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FOREWORD 
 
 

Since Edward Jenner vaccine discovery, vaccines have demonstrated to be one of 

the most potent tools for infectious disease control and eradication. Vaccines have 

evolved concurrently with the technological progresses and several vaccines 

platforms have been created to face different pathogens. Specifically, in the current 

work we chose subunit protein platform for the development of vaccines against 

two pathogens, SARS-CoV-2 and Treponema pallidum subsp. pallidum, which are 

the causative agents of COVID-19 and syphilis, respectively. Although a common 

strategy has been followed in both cases, different technical solutions were needed 

to adapt the strategy to each pathogen considering their differences. As 

consequence, both works are presented separately to facilitate the reading. 

However, four common objectives for SARS_CoV-2 and Treponema pallidum 

subsp. pallidum vaccines development can be defined: (1) antigen selection and 

design, (2) antigen production and purification, (3) antigen characterization and, (4) 

immunogenicity and efficacy evaluation. Throughout this thesis, these four 

objectives were accommodated to satisfy each pathogen vaccine demands and 

recapitulated in a final section in which conclusions from both pathogens work were 

contrasted.  

 

The present thesis was made from 2018 to 2023 and initially it was conceived as a 

syphilis vaccine project. Nonetheless, in 2020 COVID-19 pandemic was declared 

and our research focused on the development of a COVID-19 vaccine. After that, 

the syphilis project was resumed. Thus, the knowledge acquired during SARS-CoV-

2 and Treponema pallidum subsp. pallidum work have been helpful to each other. 

Overall, the current research highlights the versatility of vaccine technology, and 

specifically protein-subunit platform, to give response to different pathogens and 

infectious diseases. 

 

Dr. Jorge Carrillo and Dr. Julià Blanco 
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SUMMARY 
 

Throughout history, the human species has been challenged by different pathogens. 

Althought the immune system is highly effective protecting us from their infection, 

in some cases it fails, and we fall sick. Nowadays, modern medicine has vaccines 

to fight pathogens, which are considered one of the most successful achievements 

for infectious disease control and eradication. Thus, in the present work we use 

protein-subunit platform for the development of two vaccines against two 

pathogens: SARS-CoV-2 and Treponema pallidum subsp. pallidum, with a totally 

different approach. 

SARS-CoV-2 is the etiologic agent of the recent COVID-19 pandemic. Specifically, 

SARS-CoV-2 infection begins with the interaction between the viral Spike and the 

ACE2 protein on the host cell surface. The Spike protein, and more specially its RBD 

domain, is one of the main targets of cellular and humoral immunity. Since both 

responses have been related with a disease improvement, most current vaccines 

against SARS-CoV-2 are based on the entire Spike or RBD. However, the Spike 

used in some of these vaccines (S-2P) still shows some structural instability, which 

can affect its yield and antigenicity. Thus, we explored different structural 

stabilization approaches of Spike and evaluated their immunogenicity and 

prophylactic capability against SARS-CoV-2 infection in K18-hACE2 mice and 

golden Syrian hamsters. Overall, we found a set of mutations that increased 

recombinant protein yield and showed higher efficacy than S-2P at protecting from 

severe disease in animal models. 

Treponema pallidum subsp. pallidum causes syphilis, a venereal disease. Despite 

syphilis is an old known disease and it is easily treated with penicillin; the number 

of cases has been rising in the last decades. Thus, current medical measures are 

not enough for its control and a syphilis vaccine could be pivotal. However, syphilis 

vaccine has been elusive despite several attempts. Treponema pallidum is 

characterized by a paucity of surface proteins and multiple immune evasion 

mechanisms. To overcome these issues, we hypothesized that a syphilis vaccine 

should include a wide outer membrane protein repertoire. Here, we selected and 

produced a set of proteins, as well as evaluated their immunogenicity in mice. 

Results showed that a multiple protein preparation induced antigen-specific 

antibodies with capacity of blocking the binding of recombinant proteins to host 

proteins of the extracellular matrix. 
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RESUMEN 
 

A lo largo de los años, la especie humana se ha visto azotada por diferentes 

enfermedades infecciosas. En este sentido, las vacunas han sido cruciales para el 

control y la eradicación de estas, considerandose uno de los hitos de la medicina 

moderna. En el trabajo expuesto se han desarrollado dos vacunas basadas en 

subunidades contra SARS-CoV-2 y Treponema pallidum subsp. pallidum. 

SARS-CoV-2 es el agente etiológico de la COVID-19. La infección por SARS-CoV-

2 se da con la unión de la Spike viral a la proteína ACE2 en la superficie celular. La 

proteína Spike, y más concretamente su dominio RBD, son diana de la respuesta 

immune celular y humoral. Dado que esta respuesta se ha relacionado con un mejor 

pronóstico de la enfermedad, la mayoría de vacunas contra SARS-CoV-2 se basan 

en la Spike o el RBD. Sin embargo, algunas vacunas contienen una forma mutada 

de la Spike (S-2P) que presenta cierto grado de inestabilidad estructural y que 

afecta a su expressión e immunogenicidad. Es por ello que en esta tesis se exploran 

nuevas aproximaciones de estabilización de la proteína Spike y sus efectos en la 

immunogenicidad y la eficacia contra la infección por SARS-CoV-2 en ratones K18-

hACE2 y hámsters sirios. En conclusión, se describieron un conjunto de mutaciones 

de la Spike que mejoraron tanto la producción como la protección frente a la 

enfermedad severa en comparación con la S-2P. 

Treponema pallidum subsp. pallidum es el patógeno causante de la sífilis, una 

enfermedad venérea. A pesar de que la sífilis no es una enfermedad nueva y tiene 

fácil tratamiento, el número de casos ha incrementado en las últimas décadas. Así 

pues, las medidas sanitarias actuales no han sido capaces de evitar su propagación 

y una vacuna sería determinante para su control. Sin embargo, la vacuna contra la 

sífilis permanece esquiva y enfrenta algunos desafíos. Concretamente T. pallidum 

se caracteriza por una baja densidad antigénica en su superficie y consta de varios 

mecanismos de evasión inmune. En este trabajo, hipotetizamos que una vacuna 

contra la sífilis debería incluir un amplio repertorio de proteínas de membrana 

externa. Es por ello por lo que se seleccionaron y produjeron un conjunto de 

proteínas y se evaluó su inmunogenicidad en ratones. Como conlusión las proteínas 

evaluadas produjeron anticuerpos específicos que además tenían la capacidad de 

bloquear la unión de las proteínas recombinantes a proteínas de la matriz 

extracelular.   
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RESUM 
 

Al llarg de la història, l’espècie humana s’ha vist sacsejada per diferents malalties 

infeccioses. Tot i que el sistema immune és altament efectiu protegint-nos 

d’infeccions, a vegades falla, i emmalaltim. La medicina moderna ha utilitzat les 

vacunes per lluitar contra patògens, ja que són un dels major acompliments pel 

control i l’erradicació de les malalties infeccioses. En aquest treball, utilitzem una 

plataforma basada en proteïna/subunitat per desenvolupar dues vacunes, una 

contra SARS-CoV-2 i una altra contra Treponema pallidum subsp. pallidum. 

SARS-CoV-2 és l’agent etiològic de la recent pandèmia de la COVID-19. 

Específicament, la infecció per SARS-CoV-2 comença amb la interacció entre la 

Spike viral i la proteïna ACE2 de la superfície de la cèl·lula. La proteïna Spike, i més 

específicament el seu domini RBD, és una de les principals dianes de la immunitat 

cel·lular i humoral. Com que les dues respostes s’han relacionat amb el millorament 

de la malaltia, la majoria de les vacunes actuals contra la COVID-19 estan basades 

en la Spike o el domini RBD. Tot i així, la Spike que s’ha utilitzat en algunes 

d’aquestes vacunes (S-2P) encara mostra certa inestabilitat estructural, la qual pot 

afectar a la seva producció i antigenicitat. Per tant, hem explorat diferents 

estratègies d’estabilització estructural de la Spike i hem avaluat la seva 

immunogenicitat i capacitat profilàctica contra la infecció pel SARS-CoV-2 en 

ratolins K18-hACE2 i hàmsters Siris. En resum, hem identificat un conjunt de 

mutacions que augmenten la producció de proteïna i milloren la capacitat protectora 

contra la malaltia greu en models animals, comparat amb la S-2P. 

Treponema pallidum subsp. pallidum produeix sífilis, una malaltia venèria. Tot i que 

la sífilis no és una malaltia nova i es pot tractar fàcilment amb penicil·lina, el número 

de casos ha augmentat en les últimes dècades. Com que les mesures mèdiques 

actuals no han sigut capaces d’evitar la seva propagació, vacuna podria ser 

determinant pel seu control. Desafortunadament, la vacuna contra sífilis sembla 

presentar algunes dificultats. Concretament, T. pallidum es caracteritza per una 

baixa densitat antigènica en la seva superfı́cie, i presenta múltiples mecanismes 

d’evasió immune. En aquest treball, hem hipotetitzat que una vacuna contra sífilis 

hauria d’incloure un ampli repertori de proteı̈nes de la membrana externa. Per a 

aquesta raó, es van seleccionar, produir, i avaluar la seva immunogenicitat en 

ratolins. En resum, el conjunt de proteïnes avaluades van produir anticossos 

específics que són capaços de bloquejar la unió de les proteïnes recombinants a 

les proteïnes de la matriu extracel·lular. 
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1.COVID-19 Pandemic 

In December 2019, several cases of pneumonia of unknown origin emerged in 

Wuhan, Hubei, China1. Most of the cases were associated with exposure in the 

Huanan Seafood Wholesale market from Wuhan2. The pneumonia outbreak was 

related with a high number of patient admission into intensive care unit (ICU)3. The 

increase in the number of new cases and the spread outside Wuhan pointed to an 

infectious origin4. On January 7th of 2020 a new coronavirus was identified as the 

causative microbial agent of the new pneumonia outbreak5. The new virus was firstly 

named “2019 novel coronavirus” (2019-nCoV) and lately “Severe Acute Respiratory 

Syndrome Coronavirus 2” (SARS-CoV-2) by the International Committee on 

Taxonomy of Viruses6. Thus, the new emergent respiratory illness became known 

as “Coronavirus disease 2019” (COVID-19). At the end of January 2020, the first 

cases out of China were reported in Thailand, Japan, and the Republic of Korea, 

with a total of 282 confirmed cases and six deaths7. COVID-19 rapidly spread to 

other parts of the world and moreover the number of deceases increased 

concerningly. In one month, COVID-19 outbreak affected 26 countries with 75.748 

confirmed cases and 2.229 associated deaths7. In view of the alarming level of 

spread and severity, the World Health Organization (WHO) declares COVID-19 as a 

pandemic on 11 March 2020, becoming the first one since the 1918 flu pandemic. 

To date, over 770 million confirmed COVID-19 cases and over 6.9 million deaths 

have been reported globally7. 

 

1.1. COVID-19 Disease and Global Impact 

COVID-19 is a respiratory disease with mild to moderate symptoms in most cases 

(80%) and an incubation period of 2-14 days8,9. Main symptoms include fever, 

headache, muscle weakness, tiredness, shortness of breath and, loss of taste and 

smell; which can be managed easily from home8. However, severe COVID-19 

infection can also occur with serious symptoms like breathing difficulty, chest pain 

or pressure, and loss of speech or movement; which require medical attention and 

even hospitalization. COVID-19 respiratory symptoms can finally complicate in 

those severe cases and cause respiratory failure with consequent death8. Different 

risk factors have been associated with severe and critical COVID-19 

development,such as older age and previous existing health problems like obesity, 
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heart diseases, cancer, pulmonary illness and, immunodeficiencies among 

others10,11.  

In epidemiology three statistical measures are used to model how a disease affect 

population; the infection fatality rate (IFR), the case fatality rate (CFR) and the 

reproduction number (Ro). CFR is defined as the proportion of infected cases which 

end up on death from total cases, while IFR represents the expected death among 

infected individuals. CFR and IFR are considered equal when all the infection cases 

are well diagnosed and recorded. Thus, estimated fatality rate of COVID-19 

depends so much on location and varies from the beginning to the outgoing 

pandemic12. Finally, Ros indicate the number of people who get infected from one 

carrier during their infectious period. If Ro is greater than 1 the infectious is more 

contagious and difficult to control, while if Ro is smaller than 1 the infection spreads 

less and eventually disappear. As well as fatality rate, Ro also varied during COVID-

19 pandemic depending on the circulating SARS-CoV-2 variant. Considering this 

epidemiologic parameters, SARS-CoV-2 is characterized by a higher transmissibility 

rate (Ro: 2.53-6.72) than other coronaviruses (CoVs), such as Severe Acute 

Respiratoy Syndrome Coronavirus (SARS-CoV) (Ro:2.3-3.7) and Middle East 

Respiratory Syndrome Coronavirus (MERS-CoV) (Ro: 0.8-1.3)13,14. This Ro can be 

even higher in the case of SARS-CoV-2 Omicron variants, with an average Ro of 

8.215. Contrary to Ro, SARS-CoV-2 CFR (1.83-6.3%) is lower than SARS-CoV (11%) 

and MERS-CoV (34.3%)14. Awfully, SARS-CoV-2 CFR increases drastically in 

association with risk factors; for example, CFR in patients over 65 years old reaches 

16.9%- 24%16, while in case of cancer arises 25-37%17. COVID-19 pandemic was 

defined by these epidemiological parameters, but also by the number of 

hospitalizations associated with the infection. This value varies from one country to 

another, and also from the beginning of the pandemic to date. In general terms, 

SARS-CoV-2 is associated with a high number of hospitalizations which increase in 

presence of risk factors18. 

COVID-19 pandemic has involved a huge impact to the world not only in public 

health, but also at economic and social levels. The high Ro and CFR, as well as the 

high numbers of hospitalizations associated with SARS-CoV-2 infections, led to the 

health system saturation in most countries. To face SARS-CoV-2 rapid spreading, 

the governments around the world were forced to declared the state of emergency, 

which changed people life until now. State of emergency in some countries, such 
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as Spain, included lockdown measures and stopping all the activity, which directly 

influenced on economy. A global decrease on Gross Domestic Product have been 

reported during pandemic, which added to the increase in expenditure to deal with 

medical needs; resulted on an economic recession scenario19. Several people lost 

their jobs, particularly those relate to non-essential services20. Education and public 

health access, as well as other essential services were compromised21,22. The social 

distance and the security measures have also affected relationship among people23. 

There was an increase in mental health problems like post-traumatic stress disorder, 

anxiety, depression, and other symptoms of distress20,24. Hence, in order to recover 

public health, economy, and social normality, there was a global urgency in 

developing a vaccine against SARS-CoV-2 to control COVID-19 pandemic. The 

design of an effective vaccine begins with understanding the biology of the 

pathogen, as well as, the immune response during infection. 

 

1.2. SARS-CoV-2 

SARS-CoV-2 belongs to Coronaviridae family, which included two subfamilies: 

Letovirinae and Orthocoronavirinae. The later one is the most diverse with four 

genera Alphacoronaviruses, Betacoronaviruses, Gammacoronaviruses and 

Deltacoronaviruses25. Besides SARS-CoV-2, betacoronaviruses includes other 

human coronaviruses (HCoVs) as HCoV-OC43, HCoV-HKU1, SARS-CoV and 

MERS-CoV; whereas human coronaviruses HCov-229E and HCoV-NL63 are alpha-

coronaviruses. In contrast with SARS-CoV, SARS-CoV-2 and MERS-CoV, the other 

HCoVs (HCoV-OC43, HCoV-HKU1, HCoV-229E, and HCoV-NL64) cause harmless 

infections26. CoVs are both, animal and human pathogens27–30. Alphacoronaviruses 

and Betacoronaviruses include only mammalian CoVS, while the other two genera 

include CoVs that affect predominantly birds31 (Fig.1).  

Sequencing analysis has shown that SARS-CoV-2 is related to SARS-CoV and 

MERS-CoV, with a 79% and 50% identity, respectively5. Both, SARS-CoV and 

MERS-CoV, were also responsible of two relevant respiratory diseases in the 20th 

century. SARS-CoV emerged in China in 2002 and caused Severe Acute Respiratory 

Syndrome (SARS) epidemic with 8.422 reported infections and 916 deaths until its 

containment in 200432. MERS-CoV appeared in Saudi Arabia in 2012 and it is the 

etiological agent of Middle East Respiratory Syndrome (MERS), an endemic disease 

with 2600 cases and 935 associated deaths 33. 
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Phylogenetic studies have shown that all HCoVs have a zoonotic origin34. While 

HCoV-HKU1 and HCoV-OC43 are considered to be originated from rodents; HCoV-

229E, HCoV-NL63, SARS-CoV and, MERS derived from bat CoVs34,35. Multiple 

theories have been considered in relation to SARS-CoV-2 origin, including 

laboratory escape scenario36. However, scientific evidences pointed to a bat origin, 

since sequencing analysis showed an 88% identity among SARS-CoV-2 and two 

bat-derived SARS-like CoVs: bat-SL-CoVZC45 and bat-SL-CoVZC215. Notably, 

Zhou et al. reported the bat coronavirus RaTG13 as the more closely related 

coronavirus with a 96.2% identity37. However, similarity in the genome region of the 

Receptor binding domain (RBD) of SARS-CoV-2 with the RBD of RaTG13 was below 

90%, indicating a less close relationship among two viruses38. Interestingly, high 

RBD similarity has been found in CoVs isolated from pangolins, such as PCoV-GD 

(96.8%)38. Thus, it has been proposed pangolins as an intermediate host, since 

interspecies transmissions have been previously described for other HCoVs, such 

as MERS39. Moreover, multiple recombinant events have been identified in SARS-

CoV-2 genome40 which could suggest that recombination between bats and 

pangolins CoVs might happened in another animal host and then jumps to 

humans31. Even when the direct progenitor for SARS-CoV-2 is still not discovered, 

all phylogenetic studies point to a zoonotic origin.  

Figure 1. Phylogenetic tree of SARS-CoV-2. Schematic representation of the four 
Orthocoronavirinae genera, pointing their evolutionary connection and their animal hosts. Human 
coronaviruses are highlighting in red. Adapted under CC BY 4.0 License from Singh et al.31 
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Genome 

SARS-CoV-2 is an enveloped virus with a positive-sense single-stranded RNA 

(+ssRNA) genome of ~ 30 kb. SARS-CoV-2 genome shows similar architecture to 

other CoVs41 (Fig. 2A). The RNA genome of CoVs have a 5’-cap and a 3’-poly(A) tail, 

like most eukaryotic mRNA, which allow their recognition by the host translation 

machinery42. SARS-CoV-2 genome contains 14 open reading frames (ORFs) and 

encode for a total of 31 proteins divided into: 16 non-structural proteins (nsp1-16), 

4 structural proteins, and 11 accessory proteins43. The non-structural proteins are 

encoded by ORF1a (nsp1-nsp11) and ORF1b (nsp12-nsp16) genes, which 

represent two-thirds of the viral RNA genome. The structural proteins include the 

Spike (S), Membrane (M), Envelope (E) and Nucleocapsid (N) proteins which are 

encoded by the S, M, E, and N genes, respectively. Finally, the ORF3a, ORF3b, 

ORF3c, ORF3d, ORF6, ORF7a, ORF7b, ORF8, ORF9b, ORF9c and ORF10 genes 

encode accessory proteins. Non-structural proteins ORFs start at the 5´-end, while 

structural and accessory proteins ORFs are grouped in the 3´-end43. Both, non-

structural and structural proteins are common elements among CoVs, contrary to 

accessory proteins which are not shared by all CoVs44. Indeed, ORF8 and ORF10 

gene are unique for SARS-CoV-243,45. Accessory proteins have diverse function 

related with viral pathogenesis, such as immune evasion and alteration of apoptosis 

and mitochondrial function43. Non-structural proteins are involved in viral 

replication, transcription and translation, and also viral pathogenesis during 

infection through countering the antiviral response46,47. 

Molecular Structure 

SARS-CoV-2 virions have a spherical shape with an average diameter of 108 ± 8 

nm48. The viral RNA is tightly associated with the N proteins and surrounded by a 

lipid bilayer derived from the host cell. The viral envelope is formed by the M, E, and 

S viral proteins embedded in the lipid bilayer (Fig. 2B).  

The N protein is a multifunctional protein that binds to viral RNA and it is involved in 

the formation of ribonucleoprotein (RNP) complex, which adopt a helical 

conformation49. The packing of RNP complex into the new virions occurs via the 

interaction between the N protein with the M protein50. Furthermore, the N protein 

interact with a protein subunit of the viral replication-transcription complex (RTC) 

allowing the correct RNA assembly into the RTC machinery 51.    
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The M protein is the most abundant structural protein which drives the assembly of 

new virions into the host cells42. Oligomerization of new CoVs occurs at the Golgi-

endoplasmic reticulum membrane, where the M protein accumulates and recruits 

S, N and E proteins52. Those interactions promote membrane curvature and finally 

the formation of new virions53. 

Figure 2. SARS-CoV-2 Structure. (A) SARS.CoV-2 genome organization. SARS-CoV-2 contains 
16 non-structural proteins (nsp) and 11 accessory proteins involve in several processes during 
viral cycle. Viral architecture is composed by four structural proteins, nucleocapsid (N), spike (S), 
membrane (M), and envelope (E). (B) SARS-CoV-2 viral envelope consists of spherical lipid bilayer 
crossed by M, E, and S proteins that encloses the viral single-stranded RNA bound to N proteins. 
(C) Schematic of S protein primary structure pointing the S1 and S2 subunits and their respective 
domains. SP, signal peptide; NTD, N-terminal domain; RBD, receptor binding domain; SD1, 
subdomain 1; SD2, subdomain 2, S1/S2, S1/S2 protease cleavage site; S2’, S2’ protease 
cleavage site; FP, fusion peptide; HR1, heptad repeat 1; CH, central helix; CD, connector domain; 
HR2, heptad repeat 2; TM, transmembrane domain; CT, cytoplasmic tail. (D) SARS-CoV-2 S 
monomer and trimer structure. S trimer is shown in its prefusion conformation and in two different 
states, close (RBD down) and open (RBD up). Each S domain is represented in color according 
to (c). Those domains in white are not shown. The S structure is from Wrapp et al.61 under CC BY 
4.0 License. 
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The E protein is an integral membrane protein that join to M protein to form the viral 

envelope. Thus, most E proteins localize in the Golgi-endosplasmic reticulum where 

participates in virion assembly. Interaction between E protein and M protein is 

sufficient for the production and release of virus-like particles (VLPs)54. Moreover, 

the E protein is involved in maturation and release of virus particles through its 

hydrophobic transmembrane domain, since the alteration of this domain affect 

excretion of virus particles but not virus assembly55.  

The S protein is a glycosylated type I membrane protein (single transmembrane helix 

with the amino-terminal domain oriented to the outer media), which assembles into 

homotrimers and it is presented on the viral surface. The S glycoprotein mediates 

cell receptor attachment and viral and cell host membrane fusion56. In some CoVs, 

this structural protein has been reported to also mediate the fusion between infected 

cell and adjacent cells, allowing virus spreading by syncytia formation57. Thus, 

coronavirus life cycle and infectivity strongly depend on S protein. Furthermore, S 

protein was identified as the most significant immune target in HCoVs, such as 

SARS-CoV58. Hence, at the beginning of the pandemic, scientific research focused 

on the characterization of the SARS-CoV-2 S glycoprotein. 

SARS-CoV-2 S protein has a size of 180-200 kDa with a total length of 1273 amino 

acids (aa). Each monomer consists of two subunits, S1 and S2. The S1 subunit (14-

685 aa) comprises the N-terminal segment (14-685 aa) and include the RBD (319-

541 aa). Whereas, S2 subunit (686-1273 aa) encompasses the fusion peptide (FP) 

(788-806 aa), heptapeptide repeat sequence 1 (HR1) (912-984 aa), heptapeptide 

repeat sequence 2 (HR2) (116-1213 aa), transmembrane domain (1213-1237 aa) and 

the cytoplasm domain (1237-1273 aa)59 (Fig.2C). While S1 is involved in the binding 

to the host cell receptor through the RBD, the S2 subunit is responsible for viral 

fusion and entry60. Both SARS-CoV and SARS-CoV-2 S glycoproteins bind to the 

angiotensin-converting enzyme 2 (ACE2) receptor to gain cell entry60; although, the 

affinity of SARS-CoV-2 S protein for ACE2 is 10 to 20-fold higher61. Since RBD is 

the region involved in this binding, it constitutes a major target of neutralizing 

antibodies62. The S trimer exists in a prefusion conformation and undergoes 

structure rearrangement upon ACE2 binding, leading to a post-fusion 

conformation61,63. According to Cryo-EM microscopy, the prefusion conformation 

of SARS-CoV-2 S protein can switch between an open (RBD exposed, “up”) and 

close (RBD not exposed, “down”) state61 (Fig.2D). Since in the close state S does 
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not expose any RBD, this is considered an inactive conformation unable to interact 

with the host cell receptor64. The RBD motility is conserved among other related 

beta-CoVs such as SARS-CoV and MERS-CoV, which suggest that SARS-CoV-2 S 

glycoprotein might also pivots between one RBD “up” and three RBDs “up”, being 

the last one the most unstable conformations61,64,65. Moreover, RBD-ACE2 binding 

is flexible showing different RBD angles in “up” conformation63,66, which may affect 

epitope exposure and antibody access. 

Viral Cycle and Infection 

SARS-CoV-2 infection begins with the specific binding of the S protein to the ACE2 

receptor (Fig.3A). Besides ACE2 expression, SARS-CoV-2 infection also requires 

the surface co-expression of the transmembrane protease serine 2 (TMPRSS2)60. 

The S2 subunit contain an internal cleavage site, known as S2’ site, which is 

structural constraint in S pre-fusion state67. ACE2 binding triggers S2’ site exposure 

which is catalyzed by the cellular TMPRSS268. This cleavage uncouples both S1 and 

S2 subunits, and the S protein undergoes conformational changes, in which S2 

subunit is elongated and the FP inserts into the cell membrane forming a fusion pore 

that allow the viral genome to enter into the cell69 (Fig.3B). Thus, ACE2 and 

TMPRSS2 co-expression mostly determine viral tropism. However, although SARS-

CoV-2 has greater preference for TMPRSS2, other serine proteases can contribute 

to fusion process70–72. As well as other HCoVs, SARS-CoV-2 can also be 

internalized via clathrin-mediated endocytosis73 and S2 site can be cleaved by 

endosomal cathepsins to activate the membrane fusion process74. 

Once the viral RNA genome is inside the cytoplasm, it recruits the cellular translation 

machinery and encodes two polyproteins Pp1a and Pp1b75 (Fig.3C). These two 

polyproteins are processed by viral proteases into nsp1-nsp16, and some of them 

assemble to form the RTC76. The viral RNA genome serves as template for RTC to 

synthesize a full-length RNA copy and several subgenomic mRNAs, which are used 

to produce structural and accessory proteins77 (Fig.3D). Replication and 

transcription occur within double membrane replication organelles that are formed 

during early infection78. Structural proteins translocate to endoplasmic reticulum-

Golgi compartments where nucleocapsid protein and newly viral RNA are 

assembled (Fig.3E), forming new virions into vesicular compartments that are finally 

secreted by exocytosis77,79 (Fig.3F and G). During cellular trafficking, S protein 

priming is performed by host furin protease. Contrary to SARS-CoV, SARS-CoV-2 
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S incorporates a furin cleavage site among S1 and S2 subunits (S1/S2 site)80. S 

priming enhances SARS-CoV-2 infectivity, as long as favors RBD “up” state81 and 

mutation of furin cleavage site was demonstrated to result in decreased 

pathogenesis in vivo82. 

SARS-CoV-2 Mutagenesis and Variants 

In general, CoVs have a low mutation rate (~10-6 per site per cycle) since they 

present a proofreading exoribonuclease83. However, natural selection can still occur 

fixing mutations that benefit viral survival. Remarkably, antigenic drift is a variation 

mechanism which affects specifically genes that code for viral antigens targeted by 

Figure 3. SARS-CoV-2 viral cycle. (A) SARS-CoV-2 infects cell after S binding to ACE2 receptor. 
This binding promotes structural changes in the S protein with subsequent fusion peptide (FP) 
exposition. (B) After FP insertion into the cell membrane the viral genome is dropped into 
cytoplasm. SARS-CoV-2 also can enter by clathrin-mediated endocytosis. (C) Two primary protein 
transcripts are translated and processed into non-structural proteins (nsp) that combine to form 
viral replication-transcription complex (RTC). (D) Viral RTC leads RNA replication and subgenomic 
RNAs production which translates into structural proteins. (E) Viral RNA copy and structural 
proteins assemble into new virions in endoplasmic reticulum-Golgi intermediate compartment 
(ERGIC). (F) During assembly, SARS-CoV-2 virions are activated by furin cleavage. (G) Finally, 
mature virions release by exocytosis. Adapted under CC BY 4.0 License from Lebeau79.  
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the immune response. Thus, new emergent virus variants can escape from prior 

immune responses84.  Antigenic drift has been described in HCoVs; for example, 

the mutation D480A/G in the RBD of SARS-CoV became dominant during 

2003/2004 epidemic and triggered resistance to previous neutralizing antibodies85. 

Since the beginning of the pandemic, SARS-CoV-2 genome has been worldwide 

sequenced and tracked, allowing surveillance of new mutations that might affect 

virus pathogenicity.  

Actually, there are millions of SARS-CoV-2 whole genome sequences available and 

published by the Global Initiative on Sharing All Influenza Data (GISAID) 

(https://covariants.org/). SARS-CoV-2 genetic lineages have been named following 

the Phylogenetic Assignment of Named Global Outbreak Lineages (PANGOLIN) or 

Pango nomenclature; or the WHO nomenclature based on Greek alphabet 

assignment.  A large amount of difference sequences has been reported with the 

consequent description of several SARS-CoV-2 variants with diverse 

epidemiological characteristics. This made necessary to categorized variants in 

three groups attending to their risk to public health: Variant of Concern (VOC), 

Variant of Interest (VOI) and Variant Under Monitoring (VUM), from more to less 

health impact86. Among them, VOCs have received special attention, since they are 

described as variants with an increase in transmissibility and virulence, and/or 

decrease in the effectiveness of the public health, social and therapeutics measures. 

A total of five SARS-CoV-2 VOCs have been recognized by the WHO; Alpha (B.1.1.7, 

Pango nomenclature), Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2) and Omicron 

(B.1.1.529)86 (Table.1). Omicron is considered the last current circulating variant 

family, while the other four have been de-escalated because they are no longer 

circulating or no remain any problem for public health. To date, multiple mutation 

events have been reported on S protein. Interestingly, some of these mutations are 

kept among VOCs and a large number of them affect the RBD (Table.1) with different 

implications, such as higher affinity for ACE2 receptor and resistance to neutralizing 

antibodies87,88. Those mutations had also an impact on variants transmissibility, 

showing a faster spreading, and severity, increasing the number of hospitalization 

cases. Alarmingly, all VOCs excepting Alpha, reduce the efficacy of available 

therapeutic treatments and vaccines87,88. This highlight the importance of a 

continuous update of vaccines and therapies research in this field. 
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2. Immune Response Upon SARS-CoV-2 Infection 

SARS-CoV-2 is transmitted by respiratory fluids that contain virus and contact with 

mucous membranes. Infection begins in upper respiratory tract and gradually 

descends to lower respiratory tract. Thus, viral load is higher in nasopharynx during 

early infection and greater in sputum at late infection89. In the upper respiratory tract, 

SARS-CoV-2 infect epithelial and secretory goblet cells, while in lower respiratory 

part, it infects epithelial cells and type II pneumocytes90. These cells co-express the 

ACE2 receptor and the TMPRSS2 protease90. Although, the respiratory system is 

the major target of SARS-CoV-2, ACE2 expression is ubiquitous and infection of 

other cells and tissues have been reported, such as enterocytes, vascular 

endothelial cells, and epithelial cells from the distal tube91. Accordingly, 

cardiovascular, gastrointestinal, and kidney injury have been described as 

complications in severe COVID-19 cases92–94. Moreover, subclinical multi-organ 

symptoms have also been reported in non-severe and recovered COVID-19 

patients95. Thus, COVID-19 prognosis will depend on pulmonary injury and multi-

organ affection96, which are directly influenced by the capacity of the immune 

system to control and clear SARS-CoV-2 infection. 

 

2.1. Innate Immunity 

The innate immune response is the first line of defense against SARS-CoV-2 

infection. During early infection, viral products (pathogen-associated molecular 

patterns, PAMPs), as well as products from cell damage (damage-associated 

molecular patterns, DAMPs) are recognized by patter recognition receptors (PRRs). 

PRRs are expressed mainly in innate immune cells, including macrophages, 

monocytes, dendritic cells (DCs), neutrophils, natural killers (NKs) and innate 

lymphoid cells (ILCs); but also, in non-immune cells, such as epithelia cells97. PRRs 

include Toll-like receptors (TLRs), retinoic acid-inducible gene I (RIG-I)-like 

receptors (RLRs), nucleotide-binding oligomerization domain-like receptors (NLRs) 

and, C-type lectin receptors (CLRs) subfamilies98. Recognition of PAMPs or DAMPs 

by these receptors induces an inflammatory response through activation of innate 

immune cells, which produce pro-inflammatory cytokines and chemokines, and also 

trigger cell death programs on infected cells98. 
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SARS-CoV-2 structural proteins and viral RNA are the main target of PRRs. 

Specifically, TLRs are integral membrane sensors and play a main role during SARS-

CoV-2 replication and viral trafficking. Several studies reported that the S, M, and E 

proteins induce inflammation via TLR2 signaling99–101. Additionally, S1 subunit 

initiates a pro-inflammatory cascade by interacting with TLR4102, while TLR3 and 

TLR7/TLR8 may be activated by SARS-COV-2 derived double-strand RNA (dsRNA) 

intermediates during viral replication in endosomes103,104. 

Cytosolic viral RNAs are recognized by RLRs, which include RIG-I, melanoma 

differentiation-associated gene 5 (MDA5) and laboratory of genetics and physiology 

2 (LGP2) receptors. Stimulation of RLRs trigger the expression of interferon (IFN) 

genes. While little is known about LGP2 ligand, RIG-I senses 5’-triphosphorilated 

ssRNA and MDA5 binds to long dsRNA. Thus, both RIG-I and MDA5 are suggested 

to recognize genomic and subgenomic RNA intermediate products from SARS-

CoV-2 replication and transcription. Indeed, the lack of MDA5, LGP2 and RIG-I 

reduces IFNs production and the pro-inflammatory response upon infection105,106. 

Besides that, RIG-I has been reported to hamper SARS-CoV-2 replication in an IFN-

independent manner, through binding to viral RNA and blocking attachment to the 

viral RTC107. 

Like RLRs, NLRs are also intracellular cytosolic sensor. NLRs includes 23 members 

involved in the recognition of bacterial derived-PAMPs or in inflammasome 

assembling108. From this last group, NLRP3 is one of the best characterized. Upon 

different stimuli, NLRP3 oligomerized and form the inflammasome complex. This 

complex triggers the cleavage of pro-caspase-1 to caspase 1, which catalyze the 

activation of pro-IL-1β and pro-IL-18 inflammatory cytokines; as well as Gasdermin 

D cleavage which promotes pyroptosis109. Several PAMPs from SARS-CoV-2, 

including viral ssRNA, ORF3a accessory protein and, N protein, stimulate NLRP3 

activation110–112. 

Pro-inflammatory cytokines and chemokines produced by PRRs signaling (e.g. TNF, 

IFN, IL-1β, IL-6, CCL2, and MIP-1α) in response to SARS-CoV-2, induce local 

vasodilation and immune cell recruitment, such as monocytes and neutrophils; and 

lately, lymphocytes. Cytokines also activate macrophages, DCs and NK cells, which 

boost viral clearance and antigenic processing/presentation. Moreover, cytokines 

can induce systemic fever and trigger the acute-phase response. Hence, in infected 
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tissues innate response creates an antiviral environment which limit viral replication 

and spread, providing time to adaptive response development (Fig.4A). 

Interestingly, in some patients, the innate immune response controls SARS-CoV-2 

infection without stimulating adaptive immunity113. Nevertheless, innate immune 

responses and pro-inflammatory cytokines persistence at high levels is related to 

severe COVID-19114,115 (Fig.4B). SARS-CoV-2 is able to evade innate immune 

response by reducing the expression of IFNs levels116–118, delaying the development 

of the adaptive immune response, and promoting a pro-inflammatory cytokines 

dysregulation119. According to Karki et al., TNF and IFN-γ signaling induce 

inflammatory programmed cell death (PANoptosis) during COVID-19, which 

promote a cytokine storm development120. Thus, a positive loop is created among 

PANoptosis and cytokine storm, which finally cause a cytokine shock with systemic 

inflammatory response syndrome (SIRS) and acute respiratory distress syndrome 

(ARDS), both common in severe COVID-19120. 

 

2.2. Adaptive Immunity 

The development of a proper SARS-CoV-2 specific-adaptive immune response is 

associated with the resolution of average COVID-19 cases. This aim to the important 

role of adaptive response during SARS-CoV-2 infection and its understanding to the 

effective vaccine development. Adaptive immunity has two main branches, the 

cellular and the humoral response. 

