This balance is crucial to avoid 527 

the production of excess nanobodies, which could lead to potential side effects and metabolic 528 

burden on the bacterial host78–80. We highlight that a mathematical model is an 529 

oversimplification of reality and does not capture many complexities of the in vivo environment. 530 

Future developments in our modelling approach should include important variables such as the 531 
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consequences of gene expression noise (heterogeneity in gene expression)81,82, the reevaluation 532 

of the assumptions regarding gut geometry, an enhancement of the diffusion model to 533 

encompass three dimensions and the consequences of microenvironmental gut conditions on 534 

bacterial growth83. Moreover, conducting in vivo studies of the treatment will be instrumental 535 

in refining the model as this iterative process of model refinement is essential for advancing 536 

our understanding of engineered probiotics84,85.  537 

 538 

The experimental characterization of our NorR-based circuit revealed that the NO detection 539 

threshold in our constructs was higher than the one reported in the original study where this 540 

circuit was designed 38. This discrepancy could stem from several factors. Firstly, the plasmid 541 

used in our experiments differed from that in the referenced study 38 , and we were unable to 542 

access the complete sequences of their constructs, which may have influenced our results. 543 

Additionally, our experiments were conducted under aerobic conditions. Previous research has 544 

shown that anaerobic environments, akin to the gut's natural state, can decrease the NO 545 

detection threshold of the NorR system by at least five-fold, due to interactions between oxygen 546 

and the iron center of NorR 49 . Consequently, while our sensor system in EcN has been 547 

characterized and improved under aerobic conditions, there is substantial potential to enhance 548 

its sensitivity to lower, more physiologically relevant NO concentrations. Future studies could 549 

achieve this through advanced protein and promoter engineering techniques (e.g., directed 550 

evolution and combinatorial designs coupled with fluorescence-based screening methods 86–89)  551 

and by transitioning to anaerobic assays.  552 

 553 

We highlight that although our results support the potential of our system for biotherapeutic 554 

applications, the transition from test tubes to translational applications faces many challenges90–555 

93, from consistent therapeutic delivery methods to the long-term maintenance of engineered 556 

bacteria in the gut. The stable colonization of engineered probiotics in the gut can be negatively 557 
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impacted by metabolic burden—the allocation of resources towards the engineered system—558 

which can hinder bacterial growth in the complex microbiome environment79. Moreover, 559 

evolutionary changes might disrupt circuit functionality over short time periods 94. The 560 

heterogeneity in bacterial expression due to background genetic mutations or expression noise 561 

might also lead to variability in treatment efficacy94. Additionally, the interactions between the 562 

host immune system and engineered probiotics require thorough investigation to ensure long-563 

term efficacy and safety 95,96. To address some of these challenges, strategies such as integrating 564 

the genetic circuit into the genome can enhance the stability and robustness of the device's 565 

functionality78,94. Combining whole-cell and host-microbiome metabolic models with in vivo 566 

assays of viability and prevalence of engineered probiotics is also important for predicting the 567 

long-term maintenance of such systems  93,97–101. Moreover, incorporating antibiotic resistance-568 

free plasmids 102 and containment modules 93,103 is important to prevent the unintended spread 569 

of engineered bacteria and antibiotic resistance genes. 570 

 571 

Despite the aforementioned challenges, Synthetic Biology is rapidly transitioning from 572 

laboratory experiments to tangible, real-world applications104–106. In 2019, ZBiotics Company, 573 

USA, pioneered this field by being the first to produce and sell genetically engineered probiotic 574 

products, marking the beginning of a burgeoning industry. In a recent notable study, researchers 575 

developed a novel system within EcN (PROT3EcT) and validated it in an animal model 33. They 576 

demonstrated effective colonization of the mouse gut with constitutive production of 577 

nanobodies targeting TNFα, resulting in localized inflammation mitigation. Although our 578 

system employs different components—specifically, a biomarker-dependent sensing module, 579 

distinct nanobodies, and an alternate secretion system—their results are highly encouraging, 580 

suggesting the potential functionality of our system in animal models. In this rapidly 581 

progressing landscape, our study focused on providing new parts, a new modular system, and 582 
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a mathematical framework to expand EcN's Synthetic Biology toolbox and support ongoing 583 

efforts in the probiotic engineering community. 584 

 585 

MATERIALS AND METHODS 586 

 587 

Media and buffers  588 

M9 medium is advantageous due to its low cost, low auto-fluorescence (when excited at 488 589 

nm), and low absorbance. We used M9 medium, supplemented with specific amino acids or 590 

other metabolites (such as thiamine or casamino acids), for experiments measuring sfGFP 591 

fluorescence to ensure minimal auto-fluorescence and absorbance of the samples. To prepare a 592 

