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ABSTRACT
The emergence of new viral pathogens necessitates innovative antiviral therapies and vaccines. 
Traditional approaches, such as monoclonal antibodies and vaccines, are often hindered by 
resistance, limited effectiveness, and high costs. Here, we develop an engineered probiotic- 
based antiviral platform using Escherichia coli Nissle 1917 (EcN), capable of providing both mucosal 
and systemic immunity via oral administration. EcN was engineered to display anti-spike nanobo
dies or express the Spike-Receptor Binding Domain on its surface. Our findings reveal that EcN with 
nanobodies effectively inhibits the interaction between spike protein-expressing pseudoviruses 
and the ACE2 receptor. Furthermore, we observed the translocation of nanobodies to distant 
organs, facilitated by outer membrane vesicles (OMVs). The oral administration of EcN expressing 
spike proteins induced a robust immune response characterized by the production of both IgG and 
IgA, antibodies that blocked the pseudovirus-ACE2 interaction. While SARS-CoV-2 served as 
a model, this versatile probiotic platform holds potential for developing customizable biothera
peutics against a wide range of emerging pathogens such as influenza virus or respiratory syncytial 
virus (RSV) by engineering EcN to express viral surface protein or neutralizing nanobodies demon
strating its versatility as a next-generation mucosal vaccine strategy.

ARTICLE HISTORY 
Received 29 January 2025  
Revised 5 April 2025  
Accepted 24 April 2025 

KEYWORDS 
Engineered probiotics; live 
antiviral nanobody 
therapeutics; live antiviral 
vaccines; mucosal and 
systemic immunity; outer 
membrane vesicles (OMVs)

Introduction

The use of engineered probiotics and bacteria for 
therapeutic delivery has evolved into a promising 
field, particularly for immunotherapy. Early 
research focused on leveraging the beneficial prop
erties of commensal bacteria, known for their nat
ural ability to colonize the gastrointestinal (GI) 
tract and interact with the host immune system.1 

Probiotics have traditionally been utilized to 
restore healthy gut microbiota, aiding digestion 
and modulating immune responses.2 Additionally, 
probiotics have demonstrated a remarkable poten
tial in reducing the risk and severity of various viral 
respiratory tract infections, as well as in preventing 
bacterial and viral infections, including sepsis and 
gastroenteritis.3–5 Oral therapeutic formulations 
harness the gut’s immune system to generate com
prehensive systemic and mucosal immune 
responses, resulting in robust and persistent 
immunity.6

Symbiotic native bacteria, having coevolved with 
humans, offer a promising avenue for developing 
innovative platforms for vaccines and 
therapeutics.7,8 The oral administration of such 
delivery systems for therapeutics and vaccines pro
vides numerous benefits, including self- 
administration, enhanced safety, improved patient 
compliance, and streamlined manufacturing and 
distribution processes, compared to injection- 
based approaches.9,10 An oral vaccine capable of 
efficiently delivering immunogens while simulta
neously providing both mucosal and systemic 
immunity would be highly advantageous.9–11

Engineered probiotics offer a promising alterna
tive, capitalizing on the natural interactions 
between commensal microbes and the host 
immune system. Initial developments in this area 
concentrated on using engineered probiotics to 
deliver cytokines or anti-inflammatory agents to 
treat intestinal diseases, such as inflammatory 
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bowel disease (IBD). For instance, Lactococcus lac
tis was genetically modified to produce interleukin- 
10 (IL-10), an anti-inflammatory cytokine, within 
the gut.12,13 These early applications demonstrated 
that engineered bacteria could effectively modulate 
the local immune environment, providing thera
peutic benefits and reducing inflammation.

The concept was later expanded to include vac
cine delivery. Researchers explored the expression 
of viral proteins, like influenza hemagglutinin or 
rotavirus VP6, on the surface of Lactobacillus spe
cies to stimulate mucosal and systemic immune 
responses.14

More recent advancements have introduced the 
use of camelid heavy-chain-only antibody variable 
domains (VHHs), or nanobodies, which represent 
promising lead molecules for passive 
immunization.15–17 Furthermore, nanobodies pro
vide a rapid production route for antiviral agents, 
owing to their small size, exceptional stability, and 
easy scalability using bacterial expression systems, 
laying the groundwork for their use in engineered 
probiotic systems.15,18

The current study builds on these advancements 
by using Escherichia coli Nissle 1917 (EcN) as 
a delivery vehicle for both nanobodies and viral 
antigens, particularly for SARS-CoV-2, the virus 
responsible for the COVID-19 pandemic.16,19 EcN 
is a naturally gut colonizing, well-characterized 
probiotic strain, commercially available as 
MutaflorⓇ which lacks virulence factors, thus mak
ing it safe for therapeutic applications. Unlike pre
vious efforts where only active immunization 
strategy is used by expressing spike protein on 
bacteria cell surface,20 this study integrates both 
passive and active immunization strategies. EcN 
was engineered to express anti-Spike protein nano
bodies on its surface, providing immediate viral 
neutralization through passive immunity. 
Simultaneously, the expression of the spike protein 
on the surface is designed to elicit an active 
immune response, fostering long-term immunity. 
We designed fusion proteins to generate a spike 
protein coupled with bacterial Intimin and Lpp- 
OmpA, which would ensure stable tethering to 
the bacterial surface to amplify the immune 
response against the spike protein (Figure 1).9,21

We postulated that surface expression of the 
nanobodies and antigen would enable the 

utilization of bacterial outer membrane vesicles 
(OMVs) as a delivery system. OMVs are naturally 
secreted by Gram-negative bacteria like EcN and 
can carry a variety of biomolecules, including pro
teins and nucleic acids. In this study, OMVs were 
employed to transport nanobodies from the gut 
lumen to the systemic circulation, facilitating 
a comprehensive immune response.

Results

Surface expression of SARS-CoV-2 anti-spike 
glycoprotein nanobodies

We engineered a synthetic modular vector for the 
expression of SARS-CoV-2-specific nanobodies on 
the surface of EcN. Surface display allows for effi
cient antigen presentation of nanobodies, direct 
interaction with host cells and ensuring nanobody- 
mediated neutralization (Figure 2(a)). This vector 
included genetic elements for the surface display of 
anti-Spike nanobodies, incorporating Flag, Strep II 
tags, and TEV cleavage sites for detection and 
purification (Supplementary Figure S1, a-b, S2, 
a-b, Table S1). The vector was built on a J23105 
plasmid backbone with a moderate-strength con
stitutive promoter to ensure stable nanobody pro
duction (Supplementary Figure S1, e).22,23 We 
selected two specific nanobodies, VHH72 and 
Ty1, targeting the Spike protein’s receptor- 
binding domain (RBD). Both VHH72 and Ty1 
nanobodies have been previously characterized to 
bind with sub-nanomolar dissociation constant 
(Kd) and picomolar-range affinity respectively, 
making them the most potent anti-RBD nanobo
dies identified.15,17,24 These nanobodies were 
synthesized using gene synthesis and codon opti
mization techniques. We then created nanobody 
constructs fused with Intimin (pIntimin-Ty1 and 
pIntimin-VHH72 (Supplementary Figure S1, a-b, 
S2, a-b, Table S1), a protein known for its cell 
surface anchoring capabilities, comprising a short 
N-terminal signal sequence, a LysM domain, and 
a β-barrel transmembrane segment.21,25,26 We 
introduced restriction sites in the plasmid for 
future modifications. Post-transformation into 
EcN, we confirmed the expression of these con
structs through SDS-PAGE-Western immuno- 
analysis. The successful expression of both pInt- 
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Ty1 and pInt-VHH72 nanobodies was verified 
(Figure 2(b)) as shown with ~89.4 and ~90.5kDa 
bands, respectively. Similarly, we also explored 
the effect of surface tethering protein size on nano
body display. We used a smaller Lpp-OmpA hybrid 
surface display signal (Figure 2(c)), constructing 

pLpp-OmpA-Ty1 and pLpp-OmpA-VHH72 
(Supplementary Figure S1, c-d, S2, c-d, Table 1). 
Lpp-OmpA comprises a signal sequence, the 
N-terminal of lipoprotein (Lpp), and the remaining 
OmpA protein, known for stable surface expres
sion (Figure 2(c)).27–30 Fusion of Ty1 and VHH72 

Figure 1. Engineered EcN serves as an oral anti-viral therapy and immunization platform against SARS-CoV-2. Top panel: engineered 
EcN display anti-spike nanobodies on their surface and release OMVs carrying nanobodies, neutralizing the virus in the gut and 
potentially entering systemic circulation. Bottom panel: engineered EcN express spike-RBD, stimulating antigen presentation by 
dendritic cells, activating B cells for antibody production and T cells for immune memory. This approach provides mucosal and 
systemic immunity against SARS-CoV-2.
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nanobodies to Lpp-OmpA’s C-terminus led to suc
cessful expression, confirmed by Western blot 
(Figure 2(d)).

We further confirmed these nanobody expres
sions with mass spectrometry-based proteomics 
analysis, in which, proteins are digested into pep
tides which are then identified and quantified. The 
number of unique peptides identified for a protein 
correlates with its abundance. The successful 
expression of both pInt-Ty1 and pInt-VHH72 

nanobodies was verified. Proteomics analysis 
further validated the expression of Intimin-fused 
nanobodies, with ~37 unique peptides identified 
for pInt-Ty1 (Supplementary Figure S2, e, Table 
S2). Proteomics analysis also revealed ~11 unique 
peptides for pLpp-OmpA-Ty1 (Supplementary 
Figure S2, f, Table S3). Furthermore, we generated 
a total ion chromatogram (TIC) from mass spectral 
peaks and estimated protein abundance from tan
dem MS spectra (Supplementary Figure S3, a-d).31 

Figure 2. Modular constructs for surface displaying nanobodies on the bacterial cell surface and their validation with Western blot 
analysis. Schematic displaying nanobodies (Ty1 and VHH72) on the cell surface anchored with intimin protein (a). The nanobody 
expression of pInt-Ty1 and pInt-VHH72 was confirmed with Western blot analysis (b) showing 89.4 and 90.5kDa bands compared to 
absence of bands in wells loaded with EcN-expressing empty plasmids. Schematic displaying nanobodies (Ty1 and VHH72) on the cell 
surface anchored with lpp-OmpA protein (c). The nanobody expression of pLpp-OmpA-Ty1 and pLpp-OmpA-VHH72 was confirmed 
with Western blot analysis (d) showing 32.6 and 33.8kDa bands compared to absence of bands in wells loaded with EcN-expressing 
empty plasmids. Blots were developed with anti-flag tag antibody, and anti-β-actin antibody using the ChemiDoc™ imaging system 
(BioRad). Schematics were drawn using biorender (nb-nanobody).
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Principal component analysis (PCA) was used to 
simplify the spectral dataset (Supplementary Figure 
S3, e, f).