Figure 4. Immune response during SARS-CoV-2 infection. Simplified representation of the 
innate and adaptive immune response kinetics under (A) mild-moderate and (B) severe or fatal 
COVID-19. Dash line marks COVID19 recovery and the evolution of the immune response 
beyond time after healing. Yellow line represented the innate immune response, red line 
showed the viral load, blue lines represented the humoral response and green line displayed 
the cellular response. 
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Cellular Response 

Adaptive cellular response includes CD4+ and CD8+ T cells populations. The 

generation of a specific cellular response against SARS-CoV-2 require antigen 

presentation in the context of Major Histocompatibility Complex (MHC) class I (for 

CD8+ T cells) and class II (for CD4+ T cells)121,122. Contrary to MHC-I, which is 

expressed by almost all nucleated cells, the MHC-II is restricted to antigen-

presenting-cells (APCs); which include macrophages, DCs, and B cells. Particularly, 

DCs play a major role in the development of adaptive immune responses. Resident 

DCs from respiratory tract capture SARS-CoV-2 antigens and migrate to proximal 

draining lymph nodes (LNs) where present these antigens to CD8+ and CD4+ T cells. 

The recognition of MHC/antigen complexes by T cells and concomitant co-

stimulatory signals, trigger its activation, proliferation and migration to the site of 

infection123. 

Both CD4+ and CD8+ T cells are involved in the anti-SARS-CoV-2 immune 

response124,125. During SARS-CoV-2 infection, the CD4+ T cell repertoire is activated 

against almost all viral proteins and the magnitude of the response correlates with 

the level of expression of each protein125. S, M and N proteins are the major targets 

of CD4+ T cells response125 in both convalescent and acute SARS-CoV-2 infected 

individuals124. SARS-CoV-2 specific CD4+ T cells can be detected as early as 4 days 

after symptoms onset124 (Fig.4A), and a rapid CD4+ T cell response correlates with 

infection control and mild COVID-19126. In contrast, late and poor SARS-CoV-2 

specific CD4+ T cells response is strongly associated with severe 

disease126,127(Fig.4A). The strong association between CD4+ T cells and disease 

prognosis lie in their multiple functions during SARS-CoV-2 infection. Thus, CD4+ 

follicular helper T cells (Tfh) are critical in the development of B-cell and long-term 

humoral responses against SARS-CoV-2124,127. In addition, IFN-γ-, IL-2-, and TNF-

producing T helper type 1 cells (Th1) play a major role in the immune responses to 

SARS-CoV-2124,127 by mediating direct antiviral functions, recruiting monocytes, and 

boosting CD8+ T-cell and macrophage activity. 

Regarding CD8+ T cells, although their frequencies in SARS-CoV-2 infected 

subjects are lower than CD4+ T cells125,127, they are still important for viral clearance. 

Indeed, the magnitude of CD8+ T cells in peripheral blood monocular cells (PBMCs) 

have been associated with better COVID-19 prognosis124,128. SARS-CoV-2 specific 
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CD8+ T cells are reactive against multiple viral proteins, including S, N, M and 

accessory proteins125,127,129,130.  

After viral clearance, T cell response gradually declines, but it still remains 

detectable up to one year after COVID-19 recovery131 (Fig.4A). SARS-CoV-2 T cell 

memory persistence have been found independently of COVID-19 severity132. 

However, differences were reported among circulating CD8+ and CD4+ memory T 

cells, since long-lasting CD8+ T cells were not detectable in some convalescent 

individuals133. Apart from circulating memory T cells, both CD4+ and CD8+ tissue-

resident memory T cells were found in the airway tract and associated LNs134. 

Moreover, different studies reported that despite a slightly decrease, pre-existing 

SARS-CoV-2 cellular response remains active against new SARS-CoV-2 

variants135,136.  

Humoral Response 

The humoral immune response is mediated by antigen-specific B cells that produce 

antibodies after antigen activation via B-cell receptor (BCR)137,138. This encounter 

occurs mainly in secondary lymph tissues, such as LNs. Signaling via BCR triggers 

gene expression programs, and antigen internalization and processing. Activated B 

cells migrate to the B-T border of immature follicles into the LNs, where they present 

the processed antigen to CD4+ helper T cells through MHC-II molecules. T cell co-

stimulation promotes B cell proliferation and lead differentiation into short-lived 

extrafollicular plasmablasts. These cells are responsible for early humoral response 

characterized by low-affinity IgMs, and to a lesser extent IgGs137,138. Additionally, 

after B- and T-cell synapse, B cells start the immunoglobulin class switching 

process and derive to germinal center (GC) formation139. In GC, B cells interacts 

with CD4+ Tfh cells and undergoes immunoglobulin somatic hypermutation137,138. 

This process is coupled to antigen selection that results in an affinity maturation 

process. By this mechanism, B cells expressing high affinity antibodies are selected 

and progressively differentiated to long-lived plasma cells or memory B cells. Upon 

antigen re-exposition, memory B cells rapidly generate antibody-producing plasma 

blasts or re-enter GC for further maturation and diversification of antibody 

response140. 

During SARS-CoV-2 infection, antibody seroconversion occurs rapidly between 5-

15 days post-symptoms onset (Fig.4A). Although classically IgM antibodies precede 

circulating IgG, in SARS-CoV-2 infection, IgG can be early or simultaneously 
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detected with IgM during seroconversion141,142. Remarkably, IgA antibodies, which 

are critical in mucosal tissue protection, may appear on days 4-6 post-symptoms 

onset exceeding IgM titters143. While IgG levels progressively increase after 

infection, reaching a plateau by 3-4 weeks post-symptoms onset and a late 

progressive decay, IgM and IgA levels begins to decrease from the third-four 

weeks141. Despite this general description, SARS-CoV-2 seroconversion profile and 

antibodies levels may vary according to COVID-19 clinical severity. Thus, high 

antibodies titters (including neutralizing ones) have been found in severe COVID-19 

patients144–147. This elevated humoral response may be connected with extended 

and high viral antigen exposure in acute COVID-19 cases148 and consequently 

humoral response is triggered much longer149. Contrarily, asymptomatic patients 

show the lowest concentration of antibodies150. Hence, high antibodies titters are 

not necessarily related to greater COVID-19 prognosis. Notably, despite higher 

antibody levels, Tang et al. showed that antibody affinity is lower in deceased than 

in recovered patients151. A poor antibody affinity maturation has been previously 

reported in elder people152, which belongs to COVID-19 high-risk population. Thus, 

humoral response efficacy against SARS-CoV-2 may be more a matter of quality 

than quantity. After COVID-19 recovery, specific SARS-CoV-2 antibodies are still 

detectable for long time. Overall, IgM and IgA have a short-life and their levels 

decline between 1 and 3 months after infection, while IgG peak remains stable up 

to 6-month post-infection and it experiences a significant decrease between 6-8 

month after symptom onset153–156 (Fig.4A). One year after symptom onset, specific 

IgM and IgA were not detectable in most patients. In contrast, anti-SARS-CoV-2 

IgG persists detectable over one year156–158. Long-lived antibodies result from the 

development of a SARS-CoV-2 specific memory B-cell compartment. While 

antibody levels decrease gently after reaching their peak, circulating memory B cells 

increased over time and arise their maximum at 3-6 months post-infection153,158. In 

addition, memory B cells remain without significant variation up to one year after 

infection independently on severity disease158,159. 

Humoral response is directed against both SARS-CoV-2 structural and non-

structural proteins160. Antibodies against the S, N and E proteins have been 

detected in COVID-19 patients161,162, and their levels correlate with COVID-19 

prognosis163. Both, S1 and S2 subunits are targeted by humoral responses164, but 

the RBD into the S1 subunit was found the immunodominant target62,165. 
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Remarkably, 90% of neutralizing antibodies target the RBD domain165, with the 

remaining 10% directed against other S1 motifs, such as the N-terminal 

domain166,167, or the S2 subunit168,169, and quaternary epitopes involving S-trimer 

conformation167. Consequently, driven by immune pressure, the S protein 

accumulates several mutations among variants, and most particularly in the RBD170. 

Despite that, it has been demonstrated that humoral response can evolve by 

somatic hypermutation, antigen selection and affinity maturation, increasing 

neutralizing potency171. This process may overcome SARS-CoV-2 escape 

mutations172, rendering to the humoral response the capability to neutralize 

emerged VOCs171,173,174. Neutralizing antibody titters against SARS-CoV-2 show a 

dynamic pattern similar to the total IgG antibodies. Indeed, anti-RBD and anti-S IgG 

levels showed a great correlation with neutralization titters175. SARS-CoV-2 infected 

individuals develop a rapid neutralizing response176,177 with maximum activity in the 

first month post symptom onset158,178. After that, neutralizing activity declines178,179, 

but attains a stable plateau by months 4 to 6 post-infection which maintains beyond 

one year after recovery158,180. Particularly, neutralizing titters are higher in severe 

COVID-19 episodes than mild-symptom cases181. The presence of neutralizing 

antibodies against SARS-CoV-2 correlates with survival, more specially 

neutralization potency175. Additionally, neutralizing antibodies provide protection to 

re-infection182,183. 

Besides neutralization, other antibody effector functions have also been reported 

during SARS-CoV-2 viral clearance. Non-neutralizing antibodies can mediate 

complement activation or interact with Fc-receptors expressed on the surface of 

immune cells and mediate antibody dependent cellular cytotoxicity (ADCC), and 

antibody dependent cellular phagocytosis (ADCP). Expression of viral proteins on 

the surface of infected host cells can be recognized by non-neutralizing antibodies, 

which triggered NK activation and killing of infected cells by ADCC184. While, non-

neutralizing antibodies can opsonize viral particles triggering their phagocytosis by 

macrophages via ADCP. Both effector functions have been described during 

COVID-19 infection, with similar dynamic trend as neutralizing antibodies185–188. 

Additionally, sera from COVID-19 patients has been reported to activate 

complement system on the surface of infected cells185.  
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3. SARS-CoV-2 Vaccine Development 

Prior to SARS-CoV-2 pandemic, no vaccines against CoVs have been approved for 

use in humans. Since circulating HCoV-HKU1, HCoV-OC43, HCoV-229E, and 

HCoV-NL63 caused mild-disease, it was not until SARS-CoV and MERS-CoV 

emergence that coronavirus vaccine research was a priority. During the SARS-CoV 

outbreak, vaccines were under development and two reached phase I trials189,190. 

However, as virus was eradicated and non-reemergence occured since 2004, 

SARS-CoV vaccine development was discontinued. Contrary, MERS-CoV has 

remained being a health problem much longer. Although the majority of MERS-CoV 

cases concentrate in Middle East and the infection ratio have declined since 

2016191, the vaccine development has maintained active more time and three 

vaccines have undergone phase 1 trials in the last four years192–194. The knowledge 

acquired through preclinical and clinical studies of SARS-CoV and MERS-CoV 

vaccines, as well as on the immune response to coronaviruses, was pivotal for the 

development of current SARS-CoV-2 vaccines. 

 

3.1. From SARS-CoV and MERS-CoV to SARS-CoV-2 Vaccine. 

A crucial point in the design of a vaccine is the election of the target antigens that 

will be presented to the host immune system. Regarding this, since S protein is 

immunodominant and anti-S humoral response correlates with neutralization 

activity in SARS-CoV58,195 and MERS-CoV196,197 infected individuals, most vaccines 

against these CoVs were based on this protein. Besides the target antigen selection, 

the vaccine platform is also critical for the elicitation of protective immune 

responses. In the last decades, vaccine manufacturing has been benefited from the 

progress in molecular biology, and several novel vaccine platforms have been 

improved, such as recombinant viral vectors and nucleic acid vaccines. Moreover, 

advance in adjuvant research has also helped to increase vaccine immuogenicity. 

Here, we reviewed the different vaccines platforms which have been used in the 

context of SARS-CoV and MERS-CoV, and that lately helped to speed up SARS-

CoV-2 vaccines development. 

Whole inactivated vaccines are based on killed pathogens, such as virions 

inactivated chemically or by radiation, while the attenuated vaccines include live 

pathogen but weakened by deleting or mutating pathogenic components198. Both 
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vaccine platforms contain nearly the full antigen repertoire from the original virus 

and can induce a broad immune response. Additionally, they can be administered 

using different inoculation routes and thus, they can elicit protection in the pathogen 

entry site, usually at mucosal level199. Preclinical research with inactivated SARS-

CoV and MERS-CoV in mice had shown that they can elicited neutralizing 

antibodies200–202. However, some studies reported that inactivated SARS-CoV and 

MERS-CoV formulations caused eosinophil-related lung pathology upon viral 

challenge200,203. For the generation of live attenuated SARS-CoV and MERS-CoV 

vaccines, several structural and non-structural proteins were targeted to reduce viral 

virulence, including the E protein204,205 and the combination of nsp16 and nsp14 

proteins206–208. Both attenuation strategies have been shown to provide protection 

against viral challenge after vaccination. Despite that, safety concerns were 

associated with live attenuated vaccines, that hampered their progression to clinical 

trials. 

Apart from whole inactivated and live attenuated vaccines, subunit vaccine platform 

was widely evaluated in SARS-CoV and MERS-CoV. Subunit vaccines consist of 

isolated antigens (usually proteins) that are produced mostly recombinantly. As a 

small fragment, subunit vaccines are less immunogenic than whole pathogen, but 

the use of adjuvants and sequential boosting favor the induction of an effective 

immune response209. SARS-CoV and MERS-CoV subunit vaccines focused mainly 

on recombinant S protein and more particularly on RBD. Both, monomeric and 

trimeric S protein were immunogenic and protected upon SARS-CoV challenge in 

animal models210–212. The RBD showed similar results with potent neutralizing 

antibody induction and protective capacity against SARS-CoV213–215. In addition, the 

S2 subunit, N, and M proteins from SARS-CoV were also analyzed with poorly or 

no evidence of neutralizing response216–218. Considering SARS-CoV previous 

results, most MERS-CoV protein subunit vaccines were based on the RBD antigen, 

and showed great immunogenicity and strong neutralizing antibody responses, 

which can even cross-neutralize different viral strains219–221. Besides RBD, the whole 

S1 subunit, and its N-terminal domain provide protection against MERS-CoV 

infection in pre-clinal studies222–224. Regarding the use of the trimeric S protein as 

immunogen, the S ectodomain displays high instability, which makes S protein 

difficult to produce as recombinant protein65. In this sense, Pallesen and colleagues 

described that the incorporation of two proline mutations at positions V1060 and 



  Introduction 

53 
 

L1061 stabilized the MERS-CoV trimeric S protein in its prefusion state65. Compared 

with wild-type S, V1060P/L1061P mutant protein (S-2P) showed an increased yield 

as recombinant protein and higher capability to induce neutralizing antibodies upon 

immunization. Interestingly, this strategy is translatable to other coronavirus S 

protein, such as SARS-CoV, HCoV-HUK65, and recently SARS-CoV-2225. 

To overcome immunogenicity issues associated with subunit vaccines, 

nanoparticles-based vaccines and viral vector vaccines emerged as increased 

protein presentation platforms226. Nanoparticles include several antigen forms, such 

as VLPs and bacterial outer membrane vesicles platforms. Specifically, VLPs 

consist of self-assemble viral particles which contain structural proteins but lack 

viral genome. Additionally, they can work as heterogenous recombinant proteins 

carriers. Compared with whole or live-attenuated pathogen, the absence of genomic 

material makes VLPs safer vaccines. Regarding the use of nanoparticles-based 

vaccines in coronaviruses, two SARS-CoV VLP vaccines based on hepatitis B virus 

and influenza particles, which express the S protein on their surface, have 

demonstrated to be immunogenic and protect against viral infection in preclinical 

studies227,228. Similarly, both chimeric and MERS-CoV VLPs generated using M, E 

and S proteins had also shown to be effective protecting from MERS-CoV 

infection229,230. 

Viral vector vaccines consist of modified viruses for encoding antigens of interest. 

Thus, during vaccination viral genomic material is delivered into the cells through 

infection and host cells will synthetize and present antigens231. Viral vector vaccines 

can be replicative and non-replicative, and may mimic natural infection inducing 

strong immune response without adjuvant. However, their manufacture is 

complicated and they have risk of viral genome integration in infected cells requiring 

extra safety steps231. Moreover, pre-existing vector immunity can limit the immune 

response to the antigen of interest232,233. Notably, the knowledge acquired during 

SARS-CoV and MERS-CoV viral vector research have been leveraged lately in 

SARS-CoV-2 vaccine development. Viral vector vaccines in SARS-CoV and MERS-

CoV were based mainly on S protein. Several pre-clinical studies have 

demonstrated that adenoviral vectors are safe and elicit potent immune response 

and protection upon viral challenge for both coronaviruses234–238. Remarkably, one 

vaccine encompassing a chimpanzee adenoviral vector (ChAdOx1) and the MERS-

CoV S protein induced high titers of neutralizing antibodies as well as cell-mediated 
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immunity239 and provided protection in three different animals models240–242. Given 

these results, ChAdOx1 MERS-CoV vaccine was tested in humans. This vaccine 

was safe and well-tolerated by volunteers, and vaccine-elicited immune responses 

remained detectable in most cases after one-year193. Besides adenoviral vectors, a 

modified vaccinia virus Ankara (MVA) vector expressing SARS-CoV S or MERS-CoV 

S protein induced neutralizing antibodies and provided protection in different animal 

models243,244. In addition, MERS-MVA vaccine was proved in humans, where it 

showed to be safe and induced both humoral and cellular immune responses 

against MERS-CoV194. Additional viral vectors have been searched in SARS-CoV 

and MERS-CoV vaccine development, such as Venezuelan encephalitis equine virus 

and vesicular stomatitis virus245,246, but none of them entered clinical phase.  

Besides viral vector vaccines, nucleic acid platforms have also been used for 

coronaviruses vaccine development. Nucleic acid vaccines can be of two types, 

DNA or RNA which encode antigens of interest. Both use the host cell expression 

machinery to produce antigens and stimulate the immune system. Nucleic acid 

platforms show several advantages over other vaccine approaches, such as an ease 

manufacturability, and the preservation of the antigen native structure and post-

translational modifications, since its production occurs in host cells as natural viral 

infection. However, nucleic acid requires the use of complex delivery vehicles to 

enhance its cell host uptake247. RNA system was not enough refined by the time 

SARS-CoV and MERS-CoV emerged, so only DNA platform were evaluated. 

Specifically, Yang et al. demonstrated that a DNA vaccine coding for the SARS-CoV 

S protein protects mice upon viral challenge248. Interestingly, this vaccine was well-

tolerated in human, and induced neutralizing antibodies and T-cell responses190. 

DNA vaccine approach was also assayed with MERS-CoV vaccine with similar 

results. Muthumami and colleagues showed that full-length S protein-based DNA 

vaccine (GLS-5300) was immunogenic and protected against MERS-CoV infection 

in different animal models249. GLS-5300 vaccine was also tested in humans with 

promising results, without any vaccine-associated severe event and triggered 

immune response in most participants192. Additionally, MERS-CoV S1 subunit 

based-DNA vaccine elicited higher IgG titters compared to full-length S-DNA 

vaccine250. Besides the S protein, other structural proteins were evaluated with 

positive results, including N, M and E proteins251–254. Moreover, several studies have 

reported that heterologous prime-boost regimens enhance the DNA vaccine-

induced immune responses compared to the homologous regimen224,255,256. 
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3.2. The Global Race for the SARS-CoV-2 Vaccine. 

Traditional vaccine development (Fig.5A) begins with a discovery phase in which 

vaccines are designed according to pathogen and infection knowledge, and initial 

immunogenicity and toxicity are evaluated in pre-clinical studies in animal 

models257. If results are promising, an investigational new drug application (IND) is 

submitted to regulatory agencies, such as the US Food and Drug Administration 

(FDA) and/or the Europe Medicines Agency (EMA)258. After approval, vaccines enter 

into clinical trial in humans, which can last up to 5-7 years. There are three 

consecutive clinical phases and each one has a different purpose258. In phase I, 

vaccine safety and immunization dose are tested in an open-label study with a small 

group of volunteers. Phase II trials involve a higher number of participants than 

phase I trials and are designed to confirm absence of vaccine-associated health risk 

and to perform pharmacokinetic and pharmacodynamic studies, as well as provide 

preliminary evidences of efficacy in target population258,259. Phase III has the main 

objective of confirming the efficacy of the vaccine in a broader population and 

evaluate the risk-benefit ratio. This later phase study is usually randomized and 

double-blind including not only a major number of volunteers, but also more 

heterogenous groups258,259. At the end of this phase, if results report a clear clinical 

efficacy without adverse events associated, biologics license application (BLA) is 

registered and reviewed by regulatory agencies, which finally authorize 

drug/vaccine use in humans258. After that, large-scale manufacturing and 

distribution begins. In some case a phase IV trial is required by competent 

organisms during commercialization state to confirm long-term effectiveness, as 

well as a better characterization of adverse effects ratio and new risk-associated 

which could appear in a large-scale study by years258.  

The SARS-CoV-2 health emergency have changed the traditional timeline for 

vaccine development moving to an accelerated model which allow to have available 

vaccines in one year after pandemic began257 (Fig.5B). The knowledge acquired 

from the SARS-CoV and MERS-CoV vaccine development257, and the rapid 

communication of SARS-CoV-2 genome made that SARS-CoV-2 vaccine 

development started rapidly260.  
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As soon as three to four months from the identification of SARS-CoV-2 as the 

causative agent of COVID-19, several SARS-CoV-2 vaccine candidates entered 

clinical phase260. Moreover, clinical phase followed a different schedule in order to 

reduce the time, with phase I and phase II trials being overlapped and phase III 

starting immediately after them or even coinciding with phase II261. In the meantime, 

vaccine manufacturing at large-scale was optimized and even began without results 

from phase III trials to be ready for a quick commercialization after being 

licensed257,261. Additionally, because of global health emergency, some vaccine 

Figure 5. SARS-CoV-2 vaccine development. (A) Schematic diagram of the classical vaccine 
development pipeline, in which each phase begins after completing prior phases with acceptable 
results. All the process can take 10-15 years or more. (B) Accelerated COVID-19 vaccine 
development pipeline under the emergency situation of SARS-CoV-2 pandemic. Previous results 
in SARS-CoV and MERS-CoV shorten pre-clinical phase and clinical trials coincide in time. 
Furthermore, infrastructure arrangement and manufacturing start before authorization by 
regulatory medical agencies, assuming cost losses. All this adjustment made possible to develop 
SARS-CoV-2 vaccines in a record time (12-24 months after pandemic beginning). (C) Distribution 
of the 183 SARS-COV-2 vaccine which have reached clinical phase regarding the type of vaccine 
employed. According to WHO data at date 30/03/23. VLP = Virus like Particle, nr = non-replicating, 
r= replicating, and APC (antigen-presenting cell). 
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candidates received the Emergency Use Authorization (EUA) by regulatory 

agencies, which allowed their use in humans before having a formal approval. As 

results of these actions, SARS-CoV-2 vaccines were available in a record time (12 

to 16 months)261, which has helped to fight COVID-19 pandemic until nowadays, 

when COVID-19 does not constitute a public health emergency262.  

According to WHO, on March 30 of 2023 more than 300 SARS-CoV-2 vaccine 

candidates were under development263. A total of 183 vaccines based on several 

different platforms (Fig.5C) started clinical development263, and 50 of them were 

approved or had emergency authorization use in almost one country264. Like SARS-

CoV and MERS-CoV vaccines, most SARS-CoV-2 vaccine prototypes target the S 

protein. Currently, 15 vaccines have been granted Emergency Use Listing (EUL) by 

the WHO265 and 8 vaccines are authorized in the European Union (EU) by the EMA, 

including one designed in Spain266. Here, we focused mainly on SARS-CoV-2 

vaccines approved in the EU. 

Live-Attenuated and Whole Inactivated Vaccines 

Nowadays, there are 10 whole inactivated COVID-19 vaccines licensed in at least 

one country, while none live-attenuated COVID-19 vaccine have been authorized. 

Notably, a SARS-CoV-2 live-attenuated vaccine produced by Codagenix, known as 

COVI-VAC entered phase III clinical trial264. While results from phase I clinical trial 

demonstrated that the vaccine was well-tolerated and induced both serum and 

mucosal antibody responses267, no data from Phase III have been published yet.  

With regard to whole-inactivated vaccines, three received the EUL by WHO 

(CoronaVac, Covaxin and Covilo) and one by the EMA (VAL2001). All of them consist 

of 2 doses. Clinical trials have shown that they are safe and immunogenic, inducing 

antibodies as well as cellular immune responses268. Interestingly, the VAL2001 study 

reported a similar seroconversion ratio than the vector-viral vaccine AZD1222 

(ChAdOx1, AztraZeneca), but higher neutralizing titters and a more diverse T cell 

response against other SARS-CoV-2 proteins beyond the S protein269. Covilo 

elicited lower antibody titters than the mRNA vaccine (BNT162b2) but comparable 

T cell responses270. Authorized whole-inactivated vaccines displayed effectiveness 

specially against severe COVID-19 and decreasing hospitalization ratio, with and 

overall efficacy of 75%271. However, efficacy ratio decreases with new SARS-CoV-

2 variants, such as Covaxin and CoronaVac, which showed a reduction from 83% 

and 77.8% of efficacy to 59% and 65,2% respectively, against Delta variant268. 
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Despite this efficacy decline, Mousa et al. reported that immunization with whole-

inactivated vaccine (Covilo) still reduced the ratio of hospitalization compare with 

unvaccinated patients during Delta variant outbreak272. 

Protein Subunit Vaccines 

Several SARS-CoV-2 proteins subunit vaccines have been developed but only one, 

Nuvaxovid (NVX-CoV2373), has received authorization by both FDA and EMA. 

Nuvaxovid, also known as Covovax, is produced by Novavax and consist of full-

length S protein based on SARS-CoV-2 Wuhan-Hu-1 isolate genome225. Stable 

prefusion S protein was accomplished by mutating the furin cleavage site, as well 

as, by incorporating two proline substitutions at residues K986P and V987P (S-2P) 

based on Pallesen et al. research65. Protein is expressed and purified as 

transmembrane protein in insect cells225. In a phase 1/2 trial Nuvaxovid 

demonstrated that a two-dose regimen was sufficient to elicit more levels of 

antibodies and T cell responses than COVID-19 convalescent patients273. Vaccine 

efficacy was reported to be around 90% against symptomatic COVID-19 

illness274,275. However, efficacy decreases against new SARS-CoV-2 variants, such 

as Alpha and Beta variants to 86% and 51%, respectively274,276. Despite that, 

Nuvaxovid still provides protection from severe disease and hospitalization274,275. 

Apart from Nuvaxovid, the EMA licensed recently other two protein subunit 

vaccines, VidPrevtyn Beta and Bimervax, which were developed in response to new 

SARS-CoV-2 variants. VidPrevtyn Beta created by Sanofi Pasteur, contains the S 

protein based on SARS-CoV-2 B.1.351 sequence (Beta variant). It includes the 2 

prolines mutation (K986P and V987P) and a T4 foldon trimerization domain277. On 

the contrary, Bimervax, which is produced by the Spanish company HIPRA, 

consists of a recombinant RBD heterodimer from the B.1.351 (Beta) and B.1.1.7 

(Alpha) SARS-CoV-2 variants278. Both clinical vaccine developments programs were 

focused mainly on determining their effectivity as booster vaccine. Heterologous 

booster with VidPrevtyn Beta was compared with homologous booster with Pfizer-

BioNTech vaccine (mRNA) in individual previously vaccinated with 2 doses of Pfizer-

BioNtech vaccine. Results showed that neutralizing titters against Omicron BA.1 

and D614G SARS-CoV-2 variants were higher in the heterologous than homologous 

booster group279. Additionally, the boosting effect of VidPrevtyn Beta was 

independent from the primary vaccine administered, since it was also observed after 

Moderna (mRNA) and adenoviral vector (Astrazeneca and Janssen) vaccination280. 
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Similar results were obtained with Bimervax, which induce superior neutralizing 

antibody response than homologous Pfizer-BioNTech vaccine booster against Beta, 

Omicron BA.1 and Delta SARS-CoV-2 variants throughout the clinical trial281. 

Additional studies are ongoing to determine whether Bimervax response may 

depend on the primary vaccine used. According to these results, both vaccines 

were authorized as a COVID-19 booster vaccine. 

 

Viral Vector Vaccines 

Currently, there are eight viral vectors SARS-CoV-2 approved vaccines, but only 

Vaxzevria (ChAdOx1 nCoV-19 by Oxford/Astrazeneca), Jcovden (Ad26.COV2.S by 

Janssen), and Convidecia (Ad5-nCoV by CanSinoBio) received EUL by WHO. More 

specifically, the two first were authorized by EMA, while only Jcovden were 

approved by FDA.  

Vaxzevria is based on a non-replicating chimpanzee adeno vectored vaccine 

platform (ChAdOx1) previously used with MERS-CoV242 and updating to encode 

codon-optimized full-length S protein from SARS-CoV-2. Two doses of ChAdOX1 

nCoV-19 elicits both specific neutralizing antibodies and T cells response and show 

an overall efficacy of 75% in preventing symptomatic COVID-19282,283. Analysis of 

the vaccine efficacy during the SARS-CoV-2 Delta variant wave demonstrated that 

Vaxzevria remains effective against moderate and severe COVID-19284. Despite 

neutralizing titters decrease against Alpha, Beta, Kappa, and Delta compare to wild 

type SARS-CoV-2, the antigen-specific T-cell response was conserved against 

these VOCs284. Additionally, although it was reported that Vaxzevria efficacy 

decreases under 20% against some new SARS-CoV-2 variants like Omicron, a third 

homologous boost raises efficacy to 61% by increasing the immune response after 

primary vaccination285. Finally, no severe effects were found during clinical trials, 

but during active vaccination program some countries reported cases of a 

thrombocytopenia syndrome associated with ChAdOx1 nCov-19 vaccination286. 

Nevertheless, these cases were very rare (<1/10000) and the benefit of vaccination 

exceeded the risk and Vaxzevria remains authorized287. 

Jcovden consist of a non-replicating human adenoviral vector (Ad26) which delivers 

pre-fusion stabilized SARS-CoV-2 S protein with a mutated furin cleavage site and 

two proline substitution (K986P, V987P)288. In a preclinical experiment in which 

Mercado et al. tested seven Ad26 vector expressing different SARS-CoV-2 S 
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variants, results showed that the vector expressing the S variant with the two proline 

substitutions (S-2P) elicited the higher level of neutralizing antibodies and provide 

the maximum protection compared to the other constructs288. This vector 

(Ad26.CoV2.S) entered clinical trials and demonstrated that a single dose regimen 

was enough to trigger neutralizing antibodies in 96% of volunteers, with slightly 

antibody titters increment after second dose289. T-cell response was also induced 

in study participants in an age-dependent manner, being great in 18-55 years 

group289. In a phase 3 clinical trial, Jcovden was reported to protect against 

moderate and severe critical COVID-19 with an efficacy of 66% and 85%, 

respectively. While neutralizing antibodies responses was reduced against new 

variants, such as Beta and Omicron, T cell responses were preserved290,291. 

Moreover, although a homologous boost increased vaccine effectiveness against 

SARS-CoV-2 variants, such as Omicron, this increment was high when a 

heterologous booster with Pfizer/BioNTech or Moderna was performed (from 29% 

to 54%)292. In general, Ad26.CoV2.S is well tolerated, but as ChAdOX1 nCoV-19, it 

has also rarely associated-risk of thrombosis with thrombocytopenia syndrome293. 

Nucleic Acid Vaccines 

SARS-CoV-2 nucleic acids-based vaccine includes both DNA and mRNA vaccines. 

Remarkably, nucleic acid vaccines have been licensed by the first time during the 

COVID-19 pandemic. Only mRNA vaccine has been authorized by the FDA and 

EMA, which include Comirnaty (Pfizer/BioNTech) and Spikevax (Moderna) vaccines. 

Both are mRNA vaccines encapsulated into lipid nanoparticles that code for a S-2P 

prefusion stabilized SARS-CoV-2 S protein. 

Spikevax vaccine, also known as mRNA-1273, has an overall efficacy of 94% 

against COVID-19 after two doses administration294 and elicits both humoral and 

cellular responses295. Antibodies kinetics was similar to convalescent patients295 

and vaccine protection still remains after 5 months after vaccination, with 93% 

efficacy against COVID-19 and 98% in preventing severe disease296. However, 

according to Berec et al., vaccine efficacy begins to decline beyond 5 months with 

a 65% efficacy at 7-8 month after second dose297. Additionally, since Spikevax use 

the S protein sequence from the ancestral SARS-CoV-2 WH-1 strain, the vaccine 

efficacy varies among SARS-CoV-2 variants. For example, the effectiveness against 

Delta variant decrease until 57%, and 42% in case of Omicron. Moreover, the 

avoidance of hospitalization during Omicron infection is about 74%. Nevertheless, 



  Introduction 

61 
 

a third boosting dose reverses the decreasing trend and vaccine protection level 

returns to be maximum297. Despite that, as new SARS-CoV-2 variants compromise 

the mRNA-1273 vaccine effectiveness, new bivalent formulations of this vaccine, 

which include original S protein plus other S protein according to new variants 

sequence, have been under evaluation. Several of these adjustments entered 

clinical trial, but nowadays only mRNA-1273.214 (bivalent Original/Omicron BA.1) 

and mRNA-1273.222 (bivalent Original/Omicron BA.4-5) have been licensed, since 

Omicron variant showed the higher number of immune escape mutations. Both 

bivalent vaccines have demonstrated to induce higher neutralizing titters against 

Omicron variants than those elicited by the original mRNA-1273 vaccine298–300. 

Comirnaty vaccine, also called BNT162b2, which provides 95% of protection 

against SARS-CoV-2 according to phase 3 clinical trial following a two-dose 

regimen301. Pfizer/BioNTech vaccine is safe and induces high levels of both 

neutralizing antibodies and T cell responses than those found in convalescent 

COVID-19 patients. However, a waning of the immune response has been described 

among 3 and 6 months after second dose administration, which was associated 

with a decrease of vaccine efficacy over time302,303. Moreover, as well as other 

vaccines based on early SARS-CoV-2 isolated, Comirnaty efficacy decreases 

against SARS-CoV-2 variants, especially for Delta and Omicron variants, although 

this reduction is total or partially reversed by a third vaccine boost304. Despite that 

and similarly to SpikeVax vaccine, new BNT162b2 formulations including S protein 

sequence from Omicron variants have been developed to face immune scape 

mutations. Indeed, according to clinical trials, levels of neutralizing titters against 

Omicron were higher in patients which received bivalent vaccine than those with a 

fourth boost dose305,306. 

Regarding DNA vaccines, ZyCoV-D has been the first and only DNA-based vaccine 

licensed against SARS-CoV-2, although exclusively in India. It consists of a pVAX-

1 DNA plasmid carrying full-length S protein. Pre-clinical data have showed that this 

vaccine elicited protective level of neutralizing antibodies and T cell response, as 

well as being well-tolerated307. According to phase 3 clinical trial, three doses of 

ZyCoV-D vaccine have a 66.6% efficacy against Delta SARS-CoV-2 infection308. 
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3.3. SARS-CoV-2 Vaccine Challenges 

SARS-CoV-2 vaccines development have been confronting numerous challenges. 

The first one is connected with the proper definition of vaccine, which works 

emulating the immune response elicited by natural infection. During SARS-COV-2 

infection, both mucosal (secretory IgA) and systemic antibody response (IgG) are 

induced. Notably, Renegar et al. found that secretory IgAs play a major role 

protecting upper respiratory tract from influenza infection whereas IgGs prevent 

pathology in the lower respiratory tract309. Similarly, mucosal IgA response is crucial 

against SARS-CoV-2 as respiratory virus. Since intramuscular or intradermal 

vaccine administration elicits mainly systemic IgGs, and no secretory IgA 

response310, this would leave upper respiratory tract vulnerable to infection. Thus, 

most SARS-CoV-2 vaccines induced a disease-preventing immune response, but 

not a sterilizing immunity. Hence, intranasally or orally delivered vaccines may 

provide local protection and prevent SARS-CoV-2 transmission. Mucosal vaccine 

administration has previously demonstrated to be effective against gastrointestinal 

and respiratory infections (e.g. poliovirus, rotavirus, adenovirus, and influenza)311. 

Notably, different vaccine platforms can be adapted to mucosal route312. Currently, 

China and India approved nasal COVID-19 vaccines313, but whether these vaccines 

prevent viral transmission more efficiently than previous intramuscular vaccines 

continue unresolved. Additionally, vaccine-induced immunity has to face the 

emergence of new SARS-CoV-2 variants, which accumulate several immune scape 

mutations in the S protein, the antigen used by many current vaccines. Thereby, 

vaccine efficacy decreases progressively with each new SARS-CoV-2 variant. 

Moreover, both vaccine-induced immune response and natural immunity to SARS-

CoV-2 follow a similar decreasing trend over time. Consequently, vaccine 

effectiveness against SARS-CoV-2 infection and symptomatic disease decreased 

concomitantly314,315. This waning of the vaccine-induced immune response may 

also compromise the protection against new viral variants315. A booster dose was 

proposed to face this trouble since it demonstrated to increase the protection levels 

to those obtained shortly after the second dose. Notably, even COVID-19 has been 

recently deescalated as an emergency public health, it still continues infecting and 

requires health surveillance and control316. Thus, as seasonal influenza vaccination 

program, COVID-19 vaccination may become annual including future dominant 

circulating variants317. However, this periodical booster program may create a high 
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demand of vaccines which bring to shortage in the availability of SARS-CoV-2 

vaccines specially in low-income country, which may lead to the appearance and 

spread of new viral variants. 

