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I. Index of Abbreviations 

%   percent  

°C   degree celsius  

× g   times gravity  

µ  micro  

AAS   atomic absorption spectroscopy 

ADCC  antibody-dependent cellular cytotoxicity  

AGHC  aminoguanidine hydrochloride 
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CD4bs  CD4 binding site  

CDRH  complementarity determining region of antibody heavy chains  
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CLSM  confocal laser scanning microscopy 

CoV-2  coronavirus type 2 

COVID-19 coronavirus disease 2019 

CpG  cytosine/guanine-dinucleotide 

CT  computer tomography 
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CTL  cytotoxic T-lymphocyte  

CXCR4  C-X-C chemokine receptor type 4  

Cy7   Sulfo-Cyanine 7  

Da   dalton  

DC   dendritic cell  

DMEM  Dulbecco’s modified eagle medium  

DMSO  dimethylsulfoxide  

DNA   desoxyribonucleic acid  

DPBS  Dulbecco’s phosphate-buffered saline 

E. coli  Escherichia coli  

ECL   enhanced chemiluminescence  

EDC  1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

EDTA  ethylenediaminetetraacetic acid  

EGTA  ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid 

ELISA  enzyme-linked immunosorbent assay  

EM  electron microscopy 

Env   envelope glycoprotein 

et al.   and others (et alii)  

EU  endotoxin units 

FACS  fluorescence-activated cell sorting  

Fc   fragment crystallizable  

FCS   fetal calf serum  

FcγR   Fc gamma receptor  

FELASA  Federation of European Laboratory Animal Science Association 

FGE  formylglycine-generating enzyme 

Fgly  formylglycine 

FITC   fluorescein isothiocyanate  

FMe  Freestyle™ 293 Expression Medium 

FRET  fluorescence resonance energy transfer 

FV  friend virus 

g   gram  

Gag  group-specific antigen 

GMP  good manufacturing practice 

GNL  Galanthus Nivalis lectin 
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gp  glycoprotein 

gp41ecto gp41 ectodomain 

GSL  gel-shift linker 

h   hour  

H2O   water  

H2O2   hydrogen peroxide  

HA   hemagglutinin  

HAART  highly active antiretroviral therapy  

hACE2 human angiotensin-converting enzyme 2 

HBsAg Hepatitis B virus surface antigen 

HBV   Hepatitis B virus  

hCMV  human cytomegalovirus 

HEK   human embryonic kidney  

HEL  hen egg lysozyme 

HeLa  Henrietta Lacks 

HEPES  4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid  

Hgpsyn synthetic HIV-1 GagPol 

His8  8x poly-Histidin-tag 

HIV   human immunodeficiency virus  

HPV   human papilloma virus 

HRP   horseradish peroxidase  

i.m.   intramuscular  

ICS   intracellular cytokine staining  

IFN   interferon  

Ig   immunoglobulin  

IL   interleukin  

ISH   intrastructural help  

IAV   influenza A virus  

JAK  janus kinase 

k   kilo  

kb  kilobase 

KO   knockout  

L   liter  

LB   lysogeny broth  
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lnkr-Env linker-bound Env trimer 

log  logarithm 

LPS  lipopolysaccharide 

m   milli  

m   meter  

M   molar  

MFI  median fluorescence intensity 

MHC   major histocompatibility complex  

MID  minimum infective dose 

min   minute  

MOPS  3-(N-morpholino)propanesulfonic acid  

MPER  membrane proximal external region 

MPLA  3-O-desacyl-4′-monophosphoryl lipid A  

MPS  (3-mercaptopropyl)trimethoxysilane 

mRNA  messenger ribonucleic acid 

MS  mass spectrometry 

m/z  mass-to-charge ratio 

n   nano  

NaOAc  sodium acetate  

NaCl   sodium chloride  

NaOH  sodium hydroxide  

Nef  negative factor 

NF-κB  nuclear factor kappa-light-chain-enhancer of activated B cells  

NFL  native flexibly-linked 

NHP   non-human primate  

NHR  N-terminal helical region 

Ni  nickel 

NIR  near-infrared spectroscopy 

NP   nanoparticle 

NTA  nitrilotriacetic acid 

oCaPs orthogonally coupled calcium phosphate nanoparticles 

OD  optical density 

ORF  open reading frame 

p30  Tetanus Toxoid-derived peptide 30 
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PAGE  polyacrylamide gel electrophoresis  

PBS   phosphate-buffered saline  

PBS/O phosphate-buffered saline without bivalent cations 

PCR   polymerase chain reaction  

PdI  polydispersity index 

PE   phycoerythrin  

PEG  pegylation 

PEI   polyethylenimine  

PET  positron emission tomography 

PFA   paraformaldehyde  

PNGase F Peptide:N-glycosidase F 

Pol  polymerase 

PrEP  pre-exposure prophylaxis 
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Ref  reference 
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RNA  ribonucleic acid 
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RSV   Respiratory syncytial virus  

RT   room temperature  

RT   reverse transcriptase  

s  second 

SARS  severe acute respiratory syndrome 

SAsc  sodium ascorbate 

SDS   sodium dodecyl sulfate  

SEM   standard error of mean  

SEM  scanning electron microscopy 

SIV   simian immunodeficiency virus  

SMCC  succinimidyl-trans-4-(N-maleimidomethyl)cyclohexane-1-carboxylate 

SOS  sulphur-on-sulphur 

SOSIP sulphur-on-sulphur with I559P 

STAT  signal transducers and activators of transcription 
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TEM  transmission electron microscopy 
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Th   T helper  
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IV. Summary 

Synthetic nanoparticles functionalized with stabilized trimers of the HIV-1 envelope 

glycoprotein (Env) have become a major focus in AIDS vaccine research. The 

additional incorporation of T helper cell epitopes into such nanoparticles might 

recruit pre-existing CD4+ T cell responses induced by childhood vaccinations to 

provide intrastructural help (ISH) for Env-specific B cells upon immunization. In this 

study, calcium phosphate nanoparticles (CaPs), that encapsulate an 

immunodominant Tetanus Toxoid epitope (p30) and display Env trimers on the 

surface (T helper CaPs), were evaluated in preclinical vaccine trials. T helper CaPs 

induced the activation of Env-specific naïve B cells in vitro, which was not observed 

with soluble Env trimers. Immunization with T helper CaPs resulted in significantly 

stronger Env-specific humoral immune responses via ISH in mice that were 

immunized in advance with a licensed Tetanus vaccine. The magnitude of anti-Env 

antibody levels in ISH mice was comparable to a control group immunized with 

CpG-adjuvanted CaPs. In contrast to CpG, the induction of immune mechanisms 

suspected to increase the susceptibility for HIV infection was bypassed by 

harnessing ISH. Having provided evidence that the utilization of T helper CaPs 

resulted in versatile, immunomodulatory features, the nanoparticle design was 

improved by an orthogonal Env coupling mechanism (oCaPs). To this end, a 

genetically encoded aldehyde-tag (LCTPSR) was introduced at the C-terminus of 

native-like, soluble Env trimers. The tag-associated cysteine is post-translationally 

converted into a formylglycine harboring an aldehyde group, which was confirmed 

by mass spectrometry. This aldehyde was used for covalent bioconjugation with an 

aminooxy/alkyne-crosslinker. Linker-bound Env trimers (lnkr-Env) were then 

immobilized on the CaP surface via a Click reaction. Reporter assays based on 

fluorescent gel analysis and CLSM proved that the Env conjugation was highly 

aldehyde-specific and efficient. Most importantly, conformational ELISA and 

surface FACS analyses indicated that the pre-fusion conformation is preserved. 

oCaPs induced stronger B cell activation in vitro and higher Env-specific antibody 

levels in vivo than randomly coupled CaPs. Taken together, this study established 

a nanoparticle delivery platform for future immunomodulatory vaccine approaches 

and diagnostic applications in the context of various pathogens.  
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V. Zusammenfassung 

Ein neuer Schwerpunkt der HIV Impfstoffforschung sind synthetische Nanopartikel, 

die mit optimierten Trimeren des Oberflächenproteins (Env) gekoppelt wurden. Der 

zusätzliche Einschluss von T-Helferzell-Epitopen aus humanen Impfstoffen in 

solche Nanopartikel macht es möglich, bestehende CD4+ T-Zellen zu rekrutieren, 

damit diese intrastrukturelle Hilfe (ISH) für Env-spezifische B-Zellen nach der 

Partikelimpfung leisten. In dieser Studie wurde die Eignung von T-Helfer-

Calciumphosphat-Nanopartikeln (T-Helfer CaPs), die ein immunodominantes 

Tetanus-Toxoid-Epitop (p30) im Inneren und Env-Trimere auf der Oberfläche 

enthalten, funktionell und durch präklinische Immunisierungen untersucht. 

Verglichen mit löslichen Env-Trimeren konnten T-Helfer CaPs die Aktivierung Env-

spezifischer, naiver B-Zellen in vitro induzieren. Immunisierungen mit T-Helfer 

CaPs führten zu signifikant erhöhten humoralen Immunantworten durch ISH in 

Mäusen, die zuvor mit einem lizensierten Tetanusimpfstoff immunisiert wurden. Die 

Env-Antikörperbildung in ISH-Mäusen war vergleichbar stark wie in Tieren, welche 

CpG-adjuvantierte CaPs erhielten. Im Gegensatz zu CpG wurden durch ISH keine 

Immunmechanismen induziert, die mit erhöhtem HIV-Infektionsrisiko in Verbindung 

gebracht werden. Infolge dieser vielversprechenden Ergebnisse wurde die 

Nanopartikelherstellung durch eine orthogonale Env-Kopplung optimiert (oCaPs). 

Dazu wurde ein Aldehyd-Tag (LCTPSR) an den C-Terminus eines Env-Proteins 

kloniert, das sich zu stabilen Trimeren zusammenlagert. Das Tag-interne Cystein 

wird nach der Translation in ein Formylglycin mit einer Aldehydgruppe konvertiert. 

Dies wurde mittels Massenspektrometrie bestätigt. Nach kovalenter Oxim-Ligation 

der Aldehydgruppe mit einem aminooxy/alkin-Linker, wurde Linker-gebundenes 

Env in Folge durch eine Click-Reaktion auf der Oberfläche von CaPs immobilisiert. 

SDS-PAGE-basierte Analysen und CLSM sowie konformationelle ELISAs und 

Oberflächen-FACS zeigten, dass der Vorgang spezifisch und effizient verläuft und 

die Env-Konformation erhalten bleibt. Verglichen mit unspezifisch gekoppelten 

CaPs, führten oCaPs zu besserer B-Zell-Aktivierung in vitro und erhöhten Env-

Antikörperspiegeln in vivo. Zusammenfassend zeigt diese Studie die Etablierung 

einer Nanopartikelplattform für zukünftige Impfstoffstudien und diagnostische 

Anwendungen mit Bezug auf verschiedenste pathogene Erreger. 
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1. Introduction 

1.1. HIV-1 / AIDS  

1.1.1. The ongoing HIV-1 pandemic 

The current social, economic and healthcare challenges caused by the 

worldwide spread of SARS-CoV-2 and related cases of COVID-19 overshadow the 

fact that the preceding HIV-1 pandemic has not been completely resolved yet 1,2. In 

1983, after years of alarmingly emerging cases of immunodeficiency in previously 

healthy people, the causative agent HIV-1, a lentivirus derived from the Retroviridae 

family, was isolated and identified 3–5. Current data indicate, that HIV-1 originated 

from the simian immunodeficiency virus (SIV) of chimpanzees and adapted to 

humans via cross-species transmission in the first decades of the 20th century in 

central Africa 6,7. The virus then became endemic in the sub-saharan African 

continent and caused an unrecognized epidemic on Haiti in the middle of the 

century. In the 1970s, HIV-1 finally spread to the American and European continent 

predominantly circulating among risk groups in larger cities 8. The manifestation of 

HIV-1 prevalence in the former Soviet states and China after the fall of the Iron 

Curtain as well as in Southeast Asia, Australia and New Zealand in the 1990s 

ultimately sealed the worldwide spread of HIV-1 and AIDS-related deaths 9. 

According to calculations by UNAIDS, approximately 38.4 million people are 

currently living with an HIV-1 infection. Another 40.1 million patients have already 

died of AIDS-related opportunistic diseases since the beginning of the pandemic 10. 

At least, in contrast to respiratory pathogens (Influenza A, SARS-CoV-2) quickly 

spreading via aerosols, HIV-1 transmission via blood, breastmilk or sexual 

intercourse in combination with a high minimum infective dose (MID) are the main 

reasons for a moderate pandemic progression 11,12.  

1.1.2. The HIV-1 envelope glycoprotein 

HIV-1 is a lipid bilayer-enveloped virus with a single-stranded, positive-sense 

RNA genome that is encapsulated in a conical capsid 13. Beside smaller open 

reading frames for several accessory proteins (Vif, Vpr, Tat, Vpu, Rev, Nef), the 

genome is largely comprised of three genes that encode for precursor proteins, 
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which are further processed during translation and form the major proteinaceous 

parts of the virion: pol (viral enzymes), gag ([nucleo]capsid) and env (surface 

glycoprotein) 14. Whereas Gag-derived proteins are inducing cytotoxic (CD8+) and 

helper (CD4+) T cell responses upon infection, the envelope glycoprotein Env is 

the major target of humoral B cell-associated immune responses, since it is the sole 

protein present on the virion bilayer surface 15–17. Env is a complex heterohexameric 

membrane protein based on the gp160 precursor protein, which is cleaved by the 

endogenous Furin protease at the REKR motif into gp120 and gp41 subunits 18. It 

is comprised of three gp120-gp41 dimers that form a trimer. Notably, both the 

interactions between gp120 and gp41 as well as between the protomers are non-

covalent 19. 10 – 20 Env trimers are present on the surface of native HIV-1 virions 

20. gp41 and gp120 can be subdivided into various domains with distinct functions. 

gp41 consists of a C-terminal intracellular and transmembrane domain that embed 

the trimer complexes into the lipid bilayer and possibly interact with the viral matrix 

(p17) protein 21,22. The ectodomain of gp41 consists of the membrane proximal 

external region (MPER) as well as two upstream-located alpha helices (CHR, NHR) 

and the N-terminal fusion peptide 23. The gp120 subunit is subdivided into five 

alternating constant and variable domains (C1-C5, V1-V5 24) with the latter being 

the main loci of evolutionary selective pressure leading to quasispecies formation 

and immune evasion 25,26. With exception of the co-receptor binding site, which is 

a linear amino acid sequence in the V3 region, most of the functional epitopes and 

domains within gp120 are non-linear and, thus, formed by the specific folding of the 

tertiary and quaternary structures. Two of these non-linear domains are the CD4 

binding site (CD4bs) and the trimer apex 22. Additionally, having more than twenty 

NXS/NXT motifs within the amino acid sequence, gp120 is heavily glycosylated with 

both N-linked oligosaccharide and high-mannose glycans 27. The dense glycan 

shield is a major obstacle for proper antibody binding to Env and, therefore, another 

immune evasion mechanism 28,29.  