50 mL volume of M9 medium, we added the reagents in the following order: 10 mL of M9 salt 593 

(5x), 100 µL of MgSO4 (1M), 50 µL of CaCl2 (0.1M), 1.5 mL of Cas Aa (2%), and 1 mL of 594 

Glucose (20%), then added water to reach a final volume of 50 mL. If necessary, we 595 

supplemented M9 medium with the appropriate antibiotic at a 1:1000 ratio. We conducted all 596 

preparation steps under sterile conditions. 597 

  598 
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Table 1. List of bacterial strains used in this study: 599 

Name Genotype 
Selective 

antibiotics 
T, °C Description 

E. coli Nissle 

1917 
Unavailable None 37°C 

First described 

on15,16. Obtained 

from Mutaflor® 

(Herdecke, 

Germany) 

E. coli 

MC1061 

F–hsdR(rK–, 

mK+) araD139 

Δ(araABC-

leu)7679 galU galK 

ΔlacX74 rpsL(StrR) thi 

mcrB / P3: 

KanR AmpR (am) 

TetR (am) 

 Streptomycin, 

Kanamycin, 

Ampicillin, 

Tetracycline 

37°C 

Commercially 

obtained from 

Thermofisher 

(C66303) 

E. coli Mach1 

F– φ80lacZΔM15 

ΔlacX74 hsdR(rK–, mK+) 

ΔrecA1398 endA1 tonA 

None 37°C 

Commercially 

obtained from 

Thermofisher 

(C862003) 

  600 
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Table 2. List of plasmids used in this study: 601 

Name Description 

piGEM1 This study. Negative control. Encodes for sfGFP and norR, does not contain 

any promoter. 

piGEM3 This study. Encodes for sfGFP and norR under the control of the already 

characterized inducible promoter pNorV. 

piGEM2.1 This study. Encodes for sfGFP and norR under the control of the inducible 

promoter pNorVβ. This construct contains 1 RBS directly upstream of sfGFP.  

piGEM2.2 This study. Encodes for sfGFP and norR under the control of the inducible 

promoter pNorVβ. This construct contains 2 RBS and a spacer upstream of 

sfGFP. 

piGEM2.3 This study. Encodes for sfGFP and norR under the control of the inducible 

promoter pNorVβ. This construct contains 3 RBS and a spacer upstream of 

sfGFP. 

piGEM2.2N This study. Encodes for sfGFP under the control of the inducible promoter 

pNorVβ. This construct contains 2 RBS and a spacer upstream of sfGFP. This 

construct does not contain norR. 

pSBinit Retrieved from 58, Addgene #110100. E.coli entry and expression vector for 

FX cloning system, N-terminal pelB signal sequence and C-terminal myc and 

6xHisTag 

purNb1 This study. Nanobody candidate VHH#2B cloned into pSBinit expression 

vector via FX cloning 

purNb2 This study. Nanobody candidate VHH#3E cloned into pSBinit expression 

vector via FX cloning 

purNb3 This study. Nanobody candidate VHH#12B cloned into pSBinit expression 

vector via FX cloning 

purNb4 This study. Nanobody candidate VHH#2B-VHH#2B cloned into pSBinit 

expression vector via FX cloning 

purNb5 This study. Nanobody candidate VHH#3E-VHH#3E cloned into pSBinit 

expression vector via FX cloning 

purNb6 This study. Nanobody candidate VHH#12B-VHH#12B cloned into pSBinit 

expression vector via FX cloning 

purNb7 This study. Nanobody candidate VHH#2B-VHH#3E cloned into pSBinit 

expression vector via FX cloning 

purNb8 This study. Nanobody candidate VHH#2B-VHH#12B cloned into pSBinit 

expression vector via FX cloning 
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purNb9 This study. Nanobody candidate VHH#3E-VHH#12B cloned into pSBinit 

expression vector via FX cloning 

pSS This study. Plasmid encoding HlyB and HlyD required for the HlyA secretion 

system under a constitutive promoter (J23100). Contains chloramphenicol 

resistance gene. 