Bacterial surface-anchored anti-spike nanobodies 
inhibit spike and ACE2 receptor interaction

Our experiments focused on evaluating the binding 
efficiency of nanobodies displayed on EcN to the 
SARS-CoV-2 spike protein. We employed 
a fluorescence-based functional assay to confirm 
this interaction. We chose pseudovirus-ACE2 sys
tem as it allows us to safely study SARS-CoV-2 
Spike-ACE2 interactions in a BSL-2 setting, avoid
ing the need for live virus (BSL-3 containment). 
Pseudoviruses mimic the entry mechanism of 
SARS-CoV-2 by displaying the Spike protein, mak
ing them a reliable tool to assess nanobody- 
mediated neutralization, thus showing functional 
relevance. Both Ty1 and VHH72 nanobodies are 
known to bind to the RBD of the SARS-CoV-2 
spike protein.15,17,18 In our tests, we utilized the 
recombinant SARS-CoV-2 spike protein (encom
passing S1 and S2 domains), with nanobodies pri
marily targeting the S1 domain. As a comparative 
measure, we also used a SARS-CoV-2 S protein S2 
antibody that binds selectively to the S2 domain 
(Supplementary Figure S4-S5). This interaction 
was visualized using an AlexaFluor®647- 
conjugated anti-mouse antibody. Our results 
showed that EcN cells expressing pInt-Ty1 
(Figure 3(a)), pInt-VHH72 (Figure 3(b)), and 
pLpp-OmpA-Ty1 (Figure 3(c)) nanobodies exhib
ited significantly stronger binding to the spike pro
tein than control EcN cells. However, EcN 
expressing pLpp-OmpA-VHH72 did not show 
a notable difference in binding compared to the 
control (Figure 3(d)). Additionally, an indirect 
ELISA (Figure 3(e)) revealed that Ty1 nanobodies, 
irrespective of being anchored to Intimin or Lpp- 
OmpA, bound significantly to the SARS-CoV-2 
spike protein, while VHH72 nanobodies did not 
show a significant difference from the control 
(Figure 3(f)). This data indicates that our synthetic 
constructs, employing Intimin and Lpp-OmpA 
surface display signals on the bacterial cell mem
brane, exhibit enhanced binding to the spike pro
tein compared to the control EcN. Furthermore, we 
assessed the ability of the surface-displayed 

nanobodies to block the interaction between the 
spike-RBD and the ACE2 receptor. All four nano
body constructs effectively inhibited this interac
tion, with the inhibition strength ranking as 
follows: pLpp-OmpA-VHH72 > pInt-Ty1 > pLpp- 
OmpA-Ty1 > pInt-VHH72 (Figure 3(g-j)). This 
trend might be due to steric hindrance and nano
body orientation. Lpp-OmpA anchors the nano
body closer to the outer membrane surface but 
still provides some flexibility for antigen binding, 
whereas Intimin extends further from the bacterial 
surface, which may be beneficial for accessibility 
but could also introduce instability in certain con
structs. The ranking suggests that Lpp-OmpA pro
vides a more stable and accessible presentation of 
VHH72 compared to Intimin. These findings sug
gest that EcN displaying these nanobodies can suc
cessfully block the interaction between the SARS- 
CoV-2 spike protein and the ACE2 receptor. The 
observed differences can be attributed to the dif
ference in the sizes of the anchor proteins, where 
Intimin, being a larger protein, has the ability to 
project these domains well outside the bacterial cell 
surface. The large, projecting domain of Intimin 
can interact more freely with the external environ
ment, making it ideal for presenting proteins that 
require significant exposure for immune recogni
tion or interaction with other molecules.

Serum nanobodies from mice inhibit pseudovirus 
and ACE2 interaction

Encouraged by our initial success with in vitro 
binding and receptor inhibition, we next explored 
the in vivo efficacy of our engineered EcN expres
sing pInt-Ty1 nanobodies (EcN-Ty1). We orally 
administered EcN-Ty1 in mice every day for 4 
consecutive days, with the objective of colonizing 
their gut and assessing the translocation of nano
bodies into the systemic circulation. Blood was 
drawn 24 hours after every dose. Western blot ana
lysis of blood samples from these mice confirmed 
the presence of Ty1 nanobodies (Figure 4(a)). 
Quantitative analysis of the blot densities con
firmed that there was a significantly higher con
centration of Ty1 Nb generated by EcN-Ty1 in the 
gut that was able to translocate and migrate to the 
systemic circulation (Figure 4(b)). We further eval
uated the functional impact of this translocation 
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Figure 3. Anti-spike nanobody bearing bacteria inhibit spike-RBD and ACE2 receptor interaction. Functional expression of nanobodies 
was confirmed with a fluorescence-based assay (a-d). Spike-RBD-ACE2 receptor inhibition assay was performed using engineered 
bacteria. An indirect ELISA (e) standard plot to confirm the assay using engineered bacteria (f). Percent spike-RBD-ACE2 receptor 
binding inhibition assay using Ty1 nanobody-pInt-Ty1 (g), pLpp-OmpA-Ty1 (h), VHH72 nanobody- pInt-VHH72 (i), and pLpp-OmpA- 
VHH72 nanobody (j) compared to WT-EcN. Images were acquired using fluorescent microscope (Leica Microsystems) and analyzed 
with ImageJ’s Fiji software. Absorbance was measured at 450nm using WT-EcN as a control. Graphs were plotted using GraphPad 
prism 8.0.v, significance was determined using paired t2-test, level of significance was set as “*”p < 0.05; “**”p < 0.01; “***”p < 0.001, 
ns- not significant, (WT-EcN- wild-type E. coli nissle 1917).
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using a pseudovirus-ACE2 neutralization assay 
with serum samples. Our results demonstrated 
a notable inhibition of binding, showing approxi
mately 40% inhibition post the initial dose. This 
inhibition slightly decreased to 38% after 
the second dose but then peaked at 75% following 
the third dose, before stabilizing at around 60% 
after the fourth dose (Figure 4(c)). These outcomes 
indicate that the therapeutic response progressively 
increases with repeated doses, but further studies 
are required to confirm long-term effects beyond 
the initial dosing period. The smaller size of 

nanobodies, compared to conventional antibodies, 
likely facilitates their passage through the gut- 
blood barrier, allowing for their detection in the 
bloodstream.32,33 This suggests a promising avenue 
for the delivery of therapeutic agents via orally 
administered bacteria.

Comparison of EcN-Ty1 with monoclonal antibodies

Next, we compared the efficacy of Ty1 nanobody- 
expressing EcN (EcN-Ty1) administered orally to 
the standard of care, anti-spike monoclonal 

Figure 4. Detection of nanobodies and pseudovirus neutralization assay from serum of EcN-Ty1 treated mice. Western blot analysis 
(a-b) and pseudovirus neutralization assay (c) (luciferase) was performed using serum samples collected from the mice with EcN-Ty1 
and control bacteria (EcN). Plates were read for luciferase expression at OD450 using EnVision 2102 multilabel Reader (Perkin Elmer). 
Graphs were plotted using GraphPad prism 8.0.v, and significance was determined using paired t2-test, level of significance was set as 
“*”p < 0.05; “**”p < 0.01; “***”p < 0.001, ns- not significant.
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antibodies (mAb), administered intravenously (i. 
v.). After five days, we collected serum, intestinal 
fluid, and bronchoalveolar lavage (BAL) fluid sam
ples from the mice for pseudovirus neutralization 
assays. The results showed no significant difference 
in the inhibition of pseudovirus-ACE2 interaction 
between the serum of mice treated with mAb and 
those treated with EcN-Ty1 (Figure 5(a)), suggest
ing similar efficacy. However, the EcN-Ty1 treat
ment resulted in significantly higher inhibition in 
the intestinal fluid (~85%) (Figure 5(b)) and BAL 
samples (59.07%) (Figure 5(c)). Further analysis of 
IgG levels revealed no significant difference in 
serum (Figure 5(d)) and intestinal fluid 

(Figure 5(e)) IgG concentrations between the two 
treatments. However, significantly lower IgG levels 
were observed in the BAL of the EcN-Ty1 group 
compared to the mAb group (Figure 5(f)). The IgG 
values were above baseline IgG levels in naïve mice 
(Supplementary Figure S6, Supplementary 
Table 4). These findings suggest that while both 
treatments are similarly effective in serum, EcN- 
Ty1 provides superior efficacy, particularly in the 
lungs and intestines, as indicated by higher inhibi
tion of pseudovirus-ACE2 interaction. The signifi
cant inhibition of pseudovirus-ACE2 interaction in 
the intestines and lungs (BAL) of the EcN-Ty1 
group, despite lower IgG levels in BAL, suggests 

Figure 5. Pseudovirus neutralization assay using EcN-Ty1 and mAbs recovered from the serum, intestine and BAL with corresponding 
IgG levels. pseudovirus neutralization assay (luciferase) was performed using serum (a), intestine (b) and BAL (c). The IgG concentra
tion quantified from serum (d), intestine (e) and BAL (f). Samples collected 5 days, after oral administration of Nb and i. 
V. administration of mAb, respectively. Neutralization assay plates were read for luciferase expression at OD450, and IgG ELISA was 
read at 340nm using varioskan lux multimode plate reader (thermo fisher scientific). Dotted blue lines represent standard IgG levels in 
a 20–25g, C57BL6 mice. Graphs were plotted using GraphPad prism 8.0.v, and significance was determined using paired t2-test, level 
of significance was set as “*” p < 0.05; “**” p < 0.01; “****” p < 0.0001, ns- not significant. Schematics were drawn using Biorender.
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a substantial contribution from nanobodies in neu
tralization. Nanobodies are smaller and can pene
trate tissues and barriers, such as the gut-blood and 
blood-brain barriers more easily, potentially reach
ing more effectively in mucosal surfaces. The pre
sence of active nanobodies at these sites may 
compensate for or even exceed the neutralization 
capacity typically attributed to IgG antibodies.

Surface anchored spike-glycoprotein nanobodies 
were detected on secreted outer membrane vesicles 
(OMVs)

To understand how nanobodies traverse the gut- 
blood and blood-brain barrier, we focused on the 
role of bacterial outer membrane vesicles (OMVs) in 
their transport. OMVs, particularly from Gram- 
negative bacteria, are increasingly recognized for 
their potential in delivering vaccines and therapeutic 
agents, offering advantages over live attenuated 
vaccines.22,34 OMVs are naturally produced through 
outer membrane blebbing and can distribute ther
apeutic agents within the intestinal lumen, reaching 
dendritic cells (DCs) and potentially entering the 
systemic circulation (Figure 6(a)).35–37 Our studies 
suggest that our engineered constructs are likely to 
release OMVs containing Ty1 and VHH72 nanobo
dies, tethered to Intimin and Lpp-OmpA. We iso
lated and quantified these OMVs using the 
bicinchoninic acid assay (BCA). The yields obtained 
were: WT-EcN OMVs (1.587±0.5mg/mL), pInt-Ty1 
(5.602±0.5 mg/mL), Int-VHH72 (4.219±0.5 mg/ 
mL), pLpp-OmpA-Ty1 (3.064±0.5mg/mL), and 
pLpp-OmpA-VHH72 (1.181±0.5 mg/mL). 
Transmission electron microscopy (TEM) analysis 
of these OMVs revealed their nanoscale size, ran
ging from approximately 75 to 400nm in diameter 
during OMV formation stage (Figure 6(c)) and 
separated OMVs (Figure 6(c)). We also analyzed 
their size distribution using dynamic light scattering 
(DLS) (Figure 6(d) and Supplementary Figure S7). 
The mean vesicle diameter for Intimin-anchored 
nanobodies was slightly larger (90±10 nm) than 
OMVs of WT-EcN (80±5.0nm) (Figure 6(e-f)). 
However, the mean vesicle diameter for Lpp- 
OmpA-anchored nanobodies was significantly 
smaller (60 ± 7.5nm) than OMVs carrying Intimin- 
anchored nanobodies and WT-EcN (Figure 6(g-h)). 
All exhibited a relatively uniform size distribution 

(0.2–0.3) as indicated by their polydispersity index 
(PDI) values.38 Further, we confirmed the presence 
of surface-anchored nanobodies on these OMVs. 
SDS-PAGE and Western immunoanalysis with an 
HRP-conjugated anti-flag tag antibody showed dis
tinct bands at ~89.4kDa and 90.5kDa, corresponding 
to pInt-Ty1 and pInt-VHH72 nanobodies, respec
tively, and similarly for pLpp-OmpA-Ty1 and pLpp- 
OmpA-VHH72, by bands at ~32.6kDa and 33.8kDa, 
respectively, contrasting with the absence of such 
bands in OMVs from WT-EcN (Figure 6(i-j)). This 
evidence supports the conclusion that engineered 
EcN can effectively display nanobodies on OMVs 
for potential systemic delivery.