CD4, expressed on T helper cells, monocytes, macrophages and dendritic 

cells, is the primary receptor of HIV 30–32. The entry process of the virus is a complex 

synergy of conformational changes of both viral and cellular proteins 33. The binding 

to CD4 via various amino acid residues of the non-linear CD4bs triggers the open 

trimer conformation, during which the gp120 subunits of the heterodimers fold back 

and expose formerly hidden epitopes from the trimer core, such as the co-receptor 
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binding site 34 22. A bond between this epitope and cellular CCR5 or CXCR4 finally 

forms the Env fusion complex 35 36. Here, the N-terminal fusion peptide of gp41 

inserts into the host cell membrane and a six-helix bundle composed of the alpha-

helices of the three gp41 subunits finally pulls the viral and cell membranes together 

resulting in the fusion of virus and cell as well as in the release of HIV-1 structural 

proteins, viral enzymes and genome into the host cell 37.  

Recent FRET analyses propose that, even without receptor binding and cell 

fusion, native Env trimers on the HIV surface dynamically transition between three 

conformational states: low-FRET, intermediate and high-FRET. Hereby, the low-

FRET state resembles the closed pre-fusion conformation 38,39. The higher FRET 

states reflect a partially opened trimer, since these states can be stabilized by 

soluble CD4 and co-receptor mimetics 40.  

1.1.2.1. Immune evasion mediated by Env 

The incapability of a majority of HIV-infected patients to effectively control 

and neutralize the virus is based on an array of immune evasion features related to 

Env. i) The non-covalent association of Env subunits may result in a spontaneous 

shedding of gp120 domains resulting in dysfunctional “junk” Env on the virion 

surface. These gp41 stems with a reduced number of associated gp120 subunits 

may impede the binding of previously established humoral immune responses that 

are directed against conformational epitopes on functional trimers 41,42. ii) The 

dense glycosylation of Env hinders antibody binding to proteinaceous epitopes 

below the glycan shield 28. The length of the third complementarity-determining 

regions of the immunoglobulin heavy chains (CDRH3) plays a crucial role in the 

generation of neutralizing antibody responses against HIV. The CDRH3 lengths 

vary heavily within the B cell receptor repertoire of one individual and between 

different species (human average: 15.5 ± 3.2 aa / murine average: 11.5 ± 1.9 aa) 

43. Therefore, mice are not suitable for preclinical HIV neutralization studies, that 

are mainly performed in rabbits or non-human primates 44. iii) The error-prone viral 

reverse transcriptase (RT) is responsible for the generation of HIV quasispecies in 

infected individuals 25. The diversity of HIV species in single long-term patients can 

be much greater than the worldwide occurring influenza-A strains 45. Especially 

mutations in the V1 – V5 regions of gp120 are under low selection pressure 

resulting in immune escape variants of Env 46. iv) Lastly, the constant transitioning 



  Introduction 

16 
 

of native Env trimers between different conformational states hinders the humoral 

immune response to focus on neutralizing epitopes of the closed pre-fusion state 

47. Especially the (partially) open conformation displays immunodominant epitopes 

that drive non-neutralizing antibody responses 46,48. 

1.1.2.2. Native-like, soluble forms of Env trimers 

Both live-attenuated vaccines as well as inactivated virus vaccines are 

unsuitable for application in the context of HIV due to safety concerns 49,50. Another 

category are subunit vaccines containing soluble components of the viral surface 

antigen. For many years, an obstacle in the generation of proteinaceous Env 

vaccine candidates that may induce neutralization was the fragile conformational 

integrity of Env with truncated transmembrane domains (TMs) due to the non-

covalent inter-subunit interactions resulting in quick dissociation of the soluble 

trimers 42. Therefore, during the last two decades, much effort has been put into the 

generation of stabilized, soluble recombinant Env trimers that retain a native-like, 

pre-fusion conformation. The introduction of two recombinant cysteines (A501C, 

T605C) in gp120 and the gp41 ectodomain, respectively, induced the formation of 

recombinant disulfide bonds between these subunits (sulphur-on-sulphur, SOS) 

51,52. This covalent interaction highly reduced the likelihood of gp120 shedding 

under non-reducing environmental conditions. Additionally, another point mutation 

was inserted in the NHR helix of gp41 (I559P, IP) strengthening the inter-gp41 

interactions about 1000-fold 53. The truncation of Env constructs with these SOSIP 

mutations at amino acid position 664 directly upstream of MPER finally resulted in 

vectors coding for fully-cleaved, stabilized soluble gp140 Env trimers, which were 

proven to maintain a native-like conformation by staining with trimer-specific 

monoclonal antibodies (Fig. 1 A-C) 54,55. This concept was established in Env 

derived from the Ghanaian transmitted/founder strain BG505.B1 (BG505 gp140 

SOSIP.664) 56. However, the SOSIP mutations can be applied to other Env proteins 

of multiple HIV-1 strains with comparable stabilization results 57. One limiting factor 

of this recombinant design is the need for Furin protease overexpression during 

translation in order to guarantee thorough cleavage of the SOSIP gp140 proteins 

at the REKR cleavage site 18. While one solution was to optimize the cleavage site 

itself (RRRRRR, R6) 58, another approach persued the dispensability of cleavage 

by replacing the cleavage site with a flexible linker (2xG4S), thus creating covalent 
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linkage between gp120 and gp41ecto (Fig. 1 D-E) without the need for the 

recombinant disulfide bridge. The production of these native-like, flexibly linked 

(NFL) SOSIP constructs does not require the presence of Furin at all 59,60. Further 

optional modifications of the SOSIP design include the replacement of the NHR 

helix by a so-called UFO linker (uncleaved pre-fusion optimized) and the forced 

fixation of the closed conformation by connecting the gp120 subunits at the trimer 

apex with chemical crosslinkers 41,61.  

Up to this date, several preclinical studies demonstrated the induction of tier-

1 as well as tier-2 neutralizing antibody responses in guinea pigs, rabbits and non-

human primates upon SOSIP protein immunization. However, despite 

adjuvantation, most of the stabilized Env constructs were poorly immunogenic and 

failed to induce long-lasting humoral immune responses 44,62,63. In 2019, a phase-1 

clinical study involving a consensus-M SOSIP (MSIP.528) and a consensus-S UFO 

gp140 (conSOSL.UFO.664) adjuvanted with MPLA-containing liposomes has 

started in London. This study had to be paused, however, due to the pandemic 

outbreak of SARS-CoV-2, so that the results remain largely elusive (EAVI2020_01; 

NCT03816137). 

1.1.2.3. Recombinant, membrane-embedded forms of Env 

As stated above, an average number of 14 Env spikes is present on the 

surface of native HIV virions 20.  Roughly 20 years ago, the production of lentiviral 

virus-like particles (VLPs) by co-transfection of producer cells with plasmids 

encoding for Env and a codon-optimized GagPol (Hgpsyn 64) was one of the most 

promising vaccine design approaches 65–68. However, using full-length gp160 for 

Env expression resulted in VLPs with a comparably low number of Env spikes on 

the surface 69–71. Interestingly, truncation of the intracellular domain of Env (gp145) 

leads to a higher expression in producer cells and improved quantity of Env trimers 

on the surface of VLPs 71. Recently, a membrane-embedded form of a stabilized, 

native-like conS trimer including a UFO linker was optimized for producer cell 

expression via truncation of the intracellular domain 61. Another common way to 

improve the expression of antigens on the surface of VLPs is to fuse them with the 

transmembrane and intracellular domain of the surface protein G from Vesicular 

Stomatitis Virus (VSV-G) 72,73. This modification has been done with surface 

proteins derived from multiple pathogens, such as hCMV and SARS-CoV-2 74,75. 
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Figure 1) Native-like soluble Env trimers 

(A) Introduction of SOSIP mutations. Based on a full-length gp160 ORF, i) the REKR cleavage site 

was replaced by R6, ii) two recombinant cysteines were introduced (A501C, T605C), iii) a glycan 

site was added (T332N), iv) a stabilizing point mutation was introduced (I559P), and v) the construct 

was truncated at aa 664 (gp140). (B) Cryo-EM of BG505 SOSIP gp140 (side view). Apex (purple), 

co-receptor binding site (green), gp120 interface (light blue) and gp41 ectodomain (yellow) are 

outlined. (C) Cryo-EM (top view) and TEM of BG505 SOSIP gp140. Propeller-like structures in the 

top view indicate the pre-fusion conformation of Env trimers. (D) High-resolution crystal structure of 

BG505 SOSIP NFL gp140. A flexible glycine/serine linker (2xG4S; blue) covalently connects the 

gp120 C-terminus (red) with the gp41 N-terminus (pink). (E) Design of BG505 NFL gp140 (Env-

His8). Based on a full-length gp160 ORF, i) the REKR cleavage site was replaced by a flexible linker 

(2xG4S), ii) T332N was introduced for a recombinant glycan-site, iii) I559P was mutated for trimeric 

stabilization, iv) the construct was truncated at aa 664 and v) another linker (1xG4S) as well as an 

8x His-tag were introduced at the C-terminus. All images modified from Sharma et al. (2015), 

Lyumkis et al. (2013) and Sanders et al. (2013) 28,55,76. 
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For this study, the transmembrane and intracellular domain of the VSV-G 

protein (G/TMCD) were introduced to the C-terminus of a native-like, flexibly-linked 

BG505 trimer (pBG505-gp140-G/TMCD) to elicit lentiviral VLPs for control groups. 

1.1.3. HIV-1 related treatment, prevention and vaccine trials 

The main characteristic of untreated HIV-1 infections is the constant 

depletion of CD4+ cells, while the viral RNA in the patient’s plasma is steadily 

increasing 77. In order to counteract this progression, highly-active antiretroviral 

therapy (HAART) is commonly applied worldwide. This therapy includes a flexible 

combination of substances that block specific steps in the viral replication cycle 

(fusion inhibitors, integrase inhibitors, etc.). On a positive side note, the viral load in 

HAART-treated patients usually drops to a degree that renders the patient non-

infectious for other persons, which may be beneficial for a containment of the HIV-

1 pandemic in the future 78. However, HAART still comes with high costs of therapy 

and, thus, is not fully available for the whole population in developing countries 4. 

Beside conventional prevention strategies like the usage of condoms during sexual 

intercourse, a pre-exposure prophylaxis (PrEP) became available for daily oral 

administration in recent years 79. This may further help to decrease the incidence 

in industrialized countries 80. Nevertheless, constant administration is necessary to 

maintain protection. A prophylactic vaccine would yet be the most cost-effective 

way to prevent people worldwide, but especially in developing countries, from HIV-

1 infection. A number of clinical HIV-1 vaccine trials have been performed in the 

course of the last 20 years. In short, all of these trials failed to induce sufficiently 

protective immune responses 81. On the contrary, one trial even increased the 

probability for HIV-1 infection in the vaccine group compared to the placebo group 

82. However, so far, all of these phase-3 trials contained either soluble or vector-

encoded, non-stabilized HIV-1 envelope glycoproteins 83,84. Future clinical trials 

including conformation-optimized Env trimers, nanoparticle delivery platforms 

and/or immunomodulatory strategies may be more beneficial for the elicitation of a 

protective immune response. 
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1.2. Nanoparticles for clinical use 

Synthetic nanoparticle delivery platforms have great potential for usage in 

clinical vaccine or therapeutic applications and received steadily increasing 

attention in biomedical research in the course of the last two decades 85. While 

immunizations with conventional vaccines such as attenuated or inactivated viruses 

and viral protein subunits greatly diminished the spread of a multitude of pathogens 

and even contributed decisively to the eradication of some viruses (smallpox + 

poliovirus type 2 and 3) among the population, newly emerging viruses as well as 

pathogens with elaborate immune escape mechanisms and latency raise the need 

for modern, customizable and multifunctional vaccine candidates 86. Early 

precursors and blueprints for synthetic nanoparticles are VLPs, particulate 

structures that mimic the parental viruses and are typically expressed by eukaryotic 

producer cells or bacteria upon transfection or transformation, respectively (Fig. 2 

A-B) 87. VLP-based vaccines that are based on proteinaceous capsids are already 

available for clinical use, i.e. as prophylactic vaccines against Hepatitis B (HBV) or 

human papilloma virus (HPV) 88. However, VLPs derived from enveloped viruses, 

i.e. lentiviral VLPs, are difficult to meet the criteria for clinical administration due to 

the presence of producer cell-derived (self) antigens in the lipid bilayer membrane 

and the uncontrollable quantity of the antigen of interest displayed on the surface 

89,90.  

Synthetic nanoparticles are commonly characterized by a size smaller than 

300 nm in diameter and a spherical morphology (Fig. 2 C-D) 91. They usually have 

a customizable, rational design and can be organic (liposomes, lipid nanoparticles) 

or inorganic (gold, silica, iron oxide or calcium phosphate nanoparticles) 92–94. 

Another class, polymer-based nanoparticles, is not covered in this study 95. While 

the size of most types of nanoparticles ranges between 100 nm and 300 nm, iron 

oxide and gold nanoparticles in particular are scalable down to 5 nm in diameter 96. 

Nevertheless, nanoparticles have sizes that are equal to viral pathogens and way 

smaller than immune cells such as macrophages, dendritic cells, B and T cells, 

which typically have diameters in the lower micrometer range. These proportions 

allow for an uptake by immune cells via endocytosis, phagocytosis or 

macropinocytosis 97,98. The size, zetapotential and composition of nanoparticles 

may influence the rate of cellular uptake and the fate within the cells 99. Regarding 
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in vivo immunization settings, nanoparticles smaller than 200 nm easily enter the 

lymphatic vessels and reach draining lymph nodes and/or the spleen 100.  

Nanoparticles may have a solid (gold, iron oxide) or a hollow, aqueous core 

(liposomes). Particularly, the latter constitution enables the mimicking of viral 

structures. For some particulate platforms, i.e. calcium phosphate nanoparticles, it 

is even possible to generate multi-shell particles with the possibility to encapsulate 

biomolecules within each layer 101. The encapsulation of bioactive substances in 

the core of nanoparticles is one of the most important features for customized and 

scalable delivery of drugs and bioactive substances 102. While the distribution of 

free substances in tissue or blood after injection is unpredictable and uncontrolled, 

hollow nanoparticles are transporters of various biomolecules (i.e. adjuvants, 

peptides, DNAs) in a defined amount 103. Moreover, biomolecules are protected 

from degradation by nucleases or proteases via incorporation into nanoparticles 102. 

One way of compensating the generally low immunogenicity of synthetic 

nanoparticles is the encapsulation of adjuvants or immunostimulatory agents such 

as TLR ligands 104. 