pNb This study. Plasmid encoding HlyA and myc-tag under inducible pBad 

promoter with restriction sites allowing the cloning of the different nanobodies 

in front of the two tags. Contains ampicillin resistance gene. 

pNb1 This study. Nanobody candidate VHH#2B cloned into pNb plasmid via FX 

cloning 

pNb2 This study. Nanobody candidate VHH#3E cloned into into pNb plasmid via 

FX cloning 

pNb3 This study. Nanobody candidate VHH#12B cloned into pNb plasmid via FX 

cloning 

pNb5 This study. Nanobody candidate VHH#3E-VHH#3E cloned into pNb plasmid 

via FX cloning 

pNb7 This study. Nanobody candidate VHH#2B-VHH#3E cloned into pNb plasmid 

via FX cloning 

pNb8 This study. Nanobody candidate VHH#2B-VHH#12B cloned into pSBinit 

expression vector via FX cloning 

pNO1_Nb1 This study. Nanobody candidate VHH#2B cloned into piGEM2.1 plasmid via 

Gibson 

pNO3_Nb1 This study. Nanobody candidate VHH#2B cloned into piGEM2.3 plasmid via 

Gibson 
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Table 3: Nanobodies used in this study 603 

Nb ID  Mono or Bivalent Nb parts  Reference 

Nb1 monovalent VHH#2B Patent42 

Nb2 monovalent VHH#3E Patent42 

Nb3 monovalent VHH#12B Patent42 

Nb4 bivalent VHH#2B Patent42 

Nb5 bivalent VHH#3E Patent42 

Nb6 bivalent VHH#12B Patent42 

Nb7 bivalent VHH#2B+VHH#3E Patent42 

Nb8 bivalent VHH#2B+VHH#12B Patent42 

Nb9 bivalent VHH#3E+VHH#12B Patent42 
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Plate reader fluorescence assay 605 

To measure the activity of all constructs, we transformed plasmids into E. coli Nissle 1917. We 606 

grew freshly plated single colonies in LB medium supplemented with ampicillin and incubated 607 

cultures at 37°C and 220 rpm. On the day of the assay, we spun down the bacteria from the 608 

overnight cultures, resuspended them in M9 medium supplemented with ampicillin (M9-Amp) 609 

and diluted cultures to OD600=0.5. We then assayed the cultures (20 μL) in a 96-well microplate 610 

with 170 μL of M9-Amp and 10 μL of the different compounds tested. We used five different 611 

concentrations (8 µM, 31 µM, 125 µM, 500 µM and 2000 µM) of the NO donor 612 

diethylenetriamine/nitric oxide (DETA/NO) diluted in ddH2O as the inducer. We quantified cell 613 

growth (OD600) and sfGFP fluorescence using a Tecan Spark 10M plate reader. We calculated 614 

the responsiveness of the genetic circuit as arbitrary units using the ratio between fluorescence 615 

levels and the optical density at 600 nm (reported as sfGFP/OD600) after background correction. 616 

As a control for the inducer, we also measured all constructs in the absence of DETA/NO. As a 617 

control for cellular autofluorescence background, we also assayed E. coli Nissle 1917 618 

transformed with the same plasmid but without a promoter to drive sfGFP expression. We 619 

measured fluorescence and absorbance at 10-minute intervals for 16 hours at 37 °C and under 620 

constant shaking (orbital shaking, 0.1mm orbital averaging). We performed all experiments in 621 

technical and biological triplicates. We processed raw data using an ad hoc R script 622 