OMVs bearing anti-spike nanobodies inhibit 
pseudovirus and ACE2 interaction

We aimed to assess if nanobodies on OMVs could 
block the interaction between pseudoviruses and 
ACE2 receptors. We used OMVs derived from 
both control EcN and EcN expressing anti-Spike 
nanobodies, Ty1 and VHH72, in a pseudovirus- 
ACE2 neutralization assay. The assay was per
formed with three different OMV concentrations: 
22µg/mL, 3µg/mL, and 0.3µg/mL. At the highest 
concentration (22µg/mL), OMVs with the Intimin- 
Ty1 nanobody showed the most significant inhibi
tion of the pseudovirus-ACE2 receptor interaction, 
approximately 30–32%. This was notably higher 
than the inhibition observed with Lpp-OmpA-Ty1 
OMVs, which was around 15–18% (Figure 7(a)). At 
a lower concentration of 3µg/mL, pInt-Ty1 OMVs 
again demonstrated superior inhibition, in the 
range of 31–34%, compared to Lpp-OmpA-Ty1 
OMVs (15–18%) (Figure 7(b)). However, at the 
lowest concentration tested (0.3µg/mL), only the 
pInt-Ty1 OMVs showed a modest inhibition effect 
of 3–4%, with Lpp-OmpA-Ty1 OMVs showing no 
significant inhibition (Figure 7(c)). For the VHH72 
nanobody constructs, pInt-VHH72 OMVs exhib
ited greater pseudovirus-ACE2 receptor inhibition 
than pLpp-OmpA-VHH72 OMVs at 22µg/mL (15
–16% vs. 10–11%) (Figure 7(d)). This difference was 
more pronounced at 3µg/mL, with pInt-VHH72 
achieving 30–35% inhibition compared to only 
10% for pLpp-OmpA-VHH72 (Figure 7(e)). At the 
lowest concentration of 0.3µg/mL, neither pInt- 
VHH72 nor pLpp-OmpA-VHH72 OMVs showed 
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Figure 6. Nanobody expression on OMVs. Schematic of OMV formation in E. coli nissle 1917 (a). OMVs were analyzed via transmission electron 
microscopy (TEM) showing OMV formation and (b) separated OMVs (c) and dynamic light scattering (DLS), (d) using Zetasizer (Malvern). OMV 
size comparison of OMVs collected from pInt-Ty1 (e), pInt-VHH72 (f), pLpp-OmpA-Ty1 (g), and pLpp-OmpA-VHH72 (h) with OMVs collected 
from WT-EcN. Confirmation of nanobodies on OMVs was performed with SDS-PAGE and Western blot analysis using anti-flag tag antibody 
(Invitrogen). OMVs collected from pInt-Ty1 and pInt-VHH72 (i). Lane 1 was loaded with ladder followed by lane 2–6 with WT-EcN OMVs, 7–8 
with pInt-Ty1 and 9–10 with pInt-VHH72. Lpp-OmpA attached nanobodies were also run on SDS-PAGE gels (j) and loaded as- lane 1 with 
ladder, lanes 2–4 with pLpp-OmpA-Ty1, followed by lane 5–7 with pLpp-OmpA VHH72 and lane 8–10 with WT-EcN-OMVs. We used protein 
ladder (EZ-Run™ pre-stained rec protein ladder). Blots were developed using the ChemiDoc™ imaging system (BioRad), while graphs were 
plotted using graph pad prism 8.0.v, significance was determined using paired t2-test, level of significance was set as “*”p < 0.05; “**”p < 0.01; 
“***”p < 0.001, ns- not significant. Schematics were drawn using Biorender.
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significant inhibition (Figure 7(f)). These results 
indicate that Intimin is a more effective anchor for 
nanobodies on OMVs in terms of facilitating the 
neutralization of pseudovirus interaction with the 
ACE2 receptor, compared to Lpp-OmpA-based 
anchors. Moreover, the Ty1 nanobody constructs 
were effective in inhibiting the pseudovirus-ACE2 
interaction even at the lowest concentration tested, 
whereas the VHH72 nanobody constructs showed 
significantly reduced effectiveness below 3µg/mL.

Translocation of nanobodies to distal organs via 
OMV-mediated transport

We hypothesized that nanobodies expressed on 
OMVs might be capable of reaching organs beyond 
the gut, particularly the lungs and brain, which are 
known targets of SARS-CoV-2 infection.39 To 
investigate this, we orally administered pInt-Ty1- 

expressing bacteria to one group of mice and con
trol bacteria to another, daily for four days. 
Subsequent immunofluorescence analysis of the 
harvested lungs and brains, using anti-flag tag anti
bodies, was conducted to detect the presence of 
nanobodies Our findings revealed a distinct fluor
escence signal in the lungs of mice treated with 
pInt-Ty1-expressing bacteria (Figure 8(a)), con
trasting with the absence of such signals in the 
lungs of control mice (Figure 8(b)). This difference 
was statistically significant (Figure 8(c)). More 
intriguingly, the brains of mice treated with pInt- 
Ty1-expressing bacteria also showed the presence 
of nanobodies (Figure 8(d)), whereas the brains of 
control mice did not (Figure 8(e)), again with 
a notable difference between the two groups 
(Figure 8(f)). These observations suggest that 
OMVs may play a crucial role in transporting 
nanobodies from bacteria across the gut-blood 

Figure 7. Anti-SARS-CoV-2 nanobody bearing OMVs inhibit pseudoviruses expressing spike protein from binding with ACE2 receptor. 
Different concentrations of OMVs collected from pInt-Ty1 and lpp-OmpA-Ty1 (a, b, c), and pInt-VHH72 and lpp-OmpA-VHH72 (d, e, f) 
along with OMVs of control WT-EcN were used in COVID-19 pseudovirus neutralizing antibody assay (luciferase) (Abnova). Plates were 
read for luciferase expression using EnVision 2102 multilabel Reader (Perkin Elmer) and graphs were plotted using GraphPad prism 
8.0v, significance was determined using paired t2-test, level of significance was set as “*”p < 0.05; “**”p < 0.01; “***”p < 0.001, ns- not 
significant.
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barrier into the systemic circulation, and then 
further across the blood-lung and blood-brain bar
riers into the lungs and brain, respectively. This 
implies a promising potential for OMVs in deliver
ing nanobody-based therapeutics to distal organs 
affected by SARS-CoV-2.

Surface expression of spike protein on EcN

In our second approach, we focused on creating 
active immunity by engineering EcN to express 
the SARS-CoV-2 spike protein on its surface. We 
utilized Intimin to anchor the spike protein onto 

the bacterial surface (Figure 9(a) and 
Supplementary Figure S8).26 The successful 
expression of the intimin-spike fusion protein 
was confirmed through SDS-PAGE Western 
blot analysis, which revealed a distinct  
~106.4kDa band matching the expected size of 
Intimin-spike. In contrast, no bands were 
detected in EcN cells carrying the pSF-empty 
plasmid, affirming the specific expression of the 
spike protein on EcN (Figure 9(b)). We then 
assessed if EcN cells expressing the spike protein 
would interact with those bearing nanobodies. 
This was hypothesized to potentially lead to 

Figure 8. OMVs were detected in brain and lungs of immunized animals. Ty1 bearing and control bacteria were orally administered in 
two different groups of mice and their organs were harvested. Organs were subjected to OCT-embedded immunohistochemistry, 
stained with anti-flag tag antibody and images were taken using Confocal microscopy. Lungs harvested from Ty1 (a) and control 
bacteria (b). Images were quantified using ImageJ Fiji (c). Brains harvested from Ty1 (d) and control bacteria (e) were quantified using 
ImageJ Fiji and plotted using graph pad prism 8.0v. Significance was determined using paired t2-test, level of significance was set as 
“*”p < 0.05; “**”p < 0.01; “***”p < 0.001, ns- not significant.
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bacterial aggregation and precipitation 
(Supplementary Figure S9, a).40,41 Indeed, when 
nanobody-bearing EcN was incubated with spike- 
bearing EcN, significant bacterial aggregation 
occurred, evidenced by a marked reduction in 
optical cell density (OD600).40 Notably, EcN 
expressing pInt-Ty1, Lpp-OmpA-Ty1, and pInt- 
VHH72 nanobodies showed considerable aggrega
tion with spike-bearing EcN, in descending order 
of effectiveness: pInt-Ty1, Lpp-OmpA-Ty1, and 
then pInt-VHH72 (Figure S9, b-e). However, 
EcN with Lpp-OmpA-VHH72 nanobodies did 
not demonstrate a notable difference in aggrega
tion compared to the wild-type EcN 
(Supplementary Figure S9, e). These findings 
confirm not only the successful surface expres
sion of functional spike protein on EcN but also 
its ability to bind to corresponding nanobodies. 
Furthermore, the results underscore the super
iority of Intimin over Lpp-OmpA as an anchor
ing protein for the expression of both 
nanobodies and spike proteins on the bacterial 
surface.

Oral administration of EcN-spike in mice induces an 
anti-spike immune response

We investigated whether oral administration of 
EcN-spike would induce an immune response and 
generate anti-spike antibodies. We first examined 
bacterial residence time in the mouse gut using 
qPCR analysis of fecal samples (n = 4). We found 
that EcN has a typical residence time of ~10–12  
days in the gut after a single oral administration 
and about at least another 30 days after second dose 
on day 25, with the 1/Ct peaking around the 30th 

day (Figure 10(a)). This indicates the capability of 
EcN-spike in delivering recombinant spike protein 
for a prolonged period when administered orally. 
To further confirm gut colonization, we used EcN- 
spike and wild-type (WT) EcN expressing 
a luciferase reporter, enabling us to visualize the 
bacteria in the gut through bioluminescence ima
ging (BLI) over four weeks (Supplementary Figure 
S10). We tested three oral administration regimens 
of EcN-spike in mice to evaluate antibody 
response: a single dose, two doses bi-weekly, and 

Figure 9. Confirmation of expression of spike protein with SDS-PAGE analysis. Schematic design of spike protein surface displayed 
using Intimin anchor (a). Confirmation of the spike-RBD expression with SDS-PAGE Western blot analysis, showing ~106.4kDa bands in 
pSF-Intimin-spike loaded wells and absence of any bands in pSF-empty-EcN loaded wells. Blots were developed using anti-flag tag 
antibody, and the ChemiDoc™ imaging system (BioRad). Schematics were drawn using Biorender.
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four weekly doses. The continuous four-week dose 
regimen in naive C57BL6/J mice showed a steady 
increase in antibody levels, rising from approxi
mately 0.25µg/mL after the first dose to 1.25µg/ 
mL after the fourth dose (Figure 10(b)). For the 

single dose regimen, serum analysis indicated anti- 
spike antibody titers of about 0.2µg/mL after the 
first week, peaking at roughly 0.8µg/mL in 
the second week before gradually decreasing 
(Figure 10,(c)). The bi-weekly two-dose regimen 

Figure 10. EcN-spike induces host immune response and inhibits pseudoviruses expressing spike from interacting with ACE2 receptor. 
Bacterial residence time was calculated using qPCR (a), mouse anti-SARS-CoV-2 antibody IgG titer serologic assay was performed using 
serum samples collected from the mice orally administered with EcN-spike with four doses one week apart (b), one dose was given 
and blood was collected for 4 weeks, one week apart(c) and two doses biweekly and blood was drawn each week for 4 weeks 
(supplemental data: Fig S10) (d). Y-axes represent anti-spike antibody concentration generated in response to spike protein expressing 
bacteria in the mouse gut. Mice orally administered with 4 doses of bacteria one week apart for 4 weeks was used for serum 
collections and used in COVID-19 pseudovirus neutralizing antibody assay (luciferase) (e). Plates were read for luciferase expression at 
OD450 using EnVision 2102 multilabel Reader (Perkin Elmer) and graphs were plotted using GraphPad prism 8.0.v, significance was 
determined using one way ANOVA for multiple comparison. IHC analysis on mouse intestines (f), quantified with ImageJ analysis (g). 
Level of significance was set as “*”p < 0.05; “**”p < 0.01; “***”p < 0.001, ns- not significant. Schematics were drawn using Biorender.
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resulted in a gradual increase in antibody titers, 
reaching a peak at week three (~1.25µg/mL) and 
then diminishing (Figure 10(d)). Further, we 
assessed if the antibodies generated could inhibit 
the interaction between COVID pseudoviruses and 
the ACE2 receptor. Serum samples from mice 
given EcN-spike and control EcN were tested in 
a Pseudovirus neutralization assay (Supplementary 
Figure S11). We noted a significant correlation 
between antibody titers and the percentage of pseu
dovirus neutralization, with neutralization increas
ing with each additional dose of spike-expressing 
EcN. Serum from the first week showed around 
10% neutralization, increasing to about 45% after 
the second dose, 55% after the third, and peaking at 
around 80% after the fourth dose (Figure 10(e)). 
Schematics of animal immunizations and serum 
collection timepoints are shown in Supplementary 
Figure S12. While BLI and qPCR analyses indicated 
a decrease in gut bacterial population over time, we 
conducted immunohistochemistry (IHC) analysis 
for spike protein after four weeks of the two-dose 
regimen to verify if EcN-spike persisted in the gut. 
We found three times higher spike protein levels in 
mice treated with EcN-spike compared to those 
with EcN alone (Figure 10,(f-g)), suggesting signif
icant ongoing presence and stable expression of 
spike protein by the engineered bacteria in the gut.