Another key feature of synthetic nanoparticles is the possibility to 

functionalize the surface with biomolecules. The two main objectives in this regard 

are i) targeting and ii) induction of immune responses 105. i) The surface-

immobilization of antibodies specific for membrane-embedded cell marker 

molecules enables the targeting of specific immune cells 101,106. In the same way, 

functionalization of nanoparticles with ligand molecules may guide them to cells 

displaying the correspondent receptor molecules 107. The nanoparticulate 

encapsulation of bioactive substances in combination with a targeting surface 

functionalization enables to transfer and introduce specific cargo to desired immune 

cell destinations 108. ii) A multitude of studies gave the indication that the 

presentation of a dense array of repetitive antigens strongly increases the 

immunogenicity and humoral immune responses, probably via an improved 

recognition by the B cell receptors (BCRs) of antigen-specific B cells 109,110. For 

inorganic nanoparticles it is rather easy to equip the nanoparticle surface with 

chemical groups that can be harnessed for chemical coupling with required 

antigens, antibodies, peptides or polysaccharides. Terminal thiol or carboxy groups 

in particular can be used for sulfo-SMCC- or EDC/Sulfo-NHS-mediated, unspecific 
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coupling via primary amines on the target molecule 101,111. In order to introduce 

reactive groups on the surface of organic nanoparticles, phospholipids with 

specialized head groups need to be included in the nanoparticle composition 112. 

The optimal coupling of nanoparticles with antigens is an ongoing subject of current 

research and a main feature of this study. 

Synthetic nanoparticles are well-tolerated in vivo, since their composition is 

mainly based on physiological substances, that are naturally occurring in 

mammalian organisms. Organic nanoparticles are composed of cholesterol, 

phospho- and sphingolipids that are part of plasma cell membranes 94,113. The 

majority of inorganic nanoparticles is biodegradable, which means that their 

structural components are sensitive for acidic environment (i.e. calcium phosphate) 

and dissolve in the cells’ lysosomes 114. Nevertheless, non-biodegradable 

nanoparticles, especially gold nanoparticles, are well-established for biomedical 

applications, especially in the fields of tumor thermotherapy and as a contrast agent 

115,116. In this regard, modern research approaches regarding iron oxide 

nanoparticles coupled with anti-tumor agents utilize their magnetic ability to steer 

them through the blood stream directly to the site of cancer after intravenous 

injection 117.  

Taken together, the size, composition, charge, cargo and specificity of 

nanoparticles can be controlled in a customizable way. Nanoparticles are efficient 

in the induction of immune responses and the targeting of immune cells for 

immunomodulatory treatments. While conventional vaccines greatly contributed to 

the containment or eradication of a broad spectrum of pathogens in the 19th and 

20th century, nanoparticle-based vaccines and therapeutics are highly promising to 

dominate and change biomedical applications in the 21th century. The best current 

example is the encapsulation of SARS-CoV-2 S-antigen-encoding mRNA into lipid 

nanoparticles as the main component of the first licensed vaccines administered in 

humans to contain the pandemic spread of SARS-CoV-2 118.   

 



  Introduction 

23 
 

 

Figure 2) Schematic representation of different nanoparticles 

(A) Native HIV-1 virion. Structural subunits are outlined and described. Importantly, the combination 

of both the presence of viral genomic RNA copies in the capsid core and fusion-competent Env 

trimers on the surface render these virions infectious. Unlike this image conveys, there is only an 

average of 14 Env trimers present on the viral surface. Adapted from niaid.nih.gov. (B) T helper 

VLP. The Env trimers are membrane-embedded and fusion-incompetent. No viral genome is present 

in the capsid. Due to expression in cells and budding, producer cell-derived proteins are included in 

the lipid membrane. Introduction of sequences coding for heterologous T helper epitopes in the 

GagPol ORF results in the incorporation of peptides for intrastructural help. (C) CaP. The inorganic 

nanoparticle is composed of calcium phosphate, polyethylenimine and silicon dioxide functionalized 

with terminal azide groups as prerequisite for site-specific coupling reactions (CaP/PEI/SiO2-N3). 

Adapted from Rojas-Sánchez et al. (2018) 119. (D) Liposome. Fusion-incompetent native-like Env 

trimers with a C-terminal Histidin-tag are non-covalently conjugated to the liposomal surface via 

interactions with Ni-NTA-terminated phospholipids. Modified from Ingale et al. (2016) 120. 

1.2.1. Composition and application of calcium phosphate 
nanoparticles 

Inorganic CaPs are highly biodegradable and biocompatible, since their key 

component, calcium phosphate, is also part of human bone and teeth and dissolves 

in the presence of acidic environment i.e. in lysosomal compartments of target cells 

121. While the syntheses and applications of CaPs are versatile, the key features 

that are relevant for this study are predominantly listed in the following. The CaPs 
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used in this study have a spherical structure composed of calcium phosphate, 

polyethylenimine (PEI) and silicon dioxide (CaP/PEI/SiO2) functionalized with 

terminal thiol or azide groups, which was established by Kozlova et al. and Rojas-

Sánchez et al. 101,119. They are produced by stepwise precipitation from aqueous 

solution with the possibility to incorporate biological compounds such as peptides 

or adjuvants in each step 122,123. This method further enables to generate multi-shell 

nanoparticles that effectively protect the encapsulated cargo against degradation 

124. By incorporation of PEI, being a cationic polymer, the CaPs have a positive 

zetapotential, which stabilizes them in aqueous dispersions and prevents from 

aggregation via ionic repulsion. Furthermore, a positive zetapotential is favorable 

for the uptake by both the HeLa cell line and immune cells 99,114. CaPs are well-

characterized, effective tools for the induction and modulation of immune 

responses. Zilker et al. evaluated the effect of CaPs incorporating different TLR 

ligands and displaying the model antigen hen egg lysozyme (HEL) on the humoral 

immune response. As the main result, the intramuscular injection route as well as 

encapsulation of TLR9 ligand CpG induced the highest levels of anti-HEL 

antibodies in mice 104. Furthermore, even non-adjuvanted HEL-CaPs were able to 

induce significantly higher antibody levels compared to a mixture of CaPs and 

soluble HEL, probably because antigen-specific B cells are more likely to be 

activated by BCR-crosslinking when the antigen is displayed in repetitive structures 

as shown by Temchura et al. in vitro 125. CpG-CaPs that were coupled with the 

influenza A virus surface antigen hemagglutinin (HA) resulted in the activation of 

dendritic cells (DCs) and upregulation of co-stimulatory MHC-II molecules by DCs 

in vitro as well as a strong T cell-mediated protection against influenza by induction 

of high numbers of IFN-γ-producing CD4+ and CD8+  T cells 103,126,127. In the 

context of retroviral infections, mice were immunized with CpG-CaPs that were 

functionalized with T cell epitopes of Friend virus (FV). These nanoparticles induced 

and reactivated FV-specific effector T cells that significantly reduced viral loads in 

the vaccinees 128. Beside the induction of immune responses, CaPs were used in 

the past for targeting and transfection. A study combining both was conducted by 

Kozlova et al. 101. Here, the incorporation of DNA molecules resulted in strong 

expression rates of the encoded fluorescent protein after CaP-transfection of HeLa 

cells. Furthermore, functionalization of these CaPs with CD11c antibodies resulted 

in the specific targeting of murine CD11c+ dendritic cells. The incorporation of 
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plasmids coding for the surface glycoprotein of Hepatitis B virus (pHBsAg) into 

CaPs and immunization of mice with these nanoparticles resulted in the expression 

of the protein in vivo as well as in the induction of T and B cell-mediated immune 

responses against Hepatitis B 129. While the conjugation of biomolecules to the 

surface of CaPs was mainly done in an unspecific manner via electrostatic 

adsorption or covalently via terminal thiol groups in earlier publications, Rojas-

Sánchez et al. established the quantitative functionalization with terminal azide 

groups that allow a site-specific coupling via Click chemistry (CaP/PEI/SiO2-N3) 

119,130.  

Endocytosis and phagocytosis are the most prominent uptake routes for 

CaPs into cells and are influenced by size and zetapotential 131. The fate of CaPs 

within the cells was extensively studied via CLSM and FACS using fluorescent 

nanoparticles. Especially in HeLa cell models, co-localizations with the cells’ 

endolysosomes indicate that the CaPs are dissolved in these compartments and 

the cargo is released within the cells 119,132,133. NIR fluorescence imaging and PET-

CT allow to trace fluorescent or isotope-labeled CaP distribution routes in vivo. 

Intravenously injected CaPs are mostly found in lung, liver and spleen, while 

intramuscularly or intratumorally administered CaPs largely remain at the site of 

injection 134,135. In summary, CaPs are inorganic nanoparticles that fulfill all 

requirements for targeting and induction. They have defined uptake and 

degradation pathways and are well-tolerated by mammalian organisms. Thus, 

biomedical applications are versatile and extensively studied 136.  

1.2.2.  Nanoparticles conjugated with Env 

The research and usage of Env-coupled, synthetic nanoparticles as vaccine 

delivery platforms steadily increased in the course of the last decades. Both organic 

(liposomal, proteinaceous) and inorganic (calcium phosphate, silica, gold) carriers 

have been evaluated for preclinical, clinical and in vitro applications 104,109,112,137. In 

this regard, numerous coupling mechanisms were established that can be 

categorized in two major groups: i) Genetic fusion of Env with subunits of self-

assembling nanoparticles or ii) chemical coupling after synthesis of the nanoparticle 

core.  
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One example of the first category are ferritin nanoparticles (Fig. 3 B). Here, 

the coding sequence for ferritin was recombinantly introduced at the C-terminus of 

gp140. Upon expression and release by the producer cells, the Env-ferritin 

complexes self-assemble in the conditioned supernatant to nanoparticles 

harbouring 24 heterodimers 138. The general Env immunogenicity as well as 

neutralizing antibody (Nab) responses against the autologous virus were 

significantly enhanced in rabbits and macaques that have been immunized with 

these Env-ferritin nanoparticles 139. In a similar context, Env was fused to one 

protein of two-component proteinaceous capsid nanoparticles, that were 

computationally designed and form an icosahedral shape (Fig. 3 A) 140. These 

nanoparticles also self-assemble after cell secretion and induced autologous tier-2 

neutralization in rabbits 141. More recently, SARS-CoV-2 S-antigen-fused two-

component nanoparticles elicited neutralizing anti-S responses in rhesus 

macaques 142.  

The second category comprises both organic and inorganic nanoparticles 

that were chemically functionalized with Env trimers after synthesis. Ingale et al. 

produced liposomes including Ni-NTA-terminated phospholipids that were 

harnessed for non-covalent interaction with His-tagged Env trimers (Env-His8), 

which resulted in a dense array of well-ordered spikes on the liposomal surface 113. 

However, even though the non-covalent His/Ni-NTA interaction was stable in buffer, 

the Env trimers drastically dissociated from the liposomes in the presence of 10 % 

serum albumin 143. This strongly limited the applicability in preclinical studies 144. 

The non-covalent association was strengthened by incorporation of cobalt-

porphyrin ring structures in the liposomal membrane that built multi-chelating 

complexes with the C-terminal His-tag of Env 145.  Nevertheless, emphasis was put 

on covalent coupling strategies. To this end, a recombinant cysteine was introduced 

at the C-terminus of Env to form covalent bonds with maleimide head groups on 

the liposomal surface (Fig. 3 C) 109,143. Immunization of rabbits with such liposomes 

resulted in the focusing of B cell responses to conformational binding sites and the 

elicitation of neutralizing antibody responses, since immunodominant non-

neutralizing epitopes at the trimer bases were masked by the conjugation 146. 

Further studies harnessed the non-covalent interaction of chelating ions to bring 

Env trimers in position for covalent binding. Bi-functional liposomes harbouring both 

Ni-NTA and maleimide moieties were used to attract Env-His8 quantitatively to the 
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liposomal surface, before the covalent disulfide bonds were induced 143,147. A 

parallel approach was done with bi-functional (Ni-NTA, COOH) anionic liposomes. 

Here, during His-tag/Ni-NTA interaction, the Env trimers were immobilized by 

EDC/Sulfo-NHS chemistry (Fig. 3 E) 112,148. A follow-up approach harnessed the 

negative zetapotential of tag-free Env trimers to bring them in proximity to the 

surface of cationic liposomes for EDC/Sulfo-NHS crosslinking 111. However, despite 

the preservation of the pre-fusion conformation by this approach, the coupling 

efficiency was low 111.  

A recent study with regard to inorganic nanoparticles evaluated the site-

specific, maleimide-mediated coupling of Env trimers to the surface auf silica beads 

in comparison to unspecific coupling by physical adsorption (Fig. 3 D) 137. Here, 

site-specifically coupled beads were significantly better recognized and taken up by 

antigen-presenting cells. Furthermore, immunization of mice with these 

nanoparticles induced potent humoral immune responses 149. The unspecific, sulfo-

SMCC-mediated coupling of non-Env model antigens to the surface of CaPs have 

been performed with high efficiency in various studies 101,104,125. Recently, the 

quantitative surface functionalization of CaPs with azide groups was established to 

render site-specific, click reaction-based coupling mechanisms feasible 119. 

Taken together, the majority of mechanisms to couple Env trimers to the 

surface of synthetic nanoparticles are based on His-tag interactions, cysteine-

maleimide bonds or unspecific targeting of primary amines via EDC/Sulfo-NHS 

chemistry. All of these strategies have flaws. The prevalence of nickel and cobalt 

allergies in the human population are an obstacle for the application of 

nanoparticles coupled via chelating ions in clinical trials 150. Maleimides easily 

hydrolyze in a temperature-, pH- and time-dependent manner. This impedes a 

straightforward upscaling of these protocols 151,152. Lastly, the preservation of the 

pre-fusion Env trimer conformation after unspecific coupling targeting primary 

amines is hard to control and maintain. Thus, novel and versatile site-specific 

mechanisms for the surface functionalization of synthetic nanoparticles with Env 

trimers are needed to produce safe and effective delivery platforms for new HIV-1 

vaccine candidates.  
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Figure 3) Strategies for nanoparticle functionalization with Env trimers 

(A) Self-assembling two-component nanoparticles. BG505 SOSIP gp140 was genetically fused to 

component A (I53-50A). Upon purification, the subunits I53-50A-Env (trimeric) and I53-50B 

(pentameric) assemble to nanoparticulate capsids displaying 20 Env trimers on the surface. Modified 

from Brouwer et al. (2019) 140. (B) Self-assembling ferritin nanoparticles. BG505 SOSIP gp140 

genetically fused with ferritin is expressed in 293F cells and self-assembles to a nanoparticulate 

structure in the supernatant via ferritin interactions. Modified from Sliepen et al. (2015) 138. (C) Site-

specific, non-covalent and covalent Env coupling to liposomes. Env-His8 was conjugated to the 

liposomal surface via interactions with phospholipids displaying Ni-NTA or cobalt (blue) head groups 

(left panel). Env-Cys was covalently conjugated with maleimide (pink) head groups (right panel). 

Modified from Bale et al. (2016) 109. (D) Env coupling to inorganic silica nanoparticles. Env trimers 

were either physically adsorbed (unspecific conjugation) or covalently coupled via C-terminal 

cysteine residues and nanoparticle-associated maleimide groups (site-specific conjugation). 