Nowadays, it remains uncertain how SARS-CoV-2 situation will evolve. Thanks to 

massive genome sequencing, researches have made a great idea of genetic 

mutation patterns that occurs in SARS-CoV-2 during pandemic. In this sense, 

Jaroszewski and colleagues found that genomic variations are restricted over these 

regions which not compromise structurally the protein function318. According to that, 

in the best of scenario structural constraint may not allow further mutations into the 

S protein region and future SARS-CoV-2 variants will be not more virulent319. Thus, 

current vaccines and specific treatments may be enough to finally eradicate SARS-

CoV-2 over time. However, Amoutzias et al. propose other less promising scenarios 

regarding evolutionary data along all CoVs and SARS-CoV-2319. As the most 

probable situation, SARS-CoV-2 will continue evolving and giving rise to new 

variants or new strain with different infectious and immune features. In the worst 

and less probable of scenarios, SARS-CoV-2 may evolve by recombination with 

other Sarbecoviruses or Betacoronaviruses in animal reservoirs or humans, leading 

to a major virulent virus. Despite less probable, several studies pinpoint the ability 

of recombination among CoVs and the importance of this mechanism in their 

evolution320–322. Since immune cross-reactivity against SARS-CoV-2 have been 

found in patients infected by other HCoVs323, the immunity elicited by current SARS-

CoV-2 vaccines and natural infection are expected to be enough to deal with future 

variants or strains. However, as occur with previous SARS-CoV-2 variants (e.g. 

Delta, Omicron), novel strains could accumulate genetic variations that translate in 

a reduction of immune response efficacy. Hence, in any of these last scenarios 

current vaccines and treatments will require a rapid adaptation to new strains using 

the knowledge acquire during and after SARS-CoV-2 pandemic in the CoVs 

research field. 
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Hypothesis 

Nowadays, it is unknown if SARS-CoV-2 vaccines should be adapted to new SARS-

CoV-2 variants or vaccination will be included in seasonal vaccination programs like 

flu vaccine. However, since periodical administration is being considered by 

worldwide health organizations, a high demand of current or adapted SARS-CoV-2 

vaccines will continue in the near future. 

Most current SARS-CoV-2 vaccines consist of the full-length S protein stabilizing in 

its prefusion conformation by two prolines substitution (K986P and V987P). This 

double mutation increases protein yield, as well as, immunogenicity in comparison 

to original S protein. However, S protein with two prolines (S-2P) still retains some 

structural instability that may hamper their production and immunogenicity64. Since 

RBD is the major target of neutralizing antibodies during natural infection, the major 

or minor RBD exposure would affect the antigenicity of the full S trimer. Thus, in the 

present work we hypothesized that new mutation approaches could further 

stabilized the S trimer, increasing its yield, as well as RBD exposure and, 

consequently, improve S-trimer immunogenicity of future novel SARS-CoV-2 

vaccine formulations. 

 

Objectives 

The main aim of this project is to explore the effect of novel S protein-stabilizing 

mutations on the immunogenicity and prophylactic activity of SARS-COV-2 S 

trimers. 

 

The specific objectives to fulfill this aim are: 

 
Objective I: To design novel S-stabilizing mutations in silico. 
 
Objective II: To evaluate the yield and RBD exposure of produced S trimer-mutants. 
 
Objective III: To produce and purify the selected S trimer mutants. 
 
Objective IV: To evaluate the immunogenicity and efficacy of selected mutated S-
trimers in animal models challenged with different SARS-CoV-2 strains.  
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1. Recombinant trimeric Spike glycoprotein design and modelling 

Unsolved secondary structures of the trimer in closed (PDB: 6VXX) and open (PDB: 

6VYB) conformations324 were reconstructed using SwissModel325. Then, all possible 

single mutations in both conformations were modelled using FoldX326. For selecting 

potential variants, two different approaches were used. First, we computed the 

Gibbs free energy change (ΔΔGopen) between the WT and the mutant using the open 

state as a reference. Negative values indicate introduction of stabilization. Second, 

comparison of the Gibbs free energy changes upon mutation between the closed 

(ΔΔGclosed) and open (ΔΔGopen) conformations (ΔΔG) revealed a set of mutations 

predicted to strengthen the open conformation (positive values indicate stabilization 

of the open state). For both approaches, all single mutations predicting beneficial 

energies (or just slightly neutral/worst values) were addressed by inspecting the 

three-dimensional models. In this regard, the final selection was based on: i) 

selection of mutations predicted to increase the stability of the open-conformation 

using FoldX; ii) selection of mutations predicted to increase the stability of the open-

conformation over the closed one using FoldX, iii) selection of mutations creating 

well-defined intermolecular interactions between the RBD domains (including 

hydrophobic bonds, π-π interactions and cation-π interactions, ionic bonds, 

hydrophobic contacts or cavity filling mutations) that would exert a positive impact 

in the open state or a negative one on the closing motion of the trimer. 

 

2. Recombinant protein production and purification 

The design of recombinant Spike glycoprotein is based on the one described by 

Wrapp61. Briefly, the C-terminal end of the extracellular portion of the S glycoprotein 

was fused to a T4-foldon trimerization domain followed by an 8xHis tag and a strep 

tag II. The furin cleavage site was removed by mutating it to GSAS. DNA constructs 

were supplied by GeneART (ThermoFisher Scientific) in a pcDNA3.4 backbone. 

Proteins were produced by transient transfection using the Expi293 expression 

system (ThermoFisher Scientific), following the manufacturer instructions. Cell 

culture supernatants were harvested five days after transfection, clarified by 

centrifugation (3000xg for 20 minutes) or using Sartoclear Dynamics® Lab V 

(Sartorius) and filtered at 0.2 m using Nalgene Rapid-Flow sterile single use 

vacuum filter units (ThermoFisher Scientific). Equivalent transfection efficiency was 

obtained for all the tested S variants. Proteins were purified by Immobilized Metal 
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Affinity Chromatography (IMAC) using the Ni-Sepharose Excel histidine-tagged 

protein purification resin (Cytiva). Purified proteins where concentrated and buffer 

exchanged to phosphate buffer saline by ultrafiltration (Merck Millipore) and stored 

at -80ºC until use. Purified proteins were quantified by ELISA. Briefly, Nunc 

MaxiSorp ELISA plates were coated overnight at 4ºC with 100 ng/well of HIS.H8, 

an anti-6xHis monoclonal antibody, in PBS (ThermoFisher Scientific). The following 

day, plates were blocked with PBS/1% of bovine serum albumin (BSA, Miltenyi 

BiotecBiotec) for two hours at room temperature. Commercial His-Spike (Sino 

Biological) was used as standard, starting at 1µg/ml and eight 1/3 serial dilutions. S 

variants were prepared in blocking buffer at 1/10 serial dilution for quantification. 

Samples were incubated overnight at 4ºC. After that, plates were washed and 

incubated for 2 hours at room temperature with rabbit anti-SARS-CoV-2 Spike S2 

IgG (SinoBiological) at 1/1000 dilution. Then, the HRP conjugated donkey anti-rabbit 

IgG (H+L) antibody (Jackson ImmunoResearch) at 1/10000 dilution was used as 

detection antibody. Plates were revealed with o-Phenylenediamine dihydrochloride 

(OPD) (Sigma-Aldrich) and stopped using 4N of H2SO4 (Sigma- Aldrich). The signal 

was analyzed as the optical density (OD) at 492 nm with noise correction at 620 nm. 

Integrity and purity of purified proteins were analyzed by sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) and Coomassie G-250 staining 

(ThermoFisher Scientific).  

 

3. Viral stock isolation and titration 

In vivo challenge experiments were performed using Cat01 SARS-CoV-2 D614G 

and Cat24 SARS-CoV-2 B.1.351 variants. Both SARS-CoV-2 variants were isolated 

from a nasopharyngeal swab from a COVID-19 patient, as previously 

described327,328. Viral isolates were subsequently grown in Vero E6 cells (ATCC CRL-

1586) cultured in Dulbecco’s modified Eagle medium (Invitrogen) supplemented 

with 10% fetal bovine serum (FBS; Invitrogen), 100 U/mL penicillin, 100 μg/mL 

streptomycin (all from Invitrogen). Genomic sequencing was performed from viral 

supernatant by using standard ARTIC v3 or v4 based protocols followed by Illumina 

sequencing (dx.doi.org/10.17504/protocols.io.bhjgj4jw). Raw data analysis was 

performed by viralrecon pipeline (https://github.com/nf-core/viralrecon) while 

consensus sequence was called using samtools/ivar at the 75% frequency 

threshold. SARS-CoV-2 D614G variant (EPI_ISL_510689) and SARS-CoV-2 B.1.351 
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variant (originally detected in South Africa; EPI_ISL_1663571) sequences were 

deposited at GISAID. Viral stock was titrated in 10-fold serial dilutions on Vero E6 

cells to calculate the TCID50 per mL. 

 

4. In vivo immunization and challenge experiments. 

All animal procedures were performed under the approval of the Committee on the 

Ethics of Animal Experimentation of the IGTP and the authorization of Generalitat 

de Catalunya (Code: 10965 and 11094). Prophylactic activity of the recombinant S-

2P, S-V987H, S-21, and S-29 trimeric proteins and a recombinant monomeric RBD 

against SARS-CoV-2 D614G (Cat01 isolate) and SARS-CoV-2 B.1.351 (Cat24 

isolate) was assessed in B6. Cg-Tg(K18-ACE2)2Prlmn/J (K18-hACE2) mice (stock 

#034860, Jackson Laboratories) and Golden Syrian hamsters (GHS) (Envigo). The 

mice colony was maintained by breeding K18-hACE2 hemizygotes with C57BL/6J 

mice following the instructions of Jackson Laboratory 

(https://www.jax.org/strain/034860). Mice genotyping was performed according to 

the protocol 38170: Probe Assay – Tg (K18-ACE2) 2Prlmn QPCR version 2.0 

(https://www.jax.org/Protocol?stockNumber=034860&protocolID=38170).The GSH 

colony was maintained by brother/sister mating. Both mice and GSH colonies were 

stablished at the Centre for Comparative Medicine and Bioimage (CMCiB). 

For the SARS-CoV-2 D614G challenge, 68 K18-hACE2 mice (50%male/50% 

female, 7-9 weeks old) were distributed in five experimental groups: S-2P (n=16), 

V987H (n=14), RBD (n=15), infected positive controls (n=19) and 

unvaccinated/uninfected negative control (n=4). Sixty-eight GSH (were distributed 

in S-2P, S-V987H, RBD and infected positive controls (n=16/group) and 

unvaccinated/uninfected negative control (n=4). Mice and GSH from the S-2P, S-

V987H and RBD groups were DNA-immunized by electroporation in the quadricep 

posterior. Forty microgram of plasmid coding for the corresponding immunogens 

were used. Animals were electroporated using a NEPA21 electroporator and 

tweezer electrodes (Nepagene). Two (for mice) or four (for GSH) weeks later, DNA-

immunized animals received a boosting dose consisting of 15g of recombinant 

protein adjuvanted with adjust-Phos (Invivogen) in the hock329. Control animals were 

primed with an empty vector and boosted with PBS+Adjust-Phos. Two weeks (mice) 

or ten days (GSH) after boosting, animals were intranasally challenged with 1000 

(mice) or 10000 (GSH) TCID50 of SARS-CoV-2 (Cat01 isolate) and followed up for 7 
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days. Weight and clinical signs were monitored daily after infection. Four animals 

for each experimental group, except for uninfected controls, were euthanized before 

challenge and on days 2, 4 or 7 post infection. Uninfected controls were euthanized 

on day 7 post-infection and only two mice from groups S-V987H and RBD were 

euthanized before challenge.  However, any animal that showed a reduction of 

weight higher than 20%, a drastic reduction of mobility or a significant reduction of 

the response to stimuli were euthanized according to the humane endpoints defined 

in the supervision protocol. Biological samples were collected after euthanasia, 

including oropharyngeal swab, nasal turbinate, lung, and brain (only in the case of 

mice) to determine viral loads and perform histopathological analysis. Blood 

samples were collected before each immunization and viral challenge, and at 

euthanasia. Blood was left at room temperature for two hours for clotting and serum 

was collected after centrifugation (10 minutes at 5000xg) and stored at -80ºC until 

use. 

The SARS-CoV-2 B.1.351 (Beta) VoC challenge was used in two different 

immunization experiments: (1) S-2P/S-V987H and (2) S-2P/S-21/S-29. For the first 

experiment group (1) 70 K18-hACE2 mice (50% male-female) were distributed as 

follows: S-2P (n=21), S-V987H (n=21), infected positive controls (n=16) and 

unchallenged controls (n=10). Mice from S-2P and S-V987H groups were 

immunized twice (spaced three weeks between both doses) with 15g of 

recombinant protein adjuvanted with AddaVax (Invivogen) in the hock. Control mice 

received only PBS+AddaVax. Two weeks after the booster, mice from groups S-2P, 

S-V987H and challenged-controls were inoculated intranasally with 1000 TCID50 of 

SARS-CoV-2 Beta VoC (Cat24 isolate). For the second immunization experiment 

group (2) 91 K18-hACE2 mice (balanced female-male ratio, 7-9 weeks old) and 49 

GSHs (~50% male-female ratio, 5-7 weeks old) were used. Mice were distributed in 

five experimental groups: S-2P (n=21), S-21(n=22), S-29 (n=22), unvaccinated and 

challenged controls (n=16), and uninfected negative controls (n=10). GSHs were 

distributed in five experimental groups: S-2P (n=11), S-21 (n=11), S-29 (n=11), 

unvaccinated and challenged controls (n=11), and uninfected negative controls 

(n=5). Both mice and hamsters from S-2P, S-21, and S-29 groups were immunized 

with 15 µg of recombinant protein with AddaVaxTM (Invivogen) as adjuvant in the 

hock Three weeks later, immunized animals were boosted with a second dose of 

the same formulation. Control animals were primed and boosted with PBS and 
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AddaVaxTM. Two weeks after boosting, mice were challenged with 1000 TCID50 of 

SARS-CoV-2 (Cat24 isolate) and followed up for 14 days. GSHs were challenged 

three weeks after boosting with 10000 TCID50 of SARS-CoV-2 (Cat24 isolate) and 

followed up for 7 days. After infection, body weight and clinical signs were 

monitored daily until the end of the experiment. Six mice for each experimental 

group, except the uninfected controls, were euthanized on days 3 and 6. The 

remaining mice were followed up until day 14 post-infection. Three and four 

hamsters from each experimental group, except the uninfected control group, were 

euthanized on days 2 and 4, respectively. The remaining GSHs were euthanized on 

day 7 post infection. In both challenge experiments, uninfected control group was 

euthanized at the end of the experiment. Biological sample collection and 

prosecution was made as SARS-CoV-2 D614G experiment description. 

 

5. Quantification of anti-S and anti-RBD antibodies by ELISA 

IgG antibodies elicited against the Spike and RBD glycoproteins were determined 

using and in-house ELISA in serum samples obtained from animals before each 

immunization and before viral challenge. In addition, humoral response was also 

evaluated in serum samples obtained from animals euthanized on days 2, 4, 7 after 

viral challenge or after humane endpoint. One half of a Nunc MaxiSorp ELISA plate 

was coated overnight at 4ºC with 50 ng/well of antigen in PBS (Spike or RBD, Sino 

Biologicals). The other half-plate was incubated only with PBS. Then, the whole 

plate was blocked using PBS/1% of bovine serum albumin (BSA, Miltenyi Biotech) 

for two hours at room temperature. Mouse standards were prepared as seven 1/3 

dilution of the anti-6xHis antibody HIS.H8 (ThermoFisher Scientific), starting at 1 

g/mL. GSH standard was prepared similarly but using a positive GSH serum with 

the initial dilution at 1/100. All standards and samples were diluted in blocking 

buffer. After blocking, 50 L of each standard or diluted samples were added to the 

antigen coated and antigen free wells in duplicate and incubated overnight at 4ºC. 

Each plate contained samples from all experimental groups. Plates were run in 

parallel to reduce inter-assay variability. After sample addition, plates were 

incubated overnight at 4ºC. The HRP conjugated (Fab)2 Goat anti-mouse IgG (Fc 

specific) (1/20,000), or Goat anti-hamster IgG (H+L) (1/20,000) (all from Jackson 

ImmunoResearch) were used as detection antibodies for mouse and GSH IgG 
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determination, respectively. Plates were revealed with o-Phenylenediamine 

dihydrochloride (OPD) (Sigma-Aldrich) and stopped using 4N of H2SO4 (Sigma-

Aldrich). The signal was analyzed as the optical density (OD) at 492 nm with noise 

correction at 620 nm. 

The specific signal for each sample was calculated after subtracting the background 

signal obtained in antigen-free wells. Data is shown as arbitrary units (AU) according 

to the standard used.  

 

6. Neutralization activity of serum samples 

The neutralizing activity of serum samples was determined using Human 

Immunodeficiency Virus (HIV) reporter pseudoviruses expressing SARS-CoV-2 S 

protein and Luciferase as described by Pradenas et al330. In brief, pseudoviruses 

were produced by co-transfecting Expi293F cells (ThermoFisher Scientific) with the 

pNL4-3.Luc.R-.E- (NIH AIDS Reagent Program331) and several SARS-CoV-2.SctΔ19 

plasmids that code for the Spike glycoprotein of the WH1, Beta, Delta or Omicron 

variants. A VSV-G plasmid was used for the generation of VSV-G-pseudoviruses 

that were used as negative control. Transfections were performed using the 

ExpiFectamine293 Reagent kit (ThermoFisher Scientific). After 48h, supernatants 

were harvested, filtered at 0.45 μm and frozen at -80ºC until use. Pseudoviruses 

were titrated on HEK293T cells overexpressing human ACE-2 (HEK293T/hACE2) 

(Integral Molecular).  

Serum samples were inactivated at 56ºC for 60 minutes before use. Inactivated 

samples were 1/3 serially diluted in cell culture medium (DMEN, 10% fetal bovine 

serum) (range 1/100–1/24300) before mixing with 200 TCID50 of SARS-CoV-2 

derived pseudoviruses and incubated for 1 hour at 37ºC. Then, 2x104 

HEK293T/hACE2 cells treated with DEAE-Dextran (Sigma-Aldrich) were added. 

After 48 hours BriteLite Plus Luciferase reagent (PerkinElmer) was added and the 

results read in an EnSight Multimode Plate Reader. Data were calculated using a 4-

parameters logistic equation in Prism 8.4.3 (GraphPad Software) and showed as 

normalized ID50 (reciprocal dilution inhibiting 50% of the infection). This assay has 

been previously validated with a replicative viral inhibition assay176. 
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7. Viral Load quantification in oropharyngeal swab and tissue 

samples 

Oropharyngeal swabs and samples from nasal turbinate, lung and brain (only mice) 

were collected immediately after euthanasia in 1.5 mL Sarstedt tubes containing 

DMEM media supplemented with penicillin (100 U/mL) and streptomycin (100 

g/mL). Tissue samples were homogenized twice at 25 Hz for 30 sec using a 

TissueLyser II and a 1.5 mm Tungsten bead (QIAGEN). After centrifugation for 2 min 

at 2,000xg, supernatants were collected and stored at -80 °C until use.  

RNA was isolated using the Viral RNA/Pathogen Nucleic Acid Isolation kit and a 

KingFisher instrument (ThermoFisher Scientific), or an IndiMag pathogen kit (Indical 

Bioscience) on a Biosprint 96 workstation (QIAGEN) following manufacturer's 

instructions. 

PCR amplification in mice was based on the 2019-Novel Coronavirus Real-Time RT-

PCR Diagnostic Panel guidelines and protocol developed by the American Center 

for Disease Control and Prevention (tps://www.fda.gov/media/134922/download). 

Briefly, a 20 μL PCR reaction was set up containing 5 μL of RNA, 1.5 μL of N2 

primers and probe (2019-nCov CDC EUA Kit, Integrated DNA Technologies) and 10 

μl of GoTaq 1-Step RT-qPCR (Promega, Madison). Thermal cycling was performed 

at 50ºC for 15 minutes (min) for reverse transcription, followed by 95°C for 2 min 

and then 45 cycles of 95°C for 10 seconds (s), 56°C for 15s and 72ºC for 30s in the 

Applied Biosystems 7500 or QuantStudio5 Real-Time PCR instruments 

(ThermoFisher Scientific). For absolute quantification, a standard curve was built 

using 1/5 serial dilutions of a SARS-CoV2 plasmid (2019-nCoV_N_Positive Control, 

200 copies/μL, Integrated DNA Technologies) and run in parallel in all PCR 

determinations. The viral load of each sample was determined in triplicate and mean 

viral load (in copies/mL) was extrapolated from the standard curve and corrected by 

the corresponding dilution factor.  

Mouse gapdh gene expression was measured in duplicate for each sample using 

TaqMan gene expression assay (ThermoFisher Scientific) as amplification control. 
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SARS-CoV-2 genomic RNA (gRNA) detection in GSH was performed based on RT-

PCR described by Corman et al.332, which was adapted to the AgPath-ID One-Step 

RT-PCR kit (Life Technologies). This RT-PCR targets a fragment of the envelope 

protein gene using the following primers (Forward: 5′-ACAGGTACGT 

TAATAGTTAATAGCGT-3′; Reverse: 5′-ATATTGCAGCAGTACGCACACA-3′) and 

probe (5′-FAM-ACACTAGCCATCCTTACTGCGCTTCG-TAMRA-3′). Thermal cycling 

was performed at 55ºC for 10 min for reverse transcription, followed by 95ºC for 3 

min and then 45 cycles of 94ºC for 15s, 58ºC for 30s. Results are shown as cycle 

threshold (Cts). 

 

8. Pathology and immunohistochemistry 

SARS-CoV-2 NP was detected by immunohistochemistry (IHC) using the rabbit 

monoclonal antibody 40143-R019 (Sino Biological) at 1:15,000 dilution. For 

immunolabelling visualization, the EnVision®+ System linked to horseradish 

peroxidase (HRP, Agilent-Dako) and 3,3’-diaminobenzidine (DAB) were used. The 

amount of viral antigen in tissues was semi-quantitatively scored as indicated 

in333,334. The following score was used: 0: No antigen detection, 1-low, 2-moderate 

and 3- high amount of antigen (Fig.6A). Nasal turbinate and lung from mice and 

GSH, and brain from mice were collected on days 0 (before viral challenge), 2, 4, 7 

or at clinical endpoint after viral challenge, fixed by immersion in 10% buffered 

formalin and embedded into paraffin blocks. The histopathological analysis was 

performed on slides stained with hematoxylin/eosin and examined by optical 

microscopy. A semi-quantitative scored based on the level of inflammation (0-No 

lesion; 1-Mild, 2-Moderate or 3-Severe lesion) was established (Fig.6B) based on 

previous classifications333,334. 
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Figure 6. Semi-quantitative histopathologic lesion and immunohistochemistry 
scoring. Indicated tissues were fixed by immersion in 10% buffered formalin and 
embedded into paraffin blocks. (A) The levels of SARS-CoV-2 nucleoprotein in lung, nasal 
turbinate and brain slides were determined by immunohistochemistry. Numbers indicate 
the score assigned to each antigen amount. (B) Tissue slides stained with 
hematoxylin/eosin. Numbers indicate the score assigned to each tissue lesion severity. 
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9. Statistical analysis 

Anti-S and anti-RBD IgG data, as well as neutralizing activity differences among 

groups at each time point were analyzed using Kruskal-Wallis and Conover’s post-

hoc tests with multiple comparison correction by using false discovery rate (FDR). 

Differences among animals within a particular group along time were analyzed using 

the Friedman test and Conover’s post-hoc tests for paired data and corrected for 

multiple comparison by FDR. Weight variation in SARS-CoV-2 challenged mice over 

time was analyzed using Kruskal-Wallis corrected by Dunn’s test. Severe disease 

incidence was represented by Kaplan-Meier plots, and Mantel-Cox test was 

implemented to calculated statistical differences against uninfected group. Levels 

of SARS-CoV-2 gRNA in tissues were analyzed using Peto & Peto left-censored k 

sample test corrected by FDR. Histopathology analysis was carried out using 

Asymptotic Generalized Pearson Chi-Squared test with FDR correction. P values 

are indicated as follows: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001, and p values 

close to statistical significance are shown as number. Statistical analyses were 

conducted using the R (version 4.1) software environment and GraphPad Prism 

v8.0. 
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SECTION I. Immunization with V987H-Stabilized Spike 
Glycoprotein Protects K18-hACE2 and Golden Syrian 
Hamster upon SARS-COV-2 Infection 
 

Most SARS-CoV-2 vaccines are based on a mutated version of the Spike 

glycoprotein (K986P/V987P (S-2P)) with improved stability, yield and 

immunogenicity. However, S-2P is still produced at low levels. Here, we described 

a novel V987H mutation that increases by two-fold the production of the 

recombinant Spike and the exposure of the receptor binding domain (RBD). S-

V987H immunogenicity was similar to S-2P in K18-hACE2 mice and golden Syrian 

hamsters, and superior to a monomeric RBD. Immunization with S-V987H, but not 

with S-2P or RBD, conferred full protection against severe disease in both animal 

models after SARS-CoV-2 challenge (D614G and B.1.351 variants). Furthermore, S-

V987H immunized K18-hACE2 mice showed a faster tissue viral clearance than 

RBD- or S-2P-vaccinated animals. Thus, S-V987H protein provides an alternative 

to S-2P for future SARS-CoV-2 vaccine development.  

 

1.Identification of S Glycoprotein Mutations that Constrain the 

Motility of RBD 

The native SARS-CoV-2 S trimer possess some structural flexibility that affects its 

stability and immunogenicity61,335,336. In addition to pre- and post-fusion S 

conformations, each RBD displays a dynamic equilibrium between open (up) and 

closed (down) configurations. In this regard, we aimed to design S variants with a 

preference for adopting the closed state, and thus, showing limited opening motion 

and RBD exposure. To this end, we envisioned a computational pipeline involving 

the three-dimensional modeling of all possible single mutations for both open and 

closed states, followed by the estimation of changes in their Gibbs free energy (ΔΔG) 

(Fig.7a). We focused on all single mutations showing a strong predicted preference 

for the closed-state (ΔΔG<-1 kcal/mol) and among them, only those that clearly 

generated well-defined interactions (hydrogen bonds, ionic interactions of filling 

hydrophobic pockets) between the RBDs of the trimer were screened. We selected 

a total of 11 single mutations (A372W, K386R, G416R, D420R, D420Y, D427I, 

L517Y, S982F, D985L, V987H, and V987W) (Fig.7A). We also included one double 
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mutation (A372W-D420R) referred as 2M, and a combined quintuple mutation 

(D198F-G232L-A372W-N394Q-D420R) named 5M. Locations of the selected 

mutations are represented in Fig.7B.  

Recombinant mutant proteins were expressed by transient transfection in Expi293F 

cells, and their production was evaluated by ELISA (Fig.7C). Most variants displayed 

a substantial decrease in production when compared to the S-2P trimer (Fig.7C). 

Figure 7. Selection of mutations that stabilized the S glycoprotein in a closed conformation. 
An in silico saturation mutagenesis study was performed for selecting mutations that could 
stabilize the S glycoprotein in a closed conformation. The production of selected variants and 
the exposure of the RBD was evaluated by ELISA. (A) Saturation mutagenesis of the SARS-CoV-
2 S glycoprotein. Mutations selected for experimental characterization (with a favorable 
predicted ΔΔG < -1 Kcal/mol and showing stabilizing interactions between the RBDs in the 
closed conformation) are colored depending on the mutant residue. Labeled mutations were 
selected for experimental characterization. (B) Three-dimensional location of the selected 
mutations (displayed as dots and colored by their belonging monomer) in the closed state of the 
SARS-CoV-2 S glycoprotein (PDB:6VXX). Mutations are in multiple domains of the S 
glycoprotein, including NTD, CDT1, CDT2 and HR1-CH region. (C) Levels of recombinant S 
proteins in a 5-day cell culture supernatant of transiently transfected Expi293F cells. Mean plus 
standard deviation of three experiments are shown. (D) RBD exposure index in selected 
recombinant S proteins. Data are shown as ratio between RBD binding and total protein. Mean 
plus standard deviation of three experiments are shown. S-2P and S-V987H recombinant 
proteins are shown in red and blue, respectively. 
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Then, we analyzed the exposure of the RBD by ELISA using a Fc fusion protein 

containing the extracellular portion of the human ACE2 receptor fused to the human 

IgG1-Fc domain. The results confirmed that most of the variants were in fact 

promoting a closed trimer conformation (Fig.7D) as it was predicted by our in silico 

pipeline. Moreover, variants associated with a reduced exposure of the RBD also 

resulted in a very low production. In contrast, the V987H mutation promoted the 

exposure of the RBD (Fig.7D) and showed higher production than the S-2P protein 

(2.5-fold). Thus, our results suggest that the RBD exposure may be associated with 

S production levels. 

 

2. S-V987H Trimer Vaccination Protects K18-hACE2 mice from 

SARS-CoV-2 Infection-Associated Disease. 

It has been described that K986P and V987P mutations stabilize and increase the 

expression and immunogenicity of the Spike glycoprotein61,336. Since the V987H 

mutation improved Spike trimer production and RBD exposure, we evaluated 

whether it could impact the Spike antigenicity in vivo. Thus, we compared the 

immunogenicity and protective capacity of the recombinant S-2P, S-V987H and 

RBD (Fig.8A) after SARS-CoV-2 D614G challenge in K18-hACE2 mice (Fig.8B). 

Forty-five K18-hACE2 mice were immunized using a prime-boost immunization 

strategy (Fig. 8B). In addition to S-V987H (n=14), we determined the immunogenicity 

of S-2P (n=16), and a recombinant monomeric RBD protein (n=15). Mice were first 

immunized by DNA electroporation with 40 µg of plasmid. Two weeks later, animals 

were boosted with the corresponding purified recombinant protein (15g) 

formulated with aluminum phosphate as adjuvant. Prior to challenge, four mice from 

S-2P and control groups, two mice from S-V987H and three mice from RBD groups 

were euthanized to collect tissue samples. Then, 12 vaccinated mice for each group, 

and 16 unvaccinated controls were intranasally challenged with SARS-CoV-2 

D614G (Fig. 8B). Four mice (two male/two female) from each group were euthanized 

on days 2, 4 and 7 (end of the experiment) post-challenge (Fig.8B) to analyze the 

humoral immune responses, viral replication in target organs, and tissue damage. 

Mice that developed severe SARS-CoV-2 induced disease and/or showed a weight 

reduction higher than 20% of the initial weight were euthanized before the end of 

the experiment (day 7) as a humane end point. Four additional unvaccinated mice 

were used as uninfected controls. 
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Figure 8. Prophylactic activity of S-V987H immunization and analysis of the humoral 
response elicited in vaccinated K18-hACE2 mice challenged with the SARS-CoV-2 
D614G variant. (A) Purified S-V987H, S-2P, and RBD were analyzed by SDS-PAGE and 
Coomassie G-250 staining. (B) Overview of vaccination strategy and infection timeline. Blood 
drops indicate collection of biological samples. Red triangles: S-2P group (n= 16). Blue 
squares: S-V987H group (n= 14). Black diamonds: RBD (n=15). White circles: unvaccinated 
mice (n=19). (C) Kinetics of anti-S IgG and (C) anti-RBD IgG in serum samples express as 
arbitrary units (AU) per mL. (E) Levels of neutralizing antibodies against SARS-CoV-2 WH1 
and (F) SARS-CoV-2 B.1.351 (Beta) variant after viral challenge. Groups in each time point 
were analyzed using Conover Iman test with multiple comparison correction by FDR. 
Differences among animals within a particular group along time were analyzed using the 
Friedman test corrected for multiple comparison using FDR. Mean plus standard errors of the 
means (SEM) are shown. * p<0.05, ** p<0.01, *** p<0.001. 



   Results 
 

87 
 

The humoral responses elicited against the S protein (Fig.8C) and the RBD (Fig.8D) 

were evaluated before each immunization (days -28 and -14) and viral challenge 

(day -2), and in the mice euthanized on days 2, 4 and 7 after infection. At all-time 

points, mice immunized with S-V987H and S-2P showed similar levels of anti-RBD 

and anti-Spike IgG antibodies, which were greater than those observed in RBD 

vaccinated animals (p<0.001, Conover-Iman test) (Fig.8C and D). For simplification 

purposes, challenged animals were grouped as a “post-challenge” group (Fig.8C 

and D). The levels of anti-RBD and anti-Spike IgG antibodies in the S-2P and S-

V987H groups increased after boost and viral challenge (p<0.05, Conover-Iman test) 

(Fig. 8C and D), while mice immunized with RBD only presented increased levels of 

these antibodies after viral challenge (p<0.05, Conover-Iman test), indicating that 

infection may further boost humoral responses in vaccinated mice (Fig. 8C and D).  

In addition, we evaluated level of neutralizing antibodies against the Wuhan-Hu-1 

(WH1) strain and Beta (B.1.351) variant after SARS-CoV-2 challenge. Both S-2P or 

S-V987H mice groups developed equivalent titers of neutralizing antibodies against 

SARS-CoV-2 WH1, but significantly higher than those measured in the RBD 

immunized group (Fig.8E) p<0.05, Conover-Iman test). However, only S-2P and S-

V987H vaccinated mice had systemic neutralizing activity against the Beta VoC prior 

to challenge (Fig.8F). The progressive increase in the levels of total IgG antibodies 

and/or neutralizing antibodies observed in both RBD and control-challenged groups 

after infection (Fig. 8E and F) also supports the idea of a boosting of the humoral 

response after virus challenge. 

To assess the ability of each immunogen to prevent SARS-CoV-2 infection-

associated disease, we measured weight evolution in all groups as an indicator of 

disease progression in this model333. We identified weight reduction on day 5 post-

infection in mice belonging to infected-control and RBD groups, which is opposed 

to S-2P and S-V987H vaccinated groups (p<0.05, Kruskal-Wallis corrected by 

Dunn’s test) (Fig. 9A). On day 6 and 7, all animals from the inoculated-control group 

(n=4), one out of four S-2P vaccinated mice, and two out of four RBD immunized 

mice had to be euthanized due to disease development (Fig.9B); p<0.05 compared 

to control-infected group, Log-rank test) Mice from the S-V987H group did not show 

clinical signs of disease during the entire experimental procedure (p<0.01 compared 

to control-infected group, Log-rank test) (Fig.9A and B).  
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In addition to the clinical course, we measured the levels of viral replication by RT-

qPCR in four samples (Fig.10A-D): oropharyngeal swab, nasal turbinate, lung, and 

brain. Although the levels of genomic RNA (gRNA) in oropharyngeal swabs 

decreased in all groups over time, only S-V987H vaccinated mice became 

undetectable on day 7. On the contrary, S-2P and RBD vaccinated mice remained 

positive (Fig. 3a, p<0.05 Peto & Peto Left-censored k sample test). Similar results 

were observed in nasal turbinates (Fig.10B), where gRNA was lower in S-2P and S-

V987H groups compared to control-infected mice or the RBD group on days 6-7 

after viral challenge, and the S-V987H group showed the lowest values by day 7. 

Interestingly, low levels of gRNA were detected in lung and brain from S-V987H 

immunized mice (lung p=0.055, brain p<0.05, Peto & Peto Left-censored k sample 

test) (Fig.10C and D), whereas a progressive increase was observed in brains from 

the infected-control and RBD groups, and in the only S-2P vaccinated mouse that 

developed disease (Fig.10C and D).  

To confirm active viral replication, we analyzed N protein levels in tissues by 

immunohistochemistry (IHC). NP was detected in lung and brain of both control and 

RBD groups; and in one animal from S-2P group that developed the disease, but 

not in S-V987H or disease-free S-2P-vaccinated mice after challenge (Fig.11A) 

(p<0.05 asymptotic generalized Pearson Chi-Squared test corrected for multiple 

Figure 9. Surveillance of vaccinated K18-hACE2 mice challenged with SARS-CoV-2 D614G.         
(A) Percentage of weight variation in SARS-CoV-2 D614G-infected K18-hACE2 mice over time. 
Statistical analysis was performed comparing each vaccinated group with the unvaccinated 
group using KrusKal-Wallis corrected by Dunn’s test. (B) Kaplan-Meier plot showing the survival 
rate during the course of the experiment. Statistical analysis was performed against unvaccinated 
group using Mantel-Cox test. * p<0.05, ** p<0.01. Red line: S-2P group (n= 16). Blue line: S-
V987H group (n= 14). Black line: RBD (n=15). Gray line: unvaccinated/uninfected mice (n=4). 
White border line: unvaccinated/infected mice (n=19). 
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comparison using FDR). Low IHC scores were observed in nasal turbinate on days 

2 and 4 with no major differences among study groups (Fig.11A). Tissue damage 

was in line with the levels of viral antigens detected by IHC (Fig.11B). No tissue 

damage was observed in lung or brain of mice vaccinated with S-2P and S-V987H, 

except for the S-2P mouse that became sick (Fig.11B). A low lesion score was 

observed at early time points after challenge in nasal turbinate of all infected mice 

(Fig. 11B).  

Figure 10. Viral load of tissue samples from SARS-CoV-2 D614G infected K18-hACE2 mice 
after vaccination. SARS-CoV-2 viral load was analyzed in oropharyngeal swabs, and samples 
from nasal turbinate, lung, and brain of K18-hACE2 mice upon challenge. Virus distribution and 
tissue damage were analyzed by histopathology. Levels of SARS-CoV-2 gRNA (expressed as 
logarithmic of copies/mL) in (A) oropharyngeal swabs, (B) nasal turbinate, (C) lung, and (D) brain 
during infection. Dot line indicates limit of detection (100 copies/mL). Differences between 
animals were analyzed using Peto & Peto left-censored k sample test, correcting by FDR.              
* p<0.05. P values proximal to statistical significance are shown as numbers. 
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Overall, the immunogenicity of both S-2P and S-V987H trimers was equivalent in 

K18-hACE2 mice, and greater than the produced by the monomeric RBD 

immunogen. However, S-V987H vaccination improved mice protection against 

SARS-CoV-2 D614G variant over the S-2P immunogen, since all mice in S-V987H 

group were disease free and showed a faster viral clearance in tissues.   