Comparison of EcN-spike with mRNA vaccine

Next, we compared the efficacy of EcN-Spike to 
the standard mRNA vaccine (Moderna COVID- 
19 vaccine Spikevax™) in eliciting an immune 
response in mice. EcN-Spike was administered 
orally, while the mRNA vaccine was given intra
muscularly. Five days post-administration, we 
collected serum, intestinal fluid, and bronchoal
veolar lavage (BAL) fluid samples for 
a pseudovirus neutralization assay. The results 
showed that mice vaccinated with the mRNA 
vaccine had significantly greater inhibition of 
pseudovirus-ACE2 interaction compared to 
those receiving EcN-Spike. Specifically, the vac
cinated mice exhibited a ~3.45-fold increase in 
serum inhibition (Figure 11(a) and a ~2.6-fold 
increase in intestinal fluid inhibition 
(Figure 11(b)., and Supplementary Figure S13). 

However, there was no significant difference in 
inhibition between the two groups in the BAL 
of vaccinated mice (Figure 11(c)). Further ana
lysis of IgG levels revealed the vaccinated group 
displayed significantly higher IgG levels in the 
serum (Figure 11(d)), suggesting a positive cor
relation between pseudovirus inhibition and IgG 
levels. However, the IgG levels in the intestine 
were significantly higher in the EcN-spike group 
compared to vaccine group (Figure 11(e)), but 
not significantly different in the BAL 
(Figure 11(f)). For reference, the standard IgG 
levels are marked in the graphs (Figure 11,(d-f)) 
and detailed in the Supplementary Table 5. 
These findings suggest that while the mRNA 
vaccine effectively induced a stronger systemic 
immune response, EcN-spike may promote 
a strong localized immune response in the gut 
and lungs. The differential IgG levels and neu
tralization efficacy across different compart
ments suggest distinct immune response 
profiles between the EcN-Spike and mRNA vac
cine treatments.

EcN-spike induces mucosal immunity

Previous studies have indicated that the SARS-CoV 
-2 virus initially enters the body through the mouth 
mucosa, triggering a robust immune response 
marked by the activation of various immune cells 
and molecules, including IgA.42 This response then 
spreads throughout the mucosal system. In light of 
this, our objective was to determine if oral admin
istration of EcN expressing the Spike protein could 
stimulate mucosal immunity in mice. To investi
gate this, we administered EcN-Spike and control- 
Empty-pSF-EcN bacteria orally to mice for four 
weeks. Post-administration, we analyzed serum 
and intestinal samples from the animals. Our find
ings showed a notable increase in IgA levels in the 
serum of mice treated with the Spike protein- 
expressing bacteria compared to those given the 
control bacteria (Figure 12). This result is signifi
cant, as IgA is known to play a crucial role in 
defending against various pathogens. It achieves 
this through mechanisms such as neutralization, 
prevention of pathogen adherence, and 
agglutination.42 Given that IgA has been reported 
to remain effective for at least three months, our 
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findings suggest that it could offer substantial pro
tection against SARS-CoV-2 infection.

In addition to serum analysis, we also analyzed 
the intestines from the test animals. Through 
immunohistochemistry (IHC) analysis, we aimed 
to detect the presence and levels of lymphoid 
T cells and myeloid cells. Our results revealed 
a significant increase in CD4+ and CD8+ T-cells, 

as well as activated monocytes (CD11b), in the 
mice that received oral administration of EcN- 
Spike, in comparison to those that were given the 
empty-CJ23-EcN control. These findings are 
visually represented in Figure 13,(a-f). 
Furthermore, we noted a substantial rise in the 
levels of the pro-inflammatory cytokine IL1β in 
the intestines of mice that were administered the 

Figure 11. Comparison of pseudovirus neutralization inhibition with EcN-spike and mRNA vaccinated animals using serum, intestine 
and BAL with corresponding IgG levels. Pseudovirus neutralization assay (luciferase) was performed using serum (a), intestine (b) and 
BAL (b). IgG concentration quantified using ELISA in serum (d), intestine (e) and BAL (F). Samples collected 5 days after oral 
administration of EcN-spike and i.M. administration of mRNA vaccine, respectively. Neutralization assay plates were read for luciferase 
expression at OD450 and IgG ELISA at 340 nm using varioskan lux multimode plate reader (thermo fisher scientific). Dotted blue lines 
represent standard IgG levels in a 20–25 g, C57BL6 mice. Graphs were plotted using GraphPad prism 8.0.v, and significance was 
determined using paired t2-test, level of significance was set as “*”p < 0.05; “**”p < 0.01; ns- not significant. Schematics were drawn 
using Biorender.
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Spike-expressing bacteria. This was in stark con
trast to the levels observed in mice given the con
trol bacteria, as shown in Figure 13(g-h). These 
outcomes indicate that EcN-Spike effectively 
enhances mucosal immunity within the gut. It 
achieves this by not only activating T cells and 
monocytes but also by stimulating the release of 
pro-inflammatory cytokines.

Comparison of EcN-spike with mRNA vaccine and 
EcN-Ty1 nanobody with monoclonal antibody 
treatment

To evaluate the effectiveness of our constructs 
compared to standard-of-care treatments, we con
ducted a study with four groups of animals: one 
group received oral administration of EcN-Spike, 
another received intramuscular administration of 
the mRNA vaccine, a third received oral adminis
tration of EcN-Ty1 nanobody, and the last group 
received intravenous administration of monoclonal 
antibodies (mAb). Five days after administration, 
samples were collected from serum, intestine, 
bronchoalveolar lavage (BAL) fluid, and feces for 
IgA analysis using ELISA. The results showed that 

serum IgA levels were significantly higher in the 
EcN-Spike group compared to the mRNA vaccine 
group (Figure 14(a)). However, no significant dif
ferences in IgA levels were observed in the intes
tine, BAL fluid, or feces between these groups 
(Figure 14(b-d)). Similarly, no significant differ
ences in IgA levels were detected between the EcN- 
Ty1 and mAb groups across all tested compart
ments: serum, intestine, BAL fluid, and feces 
(Figure 14(e-h)). IgA levels in both treatment 
groups (EcN-Spike and EcN-Ty1) were higher 
than in naïve mice (Supplementary Figure S14, 
Supplementary Table 5). The significantly elevated 
serum IgA levels observed in the EcN-Spike group 
compared to the mRNA vaccine group suggest that 
oral administration of EcN-Spike may more effec
tively stimulate systemic IgA production. This 
enhanced systemic IgA response could be attribu
ted to the interaction between the engineered pro
biotic and gut-associated lymphoid tissue (GALT), 
which plays a central role in mucosal immune 
activation. The ability of EcN-Spike to interact 
with GALT likely facilitates IgA secretion into the 
bloodstream, offering potential systemic protec
tion. Interestingly, the absence of significant differ
ences in IgA levels across the intestine, BAL fluid, 
and feces among the groups suggests that mucosal 
IgA production was uniformly distributed regard
less of the treatment type. The lack of differences 
between the EcN-Ty1 and mAb groups across all 
tested compartments indicates that both the nano
body-based and monoclonal antibody treatments 
achieve similar systemic and mucosal immune 
responses in this short-term evaluation.

Longitudinal evaluation of systemic and mucosal IgA 
responses induced by EcN-spike and mRNA vaccine
To evaluate the longitudinal systemic and mucosal 
immunogenicity of EcN-Spike, as an oral vaccine, 
we measured IgA concentrations in serum, intest
inal fluid, BALF, and feces over a four-month per
iod (Supplementary Figure S15). These responses 
were compared to those induced by the intramus
cularly administered Moderna mRNA vaccine.

In the first month (4 weeks), EcN-Spike-treated 
mice exhibited higher serum IgA levels (mean 
1280.9±111.4ng/µL) compared to the vaccine 
group (mean 705.6±243.1ng/µL), suggesting 
a robust early IgA response induced by EcN-Spike 

Figure 12. ELISA for IgA. Serum samples from mice orally admi
nistered with spike expressing and control bacteria (empty-pSF) 
were analyzed using an indirect ELISA (RayBiotech). Absorbance 
was read at 450 nm using varioskan lux (thermo fisher) plate 
reader and plotted using graph pad prism 8.0.V, significance was 
determined using paired t2-test, level of significance was set as 
“*” p < 0.05; “**” p < 0.01; “***” p < 0.001, ns- not significant.
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Figure 13. Immunohistochemical analysis of mouse intestines. Intestines harvested from the gut of mice orally administered with 
spike expressing and control bacteria were analyzed with IHC for CD4+ (a-b), CD8+ (c-d), CD11b (e-f), and IL1β (g-h) markers. Images 
were analyzed with ImageJ and plotted using graph pad prism 8.0.V, significance was determined using paired t2-test, level of 
significance was set as “*”p < 0.05; “**”p < 0.01; “***”p < 0.001, ns- not significant. Schematics were drawn using Biorender.
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(Figure 15(a)). By the second month (8 weeks), 
serum IgA levels in the EcN-Spike group remained 
consistently high (mean 1768.3±248.4ng/µL) and 
comparable to the vaccine group (mean 1920.0 
±617.8ng/µL), indicating sustained systemic 
immunity. At three months (12 weeks), EcN- 
Spike-treated mice showed stable IgA levels 
(mean 1928.7±567.0ng/µL), while the vaccine 
group exhibited higher variability (mean 1810.6 
±733.6ng/µL). By the fourth month (16 weeks), 
serum IgA levels in the vaccine group surged 
(mean 7626.8±2330.3ng/µL), surpassing the EcN- 
Spike group (mean 5914.4±2482.7ng/µL). This late 
spike in the vaccine group likely reflects delayed 
systemic immune activation compared to the con
sistent response observed with EcN-Spike.

In the BALF, EcN-Spike-treated mice showed 
higher IgA levels in the first month (mean 510.4 
±60.7ng/µL) compared to the vaccine group 
(mean 458.5±42.3ng/µL) (Figure 15(b)). By 
the second month, IgA levels in EcN-Spike- 
treated mice increased significantly (mean 
1087.5±329.2ng/µL), surpassing the vaccine 
group (mean 587.8±136.6ng/µL). At three 
months, EcN-Spike-treated mice maintained 
high IgA levels (mean 984.3±774.3ng/µL), though 
the vaccine group demonstrated a delayed peak 
(mean 1444.6±1032.1ng/µL). At four months, 
both groups exhibited strong mucosal immunity, 
with the vaccine group (mean 2765.3±644.6ng/ 
µL) slightly outperforming EcN-Spike (mean 
2324.3±643.0ng/µL).