Modified from Thalhauser et al. (2020) 137. (E) Site-directed, unspecific coupling of Env trimers to 

liposomes. His-tagged Env trimers were attracted to the surface of anionic, bifunctional (Ni-NTA / 

COOH) liposomes via His/Ni-NTA interactions in a site-directed manner. Even though the 

subsequent EDC/Sulfo-NHS activation targets primary amines on Env in general, the reaction is 

likely to covalently bind residues in the proximity of the Env C-terminus. Modified from Damm et al. 

(2022) 112. 
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1.3. Bioorthogonal conjugation via genetically encoded   
aldehyde-tags 

The underlying chemistry, that most of the coupling strategies mentioned 

above are based on, usually originates from the field of protein and/or tissue 

functionalization for bioengineering approaches. A site-specific, bioorthogonal and 

efficient conjugation is the crucial requirement for successful, promising efforts and 

applications 153–156. Naturally occurring physiological or biological reactions may act 

as the blueprint for these bioengineering reactions.  

 One example is the discovery of a formylglycine (Fgly) residue in active, 

catalytic sites of sulfatases from various species across biological realms 157. 

Formylglycine contains an aldehyde-group in its side chain and is post-

translationally generated via cysteine oxidation mediated by the endogenous 

formylglycine-generating enzyme (FGE) 158,159. The cysteine residue is located in a 

highly conserved 6-mer (xCxPxR, x = leucine, alanine, serine, glycine or threonine), 

which is part of a larger 13-mer sulfatase motif (Fig. 4 A). FGE is encoded in the 

SUMF1 gene family which has – like the sulfatase motif – orthologs from 

prokaryotes to higher eukaryotes 160.  

Carrico et al. have recognized the potential of this modification for 

recombinant bioengineering systems and termed the 6-mer sequence as 

“aldehyde-tag” (Ald6) 161–164. The aldehyde-tag sequence in human arylsulfatase E 

is LCTPSR, which is also the consensus sequence from various prokaryotic, 

archaean and eukaryotic species 161. Carrico et al. performed proof-of-principle 

studies to evaluate Fgly conversion and site-specific bioconjugation efficiency. 

They genetically encoded the aldehyde-tag or the full 13-mer sequence at the N- 

and C-termini as well as within the open reading frames of three different proteins 

and had them expressed by E. coli (Fig. 4 B). As results, they found efficient Fgly 

conversion that was independent of the position of the tag. No significantly different  

conversion efficiency was seen between 6-mer and 13-mer sequences. The 

introduced aldehydes could be harnessed for bioconjugation with fluorescent 

reagents bearing terminal aminooxy groups, which preferably bind to aldehyde and 

ketone groups and form covalent bonds (oxime ligation) 165. Likewise, efficient 

oxime formation was demonstrated via fluorescent gel and gel shift reporter assays 

161. Wu et al. transferred the mechanism in a mammalian CHO expression system 
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to generate aldehyde-tagged antibodies, thereby proving that FGE activity is 

present in the secretory pathways of eukaryotic cells. Additionally, overexpression 

of FGE, i.e. by co-transfection of cells with a FGE-encoding plasmid, resulted in 

increased Fgly conversion rates 166. Rabuka et al. optimized the oxime ligation 

reaction for bioengineering approaches and provided detailed protocols for the 

whole mechanism including a mass spectrometry-based strategy to calculate the 

Fgly conversion rates 167. Finally, Hudak et al. described the fusion of an aldehyde-

tagged protein to another antigen via a bifunctional aminooxy/azide “click” linker in 

a two-step reaction (oxime ligation + click reaction) 168. As a conclusion, the high 

specificity and efficiency of the aldehyde-tag-mediated bioconjugation mechanism 

renders this method a promising and competitive alternative for previously applied 

strategies to functionalize nanoparticles. 

 

 

Figure 4) Aldehyde-tag mechanism 

(A) The 13-mer sulfatase motif containing a highly conserved 6-mer aldehyde-tag has orthologs in 

various prokaryotic, archaean and eukaryotic species. The consensus aldehyde-tag sequence is 

LCTPSR. (B) The aldehyde-tag sequence can be genetically introduced at the N- or C-termini as 

well as within the ORFs of interest. Upon transfection of mammalian cells, the tag-associated 

cysteine is post-translationally converted into formylglycine by endogenous and/or co-expressed 

FGE. The Fgly residue can then be harnessed for covalent oxime ligations with aminooxy-terminated 

reaction partners. Adapted from Carrico et al. (2007) 161. 
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1.4. Modulation of the immune response  

As outlined above, HIV-1 has a multitude of immune escape mechanisms 

that are mainly associated with the surface glycoprotein Env, which is the sole 

target for the humoral immune response. While the mentioned escape mechanisms 

primarily impede the formation of neutralizing immune responses, others affect the 

quality of the immune response in the context of antibody Fc effector functions. It 

has been reported that DNA immunizations of mice with plasmids coding for viral 

glycoproteins of HIV-1 (Env), influenza A (HA) and respiratory syncytial virus (RSV, 

F-antigen) resulted in predominant Th1-associated anti-HA and anti-F IgG2a 

responses. The Env response, on the contrary, was Th2 / IgG1-dominated 169. A 

more recent study described the DNA immunization of hACE2 mice with a plasmid 

coding for the surface antigen S of the SARS-CoV-2 virus and here the anti-S 

humoral immune response was mainly Th1-based 170. In fact, data indicated that 

N-glycosylation sites in the C2/V3 regions of Env are responsible for this IgG 

subtype bias 169.  

 Th1-type IgG2a/c murine antibodies bind the following Fcγ receptors (FcγR): 

FcγRI, FcγRIII and FcγRIV, all of which are correlated with strong antiviral effector 

functions like antibody-dependent cell cytotoxicity (ADCC) 171,172. On the contrary, 

Th2-type IgG1 in the murine system, despite some low-affinity binding to FcγRIII, 

predominantly binds the inhibitory FcγRIIb 173. Thus, modifying anti-Env IgG 

subtype responses in a Th1-like manner might be favorable for antiviral effector 

activity 174,175.  

 Initial studies have demonstrated that the fate of IgG subtype responses is 

largely defined by the cytokine profile that antigen-specific B cells receive from 

CD4+ T helper cells 176. More recently, the communication of T follicular helper cells 

with germinal center B cells was identified to play a crucial role in immunoglobulin 

class switching after infection or vaccination 177–179. IFN-γ is the key player of a Th1-

polarized response. Being secreted by Th1-type CD4+ T cells, it actively stimulates 

an IgG2a/c class-switch in mice, whereas the expression of other IgG subtypes is 

suppressed 180. Moreover, the secretion of TNF-α, IL-2 and IL-12 are correlated 

with a Th1 response 181,182. Th2 polarization, on the contrary, is mediated and 

defined by IL-4 as the key cytokine 183. IL-4 stimulates B cells to express IgG1 
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subtype antibodies and inhibits Th1 cell-specific factors 184. Further Th2-type T 

helper cell-secreted cytokines are IL-5, IL-10, IL-13 and IL-25 182,185.   

 In order to overcome the biased Th1-response against Env and to promote 

potent Fc effector functions, immunomodulatory vaccination regimens are needed. 

Strategies to modulate humoral immune responses are described as follows. 

1.4.1. Cytokines 

While the IgG subtype response is influenced by the cytokine profile provided 

by T helper cells, the Th-polarization itself depends on cytokine input from antigen-

presenting cells (i.e. DCs) 186. Upon binding to cytokine receptors on the T cell 

surface, signaling pathways are regulating the expression of transcription factors 

that ultimately mediate T cell differentiation into specific lineages 187.  IL-12 and IFN-

γ induce the expression of Th1-defining transcription factor T-bet 188,189. On the 

opposite, Th2-polarization is regulated by IL-4, which promotes the GATA-3 

transcription factor 184,190. Since CD4+ T cell lineage is decisive for the phenotype 

of the humoral immune response, it seems reasonable to influence the Th-

polarization by induction of IL-12 or IL-4 overexpression via DNA immunization. 

DNA immunization leads to the long-term, endogenous expression of antigens and 

modulatory proteins 191. Kim et al. were among the first in context of a retroviral 

vaccination setting that actively changed the Env-specific immune response in favor 

of a Th1-phenotype by co-administration of plasmids coding for Env and IL-12 192. 

In a follow-up study, the co-delivery of IL-10, IL-2, IL-4 or IL-12 DNA with a plasmid 

coding for SIV Gag/Pol drove the immune responses towards the respective Th 

phenotypes. In addition, cytokine overexpression resulted in dramatically enhanced 

antibody levels, Th proliferation and induction of CTL responses 193. Thus, cytokine-

encoding plasmids act as immunomodulatory molecular adjuvants upon DNA 

immunization and endogenous expression, that are capable of actively modifying 

the Th lineage and B cell stimulation 194.  
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1.4.2. Adjuvants 

Conventional adjuvants are agents added to the vaccine antigen to stimulate 

innate and modify adaptive immune responses 195. The usage of adjuvants and the 

corresponding effects are versatile and widespread and reach beyond the scope of 

this study. Thus, the following paragraph will summarize the key facts that are 

relevant for this study’s findings.  

Adjuvants may roughly be divided into two groups: i) Chemical substances 

like oil-in-water emulsions (MF59 196, AS03 197), mineral compounds (aluminium 

hydroxide “Alum” 198,199) or triterpene glycosides (QS21 200) and ii) TLR ligands like 

oligonucleotides (CpG 201,202) as well as bacterial compounds (flagellin 203, MPLA 

204,205) or synthetic RNA (polyI:C 206). While the first group mainly improves immune 

responses by causing irritations at the site of injection, the latter stimulates TLR-

mediated immune responses, which further promote adaptive immunity. 

Nevertheless, in general, both cellular and humoral immune responses are 

improved by adjuvantation and some adjuvants clearly modify the quality of the 

response towards a Th1 or Th2 phenotype 207.  

In the context of nanoparticles, Zilker et al. demonstrated that encapsulation 

of different TLR ligands in CaPs strongly improved and modulated the immune 

response to the surface-functionalized model antigen. Here, CpG adjuvantation 

resulted in the highest antibody levels with a prominent Th1 phenotype 104. 

1.4.3. Intrastructural help  

As previously outlined, immune escape related to Env both impedes the 

formation of neutralizing immune responses and drives the IgG subtype ratio in a 

Th2-dominated phenotype, which is associated with less potent antiviral Fc effector 

functions 208–210. Another concern that was raised in the context of prophylactic HIV 

vaccine candidates including Env is the seemingly inevitable generation of Env-

specific CD4+ T cell responses that provide help to stimulate Env-specific B cells 

after immunization with conventionally adjuvanted Env subunit or DNA vaccines 211. 

Activated T helper cells with upregulated surface expression of CD4 are the main 

targets for HIV-1. Vaccine-induced, Env-specific CD4+ (memory) T cells resident in 

the genital mucosa may become activated in the course of an inoculum and provide 
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viral targets 212. That situation may disrupt the steady-state of infection and 

protection in favor of HIV in this early stage of viral spread. In fact, studies have 

shown a correlation between the number of vaccine-induced HIV-specific CD4+ T 

cells and an increased risk of infection after challenge 213,214. That was also true in 

the context of SIV-infection in previously immunized macaques 215. This issue 

poses an unprecedented challenge to the field of experimental HIV-1 vaccine 

research, namely the induction of neutralizing antigen-specific B cell responses 

without the concomitant elicitation of cognate CD4+ T cell responses specific for 

antigen-derived peptides 216.  

 Studies of the late 1970s and 1980s have reported that CD4+ T helper cells 

specific for internal structural components of influenza A virus (IAV) and HBV are 

stimulated after immunization with VLPs or attenuated virus to provide help for 

surface antigen-specific B cells 217,218. The observation was based on the BCR-

dependent uptake of the particles into surface antigen-specific B cells and the 

subsequent presentation of particle-derived peptides on MHC-II molecules by the 

B cells which enables to recruit pre-existing CD4+ T cells specific for epitopes 

processed from internal components of the particles (Fig. 5). This heterologous T 

cell help, called intrastructural help (ISH), is a non-controlled loophole in the 

adaptive immune system that may be harnessed for immunomodulatory 

vaccination regimens 219,220. In the last decade, the mechanism was widely applied 

to modify the Env-specific humoral immune response upon immunization. First 

attempts aimed at reproducing the core idea of the IAV- and HBV-related ISH 

studies in an HIV-1 context. Thus, mice were immunized with GagPol-encoding 

DNA and the elicited CD4+ T cell responses could provide intrastructural help for 

Env-specific B cells after a lentiviral VLP boost, which has been proven in adoptive 

transfer experiments 221. Furthermore, ISH could significantly enhance antibody 

levels and rescue the Env-related Th2 bias towards a balanced IgG2a/IgG1 

response 222. Thus, ISH enables adjuvant-free immune modulation and might 

substitute the effects of conventional adjuvants. The phenotype of the prime 

response was imprinted on the Env immune response via ISH 223. Follow-up studies 

demonstrated that CD4+ T cells specific for epitopes derived from licensed 

Tetanus- and Tuberculosis-vaccines can be recruited to provide ISH for Env-

specific B cells in vivo 224,225. While a prime immunization with Tetanol®pur induced 

a Th2-polarized T cell lineage and promotion of Env-specific IgG1 antibodies, 
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Klessing et al could generate a potent, long-lived Th1-dominated response 

associated with high levels of anti-Env IgG2b and IgG2c IgG subtype antibodies in 

mice using a Tuberculosis subunit vaccine (H1/CAF01 226) as a prime and lentiviral 

VLPs incorporating Tuberculosis epitopes (T helper VLPs) as boost 225. In general, 

the utilization of pre-existing T cell responses specific for epitopes derived from 

childhood vaccines is a promising approach for a clinical HIV-1 vaccine trial in the 

context of ISH. However, due to a variety of concerns, lentiviral VLPs are unsuitable 

for “good manufacturing practice” (GMP) production and clinical applications. Upon 

expression and budding they are wrapped in a lipid bilayer containing producer cell-

derived surface proteins in addition to Env, whereas HIV-derived capsid proteins 

serve no purpose for ISH. Moreover, the quantity of Env trimers on the VLP surface 

cannot be controlled and industrial upscaling of VLP batch production is critical 67,89. 