(https://www.r-project.org/). 623 

 624 

Flow Cytometry Analysis 625 

We conducted a high-throughput single-cell analysis of bacteria containing variants of the NO 626 

detection module and a negative control plasmid (promoterless sfGFP) as follows: first, we 627 

selected single colonies of the transformed strain (EcN) and cultivated them overnight in LB 628 

medium supplemented with ampicillin at 37 °C and 220 rpm. Next, we diluted overnight-grown 629 

cells in a ratio of 1:10 in fresh LB and grew them overnight at 37 °C and 220 rpm with different 630 
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concentrations of the DETA/NO inducer (0 mM ,1 mM,1.5 mM, 2 mM). We diluted overnight-631 

grown cells in a ratio of 1:100 in 1mL of filtered cold Dulbecco’s PBS (Sigma-Aldrich #D8537) 632 

in 15 mL FACS tubes and immediately stored them on ice to halt metabolic processes.  633 

 634 

We set measurements on a BD FACSCantoII machine with the BD FACSDiva 6.1.3 Software 635 

after calibration with both CS&T IVD beads and Rainbow Calibration beads (8 peaks, 107/mL, 636 

3.0-3.4 µm, RCP-30-5A) for conversion of arbitrary fluorescence units into MEFL. Excitation 637 

and emission filters utilized were 488nm and 530/30 nm, respectively. We adjusted side-scatter 638 

(SSC) and forward-scatter (FSC) PMT voltages using bacteria from the negative control, until 639 

the distribution of each parameter was centered on the scale. We adjusted FITC/GFP PMT 640 

voltage using bacteria from the positive control until the upper edge of the “bell curve” from 641 

the fluorescent population was one order of magnitude below the upper end of the scale. We 642 

acquired a total of 50,000 events for each biological triplicate and washed cells with PBS before 643 

measuring when the bacterial density was too high to avoid the formation of aggregates. 644 

 645 

Nanobodies purification 646 

We transformed E. coli MC1061 with the pSBinit plasmids containing our 9 different nanobody 647 

candidates. The expression vector contains an FX cloning site to insert our different nanobody 648 

fragments ordered. The C-terminal myc and 6xHis-tags are included on the plasmid backbone 649 

and automatically added in case of a successful FX cloning (Figure 2a). We grew the cells in 650 

600 ml liquid cultures (1:1000 dilution of antibiotic) at 37°C until an OD of 0.4 to 0.7 was 651 

reached. We then induced the expression by the addition of 0.02% L-arabinose and allowed 652 

bacteria to express the nanobodies for 16 hours at 22°C. We spun down cells at 4’500 rpm for 653 

15 min at 4°C and transferred the resulting supernatant to a bottle with 20 nM imidazole pH 654 

7.5. To extract the nanobodies from the solution, we performed a batch binding using 5 ml Ni-655 

NTA resin for 2 hours while shaking. We poured the resin into gravity flow columns and washed 656 
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them with TBS pH 7.5, 30 mM imidazole. We eluted nanobodies with 10 ml TBS pH 7.5 and 657 

30 mM imidazole and collected them into fractions, which we measured with the NanoDrop 658 

spectrophotometer (Thermo Fisher Scientific). We pooled the fractions with low concentrations 659 

and further concentrated them using concentration columns (spun at 2’500 g in 10 kDa 660 

concentrators). Lastly, we loaded the purified nanobody candidates on the Sepax in TBS (pH 661 

7.5). 662 

 663 

Cultivation of THP-1 non-adherent human monocytes 664 

We substituted growth medium (RPMI 1640, Gibco) with 10% fetal bovine serum (FBS) and 665 

stored at 4°C. We maintained cell densities between 0.1 and 1.0 x 106 cells/ml, splitting them 666 

at a ratio of 1:2 or 1:3 (approximately 0.5 x 106 cells/ml) every 3 to 4 days. THP-1 cells display 667 

a doubling time of roughly 35 -50 hours. During splitting, we transferred cells into 50ml falcon 668 

tubes and centrifuged them at 1700 rpm for 5 minutes. We removed the supernatant and 669 

resuspended cells in fresh media. After counting the cells, we seeded them at the optimal density. 670 

 671 

Cell Assay 672 

Before the beginning of the actual cell assay, we centrifuged THP-1 cells and resuspended them 673 

in starvation media (RPMI 1640 without FBS) and seeded at a density of 1 x 106 cells / ml in a 674 

96-well plate (final volume: 200 µl). We then incubated cells for 24 hours at 37°C with 5% 675 