Figure 14. IgA levels in serum, intestine, BAL and faeces. Mice administered with EcN-spike, EcN Ty1 Nb, mRNA vaccine or mAb were 
analyzed for IgA. The comparative IgA levels in serum (a), intestine (b), BAL (c), faeces (d) of EcN-spike and vaccine groups. The 
comparative IgA levels in serum (e), intestine (f), BAL (g), faeces (h) of EcN-Ty1 and mAb groups. Graphs are plotted using GraphPad 
prism 8.0.v, and significance was determined using paired t2-test or one-way ANOVA for multiple comparison, level of significance was 
set as “*”p < 0.05; ns- not significant.
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EcN-Spike-treated mice demonstrated signifi
cantly higher intestinal IgA levels at one month 
(mean 43.8±19.4ng/µL) compared to the vaccine 
group (mean 2.5±1.3ng/µL) (Figure 15(c)). This 
highlights EcN-Spike’s ability to rapidly stimulate 
GI mucosal immunity. Over subsequent months, 
the EcN-Spike group maintained elevated IgA 
levels, peaking at 181.1±77.2ng/µL at three months, 
while the vaccine group showed a delayed 
response, with increasing levels and variability.

In feces, EcN-Spike elicited a strong IgA 
response in the first month (mean 151.7±85.2ng/ 
µL) compared to the vaccine group (mean 2.5 

±1.3ng/µL), highlighting its rapid activation of 
local immunity at the site of antigen delivery 
(Figure 15(d)). Over the four months, both groups 
showed comparable levels of fecal IgA, with EcN- 
Spike stabilizing at 159.5±23.7ng/µL and the vac
cine group reaching 198.5±38.8ng/µL by the final 
month. This convergence suggests that both plat
forms eventually achieve similar mucosal 
immunity.

The longitudinal assessment revealed distinct 
dynamics between EcN-Spike and the Moderna 
mRNA vaccine in eliciting systemic and mucosal 
immunity. EcN-Spike induced a rapid systemic and 

Figure 15. Longitudinal IgA responses across systemic and mucosal compartments.
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mucosal IgA response, with early and sustained 
elevations across compartments, likely reflecting 
its interaction with gut-associated lymphoid tissue 
(GALT). This rapid response could be advanta
geous in providing early protection against muco
sal pathogens.

In addition, we monitored the weight and tem
perature of these mice throughout the duration of 
experiment and we did not observe any adverse 
effects (Supplementary Figure S16).

Serum IgA responses highlight systemic 
immunity (a), BALF IgA concentrations demon
strate respiratory mucosal immune responses 
(b), Intestinal IgA levels reflect local gut muco
sal immunity (c), Fecal IgA levels provide 
a measure of mucosal immunity in the gastro
intestinal tract (d). Data are represented as mean 
±standard deviation (n = 4 per group) at each 
point. Statistical comparisons were conducted 
using two-way ANOVA for treatment groups 
(EcN-spike or Vaccine) with pairwise Tukey’s 
post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001 
compared to EcN-Spike group. Statistical analy
sis was performed using Graph Pad Prism 8.0.v.

Immune cell profiling of splenocyte subsets following 
oral and intramuscular immunization
To evaluate the immune responses elicited by dif
ferent immunization strategies, splenocytes from 
mice administered with EcN-Spike or the mRNA 
vaccine were analyzed using flow cytometry. 
Cellular populations were characterized for mar
kers CD3 (T cells), CD4 (Helper T cells), CD8a 
(Cytotoxic T cells), CD11c (Dendritic cells), 
CD56 (Natural Killer cells), and CD68 
(Macrophages) at three months post- 
immunization. EcN-Spike-treated mice showed 
variable but generally elevated percentages of 
CD3+ cells (T cells) ranging from 19.88% to 
46.27%, compared to the vaccine group’s range of 
22.14% to 84.30%, which exhibited a decreasing 
trend (Figure 16(a)). CD4+ cell percentages were 
consistent across groups, with EcN-Spike (15.16–
20.89%) closely matching vaccine-treated mice (
16.62–22.21%) (Figure 16(b)). EcN-Spike elicited 
robust CD8a+ cell (Cytotoxic T cell) responses (
15.90–23.31%), comparable to the vaccine group 
(13.80–30.83%) (Figure 16(c)). Macrophage activa
tion, as indicated by CD68+ cell percentages, was 

similar between EcN-Spike (15.90–25.65%) and the 
vaccine group (19.64–43.91%) (Figure 16(d)). EcN- 
Spike also induced consistently higher percentages 
of CD56+ cells (Natural Killer cells) (9.09–13.09%) 
compared to the vaccine group (4.73–20.24%), 
which showed substantial variability 
(Figure 16(e)). Finally, EcN-Spike-treated mice 
exhibited higher CD11c+ (Dendritic cell) percen
tages (6.78–30.07%) compared to the vaccine group 
(10.85–29.54%), suggesting stronger antigen- 
presenting cell activation (Figure 16(f)). These 
results suggest that EcN-Spike stimulated robust 
responses in adaptive immune populations, includ
ing T cells (CD3+), Helper T cells (CD4+), 
Cytotoxic T cells (CD8a+), and antigen-presenting 
cells (CD11c+). This suggests that EcN-Spike effec
tively activates both adaptive and antigen- 
presenting cell populations. Moreover, EcN-Spike 
consistently elicited higher levels of Natural Killer 
cells (CD56+), indicative of enhanced innate 
immunity. These results highlight EcN-Spike’s 
ability to elicit a balanced immune response, com
bining adaptive and innate components.

Flow cytometry analysis show the percentages of 
the following cell populations in third month: 
CD3+ T cells (a.), CD4+ Helper T cells (b.), 
CD8a+ Cytotoxic T cells (c.), CD68+ Macrophages 
(d), CD56+ Natural Killer cells (e), CD11c+ 

Dendritic cells (f.). The data are presented as 
mean±SEM for each group (n=4). Statistical com
parisons between groups were performed using 
two-way ANOVA with Tukey’s post hoc test (*p  
< 0.05, **p < 0.01, ***p < 0.001).

Evaluation of cellular immune responses following 
introduction of the bacterial delivery vehicle
Next, we evaluated the CD8+ and CD4+ profiles 
in serum, intestine, BAL and feces. In evaluating 
the CD8+ T cell levels, we observed that the 
EcN-Spike group displayed significantly higher 
levels of CD8+ T cells in serum compared to the 
EcN-Ty1, mAb and mRNA vaccine groups 
(Figure 17(a-d); Supplementary Figure S17, 
Supplementary Table 6). This marked increase 
in CD8+ T cell levels in the EcN-Spike group 
indicates a strong cellular immune response, 
likely driven by the efficient antigen presenta
tion of the spike protein by the engineered 
bacteria on the cell surface. CD4+ T cell analysis 
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revealed a significantly lower level of CD4+ 

T cell levels in the serum of animals treated 
with EcN-Ty1 compared to mAb (Figure 17 
(e)). However, no significant differences in 
CD4+ T cell levels were detected in the intest
inal fluid (Figure 17(f)), BAL fluid 
(Figure 17(g)), or feces (Figure 17(h)) of these 
groups. Likewise, EcN-Spike and the mRNA 
vaccine treated groups showed no significant 
differences in CD4+ T cell levels across the 
serum (Figure 17(i)), intestinal fluid (Figure 17 
(j)), BAL fluid (Figure 17(k)), or feces 
(Figure 17(I)). The consistent CD4+ levels across 

these groups suggest that the immune response 
remains balanced, and that the introduction of 
the bacterial vehicle does not adversely affect 
the host immune system, indicating a healthy 
immune profile (Supplementary Figure 
S18, S19).

Bacterial toxicity and persistence

Cytokines and chemokines are key extracellular sig
naling molecules that mediate cell-cell communica
tion, playing critical roles in cellular growth, 
differentiation, gene expression, migration, 

Figure 16. Analysis of splenocyte subsets in mice following oral and intramuscular immunization.
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immunity, and inflammation. The results indicated 
that EcN-Spike and the vaccine elicited similar cyto
kine profiles, including c5/c5a, M-CSF, ICAM-1, and 
SDF-1, with notable differences such as higher 
ICAM-1 levels in EcN-Spike treated mice, suggesting 
heightened T-cell activation (Figure 18, a). In the 
intestine, the vaccine group showed elevated IL-1α 
levels compared to EcN-Spike (Figure 18(b)), which 

is crucial for initiating inflammatory responses. 
Similar cytokine trends were observed in BAL sam
ples, except for the detection of SDF-1 in the feces of 
vaccinated animals (Figure 18, c-d), suggesting loca
lized recruitment of immune cells. Comparing EcN- 
Ty1 and mAb groups, we found elevated serum 
ICAM-1 levels in the EcN-Ty1 group (Figure 18(e)), 
indicative of T-cell activation (Supplementary Figure 

Figure 17. CD8+ and CD4+ levels in serum, intestine, BAL and faeces. The CD8+ concentrations found with ELISA in serum, intestine, 
BAL and faeces of EcN-spike (a), vaccine (b), EcN Ty1 Nb, and mAB (d) given animals. Mice administered with EcN-Ty1 Nb, mAb, or EcN- 
spike and mRNA vaccine were also analyzed for CD4+ levels with ELISA. Comparative CD4+ levels in serum (e), intestine (f), BAL (g), 
faeces (h) for EcN Ty1 Nb vs mAb groups. Comparative CD4+ levels in serum (i), intestine (j), BAL (k), faeces (l) of EcN-spike vs vaccine 
groups. Graphs are plotted using GraphPad prism 8.0.v, and significance was determined using paired t2-test or one-way ANOVA for 
multiple comparison, level of significance was set as “*”p < 0.05; “**”p < 0.01; “***”p < 0.001, ns- not significant.
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S20, Supplementary Table 7). In the intestines, no 
significant cytokine or chemokine differences were 
observed (Figure 18(f)). However, BAL samples from 
EcN-Ty1-treated mice showed higher levels of 
ICAM-1, IL-16, IL-1ra, MIG, and SDF-1 compared 
to mAb-treated mice (Figure 18(g)), indicating 
enhanced immune activation and modulation. IL- 
1ra is an anti-inflammatory cytokine, while MIG 
recruits activated T cells. Elevation of SDF-1 suggests 

enhanced immune cell recruitment and retention. 
Elevated SDF-1 was also detected in the feces of EcN- 
Ty1-treated animals (Figure 18(h)). These findings 
further suggest that the bacterial host, whether expres
sing spike protein or nanobodies, does not induce 
significant inflammatory or toxic effects in the host 
organism, as inferred from similar expression profiles 
and the absence of overtly inflammatory cytokines 
(Supplementary Figure S20, Supplementary Table 7).

Figure 18. Cytokine profiling in mice administered with live bacteria, vaccine or mAb. EcN-spike was compared to mRNA vaccine for 
relative changes in cytokines and chemokines in serum (a), intestine (b), BAL (c), and faeces (d). EcN-Ty1 Nb were compared with mAb 
and similarly compared for cytokines and chemokines in serum (e), intestine (f), BAL (g) and faeces (h). For bacterial persistence faeces 
were collected after 5 days of administration and cfu/mL was calculated using serial plate dilutions (i). Densitometry performed with 
LiCOR-image studio and values were plotted using GraphPad prism 8.0.v, and significance was determined using paired t2-test or one- 
way ANOVA for multiple comparison, level of significance was set as “*”p < 0.05; “**”p < 0.01; ns- not significant.
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Further investigation into bacterial recovery 
from feces revealed that approximately 5.0 ×  
109CFU/mL of EcN-Spike and 6.0 × 103CFU/mL 
of EcN-Ty1 were recovered, starting from an initial 
dose of 1×107 bacteria administered via oral gavage 
(Figure 18(i) Supplementary Figure S21). The longer 
and higher persistence of EcN-Spike in the gut 
compared to EcN-Ty1 is likely multifactorial, invol
ving a combination of immune evasion or modula
tion, differences in immune activation, bacterial 
fitness, metabolic burden, microbial interactions, 
and potential changes in adhesion properties. 
These factors can collectively influence the stability, 
survival, and colonization efficiency of the engi
neered bacteria within the gut environment. 
Further studies are necessary to elucidate the speci
fic mechanisms behind these observations.