Thus, synthetic nanoparticles with an aqueous cavity for peptide encapsulation (T 

helper nanoparticles) are a potential replacement for VLP-based vaccine 

candidates. Nevertheless, the requirements for synthetic T helper nanoparticles are 

a structural composition (size, charge) that allows entry to lymphatic vessels and 

secondary lymphoid organs, the recognition and BCR-dependent uptake by B cells 

specific for the antigen on the nanoparticle surface and the MHC-II-presentation of 

peptide epitopes previously encapsulated in the nanoparticles 220. In fact, Hills et 

al. demonstrated ISH effects modulating the quality of the antibody response 

against the surface glycoprotein from Malaria using liposomes that were coupled 

with the Malaria antigen and encapsulated ovalbumine-derived OT2 peptides for 

the recruitment of pre-existing T cell responses 227. More recently, the production 

of Env-coupled T helper liposomes has been optimized and critical requirements 

for ISH were evaluated in functional in vitro assays with these nanoparticles. In 

parallel, the internal and external functionalization of CaPs has been optimized and 

analyzed in recent years 101,104,106,119. These nanoparticle delivery platforms are 

promising candidates for ISH vaccine applications in future preclinical and clinical 

trials. 
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Figure 5) Concept of intrastructural help for Env-specific B cells 

T helper nanoparticles conjugated with Env are recognized and taken up by Env-specific B cells in 

a BCR-dependent manner. The nanoparticles are processed within the B cells‘ endolysosomal 

compartments and epitopes derived from both Env and encapsulated peptides or proteins are 

presented on MHC-II molecules on the cell surface. Subsequently, pre-existing heterologous CD4+ 

T cells specific for the encapsulated components of the T helper nanoparticles can then recognize 

their target peptides and provide intrastructural help for the Env-specific B cells. Modified from 

Elsayed et al. (2018) 224. 

1.5. Aims and Objectives 

T helper VLPs have been used in previous studies to recruit heterologous T 

cell help for the modulation of Env-specific humoral immune responses with 

emphasis on Fc effector functions and long-term kinetics. However, the applicability 

of lentiviral VLPs in clinical studies that require GMP production is limited.  

The first major objective of this thesis was to evaluate the utilization of 

synthetic T helper CaPs in comparison to VLPs in immunomodulatory ISH 

immunizations. The binding and inducibility of naïve Env-specific B cells by T helper 

CaPs was to be shown first as a crucial prerequisite for ISH. Afterwards, the 

phenotype of ISH effects mediated by T helper CaPs was compared with control 

groups comprising T helper VLPs or CpG-adjuvanted CaPs. In general, CaPs lack 

the self-adjuvanting character of VLPs that contain producer cell-derived proteins 

in the lipid membrane. Thus, it was of interest, whether i) the strength of ISH effects 

in terms of antibody levels and IgG subtype distribution was comparable between 

CaP and VLP groups, ii) the immunomodulatory features induced by ISH can 

compete with CpG adjuvantation, iii) ISH impedes the formation of vaccine-induced 

immune mechanisms that may increase the risk of HIV-1 infection.  
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The second major objective of this study was the optimization of the T helper 

CaP design by utilizing genetically encoded aldehyde-tags for orthogonal Env 

conjugation via a two-step mechanism. Here, the first aim was to evaluate the 

specificity and efficiency of the tag expression as well as of each bioconjugation 

step. Secondly, the preservation of the pre-fusion conformation of Env was 

evaluated throughout the coupling mechanism and on the finished nanoparticles. 

The last aim was to compare the optimized nanoparticles with the former ones in 

functional in vitro and in vivo assays with emphasis on improved BCR crosslinking 

and immunogenicity.   

The approaches in this thesis helped to assess the applicability of synthetic 

nanoparticles for immunomodulatory vaccine trials. The orthogonal bioconjugation 

mechanism evaluated in this study can be used in the context of Env for further 

applications such as the site-specific labeling without conformational loss and to 

study the induction of neutralizing immune responses by the optimized nanoparticle 

design. 
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2. Results 

The majority of results presented in this dissertation were published in the 

peer-reviewed scientific journals Nanomaterials (Damm et al., “Calcium Phosphate 

Nanoparticle-Based Vaccines as a Platform for Improvement of HIV-1 Env Antibody 

Responses by Intrastructural Help”, 2019 228) and Acta Biomaterialia (Damm et al., 

“Covalent Coupling of HIV-1 Glycoprotein Trimers to Biodegradable Calcium 

Phosphate Nanoparticles via Genetically Encoded Aldehyde-Tags”, 2022 229). 

2.1. Analysis of intrastructural help effects induced with 
T helper calcium phosphate nanoparticles 

2.1.1. Production and characterization of Env trimers and 
nanoparticles 

The induction of in vivo ISH effects is based on two major requirements. First, 

a nanoparticulate vaccine candidate that displays a dense array of the antigen of 

interest on the surface and encapsulates multiple copies of a heterologous peptide 

or protein. Secondly, the vaccinee must have pre-existing, heterologous T cell 

responses specific for the encapsulated peptide or protein. In order to modulate the 

HIV-specific humoral immune response by ISH, the antigen of interest is Env, since 

it is the only glycoprotein presented on the surface of native virions. Because the 

induction of neutralizing anti-Env responses in animal models was dependent on 

the Env conformation 44, faithful mimetics of the HIV-1 Env trimer representing the 

closed pre-fusion state were used for this study. The vector pBG505-NFL-gp140-

His (provided by Prof. Richard T. Wyatt, The Scripps Research Institute, La Jolla, 

CA, USA) is encoding for a soluble, native-like gp140 Env trimer with a C-terminal 

8x His-tag (Env-His8). This SOSIP construct was further stabilized by two repeats 

of a flexible glycine/serine linker (GGGGSGGGGS, 2xG4S) that covalently links the 

C-terminus of gp120 with the N-terminus of gp41ecto. An additional 1xG4S linker is 

inserted directly upstream of the 8x His-tag. This soluble trimer is a recombinant 

form derived from a full-length gp160 Env of a subtype A isolate (BG505 gp160; 

Fig. 6 A,C). As a purification control, the 2xG4S linker as well as the whole gp41 

ectodomain were removed by mutagenesis PCR to elicit monomeric forms of Env-

His8 (Env-His8-gp120). Furthermore, in order to generate BG505 VLPs, a 
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membrane-embedded version of BG505 gp140 (pBG505-NFL-gp140-G/TMCD) 

was cloned and provided by Dr. Ghulam Nabi (Ruhr-Universität, Bochum, 

Germany). Here, both the 1xG4S linker and the His-tag were replaced by the 

transmembrane (TM) and intracellular domain (CD) of VSV-G (Fig. 6 A).  

Env-His8 was demonstrated to be thermostable up to 67.6°C and 

predominantly in trimeric state after affinity chromatography alone 76. A 1 liter 

suspension culture of HEK293F cells was transiently transfected with plasmids 

encoding soluble forms of Env (Fig. 6 B) for protein expression. The supernatant 

was harvested after 3 days, filtered and run over a self-made affinity column filled 

with 5 mL of agarose-bound Galanthus nivalis lectin (GNL) by gravity flow. After 

elution and concentration, the purified Env proteins were analyzed by NativePAGE 

and silver stain. For trimeric Env-His8, the trimer fraction was represented by a 

prominent band at approximately 700 kDa, while two minor bands at 480 kDa and 

240 kDa indicated the presence of an expected low percentage of dissociated 

gp140 dimers and monomers. The purification of monomeric Env-His8 resulted in 

two equally intensive bands on the native gel at approximately 420 kDa and 200 

kDa representing gp120 dimers and monomers (Fig. 6 D). gp120 dimers were 

formed by aberrant intermolecular disulfide bridges despite the absence of the 

trimerization domain in gp41ecto 230. Interestingly, no pronounced aggregate bands 

were detected in both samples. 

In addition, T helper VLPs (Env-VLP-p30) were produced as control for in 

vivo ISH effects. The plasmid pHgpsyn-TTp30 (Fig. 6 A) coding for HIV-1 structural 

proteins (gag) and viral enzymes (pol) with an insertion of the coding sequence for 

the Tetanus Toxoid-derived peptide p30 in frame between the p17 matrix and the 

p24 capsid protein was provided by Dr. Vladimir Temchura (Universitätsklinikum 

Erlangen, Friedrich-Alexander Universität, Erlangen, Germany). HEK293T cells 

were co-transfected with pBG505-NFL-gp140-G/TMCD and pHgpsyn-TTp30 for 

VLP expression (Fig. 6 B). After 64 h, the supernatant was harvested and the VLPs 

were purified by ultracentrifugation. Subsequently, the amount of Env and Gag in 

the preparation was determined by VLP ELISA. 

Both the purified proteins as well as the VLPs were further analyzed by 

reducing SDS-PAGE and Western Blot (Fig. 6 E). Env-His8 and Env-His8-gp120 

were verified by two intensive bands at 140 kDa and 120 kDa, respectively, as 
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expected. Detection of VLP-derived proteins with an Env-specific anti-gp120 

antibody resulted in a band at approximately 150 kDa, representing the membrane-

embedded recombinant form (Env-G/TMCD). Gag-related bands were detected 

only in the VLP sample after incubation with an anti-p24 antibody at 55 kDa, 41 kDa 

and 24 kDa, representing different stages of the Gag p55 polyprotein processing 

(Fig 6E, lower panel).  

 

Figure 6) Production and characterization of Env trimers and Env-VLP-p30 

(A) Open reading frames of various recombinant Env constructs and pHgpsyn-TTp30. The BG505 

gp160 wildtype protein is composed of a gp120 sequence (light red) followed by full-length gp41 

(blue) with a REKR motif inbetween for post-translational cleavage. The REKR motif is replaced in 

recombinant forms by a 2x G4S linker. gp140 is composed of both gp120 and the gp41 ectodomain. 

Secreted Env constructs additionally contain a C-terminal G4S linker and a His-tag (green). In order 

to express membrane-embedded trimers, the transmembrane and intracellular domains of VSV-G 

(yellow) are introduced downstream of gp41ecto. pHgpsyn-TTp30 encodes the Gag p55 precursor 

protein (grey) and the viral enzymes (pol; white). The nucleotides coding for the Tetanus Toxoid-
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derived peptide p30 are inserted between the p17 matrix and p24 capsid sequences. CMV 

promoters are indicated with black arrows. (B) Protein and VLP production. Adherent HEK293T cells 

(left) and suspension-adapted HEK293F cells (right) were (co)-transfected with the vectors 

pHgpsyn-TTp30 + pBG505-NFL-gp140-G/TMCD and pBG505-NFL-gp140-His to express virus-like 

T helper particles (Env-VLP-p30) and soluble trimers (Env-His8), respectively. Soluble monomers 

were additionally produced in HEK293F cells as purification controls. (C) Overview of different Env 

proteins. Color codes and protein domains match with the respective ORFs in (A). In general, trimers 

are composed of three non-covalently linked gp120-gp41 heterodimers. (D) NativePAGE and silver 

stain of Lectin-purified trimers and monomers. The most prominent gp140 trimers and gp120 

monomer bands are indicated. Band sizes inbetween represent both gp140 and gp120 dimers as 

well as gp140 monomers. (E) Reducing SDS-PAGE and Western Blot of soluble Env proteins and 

Env-VLP-p30. The membranes were detected with both a polyclonal anti-gp120 Env antibody (upper 

panel) and a hybridoma anti-p24 Gag antibody (lower panel). A legend summarizing the Env ORFs 

and the corresponding proteins is located at the bottom of the figure. Modified from Damm et al., 

(2019). 

The purified Env trimers were used for the surface functionalization of CaPs. 

CaPs stabilized with a PEI and silica shell were synthesized by Dr. Leonardo Rojas-

Sánchez (Institut für Anorganische Chemie, Universität Duisburg-Essen, Essen, 

Germany) for subsequent ISH immunizations. Thiol groups on the CaP surface as 

well as primary amines on the Env molecules were targeted via sulfo-SMCC 

crosslinkers to couple the trimers to the nanoparticle surface in a random manner 

(rCaPs, Fig. 7 A). In detail, Env-His8 was activated with sulfo-SMCC by reaction of 

the primary amines on the protein with the linkers’ N-hydroxysuccimide groups. 

Then, after addition of CaPs (CaP/PEI/SiO2-SH), the maleimide groups of sulfo-

SMCC can form covalent bonds with the thiol groups on the nanoparticle surface. 

For ISH immunizations and controls, rCaPs encapsulating p30 (rCaP-p30; T helper 

rCaPs) or CpG (rCaP-CpG) were further produced. Here, the peptide or adjuvant 

was adsorbed onto the CaP/PEI core before the stabilizing silica shell was layered 

around it as previously described for encapsulating DNA 101. All produced batches 

of nanoparticles were analyzed by SEM and DLS (Fig. 7 B-D).  
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Figure 7) Physicochemical characterization of functionalized rCaPs 

(A) Schematic presentation of rCaP formation. Env trimers were activated by sulfo-SMCC 

crosslinkers and covalently linked with thiol groups on the CaP surface in a randomly oriented 

manner. This procedure can be further done with CaPs encapsulating p30 peptides or CpG 

molecules. (B-D) Design, scanning electron microscopy (SEM) and dynamic light scattering (DLS) 

of rCaP (B), rCaP-p30 (C) and rCaP-CpG (D) nanoparticles. The syntheses and experiments were 

performed by Dr. Leonardo Rojas-Sánchez. Modified from Damm et al., (2019). 

The physicochemical characterization data of rCaPs collected by Dr. 

Leonardo Rojas-Sánchez is listed in Table 1. The solid core diameters and 

zetapotentials of functionalized rCaPs ranged from 45 – 57 nm and +20 - +27 mV. 

Endotoxin levels in the preparations were below detection range. Average numbers 
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of coupled Env-His8 molecules per particle were 942 for rCaP, 655 for rCaP-p30 

and 1965 for rCaP-CpG. Furthermore, an average of 3.2 x 104 p30 peptides and 

2.0 x 104 CpG molecules were encapsulated per nanoparticle. The polydispersity 

indices (PdIs) of all nanoparticle batches ranged from 0.38 - 0.43 assuming a 

homogenous particle population. The hydrodynamic diameters ranged from 312 nm 

- 411 nm. The coupling efficiency was defined by using an AlexaFluor®-488-labeled 

Env-His8 for functionalization via sulfo-SMCC. Here, the reaction yield was 

determined to be 85 % according to UV-Vis-spectroscopy. This factor was then 

assumed for the calculation of successfully coupled Env trimers in further reactions 

under equivalent conditions with unlabeled protein. Moreover, the Env 

concentration in the coupling reaction vessel was measured by NanoDrop before 

the addition and after the pelletizing of the nanoparticles and the differences were 

used to calculate the coupling efficiency.  