  

Figure 11. Histopathological analysis of tissue samples from immunized K18-hACE2 mice 
after challenge with SARS-CoV-2 D614G. Physiological analysis was performed in nasal 
turbinate, lung, and brain of K18-hACE2 mice upon challenge. Virus distribution and tissue 
damage were analyzed by histopathology. (A) Detection of SARS-CoV-2 N protein in brain, lung, 
and nasal turbinate by immunohistochemistry. Staining score: (0) no, (1) low, (2) moderate, and 
(3) high amount of viral antigen. (B) Histopathological analysis of nasal turbinate, lung and brain 
by hematoxylin and eosin staining. Lesion score: (0) no, (1) mild, (2) moderate, and (3) severe 
lesion. Differences between groups were analyzed using Asymptotic Generalized Pearson Chi-
Squared test with FDR correction. * p<0.05, ** p<0.01. 
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3. S-V987H Trimer Vaccination Protects Golden Syrian Hamsters 

from SARS-CoV-2 infection-associated disease 

To confirm the results obtained in the transgenic mouse model, we performed a 

second experiment using golden Syrian hamster (GSH). Similar to K18-hACE2 mice, 

GSH were immunized using a prime-boost strategy, and intranasally challenged 

with SARS-CoV-2 D614G (Fig.12A). Animals were monitored until day 7 post-

inoculation, since it has been described that animals start spontaneously recovering 

around a week after viral infection334,337.  

The magnitude of the humoral responses elicited against the S (Fig.12B) and the 

RBD (Fig.12C) by both S-2P and S-V987H trimers was similar and greater than those 

elicited by the RBD immunogen. The levels of anti-RBD and anti-S IgG antibodies 

increased after each immunization and after viral challenge (p<0.05, Friedman test) 

(Fig.12B and C), confirming the results obtained in K18-hACE2 mice. However, 

unlike mice, infected-control GSHs rapidly developed an anti-S humoral response 

after challenge, showing similar levels of anti-S and anti-RBD antibodies on day 7 

to those observed in animals immunized with the RBD protein (Fig.12B and C). 

When the neutralizing activity of serum samples was analyzed, we observed that 

GSHs immunized with S-2P or S-V987H proteins neutralized the WH1 variant and, 

to a lesser extent, the Beta VoC (Fig.12D and E). The neutralizing activity against 

WH1 increased overtime after challenge in all study groups (p<0.05, Conover-Iman 

test). Neutralization of WH1 was also detected in sera from infected control animals 

by day 4 after challenge, and their titers rapidly increased, becoming similar to the 

ones observed in S-V987H and RBD groups, and higher than those observed in S-

2P vaccinated animals by day 7 (p<0.05, Conover-Iman test). Intriguingly, despite 

all groups showed similar titers of neutralizing antibodies on day 7 after challenge, 

the levels of anti-RBD and anti-S binding antibodies (Fig.12B and C) were higher in 

the S-2P and S-V987H immunized groups than in infected-controls GSH.  These 

results support that SARS-CoV-2 infection induced a rapid humoral response 

against SARS-CoV-2 in GSH that may be qualitatively different to the one elicited 

by immunization. 

We then evaluated the clinical course after challenge. Animals in both control and 

RBD groups showed a progressive weight reduction until day 7 (end of the 

experiment) indicative of disease progression (% of weight in infected controls= 



COVID-19     

92 
 

87.3  3.1; RBD group= 84.41.4) (Fig.12F). Such weight loss was not observed in 

S-2P (98.9  1.3) or S-V987H (98.76  2.4) vaccinated GSH (p<0.05 Kruskal-Wallis 

corrected by Dunn´s test). Thus, both S trimers generated equivalent protection 

from disease development in vaccinated GSH (Fig. 12F). 

Figure 12. Prophylactic activity of S-V987H immunization and analysis of the humoral 
response elicited in vaccinated golden Syrian hamsters challenged with the SARS-CoV-
2 D614G variant. (A) Outline of vaccination strategy and infection timeline. Blood drops 
indicate collection of biological samples. (B) Kinetics of anti-S antibodies and (C) anti-RBD 
antibodies in serum samples. Red triangles: S-2P group (n= 16). Blue squares: S-V987H group 
(n= 16). Black diamonds: RBD (n=16). White circles: unvaccinated and challenged GSH (n=16). 
Grey circles: unvaccinated and uninfected GSH (n=4). (D) Sera neutralizing activity against 
SARS-CoV-2 WH1 and (E) SARS-CoV-2 B.1.351 (Beta) variants after viral challenge. Antibody 
levels and neutralizing titters among groups in each time point were analyzed using Conover-
Iman test with multiple comparison correction by FDR. Differences among animals within a 
particular group along time were analyzed using the Friedman test with FDR correction. (F) 
Percentage of weight variation in SARS-CoV-2 D614G-infected GSH over time. Statistical 
analysis was performed against the unvaccinated group using Krustal-Wallis correcting by 
Duns test. * p<0.05, ** p<0.01, *** p<0.001. 
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The presence of SARS-CoV-2 was determined by RT-qPCR in oropharyngeal swabs 

and respiratory tissue samples (nasal turbinate and lung). Brain was not evaluated 

in GSHs since SARS-CoV-2 does not affect the brain in this animal model 338. 

Despite the levels of gRNA decreased over time in all analyzed samples, we 

detected lower gRNA levels in nasal turbinate of both S-2P and S-V987H groups on 

day 4 compared to the RBD and infected-control groups (Fig. 5; p<0.05, Peto & 

Peto Left-censored k sample test). Remarkably, contrary to the RBD or infected-

control groups, gRNA was undetectable on day 7 post-infection in S-2P and S-

V987H immunized GSHs (Fig.13). No major differences were detected in the levels 

of gRNA in oropharyngeal swabs among the study groups (Fig.13). Interestingly, 

lower levels of gRNA were detected in lungs of S-2P and S-V987H vaccinated 

animals than in the RBD and infected-control groups on days 2 and 4 (Fig.13).  

 

Viral RNA detection results were in line with the levels of N protein detection by IHC 

(Fig.14A). No major differences in N protein levels were observed among study 

groups at any time points in nasal turbinate, becoming undetectable by day 7 

(Fig.14A) (p<0.05, Asymptotic Generalized Pearson Chi-Squared Test). However, 

lower NP levels were detected in lungs of both S-2P and S-V987H vaccinated 

groups when compared with RBD and infected controls on days 2, 4 and 7. 

Interestingly, N protein was not detected in lungs on day 7 in S-2P and S-V987H 

Figure 13. Viral load on tissue samples from SARS-CoV-2 D614G infected golden Syrian 
hamsters after vaccination. SARS-CoV-2 viral load was analyzed in oropharyngeal swabs, and 
samples from nasal turbinate and lung of infected GSHs. Virus distribution and tissue damage 
was analyzed by histopathology. Levels of SARS-CoV-2 gRNA, expressed as cycles threshold 
(CTs), in oropharyngeal swabs, nasal turbinate and lung during infection. Dot line indicates limit 
of detection (CTs≥40). Differences between groups were analyzed using Peto & Peto left-
censored k sample test with FDR correction. * p<0.05. 
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groups (Fig.14A). All study groups showed a similar lesion degree in nasal turbinate, 

which decreased by day 7 after challenge (p<0.05). By contrast, a lower tissue 

damage was observed in lung from S-V987H (on days 4 and 7) and in S-2P (on day 

7) groups compared to RBD and infected control groups (p<0.05) (Fig.14B).  

Overall, our results showed that the immunogenicity and protective efficacy of both 

S-2P and S-V987H trimers are equivalent in GSHs, and higher than the one 

conferred by RBD vaccination.  

 

4. S-V987H Vaccination Protects K18-hACE2 Mice from SARS-CoV-2 

Beta Variant Challenge. 

From the beginning of the COVID-19 pandemic, several SARS-CoV-2 VoC have 

emerged. These VoC have shown different transmissibility, pathogenic potential and 

resistance to antibodies previously elicited by vaccination or natural infection339. The 

results described above have shown that S-V987H-vaccinated animals were 

protected from COVID-19 development after SARS-CoV-2 D614G strain challenge. 

Additionally, vaccinated animals showed low sera neutralizing activity against the 

SARS-CoV-2 Beta variant. Since the Beta VoC is one of the most resistant to 

antibodies elicited by natural infection and the currently available vaccines180, and 

also induces severe disease in K18-hACE2 mice340, we evaluated whether the 

immune responses induced by S-V987H could protect against disease development 

Figure 14.  Histopathological analysis of tissues samples from vaccinated golden Syrian 
hamsters challenged with SARS-CoV-2 D614G. (A) Detection of SARS-CoV-2 N protein in 
lung and nasal turbinate by immunohistochemistry. Staining score: (0) no, (1) low, (2) moderate, 
and (3) high amount of viral antigen. (B) Histopathologic analysis of nasal turbinate and lung by 
hematoxylin and eosin staining. Lesion score: (0) no, (1) mild, (2) moderate, and (3) severe lesion. 
Differences between groups were analyzed by the Asymptotic Generalized Pearson Chi-
Squared test corrected using FDR. * p<0.05. 
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after challenge with the SARS-CoV-2 Beta variant. Thus, we immunized twenty-one 

K18-hACE2 mice with S-V987H or S-2P, using AddVax as adjuvant in this 

homologous prime-boost experiment (Fig.15A). Unvaccinated mice were used as 

negative (n=10) and positive (n=16) controls of infection. Two weeks after receiving 

the protein boost, mice were challenged with the SARS-CoV-2 Beta variant (Fig.15). 

Six mice from each challenged group were euthanized on days 3 (n=6) and 6 (n=6) 

after infection. The remaining animals were euthanized on day 14 after challenge, 

excepting those mice that developed severe disease after day 3 (10 in the infected-

control group and one in the S-2P group) that were euthanized before day 14 

following the humane endpoints of the protocol and analyzed separately.  

Of note, both S-2P and S-V987H recombinant proteins induced similar levels of IgG 

antibodies against the S and the RBD, which increased after each boost and after 

viral challenge (p<0.05, Conover-Iman test) (Fig.15B and C). Interestingly, three days 

Figure 15. Humoral response elicited in vaccinated K18-hACE2 mice challenged with the 
SARS-CoV-2 B.1.351 (Beta) variant (A). K18-hACE2 mice were immunized twice with S-V987H 
(n=21) or S-2P (n=21), adjuvanted with AddaVax. Then, mice were challenged with the SARS-
CoV-2 B.1.351 VoC. Two control groups were established: unvaccinated-challenge mice (n=16) 
and unvaccinated-uninfected mice (n=10). Blood drops indicate collection of biological samples.          
(B) Kinetics of anti-S antibodies and (C) anti-RBD antibodies in serum samples. Red triangles: S-
2P group. Blue square: S-V987H. White circle: unvaccinated-challenge mice. Grey circles: 
uninfected mices. Groups in each time point were analyzed using Conover-Iman test with multiple 
comparison correction by FDR. Differences among animals within a particular group along time 
were analyzed using Friedman test with FDR correction. *p<0.05, **p<0.01, *** p<0.001, **** 
p<0.0001. Mean plus standard errors of the means (SEM) are shown. 
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after challenge, S-V987H immunized mice showed higher sera neutralizing activity 

against the WH1 (n=6; 153769203) (Fig.16A), and the Delta VoC (n=6; 77508403) 

(Fig.16C) than mice immunized with the S-2P (n=6; WH1: 29133524; Delta: 

15054773) (WH1: p<0.01; Delta: p=0.055; Conover-Iman test). Neutralizing activity 

against the Beta VoC increased after challenge (p<0.05, Conover-Iman test) 

(Fig.16B). In addition, we identified an increasing trend in sera neutralizing activity 

against Omicron over time (p=0.055, Conover-Iman test) (Fig.16D). These 

differences suggest that the humoral responses elicited after S-2P or S-V987H 

immunization evolved after challenge with the SARS-CoV-2 Beta variant, increasing 

neutralizing activity against Beta and Omicron VoC, as well as against Delta in the 

case of the S-2P group. Interestingly, neutralizing activity against the Beta VoC was 

detected in control-infected mice at clinical endpoint (Fig.16B) with little or no cross-

neutralization activity with other variants (Fig.16A,C and D). No statistical differences 

in neutralizing activity were observed on days 6 and 14 between S-V987H and S-

2P groups for any of four SARS-CoV-2 variants evaluated (Fig.16A-D). 

 

 

 

 

Figure 16. Neutralizing activity of S-V987H in K18-hACE2 mice challenged with the                
SARS-CoV-2 B.1.351 (Beta) variant. Sera neutralizing titers against (A) SARS-CoV-2 WH-1, 
(B) SARS-CoV-2 B.1.351 (Beta), (C) SARS-CoV-2 B.1.617.2 (Delta), and (D) SARS-CoV-2 
B.1.1.529 (Omicron) variants after viral challenge. Groups in each time point were analyzed using 
Conover-Iman test with multiple comparison correction by FDR. Differences among animals 
within a particular group along time were analyzed using Friedman test with FDR correction. * 
p<0.05, ** p<0.01. P values proximal to statistical significance are shown as numbers. Mean 
plus standard errors of the means (SEM) are shown.  
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A reduction of body weight associated with disease progression was observed in 

mice from the infected control group starting on day 2 after challenge compared to 

mice vaccinated with S-2P and S-V987H (Fig.17A) (p<0.05, Kruskal-Wallis corrected 

by Dunn’s test). Mice in both Spike-vaccinated groups maintained their weight until 

day 14 [percentage of weight: S-2P=994 (n=9); S-V987H=985 (n=9)]. Contrarily to 

the S-2P and infected control groups, no mice from the S-V987H group (n=9) 

showed any clinical signs of disease (Fig.17A and B) during the experiment (day 14) 

(p<0.001, Long rank test). 

The analysis of viral load in tissues by RT-qPCR showed that both S-2P and S-

V987H vaccinated groups had a progressive decrease in gRNA levels in 

oropharyngeal swabs and lung over time (Fig.18) (p<0.05; Peto & Peto Left-

censored k sample test). Interestingly, the S-V987H group displayed lower viral 

loads in nasal turbinate than S-2P and infected control animals on day 3, and also 

in oropharyngeal swab compared to the infected controls (Fig.18) (p<0.05). 

However, these differences were not maintained over time and both S-trimer 

immunized groups showed low but equivalent values of gRNA on day 14 in all 

analyzed tissues (Fig.18). In addition, these groups displayed lower viral load in lung 

and brain compared to the infected control group at day 3 after challenge (Fig.18) 

(p<0.05).  

Figure 17. Prophylactic activity of S-V987H in vaccinated K18-hACE2 mice infected with the 
SARS-CoV-2 B.1.351 (Beta) variant. (A)Percentage of weight variation in SARS-CoV-2 B.1.351 
infected K18-hACE2 mice over time. Statistical analysis was performed against the unvaccinated 
and challenged group using Kruskal-Wallis with Dunn´s test correction. (B) Kaplan-Meier plot 
showing the percentage of SARS-CoV-2-infected animals that were survive at the end of the 
experiment. Statistical analysis was performed against unvaccinated group using Mantel-Cox 
test. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. Mean plus standard errors of the means (SEM) 
are shown. 
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Remarkably, N protein was hardly detected in lung and brain from S-2P and S-

V987H groups by IHC (Fig.19A), which was in line with the low levels of gRNA 

detected in these animals. Despite that, S-2P vaccinated mice showed a higher 

lesion score in lung at day 14 than the S-V987H group (p<0.01; Asymptotic 

Generalized Pearson Chi-Squared test) (Fig.19B), indicating that these mice 

presented a severe lung damage. Interestingly, both Spike-based immunogens 

protected from viral dissemination to the brain (Fig.19).  

To summarize, the immunogenicity of both S-2P and S-V987H trimers was similar 

in K18-hACE2 SARS-CoV-2 Beta-infected mice, although S-V987H promoted the 

development of higher serum neutralization, which might explain the increase in 

protection observed in S-V987H vaccinated animals, compared to the S-2P group.  

Figure 18. Viral load on tissue samples from SARS-CoV-2 B.1.351 infected K18-hACE2 
mice after vaccination. SARS-CoV-2 viral load was analyzed in oropharyngeal swabs, and 
samples from nasal turbinate, lung and brain of infected K18-hACE2. Levels of SARS-CoV-2 
gRNA (expressed as logarithmic of copies/mL) in oropharyngeal swabs, nasal turbinate, lung, 
and brain during infection. Dot line indicates limit of positivity (100 copies/mL). Differences 
between groups were analyzed using Peto & Peto left-censored k sample test with FDR 
correction. * p<0.05, ** p<0.01. 
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Figure 19. Histopathology analysis of tissue samples from SARS-CoV-2 Beta (B.1.351) 
challenged K18-hACE2 mice after vaccination. (A) Detection of SARS-CoV-2 N protein in 
brain, lung, and nasal turbinate by immunohistochemistry. Staining score: (0) no, (1) low, (2) 
moderate, and (3) high amount of viral antigen. (B) Histopathological analysis of brain, lung, and 
nasal turbinate by hematoxylin and eosin staining. Lesion score: (0) no, (1) mild, (2) moderate, 
and (3) severe lesion. Differences between groups were analyzed using Asymptotic Generalized 
Pearson Chi-Squared test with FDR correction. * p<0.05, ** p<0.01. 
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SECTION II. Novel Spike-Stabilized Trimers with Improved 
Production Protect K18-hACE2 Mice and Golden Syrian 
Hamsters from SARS-COV-2 Beta Infection 
 

Here we described a novel set of mutations in combination with K986P and V987P (S-

2P) identified by molecular modelling and located in the S2 region of the Spike that 

increase S-2P production up to five-fold. Besides their immunogenicity, the efficacy of 

two representative S-2P-based mutants, S-29 and S-21, protecting from a heterologous 

SARS-CoV-2 Beta variant challenge was assayed in K18-hACE2 mice (an animal model 

of severe SARS-CoV-2 disease) and GSHs (a moderate disease model). S-21 induced 

higher level of WH1 and Delta variants neutralizing antibodies than S-2P in K18-hACE2 

mice three days after challenge. Viral load in nasal turbinate and oropharyngeal samples 

were reduced in S-21 and S-29 vaccinated mice. Despite that, only the S-29 protein 

protected 100% of K18-hACE2 mice from severe disease. When GSH were analyzed, 

all immunized animals were protected from disease development irrespectively of the 

immunogen they received. Therefore, the higher yield of S-29, as well as its improved 

immunogenicity and efficacy protecting from the highly pathogenic SARS-CoV-2 Beta 

variant, pinpoint the S-29 spike mutant as an alternative to the S-2P protein for future 

SARS-CoV-2 vaccine development. 

 

1. Strategy for S Glycoprotein Stabilization 

To increase the S glycoprotein stability and immunogenicity, we followed two different 

approaches: 1) introduction of point mutations into the S sequence to increase its 

stabilization (using the open state as a reference structure), and 2) increase of RBD 

exposure by forcing an open conformation. In this regard, we built a computational 

pipeline involving the three-dimensional modeling of all possible single mutations in both 

scenarios (see the Methods section for more details). Moreover, all single mutations that 

showed a preference for any of these two conditions were visually inspected. Mutations 

that clearly generated well-defined interactions (e.g. hydrogen bonds, ionic interactions 

for filling hydrophobic pockets) between different chains of the S trimer were prioritized 

(Fig.20A). S mutants were then produced and their yields and RBD binding were 

evaluated (Fig.20B and C). Based on their production levels, these glycoproteins were 

classified into three different groups (Table.2). Group 1 included those constructs (i.e., 

S-29 and S-22) that were produced at the highest levels (five-fold compared to the S-

2P protein). Group 2 contained S-21, S-24, S-26, S-27, S-30, and S-31, whose 

production was intermediate (two-fold higher than S-2P). Last, Group 3 included those 
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S mutants with a protein yield lower than S-2P (S-20, S-23, S-25, S-28, S-32, S-33, S-

34, S-35, S-36, S-37, and S-38). Remarkably, all constructs designed to increase RBD 

exposure were in Group 3, suggesting that those mutations drastically impacted the S 

stability and/or its production. However, most constructs with an improved production, 

also showed a better RBD exposure (Fig.20B and C). 

Variants S-22 and S-29, with higher expression yield, introduced a positive charge per 

chain in a local area where the Glu1092 of each chain might cause destabilization. This 

cluster of Glutamic acid residues facing each other and how the T912R mutation in S-

29 might introduce significant stabilization is shown in Fig.21A. Similarly, the Q1113R 

mutant in S-22 placed an arginine next to Glu1092 (Fig.21B). Analogous observations 

can be extracted of most mutants introducing a net charge. We also observed that most 

mutants increasing RBD exposure, such as S-21, S-24 and S-29, incorporated the 

S758E mutation. This mutation is in the vicinity of the tip of the closed RBD domain, 

where two consecutive Aspartic acid residues, Asp427 and Asp428 are located 

(Fig.21C). After modeling the possible positioning of Glu758 (with an initial significant 

clash with a helix backbone), we speculate that it would be displaced towards the tip of  

Figure 20. Selection of mutations that stabilized S glycoproteins. (A) S stabilizing mutations 
(red variants, left plot), or amino acids changes that increased RBD exposition (blue variants, right 
plot) were selected based on energetic filters and visual inspection. Positive energy values 
indicate stabilization of the open structure versus the closed one. Mutations with neutral (or 
slightly opposite) energetic trend were included. (B) Yields of recombinant S mutants in a five-day 
cell culture supernatant. Mean plus standard deviation of three experiments are shown. (C) RBD 
exposure index in selected recombinant proteins. Data are shown as ratio between RBD binding 
and total protein. Mean plus standard deviation of three experiments are shown. S-2P, S-21, and 
S-29 are shown in red, yellow, and purple, respectively. 
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Group Construct Mutations 

1 S-22 Q755K, L849K, A892N, K947R, K1045R 

1 S-29 S758E, T912R, K947R 

2 S-21 A706Q, S758E, L849K, V963E, S1030R, Q1113R 

2 S-24 S758E, L849K, V963E 

2 S-26 Q755K, C851Q, T961E 

2 S-27 A706Q, S1030R, Q1113R 

2 S-30 L849K 

2 S-31 T961E 

3 S-20 A713R, Q755K, C851Q, T912R, T961E, T1027E 

3 S-23 A7061, C851Q, T1006W, T1027E, Q1113R 

3 S-25 A713R, T912R, T1027E 

3 S-28 A706Q, C851Q, T1027E 

3 S-32 T1027E 

3 S-33 N360R, F168D, Y170D 

3 S-34 K386A, D985A 

3 S-35 D985A 

3 S-36 D985W 

3 S-37 L517A, V382A 

3 S-38 L517A, V382A, R983A 

Figure 21. Structural modelling of stabilizing mutations into S glycoprotein (A) Presence of 
a cluster of three Glu residues (one Glu1092 from each chain) that are facing each other in close 
proximity, with no positive residues nearby. Location of Thr912 is underlined as well. Also notice 
that one of the three Thr has been mutated to Arg clearly showing a salt bridge interaction with 
the glutamic acid. (B) A detail of the proximity of the 1113 residue, already mutated to Arg, to 
the Glu1092 cluster. Thr912 is also showed. Structure models were based on 6VXX PDB 
structure. (C) Detail of the RBD opening process and location of some key residues. The red 
and green ribbons indicate the difference between the open and closed states, underlying the 
position of the two consecutive aspartic acid residues, Asp428 and Asp427, at the tip of the 
RBD domain. In orange ribbons the location of the S758E mutation is shown. Notice that the 
inserted glutamic residue collides with the neighbor helix (pink ribbons). Models generated from 
the 6VXX (closed) and 6VYB (open) PDB structures. 

Table 2. List of S constructs that incorporate the selected mutations  
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the RBD domain and destabilize the closed conformation by electrostatic repulsion. 

Interestingly, S-22 and S-29 constructs share the conservative mutation K947R 

located in the middle of the heptad repeat 1 (HR1) helix, which could enhance the 

thermal stability of the protein341. 

 

2. S-21 and S-29 Vaccination Protects K18-hACE2 Mice from SARS-

CoV-2 Induced Disease 

To investigate the impact of S mutations on its immunogenicity and capability to 

protect from SARS-CoV-2-induced disease, we selected two representative S 

mutants from group 1 (S-29) and 2 (S-21). Then, we performed an immunization 

study using K18- hACE2 transgenic mice that were subsequently challenged with 

SARS-CoV-2 B.1.351 (Beta) variant (Fig.22A). We used this experimental design for 

the following reasons: 1) K18-hACE2 transgenic mice develop a severe form of the 

disease that leads to death340 unless animals are vaccine-protected; 2) the SARS-

CoV-2 Beta variant is partially resistant to antibodies elicited by natural infection or 

vaccination with immunogens based on the original strain (Wuhan, WH1)180; and 3) 

the SARS-CoV-2 Beta variant is one of the most pathogenic SARS-CoV-2 variants 

tested in K18-hACE2 transgenic mice340. Thus, we established five experimental 

groups: S-2P (n=21), S-21 (n=22), S-29 (n=22), infected positive controls (n=16), and 

uninfected negative controls (n=10). Mice from S- 2P, S-21, and S-29 groups were 

immunized twice, three weeks apart. Animals from both control groups received 

antigen-free doses. Two weeks after the boost, all animals (except the negative 

controls) were intranasally challenged with the SARS-CoV-2 Beta variant. Blood and 

tissue samples were collected after viral challenge on days 3 (n=6), 6 (n=6) and 14 

(n=10 for S-21, S-29 and uninfected controls, and n=8 for S-2P) to analyze tissue 

damage and viral replication (Fig.22A). All mice that developed severe disease (one 

mouse in the S-2P and S-21 groups, and all mice from the positive control group) 

were euthanized before day 14 following humane endpoints and were analyzed 

separately. Anti-S (Fig.22B) and anti-RBD (Fig.22C) IgG humoral responses were 

evaluated prior to each immunization and viral challenge, and in euthanized animals 

after infection on days 3, 6, and 14, or due to humane endpoints. Regardless of the 

immunogen used, all vaccinated animals developed similar anti-S (Fig.22B) and 

anti-RBD (Fig.22C) IgG levels, which increased after each immunization and after 

viral challenge (p<0.01, Conover´s post-hoc test). Since we did not identify 

significant differences in the humoral responses among vaccinated groups after 
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challenge we pooled these mice in a single “post-challenge” group to simplify the 

analysis. Of note, unvaccinated but challenged positive controls elicited low levels 

of anti-S and anti-RBD IgG antibodies (Fig.22B and C) that were detected from day 

6 after viral challenge.  

 

 

 

 

 

 

Figure 22. Humoral response elicited by S-21 and S-29 vaccinated K-18 hACE2 mice 
challenge with SARS-CoV-2 B.1.351 (Beta) variant. (A) Outeline of vaccine strategy and 
infection. K18-hACE2 mice were immunized twice with S-21 (n=22), S-29 (n=22) or S-2P (n=21), 
adjuvanted with AddaVax. Mice were challenged with the SARS-CoV-2 B.1.351(Beta) VoC and 
sacrified at day 3, 6 and 14 to monitor the infection. Two control groups were used: unvaccinated-
challenge mice (n=16) and unvaccinated-uninfected mice (n=10). Blood drops indicate collection 
of biological samples. (B) Kinetics of anti-S and (C) anti-RBD antibodies in serum samples. Red 
triangles: S-2P group. Yellow squares: S-21. Purple diamond: S-29. White circles: unvaccinated-
challenge mice. Grey circles: unvaccinated-uninfected mice. Groups in each time point were 
analyzed using Kruskal-Wallis and Conover’s post-hoc tests with multiple comparison correction 
by FDR. Differences among animals within a particular group along time were analyzed using 
Friedman and Conover’s post-hoc test for paired data with FDR correction. * p<0.05, ** p<0.01, 
*** p<0.001, **** p<0.0001. Mean plus standard errors of the means (SEM) are shown.  
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Sera neutralizing activity against SARS-CoV-2 WH1, Beta, Delta, and Omicron 

variants was detected in all three vaccinated groups (Fig.23). Interestingly, despite 

having similar levels of anti-RBD IgGs (Fig.22C), and a slightly higher levels of anti-

S IgG antibodies (Fig.22B), S-2P vaccinated mice showed lower sera neutralizing 

activity against WH1 and Delta variants on day 3 than those immunized with S-21 

(Fig.23A and C) (WH1 p<0.05; Delta p=0.052, Conover´s post-hoc test). Sera 

neutralizing activity against Delta and Beta variants increased over time in the S-2P 

vaccinated group after viral challenge (Beta p<0.05; Delta p=0.052, Conover´s post-

hoc test), suggesting that infection boosted the humoral response in these animals. 

In line, unvaccinated mice developed low sera neutralizing activity against the 

SARS-CoV-2 Beta variant (Fig.23B) with some cross-reactivity with WH1 but limited 

Figure 23. Neutralizing titter of S-21 and S-29 vaccinated K18-hACE2 mice challenged 
with SARS-CoV-2 Beta variant. Sera neutralizing titers against (A) SARS-CoV-2 WH-1, (B) 
SARS-CoV-2 B.1.351 (Beta), (C) SARS-CoV-2 B.1.617.2 (Delta), and (D) SARS-CoV-2 B.1.1.529 
(Omicron) variants after viral challenge. Groups in each time point were analyzed using Kruskal-
Wallis and Conover’s post-hoc tests with multiple comparison correction by FDR. Differences 
among animals within a particular group along time were analyzed using Friedman and 
Conover’s post-hoc test for paired data with FDR correction. *p<0.05. P values proximal to 
statistical significance are shown as numbers. Mean plus standard errors of the means (SEM) 
are shown.  
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cross-neutralizing activity against other SARS-CoV-2 variants (Fig.23A, C and D) 

after viral challenge. No boost effect on sera neutralizing activity was detected in S-

21- and S-29-immunized mice after challenge, suggesting that the humoral 

response reached a plateau in these groups. 

To determine whether S-2P-, S-21-, and S-29-vaccinated mice were protected 

against SARS-CoV-2-induced severe disease, we measured body weight evolution 

(Fig.24A), clinical sings, and survival rate after viral challenge (Fig.24B). A 

progressive weight loss was observed in all unvaccinated but challenged mice 

starting on day 2 post-challenge. These mice developed a severe disease on days 

5-9 post-infection and were euthanized following humane endpoints. Conversely, 

all vaccinated mice (except one S-2P- and one S-21-immunized mice), were 

disease-free (Fig.24B) and did not experience weight loss. All mice belonging to S-

29 group were protected from severe disease development (Fig.24A and B). 

The presence of SARS-CoV-2 in oropharyngeal swabs and tissue samples from 

nasal turbinate, lung, and brain was analyzed by RT-qPCR. All vaccinated mice had 

significantly lower levels gRNA in lung on day 3 post- inoculation compared to the 

positive control group (p<0.05, Peto & Peto Left-censored k-sample test) (Fig.25). 

Most notably gRNA was scarcely detected in brain of vaccinated mice compared to 

unvaccinated animals (Fig.25). Interestingly, S-21- and S-29- vaccinated mice 

showed lower viral load in nasal turbinate than S-2P and control groups on day 3, 

Figure 24. Prophylactic activity of S-21 and S-29 vaccination in K18-hACE2 mice infected 
with SARS-CoV-B.1.351 (Beta) VoC. (A) Percentage of weight variation in SARS-CoV-2 B.1.351 
infected K18-ACE2 mice over time. Statistical analysis was performed against the unvaccinated 
and challenged group using Kruskal Wallis with Dunn´s post-hoc test. (B) Kaplan-Meier plot 
showing the percentage of SARS-CoV-2-infected animals that were disease-free at the end of 
the experiment. Statistical analysis was performed against unvaccinated group using Mantel- 
Cox test. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. Mean plus standard errors of the means 
(SEM) are shown. 
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and S-2P vaccinated mice on day 6 (p<0.05, Peto & Peto Left-censored k- sample 

test) (Fig.25). The lack of differences with the control group on day 6 could be 

explained due to the small number of unvaccinated mice that reached this timepoint, 

since the majority had been euthanized on day 5 post-infection (Fig.24B). Similarly, 

S-21 and S-29 groups exhibited lower viral loads in oropharyngeal swabs than 

unvaccinated mice (S-21 p<0.05; S-29 p=0.066; Peto & Peto Left-censored k-

sample test) (Fig.25). Generally, gRNA decreased over time in all immunized mice 

regardless of the analyzed sample, whereas the opposite outcome was observed in 

mice belonging to the challenged control group, and in those vaccinated mice that 

developed severe disease (Fig.25). 

Figure 25. Viral load of biological samples from SARS-CoV-2 B.1.351 infected K18-hACE2 
transgenic mice after vaccination. SARS-CoV-2 viral loads were analyzed in oropharyngeal 
swabs, and samples from nasal turbinate, lung, and brain of infected K18-hACE2 mice. Levels 
of SARS-CoV-2 gRNA are expressed as logarithmic of copies/mL. Dotted line indicates limit of 
detection (100 copies/mL). Differences among groups were analyzed using Peto & Peto left-
censored k-sample test with FDR correction. * p<0.05, ** p<0.01. P values proximal to statistical 
significance are shown as numbers. 
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Figure 26. Histopathological analysis of tissues samples from vaccinated K18-hACE2 mice 
challenged with SARS-CoV-2 B.1.351 VoC. (A) Detection of SARS-CoV-2 N protein in lung and 
nasal turbinate by immunohistochemistry. Staining score: (0) no, (1) low, (2) moderate, and (3) 
high amount of viral antigen. (B) Histopathologic analysis of nasal turbinate and lung by 
hematoxylin and eosin staining. Lesion score: (0) no, (1) mild, (2) moderate, and (3) severe lesion. 
Differences between groups were analyzed by the Asymptotic Generalized Pearson Chi-Squared 
test corrected using FDR. * p<0.05. ** p<0.01. P values proximal to statistical significance are 
shown as numbers. 

To confirm active viral replication, N protein levels were analyzed by IHC. N protein 

was hardly detected in lung and brain samples from S- 2P, S-21 and S-29 groups 

(Fig.26A). These data are in accordance with the viral loads detected in these 

samples. Despite that, some tissue damage was still detected in the lungs of all 

vaccinated groups. Remarkably, limited tissue damage was found in the brain of 

vaccinated mice, except in those animals euthanized due to humane endpoints 

(Fig.26B).  

 

 

 

 

 

Overall, S-2P, S-21, and S-29 trimers displayed an equivalent immunogenicity in 

K18- hACE2 transgenic mice and protected these animals from developing severe 

disease after SARS-CoV-2 Beta variant challenge. Interestingly, S-21- and S-29-

immunized animals had lower viral loads in nasal turbinate than S-2P and infected 

controls on days 3 and 6 after challenge. Viral loads were also reduced in 

oropharyngeal swabs of these mice on day 3 compared to infected control groups. 
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3. S-21 and S-29 Trimer Vaccination Protects Golden Syrian 

Hamsters from COVID-19 Development 

To confirm the results obtained in K18-hACE2 mice, a second immunization and 

challenge experiment was performed using GSHs with the same immunogens. 

Unlike K18-hACE2 mice, GSH develop a moderate form of SARS-CoV-2-induced 

disease, from which they spontaneously recover by day 14 after challenge334,337. 

GSH were immunized following a similar prime/boost strategy to the previously used 

for K18-hACE2 transgenic mice. Animals were intranasally challenged with the 

SARS-CoV-2 Beta variant and followed up until day 7 post-challenge (Fig.27A), 

since it has been described that GSH start recovering weight from this day334,337. 

 

Figure 27. Humoral response of S-21 and S-29 immunized GSHs after challenge with the 
SARS-CoV-2 B.1.351 (Beta) variant. (A) Overview of immunization strategy and infection 
timeline. GSH were immunized twice with S-21 (n=11), S-29 (n=11) or S-2P (n=11), adjuvanted 
with AddaVax. Mice were challenged with the SARS-CoV-2 B.1.351(Beta) VoC and sacrified at 
day 2, 4 and 7 to monitor the infection. Two control groups were established: unvaccinated-
challenged mice (n=11) and unvaccinated-uninfected mice (n=5). Blood drops indicate 
collection of biological samples. (B) Kinetics of anti-S and (C) anti-RBD antibodies in serum 
samples. Red triangles: S-2P group. Yellow squares: S-21. Purple diamond: S-29. White circles: 
unvaccinated-challenged mice. Grey circles: unvaccinated-uninfected mice. Groups in each 
time point were analyzed using Kruskal-Wallis and Conover’s post-hoc tests with multiple 
comparison correction by FDR. Differences among animals within a particular group along time 
were analyzed using the Friedman and Conover’s post-hoc tests for paired data with FDR 
correction. * p<0.05, ** p<0.01, *** p<0.001. Mean plus standard errors of the means (SEM) are 
shown 
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In accordance with K18-hACE2 transgenic mice data, the three vaccinated groups 

(S-2P, S-21 and S-29) developed similar levels of anti-S and anti-RBD binding IgG 

(Fig.27B and C). Interestingly, the second immunization did not boost vaccine-

induced anti-S or anti-RBD IgG antibodies, indicating that a second vaccine dose 

might not be needed in this animal model. Interestingly, an increase in anti-S IgG 

levels was observed after viral challenge in both vaccinated and unvaccinated but 

challenged mice (Fig.27B). However, when anti-RBD IgG responses were analyzed, 

that boosting effect was less evident and only detected in the S-2P and in 

unvaccinated and challenged groups (Fig.27C). These results suggest that viral 

challenge elicited a rapid humoral response in naïve animals, boosting anti-S IgG 

responses, but had little effect in vaccinated GSH. Despite that, immunized GSH 

showed higher levels of anti-S and anti-RBD antibodies than challenged controls 

(p<0.001 for S-2P and S-29 group, and p<0.01 for S-21 group; Friedman test) 

(Fig.27B and C). 