Discussion

The human microbiota represents a vast, primarily 
unexplored area for short-term immunotherapy 
and long-term adaptive immunity against 
viruses.43,44 Probiotic bacteria offer protection 
against pathogens in the gastrointestinal (GI) tract 
through direct antagonism, competitive exclusion, 
barrier function, and immune stimulation due to 
their proximity to Dendritic cells (DCs).45,46 These 
intestinal DCs, also called Langerhans cells, are 
among the first cells to encounter pathogens in 
the GI tract, activating and migrating to lymph 
nodes to initiate protective immune 
responses.43,47 Although commensal bacteria and 
natural probiotics have some capacity to present 
antigens to DCs, their ability is limited as they lack 
the means to capture and present antigens 
effectively.44,47 In the case of SARS-CoV-2, the 
natural defenses are overwhelmed, leading to 
severe morbidity and mortality.48–50

In response, we propose leveraging live, pro
grammable bacteria to deliver therapeutic nanobo
dies and viral antigens, potentially enhancing 
outcomes in viral infections and modulating the 
immune system. Our choice of EcN as a delivery 
vehicle is due to its genetic malleability, probiotic 
status, distinction from pathogenic E. coli strains, 
and nonpathogenic nature.6,22,51,52 We engineered 
EcN to express anti-spike nanobodies using 
Intimin and Lpp-OmpA as surface anchors, 

ensuring efficient antigen presentation, direct 
interaction with host cells, and nanobody- 
mediated neutralization.53 These nanobody- 
bearing EcN constructs successfully inhibited the 
interaction of spike protein-expressing pseudo
viruses with the ACE2 receptor. This demonstrates 
the potential of using modified probiotics to pre
vent the early stages of viral infection.

The neutralization assays revealed that while 
both EcN-Ty1 and mAb effectively inhibited pseu
dovirus-ACE2 interactions, EcN-Ty1 showed 
a unique cytokine profile, including elevated levels 
of ICAM-1, IL-16, IL-1ra, MIG, and SDF-1, parti
cularly in the bronchoalveolar lavage (BAL). These 
cytokines play critical roles in T-cell activation (IL- 
16), inflammation regulation (IL-1ra), and 
immune cell recruitment (MIG and SDF-1), sug
gesting that EcN-Ty1 not only triggers a robust 
immune response but also modulates it to prevent 
excessive inflammation. This balanced response is 
indicative of a potentially safer therapeutic profile, 
minimizing the risk of cytokine storm, a concern 
with some conventional antibody treatments.

Moreover, although several secretion systems 
such as Type I, Type II, Type III (Sec dependent 
and Tat-dependent) exists in Gram-negative bac
teria which can be used for delivering nanobodies 
to the gut, they have limitations such as rapid 
proteolytic degradation of exported protein and/ 
or being less efficient in targeting distal organs 
such as lungs and bloodstream. Instead, we utilized 
OMVs as a novel delivery system for these nano
bodies. Bacterial OMVs are nanosized vesicles 
involved in cellular communication.37 By surface- 
expressing nanobodies, we designed a bacterial sys
tem capable of distributing anti-spike nanobodies 
through OMV-mediated translocation to the sys
temic circulation, potentially mitigating disease 
onset and providing time for the host system to 
mount an immune response. Although the poten
tial immunogenicity of OMVs poses a risk, genetic 
modifications to reduce LPS levels could mitigate 
this.54 Our results show that OMVs effectively 
transported nanobodies across the gut-blood bar
rier possibly via M-cell transcytosis, enterocytes 
endocytosis or DC uptake, indicating their poten
tial as a delivery system for therapeutic agents.

Current vaccine technology typically addresses 
pathogens that have already surpassed mucosal 
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barriers, resulting in limited cellular immunity and 
weak protection at mucosal barriers.9,10,55 In con
trast, vaccination at mucosal surfaces induces cell- 
mediated immune responses while simultaneously 
generating a systemic antibody response.14,56,57 

Hence, we engineered EcN to express the spike 
protein, demonstrating that orally administered 
EcN-spike in mice triggers both systemic and muco
sal immunity. This was evidenced by the significant 
increase in IgA levels in serum and the enhanced 
presence of T cells and monocytes in the intestines 
of mice administered with EcN-spike.

The IgG and IgA profiling also showed that 
EcN-Spike led to higher IgA levels in serum com
pared to the mRNA vaccine, indicating a stronger 
mucosal immune response. The comparison 
between EcN-Spike and the mRNA vaccine also 
revealed distinct temporal patterns in immunity. 
While the vaccine induced a strong systemic IgA 
surge in later months, EcN-Spike excelled in early 
and sustained mucosal responses. This is particu
larly significant as mucosal immunity plays 
a crucial role in preventing respiratory infections, 
including SARS-CoV-2, at their point of entry. The 
presence of sustained IgA levels suggests that EcN- 
Spike could provide prolonged protection at muco
sal surfaces, which is a limitation of many current 
vaccines that primarily induce systemic immunity. 
Furthermore, the persistence of spike protein in the 
gut, coupled with the detection of cytokines such as 
ICAM-1, highlights the probiotic’s ability to main
tain a durable immune response, possibly through 
immune evasion or modulation mechanisms con
ferred by the spike protein.

The analysis of both CD8+ and CD4+ T cells is 
vital for understanding the overall immune 
response, as CD8+ T cells are key in targeting and 
eliminating infected cells, while CD4+ T cells play 
a central role in orchestrating the immune 
response. The significant increase in CD8+ T cell 
levels in the EcN-Spike group underscores the plat
form’s ability to elicit a potent cellular immune 
response, which is crucial for effective viral clear
ance and long-term immunity. The observed CD4+ 

T cell levels, with no significant differences across 
mucosal sites, support the conclusion that the engi
neered probiotic platform activates the immune 
system effectively without causing detrimental 
inflammation or immune dysregulation.

The elevated cytokine expression unique to 
EcN-Spike and EcN-Ty1, such as IL-16 and IL- 
1ra, suggests a distinct immunomodulatory cap
ability of these engineered probiotics. IL-16‘s role 
in T-cell activation and IL-1ra’s anti-inflammatory 
properties highlight the potential for these probio
tics to not only activate the immune response but 
also regulate it, reducing the risk of adverse effects 
associated with excessive immune activation.

Crucially, the observed increase in antibody 
titers following repeated oral administration of 
EcN-spike suggests the potential for developing 
a live bacterial vaccine.9,10 Such a vaccine could 
be more stable, cost-effective, and easier to admin
ister than current vaccines, especially in regions 
where cold-chain storage is challenging.58,59

In conclusion, our study offers further insights 
into the use of engineered probiotics as delivery 
vehicle for nanobodies and viral antigens, an 
advancement over single-function approaches, 
coupled with the novel application of OMVs, for 
immunotherapy against viral infections. The ability 
of EcN-Spike to activate both CD4+ and CD8+ 

T cells, coupled with consistent dendritic cell acti
vation, suggests that it effectively bridges innate 
and adaptive immune pathways, which under
scores the potential of engineered probiotics as 
versatile platforms for vaccine development. The 
comparison with traditional mAb and mRNA vac
cines highlights the unique benefits of probiotic- 
based therapies, including the potential for 
enhanced mucosal immunity and a safer cytokine 
profile. We envision this platform playing multiple 
roles – from neutralizing initial infection stages to 
providing long-lasting immunity against various 
viruses. Our OMV-based nanobody delivery sys
tem represents a novel method for in situ delivery, 
with bacteria and OMVs displaying viral antigens 
and anti-antigen nanobodies forming a versatile, 
efficient platform for experimental vaccine and 
therapeutic agent production.

However, our study is not without limitations. 
The absence of a live SARS-CoV-2 disease model 
due to BSL-3 constraints limits our ability to fully 
validate the real-world effectiveness of this 
approach. Future research should focus on 
immune correlates and effectiveness in real- 
world scenarios to better understand these vac
cines’ protective mechanisms. Although the 
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observed differences in immune responses could 
be due to variations in vaccine dose or dosing 
intervals, our findings hint at nuanced differences 
in the humoral response elicited by engineered 
probiotics. Future studies should also focus on 
optimizing these probiotic platforms to enhance 
immune responses while minimizing potential 
risks. The long-term persistence of bacteria in 
the gut, while beneficial for sustained immune 
activation, requires further investigation to ensure 
safety. It can be achieved by means of contain
ment strategies such as auxotrophic dependencies 
and suicide switches, however efficacy with tech
niques such as 16s rRNA sequencing on fecal 
microbiota before and after EcN administration 
to track shifts in microbial diversity will be 
important. Moreover, while our data indicates 
that there is a potential gut-brain axis in the 
context of OMV-mediated drug delivery, this 
phenomenon needs further exploration, including 
a thorough investigation into potential toxicity to 
the brain. It is speculative that OMVs may trans
verse blood-brain barrier via adsorptive-mediated 
transcytosis, monocyte trafficking or tight junc
tion modulation. To optimize OMVs for organ- 
specific targeting, future engineering approaches 
include surface functionalization with tissue- 
specific ligands, LPS detoxification for systemic 
safety and fusion protein incorporation for 
enhanced targeting. It is also important to note 
that the interaction between engineered probio
tics and the host’s microbiome is complex and 
can be significantly influenced by antibiotic treat
ment. In cases where antibiotics specifically target 
Gram-negative bacteria, the persistence of engi
neered EcN strains may be compromised, redu
cing the duration and level of antigen or 
nanobody presentation. Conversely, a reduction 
in competing gut microbes might allow for more 
effective colonization and higher levels of antigen 
expression. The net effect of these changes 
depends on the specific antibiotics used and 
their spectrum of activity. Understanding these 
dynamics is crucial for optimizing the adminis
tration of vaccines and biologics, particularly in 
individuals undergoing antibiotic therapy.

The harsh conditions of the stomach (low pH) 
and intestines (digestive enzymes, bile salts) could 

potentially degrade antigens before reaching target 
sites. Differences in gut microbiota and host phy
siology may also lead to individual variations in 
vaccine efficacy. Engineered EcN is typically tran
siently colonized, requiring strategies to ensure 
sustained antigen exposure.

To overcome these challenges, formulating EcN 
within acid-resistant capsules or hydrogel coatings 
to shield bacteria from gastric degradation could be 
employed. Using OMV-based delivery, which 
naturally protects antigens from enzymatic break
down could also be explored further. Additionally, 
the exploration of different dosing regimens such 
as bacterial concentration, dosing intervals, booster 
strategies and formulations could further refine 
these platforms for broader application against var
ious viral pathogens.

Regulatory challenges also exist, such as requir
ing extensive biosafety evaluations, including 
potential risks of uncontrolled colonization, gene 
transfer, and environmental impact. Engineered 
E. coli strains must demonstrate genetic stability 
to prevent unintended mutations affecting safety or 
efficacy. While some live bacterial therapies (e.g., 
Lactococcus lactis for inflammatory diseases) have 
been evaluated, oral bacterial vaccines remain in 
early regulatory stages, necessitating further clini
cal validation and risk assessments. We anticipate 
that our research will pave the way for further 
exploration of live bacteria as vaccine platforms 
against enigmatic emerging and cryptic diseases.