Table 1) Physicochemical characterization data of rCaPs 

Sample CaP rCaP  rCaP-p30  rCaP-CpG  

Solid core diameter / nm 38 45 45 57 

N (Env-His8) per NP − 865 710 1950 

N (Env-His8) per NP 

(Nanodrop) 
 1020 600 1980 

N (adjuvant) per NP − − p30: 3.2 × 104 CpG: 2.0 × 104 

Hydrodynamic diameter 

by DLS / nm (z-average) 
312 411 386 362 

PdI by DLS 0.31 0.43 0.41 0.38 

Zeta potential / mV +27 +20 +23 +27 

Endotoxins / EU mL−1 <0.1 <0.1 <0.1 <0.1 
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2.1.2. Functional characterization of T helper calcium phosphate 
nanoparticles 

A previous study has shown that CaPs functionalized with HEL as a model 

antigen were superior over soluble HEL proteins in the dose-dependent activation 

of antigen-specific B cells in vitro 125. The recent generation of B cell-receptor 

transgenic mouse strains expressing broadly-neutralizing Env antibodies as IgMs 

on the majority of the naïve B cell repertoire paved the way to do such functional 

experiments in the context of Env-coupled nanoparticles 113,231–233. Splenic B cells 

from wildtype (wt B cells) and PGT121 B cell receptor-transgenic mice (PGT121 B 

cells) were purified and incubated overnight in the presence of rCaP or Env-His8 

dilutions (200 – 8 ng/mL bulk Env). Additional cells were mock-treated as a negative 

control or incubated in the presence of either Env-VLPs or LPS as positive controls 

for BCR-specific or polyclonal B cell activation, respectively. The cells were then 

stained with both B cell and early activation markers for subsequent FACS analysis 

(Fig. 8). rCaPs presenting an array of Env trimers on the surface were able to induce 

PGT121 B cell activation more efficiently in a dose-dependent manner than soluble 

Env-His8 alone as judged by the upregulation of early activation marker CD69. B 

cell activation rates with the lowest particle concentration (8 ng/mL Env) were in the 

same range as those with the highest concentration (200 ng/mL) of soluble trimer 

(18 % vs. 21 %). At 200 ng/mL bulk Env concentration, the percentage of activated 

PGT121 B cells incubated with rCaPs were in a comparable range to those 

incubated with Env-VLPs (70 % vs. 84 %). Notably, as expected, neither rCaPs nor 

Env-His8 could induce activation of wt B cells, which were always at the background 

level of the unstimulated negative controls. Nevertheless, the functional activity of 

the wt B cells was proven by polyclonal LPS stimulation.  

This experiment demonstrated that Env-specific BCRs can recognize Env 

trimers that were randomly coupled to the surface of CaPs and that these rCaP 

nanoparticles were capable to induce the BCR-dependent activation of naïve B 

cells at a high rate in contrast to soluble HIV-1 Env trimers. 
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Figure 8) In vitro activation of naïve B cells by rCaPs 

Naïve B cells were isolated from the spleens of wt and PGT121 B cell receptor-transgenic mice (wt 

/ PGT121 B cells) and incubated overnight with dilutions of rCaPs or soluble Env-His8 proteins 

normalized to the bulk concentration of Env (200 – 8 ng/mL). Controls were either unstimulated or 

incubated in the presence of Env-VLPs (200 ng/mL bulk Env) or LPS (2 µg/mL). After 18 h, the cells 

were stained with both a B cell (anti-CD19) and an early activation marker (anti-CD69) as well as 

with a viability dye and analyzed by flow cytometry. Shown are the histograms for CD69 expression 

on the surface of living, CD19+ cells. The percentage of gated CD69-expressing cells and the CD69 

median fluorescence intensity (dark red) are given in numbers beside the histograms. The 

experiment was independently conducted four times with similar results. Modified from Damm et al., 

(2019). 
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2.1.3. Modulation of the immune response against HIV-1 with T 
helper calcium phosphate nanoparticles 

The induction of ISH with lentiviral VLPs that incorporated heterologous T 

helper cell epitopes has been thoroughly evaluated in the past 224,225. VLPs are an 

optimal model for preclinical trials due to their self-adjuvanting character and 

mimicking of the viral pathogen. T helper VLPs, however,  are not quite suitable for 

clinical application in terms of scalability and purification costs 89. Synthetic 

nanoparticles represent a possible alternative. The in vivo induction of ISH with 

synthetic T helper liposomes has been demonstrated lately 227. As a proof-of-

principle trial with inorganic CaPs, mice were intramuscularly immunized with the 

licensed Tetanus vaccine Tetanol®pur in week 0 and week 4 and then boosted 

thrice with rCaP-p30 in week 8, 12 and 16. Control groups were either mock-primed 

or boosted with rCaPs lacking p30 epitopes or Env-VLP-p30 (Fig. 9 A). The 

immunization doses were normalized to a total of 10 µg Env per mouse. The 

humoral immune response was analyzed in week 18. Immunizations with rCaPs 

alone induced a weak anti-Env IgG1 humoral immune response that was not 

significantly different from the naïve group (Fig. 9 B, naïve vs. rCaP). In contrast, 

immunization of mice with T helper CaPs alone significantly increased the 

magnitude of the Env-specific IgG1 response (Fig 9 B, rCaP-p30 vs. rCaP). 

However, the IgG2c response in this group was unaffected (Fig 9 C, rCaP-p30 vs. 

rCaP). The induction of ISH by harnessing previously induced p30-specific T cell 

responses to provide help for Env-specific B cells upon nanoparticle application 

further improved the anti-Env IgG1 response more than a ten-fold (Fig 9 B, rCaP-

p30 (ISH) vs. rCaP-p30). This group also demonstrated significantly elevated anti-

Env IgG2c levels compared to the naïve group (Fig 9 C, rCaP-p30 (ISH) vs. naïve). 

Tetanus-mediated ISH was further induced using lentiviral T helper VLPs as a 

positive control (Fig. 9 B-C, Env-VLP-p30 (ISH) vs. Env-VLP-p30), which resulted 

in significantly elevated anti-Env IgG subtype levels and reproduced previously 

published results 224. Importantly, the strength of the ISH effects was comparably 

high between T helper CaPs and VLPs (Fig. 9 B-C, rCaP-p30 (ISH) vs. Env-VLP-

p30 (ISH)). In general, the Env-specific subtype responses were strongly IgG1-

dominated throughout all groups in this experiment and correlated with the results 

of the p30-specific CD4+ T cell cytokine profiling. For this, isolated splenocytes from 

immunized mice were stimulated with soluble p30 peptide in vitro for the 
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reactivation of p30-specific CD4+ T cells. The cytokine profile was evaluated by 

intracellular cytokine staining (ICS) of cells as well as ELISA with conditioned cell 

supernatants. Even though the CaP-related ISH group had the highest levels of Th1 

cytokines IFN-γ and TNF-α, those were not significantly different from the control 

groups (Fig. 9 D-E). On the contrary, the Th2 cytokine IL-5 was strongly expressed 

only in the ISH group (Fig. 9 F).  

Taken together, based on these results, T helper CaPs elicited the 

modulation of Env-specific humoral immune responses in a comparably effective 

and phenotypic manner than previously utilized T helper VLPs.  
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Figure 9) Induction of intrastructural help with T helper CaPs 

(A) Immunization schedule. C57bl/6NRj mice were immunized with either PBS/O (mock) or a 1:10 

dilution of the licensed Tetanus vaccine Tetanol®pur in week 0 and week 4. The animals were 

boosted three times in week 8, 12 and 16 with rCaP, rCaP-p30 or Env-VLP-p30. Blood was taken 

in week 18 for the analysis of humoral immune responses. Prime/boost combinations resulting in 

the induction of ISH or no ISH are indicated with green or red dashed lines, respectively. (B-C) Anti-

Env IgG1 (B) and IgG2c (C) humoral immune responses analyzed in week 18 from the sera of 

immunized mice. Shown are the logarithmic values of the relative light units per second (Log10 

RLU/s). The x-axes outline the prime/boost combinations of the different groups. (D-E) Percentage 

of p30-restimulated CD4+ T helper cells with intracellular secretion of Th1 cytokines IFN-γ (D) and 

TNF-α (E) from the spleens of immunized mice. (F) Optical density (OD) values of Th2 cytokine IL-

5 secretion in the conditioned supernatants from p30-restimulated splenocytes as determined by 

ELISA. The values of the unstimulated control cultures were subtracted. The columns in all 

experiments represent the mean values of six mice ± SEM. * p < 0.05; ** p < 0.001; *** p < 0.0005; 

**** p < 0.0001; one-way ANOVA with Tukey’s multiple comparison post-hoc test. Modified from 

Damm et al., (2019). 

2.1.4. Substitution of adjuvant effects by intrastructural help 

The aim of harnessing ISH in experimental vaccine settings is to increase 

immunoglobulin levels specific for the target antigen and to influence the IgG 

subtype distribution 221,222,224,225. Since these are characteristics of common 

adjuvants, ISH might enable adjuvant-free vaccination regimens without the loss of 

immunomodulatory effects. In order to test this hypothesis, the CaP-related ISH 

group was compared with an additional group of mice immunized with rCaPs that 

incorporated clinically approved CpG 1018 234 molecules after two Tetanol®pur 

primes (rCaP-CpG; Fig10 A). In fact, both groups demonstrated equally high anti-

Env total IgG levels (Fig.10 B). Nevertheless, the IgG subtype distribution was 

different. Tetanus-mediated ISH induced an IgG1-dominated response, whereas 

CpG is a well-characterized driver of IgG2c (Fig. 10 C) 104,235,236. In summary, this 

experiment demonstrated that ISH-related immunization without additional 

adjuvants can increase the magnitude of the total humoral immune response in the 

same range as comparable, adjuvanted immunizations.  
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Figure 10) Substitution of adjuvant effects by intrastructural help 

(A) An additional group of C57bl/6NRj mice was primed twice with Tetanol®pur and boosted with 

CpG-adjuvanted CaPs (rCaP-CpG) to compare heterologous ISH and CpG adjuvantation. (B) Total 

anti-Env IgG levels of ISH- and CpG-adjuvanted groups as measured by serum ELISA. The columns 

depict the mean Log10 RLU/s values of six animals ± SEM. **** p < 0.0001; one-way ANOVA with 

Tukey’s multiple comparison post-hoc test. (C) Anti-Env IgG1/IgG2c ratio in individual mice from the 

same groups. The columns represent the mean values of six mice ± SEM. **** p < 0.0001; unpaired 

student t-test. Modified from Damm et al., (2019). 

 

2.1.5. Avoidance of the induction of HIV-specific CD4+ T cell 
responses by intrastructural help 

Previously, it was reported that vaccine-induced HIV-specific T cells 

correlate with an increased risk of infection 213,214,216. Since Env-specific B cells 

receive rapid help from heterologous, non-HIV T cells in an ISH setting (Elsayed et 

al., Fig. 4 224), the formation of HIV-specific T cells might be impeded in this 

immunization context. In order to test this hypothesis, the splenocytes from 

immunized mice were additionally restimulated with Env epitopes. Since no 
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ubiquitous MHC-II-restricted Env peptide is described in the literature, a CD4+ T 

cell restimulation protocol based on the unique capacities of naïve B cells to 

process proteins from cognate VLPs and present them on MHC-II molecules 

(Kolenbrander et al., Fig. 2 237) was designed and applied within this thesis. Instead 

of incubating cells with soluble peptides, Env-specific PGT121 B cells were 

incubated with lentiviral Env-VLPs in a first step. Once the B cells have taken up 

the VLPs in a BCR-dependent manner and have presented a complete repertoire 

of naturally processed Env peptides on MHC-II molecules, they were co-cultured 

overnight with Brefeldin-treated splenocytes from immunized mice in week 18 (Fig. 

11 A). The cells were stained for CD4 surface marker and intracellularly for Th1 

pro-inflammatory cytokines TNF-α, IL-2 and IFN-γ (Fig. 11 B-D). Despite the equally 

strong induction of anti-Env total IgG levels in both ISH- and CpG-adjuvanted 

groups (Fig. 10 B), a highly significant induction of Env-specific, Th1 cytokine-

secreting CD4+ T cells was only detectable in the rCaP-CpG group. The ISH mice 

as well as the mice that received rCaP and rCaP-p30 without ISH showed a 

background level of such T cells, even though these groups had significantly 

different Env-specific IgG1 levels. Thus, ISH has increased Env-specific antibody 

response without the induction of Env-specific T helper cells. 

Taken together, this data clearly indicated that rCaP-mediated ISH i) can act 

as a substitute for adjuvant reagents by induction of comparable humoral immune 

response levels whereas it ii) avoids the induction of HIV-specific CD4+ T cells, 

which are suspected to increase the susceptibility for HIV infection. 
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Figure 11) Impeded induction of HIV-specific T cells in ISH mice 

(A) Restimulation of splenocytes from immunized mice with VLP-activated cognate B cells 

displaying naturally processed Env peptides on MHC-II molecules. PGT121 B cells (orange) were 

incubated with lentiviral Env-VLPs (left). In parallel, spleens were isolated from mice immunized with 

different immunization schedules. The purified splenocytes represented by the target CD4+ T cells 

(green) were then incubated with the Env peptide-presenting B cells. (B-D) Intracellular cytokine 

staining of restimulated Env-specific CD4+ T cells. Restimulated splenocytes were stained for CD4 

surface marker as well as for intracellular Th1 cytokines TNF-α (B), IL-2 (C) and IFN-γ (D). The 

percentage of cytokine-producing CD4+ T cells among immunization groups is shown in columns 

representing the mean values of six mice ± SEM. The values of the unstimulated control cultures 

were subtracted. **** p < 0.0001; one-way ANOVA with Tukey’s multiple comparison post-hoc test. 

Modified from Damm et al., (2019). 

In total, inorganic T helper CaPs functionalized with Env trimers and 

incorporating non-HIV epitopes represent a suitable replacement for lentiviral T 

helper VLPs used in former ISH immunization approaches established for 

preclinical HIV vaccine trials. In mice, CaP-mediated ISH improved Env-specific 

antibody levels without additional induction of HIV-specific T helper cells. Therefore, 

these synthetic nanoparticles are an advantageous delivery platform that may be 

further modified for future clinical, immunomodulatory vaccine trials.  
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2.2. Improvement of vaccine design by orthogonal Env 
conjugation via genetically encoded aldehyde-tags 

Native-like, soluble Env trimers are covered by a dense glycan shield except 

for the C-terminal domains of the gp41 ectodomain. This non-glycosylated trimer 

base contains immunodominant epitopes that drive non-neutralizing humoral 

immune responses 48. In theory, the random coupling of Env trimers by sulfo-SMCC 

crosslinkers does not occlude these epitopes on the nanoparticle surface 

109,113,137,149. Furthermore, the unspecific targeting and binding of primary amines 

may degrade the conformational state of the trimer 238. Thus, the immune response 

is likely to be biased by the non-neutralizing base epitopes and broadly neutralizing 

responses against conformational epitopes may be diminished. Current state-of-

the-art coupling mechanisms for nanoparticle functionalization comprise 

orthogonal, site-directed binding strategies to mask the trimer base. In the course 

of this study, a previously described, post-translationally modified tag (aldehyde-

tag, LCTPSR) was introduced at the C-terminus of Env (Env-Ald6) and used for the 

covalent oxime ligation with an aminooxy- and alkyne-terminated crosslinker (Step-

one; Fig. 12). The resulting linker-bound Env trimers (lnkr-Env) were then 

conjugated with azide-functionalized CaPs by azide-alkyne cycloaddition (Step-

two; click reaction) to ultimately obtain orthogonally coupled CaPs (oCaPs; Fig 12). 

The mechanistical and functional characterization of the coupling mechanism and 

the oCaPs in comparison to rCaPs was a main part of this thesis and is described 

below. 
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Figure 12) Overview of the orthogonal coupling mechanism 

The site-directed coupling of Env trimers to the surface of CaPs comprises two major reaction steps. 