 

 

 

 

Figure 28. Neutralizing titters elicited by S-21 and S-29 vaccinated GSHs after challenge 
with SARS-CoV-2 B.1.351 (Beta) variant. Sera neutralizing activity after viral challenge against               
(A) SARS-CoV-2 WH-1, (B) B.1.351 (Beta), (C) B.1.617.2 (Delta), and (D) B.1.1.529 (Omicron) 
variants. Neutralization data per groups in each time point were analyzed using Kruskal-Wallis 
and Conover’s post-hoc tests with multiple comparison correction by FDR. Differences among 
animals within a particular group along time were analyzed using the Friedman and Conover’s 
post-hoc tests for paired data with FDR correction. * p<0.05. P values proximal to statistical 
significance are shown as numbers. Mean plus standard errors of the means (SEM) are shown. 
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Sera neutralizing activity against SARS-CoV-2 WH1, Beta and Delta, and to a lesser 

extent, Omicron variants was detected in vaccinated animals at all post-challenge 

timepoints (Fig.28A-D). No differences were identified among immunized groups. 

Remarkably, and contrarily to K18-hACE2 transgenic mice vaccine study data, sera 

neutralizing activity against all four SARS-CoV-2 variants were observed in some 

challenged positive control animals by day 4 after challenge (Fig.28A-D). These 

results indicate that cross-reactive neutralizing antibodies were generated in those 

individuals. Unexpectedly, the neutralizing activity against the SARS-CoV-2 Beta 

variant was higher in challenged control animals than in S-21- and S-29-vaccinated 

GSH by day 7 (Fig.28B). According to the binding ELISA data, neutralization titers 

also increased in immunized GSH by day 7 after viral challenge (p<0.05; Conover´s 

post-hoc test), indicating that infection boosts vaccine-induced humoral 

neutralizing responses (Fig.28A-D). 

To determine whether vaccination protected GSHs from SARS-CoV-2-induced 

disease, we monitored animal weight over time after viral challenge (Fig.29A). 

Challenged control GSHs showed progressive weight reduction until day 6, which 

was indicative of disease progression. One animal from this group suffered a weight 

reduction greater than 20% by day 6 post-inoculation and was euthanized 

according to humane endpoints (Fig.29B). No significant weight loss was observed 

in vaccinated GSHs, indicating that these animals were protected from disease 

development (Fig.29A and B). 

Figure 29. Prophylactic activity of S-21 and S-29 vaccination in GSHs infected with SARS-
CoV-B.1.351 (Beta) VoC. (A) Percentage of weight variation in SARS-CoV-2 B.1.351-infected 
GSH over time. (B) Kaplan-Meier plot showing the frequency of disease-free SARS-CoV-2-
infected animals at the end of the experiment. Statistical analysis was performed against the 
unvaccinated group using Kruskal Wallis and Dunn´s post-hoc tests. * p<0.05, ** p<0.01,                 
*** p<0.001. Mean plus standard errors of the means (SEM) are shown. 
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To evaluate viral replication in tissues, we determined the levels of gRNA by RT-

qPCR. We did not identify any differences among study groups in the levels of gRNA 

in nasal turbinate, lung, in oropharyngeal samples were detected (Fig. 30). However, 

vaccinated animals exhibited a decreasing trend in their nasal turbinate levels of 

gRNA over time after challenge (p=0.061; Peto & Peto Left-censored k-sample test) 

(Fig. 30). In addition, the analysis of nasal turbinate samples on day 7 post-challenge 

showed that vaccinated GSH displayed lower gRNA levels tendency compared with 

unvaccinated-challenged controls (gRNA: p=0.061; Peto & Peto Left-censored k-

sample test) (Fig. 30).  

In order to confirm RT-qPCR data, the presence of N protein was analyzed in nasal 

turbinate and lung by IHC. N protein was not detected in nasal turbinate samples 

from immunized animals on day 7 (Fig. 31A). These results confirm the decreasing 

trend observed when gRNA and sgRNA were analyzed over time. Similarly, SARS-

CoV-2 replication associated lesions were hardly detected in nasal turbinate 

samples on day 7 (Fig. 31B). However, despite N protein was not detected in lung 

of vaccinated GSHs on day 7, low levels of tissue lesions were still present              

(Fig. 31B). No significant differences in tissue damage were observed in lung 

samples among study groups, probably due to the low number of animals per 

group. 

Figure 30. viral loads in tissues from vaccinated GSH after challenge with SARS-CoV-2 Beta 
variant. Levels of SARS-CoV-2 gRNA, expressed as cycles threshold (CTs), in oropharyngeal 
swabs, nasal turbinate, and lung during infection. Dotted line indicates limit of positivity (40 CTs). 
Differences among groups were analyzed using Peto & Peto left-censored k-sample test with 
FDR correction. P values proximal to statistical significance are shown as numbers. 
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Overall, these results confirm that all three S-2P, S-21 and S-29 immunogens 

showed an equivalent immunogenicity and prophylactic activity in GSHs, protecting 

these animals from the development of severe SARS-CoV-2-induced disease. 

 

 

 

Figure 31. Histopathology of tissues from vaccinated GSH after challenge with SARS-
CoV-2 Beta variant. (A) Histopathological analysis of lung and nasal turbinate by hematoxylin 
and eosin staining. Lesion score: (0) no lesion, (1) mild lesion, (2) moderate lesion, and (3) severe 
lesion. (B) Detection of SARS-CoV-2 N protein in lung and nasal turbinate by IHC. Staining 
score: (0) no antigen, (1) low, (2) moderate, and (3) high viral antigen. Differences among groups 
were analyzed using Asymptotic Generalized Pearson Chi-Squared test and FDR. P values 
proximal to statistical significance are shown as numbers. 
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The rapid development of COVID-19 vaccines has been pivotal for the control of 

SARS-CoV-2 pandemic. Despite this pathogen has several proteins that play a 

crucial role in virus life cycle, the S glycoprotein is critical for SARS-CoV-2 infection 

through its binding to the ACE2 receptor on the target cell surface. The analysis of 

the SARS-CoV-2 immune response has shown that S induces both humoral and 

cellular protective immune responses. Indeed, neutralizing antibodies titters against 

the S protein, and more especially the RBD, correlate with protection175. Thus, the 

S glycoprotein is presented as the main antigen in most available COVID-19 

vaccines. However, during the pandemic, the virus has evolved, and several variants 

emerged acquiring mutations into the S glycoprotein. Thus, novel SARS-CoV-2 

variants showed resistance to previously acquired immunity. Moreover, since most 

COVID-19 vaccines are based on the ancestral SARS-CoV-2 WH1 strain sequence, 

SARS-CoV variants also showed resistance to vaccine-induced immune responses. 

The incorporation of additional booster immunizations partially restored the 

protection against SARS-CoV-2 variants. As alternative, some vaccines were 

adapted to the new viral variants showing a modest protection improvement against 

disease development. 

The S glycoprotein, as many other viral proteins that are functionally equivalent (e.g. 

the human immunodeficiency virus (HIV) envelope glycoprotein)342, is prone to 

structural rearrangements. Therefore, S is unstable in its prefusion conformation, 

which limits its immunogenicity and capability for inducing neutralizing protective 

antibodies. Thus, several strategies for stabilizing the S glycoprotein in its prefusion 

conformation have been used. A previous study conducted with the S glycoprotein 

of MERS-CoV showed that the incorporation of two proline mutations in the central 

helix (V1060 and L1061) increased the stability of the protein in the prefusion 

conformation and improved its immunogenicity and capacity to induce neutralizing 

antibodies65. Moreover, this study reported that this approach may be a common 

strategy to the S glycoprotein from other coronaviruses. Thus, the S glycoprotein of 

SARS-CoV-2 was successfully stabilized by incorporating two prolines substitution 

at residues K986P and V987P (referred to as S-2P) into a similar region, between 

the HR1 and the central helix within the S2 subdomain. This modification increases 

S production and immunogenicity, and was incorporated into several commercial 

vaccines (e.g. BNT162b2, mRNA-1273, VidPrevtyn Beta, and Ad26.CoV2.S). 
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However, S-2P yield remains low when it is produced as soluble recombinant 

protein (about 0.5 mg/L)61, hampering its use for vaccine development. Importantly, 

S-2P still shows some structural motility related to RBD exposure61, which is the 

major S domain targeted by neutralizing antibodies 165. Thus, the S-2P´s 

immunogenicity may still be improved by alternative S glycoprotein stabilization 

approaches.  

Here we screened two different stabilization strategies based on a novel set of non-

proline mutations in the (1) absence or the (2) presence of both K986P and V987P 

mutations. Mutations were designed to reduce the structural motility of the S 

protein, favoring a (1) close or (2) open state, respectively. Selection of potential 

mutations were based on Gibbs free energy changes of S variants among the close 

and open conformation, and prioritizing those mutations which generate well-

defined interactions between the RBDs of each S chains. Regarding the first set of 

mutations, during the screening we found that those mutations that limit RBD 

exposure had a negative effect on protein yield, suggesting that open conformation 

may contribute to the protein expression as Xiong et al. mentioned343. In contrast, a 

single V987H mutation presented higher ACE2 receptor recognition, hinting a better 

RBD exposure, and an increased protein yield by 2.5-fold compared to S-2P. Thus, 

we evaluated the immunogenicity and prophylactic capability of S-V987H face to S-

2P and recombinant monomeric RBD. To this end, we used two different animal 

models: K18-hACE2 mice and GSHs. While K18-hACE2 mice develops severe 

disease after SARS-CoV-2 challenge and most mice succumb due to central 

nervous system affectation344, GSHs progress to a moderate disease after viral 

challenge and finally recover spontaneously337. In addition, two SARS-CoV-2 

variants (D614G and B.1.351/Beta) were used to prove immunogen efficacy. Beta 

variant was selected since it showed resistance against NAbs180 and had increased 

virulence in K18-hACE2340. Of note, Omicron VoC was not employed because of 

reducing virulence in K18-hACE2 mice340. As adjuvants and immunization strategy 

may impact on immunogenicity and vaccines efficacy345, we applied heterologous 

(DNA/protein) and homologous (protein) administrations regimens formulated with 

aluminum or AddaVax (MF59-like), respectively. Despite S-V987H showed higher 

yields than S-2P, its immunogenicity was equivalent in both animal models and 

administration regimens. However, the humoral response elicited after the 

homologous protein regimen with AddaVax was higher and more homogeneous 
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than after heterologous regimen with DNA plus aluminum. Additionally, vaccination 

with S trimers induced higher antibodies titters than recombinant monomeric RBD, 

which correspond with enhancing protection against severe disease. The poor 

immune response elicited by monomeric RBD might be explained by its small 

molecular size, as well as, its lower antigen valency in comparison with full S trimer. 

Indeed, RBD-based vaccines usually use different strategies to enhance its 

immunogenicity such as increasing antigen size by fusion protein or by RBD 

multimerization215,346,347. All mice immunized with S-V987H were disease free, 

whereas one mouse from S-2P group developed severe disease after both SARS-

CoV-2 D614G and SARS-CoV-2 Beta challenge. Thus, S-V987H protective efficacy 

might be higher than the one observed with S-2P. According to the protection data, 

S-V987H showed faster viral clearance in respiratory tissues than S-2P immunized 

mice, especially in nasal turbinate. In addition, immunogenicity and prophylactic 

capability of these immunogens were confirmed in GSHs. Overall, S-V987H results 

suggest that this mutation may be an alternative approach over S-2P, since the 

incorporation of this mutation increased protein yields and improved protection in 

animal models. 

Besides the two proline (K986P and V987P) strategy, other mutations have been 

described to increase the S trimer stability and yield. In this sense, Hsieh et al. 

identified some S single mutations which increased protein yield over 2.5-fold in 

comparison to S-2P. Indeed, the same authors described that the addition of four 

proline mutations (F817P, A892P, A899P, A942P) into the S2 subdomain of the S-

2P protein (HexaPro-S) increased protein yields by 10-fold348. The HexaPro-S 

protein expression into Newcastle disease virus vector (NDV-HXP-S) have shown 

protection in GSHs model against SARS-CoV-2 induced disease349. Moreover, 

NDV-HXP-S induced robust immune immunogenicity and was well-tolerated during 

phase I/II clinical trials350,351. A trivalent vaccine NDV-HXP-S vaccine, which 

implement the HexaPro approach into the S sequence from SARS-CoV-2 Beta, 

Gamma and Delta variants, provides great cross-protection against phylogenetically 

distant variants in animal model352. Thus, despite the set of mutations in this work 

were based on the original SARS-CoV-2 WH1 S sequence as S-2P, the trivalent 

NDV-HXP-S vaccine suggests that our stabilization approaches can be also 

susceptible to apply to other SARS-CoV-2 VoC S proteins.  Apart from the HexaPro-

S protein, Juraszek and colleagues identified three regions critical for S protein 
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stability: the HR1, the SD1 and the SD2 domain353. Furthermore, Juraszek et al. 

described the combination of four mutations (D614N, A892P, A942P, and V987P) 

that stabilized the S protein increasing its expression by 6.4-fold353. Riley et al., 

showed that chemical cross-linking between the S2 and S1 subunit increase S 

protein stability354. Other stabilization approaches have been described including 

disulfide bonds (positions Ser383-Asp985 and Gly413-Val987)343 and mutations 

that fill linolenic acid-binding pocket in the RBD355. However, except for HexaPro-S 

protein, whether all the rest S variants show an improved immunogenicity or 

protective capability compare to the S-2P protein remains unknown. 

In addition to S-V987H variant, we designed and tested a second set of S mutations 

in combination with both K986P and V987P. The yield of these novel variants 

increased between 2 and 5-fold compared to S-2P. According to their production 

levels and their RBD exposure, we selected two S variants: S-21 showed a 

moderate increased production but the highest RBD exposure, while S-29 

presented the greatest production but a moderate enhanced RBD exposure. We 

evaluated S-21 and S-29 immunogenicity and protection capability against the 

virulent SARS-CoV-2 Beta variant in two animal models, K18-hACE2 mice and 

GSHs, in comparison to S-2P. S-21, S-29, and S-2P showed equivalent 

immunogenicity and protected both animal models against disease progression, but 

the degree of protection was different. Only S-29 protein provided 100% of mice 

protection after challenge with SARS-CoV-2 Beta VoC. On the contrary, one mouse 

in both S-2P and S-21 groups developed severe disease. In accordance to humoral 

response data, immunized animals showed lower viral load in lung and brain than 

control animals and a decrease trend over time in nasal turbinate and oropharyngeal 

swab samples.These data together with S-V987H results pinpoint that the S 

stabilization approaches may impact on the protection capacity of the S 

glycoprotein. Indeed, Lu et al., found that the HexaPro S is more immunogenic and 

protective than the S-2P expressed into vesicular stomatitis virus vector356. Despite 

both S-V987H and S-29 showed full disease protection, the S-29 protein yield is 

higher than S-V987H (2-fold) and S-2P (5-fold). Apart from their specific mutations, 

all S variants described here had in common a T4 foldon trimerization motif and the 

silenced furin cleavage site as Pallesen et al. used before in S MERS-CoV-2 

production65.  A S recombinant protein-based vaccine developed by Sanofi Pasteur 

(CoV2 preS dTM) includes these two structure patterns added to 2P substitutions. 
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The CoV2 preS dTM vaccine have demonstrated to be well-tolerated and 

immunogenic in humans357. Different formulations of CoV2 preS dTM as booster 

vaccines have shown increased neutralizing titters and enhanced cross-

neutralization activity against different SARS-CoV-2 variants, including Omicron 

variant358. Furthermore, Sanofi Pasteur have successfully implemented these 

approaches to SARS-CoV-2 Beta variant S sequence (Vidprevtyn Beta), which have 

shown improved boosting capacity against Beta, Delta, and Omicron than either 

CoV2 preS dTM or BNT162b2 boost dose after complete vaccination with 

BNT162b2359. Recently, the EMA have approved the Vidprevtyn Veta as booster 

vaccine. Interestingly, our S-29 construct may be a great alternative to the S-2P 

backbone for the generation of novel SARS-CoV-2 variant-adapted S-based 

vaccines, since it presented increased protein production and protection in animal 

models against virulent and neutralization against resistant SARS-CoV-2 variants. 

Immunogen conformation directly influences vaccine capacity to trigger an effective 

immune response. Thus, during the S-ACE2 receptor binding and membrane fusion 

process, the S glycoprotein suffers several conformational changes that expose 

many epitopes that are occluded in prefusion conformation. These novel epitopes 

can be high immunogenic, focusing the immune response, and hampering the 

development of other specificities particularly neutralizing antibodies. Therefore, 

preservation of the native S prefusion conformation may be critical for vaccine 

development. Thus, Bowed et al. showed that stabilized S-based vaccines elicit 

superior immune response than non-stabilized S-based vaccines, emphasizing the 

relevance of prefusion stabilized approaches in SARS-CoV-2 S based vaccine 

development360. Several strategies for stabilize class I viral fusion proteins from 

other viruses, such as HIV361,362, respiratory syncytial virus (RSV)363, and Ebola364, 

have also resulted in improved immunogenicity, highlighting the importance of 

stabilizing approaches in viral vaccine development. 

In summary, we described a novel set of mutations that stabilized the S glycoprotein 

in its prefusion conformation, increasing its production in vitro and improving its 

protective capacity against SARS-CoV-2-induced disease in vivo. Hence, these new 

stabilization approaches may be incorporated in future SARS-CoV-2 vaccines and 

may also contribute to the progress of novel vaccines for other SARS-CoV-2-like 

respiratory viruses.  
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Objective I: To design novel S-stabilizing mutations in silico. 

In a first step 10 S-stabilizing mutations were designed to favor the close S state. 

Additionally, 18 S-stabilizing approaches in combination with K986P and V987P 

mutations were designed to promote the open S conformation.  

 

Objective II: To evaluate the yield and RBD exposure of S-stabilizing trimers. 

Stabilizing mutations impact protein yield and RBD exposure. Three S-trimer 

variants were selected based on their improved yield and RBD exposure: S-V987H, 

S-21 and S-29. 

 

Objective III: To produce and purify the selected S trimer mutants.  

Selected S-trimer mutants were correctly produced in Expi293 cells and purified by 

IMAC with a purity over 90% 

 

Objective IV: To evaluate the immunogenicity and efficacy of selected mutated S-

trimers in animal models upon challenge with different SARS-CoV-2 variants. 

S-V987H, S-21, and S-29 immunogenicity was similar to the S-2P protein in K18-

hACE2 mice and Golden Syrian hamster, and superior to monomeric RBD.  After 

viral challenge, animal immunized with these proteins showed faster viral clearance 

than RBD or S-2P vaccinated animals. Only immunization with S-V987H and S-29 

coffered full protection against severe disease in both animal models. 

Since S-29 has the highest protein yield and full protection capacity, this S-variants 

may be a promising alternative to S-2P on the next generation of SARS-CoV-2 

variant adapted S-based vaccines or future SARS-CoV-2 like coronaviruses 

vaccines.  
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1. Syphilis Disease 

Syphilis is a sexual transmitted infection caused by the spirochete Treponema 

pallidum subspecie pallidum (TPA). Although the origin of the syphilis epidemic is 

unclear, the first cases of the disease were reported in Europe in the late 15th 

century365,366. In 1905, Schaudinn and Hoffmann discovered the bacteria causing 

this venereal disease, and in 1943, the first cases of syphilis were successfully 

treated with penicillin367. Over half a century later, penicillin remains one of the most 

efficacious treatments368. 

Syphilis and three nonvenereal treponematoses (yaws, bejel and pinta) were at first 

believed to be caused by the same agent, despite the fact that their clinical 

manifestations are different. Since pathogenic treponemes are morphologically and 

antigenically very similar (> 95% DNA homology), genomic sequencing was needed 

to identify distinct subspecies of Treponema pallidum that cause nonvenereal 

treponematoses: Treponema pallidum endemicum (causative agent of bejel), and 

Treponema pallidum pertenue (causative agent yaws). Pinta is caused by a different 

species of spirochete bacteria, namely Treponema carateum368,369. All of them are 

obligate human pathogens characterized by its invasiveness and immune 

evasiveness370–373. 

A syphilis infection consists of three main stages369. Primary syphilis usually begins 

approximately 2-3 weeks after contact with the pathogen, and it is characterized by 

the presence of an ulcerated lesion, called chancre. Typically, this lesion appears 

on the genital area, or other body parts related to sexual contact, usually 

accompanied by regional lymphadenopathy369,374. In the absence of treatment, 

primary lesion resolves spontaneously in 3-6 weeks. Secondary syphilis develops 

as a result of bacteria dissemination374. Clinical manifestations include malaise, 

headache, fever, diffuse lymphadenopathy, and maculopapular rashes with either 

discrete or widespread body involvement369,374. Unless treated, secondary lesions 

can take up to several months to resolve. The disease then enters in a latent stage 

without exhibiting clinical manifestations369,370,374. It remains unclear how TPA 

establishes latency, and which tissues or organs act as reservoirs370. A relapse of 

infection from these reservoirs can occur in 25% of untreated patients within two 

years after secondary syphilis resolution, and present new secondary-like clinical 

manifestations.370,374. After years or even decades, 15-40% of untreated and latently 



Syphilis  

132 
 

infected individuals will develop tertiary syphilis. This stage involves serious 

cardiovascular, neurological, bony and visceral affections that may eventually result 

on death of infected individuals369,374. Remarkably, penicillin administration prevents 

syphilis progression to its secondary and tertiary stages and cures the infection. 

However, treated patients remain susceptible to reinfection, because the previous 

one fails to produce a protective immune response375–377. 

According to WHO data, in 2016, 19.9 million people had syphilis, and there were 

6.3 million of new cases per year378. The prevalence of congenital syphilis was 

0.69% in 2016, with a rate of 473 cases per 100.000 live births379. Syphilis is 

considered the second cause of stillbirths after malaria380. A high prevalence of 

syphilis is observed in low-income countries, and it has been rising in high-middle 

income states during the last decade369,378,381,382. Particularly, this increase has been 

observed in men who have sex with men (MSM) with multiple sexual partners, as 

well as sexual networks of heterosexual individuals. In this setting, syphilis is also 

associated with higher risk of HIV infection369,381–383.  

Importantly, although syphilis can be easily diagnosed, treated with an inexpensive 

antibiotic, and no animal reservoir has been identified to date, syphilis continues to 

be a significant global health problem. Therefore, the development of a syphilis 

vaccine is urgently needed to complement disease control and prevention 

measures. In this review, we focus on syphilis vaccine development, use of outer 

membrane proteins (OMPs) as putative immunogens, anti-TPA immune responses, 

as well as TPA evasion mechanisms, to provide information about potential antigen 

selection in syphilis vaccine and immunization strategies. 

 

1.1. Treponema pallidum subsp. pallidum 

TPA is a flat-wave spirochete of 5-15 μm and 0.2 μm of diameter384 that belongs to 

Spirochaetaceae family, particularly Treponema genus (Fig.32). Treponemes are 

usually classified as Gram-negative bacteria due to their double membrane 

structure385. However, the composition of their outer membrane (OM) is noticeably 

different386,387. The TPA OM is characterized by the paucity of surface-exposed 

proteins388–390, the presence of phosphatidylcholine, phosphatidylglycerol, 

phosphatidylserine, and the lack of cardiolipins387 and lipopolysaccharide (LPS) 
391,392. Interestingly, cardiolipins are present in the cytoplasmic membrane387, and 
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represent the main lipid antigen targeted by anti-TPA antibodies of infected 

individuals387. However, other constituents of the OM (e.g. glycolipids) do not 

present immune reactivity387,393. The lipid composition and poor protein content of 

OM are key features of TPA, and may contribute to the poor immunogenicity of this 

pathogen386–388,390. 

TPA is actively motile, although its motile system differs from other flagellar 

bacteria394. Axis filaments (known as endoflagella) are found in the periplasmatic 

space and extend from cell poles through the entire cell body length395 (Fig.32). 

These filaments comprise three core proteins (FlaB1, FlaB2, and FlaB3) and an 

external protein, which surround the filament core (FlaA)392,395. When endoflagella 

rotate in one direction, the cell body moves in the opposite one. This torsion results 

Figure 32. Treponema pallidum. Microscopy image of TPA is provided by Centers for Disease 
Control and Prevention (1972). A graphical representation of TPA is showed. TPA has a double 
membrane structure with a peptidoglycan layer among them. TPA is a flat-wave spiroquete 
crossed by axis filaments along all its body which allow its motility. 
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in a corkscrew-like motion that, together with the action of metalloprotease and 

adhesin proteins, allows spirochetes to cross tissues and disseminate through the 

body396,397. 

Until recently, TPA had not been grown in vitro398, and bacteria propagation in 

rabbits was the only strategy to obtain sufficient live and infective organisms for 

experimental investigation399. The lack of the tricarboxylic acid cycle and 

microaerophilic requirements make this bacterium totally dependent on host cells 

for the acquisition of purines, pyrimidines, and most amino acids370,372,392. 

Therefore, TPA cannot survive outside the host, and loses its infectious capability 

within few hours372,400. 

Besides humans, rabbits are one of the few mammalians that are susceptible to TPA 

infection, and has become the reference animal model to study syphilis immune 

protection. After infection, rabbits develop primary and secondary stage-like clinical 

signs, and a humoral response similar to the one observed in humans401–403. 

Intradermal TPA inoculation induces dermal lesions that resemble human chancres, 

and bacteria can disseminate to distal organs, mainly secondary lymphoid organs 

(i.e. spleen)396,404. However, invasion of the central nervous system is not frequently 

observed and it depends on the utilized TPA strain405. In addition to rabbits, there 

are other species that are also susceptible to TPA (i.e. non-human primates, 

hamsters, guinea pigs, and mice). While only non-human primates and rabbits 

develop clinical signs similar to humans404,406, mice and other rodents may be useful 

to study bacteria dissemination407. 

The TPA genome is a circular chromosome of approximately 1138 kilobase pairs 

that contains 1041 predicted ORFs392. Its genome is small compared to other 

pathogenic bacteria392. The genome sequence confirms that TPA cannot synthetize 

de novo enzyme cofactors, fatty acids, tricarboxylic pathway enzymes, or 

nucleotides, even though it contains 57 ORFs encoding transport proteins and is 

able to use the glycolytic pathway392. TPA lacks genes encoding superoxide 

dismutase, catalase, or peroxidase, which could explain its susceptibility to oxygen. 

Additionally, several genes have also been identified that are involved in the 

synthesis of motile proteins and lipoproteins368,372,392. Genome comparison among 

pathogenic Treponema pallidum subspecies has shown that they are similar in size 

and structure, and differ less than 0.2%-0.4% in their genome sequence408,409. 
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1.2. Infection Course and Immune Response 

Syphilis is generally transmitted through sexual contact or from mother to child. 

Spirochetes gain access to the host through epidermal micro-abrasions or directly 

penetrating mucosal membranes410,411. Once TPA has entered the body, it adheres 

to epithelial cells and extracellular matrix and locally multiplies with an estimate rate 

of once every 30-33 hours412,413. In vitro binding studies have shown that laminin 

and fibronectin are among the anchor molecules involved in these interactions414–

417. Since TPA lacks cytotoxic toxins or other virulence factors392, tissue destruction 

and chancre lesions are probably caused by the inflammatory response at the entry 

site411. The initial immune response clears bacteria locally, and the primary stage 

lesions resolve spontaneously within 3-6 weeks. Meanwhile spirochetes spread 

throughout the body and the infection rapidly becomes systemic, triggering 

secondary syphilis. Afterward, spirochetes penetrate deeper tissues and induce the 

expression of inflammatory signals, promoting the migration of immune cells to the 

infected tissues411. In vitro studies have shown that TPA can induce the expression 

of the adhesion molecules ICAM-1, VCAM-1 and E-selectin in endothelial cells418–

420. In addition, metalloprotease activity plays a major role in the penetration and 

dissemination of TPA through extracellular matrix and intercellular junctions421,422. 

In the final stage, infection and the associated immune response damage various 

organs (e.g. heart and brain), resulting in debilitating health problems411. 

TPA infection triggers a complex immune response that fails to control the spread 

of the bacteria and the progression of the disease. In primary syphilis, 

polymorphonuclear leukocytes (PMNs) are the first immune cells to infiltrate the 

infection site423 (Fig.33A). These cells may contribute to the initial control of the 

infection by secreting anti-microbial peptides424 and clearing spirochetes by 

phagocytosis423,425. However, the initial control of the infection is limited as bacteria 

dissemination occurs in virtually all cases. Besides PMN, dendritic cells (DCs) 

(Fig.33A) can also phagocyte whole or bacteria-derived fragments, thereby 

stimulating their maturation and antigen-presentation capacity. Thus, DCs increase 

the production of pro-inflammatory cytokines, such as IL-12, IL-6 and IL-1B, and 

upregulate the expression of CD54, CD83, CD80, CD86, and HLA-DR426,427. Mature 

DCs migrate to lymph nodes (LNs) where they present treponemal antigens to T 

cells, inducing antigen-specific T cells responses. These T cells can be detected in 

secondary lymphoid organs of infected animals three days post-infection and 
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progressively accumulate at the infection site428–430, coinciding with maximal TPA 

burden431,432. Rabbits infected with TPA showed a rapid hyperplasia of T cell zones 

in secondary lymphoid organs (LNs and spleen)402,430. Although Th1 CD4+ T cells 

dominate the T cell infiltrate402,425,433 (Fig.33A), cytotoxic T cells (CD8+) can also be 

found in primary lesions, where their role remains unclear. CD8+ T cells may be 

required for the elimination of TPA reservoir inside non-phagocytic cells in early 

syphilis lesions433–435. In this sense, perforin and granzyme are detected in early 

lesions, suggesting cytolytic activity436. Furthermore, CD8+ T cells, as well as NK 

cells, could contribute to the secretion of interferon-γ (IFN-γ)373,437. Th1 cytokines 

can promote the migration and activation of macrophages (Fig.33A), whose number 

increase rapidly by day 10 after infection at the entry site432. Activated macrophages 

phagocytose and destroy spirochetes428,438 until they are completely cleared from 

the infection site. Interestingly, this process can be enhanced by TPA opsonizing 

antibodies and IFN-γ, particularly through the Fc-Fcγ receptor interaction437–441. 

However, other less efficient mechanisms, such as non-opsonic phagocytosis and 

active direct invasion, may also participate in TPA-macrophage interplay442. In 

response to TPA infection, macrophages polarize to M1 phenotype and secrete 

proinflammatory cytokines (i.e. IL-1β, TNF-α, IL-12, and IL-15)441,443, which can 

ultimately promote necrosis and ulcer formation typical of primary chancre lesions. 

Regarding the humoral response, anti-TPA antibodies can be detected as early as 

6 days post-infection444. However, the antibody response kinetics vary based on the 

target protein and TPA strain. For example, antibodies targeting Treponema 

pallidum repeat (Tpr) Subfamily I and II rise between days 10 and 45 after 

infection445. During primary infection, IgM dominates the anti-TPA humoral 

response, while IgG levels gradually increase444,446 (Fig.33A). Antibodies are not only 

involved in opsonization processes, they can also block bacteria dissemination and 

dermal lesions. Furthermore, the complement system is also involved in limiting 

treponemal activity, specially working in conjunction with antibodies447–449. TPA 

accumulates sialic acid on its surface, making it resistant to complement lysis by 

the alternative pathway450–453. Thus, classical complement activation pathway is key 

to bacterial clearance. This data suggest that the immune response generated 

against TPA during primo-infection is a delayed type hypersensitivity (DTH) immune 

response, where sensitized T cells play a major role. In fact, it has been 

hypothesized that syphilis prognosis depends on the balance between DTH and 
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humoral responses. Thus, it has been proposed that a strong DTH immune response 

may be required to clear the infection, whereas latency may result from intermediate 

DTH responses. Tertiary disease would be related to a weak DTH and a strong 

humoral response432,454. Despite this, antibodies may be crucial for preventing 

infection432,455. Accordingly, rabbits receiving immune serum showed a delay in the 

appearance of lesions that were also less severe456. Further, patients who have been 

previously treated for syphilis remain susceptible to reinfection because they do not 

develop an effective anti-TPA humoral response432. 

 

Figure 33. Immune response to TPA infection. (A) During primary syphilis, a local lesion called 
chancre appear in the site of infection. After bacteria entry, the microorganisms proliferate and 
disseminate to distal organs. Bacteria are phagocyted by polymorphonuclear cells (PMN) and 
dendritic cells (Langergans cells) that migrate to draining lymph nodes to activate CD4+ Th cells. Th1 
T cells migrate to the bacteria proliferating foci and produce Th1 cytokines (IFN-γ) for recruiting and 
activating macrophages. M1 macrophages phagocyte bacteria and produce TNF-α and IL-1β that 
contribute to chancre development and eventually necrosis. IgM antibodies and complement 
contribute to bacteria opsonization favoring their removal by macrophages. (B) During secondary 
syphilis, TPA expands from reservoirs with systematic affectation. A typical rash appears in most 
cases. Anti-TPA humoral responses are mainly IgGs and plasma cells are visible in the infiltrate of 
secondary cutaneous lesions. CD8+ T-cells are more represented than CD4+ T cells in lesion 
infiltrates. (C) Tertiary syphilis affects deep organs like brain and heart. A Th1/Th2 switch 
progressively occur and the immune response is down regulated by the presence of regulatory T 
cells. Plasma cells are well represented. Gummas can be developed in different locations (i.e., liver, 
skin, brain). Gummas are a granuloma-like structure characterized by a necrotic hyaline nucleus 
surrounded by immune cells (i.e. plasma cells, macrophages and giant cells) and fibroblasts. 
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Both cellular and humoral responses are maintained for months after clearance of 

primary syphilis lesions403,457,458, and their magnitude correlate with the persistence 

of TPA as latent infection459–462. From this state, relapse of active infection can occur 

leading to secondary and tertiary syphilis. Secondary syphilis manifests as 

inflammatory cutaneous affection that differs in histological appearance from 

primary syphilis. The histology of secondary syphilis is variable but, in general, 

lymphocytes, macrophages, and plasma cells are commonly present in secondary 

lesions whereas polymorphonuclear and eosinophilic infiltrates are found in a 

smaller proportion463–465 (Fig.33B). Furthermore, CD8+ T cells are highly 

represented463 (Fig.33B). Contrary to primary syphilis, IgGs dominate the anti-TPA 

humoral immune response during secondary syphilis446,466,467 (Fig.33B). Moreover, 

whereas IgG1 is the main IgG subclass in primary syphilis, both IgG1 and IgG3 

subclass can be equally found in secondary syphilis468. 

Finally, tertiary syphilis is characterized by a multiorgan affection and the 

development of gummas in different tissues (such as liver and skin). Gummas are 

granuloma-like structures characterized by a necrotic nucleus surrounded by 

macrophages, giant multinucleate cells, lymphocytes, and plasma cells432 (Fig.33C). 

Neurosyphilis is characterized by an increase in the number of CD8+ T cells in 

blood469. Moreover, a switch in the production of Th1 to Th2 cytokines is observed 

during the evolution of the disease. While Th1 cytokines are mainly detected during 

primary syphilis, Th2 cytokines increase in late states of the disease470 (Fig.33C). 

This correlates with cell depletion in the diffuse cortex, and a follicular hyperplasia 

in LNs with plasma cells accumulation within the interfollicular areas during tertiary 

syphilis432. These changes in the immune response during syphilis are closely 

related with disease progression. 

 

2. Immunization Studies: Challenges and Controversies 

Despite public health campaigns and the availability of efficacious treatment, 

syphilis prevalence has increased worldwide in the last decade381, suggesting the 

need for additional measures to control the transmission of the infection. The 

development of a syphilis vaccine could be a valuable tool. However, after several 

decades of research, an effective vaccine for syphilis remains elusive. A variety of 

strategies have been tested, including inactivated bacteria and subunit recombinant 

proteins, even though with limited success. Interestingly, Miller et al. demonstrated 
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protection of rabbits against TPA infection following 60 immunizations with γ-

irradiated bacteria for 37 weeks471. Although this experimental strategy is far from 

being applicable to humans, it serves as a proof of concept that a syphilis vaccine 

is feasible. In addition, human challenge studies performed in the 50’s showed that 

latently infected patients were resistant to reinfection with a heterologous TPA 

strain472. Accordingly, Marra and colleagues reported that previous syphilis infection 

may attenuate the manifestation of subsequent TPA infection473. Thus, those 

individuals that experimented three or more episodes of syphilis were more likely to 

develop latent early syphilis after subsequent infections. These studies indicate that 

it will take a long time to establish a protective immunity against TPA, further 

emphasizing the low immunogenicity of this pathogen. 

Until 2018, one of the main handicaps in the development of a syphilis vaccine was 

the inability to grow the bacteria in vitro398. This technical limitation shifted the focus 

of most studies towards recombinant OMPs474. Although none of these proteins 

provided complete protection against in vivo TPA challenge, promising results were 

observed; namely, the induction of a strong humoral response, less ulcerative 

lesions, faster recovery of lesions, or inhibition of bacterial dissemination to distal 

organs. These studies provided meaningful knowledge about OMPs, immunization 

regimens, and potential vaccine targets. The advancement of bioinformatic tools 

allowed the identification of additional putative OMPs, as well as the prediction of 

structure models and B cell epitopes475,476. The employment of newly-developed 

approaches (e.g. genetic engineering), and refined bioinformatic tools enable to 

delve further into OMPs knowledge, benefiting future vaccine studies477,478. 