Methods

Bacterial strains and culture growth conditions

E. coli Nissle 1917 (EcN) strain was used for the 
construction of all the bacterial strains bearing nano
bodies. All the strains were grown in LB broth or on 
LB agar plates, supplemented with appropriate anti
biotic- Ampicillin (100µgmL−1), Chloramphenicol 
(50µgmL−1), or Kanamycin (100 µgmL−1). Prior to 
assaying protein expression with SDS-PAGE 
Western blot analysis, Fluorescence microscopy, 
and Spike-ACE2 inhibition assays, fresh media was 
inoculated with bacterial cultures from an overnight 
liquid culture. All the bacterial cultures were grown at 
37°C and 200rpm.
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Proteomics analysis with mass spectrometry

Bacteria were grown as previously for proteomics 
analysis. In brief, 1% of overnight cultures were 
inoculated into 100mL of fresh LB broth supple
mented with the appropriate antibiotic and identi
cally grown at 37°C and 200rpm until OD600 
reached 0.9–1.0 (approx. 3.00–6.00hr.). Cultures 
were spun at 4°C for 15min, 3500×g and cells 
were resuspended in 5–10 volumes of the 
Bacterial cell lysis buffer (Gold Bio), supplemented 
with DTT and EDTA (5mm), and Lysozyme 
(40mg/mL), DNase (800 U/mL) and RNase (24 U/ 
mL). Following vertexing, and 5min incubation on 
ice, suspensions were incubated at 37°C for 60 min 
and lysates were centrifuged at 20,000×g, 4°C for 
30min, and the clear lysate was collected and quan
tified using BCA assay (Thermo Scientific).

Protein samples were dried in a speed vac and 
resuspended in TEAB buffer according to standard 
in-solution digestion protocol. Samples were 
reduced with TCEP (tris-(2-carboxyethyl) phos
phine) and alkylated with MMTS (methyl- 
methane-thiosulfonate). Samples were digested 
overnight at 37°C and reactions were stopped by 
adding 10% formic acid. These samples were dried 
and resuspended in 0.1% formic acid. 5µL (~1µg) 
of each sample was analyzed by NanoLC-MS/MS 
(Orbitrap Eclipse) and was searched against 
a combined database consisting of the E. coli 
Nissle 1917 database accessed from the Biocyc.org 
website and a database containing the nanobody 
sequences using Proteome discoverer ver 2.4 and 
the Sequest HT search algorithm using standard 
LFQ workflow (Thermo scientific).

Cell culture conditions

The metastatic triple negative murine breast can
cer 4T1 cells (ATCC CRL-2539, passage number 5 
to 15), CaCo2 (passage number 5 to 15), and 
HEK293 (passage number 5 to 15), cell lines 
were cultured using RPMI media (Gibco 
#21875034) containing 10% Fetal Bovine Serum 
(Gibco #26140079) and 5% Penicillin- 
streptomycin (Gibco #15070063). 293T-hACE2 
(Abnova Cat# KA6152) cell lines were cultured 
using DMEM media supplemented with 10% 

FBS. Cells were maintained at 37°C with 5% CO2 
in air and sub-cultured 2 times a week, unless 
otherwise stated.

Recombinant DNA techniques

Plasmids generated during this study are listed in 
Supplementary data: Figure S1 and S2. High fide
lity and diagnostic polymerase chain reactions 
(PCR) were performed using Phusion High 
Fidelity polymerase (New England Biolabs) and 
DreamTaq DNA Polymerase (Thermo Scientific), 
respectively. Geneblocks (GeneArtSynthesis) and 
custom primers (Integrated DNA technologies) 
used are listed in Supplementary data: Table S7, 
S8. Anti-COVID-Nanobody expressing genetic 
constructs with Intimin and Lpp-OmpA surface 
display signals were designed, synthesized from 
GeneArtSynthesis® (Thermo Scientific) and 
Integrated DNA Technologies (IDT Inc.), and 
then incorporated into CJ23105 plasmid backbone 
using DNA2.0 and Snap Gene® Viewer4.1.8. These 
plasmids are listed in Supplementary data: Figure 
S3, Table S9. All restriction digests and ligation 
reactions were carried out using NEB restriction 
enzymes and T4 DNA ligase (New England 
Biolabs). Following completion of ligation, reaction 
mixtures were chemically transformed into NEB 
DH5α cells (New England Biolabs), as per the 
manufacturer’s instructions.

SDS-PAGE and Western immunoblot analysis

Following cell growth for expression assays, 1.0OD 
unit of cultures samples were centrifuged at 
16,000×g for 15min to ensure separation of cells 
and supernatant. Supernatant fraction was pre
pared by using 10% v/v Trichloroacetic acid pre
cipitation method followed by washing with ice- 
cold Acetone.60 Both the precipitated supernatant 
and cell pellets were resuspended in 2×SDS loading 
buffer (10mL Glycerol, 1g SDS, 0.1g Bromophenol 
Blue, 200mm DTT to a volume of 50mL in 100mm 
Tris-HCL, pH6.8) to a final volume of 50µL and 
200µL, respectively. Both these cell fractions and 
supernatants were subjected to SDS- 
polyacrylamide gel electrophoresis (SDS-PAGE). 
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Gels were Coomassie stained with Instant Blue 
(Expedeon™), Silver stained with Pierce™ Silver 
stain kit (Thermo Fisher Scientific) or prepared 
for Western immunoblotting by electro-transfer 
onto Nitrocellulose membrane (GE Healthcare 
Life Sciences). Blots were blocked using 3% w/v 
bovine serum albumin (BSA) in TBS buffer (24  
gL−1 Tris Base, 88 gL−1 NaCl and 0.1% v/v 
Tween). Primary antibodies were diluted in 
1:1000 using TBS-Tween. All blocking steps were 
carried at 4°C overnight unless otherwise stated, 
while incubation steps were carried out at 2hr 
unless otherwise stated. Western immunoblots 
were visualized using PierceⓇECL Western 
Blotting Substrates (Thermo Scientific) and 
ChemiDoc™ Imaging system (BioRad). All antibo
dies used in this study are listed in Supplementary 
Table 10.

SARS-CoV-2 spike protein -ACE2 receptor binding 
inhibition assay

EcN harboring 4- nanobodies expressing con
structs, namely 1. pInt-Ty1, 2. pInt-VHH72, 3. 
pLpp-OmpA-Ty1 and 4. pLpp-OmpA-VHH72 
along with wild-type E. coli Nissle 1917 as 
a control were grown in fresh LB broth as men
tioned earlier. These cultures were then centrifuged 
at 4°C for 10 min at 8400×g and cells were washed 
twice with 1XPBS, centrifuged, and resuspended in 
10µL of 1XPBS. All the reagents were brought to 
room temperature (RT) (18–25°C) before use and 
reactions were run in triplicates. Test samples for 
Nanobody inhibiting Spike protein-RBD and 
ACE2 receptor interaction were prepared as 
below. Briefly, 2mL of Nanobody expressing cul
tures along with wild-type WT-EcN were normal
ized to OD600 =1.0 Unit. Cultures were 
centrifuged twice at 8400rpm for 15min and resus
pended in 1mL of 1XPBS. Stock solution of test 
reagent was prepared by mixing 75µL Bacterial cell 
suspension in 1XPBS, 7.5µL, 50X ACE2 protein 
concentrate and 292.5µL 1×Assay diluent, for pre
paring sample enough for triplicates. The following 
dilutions were prepared by using 37.5µL previous 
sample and adding into 337.5µL, 1×ACE2 protein 
working solution, while positive control was pre
pared by using only 375µL, 1× ACE2 protein work
ing solution, for triplicates at 100µL per well.

Spike-RBD coated 96-well plate was labeled and 
100µL each of Test reagent sample was added into 
appropriate well, covered with plate sealing film 
and incubated overnight at 4°C with gentle shak
ing. The following day, the solution was discarded, 
washed 4× times with 1× wash solution and added 
with 300µL of 1× wash buffer for 5min and liquid 
was completely removed. After the last wash, resi
dual 1× wash buffer was removed with decanting 
or aspirating and added with 100µL of 1× 
Detection Antibody and incubated 1hr at RT. 
After incubation, the solution was discarded and 
wash steps were repeated 3× times, as previously. 
Plate was then added with 1× Anti Goat HR- 
conjugated IgG antibody to each well and incu
bated for 1hr at RT. Solution was discarded, and 
wash steps were repeated as previously for 4× 
times. Each well was then added with 100µL of 
TMB One-Step substrate Reagent and incubated 
for 30min at RT in dark. It was added with 50µL 
of Stop Solution and absorbance was read at 
450nm, using EnVision 2102 Multilabel Reader 
(Perkin Elmer).

Development of an assay for surface nanobody 
detection

EcN were freshly transformed with nanobody 
expressing plasmids and grown along with WT- 
EcN as a control. All cultures were grown identi
cally in 10mL LB medium using an overnight cul
ture and supplemented with appropriate antibiotic 
for ~3.00hr or until OD600 reached 0.9–1.0. All the 
centrifugation steps were carried out at 3500×g for 
15 min, at RT, unless otherwise stated. OD600, 
1Unit samples from each culture were centrifuged 
and pellets were resuspended in 1mL of Phosphate 
Buffered Saline (1XPBS). It was centrifuged and 
pellets were re-suspended in 200µL of 1XPBS and 
added with 1µg of Spike Protein (carrier-free 
Recombinant SARS-CoV-2 S Protein (S1+S2) 
(Bioline #793706)) and incubated in the dark for 
an hour at RT. Following centrifugation, it was 
resuspended in 1 mL of 1XPBS and centrifuged 
again, and pellets were resuspended into 200µL of 
1XPBS. It was then added with 1µg of Purified anti- 
SARS-CoV-2 Protein S2 antibody (Bioline 
#943202), that specifically binds to S2 fragment of 
Spike protein. This whole reaction was incubated 
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in the dark for 30min. It was centrifuged and 
resuspended into 1mL of 1XPBS as previously 
and centrifuged. Following this, pellet was re- 
suspended into 200µL of 1XPBS and added with 
secondary antibody (Alexa FluorⓇ647 anti-mouse 
IgG2b, Bioline #406715). Following 30min of incu
bation in dark, the reaction tubes were centrifuged 
twice, and pellet were resuspended into 200µL of 
1XPBS. It was placed into a transparent 96-well 
(CorningⓇ) plate and read for the fluorescence 
using a fluorescent microscope (Leica 
Microsystems).

Competitive exclusion assay to evaluate nanobody 
catalyzed inhibition of spike-RBD-ACE2 receptor 
binding using CaCo2 and 4T1 cell lines

CaCO2, HEK293FT, and 4T1 cell lines were used 
for the nanobody detection assay. Cell lines were 
grown in respective media (ATCC) using an 
8-chamber slide (Ibidi), until confluency by incu
bating at 37°C with 5% CO2. The cell media were 
removed, and cells were washed 3× times with 
1XPBS. Cells were fixed using 4% formaldehyde 
(Fisher Brand) by incubating for 10min at RT. 
The formaldehyde was drained, and cells were 
washed 3× times to remove the residual formalde
hyde. It was followed by permeabilization. Cells 
were permeabilized with permeabilization buffer 
(0.1% Tritonx100 in 1XPBS) and incubated for 
10min at RT, followed by 3× washes with 1XPBS. 
Cells were then blocked using blocking buffer (3% 
BSA in 1XPBS with 0.1% TritonX100) for 30min at 
RT. Following buffer removal, cells were added 
with primary antibody and/or Spike protein pre
pared in 0.1% TritonX 100, with 30mg/mL of BSA 
(Filter sterilized). Primary antibody (Anti-ACE2 
(E-11): sc -390,851 (Santa Cruz Biotechnology 
Inc.) was added for 1–2hr at RT followed with 3× 
washes with wash Buffer (0.1 % TritonX100 in 
1XPBS) (15min washing with 5min in between). 
It was followed with secondary antibody (Alexa 
FluorⓇ647 anti-mouse IgG2b, Bioline #406715) 
prepared in 1XPBS (0.1% Tritonx100 with 30mg/ 
mL BSA).