An oxime ligation (Step-one) of aldehyde-tagged Env trimers (Env-Ald6) with propargyl-PEG3-

aminooxy linkers results in linker-bound Env (lnkr-Env). A subsequent click reaction (Step-two) with 

azide-functionalized CaPs (CaP-N3) finally leads to the generation of CaPs orthogonally conjugated 

with Env (oCaPs). Modified from Damm et al., (2022). 

2.2.1. Expression of Env trimers with a C-terminal aldehyde-tag 

In a first step, the C-terminal 8x His-tag in Env-His8 was replaced by the 

aldehyde-tag 6-mer sequence (Ald6; LCTPSR 166) derived from Homo Sapiens 

arylsulfatase E via mutagenesis PCR 161. The cysteine in this amino acid motif is 

post-translationally converted into aldehyde-bearing formylglycine (Fgly) by 

formylglycine-generating enzyme (FGE). The nucleotide triplets in the 

corresponding plasmid pBG505-NFL-gp140-Ald6 were optimized for human codon 

usage (Fig. 13 A) to improve the expression in the human HEK293F producer cell 

line.  The cells were then either transfected with pBG505-NFL-gp140-Ald6 alone or 

co-transfected with pBG505-NFL-gp140-Ald6 and pcDNA3.1-hFGE to have the 

formylglycine conversion done by endogenous FGE only (Env-Ald6) or by additional 

overexpression of the enzyme (Env-Ald6/FGE; Fig. 13 B), respectively. As a 

negative control, Env-His8 was expressed in parallel by transfection of HEK293F 

cells with pBG505-NFL-gp140-His. The secreted Env trimers were purified from the 

cell supernatants by Lectin affinity chromatography and subsequently concentrated 

by ultrafiltration. Based on the transfection regimen, Env trimers with i) three His-

tags (Env-His8), or ii) endogenously converted aldehyde-tags (Env-Ald6) and iii) pro-

actively converted aldehyde-tags (Env-Ald6/FGE) with unknown ratios of converted 

(L[Fgly]TPSR) and unconverted (LCTPSR) cysteine/Fgly residues were produced 

for further experimental steps (Fig. 13 C). A reducing SDS-PAGE and Western Blot 



  Results 

54 
 

of all proteins in comparison to a size-exclusion purified reference BG505 trimer 

(Ref.) using polyclonal anti-Env antibodies for detection was performed to explore, 

whether the presence of the aldehyde-tag alters the antigenicity of Env (Fig. 13 D). 

Furthermore, NativePAGE with subsequent silver stain revealed that, despite the 

purification by affinity chromatography only, the majority of proteins were in a 

trimeric conformation with minimal dimer, monomer and aggregate side products 

(Fig. 13 E). However, the percentage of aggregates varied strongly between 

different production batches.  

 

Figure 13) Aldehyde-tag introduction and protein analysis 

(A) Introduction of a codon-optimized aldehyde-tag sequence at the C-terminus of Env. The 8x His-

tag (green) was replaced by the aldehyde-tag via mutagenesis PCR. The nucleotide sequence 

derived from human arylsulfatase E (yellow) was modified according to the human codon usage 

(red). The frequency for each amino acid-coding triplet in humans is given in %. (B) Three different 

transfections of HEK293F producer cells were performed: i) With pBG505-NFL-gp140-His for the 

expression of Env-His8, ii) with pBG505-NFL-gp140-Ald6 alone or iii) in combination with pcDNA3.1-

hFGE for the production of aldehyde-tagged trimers Env-Ald6 and Env-Ald6/FGE, respectively. (C) 

Purified His-tagged (left) and aldehyde-tagged (right) Env trimers. A 2x G4S linker covalently 

connects the globular gp120 subunits (pink) with the gp41 ectodomains (blue) and another 1x G4S 

linker is located between gp41ecto and the respective C-terminal tag. (D) SDS-PAGE / Western Blot 

and (E) NativePAGE / silver stain of purified Env trimers in comparison to a size-exclusion purified 

BG505 reference trimer (Ref.). Modified from Damm et al., (2022). 
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2.2.2. Mass spectrometry analysis of the formylglycine conversion 
rate 

In order to define the percentage of Fgly conversion in Env-Ald6 and Env-

Ald6/FGE, both proteins were analyzed by mass spectrometry. Samples were 

measured and data was evaluated by PD Dr. Sabrina Gensberger-Reigl (Institut für 

Chemie und Pharmazie, Friedrich-Alexander-Universität Erlangen-Nürnberg, 

Erlangen, Germany). Since Env consists of approximately 50 % glycosylation by 

weight 24, the proteins were initially deglycosylated with glycerol-free PNGase F. 

However, the enzyme could not be quantitatively removed from the deglycosylated 

Env proteins by ultrafiltration and, thus, caused high background and signal 

distraction during mass spectrometry (data not shown). Since the amino acid 

sequence of interest is at the naturally non-glycosylated C-terminus of the protein, 

mass spectrometry analysis was performed with untreated Env-Ald6 and Env-

Ald6/FGE. Following Glu-C digestion, the unconverted aldehyde-tag sequence 

E.QDLLALDGGGGSLC(+57.02)TPSR (theoretical m/z: 908.9466; measured m/z: 

908.9463) was detected in both samples indicating the successful replacement of 

the 8x His-tag (Fig. 14 A). Importantly, the converted sequence 

E.QDLLALDGGGGSL(Fgly)TPSR was also verified in both Env-Ald6 (theoretical 

m/z: 871.4394; measured m/z: 871.4370) and Env-Ald6/FGE (theoretical m/z: 

871.4394; measured m/z: 871.4379), which proved the post-translational 

conversion (Fig. 14 B-C). Furthermore, as expected, the Fgly residue was observed 

to be partly hydrated and, thus, formed a geminal diol (theoretical m/z: 880.4447; 

measured m/z: 880.4432). The product ion spectra included almost the complete 

b- and y-ion series of the peptide sequences of interest (Fig. 14 D-F).  

Based on data calculations using a formula described by Rabuka et al. 167, 

the Fgly conversion by endogenous FGE alone (Env-Ald6) was 7 %, whereas 42 % 

of former cysteine residues were converted in the FGE overexpression system 

(Env-Ald6/FGE). This data unequivocally proved the presence of recombinantly 

introduced aldehydes in Env-Ald6 and Env-Ald6/FGE and indicated that FGE 

overexpression is recommendable for a quantitative Fgly conversion. 
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Figure 14) Mass spectrometry analysis of the formylglycine conversion rate 

All data was measured and evaluated by PD Dr. Sabrina Gensberger-Reigl. (A) Extracted ion 

chromatograms of the unconverted aldehyde-tag (m/z 908.947 ± 0.015; LC(+57.02)TPSR) in Env-

Ald6 (light green) and Env-Ald6/FGE (dark green). (B-C) Extracted ion chromatograms of the 

converted aldehyde-tag in the Fglyaldehyde state (light red; m/z 871.439 ± 0.015) and the Fglydiol state 

(dark red; m/z 880.445 ± 0.015) in Env-Ald6 (B) and Env-Ald6/FGE (C). (D-F) Identification of the 

respective peptide sequences via their precursor product ion spectra: m/z 908.9 for 

LC(+57.02)TPSR (D), m/z 880.4 for Fglydiol (E) and m/z 871.4 for Fglyaldehyde (F). The characteristic 

b- and y-ions are indicated in blue (b-ions) and red (y-ions). Modifications of cysteine 

(carbamidomethylation) or formylglycine (Fglyaldehyde, Fglydiol) are notificated with small letters in the 

fragmentation pattern. Adapted from Damm et al., (2022). 

2.2.3. Specificity and efficiency of oxime ligations with aldehyde-
tagged Env 

Reporter assays were performed to evaluate the specificity of the oxime 

ligation for the genetically introduced C-terminal aldehyde-tag as well as the 

efficiency of the reaction. For specificity evaluation, purified His- and aldehyde-

tagged Env trimers were incubated with an aminooxy-dye (AlexaFluor®-647-

hydroxylamine) under previously published optimized oxime ligation conditions (6 

h, 37°C, pH 4.5) 166. The reactions were loaded on a 10 % acrylamide gel and 

separated by SDS-PAGE. Fluorescent bands were detected via gel imaging under 

red light exposure (Fig. 15 A). As expected, the reporter dye reacted in a highly 

specific manner with aldehyde-tagged Env trimers as seen by fluorescent signals 

at 140 kDa. Furthermore, the signal intensity was stronger with Env-Ald6/FGE 

indicating an improved binding, when the Fgly conversion rate was increased by 

FGE overexpression. Nevertheless, a weak fluorescent signal with Env-His8 hinted 

at a neglectable binding of aminooxy-dye to other potentially reactive moieties on 

Env. As a control, no signal was detected in the reaction without aminooxy-dye. 

 Even though this reporter assay has proven that aldehyde-tagged Env 

trimers were specific targets for aminooxy reagents, it did not allow to evaluate the 

percentage of Env-Ald6 and Env-Ald6/FGE that successfully reacted with the dye. 

Thus, in order to address the efficiency of the oxime ligation, Env-His8, Env-Ald6 

and Env-Ald6/FGE were incubated with a 40 kDa aminooxy-PEG[n] gel shift linker 

(GSL) under above mentioned conditions. Reactions without GSL were performed 

as control. The different samples were slowly separated by SDS-PAGE using 8 % 
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acrylamide gels to avoid any disturbances of the gel matrix by an excess of the rigid 

GSL. Western Blot was performed subsequently. Notably, only aldehyde-tagged 

Env trimers strongly reacted with the GSL resulting in prominently shifted Western 

Blot bands (Fig. 15 B). This shift was not seen with Env-His8 or when no GSL was 

included in the reaction. AIDA signal quantification analysis of the shifted and non-

shifted bands revealed that 71.8 % of Env-Ald6 and 92.2 % of Env-Ald6/FGE bound 

to the GSL, whereas only 0.5 % of Env-His8 has successfully reacted, which is in 

line with the weak background signal in the fluorescent reporter assay (Fig. 15 A). 

Thus, in summary, these data have shown that the oxime ligation with aldehyde-

tagged Env trimers was specific and highly efficient. Importantly, as expected, the 

improved Fgly conversion by FGE overexpression (Env-Ald6/FGE) resulted in 

stronger binding signals compared to Env-Ald6.   

 Recombinant native-like Env trimers were repeatedly shown to be 

conformationally stable up to 62.5°C as well as after numerous freeze/thaw cycles 

53,76. However, detailed studies about pH sensitivity are rare. The maintenance of 

the native-like trimer conformation during and after the coupling procedure is most 

crucial for the qualitative competition with other state-of-the-art coupling 

mechanisms. Thus, any negative effects of low acidic oxime reaction environment 

on the Env conformation had to be excluded, before the project could be continued. 

To this end, Env-His8 was incubated under oxime ligation conditions with binding 

buffers adjusted to pH 4.5 or pH 3.0. As a control, one sample remained in PBS/O 

at pH 7.0. In the following, all samples were adjusted to pH 7.0 using PBS/O and 

immobilized on anti-His antibody-coated ELISA plates, which were then stained 

with serial dilutions of trimer-specific apex antibodies PG9, PG16 and PGT145 as 

well as glycan-specific antibody 2G12 (Fig. 15 C). Binding curves for all antibodies 

were in a comparable range for pH 4.5- and pH 7.0-treated Env trimers. In contrast, 

pH 3.0 treatment resulted in a significant loss of antibody binding. Moreover, the 

conformational ELISA assay was used to evaluate, whether lyophilization and 

reconstitution have negative effects on the Env trimer conformation. Here, binding 

of PG16, PGT145 and 2G12 were unaffected, whereas PG9 binding was reduced 

about half (data not shown). In summary, these experiments have proven that the 

native-like conformation of stabilized Env trimers is negatively affected by a highly 

acidic environment, but not under oxime ligation conditions at pH 4.5. This finding 

was decisive for the whole aldehyde-mediated coupling mechanism. 
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Figure 15) Oxime ligation reporter assays 

(A) Oxime reaction with an aminooxy-dye. Env-His8, Env-Ald6 and Env-Ald6/FGE were incubated for 

6 h at 37°C and pH 4.5 in the presence (+) or absence (-) of AlexaFluor®-647-hydroxylamine. The 

covalent reaction was analyzed by reducing SDS-PAGE and fluorescent gel imaging. (B) Gel shift. 

Aldehyde- and His-tagged Env trimers were incubated in the presence (+ GSL) or absence (- GSL) 

of a 40 kDa aminooxy-PEG[n] gel shift linker under oxime ligation conditions. The reactions were 

separated on an 8 % SDS gel at low voltage. Western Blot was performed afterwards. (C) 

Conformational ELISA. His-tagged Env trimers were incubated overnight in low acidic (pH 4.5), 

highly acidic (pH 3.0) or neutral (pH 7.0) environment. All samples were adjusted to pH 7.0 

afterwards. A conformational sandwich ELISA was then performed on opaque high-binding plates 

coated with anti-His antibody and detected with trimer-specific antibodies (PG9, PG16, PGT145) 

and glycan antibody 2G12 in serial dilutions as well as anti-human-HRP secondary antibody. The 

ECL-induced relative light units per second (RLU/s) were measured with a photometer. One 

representative ELISA out of three independent experiments with comparable results is shown. 

Modified from Damm et al., (2022). 
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2.2.4. Evaluation of a two-step conjugation mechanism 

Despite the stability of native-like Env in a low acidic environment, calcium 

phosphate nanoparticles would dissociate at pH 4.5. As a consequence, oxime 

ligations of aldehyde-tagged Env with aminooxy-functionalized CaPs were not 

feasible and, thus, this circumstance had to be bypassed via a two-step coupling 

mechanism (Fig. 12; Fig. 16 A).  

 As a first reaction, purified Env trimers were conjugated with a bi-specific 

linker molecule, propargyl-PEG3-aminooxy, to generate linker-bound Env (Step-

one; oxime ligation). These modified proteins (lnkr-Env) with linker-associated 

terminal alkyne groups at the C-termini could then be used for copper-catalyzed 

azide-alkyne cycloadditions with azide-functionalized CaPs (Step-two; click 

reaction) or an azide-conjugated dye in terms of a click reaction reporter assay (Fig. 

16 A). For the latter, oxime ligations with all purified Env trimers in the presence of 

different concentrations (125 µM, 250 µM, 500 µM) of propargyl-PEG3-aminooxy 

linker were performed as a first step. The ligation mixtures were then directly put 

into click reactions with AlexaFluor®-488-azide. This reporter assay was done to 

evaluate the efficiency of the click reaction and to define the optimal stoichiometry 

between linker molecules and Env trimers. Since oxime ligations were performed 

in lab scale for this study, lnkr-Env could not be properly purified afterwards and, 

thus, excessive propargyl-PEG3-aminooxy molecules would compete with lnkr-Env 

for the click reaction with terminal azide groups. As a consequence, a linker 

concentration that allowed maximal efficiency and minimal binding competition 

would be the best compromise. The completed click reactions with AlexaFluor®-

488-azide were analyzed via fluorescent SDS-PAGE. To this end, after protein 

separation, the gels were evaluated under blue light exposure (Fig. 16 B). Click 

reactions with lnkr-(Env-Ald6) resulted in strong fluorescent signals. In comparison, 

the signal intensity was clearly increased with lnkr-(Env-Ald6/FGE) as expected. 