 

2.1. The Outer Membrane Proteins 

One of the major features that differentiate TPA from other bacteria is the paucity of 

surface-exposed OMPs388–390. It has been calculated that the density of OMPs in 

TPA is approximately 100-fold less than that in E. coli386. The identification and 

characterization of TPA OMPs has been challenging due to the inability to 

genetically manipulate and cultivate TPA in vitro (until recently)398, and the fragility 

of its OM, which generated a strong controversy in some studies. The intrinsic 

properties of the OM (i.e lack of LPS and low density of proteins) makes it can be 

easily damaged by common experimental manipulations (e.g. centrifugation, 

resuspension, or using low concentration of non-ionic detergent)386,390. OM 
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disruption leads to potential exposure of lipoproteins that are normally present in 

the periplasmic space and cytoplasmic membrane, and could erroneously pinpoint 

proteins as OMPs. Due to these technical limitations, the identification of OMPs was 

often based on prediction of their sequence and structure or by comparison with 

functional orthologs from other species475. Thus, OMPs can be classified in three 

main groups according to their putative functions (Fig.34). 

Transport Function 

Since nutrient import and toxics efflux are crucial for bacteria surveillance, several 

TPA OMPs have been involved in transport function. 

Tpr protein family 

The Tpr family of proteins include 12 members that are divided into three subfamilies 

according to their amino acid composition: subfamily I (TprC, D, F, I), subfamily II 

(TprE, G, J) and subfamily III (TprA, B, H, K, L). Among them, subfamily I and TprK 

(subfamily III) are the most widely studied. Regarding Tpr protein location, sequence 

analysis predicted that TprB, TprC, TprD, TprE, TprG, TprH, TprI, TprJ, TprK and 

TprL could be located in the OM386. Supporting this prediction, a putative cleavable 

signal peptide was identified in most of the Tprs superfamily members, including 

TprC, D, F, I, E, G, J, A, B and TprK proteins475,479. 

Figure 34. OMPs functions. Overview of TPA membrane arquitecture showing the three main 
function of OMPs: (1) transport of nutrients and toxic substances (e.g. TprC), (2) adhesion and 
bacteria dissemination (e.g. Tp00751), (3) and other functions related to cellular homeostasis as 
protein translocation (e.g, Tp0326). (OM) Outer membrane. (IM) Inner membrane. Gray squares 
include the OMPs involved in each function.  
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The Tpr family is related to the major outer sheath protein (MOSP) of Treponema 

denticola 479, a surface-exposed protein with adhesive and porin function480–482. 

Most Tprs include three main domains: 1) a N-terminal domain related to the N-

terminal domain of Treponema denticola MOSP, 2) a central region, and 3) a C-

terminal domain related to the C-terminal domain of Treponema dentiola MOSP, 

that is lacking in TprF and TprA proteins. Recently, the presence of short molecular 

recognition features (MoRFs) was predicted in most Tprs. These motifs may interact 

with specific proteins and undergo disorder-to-order transition upon binding475. 

Sequence analysis has shown that the N- and C-terminal domains of the Tpr 

proteins from subfamilies I and II are relatively conserved, whereas central domains 

are variable in length and sequence370. Terminal domains present amphipathic 

regions and flank hydrophilic regions of the central domains. According to Hawley 

et al., the N- and C-terminal domains from all Tprs adopt a β-stranded structure, 

while the central regions may be mostly α-helices475. 

Structural analysis of the subfamily I has shown that these proteins form a β-barrel 

trimeric channel. However, unlike classical porins, in which the entire polypeptide 

forms a β-barrel, Tpr subfamily I possesses bipartite topology. The C-terminal 

domain forms a β-barrel structure and is surface-exposed, while the N-terminal and 

central domains anchor the β-barrel into the peptidoglycan sacculus of the 

periplasmatic region483,484. Accordingly, while the expression of TprC/D in E. coli is 

surface-exposed, TprF lacks the C-terminal domain, and therefore, it is entirely 

periplasmatic386. The immunodetection of Tpr proteins by electron microscopy 

using purified rabbit anti-Tpr I immunoglobulins, confirmed the presence of Tpr 

proteins in OM and periplasmic spaces, which could be due to the bipartite structure 

previously described or because the anti-Tpr I antibody recognized proteins with 

distinct location485. More recently, Hawley et al., confirmed that the bipartite 

membrane topology identified in subfamily I is common to all Tprs with three full 

domains475. Based on sequence and structure analysis, it has been shown that the 

Tpr family may be involved in the import of small soluble molecules. In this sense, 

the integration of some Tpr proteins in liposomes increased their permeability483,484. 

Therefore, changes in protein expression and/or variation of their channel-forming 

β-barrel region could be used to adapt TPA nutritional requirements to the 

environment. Accordingly, the expression of Tpr proteins can vary among strains, 

and in the same strain overtime486, which may explain why the anti-Tpr humoral 
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response differ among TPA isolates445. This observation suggests the existence of 

mechanisms that can regulate the expression of these genes. Thus, a hypervariable 

homopolymeric guanosine (poly-G) tract and a cAMP receptor protein (CRP) binding 

motif have been identified upstream of the transcription start site of the Tpr 

subfamily II and III487–489. In fact, Tp0262 (a TPA CRP homologue) can bind to these 

promoters and regulate the surface expression of these proteins during infection487. 

As a result, the specificity of the humoral response elicited against Tpr proteins differ 

among TPA isolates445. 

Of the Tpr superfamily, TprK is one of the best characterized proteins. It has been 

previously shown that recombinant TprK is a monomeric porin by negative-staining 

electron microscopy490. Anti-TprK antibodies can be detected early during 

infection445. However, TprK exhibits sequence variation that contributes to immune 

escape. Thus, several alleles have been identified among TPA strains491,492. 

Moreover, this protein shows seven variable domains whose sequence changes by 

non-reciprocal recombination, mainly with regions downstream of the TprD 

gene491,492, a mechanism that is enhanced under immune pressure493,494. The 

existence of this mechanism could explain why TprK variability was higher in TPA 

isolates from patients affected with secondary syphilis than those with primary 

syphilis492. However, TprK genetic variation can also occur in the absence of 

immune pressure495. Interestingly, it has been reported that humoral response in 

vivo targets variable regions, while cellular response recognizes conserved TprK 

epitopes496,497. Moreover, animal challenges using TPA with TprK homologous to 

the one used in immunization regimen show better protection than those animals 

challenged with a strain expressing heterologous TprK496. Despite that, there are 

controversies on the role of anti-TprK antibodies, and TprK protective efficacy as 

immunogen and its location. Centurion-Lara and colleagues described that TprK is 

located on the OM, and TprK-specific antibodies had opsonization capacity479. 

Interestingly, rabbits immunized with this protein did not develop ulcerative lesions. 

These lesions healed faster than those observed in unvaccinated control animals 

and contained fewer spirochetes, when analyzed by darkfield microscopy479. 

Additionally, Morgan et al. identified the N-terminal region of TprK (37-273 amino 

acids) and, to a lesser extent, the C-terminal portion (349-478 amino acids), as the 

parts of the protein that induced the previously-described protective immune 

response498. Conversely, Hazlett and colleagues described that TprK was located 

in the periplasmic space, anti-TprK antibodies lacked opsonization activity, and 
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immunization with recombinant TprK did not induce a protective immune response 

nor TprK sequence variation499. Further investigation would be needed to clarify 

these discrepancies. 

Regarding the immunity elicited against other Tprs members, anti-TprI antibodies 

were detected in 98% of syphilis-affected individuals. These antibodies mainly 

targeted the conserved N-terminal region. The lack of reactivity was associated with 

early infection485. Remarkably, experiments performed in rabbits showed that TprI 

immunization did not protect rabbits from infection500. However, cutaneous lesions 

did not ulcerate and healed faster than those generated in unvaccinated animals. 

This protein elicited strong humoral and cellular responses mainly targeting the 

conserved N-terminal region of the protein during TPA infection445,500. Not 

surprisingly, immunization with the conserved N-terminal region of TrpF, which is 

also common to all subfamily I members, did not protect rabbits from TPA infection 

after challenge. However, TprF vaccination attenuated lesion development, 

prevented ulceration, and reduced bacterial burden in skin lesions500. In regard to 

TprC and TprD, epitope mapping has shown that the humoral response detected in 

rabbit sera is directed against exposed loops476. Moreover, the N- and C- terminal 

regions contain the most reactive epitopes. Surprisingly, Anand et al. showed that 

sera from infected individuals do not recognize TprC, while TPA-infected rabbits 

develop antibodies with opsonization activity483. One explanation could be the low 

expression of TprC and the different magnitude of the humoral response found 

among various syphilis strains and subspecies. 

Tp0515 

Tp0515 is a structural ortholog of LptD protein, which is part of a multiprotein 

complex involved in LPS trafficking to the OM in Gram-negative bacteria386. Thus, 

since LptD is embedded in the OM, Tp0515 is inferred to be an OMP. However, 

sequence analysis of TPA genome failed to identify LPS biosynthetic pathway392. 

Notably, orthologous proteins for several components of the LPS transport pathway 

have been found in TPA475, suggesting that even without LPS, these proteins could 

be involved in translocation of other cellular products to the OM, as glycolipids386. 

Tp0515 structural modelling found that this protein is a 26-stranded β-barrel 

embedded in OM with exposed extracellular loops475. Moreover, Hawley et al. 

identified B cells epitopes inside these extracellular loops using bioinformatic 

analysis475. However, the immunogenicity and capacity of this protein to induce 

protective immune response still need to be empirically demonstrated. 
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Tp0126 and other OmpW/AlkL orthologs 

Four proteins that are orthologs of OmpW (Tp0126 and Tp0733) and OprG (Tp0479 

and Tp0698) have been identified in TPA475. Both E. coli OmpW and Pseudomonas 

aeruginosa OprG proteins are members of the OmpW/AlkL family of proteins, which 

have been suggested to be involved in bacterial adaption to environment stress and 

nutrient acquisition501,502. OmpW and OprG have an eight-stranded β-barrel 

architecture and form a peculiar hydrophobic channel, which allows the transport of 

hydrophobic molecules directly to the membrane, bypassing the hydrophilic 

periplasmatic space475,503. Thus, Tp0126 could be involved in fatty acid transport 

(unable to be synthesized by TPA alone)504. Interestingly, this protein is highly 

conserved among TPA strains. Its transcription is regulated by the presence of 

guanidine homopolymers of various lengths located upstream of its promoter, which 

is consistent with phase variation505. 

Remarkably, Tp0126 may show low immunogenicity. Anti-Tp0126 antibody levels 

in serum samples from patients with latent syphilis were lower than those targeting 

Tp0574, a highly expressed and immunogenic TPA protein505. In addition, anti-

Tp0126 antibodies were detected in Tp0126-immunized rabbits only after the third 

boost, highlighting the potentially low immunogenicity of this protein505. 

Interestingly, these antibodies targeted Tp0126-external loops and were able to 

opsonize TPA. However, immunization with Tp0126 showed poor protective 

capacity, if any, in rabbits. In fact, treponemes isolates from lesions of immunized 

and challenged rabbits showed lower transcription levels of Tp0126, which was 

associated with a longer polyG region (≥ 9 G’s), when compared to treponemes 

obtained from the challenge inoculum505. These results suggest that the expression 

of Tp0126 may be reduced during infection, which could explain the absence of 

protection observed in immunization and challenge experiments. 

Like Tp0126, other members of the TPA OmpW/AlkL ortholog group (Tp0733, 

Tp0479, and Tp0698)475 are predicted to form a membrane-channel and be involved 

in transport of small molecules. Hawley et al. predicted multiple surface-exposed B 

cell epitopes in their extracellular loops, although the density of these epitopes 

differs from one to another protein475. Future experimental studies with these OMPs 

are envisaged to confirm their in silico predictions, and to inform about potential 

immunogenicity and capacity of inducing protective immune responses. 
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FadL-like proteins 

Due to the low OM permeability of Gram-negative bacteria, these bacteria have an 

OM protein machinery involved in the uptake of long-chain fatty acids, such as FadL 

protein. TPA is unable to synthesize long-chain fatty acids392. However, since TPA 

OM is more permeable to fatty acids than other Gram-negative bacteria506, 

membrane diffusion may be one of the mechanisms that this microorganism uses 

to uptake these molecules. Nevertheless, five FadL orthologs (Tp0548, Tp0856, 

Tp0858, Tp0859, and Tp0865) have been identified in TPA, suggesting that passive 

diffusion of fatty acids is not the only mechanism475. Structural modelling of these 

orthologs predicted that all TPA FadL-like proteins form a 14-stranded β-barrel with 

N-terminal in the barrel lumen475. Moreover, all five proteins contain one or more 

predicted B cell epitopes475. Interestingly, Delgado et al. recently described the 

presence of IgG antibodies and IgG+ B cells in TPA-infected rabbits that recognized 

the extracellular loops 2 and 4 from Tp0856 and Tp0858507, indicating that these 

proteins could be useful in vaccine design. 

TolC-like proteins 

TolC is an OM protein from E. coli, which is part of an efflux pump complex involved 

in the removal of toxic substances508. To date, four TolC orthologs (Tp0966, Tp0967, 

Tp0968, and Tp0969) have been described in TPA509. Structural modelling of these 

proteins identified that they have a TolC-like topology based on four β-strands with 

two large extracellular loops and six α-helices475. Furthermore, Hawley et al. 

predicted that all four TolC-like TPA proteins, particularly Tp0969, enclose surface-

exposed B cells epitopes475. Thus, these predicted OMPs could be targeted by the 

immune system. However, further in vivo analysis of their immunogenicity is 

required to determine their potential in vaccine development. 

Treponema rare outer membrane proteins (TROMPs) 

TROMP family includes three proteins: TROMP-1 (31 kDa), TROMP-2 (28 kDa) and 

TROMP-3 (65 kDa)510. TROMP-1 (also called TroA or Tp0163) was firstly described 

as a surface-exposed protein with porin-like properties511. However, it was later 

identified to be a periplasmatic metalloprotein anchored to the cytoplasmatic 

membrane512–514. TROMP-2 (also called Tp0663) was localized on the OM when it 

was expressed as recombinant protein in E. coli. However, the isolation of TROMP-

2 from E. coli OM showed low porin insertional events, casting doubts on its porin 
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function393. Interestingly, both TROMP-1 and TROMP-2 were targeted by antibodies 

present in sera from infected rabbits and humans510. In fact, TROMP-2 could be a 

potential candidate for serodiagnosis of all syphilis stages515. TPA challenge 

experiments performed in Tp0663-immunized rabbits showed partial protection, 

with high titers of anti-Tp0663 antibodies. The authors observed attenuated lesions 

with an increased cellular infiltration. Importantly, no bacteria dissemination to distal 

organs was detected in immunized animals516. Of note, TROMP-3 is expressed at a 

lower concentration than the other two members of this family, and its function and 

structure remain unknown393
 

Adhesion Function 

Adhesion to cells and extracellular matrix is crucial to the establishment of infection 

and the dissemination of TPA. 

Tp0136 

Tp0136 has been identified as a fibronectin-binding TPA OMP that binds more 

efficiently to cellular than plasma fibronectin414,415. This selective binding involves 

different domains of this protein. Thus, the conserved N-terminal region is mainly 

responsible for binding to plasma fibronectin. Residues in the C-terminal end, and 

also in the central portion of the protein, participate in binding to the cellular form of 

fibronectin415. Interestingly, Tp0136 shows sequence variability among TPA strains, 

and its transcription is regulated during infection414,415. The interaction of Tp0136 

with fibronectin expressed on cell surface can promote bacteria attachment to 

tissues, facilitating body dissemination and favoring the colonization of distal 

endothelial tissues, central nervous system, or placenta517. 

In addition to its adhesion function, Tp0136 may also play an important role in 

chancre healing by promoting fibroblast and microvascular endothelial cell 

migration, and the activation and aggregation of platelets518. Immunization and 

challenge experiments performed in rabbits using recombinant Tp0136 produced in 

E. coli showed a delay in lesion ulceration but not in their development, indicating 

no protection against infection414. Remarkably, sera obtained from immunized 

animals reduced the attachment of the bacteria to fibronectin, although at lower 

levels than sera obtained from infected rabbits414. Interestingly, Xu et al. showed 

that rabbits immunized with Tp0136 elicited high levels of antigen-specific 
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antibodies, attenuated lesion development with increased cellular infiltration, and 

limited treponemal dissemination to distant organs516. Although there are 

discrepancies between both studies that could be explained by differences in 

adjuvant, immunization schedule, and the amount of live inoculated bacteria, these 

results suggest that antibodies developed against Tp0136 might be protective. 

However, the fact that antibodies elicited during experimental infection blocked 

more efficiently TPA binding to fibronectin than vaccine-induced antibodies elicited 

against Tp0136, suggest that, during vaccine design, other specificities should be 

also targeted to block bacteria more efficiently from binding to the extracellular 

matrix415. 

 

Tp0155 

It has been described that Tp0155 preferably binds to fibronectin matrix and, 

therefore, it might be involved in the dissemination of TPA519. Tp0155 shows two 

lysin motifs (LysM) domains in its N-terminal portion that can play a major role in 

binding to fibronectin and peptidoglycans, and a M23 peptidase domain in the C-

terminal region, which might show peptidoglycan lytic activities520. 

There is some controversy regarding Tp0155 surface location. Inhibition assays 

showed that recombinant Tp0155 reduced live TPA binding to fibronectin-coated 

slides, suggesting that Tp0155 is expressed on the OM519. This result was in line 

with the fact that TDE2318, a fibronectin-binding protein with high homology to 

Tp0155, was found in the surface of T. denticola according to immunofluorescence 

microscopy data520. However, immunofluorescence studies using agarose 

microencapsulated treponemes showed that Tp0155 is not exposed on the OM of 

TPA521. According to this observation, Tp0155-immunized rabbits, which elicited 

high antigen-specific antibody titers, were not protected against an intradermal 

challenge with live treponemes521. Thus, further investigation will be needed to 

determine whether Tp0155 would be a bona fide OMP or not. Remarkably, studies 

performed with human sera showed that approximately 70% of syphilis patients did 

not show antibodies against Tp0155, indicating that the expression of this protein 

or its immunogenicity may be low in natural infection521,522. 
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Tp0435 

Tp0435 is a highly immunogenic 14 kDa lipoprotein with adhesin function, also 

known as Tp17. To identify the location of Tp0435 in TPA, Chan and colleagues 

performed a study that analyzed the Tp0435 surface expression in TPA and Tp0435-

transformed B. burgdorferi cells523. The authors concluded that Tp0435 may be 

post-translationally modified, generating several variants that can be differentially 

located between the surface and the periplasmic space. Contrarily, Cox et al., did 

not find Tp0435 surface-exposure evidences524. Structurally, Tp0435 encompasses 

eight-stranded anti-parallel β-barrel with a basin-like domain located at one end525. 

According to Chan et al., Tp0435 favors the attachment of the spirochetes to 

mammalian cell lines523. Interestingly, human sera from infected patients are 

reactive against Tp0435522, and immunization of rabbits with a Tp0435-expressing 

B. burgdorferi strain induced a strong immune response against Tp0435526. 

However, this immune response failed to protect from infection or lesion 

development after experimental challenge526. Thus, further studies may be needed 

to determine the location of Tp0435 and its potential as vaccine candidate. 

Tp0483 

Tp0483 can bind both extracellular matrix and soluble fibronectin519. The C-terminal 

portion of Tp0483 (179-374 amino acids) also showed reactivity against laminin527. 

Little is known about the structure of Tp0483. However, a peptide encompassing 

316-333 amino acids inhibited binding of Tp0483 to fibronectin, suggesting that this 

peptide, or a near region, should be responsible for binding to adhesive 

glycoprotein528. Similar to Tp0155, Cameron et al. indirectly suggested that Tp0483 

was an OMP519. Contrarily, Tomson and colleagues did not find evidences of the 

Tp0483 OM location. Even though rabbits immunized with this protein elicited high 

antibody titers, the authors did not detect protection after challenge521. 

Tp0750 

Tp0750 binds to fibrinogen and the fibrinolytic receptor complex protein Annexin 

A2. Tp0750 shows serine metalloprotease activity, and it is able to degrade 

fibrinogen and fibronectin, inhibiting the coagulation cascade, but cannot degrade 

fibrin clots421. Structurally, Tp0750 shows metal ion-dependent adhesion site 

(MIDAS)-containing von Willebrand Factor type A (vWA) domains (region V29-T147). 

The MIDAS domains bind to primary calcium. This protein, as well as Tp0751 (see 
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next section), are co-transcribed and might coexist as heterodimeric complex. 

However, unlike Tp0751, Tp0750 shows a limited laminin binding capacity421. 

Sequence analyses of both proteins have shown that Tp0750 is highly conserved 

among pathogenic treponemes species, whereas Tp0751 is less conserved, except 

for the most invasive treponemes species. Interestingly, Tp0750 and Tp0751 

orthologs from the less invasive treponemes species do not bind or degrade host 

proteins, which strengthen the idea that both adhesion function as well as 

degradative capabilities are important to syphilis progression529. 

Tp0751 

While there is a degree of agreement in regard to the structure of Tp0751, there are 

discrepancies regarding its function, location, and the relevance of the immune 

response elicited against this protein. From the structural point of view, Tp0751 

presents a bipartite topology with a disorganized N-terminal region that is joined 

through an α-helix domain to a C-terminal portion arranged in eight anti-parallel β-

sheets416,530. 

It has been previously described that Tp0751 binds to different forms of laminin in 

a dose-dependent manner, and can work as vascular adhesin, promoting bacterial 

dissemination417,531. Additionally, Tp0751 showed metalloprotease activity, and can 

degrade fibrinogen and laminin, promoting clot dissolution, and favoring bacterial 

dissemination422. However, Luthra and colleagues showed that Tp0751 is located 

in the periplasmic space and its main role is binding to small molecules along the 

barrel rim, such as hemes530. 

While Cameron and colleagues described that Tp0751 is recognized by antibodies 

in patient and infected rabbit sera527, and these antibodies can opsonize the 

bacterium, Luthra et al. observed opposite results. In their study, Tp0751 induced a 

weak antibody response in infected human and challenged rabbits, and anti-Tp0751 

antibodies lack opsonization capacity, probably due to the low levels of Tp0751 

expression on the OM530. Immunization and challenge experiment in rabbits also 

provided contradictory results. Lithgow and colleagues showed that Tp0751-

immunized animals showed attenuated lesions with low bacteria burden. Although 

immunization did not prevent infection, it successfully inhibited bacteria 

dissemination532. Conversely, Luthra et al. showed no protection against local or 

disseminated infection following intradermal TPA challenge in Tp0751-immunized 

animals530. Therefore, further research will be needed to clarify these discrepancies. 
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Tp0954 

Tp0954 has been recently described as a surface lipoprotein, and may have a major 

role in congenital syphilis533. According to its structure, this protein is predicted to 

have a tetratricopeptide repeat structural motif with tandem α-helices. Moreover, 

Tp0954 sequence is conserved among several TPA strains (e.g. Nichols, Chicago, 

Mexico A and Amoy)533. Primus et al. also described that Tp0954-transformed B. 

burgdorferi B314 bacteria, which is known to be a poorly adherent strain, gained 

binding to mammalian epithelial cell lines, including a human placental cell line [i.e. 

BeWo (CCL-98)]533. Unlike other TPA adhesins, Tp0954 can mediate adhesion and 

bacteria dissemination through binding to glycosaminoglycans present in human 

placenta, such as dermatan sulfate, heparin, and heparan sulfate, which are 

components of the extracellular matrix533. Dermatan sulfate is associated with fetal 

blood vessels and syncytial surface, whereas heparan sulfate is located in 

trophoblast layers534–537. Thus, it is possible that Tp0954 might facilitate congenital 

infection through binding to placental glycosaminoglycans. 

Other Function 

A number of proteins in the OM of TPA are not involved in neither transport or 

adhesion function and they are involved in other bacterial functions related to 

cellular homeostasis. 

Tp0326 

Tp0326 (or Tp92) shows homology with BamA orthologs from other Gram-negative 

bacteria. BamA-like proteins are characterized by a bipartite structure with a β-

barrel domain located in the C-terminal portion, and at least one polypeptide-

transport-associated (POTRA) domain in the N-terminal end. Particularly, Tp0326 

was predicted to contain five N-terminal POTRA and one C-terminal β-barrel 

domains538,539. According to Desrosiers et al., the N-terminal POTRA domains are 

periplasmic, whereas the C-terminal β-barrel is embedded in the OM forming a 

pore539. The N-terminal end can bind to multiple periplasmatic proteins through 

POTRA domains, establishing a protein complex that is crucial for membrane 

synthesis. As other BamA-like proteins, Tp0326 is suggested to be part of a protein 

machinery involved in the translocation and insertion of proteins from the 

periplasmatic space to the TPA OM539. Interestingly, human antibodies are mainly 

directed against the Tp0326 periplasmic segment, while rabbit antibodies target 
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both N-terminal and C-terminal regions539. Indeed, Luthra et al. found that POTRA 

domains are immunodominant over the β-barrel domains in both rabbits and 

humans538. In addition, these authors described that the Tp0326 central pore 

exposes eight loops to the extracellular space. Among them, loop 4 is specially 

targeted by antibodies with opsonizing capabilities from infected rabbits and 

humans with secondary syphilis538. By contrast, Tomson and colleges failed to 

detect the expression of Tp0326 on the OM of treponemes encapsulated within 

agarose gel microdroplets using indirect immunofluorescence521. In addition, they 

did not observe protection in Tp0326-immunized animals after TPA challenge. 

Conversely, Cameron et al. showed that, although all Tp0326-immunized rabbits 

were infected after challenge, there was some degree of protection in the vaccinated 

animals that had high antigen-specific antibody titers540. 

Tp0257 

Tp0257 (or GpD) was identified using a treponema genetic expression library and 

opsonized rabbit immune sera. This protein presents homology with H. influenzae 

GplQ protein, a glycerolphosphodiester phosphodiesterase protein, which is 

partially expressed on the surface541. Thus, it is possible that Tp0257 may be an OM 

protein. Accordingly, Cameron et al. reported indirect evidence of its surface 

location by immunoblot analysis of TPA lysates. The authors observed positive 

staining in the preparation that included the OM, but not in the OM-removed TPA 

lysate fraction542. Moreover, GpD was isolated from OM preparations543. 

Interestingly, rabbits immunized with recombinant Tp0257 exhibited a reduction in 

lesions development and bacterial proliferation after TPA challenge542. Contrarily, 

Shevchenko et al., showed that Tp0257 could be a periplasmic protein, since they 

did not identify surface-exposed evidences by multiple assays, and Tp0257-

immunization failed to protect rabbits from TPA challenge544. More recently, a DNA 

vaccine encoding a Tp0257-IL-2 fusion protein showed a decrease in ulcerative 

lesions, as well as, in the number of lesions containing TPA545. The inclusion of IL-2 

in the vaccine enhanced anti-GpD humoral responses and the levels of IFN-γ. 

Remarkably, rabbits immunized with a Tp0257-IL2 DNA prime and intranasal boost 

with recombinant protein adjuvanted with CpG-ODN induced mucosal and systemic 

immunity, and showed a faster lesion recover after TPA inoculation546. 
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Interestingly, Tp0257 is conserved among TPA strains, as well as in Treponema 

pallidum endemicum and Treponema pallidum pertenue 547. These results make this 

protein an attractive immunogen candidate for vaccine design. 

Tp1038 

Tp1038, also known as TpF1 or antigen 4D, is a bacterioferritin with ferroxidase 

activity playing a major role in iron uptake548. Radolf et al. showed that Tp1038 is 

surface-exposed since sera from Tp1038-immunized rabbits was reactive to 

immobilized TPA in the presence of complement549. 

Tp1038 is able to induce diverse immune responses. For example, this protein might 

be involved in the proinflammatory response during primary syphilis, since it can 

activate the inflammasome complex in monocytes, and thereby, induces the release 

of IL-1β, IL-6, and TNF-α550,551, which could result in tissue damage associated with 

this stage. However, Babolin et al. described that Tp1038 may also drive a T 

regulatory response550. CD4+ CD25+ Foxp3+ T cells from patients with secondary 

syphilis produce TGF-β under Tp1038 stimulation, and Tp1038-stimulated 

monocytes produce IL-10 and TGF-β, two cytokines linked to Treg cell 

differentiation550. Therefore, TpF1 might be a virulence factor involves in the 

persistence of TPA infection through the downregulation of the immune response550. 

Regarding the humoral response, anti-Tp1038 antibodies are detectable in all 

syphilis stages550,552. Finally, Pozzobon and colleagues identified that patients with 

tertiary syphilis have Tp1038-specific T cells, which stimulate monocyte and human 

umbilical vein endothelial cells to produce tissue factor, IL-8, and CCL-20553. These 

cytokines are involved in angiogenesis, thus Tp1038 may also be implicated in 

tertiary syphilis, in which vascular inflammation and angiogenesis characterize the 

lesions of this stage553. Thus, Tp1038 is an interesting target for vaccine 

development since it is engaged in all syphilis stage. 

 

2.2. Immune Evasion Mechanisms 

While an immune response is triggered against TPA, it does not protect against 

bacterial dissemination and disease progression to the second or third stage. In 

addition, reinfections are quite common, with an incidence around 5-22%554–556, 

indicating that TPA has developed some mechanisms to evade the immune system 

(Fig.35). 
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Phase variation or switch on/off 

TPA can modulate the expression of several OMPs during its life cycle486. However, 

the mechanisms controlling the expression of those proteins are not well 

characterized. In the case of subfamilies I and II of Tpr proteins, guanosine 

homopolymer (polyG) repeats have been identified upstream of the transcriptional 

start site. The length of the polyG sequences differ among treponemal isolates and 

modulate the expression of Tpr proteins at transcriptional level488. PolyG signals 

have also been found in other OMPs, such as the Tp0126 protein504. Phase variation 

based on hypervariable homopolymeric repeats have been previously reported in 

Figure 35. Immune evasions mechanisms used by TPA. (A) During its adaptation to 
environmental changes, including the immune system pressure, TPA modulates the expression 
of certain genes by a switch on/off mechanism. (B) Linked with the prior mechanism; function 
redundancy ensure that bacterial homeostasis is not compromised by changing the expression 
of proteins with vital functions. (C) OM of TPA is characterized by a paucity of protein compared 
with the inner membrane (IM), the lack of LPS and the presence of anti-inflammatory 
phospholipids (i.e., phosphatidylserine and phosphatidylcholine). (D) Some proteins experience 
post-translational modifications that result in variants with different location preference. (E) 
Proteins can accumulate sequence variations by point mutation, gene conversion or 
recombination. (F) TPA can persist in immune privileged organs, such as central nervous system 
or nerve fibers, and prolong their survival by remaining hidden to the immune system. (G) TPA 
may be coated by host serum proteins, reducing its immunogenicity. 
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several other bacteria such as Neisseria meningitidis, Helicobacter pylori, or 

Haemophilus influenzae, and it is crucial for the survival of pathogens facing host 

immunity557–559. Moreover, other transcriptional regulatory mechanisms have been 

identified, such as the G4FS cis-acting DNA elements, which form guanine-

quadruplexes and induce recombination and gene conversion of Tp0136 gene560. 

Using these mechanisms, TPA can modify its OMP repertoire to adapt to the 

environment conditions and evade the immune response. Consequently, the 

specificity of the humoral response against Tpr proteins may vary between animals 

or humans that are infected with the same or different TPA strain, thereby supporting 

the existence of a variable repertoire of OMPs446. 

Functional redundancy 

Several OMPs present similar functions in transport or cell adhesion. Functional 

redundancy may be advantageous since the replacement of one protein by a 

functional homologous can guarantee that phase variation and post-translational 

modifications will not adversely affect cell homeostasis386. As an example, 

Salmonella has been reported to have two distinct flagellin genes, fliC and fliB, with 

the same function but different structure. By switching their expression from one 

flagellin protein to the other, the immune system becomes ineffective against 

assembled flagella561. 

Outer membrane composition 

TPA is characterized by a low number of OMPs, which may encompass an 

advantage by limiting the number of exposed antigens to the immune system. 

Moreover, the spacing distribution of these proteins may promote that antibodies 

bind to them just with one arm, reducing the avidity of the interaction. This 

mechanism has been previously described in HIV infection562, which also presents 

low density of Envelope glycoprotein on the virion surface. In HIV, polyreactivity of 

neutralizing antibodies may increase binding avidity by heteroligation with 

membrane components562. However, the development of these antibodies could be 

limited by tolerance mechanisms563. Whether this phenomenon is also related to 

TPA immunity requires further investigation, but it could partially explain the low 

antibody efficacy at controlling infection. Since the OM lacks LPS391,392, and it is 

enriched in anti-inflammatory phospholipids (e.g. phosphatidylserine and 

phosphatidylcholine), these characteristics may also hamper the development of an 

efficient immune response564,565. 
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Post-translational modifications 

Post-translational protein modifications play a crucial role in different processes of 

prokaryote cells, including persistence and virulence566. These modifications have 

been found in the TPA proteome. For example, there are several variants of Tp0435 

that may coexist and were generated by palmitoylation523. Palmitoylation consists 

in the addition of lipid chains to terminal cysteine residues. This process has been 

previously reported in other bacteria and contributes to their infectivity and 

recognition of the immune system567. Tp0435 variants may be located on the 

surface or into periplasmatic spaces, being the latter one the most abundant523, 

which could explain why there is no consensus about the Tp0435 location. In fact, 

this protein has been the first description of post-translationally modified protein 

variants in TPA. However, other OMPs could be also susceptible to post-

translational modifications. 

Sequence variation 

Genetic variation of several OMPs has been described in TPA, including laboratory-

adapted or primary isolated strains491,493,568. Some of these variations have been 

reported in the Tpr family, including TprC, TprD, TprG and TprK proteins491,568,569. 

Interestingly, TprK accumulates sequence variation in variable regions (particularly 

in V6) by non-reciprocal recombination with silent cassettes, which is enhanced 

under immune pressure493,494. Additionally, several tprk alleles have been identified 

in different TPA strains491, which contribute to increase the variability of this protein. 

Besides Tpr proteins, others OMPs, such as Tp0326 (BamA), also show genetic 

variants568,569. This protein has accumulated mutations on the extracellular 

hydrophilic loops predicted to contain B cell epitopes568. Sequence variation was 

also confirmed in FadL orthologs proteins ranging from fully conserved Tp0856 to 

deeply variable Tp0548, as well as in Tp0136, Tp0868, Tp0966 and Tp0967570–572. 

Colonization of immune privileged organs 

TPA can colonize distal immune privileged organs, such as the central nervous 

system, placenta, or eyes. In these tissues, the action of the immune system may 

be limited, contributing to the persistence of this pathogen573–575. In fact, studies 

performed using the rabbit model showed that TPA can be detected in nerves early 

after infection432. 
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Host protein coat 

Similarly to other bacteria; for example, some streptococcal species576, TPA 

immune evasion may be associated with host proteins forming a surface coat, also 

known as antigenic disguise. Alderete and Baseman described that both rabbit and 

human albumins, as well as other host proteins, could be adsorbed on the surface 

of TPA577. Egesten et al. showed that Group G streptococci express protein G on 

their surface, and it is able to bind human albumin, and therefore, inhibit anti-

microbial action of CXCL9578. Accordingly, it has been proposed that the capacity 

of Tp0483 to bind soluble fibronectin could be related to the evasion of the humoral 

response528. However, Cox and colleagues did not detect serum proteins on the 

surface of TPA by immunoelectron microscopy390, stating that the low density of 

OMPs might be the main immune evasion mechanism of TPA. 

 

3. Vaccine Strategy 

Nowadays an effective syphilis vaccine remains elusive. Despite several decades of 

research, the impossibility to genetically manipulate and grow TPA in vitro, the 

paucity of OMPs, the OM fragility, and the lack of an appropriate animal model that 

recapitulates all stages of human syphilis have hampered the field progress. In 

addition, many controversies remain unresolved with respect to OMPs 

identification, location, function, the potential of these proteins to induce protective 

immune responses, or the characteristics of these responses. Researchers have 

hypothesized that a DTH immune response is essential to control and clear TPA 

infection, but it is also responsible for the development of tissue damage, including 

an ulcerative lesion that forms chancres. As DTH is primarily mediated by Th1 CD4+ 

T cells, the presentation of antigens by DCs, macrophages, or other professional 

antigen-presenting cells is crucial. Of note, this process is independent of antigen 

location, and both intracellular and surface-exposed antigens can be indistinctly 

processed and presented to T cells. Therefore, both antigens might generate 

protective Th1 CD4+ T cell responses. Thus, rabbits immunized with intracellular 

endoflagellar antigens that have been directly isolated from TPA showed faster 

development of lesions579. However, bacteria were not detected in these lesions, 

which may be explained by an accelerated memory DTH response. In contrast, 
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rabbits immunized with a plasmid coding for FlaB3 showed attenuated lesion 

development that was associated with an enhanced cellular infiltration, and an 

inhibition of bacteria dissemination to distal organs580. In line with this observation, 

rabbits immunized with TprF, a periplasmic protein, displayed attenuated skin 

lesions with reduced bacteria burden500. The reasons behind these different 

outcomes are not completely understood, but differences in vaccine formulation 

and delivery routes, the magnitude of vaccine-induced T cell responses, and the 

relative representation of antigens (flagellin and TprF) within the whole TPA 

proteome could be involved. Similar results to TprF immunization were also 

observed when OMPs were used as antigens. Therefore, DTH could be a protective 

immune response that modifies lesion development and clears bacteria from 

infection sites. However, none of TPA proteins tested as immunogens to date 

protected against infection, indicating that additional immune responses are likely 

to be required. 