When spike protein was utilized, following the 
blocking step, and/or Anti-ACE2 washing step, 
cells were added with 1µg of Spike Protein 

(carrier-free Recombinant SARS-CoV-2 
S Protein (S1+S2) (Bioline #793706)) and incu
bated in dark for an hour at RT. Following 3× 
washes with washing buffer, 1µg of Purified anti- 
SARS-CoV-2 Protein S2 antibody (Bioline 
#943202) was added, that specifically binds to S2 
fragment of Spike Protein. The whole reaction was 
incubated in dark for 30 min. Following 3× 
washes with washing buffer, secondary antibody 
(Alexa FluorⓇ647 anti-mouse IgG2b, Bioline 
#406715) was added. After 30min of incubation 
in dark, cells were washed 3× times with washing 
buffer and were visualized for fluorescence, using 
a fluorescent microscope (Leica Microsystems) at 
The Live Microscopy Imaging Core, The 
University of Cincinnati.

Isolation and characterization of outer membrane 
vesicles (OMV)

For the isolation of bacterial outer membrane vesi
cles (OMV) a sequential differential centrifugation 
protocol was developed.22 In brief, anti-COVID 
nanobody bearing EcN along with WT-EcN were 
grown overnight at 37°C and 200rpm. 1.0% of these 
cultures were inoculated in 1.0L of fresh LB Broth, 
supplemented with appropriate antibiotic. Cultures 
were grown until OD600 of ~1.5 Unit. Culture was 
cleared of bacteria by centrifugation (8000×g, 4°C, 
15minutes) followed by concentrating the super
natant using Pierce Protein Concentrators (30kDa, 
ThermoFisher #88531). 70mL of the concentrated 
supernatant was then ultracentrifuged at 
91,000×g for 4.0hr. The pellet obtained was resus
pended in 1XPBS, pH7.4, followed by washing with 
Amicon Ultra-0.5 Centrifugal Filter Unit 
(Millipore#UFC500308) filters to completely 
remove the residual media. The resulting disper
sion was sterile filtered through 0.22µm PVDF 
syringe filters (Cole-Parmer#UX-06060-62). 
OMVs were then characterized for size and size 
distribution using Dynamic Light Scattering 
(Zetasizer Nano ZS, Malvern Instruments). 
Protein concentration and OMVs were quantified 
with a Pierce™ BCA Protein Assay kit (Thermo 
Scientific), using BSA standards. Protein standards 
and OMVs were aliquoted and stored at −20°C.
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Immunofluorescence microscopy

Immunofluorescence microscopy was used to 
investigate the presentation of nanobodies on the 
cell surface. A 200µL of nanobody expressing pInt- 
VHH72, pInt-Ty1, pLpp-OmpA-VHH72, and 
pLpp-OmpA-Ty1 recombinant bacterial cells 
were harvested and centrifuged at 3500×g for 
5min and washed 3xtimes with 1XPBS (pH7.4), 
supplemented with 3% BSA and incubated with 
recombinant Spike Protein (carrier-free 
Recombinant SARS-CoV-2 S Protein (S1+S2) 
(Bioline #793706)). Following three washes, 
Nanobody-Spike protein complex was added with 
anti-SARS-CoV-2 Protein S2 antibody 
(Bioline#943202) and incubated in dark for 1hr at 
RT. After washing 3× times with 1XPBS, nano
body-Spike-antibody complex was incubated 
1.5hr at RT with anti-mouse IgG2 antibody con
jugated with Alexa FluorⓇ647 (Bioline#406715). 
For microscopic observations, cells were washed 
5× times with 1XPBS solution to remove unbound 
Alexa FluorⓇ647 antibody, then mounted on 
microscopic slide or in a 96-well plate and observed 
by fluorescence microscopy.

Antibody titer generation in response to oral 
administration of spike expressing EcN

All the animals used in these experiments were 
maintained in Association for the Assessment and 
Accreditation of Laboratory Animal Care approved 
facility (Assurance #D16–00190) in accordance 
with current regulations of the U.S. Department 
of Agriculture and Department of Health and 
Human Services. Experimental methods were 
approved in accordance with the institutional 
guidelines established by the Animal Care and 
Use Committee (approved protocol number: 20- 
05-16-01).

7–9-week-old male C57BL/6 mice (n = 4–6) pur
chased from Jackson Laboratories were used in all 
in vivo experiments. All core facilities are main
tained specific-pathogen free. Animals were 
housed in HEPA-filtered micro insulator caging 
system at up to 4 animals per cage. All the animal 
experiments were conducted following a protocol 

approved by The University of Cincinnati 
Biosafety, Radiation safety and Animal Care and 
Use Committees (20-05-16-01).

Engineered EcN cells were washed three times 
with 1XPBS with centrifugation at 3000×g for 5min 
and diluted in saline to 0.725, OD600. For oral 
administration, mice were anesthetized using 
a 2% Isoflurane-air mixture. The anesthesia was 
maintained over the course of procedure using 
1–1.5% isoflurane. Spike protein-expressing bac
teria (~1×107cfu) were orally administered in 6–
9-week-old male C57BL6/J mice, every week for 
four consecutive weeks and their blood was with
drawn. Blood was spun at 2000×g for 30min at 4°C 
and serum was collected in an Eppendorf tube. 
Following administration, the mouse was returned 
to its original cage. For therapeutic assessment and 
bioluminescence imaging, each bacterial dose con
tained 1.0×107 bacteria suspended in saline. At the 
end point of the study, the mice were euthanized 
using Carbon dioxide inhalation and cervical dis
location, followed by collection of organs for 
further analysis.61

Mouse Anti-SARS-CoV-2 Antibody IgG Titer 
Serologic Assay Kit (Spike timer) was used to deter
mine the antibody titer in the serum sample, 
according to the manufacturer’s instructions 
(Acro Biosystems). In brief, 100µL of diluted 
serum sample, along with blank, positive, and 
negative control were added into a pre-coated 
SARS-CoV-2 Spike protein microplate and incu
bated at 37°C for 1hr. Following three washes with 
1× washing buffer HRP-Goat anti-Mouse IgG was 
added and incubated at 37°C for 1hr in the dark. 
Following 3× washes, plate was added with 100µL 
substrate solution and incubated at 37°C for 
20min, followed by termination of the reaction by 
adding 50µL of Stop solution. Absorbance was read 
at 450nm using UV/Vis’s microplate 
spectrophotometer.

Vaccine (Moderna COVID-19 vaccine mRNA 
SpikevaxTM) and anti-spike monoclonal antibody 
(#KA6066, Abnova) were administered intramus
cularly and intravenously, respectively. 1µg dose of 
vaccine and/or 1µg of monoclonal antibody was 
administered once in C57BL/6 male mice. EcN- 
Spike and EcN-Ty1 bacteria were given orally 
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(7×10^7cfu) once. After 5days of administration, 
mice were euthanized and blood, intestine, 
Bronchoalveolar lavage and feces were collected, 
aseptically. For BAL collection, animals were 
euthanized, and catheters were inserted via trachea 
following removal of salivary glands. 1XPBS was 
injected via the catheter and BAL was collected.62

Live SARS-Cov-2 pseudovirus neutralizing antibody 
assay (Luciferase)

COVID-19 pseudovirus Neutralizing Antibody 
Assay (Luciferase) was performed as per the man
ufacturer’s instructions (Abnova). In brief, prior to 
assay 293T-hACE2 cells (~1×105cells/well) were 
grown in a 24 well plate and grown at 37°C for 
4.00hr. Following incubation, media was removed, 
and cells were washed twice with 1XPBS. Cells were 
added with Cell Dissociation media (HIMEDIA) 
and incubated for 5min at 37°C and added with 
a complete medium to neutralize the reaction and 
centrifuged at 300×g for 5min. Pellet was resus
pended in a complete medium to get 2×105cells/ 
mL. Meanwhile, 50µL diluted sample (OMV, 
Serum, antibody, or bacteria) and 10µL pseudo
virus expressing luciferase were mixed and incu
bated at RT for 30min prior to adding to the 293T- 
hACE2 cells in a 24 well plate. Plates were incu
bated at 37°C for 48hr. Following incubation, med
ium was removed, and cells were gently washed 
with 200µL 1XPBS. It was added with 100µL of 
Luciferase Cell Lysis Reagent and cells were 
scrapped off the plate, vortexed for 10–15sec and 
centrifuged at 12,000×g for 30seconds and restored 
on ice instantly. 10µL of cell lysate and 50µL of 
Luciferase Assay Reagent were added in a 96-well 
plate and luminescence was immediately read 
using an EnVision 2102 Multilabel Reader (Perkin 
Elmer) to detect the Luciferase expression.

Bioluminescence imaging

Bioluminescence images were acquired using the 
Perkin Elmer’s IVIS Spectrum In Vivo Imaging 
system (2 min exposure) for the quantification of 
Radiance (Photons/Sec/cm2) of the bioluminescent 
signals from the regions of interest.

Enzyme linked immunosorbent assay (ELISA)

ELISA for IgG (Thermo Fisher®), CD8+, CD4+ 

(MyBioSource®), and IgA (Raybiotech) were per
formed as per manufacturer’s instructions.

Flow cytometry

Mice spleens were extracted and minced into 1mm 
pieces using a razor blade. The minced Spleens were 
washed three times with phosphate-buffered saline 
(PBS), to remove debris. The splenocytes were then 
suspended, in Hank’s Balanced Salt Solution (HBSS) 
solution. Cell suspensions were filtered through 
a 70µm strainer, and RBS were lysed using RBC 
Lysis buffer (Invitrogen), following the supplier’s 
protocol. For immunophenotyping by flow cytome
try, two million splenocytes per sample were used. 
The single cell suspensions were first labeled for 30  
minutes at 4°C with LIVE/DEAD Fixable Blue 
(Invitrogen), to separate live cells from dead cells 
during analysis. After two washes, the samples were 
incubated for 30minutes at 4°C with the following 
antibodies: anti Mo CD3 super Bright 600 
(eBiosciences 1782), anti-MO CD4 Brilliant violet 
500 (eBioscience RM 4–5), anti-Mo CD8a-Super 
Bright 702 (eBioscience 53–6.7), anti-Mo CD56 
AlexaFluor 588 (eBiosciences), anti-Mo-CD11c PE 
(eBiosciences N418), anti-Mo CD45 
PerCpCyanine5.5 (eBiosciences 30-F11). After per
meabilization, the samples were incubated with anti- 
MO CD68-Brilliant violent786 (eBioscience FA-11) 
for 30minutes at 4°C. Samples were analyzed on 
AttuneNXT (Thermo Fisher Scientific) flow cyt
ometer. Unstained and single-stained samples were 
acquired and analyzed using FCS express (De Novo 
software).

Immunohistochemistry

Small and Large Intestines were isolated from the 
mice gut and fixed with 10%, v/v neutral buffered 
formalin for 24hr. It was replaced with storage 
solution 70%, v/v ethanol. Immunohistochemistry 
slides were prepared and developed by the 
Pathology Research Core at the Cincinnati 
Children’s Hospital Medical Centre via the paraffin 
processing. These slides were imaged under x100 
and x400 magnification using Leica DMi8 
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Widefield fluorescence/Brightfield Microscope. 
The images were quantified using ImageJ as pre
viously reported.63

Statistical analyses

All statistical analyses were performed using the 
GraphPad Prism 8.0.v. software. Ordinary one- 
way ANOVA was used to compare means 
between distinct groups, with at least 3 or 
more biological replicates and 2–3 experimental 
replicates. When two groups were compared 
two-tailed t-tests were used. Asterisks in the 
graphs represent that the mean differences 
were statistically significant (p < 0.05). The level 
of significance was set as “*” p < 0.05; “**” p <  
0.01; “***” p < 0.001, ns- not significant.
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