CO2, according to the cell specific cultivation protocol.  676 

 677 

The next day, we prepared a TNFα dilution series (100 ng/ml, 50 ng/ml, 10 ng/ml, 5 ng/ml, 1 678 

ng/ml, 0.5 ng/ml, 0.1 ng/ml) and kept them on ice. Additionally, we diluted the nanobodies to 679 

a final concentration of approximately 100 nM and stored them on ice. After starving the cells 680 

for 24 hours, we added the diluted nanobodies to the well plate and gently shook the plate before 681 

incubating it for 30 minutes. Afterwards, we stimulated the cells with rTNFα and incubated 682 
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them for 24 hours at 37°C with 5% CO2. We then harvested the cells, transferred them to 683 

Eppendorf tubes, and centrifuged them at 3.5g for 10 minutes at 4°C. After removing the 684 

supernatant, we froze the cell pellet with liquid nitrogen and stored it at -80°C for further 685 

quantitative RT-qPCR analysis. 686 

 687 

Induction of Nanobody Production and Secretion 688 

We inoculated successfully double-transformed bacteria in 5 ml precultures with a 1:1000 689 

antibiotic dilution and incubated them at 37°C overnight while shaking at 120 r.p.m. The next 690 

day, we transferred the cells to 10 ml TB with a 1:1000 antibiotic dilution and grew them at 691 

37°C while shaking until an OD600 of approximately 0.6 was reached. To induce secretion, we 692 

added either L-arabinose (final concentration: 0.02%) or diethylenetriamine/nitric oxide 693 

(DETA/NO) (testing different concentrations), depending on the transformed cells and their 694 

nanobody plasmid. We incubated the cultures at 37°C overnight to allow them to express and 695 

secrete nanobodies. We then spun down the cells and collected 2 ml of supernatant for testing 696 

via Western Blot or ELISA. 697 

 698 

If we needed to test the cell lysate, we first resuspended the cells in TBS and transferred them 699 

to a screw-lid microcentrifuge tube. We added one PCR tube of glass beads and lysed the cells 700 

using the maxiprep machine at 4 m/s for 20 seconds. We placed the cells on ice for 5 minutes 701 

for recovery. We then repeated the shaking process twice, with 5-minute rest intervals in 702 

between. 703 

 704 

ELISA 705 

The night before the experiment, we coated a 96-well Nunc Maxicrop immunoplate with 100 706 

µl of protein A solution (1:1000 dilution in PBS) in each well, sealed the plate, and incubated 707 

it at 4°C overnight. Before starting the experiment, we freshly prepared the buffers according 708 
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to the following specifications for ELISA: Tris-buffered saline (TBS) at 1x concentration; TBS-709 

BSA, which is TBS supplemented with 0.5% Bovine Serum Albumin (BSA, weight/volume); 710 

TBS-D, consisting of TBS supplemented with a detergent of choice at an amount equivalent to 711 

three times the Critical Micelle Concentration (CMC) of the chosen detergent; and TBS-BSA-712 

D, combining TBS with both 0.5% BSA and 0.1% of the chosen detergent (weight/volume). 713 

We washed each well with 250 µl TBS and then blocked them with 250 µl TBS-BSA for 30 714 

minutes. We washed the plate three times with 250 µl TBS per well. Then, we added 100 µl of 715 

1:2000 diluted monoclonal anti-c-myc antibody (diluted in TBS-BSA-D) to each well and 716 

incubated for 20 minutes. We washed the plate three times with 250 µl TBS-D and added 717 

samples diluted in TBS-BSA-D (20 µl in 80 µl solvent for supernatant or periplasmic extraction, 718 

or approximately 50 nM for purified nanobodies). We washed the plate three times with 250 µl 719 

TBS-D, then added 100 µl of 50 nM biotinylated TNFα in TBS-BSA-D and incubated for 20 720 

minutes. We washed the plate three times with 250 µl TBS-D before adding 100 µl of 1:5000 721 

diluted streptavidin-peroxidase polymer solutions (diluted in TBS-BSA-D) and incubating for 722 

20 minutes. After washing the plate three times with 250 µl TBS-D, we added 100 µl of ELISA 723 

developing buffer and incubated until individual wells turned blue, which took between 5 to 15 724 

minutes. We then measured the absorbance at 650 nm using a plate reader. ELISA signals as 725 

small as 1.5-fold above the background can indicate a high-affinity binder.  726 
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