Despite some controversy432, strong evidence supports a protective role of 

antibodies, facilitating bacteria opsonization and killing by innate immune cells, as 

well as blocking their interaction with components of the extracellular matrix, such 

as laminin and fibronectin. These functions strictly depend on the exposure of 

antigens on the OM and, in some cases (e.g. bacteria phagocytosis), the interaction 

with Fcγ receptors expressed on the surface of innate immune cells, such as 

macrophages. IgG-FcγR interaction may also improve antigen presentation by 

antigen-presenting cells and the generation of Th1 cellular responses581. Therefore, 

to develop a protective TPA vaccine, it is crucial to define which types of antigens 

can induce synergic anti-TPA immune responses. It is also essential to considerer 

immune evasion strategies developed by TPA, such as functional redundancy and 

phase variation. In this sense, targeting several proteins with two or more functions, 

such as transport and adhesion, could increase vaccine efficacy, as it was 

previously observed582,583. 

The ideal syphilis vaccine should provide protection against TPA infection. However, 

even if the vaccine is unable to completely prevent infection, it could still worth 

considering as a mean of limiting bacteria dissemination and tissue invasiveness, 

blocking the establishment of latency, or preventing the disease from progressing 



Syphilis  

158 
 

to secondary and tertiary stages477. Additionally, a vaccine that reduces bacterial 

persistence or prevents TPA transplacental invasion might also reduce the number 

of congenital syphilis in endemic areas, where the number of non-diagnosed 

infected individuals may be high, and the access to health care is limited. Moreover, 

a syphilis vaccine has to be effective against possible reinfections with similar or 

different TPA strains or isolates, indicating the importance of using conserved 

antigens. Recently, there has been evidence that TPA can be cultured in vitro and 

that genetic manipulation of this pathogen can be accomplished478,584,585. These 

scientific advances are likely to open the gateway to new research lines that can 

shed light on the current controversies.
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Hypothesis 

Although syphilis can be successfully treated using unexpensive antibiotics, its 

incidence is increasing and remains a global health problem. A syphilis vaccine may 

represent an inflexion point in the control of this disease. The TPA´s OMPs are ideal 

antigens for syphilis vaccine formulation since they are exposed on the surface of 

the bacteria and can be targeted by both antibodies and T cells. However, the 

development of a syphilis vaccine remains challenging since TPA has developed 

multiple mechanisms which can modify its OM protein content. Thus, OMPs 

expression is controlled by phase variation, and post-transcriptional modification, 

and they can also accumulate mutations, which make that TPA can adapt its OMP 

profile to the environment, including the immune system pressure. These immune 

evasion mechanisms are supported by a high degree of functional redundancy 

among OMPs and may explain why rabbit immunization studies using single or just 

few antigens have failed protection. Therefore, we hypothesized that a vaccine that 

includes multiple OMPs expressed in different phases of pathogen growth, and 

cover the functional diversity of the OM, it will generate a strong and protective 

immune response from which TPA will not escape. This vaccine-induced immune 

response will prevent infection or bacterial dissemination and protect from disease 

development and progression.  
 

 

Objectives 

The main aim of this project is to generate a multiple-antigen vaccine against TPA 

infection. 
 

The specific objectives to fulfill this aim are: 
 
 

Objective I: To identify the OMPs candidates to be included in the multi-antigen 

vaccine. 
 

Objective II: To express and purify the selected recombinant OMPs.  
 

Objective III: To characterize the binding activity of produced OMPs to extracellular 

matrix proteins. 
 

Objetive IV: To evaluate the immunogenicity of recombinant OMPs in a murine 

model. 
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1. DNA construct design 

Two different types of DNA constructs were designed for the expression of the 

thirteen selected OMPs. Briefly, the first design (V1) (Fig.36A) consist of 8xHis tag 

followed by the OMP sequence, a Flag tag, and the Strep tag II tag on the C-terminal 

side. In addition, we added two HRV3C protease cleavage sites flanking the OMP 

sequence for tag removal. The second design (V2) (Fig. 36B) consists of an 8xHis 

tag located at the N-terminal end, followed by the OMP sequence and a Flag tag at 

C-terminal. Flag tag can be removed by enzyme restriction and ligation. Additionally, 

a TEV protease site up-stream OMP sequence was added to remove 8xHis tag. 

All DNA sequences were synthetized at GeneArt (ThermoFisher Scientific) and 

cloned into pET21d (+) vector (Novagen) using Nhe I and Xho I restriction enzymes 

(ThermoFisher Scientific) for V1 design and Nco I and Blp I restriction enzymes 

(ThermoFisher Scientific) for V2 design. V1 cloning was performed using T4 DNA 

ligase (ThermoFisher Scientific) while V2 cloning was made by homologous 

recombination using Gibson Assembly Hifi (ThermoFisher Scientific). Plasmids were 

transformed in One Shot TOP10 Chemically Competent E. coli (Invitrogen) and in 

BL21 (DE3) Competent E.coli (New England Biolabs) for plasmid amplification and 

protein production, respectively. ZymoPure II Plasmid Maxiprep Kit (Zymo 

Research) was used for plasmid purification. Nucleic acid concentration was 

measured by NanoDrop (ThermoFisher Scientific) at 260 nm. 

Figure 36. Schematic representation of recombinant OMPs constructs designs. (A) V1 OMPs 
construct. Protein sequence was flanked by an 8xHis tag at the N-terminal part, and Flag and 
Twin-Strep tags at the C-terminal part. Two HRV3C protease cleavage sites were added flanking 
protein sequence to remove tags. The action of HRV3C leave two extra amino acids at the N-
terminal extreme, and six additional amino acids at the C-terminal extreme, which do not belong 
to the protein sequence. (B) V2 OMPs construct. Protein sequence contains an 8xHis tag and a 
Flag tag at the extremes. A TEV protease cleavage site was added between the 8xHis tag and 
protein sequence. Additionally, an extra sequence about 60-100 amino acids (dotted sequence) 
was copied from the protein, and localized behind a double stop codon (TAA) after Flag. Through 
restriction enzyme and DNA ligation Flag can be removed without adding extra amino acids. 
Scissors point the protease sites (i.e. HRV3C and TEV) and restriction enzymes sites (RS). 
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2. Cell Culture and Protein Extraction 

Transformed BL21 (DE3) Competent E.coli (New England Biolabs) were grown in LB 

medium overnight at 37ºC or  27ºC, with agitation at 225 rpm. Next day, cells were 

induced with Isopropyl-β-D-1-thiogalactopyranoside (IPTG) during 2 hours. 

Different concentrations of IPTG (from 0.1 to 2 mM) were tested. After induction, cell 

cultures were centrifuged at 3220xg for 30 minutes. Supernatants were discarded 

and cellular pellets were resuspended in Lysis Buffer (50 mM Tris buffer, 100 mM 

NaCl, 5 mg/ml Lysozyme (ThermoFisher Scientific), pH 8.0) (Table 3) and incubated 

30 minutes at room temperature with end-over-end mixing. Then, cells were 

disrupted by freezing at -80ºC for 1 hour. After thawing, 1% of Triton X-114 (Thermo 

Fisher), 1% protease inhibitor cocktail (P8849, Merck Millipore), 10 µg/mL DNAse 

(DN25, Merck Millipore) and 10 mM of MgCl2 were added to cells suspension and 

incubated 20 min with end-over-end mixing at 4ºC. Cells were centrifugated at 

15000xg for 30 minutes at 4ºC. From this centrifugation two fractions were 

obtained, the supernatant or lysis fraction, and the pellet which contain inclusion 

bodies (white pellet) among other cellular debris. Inclusion bodies were 

resuspended in Buffer IB (100mM phosphate buffer, 500 mM NaCl, 8M Urea, pH 

8.0) (Table 3) and incubated for one hour at room temperature with end-over-end 

mixing. Finally, they were centrifuged at 15000xg for 30 minutes at 4ºC. 

Supernatants containing solubilized inclusion bodies were collected and the pellets 

were discarded. 

3. Protein Purification and dialysis 

3.1. Immobilized Metal Affinity Chromatography (IMAC) 

Proteins from both fractions, lysis and inclusion bodies, were purified by IMAC using 

Ni Sepharose 6 fast Flow resin (Cytiva). Resin was equilibrated by two washing 

steps with equilibrium buffer according to protein preparation (Table 3). Additionally, 

NaCl was adjusted until 1M in each protein fraction and 30 mM of Imidazole was 

added. Resin was incubated with proteins during 2 hours at room temperature with 

end-over-end mixing. Purification was performed by gravity into Poly-Prep® 

chromatography columns (Bio-Rad). After recover resin into Poly-Prep columns, 

two wash steps were done before elution. The formulation of washing and elution 

buffers depended on fraction used as starting material, and is described in Table 3. 

After elution proteins were concentrated and buffer exchanged to remove imidazole 

by ultrafiltration using Amicon-Ultra Centrifugal Filter Units (Merk Milipore). Purified 

products were quantified at 280 nm and stored at -80ºC until use. 
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3.2. Dialysis 

Buffer exchange for protein refolding and formulation was performed by sequential 

dialysis steps in Slide-A-Lyzer MINI dialysis devices (ThermoFisher Scientific). 

Several buffers were investigated (Table 6, see results section). All proteins were 

tested at 0.1-0.25 mg/mL. Particularly, for Tp0435, Tp0750, and Tp0633, a two-step 

dialysis approach (firstly against Buffer T1 and then against Buffer T2, see Table 6) 

was used. Protein concentration was performed in Amicon-Ultra Centrifugal Filter 

Units (Merk Milipore). Dialyzed products were stored at -80ºC until use.  

3.3. Affinity Chromatography by Twin-Strep-Tag. 

After IMAC purification, a second affinity chromatography using Strep-Tactin resin 

(Iba-LifeSicence) was performed with V1 proteins. As the binding of Twin-Strep-tag 

to Strep-Tactin resin is not possible in the presence of high urea concentration, 

proteins purified from inclusion bodies were first dialyzed to 1 M urea. After that, 

protein solutions were incubated with Step-Tactin resin for 1 hour at room 

temperature. Purification was performed by gravity into Poly-Prep® chromatography 

columns (Bio-Rad). Column was washed twice with Buffer W supplied by Iba-

LifeScience. Elution of columns was made with Buffer E supplied by Iba-

LifeScience. 

 
Extraction 

Buffer 
Equilibrium 

Buffer 
Wash 1  
Buffer 

Wash 2 
Buffer 

Elution 
Buffer 

Concentration 
Buffer 

Soluble 

Fraction 

Tris 50mM,  
100mM 
NaCl,   
5 mg/mL 
Lysozyme,  
pH: 8.0 

Phosphate  
30 mM,  
1 M NaCl,  
30 mM 
Imidazole, 
pH: 7.0-8.0 

 

Phosphate 
30 mM,  
1 M NaCl,  
30 mM 
Imidazole, 1% 
Triton X-114, 
pH: 6.0-7.0 
 

Phosphate 
30 mM,  
1 M NaCl,  
50 mM 
Imidazole, 
pH: 6.0-7.0 
 

Phosphate 
30 mM,  
1 M NaCl,  
500 mM 
Imidazole, 
pH: 6.0-7.0 
 

Phosphate  
30 mM, 
0,5 M NaCl,   
pH: 6.0-7.0 

Inclusion 

Bodies 

Phosphate  
100 mM, 
0,5 M NaCl,   
8 M Urea, 
pH: 8.0 

Phosphate  
100 mM, 
1M NaCl,   
8 M Urea,  
30 mM 
Imidazole, 
pH: 8.0 

Phosphate  
100 mM, 
1 M NaCl,   
8 M Urea,  
30 mM 
Imidazole, 1% 
Triton X-114, 
pH: 8.0 

Phosphate  
100 mM, 
1 M NaCl,   
8 M Urea,  
50 mM 
Imidazole, 
pH: 8.0 

Phosphate  
100 mM, 
1 M NaCl,   
8 M Urea,  
500 mM 
Imidazole, 
pH: 8.0 

Phosphate  
100 mM, 
0,5 M NaCl,   
8 M Urea, 
pH: 8.0 

Table 3. Summary of buffers used during protein extraction and purification. Buffer used in 
soluble and inclusion bodies recombinant protein extraction are indicated. Sequential buffers 
used during purification protocol from soluble and inclusion bodies are described, including 
buffer for column equilibration, wash, elution, and concentration and buffer exchanged on 
ultrafiltration devises.  

 

Buffers 

Material  
Starting  
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4. Analysis of Protein Production 

Integrity and purity of purified proteins were analyzed by sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) and Coomassie G-250 staining 

(ThermoFisher Scientific). Specific detection of purified protein was performed by 

Western Blot. Proteins were transferred onto PVDF membrane (Bio-Rad) using 

Trans-Blot Turbo Transfer System (Bio-Rad). Then, membranes were blocked with 

Blocking buffer (PBS 1x, 0.05% Tween20, 5% non-fat milk powder) for 1 hour at 

room temperature. After that, they were incubated with the primary antibody 6xHis 

tag monoclonal antibody (His.H8) (1:2000, ThermoFischer Scientific) overnight at 

4ºC in Blocking buffer. The next day, membranes were washed twice by 20 minutes 

and incubated with secondary antibody, HRP-conjugated AffiniPure Donkey anti-

mouse IgG (H+L) (1:10000, Jackson ImmunoResearch) during 1 hour in Blocking 

buffer at room temperature. Finally, after washing, membranes were developed 

using SuperSignal West Pico PLUS Chemiluminescent Substrate (ThermoFisher 

Scientific).  

Image Lab Software from Bio-Rad was used to analyze purity of proteins from 

Coomassie blue stained gel imagen. 

 

 

5. In vitro protein binding 

Binding of purified recombinant OMPs (Tp0155, Tp0751, Tp0435, Tp0750, Tp0633) 

to murine laminin (ThermoFisher Scientific), human fibrinogen (ThermoFisher 

Scientific), and human fibronectin (Merk Milipore) was determined in duplicates by 

ELISA in the same plate to allow comparisons among them. In addition, all plates 

were run in parallel to reduce inter-assay variability. Nunc MaxiSorp ELISA plate was 

coated with 10 µg/mL of laminin, fibrinogen, and fibronectin in PBS 1x. Coating was 

made overnight at 4ºC. After that, plates were blocked using PBS 1x with 1% of 

bovine serum albumin (BSA, Miltenyi Biotech) and 0.05% Tween20 (ThermoFisher 

Scientific) in Tp0155, Tp0751 and Tp0633 plates; or using PBS 1x with 1% of casein 

enzymatic hydrolysate (Sigma Aldrich) and 0.05% Tween20 (ThermoFisher 

Scientific) in Tp0750 and Tp0435 plates, during 2 hours at room temperature. Then, 

50 µL of recombinant OMP was added on laminin, fibrinogen and fibronectin lane 

at eight 1/2 dilution starting at 30 µg/mL in blocking buffer and incubated overnight 
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at 4ºC. OMPs were confronted also against a lane with only 1%BSA in duplicate. 

The following day, bound OMP was detected using an anti-6xHis antibody HIS.H8 

(ThermoFisher Scientific) (1/1000) and HRP conjugated (Fab)2 Goat anti-mouse IgG 

(Fc specific) (1/10.000) (Jackson Immuno Research) during two and one hours, 

respectively, at room temperature. Plates were revealed with o-Phenylenediamine 

dihydrochloride (OPD) (Sigma-Aldrich) and stopped using 4N of H2SO4 (Sigma-

Aldrich). The signal was analyzed as the optical density (OD) at 492 nm with noise 

correction at 620 nm. Data is shown as OD at 492 nm minus OD at 620 nm. 

 

 

6. In vivo Immunization 

All animal procedures were performed according to the approval of the Committee 

on the Ethics of Animal Experimentation of the IGTP and the authorization of 

Generalitat de Catalunya (Code: 11881).  Immunogenicity of recombinant Tp0155, 

Tp0751, Tp0435, Tp0750 and Tp0633 protein was evaluated in eight BALB/c mice 

(50% males, 50% females, 7 weeks old) which received 75 g of a mix of all proteins 

(15 µg of each protein) adjuvanted with aluminum hydroxide gel (Alhydrogel® 

adjuvant 2%, Invivogen) at 1:1 related volume (100 µL maximum per animal 

corresponding with 800 µg of aluminum approximately). Animals were immunized 

following a prime-boost regimen with a gap of three weeks among doses. Vaccine 

preparation was administered subdermically in the hock from both hindlegs (50 µL 

maximum in each on) and in the back (100 µL). Two control animals (one male, one 

female) were immunized equally with sterile PBS1x plus aluminum hydroxide gel. 

One month after second immunization, animals received a third dose via the 

intraperitoneal route (250 µL). Mice weight was monitored during all immunization 

experiment. Animals were finally euthanized at day 67 according to the end of the 

assay. Blood samples were collected before first (day 0) and second immunization 

(day 21), two weeks after second immunization (day 37) and at euthanasia point (day 

67). Blood was left at room temperature for two hours for clotting and serum was 

recovered after centrifugation (10 minutes at 5000xg) and stored at -80ºC until use.  
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7. Quantification of anti-OMPs Antibodies 

Specific IgG antibodies elicited against Tp0155, Tp0751, Tp0435, Tp0750 and 

Tp0633 proteins were detected individually using an in-house ELISA. Humoral 

response was evaluated in serum samples from immunized and control mice 

obtained at day 0, 21, 37 and 67. One half of a Nunc MaxiSorp ELISA plate was 

coated overnight at 4ºC with 1 µg/mL of one of the five proteins in PBS 1x. The 

other half was incubated only with PBS. The following day, the plate was blocked 

using PBS 1x plus 1% of bovine serum albumin (BSA, Miltenyi Biotech) and 0.05% 

Tween20 (ThermoFisher Scientific) for two hours at room temperature. A standard 

was prepared in blocking buffer using anti-6xHis antibody HIS.H8 (ThermoFisher 

Scientific) at eight 1/3 dilutions, stating at 1µg/mL. Serum samples were prepared 

in blocking buffer at different dilutions. After blocking step, 50 µL of each standard 

and samples were added to each half plate in duplicates and incubated at 4ºC 

overnight. Each plate contained two serum samples as controls. Plates were run in 

parallel to reduce inter-assay variability. Bound mouse antibodies were detected by 

HRP conjugated (Fab)2 Goat anti-mouse IgG (Fc specific) (1/10.000) (Jackson 

Immuno Research) that was incubated for two hours at room temperature. Plates 

were revealed with o-Phenylenediamine dihydrochloride (OPD) (Sigma-Aldrich) and 

stopped using 4N of H2SO4 (Sigma-Aldrich). The signal was analyzed as the optical 

density (OD) at 492 nm with noise correction at 620 nm.  

To calculate the specific signal of each serum sample, the background signal from 

antigen-free wells was subtracted to the one obtained from antigen coated wells. 

Data is shown as arbitrary units (AU) according to the standard curve used. 

 

 

8. Binding Blocking-Antibodies Assay 

The blocking capability of vaccine-induced antibodies was evaluated by ELISA. 

Nunc MaxiSorp ELISA plates were coated overnight at 4ºC with 10 µg/mL of laminin, 

fibrinogen or fibronectin in PBS 1x. Six well were incubated only with PBS 1x. Next 

day, Tp0155and Tp0633 plates were blocked using PBS/1%BSA (Miltenyi Biotech) 

and 0.05% Tween20 (ThermoFisher Scientific), and Tp0750 and Tp0435 plates were 

blocked using PBS/1% of casein enzymatic hydrolysate (Sigma Aldrich) and 0.05% 

Tween20 (ThermoFisher Scientific). Plates were incubated with blocking buffer for 2 
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hours at room temperature. Recombinant OMPs were diluted in blocking buffer 

(Tp0155 and Tp0633) or PBS with 0.05% Tween20 (Tp435 and Tp0750) at different 

concentration depending on the coated protein. Thus, Tp0155 was prepared at 4 

µg/mL for fibronectin and fibrinogen, and at 5 µg/mL for laminin. Tp0435, Tp0750 

and Tp0633 were used at 8, 5 and 4 µg/mL for all three coated proteins, 

respectively. Serum samples from immunized mice obtained at different time points: 

basal (day 0), prime (day 21), boost (day 37), and second boost (day 67); samples 

were diluted at 1/200 in each OMPs preparation and incubated for 2 hours at room 

temperature. After incubation, 50 µL of OMPs + serum samples were added in 

duplicate to plate wells. Additionally, 50 µL of OMPs preparation without serum was 

confronted against six coated wells and six not coated wells to measure normal 

binding and background signal against blocking buffer, respectively. Samples were 

incubated overnight at 4ºC. Then, OMPs binding was detected using 6x-His tag 

antibody HIS.H8-Biotin (ThermoFisher Scientific) (1/1000) for two hours and HRP-

Streptavidin (ThermoFisher Scientific) (1/6000) for half hours at room temperature. 

Finally, plates were revealed with o-Phenylenediamine dihydrochloride (OPD) 

(Sigma-Aldrich) and stopped using 4N of H2SO4 (Sigma-Aldrich). The signal was 

analyzed as the optical density (OD) at 492 nm with noise correction at 620 nm. The 

background signal from coated protein-free wells was subtracted from protein 

coated wells. Data is shown as OD at 492 nm minus OD at 620 nm. 

 

 

9. Statistical analysis 

Differences in antibody levels between male and female immunized mice were 

analyzed using Mann-Whitney test, while comparison among vaccination timeline 

(i.e. basal, prime, boost, and second boost) was performed by Wilcoxon signed-

rank test. This test was also applied to analyze the results from blocking binding 

assay.  Correlation between antibody levels and binding blockade was performed 

using nonparametric Spearman test. P values are indicated as follows: * p <0.05, ** 

p <0.01, *** p <0.001, **** p < 0.0001. Not significance differences are not shown in 

graphs. Statistical analyses were conducted using GraphPad Prism v8.0.
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1. Selection of Outer Membrane Proteins 

The low density of OMPs and the fragility of the OM have hampered the 

identification and characterization of bona fide TPA´s OMPs. In addition, there is a 

strong controversy on the location of some proteins, since some studies identified 

them on the OM, whereas other showed they may be located in periplasmic space. 

To identify and select the OMPs that will be incorporated into the multi-antigen 

vaccine, we performed an extensive bibliographic search586 based on their function, 

their potential location in the OM, and the existence of previous immunogenicity 

data in human or animal models. A total of thirty-nine proteins (Table 4) with any 

evidences of being an OMP were compiled from this literature search. Besides their 

location, we focused on those proteins for which in vivo immunogenicity data (in 

human or animal model) supported a protective role. Thus, we selected twelve 

OMPs for the generation of a multi-antigen vaccine against syphilis. OMPs with a 

huge sequencing variation like Tpr family and those based on in silico predictions 

(e.g., Tp0515 and Tp0856) were not considered, excepting Tp0733 that was 

included to test the performance of in silico predictions. Selected OMPs included 

three transport proteins (Tp0126, Tp0733 and Tp0633), six adhesion proteins 

(Tp0136, Tp0155, Tp0483, Tp0750, Tp0751, Tp0435), and three involved in other 

functions related to cellular homeostasis like membrane synthesis, protein 

translocation to the OM, and iron storage (Tp0326, Tp0257, Tp1038).  

 

2. Generation of Recombinant Outer Membrane Proteins 

For recombinant protein production, the sequences of the selected OMPs were 

modified as follows: 1) we removed the hydrophobic signal peptide for all proteins 

sequence to favor its expression as soluble proteins, and 2) we eliminated the 

periplasmic region in those putative OMPs that presented this domain (e.g Tp0326). 

Thus, we only expressed the region located in the OM. In addition, in the case of 

Tp0126, for which the extracellular loops are well defined, we synthetized a short 

version of this protein which only included the four extracellular loops (Tp0126_L). 

Thus, we designed a total of 13 proteins (the twelve selected OMPs and the loop 

version of Tp0126). Protein sequences were flanked by an 8xHis tag in the N-

terminal part, and a Flag and a Strep tag II in the C-terminal part (Fig.35A).   
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Table 4. List of OMPs. Information about function, cellular location, location evidence (description 
based on in vitro or in vivo evidences), immunization data, and sera reactivity are included for each 
protein. (-) Unknown, (*) Proteins selected to develop a multiple-antigen vaccine.   

Proteins Function 
Cellular 
Location 

Location 
Evidence 

Immunization  
Data 

Sera 
Reactivity 

TprC (Tp0117) 

Porin proteins 

OM 
In vivo /     
In silico 

- Yes 
TprD (Tp0131) - Yes 
TprI (Tp0620) Yes Yes 
TprE (Tp0313) - - 
TprG (Tp0317) - - 
TprJ (Tp0621) - - 
TprA (Tp0009) - - 

TprB (Tp0011) - - 
TprK (Tp0897) Yes Yes 
TprF (Tp0316) 

Periplasmic 
Yes - 

TprH (Tp0610) - - 
TprL (Tp1031) - - 

TROMP1 
(Tp0163) 

Porin proteins 

Periplasmic 

In vivo 

- Yes 

* TROMP2 
(Tp0633) 

OM Yes Yes 

TROMP3 - - - 

* Tp0126 Fatty acid transport 

OM 

In vivo Yes Yes 

* Tp0733 
Small molecules 

transport In silico 

- - 

Tp0479 - - 

Tp0698 - - 

Tp0548 

Long-chain fatty acid 
transport 

OM In silico - 

- 

Tp0856  

Tp0858  

Tp0859 - 

Tp0865 - 

Tp0966 

Efflux pump complex OM In silico - - 
Tp0967 

Tp0968 

Tp0969 

Tp0515 LPS trafficking OM In silico - - 

* Tp0136 Adhesin OM In vivo Yes - 

* Tp0155 Adhesin Discrepancies In vivo Yes Yes 

* Tp0435 Adhesin Discrepancies In vivo Yes Yes 

* Tp0483 Adhesin Discrepancies In vivo Yes - 

* Tp0750 
Adhesin / 

Metalloprotease 
OM In vivo - - 

* Tp0751 
Adhesin/ 

Metalloprotease 
Discrepancies In vivo Yes Yes 

Tp0954 Adhesin OM In vivo - - 

* Tp0326 Protein trafficking Discrepancies In vivo Yes Yes 

* Tp0257 
Glycrolphosphodiester 

phosphodiesterase 
Discrepancies In vivo Yes Yes 

* Tp1038 Bacterioferritin OM In vivo - Yes 
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This plasmid design allows us to confirm that the protein was produced correctly by 

specifically targeting both ends and to use a purification strategy based on a double 

affinity chromatography. Moreover, between tags and protein sequence, we 

introduced two HRV3C cleavage site for tags removing. We referred to this protein 

design as V1 constructs. 

DNA constructs for recombinant protein production were synthetized by GeneART 

and cloned into a pET-21d (+) vector. Recombinant proteins were produced in BL21 

(DE3) E. coli. Protein expression in soluble fractions or forming inclusion bodies was 

evaluated in 6 mL cell culture. Moreover, the effect of two different temperatures 

(27ºC and 37 ºC) duringIPTG-induced protein expression was screened. The 

detection of protein in each fraction was carried out by Western Blot using an anti-

6xHis antibody. Results showed that Tp0733, Tp0751, Tp0257, Tp0435, and 

Tp0750 expressed all in the soluble fraction and with the correct molecular weight 

at both temperatures (Fig.36A). However, the intensity of the signal was lower at 

27ºC than 37ºC, indicating a higher protein production in the last condition, except 

for Tp0257, that was equally low at both temperatures. Additional bands were 

detected in the case of Tp0733, Tp0435 and Tp0750, mainly when the proteins were 

expressed at 37ºC, likely corresponding to truncated forms of the proteins (low 

molecular weight) or protein aggregates (high molecular weight). In the case of 

Tp0136 and Tp1038, a single band with a lower molecular weight than expected 

was observed indicating that the protein is not properly produced or partially 

degraded. Low level of production was observed for Tp0633 at 27ºC, whileTp0155, 

Tp0326, Tp0483, Tp0126, and Tp0126_L were not detected in the soluble fraction. 

Nonetheless, we found Tp0155, and low Tp0326, Tp483 and Tp126_L expression 

in inclusion bodies (Fig.36B). Additionally, Tp0733, Tp0751, Tp0257, Tp0435, 

Tp0750 and Tp0633 were also produced in inclusion bodies with a higher signal 

intensity than in soluble fractions, suggesting that these proteins were produced 

mainly as inclusion bodies. Notably, Tp1038 and Tp0136 were detected in inclusion 

bodies at the correct molecular weight, although for Tp0136 only when the protein 

is expressed at 27ºC. Although these results are qualitative, the low band intensity 

observed with Tp0326, Tp0136, Tp0483 and Tp0126_L suggested that these 

proteins were poorly expressed in both cellular fractions. Finally, higher amount of 

proteins but also truncated forms were observed at 37ºC. A summary of V1 protein 

expression can be found in Table 5. 



Syphilis      
 

178 
 

 Figure 36. Analysis of V1 recombinant OMPs expression. The expression of the 13 OMPs 
(V1 construct) in (A) lysis/soluble fraction and (B) inclusion bodies obtained from bacteria 
cultures at two temperatures 27º vs 37º (in Celsius scale) was analyzed by Western Blot using 
anti-His antibody. Red asterisk pinpoints the expected molecular weight. C+ and C- mark the 
positive and negative control, respectively. 
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Then, we expressed Tp0733, TP0751, Tp0257, Tp0435 and Tp0750 in 250 mL cell 

culture at 27ºC and purified them from soluble fractions by Immobilized-Metal 

Affinity Chromatography (IMAC). We chose these conditions since these proteins 

were produced in this fraction at the correct molecular weight and with the lowest 

amount of contaminants. However, after purification, multiple bands were observed 

in all protein preparations (Fig.37A). We performed a Western Blot analysis (Fig.37B) 

for the detection of truncated forms, which were present in Tp0435, Tp0750, 

Tp0751, but not in Tp0733 and Tp00257. Overall, we obtained protein preparations 

with low purity from soluble fraction. As these five proteins were also expressed in 

inclusion bodies, we tried to purify them, and the remaining proteins, from this 

cellular fraction. In this case, we obtained between 0.5-1 mg of total proteins after 

purification. Nonetheless, several contaminant bands co-purified with our proteins 

(Fig.37C). When, we analyzed purified products by Western Blot (Fig.37D), we 

observed that most of the bands correspond to truncated forms. Some bands were 

observed in Tp1038 and Tp0435 protein preparations by Western Blot, despite they 

were barely detected by Coomassie staining. Moreover, we noticed a high degree 

 
 

MW 
(kDa) 

PI 
Soluble 

Fraction 27ºC 
Soluble 

Fraction 37ºC 
Inclusion 

Bodies 27ºC 
Inclusion 

Bodies 37ºC 

Tp0733 28.10 6.66 Very Low High Low High 

Tp0155 43.47 9.50 No Expression No expression High** Very High** 

Tp0751 25.53 6.49 Very Low Low High Very High 

Tp0326 37.83 7.99 No expression No expression Very Low Very Low 

Tp0136 53.90 6.56 Very Low* Very Low* Very Low** No expression 

Tp0483 46.72 8.99 No expression No expression Very Low** Very Low** 

Tp0257 45.56 8.60 Very Low Very Low Low** High** 

Tp1038 24.82 5.61 Low* Low* Low** High** 

Tp0435 21.95 6.93 Very Low** Low** Low** High** 

Tp0750 31.06 7.08 Very Low** Low** Very Low Low 

Tp0633 32.50 6.31 Very Low No expression Low High 

Tp0126 29.26 6.61 No expression No expression No expression No expression 

Tp0126_L 16.86 6.15 No expression No expression No expression Very Low 

Table 5. Summary of V1 recombinant OMPs expression. Molecular weight (MW) and isoelectric 
point (PI) of the thirteen selected proteins are indicated. Protein expression levels in soluble or 
inclusion bodies fractions at 27ºC and 37ºC are indicated. Qualitative quantification was based 
on band intensity from Western Blots results (Fig.36). One asterisk points proteins that were 
produced with erroneous MW. Two asterisks indicate presence of multiple truncated forms. 
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of truncated forms in some samples, such as Tp0751 andTp1038, that we did not 

detect before in inclusion bodies obtained from 6 mL culture (Fig.36B); which could 

indicate that cell culture scalation may be challenging. Notably, Tp0136, Tp0126, 

and Tp0126_L were hardly detected (Fig.37D).   

 

 

Figure 37. Purification of V1 recombinant OMPs by IMAC. V1 proteins purified from lysis 
fractions were analyzed by (A) Coomassie blue staining and (B) Western Blot using anti-His 
antibody. V1 proteins purified from inclusion bodies were analyzed by (C) Coomassie blue 
staining, and (D) Western Blot using anti-His antibody. Red asterisk pinpoints the expected 
molecular weight. 
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The purity results highlighted that additional purification step would be needed to 

improve the purification process. For that reason, we introduced the Twin-Strep-

tag. Thus, a second step of affinity chromatography could be performed to increase 

the purity of the recombinant proteins. However, inclusion bodies are solubilized 

using urea at 8M, which is not compatible with Strep-Tactin resin. Therefore, the 

urea concentration should be reduced to less than 1M, which imply the use of 

different additives to allow protein refolding and solubility in the absence of urea. 

Buffer exchange was performed by step-wise dialysis. We found that when the urea 

concentration was below 1M, most of the proteins precipitated even in the presence 

of arginine, mannitol, or other stabilizing agents. In addition, we tested the addition 

of reduced and oxidized glutathione to improve protein refolding and solubility. 

Protein solubility and re-folding are protein-dependent and we did not find a 

common strategy for all proteins (Table 6). Thus, glutathione only worked for Tp0435 

and Tp0750, and mannitol increased the solubility of Tp0136. Despite that, a small 

amount of protein precipitated even with fitting conditions, with a loss of almost 

20% of protein. As a complete urea removal was not suitable for all proteins, we 

tested the efficiency of protein purification using Strep-Tactin resin in presence of 

1M urea. We tested three different proteins Tp0155, Tp1038 and Tp0633. Results 

show that Tp1038 and Tp0633 were purified with a very low yield (10% for Tp1038 

and 4% for Tp0633); while no protein was recovered in the Tp0155 elution fraction 

(Fig.38A). Additionally, we proved Tp0136 in absence of urea, with an efficiency of 

14,5% (Fig.38B). Therefore, the strategy of protein purification using a sequential 

affinity chromatography (IMAC + Strep-Tactin) did not work properly and the 

purification process needed further optimization.  

 

 

 

Figure 38. Evaluation of the Twin-Strep-tag affinity chromatography as a second 
purification step. (A) Analysis of purification products from Strep-Tactin chromatography of 
protein preparation containing 1M urea. (B) Strep-Tactin purification of Tp0136 dialyzed 
sample in absence of urea. Net, depleted (DEP), wash, and elution (E) samples are shown in 
Coomassie blue staining gels. 
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Table 6. List of evaluated buffers during step-wise dialysis of recombinant OMPs. 
Composition of each buffer and the order used during the step-wise dialysis protocol is shown. 
The protein state in each buffer is indicated as soluble or precipate. Buffers which belong to 
the same step-wise protocol are pointed under (1) or (2). The version of the recombinant protein 
(V1 or V2) tested is specified. 

 

 

  

 Dialysis Buffer Sequential 
Order 

Protein 
Construct  

Soluble Precipitate 

Buffer A (1) 

Phosphate 100 mM, 
130 mM NaCl, 1M 
Urea,1M Arginine, 
0.1% Tween20,  

pH: 7.0-8.0 

First 
dialysis 

step 
V1 

Tp0733,Tp0751, 
Tp0326,Tp0136, 
Tp1038,Tp0435, 
Tp0750,Tp0633, 

and Tp0126 

Tp0155,Tp0483, 
and Tp0257 

Buffer  
G(1) 

Phosphate 100 mM, 
130 mM NaCl, 0.5M 

Arginine, 0.01% 
Tween20, 2mM 

reduced GSH, 0.4 
mM oxided GSH, pH: 

7.0-8.0 

Second 
dialysis 

step 
V1 Tp0435 and 

Tp0750 

Tp0733,Tp0751, 
Tp0326,Tp0136, 
Tp1038,Tp0633, 

and Tp0126 

Buffer  
M (1) 

Phosphate 100 mM, 
130 mM NaCl, 

 0.5 M Arginine,  
0.01% Tween20, 200 

mM Mannitol,  
pH: 7.0-8.0 

Second 
dialysis 

step 
V1 Tp0136 

Tp0733,Tp0751, 
Tp0326,Tp0136, 
Tp1038,Tp0633, 

and Tp0126 

Buffer  
T1 (2) 

Phosphate 100 mM, 
500 mM NaCl, 1M 
Urea, 1M Arginine, 

5% Trehaloxe,  
0.1% Tween 20,  

pH: 7.0-8.0 

First 
dialysis 

step 
V2 

Tp0733,Tp0751, 
Tp0326,Tp0136, 
Tp1038,Tp0435, 
Tp0750,Tp0633, 

and Tp0126 

Tp0155,Tp0483,     
and Tp0257 

Buffer  
T2 (2) 

Phosphate 100 mM, 
500 mM NaCl,  
0.5 M Arginine,  
5% Trehaloxe,  

0.05% Tween20,  
pH: 7.0-8.0 

Second 
dialysis 

step 
V2 Tp0435,Tp0750, 

and Tp0633 

Tp0733,Tp0751, 
Tp0326,Tp0136, 

Tp1038, and 
Tp126 

Buffer  
T3 (2) 

Phosphate 100 mM, 
500 mM NaCl,  
0.1 M Arginine,  
5% Trehaloxe,  

0.01% Tween20,  
ph: 7.0-8.0 

Third 
dialysis 

step 
V2 

None of the 
testes proteins 

was soluble 

Tp0435,Tp0750, 
and Tp0633 
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Previously in our group, a recombinant form of Tp0751 was produced and purified 

from lysis fraction with higher yield and purity than the Tp0751 designed in this work 

(Tp0751_V1). This preceding Tp0751 (pre_Tp0751) was also cloned into the pET-

21d(+) plasmid. However, its design was different, presenting a Flag tag in the N-

terminal part, following by a Tobacco Etch virus (TEV) protease cleavage site, the 

protein sequence, and a 6xHis tag in the C-terminal end. Since pre_Tp0751 

expressed better in the soluble fraction than our Tp0751_V1, we compared both 

designs to find differences in the aggregation and solubility profile between both 

recombinant proteins. We used Protein-Sol and ccSOL omics webservers to predict 

protein solubility from sequence in E. coli expression system. Both softwares 

returned a similar solubility score/probability when we faced pre_Tp0751 and 

Tp0751_v1 sequences, 0.450 versus 0.446 for Protein-Sol, and 51% versus 50% 

for ccSOL omics. Moreover, when we compared the solubility profile between both 

proteins, it looks quite similar along all sequence (Fig.39A). Contrary, when we 

studied the aggregation profile of each protein using the webserver Aggrescan, they 

differed in the number of aggregation-prone domains (hot spots) (Fig.39B). While 

pre_Tp0751 has six regions, Tp0751_V1 has two additional ones, that localize in the 

protein extremes and correspond specifically to the HRV3C protease cleavage 

sequence. These two hot spots were present in the rest of V1 recombinant protein. 

Therefore, we wondered if the removal of HRV3C protease sites could favor the 

expression of the recombinant OMPs into the soluble fraction.  Thus, we created a 

new version of our constructs according to the pre_Tp0751 design, in which the 

HRV3C cleavage sites were absent. This new protein constructs were named as V2 

(Fig.36B). Apart from that, we maintained the position of 8xHis and Flag tags, while 

we removed the Twin-Strep-tag. To eliminate tags for future immunization studies 

we introduced a TEV protease cleavage site in the N-terminal end among 8xHis tag 

and protein sequence. However, this method cannot be used in the C-terminal part 

to remove Flag, since TEV protease cut would leave six extra amino acid residues, 

which could be immunogenic. To avoid that, we arranged a new set of flag-tag free 

constructs that were generated from V2 versions by introducing a unique restriction 

site that allow eliminating Flag by single digestion with a restriction enzyme and 

following re-ligation with a T4 DNA ligase. When we analyzed in silico the solubility 

of the Tp0751 into the V2 plasmid, same solubility and aggregation profile than 

pre_Tp0751 was obtained (data not shown), indicating that Flag tag was not 

impacting the solubility of the protein. 
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Figure 39. Predicted solubility and aggregation profile of pre_Tp0751 and Tp0751_V1 
recombinant proteins. (A) Comparison of the solubility profile between pre_Tp0751 and 
Tp0751_V1 sequence obtained by ccSOL omics web-software. Solubility is indicated as 
percentage, a low % correspond to low contribution to solubility in the region and vice versa. (B) 
Aggregation profile of pre_Tp0751 and Tp0751_V1 from Aggrescan webserver. Protein diagram 
appears under X axis. Regions prone to aggregation have associated a hot spot area value 
superior to 0 (line red).  
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We evaluated the expression of the 13 OMPs_V2 in 6 mL culture of transformed 

BL21 (DE3) E.coli, at two different temperatures 27ºC and 37ºC and in lysis and 

inclusion bodies fractions. Protein expression was induced using IPTG. Protein 

detection in each fraction was made by Western Blot using the anti-6xHis antibody. 

The recombinant Tp0733, Tp0155, Tp0751, Tp0326, Tp136, Tp0257, Tp1038, 

Tp0435, Tp0750, Tp0633, and Tp0126 proteins were expressed in the lysis fraction 

from bacteria at the correct molecular weight (Fig.40A). Only two proteins, Tp0483 

and Tp126_loop were not expressed in the soluble fraction. Notoriously, Tp0155, 

Tp0326 and Tp0136 were only found when protein was expressed at 37ºC, while 

the rest of proteins were detected using both temperatures. In general, no important 

differences in band intensity were observed between 27ºC and 37ºC, except for 

Tp1038 and Tp126, which were expressed better at 37ºC. Some truncated forms 

were observed in the case of Tp0751, Tp0257, Tp0435, Tp750 and Tp0633. Despite 

that, the integrity and yield in soluble fraction of V2 proteins were higher than the 

one observed in V1 at both expression temperatures. Protein expression in each 

bacterial fraction is summarized in Table 7. Since the production of Tp0155, Tp0326, 

Tp0136, Tp0483 and Tp0126_loop was still low in soluble fraction, we tested other 

growing conditions. Firstly, high IPTG concentration was tested (1 mM and 2 mM) 

resulting in a suppression of protein expression (data not shown). As our expression 

system shows some leaky protein expression in the absence of IPTG, we wondered 

if low IPTG concentration might improve protein expression. Thus, we checked the 

expression of these proteins in the lysis fraction using no IPTG or 0.1 mM of IPTG 

at 37ºC. However, no improvement in production was detected in any of these 

conditions (data not shown).  

Besides the analysis of the soluble samples, we also examined the protein 

expression in inclusion bodies. We observed that all proteins expressed at the 

correct molecular weight, excluding Tp0126_loop which was not detected (Fig40B). 

Nevertheless, the expression of some proteins, such as, Tp0326, Tp0136, Tp0483, 

and Tp0126 was very low. Furthermore, Tp0136 appeared only under 37ºC 

condition. Interestingly, these proteins were also barely found in the soluble fraction, 

except for Tp0126 at 37ºC. Regarding these results, Tp0326, Tp0136 and Tp0483 

were the most difficult to produce, and Tp0155 was mainly produced as inclusion 

bodies. Notably, truncated forms were more abundant in inclusion bodies than in 

soluble lysis fractions. 
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Figure 40. Analysis of V2 recombinant OMPs expression. The expression of the 13 OMPs 
(V2 construct) in (A) lysis/soluble fraction and (B) inclusion bodies fraction at two temperatures 
27º vs 37º (in Celsius scale) was analyzed by Western Blot using anti-His antibody. Red asterisk 
pinpoints the expected molecular weight. C+ and C- mark the positive and negative control, 
respectively. 
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Once we evaluated the production of V2 proteins, the next step was to purify them 

from cellular fractions. According to the previous results, we purified Tp0733, 

Tp0751, Tp0257, Tp1038, Tp0435, Tp0750, Tp0633 and Tp0126 from soluble 

fraction of 250 mL cell cultures growth at 37ºC. From these eight proteins only three 

were purified in an amount higher than 0.1 mg: Tp0751, Tp0435 and Tp0750 

(Fig.41A). We obtained 0,9 mg of Tp0751, 0,78 mg of Tp0435 and 1,35 mg of 

Tp0750.  An extra band of about 15 kDa co-purified with Tp0435 that was not 

detected by Western Blot targeting the His-tag, contrary to Tp0751 and Tp0750 

preparations, in which low molecular weight bands presented signal (Fig.41B). Low 

levels of Tp0733, Tp0257, Tp1038, Tp0633 and Tp0126 were purified (Fig.41A).  

Tp0257 precipitated during filtration and concentration of elution fraction, which 

justify the small amount of protein recovered. Interestingly, Tp0733, Tp0257, 

Tp1038, Tp0633 and Tp0126 showed low expression levels, while they were well 

detected in 6 mL culture (Fig.40A), indicating again that the scale-up process may 

be challenging. 

 
 

MW 
(kDa) 

PI 
Soluble 

Fraction 27ºC 
Soluble 

Fraction 37ºC 
Inclusion 

Bodies 27ºC 
Inclusion 

Bodies 37ºC 

Tp0733 23.78 6.53 Low Low Low High 

Tp0155 39.15 9.52 No expression Very Low High** High** 

Tp0751 20.96 6.53 Very High** Very High** High** High** 

Tp0326 33.50 7.87 No expression Very low Very low Very low 

Tp0136 49.58 6.48 No expression Very low No expression Very low 

Tp0483 42.30 9.00 No expression No expression Very low** Very low** 

Tp0257 41.26 8.59 Very High** Very High** High** High** 

Tp1038 20.41 5.43 Very Low Low Low Low** 

Tp0435 17.62 6.79 High High Low** High** 

Tp0750 26.74 6.96 Very High** Very High** High** High** 

Tp0633 28.18 6.21 Very High** Very High** High** High** 

Tp0126 24.93 6.51 Very low Low Low Low** 

Tp0126_L 12.53 6.99 No expression No expression No expression Very Low 

Table 7. Summary of V2 recombinant OMPs expression. Features of the 13 recombinant 
OMPs into V2 design are described, including molecular weight (MW) and isoelectric point (PI). 
Protein production in soluble or inclusion bodies fractions at 27ºC and 37ºC are shown according 
to band intensity from Western Blots results (Fig.40). Two asterisks point presence of multiple 
truncated forms. 
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Figure 41. Purification of recombinant OMPs (V2) by IMAC. Analysis of protein purified from 
lysis fractions by (A) Coomassie blue staining and (B) Western Blot using anti-His antibody. (C) 
Analysis of purified proteins from inclusion bodies by Coomassie blue staining. (D) Purity analysis 
of recombinant proteins isolated from inclusion bodies after incorporating a washing step at 
pH:6.0. Proteins were discriminated by SDS-PAGE and stained with Coomassie blue. Red 
asterisk pinpoints the expected molecular weight. 
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In parallel, purification from inclusion bodies was performed for those proteins with 

low yield and truncated forms in soluble fractions, as well as those with purification 

issues associated (e.g. Tp0257). We obtained between 0.5-1.5 mg of each protein, 

except for Tp0633, which was purified with high yield (8,7 mg). However, purification 

products had low purity (Fig.41C). To increase the purity of final preparation of 

Tp0733, Tp0155 Tp1038, Tp0257 and Tp0435, we repeated the purification process 

adding a washing step at acid pH (pH=6). As it is shown in Fig.41D, the purity of 

purified Tp0733, Tp0155, and Tp1038 vary overall from ~54%(Fig.S5c) to ~75% 

(Fig.S5d). However, contaminants were not totally removed with this extra washing 

step and purity strongly depended on the degree of truncated form of each protein. 

Thus, Tp0733 (80.5%) and Tp1038 (83.5%) had higher purity than Tp0155 (60,5%), 

the later one showing the highest amount of truncated forms among the three 

proteins (Fig.40B). Additionally, we obtained 0.82 mg of Tp0257 (purity 77.9%) and 

1.5 mg of Tp0435 (purity 88.9%) (Fig.41D).   

Since proteins from inclusion bodies were purified using denaturing condition, we 

evaluated new approaches for urea removal and protein refolding (Table 6). In a first 

step, we used a phosphate buffer with 1 M urea, 1 M arginine, 5% trehalose and 

0,1% tween20. Three proteins precipitate during this buffer exchange, Tp0155, 

Tp0483 and Tp0257. However, Tp0435, Tp0750, Tp0633, Tp0733, Tp0326, and 

Tp01038 remained soluble. After that, we completely removed urea and decrease 

the amount of arginine and tween 20 to 0.5 M and 0.05%, respectively; keeping the 

amount of trehalose fixed. Only three proteins, Tp0435, Tp0750 and Tp0633, were 

soluble under this condition. Proteins precipitated when the concentration of 

arginine was reduced below 0.5M.  

Therefore, further investigation is still needed to stablish the refolding protocols for 

each protein, and to determine the formulation of the buffer that will maintain protein 

solubility and stability.   
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3. Binding to extracellular matrix proteins 

As recombinant OMPs were hardly produced and purified, we could not proceed 

with the thirteen OMPs to the next step. Thus, we only moved forward with those 

proteins that were purified at enough amount and purity to perform immunization 

experiments in mice. Specifically, there were five recombinant OMPs expressed into 

the V2 construct: Tp0751, Tp0155, Tp0435, Tp0633, and Tp0750. Notably, Tp0751 

was extracted from bacterial soluble fraction with an 87.4 % of purity and at 0.45 

mg/mL. In contrast, Tp0155, Tp0435, Tp0633, and Tp0750 were obtained from 

inclusion bodies fractions. Tp0435, Tp0633, and Tp0750 were solubilized by dialysis 

in buffer T2 (Table 6) with an 83.4%, 88.3%, and 81% purity and at 0.51 mg/mL, 

0.82 mg/mL and 0.76 mg/mL, respectively. In contrast, Tp0155 was purified at 0.74 

mg/mL with 85.3% purity, but we did not have success reducing the concentration 

of urea below 8M by step-wise dialysis. Thus, we worked with Tp0155 diluted 

preparations in which urea was decreased up to 60-80 mM.  Prior to immunization, 

biological activity of purified OMPs were evaluated by ELISA. The biological activity 

of proteins purified from inclusion bodies depends on extraction and refolding 

protocol.  

Since four out of five OMPs (i.e. Tp0751, Tp0155, Tp0435, and Tp0750) have 

adhesin function, we tested their binding to components of the extracellular matrix 

such as laminin, fibrinogen, and fibronectin by ELISA. The results showed that 

Tp0155 bound to fibronectin > fibrinogen > laminin (Fig.42A). In contrast Tp0751 

presented weak binding to all three proteins and some binding was only observed 

at high protein concentration. Surprisingly, Tp0633, which was described as a 

protein with porin function, bound to fibrinogen, fibronectin and laminin. 

Interestingly, Tp0435 and Tp0750 bound to the extracellular matrix proteins, but 

also to bovine serum albumin (BSA). Because BSA is used as blocking reagent in 

ELISA, we replaced it by casein (CAS) into the blocking buffer to confirm the 

biological activity of Tp0435 and Tp0750. Both recombinant OMPs barely bound to 

CAS, so it worked properly as blocking reagent. Thus, we confirmed that Tp0750 

binds to laminin and more potently to fibrinogen and fibronectin, while Tp0435 binds 

mainly to fibrinogen and to a lesser extent to fibronectin and laminin (Fig.42B). 

Overall, all proteins showed binding to extracellular and/or plasma proteins in a 

dose-response manner.  
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Figure 42. Binding of recombinant OMPs to extracellular proteins. (A) Binding of purified 
Tp0155, Tp0751, Tp0435, Tp0750, and Tp0633 to laminin, fibrinogen, fibronectin and bovine 
serum albumin (BSA). BSA blocking buffer was used. (B) Binding of Tp0750 and Tp0435 to 
laminin, fibrinogen, fibronenctin, BSA and casein (CAS).  CAS blocking buffer was employed. 
Blue circle, green square, red triangle, yellow hexagone, and purple diamond showed binding 
measures to laminin, fibrinogen, fibronectin, BSA, and CAS, respectively. Proteins were 
assayed in a concentration range of 30 µg/mL to 0,2 µg/mL. Binding is displayed as optical 
density (OD) at 420 nm minus noise correction at 620 nm.  
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4. Immunogenicity of recombinant OMPs 

After biological activity validation, we evaluated the immunogenicity of the five 

OMPs. Firstly, we tested the adsorption of Tp0155, Tp0751, Tp0435, Tp0750, and 

Tp0633 to aluminum hydroxide gel adjuvant by mixing the recombinant OMPs (15 

ug of each one) with aluminum hydroxide gel at 1:1 volume ratio. Since, Lyer et al.587 

reported that aluminum hydroxide gel adjuvant can adsorb proteins in the presence 

of 2M urea, Tp0155 was diluted and mixed with aluminum hydroxide and protein-

adjuvant preparation was progressively dialyzed against a urea free PBS buffer. All 

proteins were effectively adsorbed to aluminum hydroxide gel and protein 

adsorption was confirmed by spectroscopy at 280nm (90% of protein was 

adsorbed).  

Eight BALB/c mice (four males and four females) were immunized using a 

homologous prime-boost regimen strategy (Fig.43A). Mice were vaccinated with a 

pentavalent preparation (TPx5) including 15 ug of Tp0155, Tp0751, Tp0435, 

Tp0750, and Tp0633 formulated with aluminum hydroxide gel adjuvant (800 µg per 

Figure 43. TPx5 vaccination outline and tolerance. (A) Overview of vaccination strategy. Mice 
were immunized three time with a preparation of five recombinant OMPs with aluminum 
hydroxide gel referred as TPx5, which included Tp0155, Tp0751, Tp0435, Tp0750, and Tp0633. 
Red drops point days in which blood sample collection was performed. (B) Percentage of weight 
variation in males (n=4) and females (n=4) immunized animals, as well as, free-antigen immunized 
control animals (n=2). Mean plus standard errors of the means (SEM) are shown. 
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animal). Two extra mice were used as controls and received PBS with aluminum 

hydroxide gel adjuvant. Animals were monitored along all the experiment. Weight 

increased in both animal groups, without significance difference, pointing that 

protein preparation was well-tolerated (Fig.43B). Blood samples were collected from 

each animal prior to prime dose (day 0) and boost dose (day 21), and also two weeks 

after the second (day 37) and the third inoculation (day 67) to evaluate the response 

against the protein preparation. Humoral responses were individually analyzed 

against each protein (Fig.44). Overall, antigen-specific IgGs were detected in all 

immunized animals against the five tested proteins, without an apparently 

immunodominance of any antigen over the rest. Moreover, levels of specific 

antibodies increased after all three immunizations for each protein (p < 0.01, 

Wilcoxon test). No significant differences were found among females and males at 

any time point (Mann Whitney test), indicating that TP5x preparation induces a 

similar immune response in both male and female.  

Figure 44. Humoral response elicited by TPx5 immunized mice. Kinetics of specific IgG 
antibodies in serum samples against each protein individually. Amount of IgG is expressed as 
arbitrary unit (AU) per mL. Immunized female mice are showed in blue, and immunized male 
mice in yellow. Immunized control group is displayed in grey. Minimal to maximal values are 
represented in box and whiskers graph. Groups in each time point were analysed using Wilcoxon 
signed-rank test. ** p <0.01.  
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Figure 45. Sera from immunized mice block OMP binding to laminin, fibronectin and 
fibrinogen. (A) Tp0155, (B) Tp0750, (C) Tp0435, (D) Tp0633 binding assay to laminin (blue), 
fibrinogen (green) and fibronectin (red) in presence of serums. Blocking activity of immune sera 
from several time points were tested: 0 Dose (day 0), 1 º Dose (day 21), 2 º Dose (day 37), and 3 
º Dose (day 67). Binding blockade corresponding to sera from non-vaccinated mice (all time 
point grouped) is indicated as Control in grey. Differences between OD after serum incubation at 
each immunization timepoint was performed using Wilcoxon signed-rank test. * p <0.05,                  
** p <0.01. Mean plus standard errors of the means (SEM) are shown. 
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Since OMPs used in vaccination demonstrated in vitro binding to laminin, fibrinogen 

and fibronectin, we wondered whether elicited antibodies from immunized animals 

would reduce the OMPs binding to extracellular matrix proteins. Thus, a binding 

blocking assay was performed for Tp0155, Tp0435, Tp0750 and Tp0633, in which 

each recombinant OMP was incubated with serum from immunized animals and 

confronted to laminin, fibrinogen and fibronectin. Tp0751 was discarded since 

binding was only observed at high protein concentration. A decreased binding to 

extracellular proteins was observed for all four OMPs preincubated with sera form 

immunized mice (Fig.45). Particularly, the highest inhibition was observed for 

Tp0155/fibronectin (Fig.45A), Tp0750/laminin (Fig.45B), and Tp0633/laminin, 

fibrinogen, and fibronectin (Fig.45D). Similar inhibition capacity of anti-Tp0435 

serum was found for the three extracellular proteins evaluated (Fig.45C). No binding 

inhibition was observed with serum from control mice neither with pre-immune sera 

Figure 46. Correlation among binding blockade and specific antibody levels. Correlation 
analysis between (A) anti-Tp0155, (B) anti-Tp0750, (C) anti-Tp0435, and (D) anti-Tp0633 
antibodies levels in sera from immunized mice (day 21, day 37, and day 67) and Tp0155, Tp0750, 
Tp0435, and anti-Tp0633 binding blockade to laminin, fibrinogen and fibronectin, in blue, green 
and red, respectively.  Analysis was performed by nonparametric Sperman test. * p <0.05,              
** p <0.01, *** p <0.001, **** p < 0.0001. 
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from basal time point (Fig.45). Therefore, the observed blocking effect of immune 

sera may be related to the generation of specific blocking antibodies. Accordingly, 

a negative correlation was found among the levels of specific antibodies and the 

binding capacity of Tp0155 (Fig.46A), Tp0750 (Fig.46B), and Tp0633 (Fig.46D) 

suggesting a relation among binding blockade and vaccine elicited antibodies. 

Immune sera poorly blocked the binding of Tp0155 (Fig.45A and Fig.46A) and 

Tp0750 (Fig.45B and Fig.46B) to fibrinogen. No correlation was observed for 

Tp0435 binding blockade and Tp0435 IgG levels, excepting for binding to fibrinogen 

(Fig.46C).  

In summary, the five recombinant OMPs evaluated here (i.e. Tp0155, Tp0751, 

Tp0435, Tp0750, and Tp0633) induced specific antibodies without a clear 

immunodominance. Furthermore, immunization elicited antibodies that blocked the 

binding of the recombinant OMPs to extracellular and plasma proteins in vitro. Both, 

levels of specific antibodies and blocking capacity were related and increased after 

the third immunization. 
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Syphilis is an infectious venereal disease caused by TPA. Despite its etiological 

agent is known from more than a century ago, there is still no vaccine available. 

Nowadays, the only effective treatment against TPA infection is penicillin. However, 

antibiotic treatment and clinical surveillance have not been successful in eradicate 

syphilis disease and 7 million of new cases are estimated per year588. Thus, besides 

additional preventive health measures, a syphilis vaccine may be crucial for disease 

control. Nonetheless, none experimental immunization study has reported full 

protection against infection yet586. Among TPA antigens, OMPs are the most widely 

studied as immunogens. However, TPA can change its OM protein composition to 

adapt to the host environment. Therefore, this OMP profile modification can be used 

by the bacteria as an immune evasion mechanism586. Moreover, the OM is 

characterized by a low OMPs density, which reduces its immunogenicity. OMPs 

showed a high plasticity and functional redundancy, involving two main functions: 

adhesion and molecular transport. TPA cannot survive outside the organism and, 

therefore, it is an obligate pathogen. Therefore, a multiple antigen vaccine which 

covers the OMPs spectrum and targets its essential function may be more effective 

hampering TPA survival and dissemination than a single antigen vaccine. With this 

hypothesis in mind, we selected twelve OMPs which are comprised in transport 

(Tp0126, Tp0733, and Tp0633), adhesion (Tp0136, Tp0155, Tp0483, Tp0750, 

Tp0751, and Tp0435) and other cellular functions as membrane synthesis, protein 

translocation to the OM, and iron uptake (Tp0326, Tp0257, and Tp1038). All of them 

will be include in a multi-antigen vaccine. For each protein, we designed two 

different constructs based on the pET21d (+) vector, and proteins were expressed 

using the E.coli BL21(DE3) expression system. Overall, we found that most of the 

OMPs expressed preferably in inclusion bodies and at low amount. According to 

the literature, the expression of recombinant OMPs after signal peptide removing 

usually derives into inclusion bodies formation589. Indeed, some of the selected 

proteins (e.g. Tp0136414, Tp0155527, Tp0483527, Tp0126505, and Tp0257542) have 

been isolated and purified previously from this cellular fraction.  Inclusion bodies are 

cytoplasmic or periplasmic macro-molecules aggregates, mostly proteins, which 

develop in response to disequilibrium in protein homeostasis590. This process can 

be driven by different situations which are usually associated with foreign protein 

expression, such as high expression rate, unsuitable post-translational 
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modifications, and/or misfolding issues inherent to the physicochemical features of 

the proteins590. In order to decrease inclusion bodies formation, many strategies 

have been proposed in literature to shift protein balance toward soluble forms590. 

Here we explored the effect of modifying bacterial culture conditions, specifically 

growth temperature and IPTG concentration. One of the major problems of 

heterologous protein expression in E. coli occurs when the amount of protein 

exceeds the processing capacity of the cellular machinery. Under this situation, 

protein expression results toxic for normal cellular function and inclusion bodies 

production is promoted. High rate of recombinant protein is usually related with 

strong promoter and plasmids with high copy numbers, as T7 promoter used in this 

work. According to several studies, suboptimal culture temperatures below 37ºC 

slow down bacterial metabolism reducing protein synthesis and increasing their 

recovery from soluble fraction591,592. Thus, we evaluated protein production at two 

different temperatures: 37ºC and 27ºC. We did not find any improvement in the level 

of expression of soluble proteins at 27ºC condition; however, protein integrity was 

better preserved since lower number of truncated protein forms were detected in 

inclusion bodies. Protein expression rate can be also modulated by decreasing the 

concentration of IPTG593. However, by reducing levels of IPTG, we did not observe 

an increase in the production of soluble proteins. Besides growth temperature and 

inducer concentration, inclusion of chemical additives, such as osmolytes or 

chemical chaperones594 and control of culture pH have been reported to affect also 

protein expression rate and processing595. We will explore these parameters in the 

near future to improve soluble protein expression. Since protein sequence strongly 

determines protein folding and solubility, we analyzed the solubility profile of our 

constructs using different bioinformatic tools (i.e. ccSOL omics and Aggrescan web 

software). We found that HRV3C protease cleave sites were predicted as common 

aggregation prone sequences to our twelve constructs and, therefore, we decided 

to remove them in a second-generation plasmid design. HRV3C replacement 

resulted in a raise of protein expression rate in soluble fraction. However, these 

results were not maintained after culture scalation and an extensive study and 

monitoring of growth conditions are needed to clarify the reasons behind this 

disagreement. Additional strategies have been described to overcome inclusion 

bodies formation such as co-expression of chaperones, use of engineered strains 

more suitable for post-translational modification, or reducing transcriptional activity 
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by using a weaker promoter590. Nevertheless, the success of all these approaches 

cannot be generalized to all proteins, since it is most likely dependent of protein 

characteristics. 

Beside expression system optimization, inclusion bodies suppose a major 

complication for industrial scale up of recombinant protein production since they 

require extensive procedures including isolation, solubilization, refolding and 

purification to finally obtain biological active proteins. Inclusion bodies were 

originally thought to be inactive protein aggregates. However, they can include 

intermediate folded proteins and even active protein forms596,597. Thus, according 

to previous studies the recovery of biological active proteins from inclusion bodies 

is possible598–600, but its success depends mainly on the isolation, solubilization, and 

refolding methods used601. Overall, less or mild aggressive isolation processes are 

preferable as integrity and protein quality is less altered. Both lysozyme and freeze-

thawing methods have been tested to isolate inclusion bodies and they are 

considered non-harsh processes preserving inclusion bodies integrity602,603. 

However, both techniques are less effective in bacterial wall disruption. Thus, we 

performed a combination of both methods. Then, inclusion bodies were solubilized 

using strong denaturing conditions, 8M urea, which has the advantage of 

solubilizing almost all type of inclusion bodies. In contrast, the use of high urea 

concentration has several disadvantages and it is related with a lower recovery of 

bioactive protein.  Urea can induce carbamylation of amino acids604 and denatures 

folded protein intermediates, which make aggregates more prone during refolding 

step605. Thus, solubilization step will require further optimization by exploring 

different mild-denaturing methods, which overall have greater preservation of folded 

protein intermediates601. Despite using strong denaturing condition, recovery of 

folded and bioactive protein is still possible, as it was demonstrated in previous 

works with OMPs519,527,606. According to Anfinsen’s dogma, protein amino acid 

sequence contain itself the information to fold into its three-dimensional structure 

from denatured state607. Hence, in vitro refolding of denatured proteins can be 

accomplished by gradually removing denaturing agents. The efficiency of protein 

refolding would depend on the solubilization process, the concentration of the 

protein, the refolding buffer and the refolding method chosen. Here, we used a step-

wise dialysis protocol to eliminate urea in the presence of different chemical 

additives to minimize interactions among folding intermediates which may lead to 
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aggregates nucleation. Both, arginine and trehalose are widely used aggregation 

suppressors608–612 and three proteins were found soluble in their presence (Tp0435, 

Tp0750, and Tp0633). However, these two additives were not useful for all proteins. 

Further aggregation suppressors, which were reported to favor refolding, were 

explored, including glutathione redox environment613–615 and mannitol612, without 

any improvement in solubilization during refolding step. Thus, extra optimization 

process is required in order to find a protocol which fit to each protein. This includes 

the evaluation of further additives (e.g. detergents, glycine betaine, proline, glycerol, 

amphipols, glutamic acid, etc.)590,616,617, as well as other refolding techniques, such 

as column-based chromatography methods618,619 which have previously been 

demonstrated effective in membrane protein refolding.  

Given the difficulties associated with inclusion bodies isolation, purification, and 

refolding; we could only move forward with five of the thirteen recombinant OMPs 

while we continue working on the production and purification of the remaining 

OMPs. Tp0751 was purified from soluble fraction, while Tp0155, Tp0435, Tp0750, 

and Tp0633 were obtained from inclusion bodies. Regarding their biological activity, 

recombinant Tp0155, Tp0435, and Tp0750 preserved their adhesion capability to 

different extracellular and plasma proteins, including fibronectin, fibrinogen, and 

laminin. As Cameron et al. described, we found that Tp0155 bound to fibronectin519. 

In addition, we showed that Tp0155 can also react with fibrinogen and weakly with 

laminin. Similarly, Tp0750 bound to laminin, fibronectin and fibrinogen as Houston 

and colleagues reported421. Notably, Tp0435 interacted with all three matrix proteins 

and showed higher affinity against fibrinogen than fibronectin and laminin. 

According to literature, Tp0435 was described to bind to mammalian cell lines523, 

but its adherence to extracellular matrix components has not been reported before. 

Interestingly, Tp0155, and more specially Tp0435 and Tp0750, also bound to BSA. 

Specifically, BSA and human serum albumin (HSA) have a 75.6% sequence 

homology and show similar structure and binding pockets620.  In this sense, Alderete 

and Baseman showed that both rabbit and human albumin adsorbed on the surface 

of TPA577. A host protein coat is a well-known bacteria evasion mechanism390 and 

it supposes an advantage to the pathogen since antigens are masked from immune 

recognition. Although this immune evasion mechanism is controverted in the case 

of TPA390, Tp0155, Tp0435, and Tp0750 may be involved in the HSA adsorption 

observed by Alderete and Baseman. Thus, further investigation is still needed to 
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confirm the role of Tp0155, Tp0435, and Tp0750 as host cell binding protein and 

their role escaping from the immune system. Moreover, we found that Tp0663, 

which was described as a porin-like protein, bound to laminin, fibronectin and 

fibrinogen. According to Blanco et al., recombinant Tp0663 barely formed porin 

insertional events on E.coli surface in comparison to Tromp1 and consequently its 

porin function remains unclear393. Remarkably, an immunization study performed in 

rabbits with Tp0633 showed a comparable decrease of TPA dissemination than 

rabbits immunized with Tp0136, a well-known TPA adhesin516. Thus, our results 

suggest that Tp0663 have adhesin function. Finally, recombinant Tp0751 only 

showed binding to extracellular proteins at high protein concentration. While various 

studies highlighted Tp0751 role in bacterial adhesion and dissemination417,531, 

Luthra and colleagues described Tp0751 as a periplasmic protein which binds small 

molecules like retinol and hemes530. Thus, the low Tp0751 binding capacity found 

in this work could be in accordance with this last study. However, loss of adhesion 

function may be also due to the lack of a correct protein folding and further 

characterization is needed. 

The immunogenicity of the combined recombinant Tp0155, Tp0751, Tp0435, 

Tp0750, and Tp0633 was evaluated in mice. Protein mix was well tolerated since no 

loss of weight was observed among vaccinated mice and control group. In general, 

all OMPs induced homogeneous humoral responses. However, Tp0633 elicited a 

more heterogenous IgG response among mice. Despite that, the antibody kinetic 

was similar among antigens and increased after each immunization without 

immunodominance of any single OMP. Notably, among the second and the third 

booster dose the increment was similar to the one observed between the first and 

second dose, indicating that the antibody response can still be improved with a third 

dose. Moreover, no differences in seroconversion rate or antibody levels were found 

between immunized female and male mice. This is an important finding since 

syphilis is the second most common infectious disease cause of stillbirth621, with 

more than 200000 estimated cases per year and the number of congenital syphilis 

have been rising in the last years (i.e United States and Canada)622,623. Interestingly, 

vaccine-elicited antibodies showed the capacity of blocking the binding of OMPs to 

laminin, fibrinogen, and fibronectin. Moreover, the blocking effect increased with 

each vaccine doses and, in some cases, it was only observed after the third 

immunization. In vitro adhesion interference by vaccine elicited antibodies have not 
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been previously reported for any of the tested recombinant OMPs. However, 

antibody induction has been previously reported after immunization with Tp0155521, 

Tp0435526, Tp0751532 and Tp0633516, and accompanied in some cases by decrease 

in TPA dissemination to distal tissues516,532. Here, we showed inhibition of adhesion 

at protein level using the same recombinant proteins used during vaccination, but 

we do not know how serum anti-OMPs antibodies will behave against TPA. In this 

sense, to confirm the results of the present work, it would be interesting to evaluate 

the in vitro inhibition of TPA attachment by serum, as Ke and colleagues made with 

anti-Tp0136 serum from immunized rabbits415.  

Overall, here we found that Tp0155, Tp0751, Tp0435, Tp0750 and Tp0633 induced 

specific humoral response and can be administrated in combination. Moreover, 

specific antibodies were able to interfere with the binding of this recombinant 

proteins to different matrix and plasma proteins. A third dose regimen induced 

broad potent antibody response over a second dose regimen. Thus, this study 

represents a first approach for a multi-antigen protein vaccine against syphilis. 

Further studies will be required to evaluate its protective role in vivo in an infection 

animal model as rabbits.
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Objective I: To identify the OMPs candidates to be included in the multi-antigen 

vaccine. 

Among thirty-nine syphilis proteins, a total of twelve OMPs were selected to multi-

antigen vaccine development. 

  

Objective II: To express and purify the selected recombinant OMPs. 

Most recombinant OMPs were expressed forming insoluble cellular inclusion bodies 

and were purified by IMAC using denaturant conditions. A common refolding 

protocol was not stablished but a two step-dialysis protocol yield the higher 

recovery of soluble OMPs. 

 

Objective III: To characterize de binding activity of produced OMPs to extracellular 

matrix proteins 

Tp0155, Tp0435, Tp0750, Tp0633 and, to a lesser extent Tp0751 bind to different 

matrix and plasma proteins including laminin, fibrinogen, fibronectin and BSA after 

purification. 

 

Objective IV: To evaluate the immunogenicity of recombinant OMPs in a murine 

model. 

Mice immunized with a combination of Tp0155, Tp0751, Tp0435, Tp0750, and 

Tp0633 in the presence of aluminum hydroxide as adjuvant developed specific 

antibodies against all antigens with similar kinetics. Adittionally, serum from 

immunized animals interfered with the binding of recombinant Tp0155, Tp0435, 

Tp0750, and Tp0633 to laminin, fibrinogen, and fibronectin; and this blocking effect 

correlated with the quantity of specific antibodies against each OMPs, supporting 

antibody involvement.  
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Although vaccines are designed according to each pathogen, there have been 

several common steps during preclinical SARS-CoV-2 and syphilis vaccine 

development. 

 

Objective I: To select and design antigens to be included in the vaccine. 

Vaccine antigens should be selected based on their role in the life cycle of the 

pathogens and their capability for inducing protective immune responses. In 

addition, it is crucial to consider their structure, yield, and purification complexity. 

Whereas for SARS-CoV-2, a single trimeric S glycoprotein confers protection to 

severe disease, a subunit vaccine for bacteria, such as T.pallidum, might need the 

combination of several defined antigens.  

 

Objective II: To produce and purify selected antigens.  

The production platform used will be according to the final properties of the antigen. 

S-stabilizing trimers were produced in mammalian cells to preserve a proper 

glycosylation profile. Moreover, the transmembrane region was replaced by a 

trimerization domain to facilitate the soluble expression of trimeric S protein. In 

contrast, selected T. pallidum antigens were produced in a prokaryotic expression 

system (E.coli BL21 DE3) to mimic their bacteria origin.  

 

Objective III: To characterize the produced antigens. 

After purification, antigens must be characterized in terms of integrity, purity, and 

antigenicity. In addition, functional properties of protein should also be determined. 

Accordingly, SARS-CoV-2 S-variants showed improved yield and RBD exposure, 

which could also improve its immunogenicity. While, binding capability of T.pallidum 

antigens to components of the extracellular matrix was confirmed in vitro after 

purification. 
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Objective IV: To evaluate the immunogenicity of antigens and their efficacy against 

infection in vivo or in vitro. 

The evaluation of immunogenicity and vaccine efficacy should be adapted to each 

pathogen. Specifically, this evaluation should be performed in the appropriate 

animal model. Immunogenicity and efficacy of SARS-CoV-2 vaccine was tested in 

two animal models susceptible to viral infection and the vaccine efficacy was 

evaluated by antibody levels and protection against severe disease. Thus, one S-

variant was identified as promising SARS-CoV-2 vaccine candidate.  

In the case of syphilis vaccine, as first approach, only immunogenicity was tested 

in mice and a functional assay was developed to analyzed the in vitro capability of 

antibodies to block OMP binding to matrix proteins. Our data support to move 

forward the project and to perform efficacy studies in rabbits to determine vaccine 

protection. 
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