Interestingly, two-step coupling reactions of aldehyde-tagged Env with 125 µM 

propargyl-PEG3-aminooxy linker showed the strongest binding signals indicating 

the most favorable stoichiometry between the oxime ligation binding partners. 

Reactions with 250 µM linker already resulted in severely diminished binding 

signals (Fig. 16 B), whereas reactions with 500 µM linker did not result in fluorescent 

gel bands at all (data not shown). Thus, a linker concentration of 125 µM was 
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chosen for the subsequent nanoparticle coupling reactions. The absence of 

fluorescent signals in reactions including Env-His8 in the presence of propargyl-

PEG3-aminooxy linker or Env-Ald6/FGE in the absence of linker proves the high 

specificity of the click reaction for linker-bound, aldehyde-tagged Env trimers. On 

another note, this reporter assay was not only done for evaluation of the click 

reaction efficiency alone, but additionally prove a conducted Fgly conversion and 

oxime ligation, since successful click reactions were dependent on these two 

requirements.   

 

 

Figure 16) Concept and evaluation of a two-step coupling mechanism 

(A) Details of the two-step coupling mechanism. Aldeyhde-tagged Env trimers (Env-Ald6[/FGE]) with 

converted Fgly residues at the C-terminus were conjugated to bispecific linker molecules with  

terminal alkyne and aminooxy groups connected by short PEG spacers (propargyl-PEG3-aminooxy) 

via an oxime ligation reaction (Step-one). The alkyne groups of linker-bound Env (lnkr-Env) were 

harnessed for click reactions with azide-terminated reagents (AlexaFluor®-488-azide or azide-

functionalized CaP-N3; Step-two). The chemical structure of Env trimers orthogonally coupled to the 

surface of CaPs (oCaP) is shown in detail (CaP-lnkr-(Env-Ald6[/FGE]). (B) Fluorescent reporter gel 

assay to evaluate the click reaction. Step-one was conducted with Env-His8, Env-Ald6 and Env-

Ald6/FGE in the presence of either 125 µM or 250 µM linker (+) or in the absence of linker (-). The 

unpurified, lab-scale oxime ligation mixtures were then used for click reactions with AlexaFluor®-

488-azide. The conjugates were separated by SDS-PAGE and analyzed under blue light exposure. 

Modified from Damm et al., (2022). 
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2.2.5. Synthesis and chemical characterization of orthogonally 
conjugated calcium phosphate nanoparticles 

Rojas-Sanchez et al. previously optimized the quantity of terminal azide-

groups on the surface of CaPs (CaP-N3) 119. These particles were the basis for the 

generation of orthogonally coupled CaPs. oCaPs were synthesized and chemically 

characterized by Kathrin Kostka (Institut für Anorganische Chemie, Universität 

Duisburg-Essen, Essen, Germany).  

 

Figure 17) SEM analysis of oCaPs 

Scanning electron microscopy of CaP-lnkr-(Env-Ald6) (left panel) and CaP-lnkr-(Env-Ald6/FGE) 

(right panel). Scale bar = 500 nm. Modified from Damm et al., (2022). 

 

 After performing the orthogonal two-step coupling mechanism using purified 

aldehyde-tagged Env trimers and CaP-N3 (Fig. 16 A), the resulting oCaPs were 

analyzed via SEM (Fig. 17) and ZetaSizer measurement (Table 2). Additional 

reactions were done either with Env-His8 in the presence of linker (CaP//lnkr//(Env-

His8)) or with Env-Ald6/FGE in the absence of linker (CaP//(Env-Ald6/FGE)) to 

control the specificity of the oxime ligation and click reaction, respectively. SEM 

imaging of Env-coupled oCaPs demonstrated a spherical morphology of the 

nanoparticles (Fig. 17). While the solid core diameters of CaP-lnkr-(Env-Ald6) and 

CaP-lnkr-(Env-Ald6/FGE) were hardly different than that of the CaP//lnkr//(Env-His8) 

control (49 ± 6 nm and 57 ± 6 nm vs. 47 ± 5 nm), the hydrodynamic diameters of 

the coupled CaPs were clearly larger than the ones of all control particles (104 nm 

and 120 nm vs. 52 nm and 44 nm; Table 2). Interestingly, the CaP-lnkr-(Env-
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Ald6/FGE) particle preparation was more homogeneous as judged by the 

polydispersity index than the other preparations (0.34 vs. 0.42 and 0.41). An 

average of 722 (488 – 1020) and 1540 (1100 – 2080) Env trimers were coupled to 

the surface of CaP-lnkr-(Env-Ald6) and CaP-lnkr-(Env-Ald6/FGE), respectively. No 

Env trimers were detected by UV-Vis spectroscopy on the surface of control 

particles. 

Table 2) Physicochemical characterization data of oCaPs 

Sample CaP-N3 
CaP-Inkr-
(Env-Ald6) 

CaP-Inkr-
(Env-

Ald6/FGE) 

CaP//Inkr// 
(Env-His8) 

CaP// 
(Env-

Ald6/FGE) 

Solid core particle 

diameter by SEM / 

nm 

34 ± 4* 49 ± 6* 57 ± 6* 47 ± 5* 56 ± 6* 

Hydrodynamic 

particle diameter by 

DLS / nm 

38 104 120 52 44 

Polydispersity index 

(PdI) by DLS 
0.39 0.42 0.34 0.41 0.31 

Zeta potential by 

DLS / mV 
+26 +25 +20 +19 +15 

N(Env) molecules 

per nanoparticle  
- 

722  

(488-1020)** 

1540  

(1100-2080)** 
- - 

* mean ± standard deviation; ** mean (% 95) 

 A microscopy-based reporter assay was established to monitor the specific 

coupling of aldehyde-tagged lnkr-Env to the surface of CaP-N3. To this end, 

aldehyde-tagged Env trimers were labelled with a red dye (AlexaFluor®-647) by 

using a primary amine-targeting protein labeling kit (Fig. 18 A). Both oCaPs and 

control nanoparticles as stated above were synthesized using these fluorescent 

Env trimers. A cell uptake reporter assay that was previously established to monitor 

the internalization and cell fate of fluorescently labelled CaPs was performed by 

Kathrin Kostka. HeLa cells were incubated for 24 h in the presence of different CaP 

preparations. This reporter assay was not done to address the question whether 

oCaPs are taken up by HeLa cells, since this has been extensively shown before 

119,129. In contrast, it was conducted to prove the presence of AlexaFluor®-647 

signals inside the cells after incubation with oCaPs, but not with control CaPs, by 

fluorescence light and confocal laser scanning microscopy. This would strongly 

indicate the specific and efficient functionalization of CaP-N3 with lnkr-(Env-Ald6) 

and lnkr-(Env-Ald6/FGE) via click reactions. 
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Figure 18) Nanoparticle uptake by HeLa cells 

All practical steps were performed and measured by Kathrin Kostka. (A) Fluorescence microscopy. 

Aldehyde-tagged Env trimers were conjugated with AlexaFluor®-647 using a protein labeling kit that 

targets primary amines on Env. The fluorescent Env molecules were further used for the aldehyde-

mediated two-step coupling mechanism. HeLa cells were analyzed after 24 hours incubation in the 

presence of fluorescent oCaPs (CaP-lnkr-(Env-Ald6) and CaP-lnkr-(Env-Ald6/FGE)) or mock-

coupled CaPs controlling the oxime ligation specificity (CaP-lnkr-(Env-His8)) or the click reaction 

specificity (CaP//(Env-Ald6/FGE)). Bright field (left panels), nanoparticle fluorescence channel (right 

panels). Scale bar = 50 µm. (B) Confocal laser scanning microscopy of HeLa cells after 24 h 

incubation with CaP-lnkr-(Env-Ald6/FGE) or CaP//(Env-Ald6/FGE). The cells were stained with 

HOECHST 3342 (NUCLEUS) and AlexaFluor®-488 phalloidin (ACTIN) to localize the fluorescent 

signatures of the nanoparticles coupled with fluorescent Env trimers (ENV) in overlay images. Scale 

bar = 20 µm. Modified from Damm et al., (2022). 
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After nanoparticle incubation, fluorescent light microscopy revealed HeLa 

cells with red signals in samples that were incubated with CaP-lnkr-(Env-Ald6) and 

CaP-lnkr-(Env-Ald6/FGE), as expected (Fig 18 A). Notably, no signals were 

detected in samples treated with the linker control CaP//(Env-Ald6/FGE).  

 The HeLa cells that were incubated in the presence of CaP-lnkr-(Env-

Ald6/FGE) and CaP//(Env-Ald6/FGE) have been analyzed in detail on cell organelle 

level by CLSM (Fig 18 B). To this end, the nuclei and actin filaments were stained 

with HOECHST and AlexaFluor®-488, respectively. Importantly, red signal dots 

derived from fluorescently labelled Env-Ald6/FGE on oCaPs appeared in HeLa cells 

incubated with CaP-lnkr-(Env-Ald6/FGE), but not in those samples treated with the 

control particles coupled in the absence of linker. Besides the click reaction reporter 

assay (Fig 16 B), these data have proven on nanoparticle level that the two-step 

coupling mechanism resulted in the generation of oCaPs and that both reactions 

(Step-one and Step-two) were specific and efficient. 

2.2.6. Biological, functional and immunological characterization 
of the improved nanoparticle design 

To this point, it was shown that the low acidic environment of the oxime 

ligation is not harmful for the stabilized Env trimer conformation and that oCaPs 

were orthogonally functionalized with a high number of Env spikes via the two-step 

coupling mechanism. However, there has been no evaluation yet, whether the Env 

trimer conformation on the surface of the final oCaPs was still intact after the 

coupling procedure. Thus, the preservation of the closed trimeric conformation after 

orthogonal coupling was addressed with an experimental flow cytometry approach. 

oCaPs were surface-stained with a panel of monoclonal Env apex antibodies 

specific for the pre-fusion conformation (PG9, PGT145). Additional stainings were 

done with a CD4bs-directed antibody (b12) as well as with a SARS-CoV-2-specific 

anti-S antibody (TRES567hu 239) as isotype control. The stained nanoparticles were 

further incubated with AlexaFluor®-647-coupled secondary anti-human IgG 

antibody and analyzed by flow cytometry (Fig. 19). In contrast to the isotype control, 

PG9 and PGT145 as well as b12 recognized and bound to the oCaPs (CaP-lnkr-

(Env-Ald6/FGE)). Interestingly, the median fluorescence intensity (MFI) of the b12 

staining was thrice as high as the MFIs of the trimer-specific antibody stainings 
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(3922 vs. 1310 and 1303), which perfectly resembles the ratio of CD4bs and apex 

antibody binding sites on one trimer (3:1 vs. 1:1). As a consequence, this 

experimental FACS approach gave strong evidence that the conformation of the 

Env trimers was preserved on the surface of oCaPs.  

 

Figure 19) Biological characterization of oCaPs 

Surface FACS analysis of CaP-lnkr-(Env-Ald6/FGE). The oCaPs were stained with trimer-specific 

apex antibodies PG9 and PGT145 as well as CD4bs antibody b12. The isotype control staining was 

done with a human monoclonal SARS-CoV-2 S-antigen antibody (TRES567hu). Secondary 

antibody staining was performed with AlexaFluor®-647-conjugated anti-human IgG. The mock 

group was incubated in buffer only. Numbers (red) indicate the median fluorescence intensities. 

Modified from Damm et al., (2022). 

 

A crucial requirement for ISH is the recognition and uptake of nanoparticles 

functionalized with the antigen of interest by antigen-specific naïve B cells in a B 

cell receptor-dependent manner 220. As shown above, rCaPs induced activation of 

Env-specific PGT121 B cells in a comparable range than lentiviral VLPs (Fig. 8). 

Since the CaP design has now been optimized by orthogonal Env conjugation, this 

in vitro activation assay was repeated comparing PGT121 B cell activation in the 



  Results 

67 
 

presence of dilution series of rCaPs and oCaPs normalized to the bulk Env 

concentration (200 – 0.3 ng/mL) (Fig. 20 A). While the amount of activated, viable 

CD19+ B cells was comparable at the highest and lowest Env concentration 

between both types of nanoparticles (73 % vs. 74 %; 7 % vs. 7 %), oCaPs induced 

a 1.3 – 2-fold higher activation of PGT121 B cells at the bulk Env concentrations 

inbetween saturation and background (40, 8 and 1.6 ng/mL).   

 

Figure 20) Functional and immunological comparison of rCaPs and oCaPs 

(A) In vitro B cell activation assay. Naïve Env-specific B cells isolated from PGT121 B cell receptor-

transgenic mice were stimulated for 18 h with different dilutions of rCaPs and oCaPs normalized to 

the bulk concentration of Env (0.3 – 200 ng/mL). Afterwards, the B cells were stained with fluorescent 

anti-CD19 and anti-CD69 as well as with a viability dye and analyzed by flow cytometry. The 

histograms represent the expression of early activation marker CD69 on the surface of viable CD19+ 

cells. Additionally, the percentages of CD69+ cells (in %) and the MFI values are given in numbers. 

One representative experiment out of three independent trials with similar results is shown. (B) 

Serum ELISA. Env-specific total IgG (top) and IgG1 (bottom) humoral immune responses (in Log10 

RLU/s) in mice three weeks after intramuscular immunization with rCaPs or oCaPs. The columns 

represent the means of six animals per group ± SEM. * p < 0.05; one-way ANOVA with Tukey’s 

multiple comparison post-hoc test. Modified from Damm et al., (2022). 
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Finally, the influence of orthogonal coupling on the induction of Env-specific 

humoral immune responses has been evaluated. To this end, wildtype C57bl/6NRj 

mice were immunized with CpG-adjuvanted rCaPs and oCaPs intramuscularly. 

Blood was taken after three weeks and serum ELISAs were performed to analyze 

the antibody response (Fig. 20 B). Interestingly, total anti-Env IgG antibody 

responses were improved in mice that received oCaPs. Subtype ELISA analysis 

revealed that this effect was predominantly due to an increased magnitude of Env-

specific IgG1 responses in oCaP mice compared to rCaP mice. IgG2c levels have 

not been affected by the type of nanoparticle (data not shown).  

These results clearly indicated functional and immunological advantages of 

BCR binding by oCaPs over rCaPs (see discussion and Fig. 21).  

In total, the design of T helper rCaPs shown to induce ISH in mice has been 

optimized with a two-step orthogonal, site-specific coupling mechanism. oCaPs 

were functionalized with a high density of conformationally preserved Env trimers 

and demonstrated an improved induction of both Env-specific B cell activation and 

increased magnitudes of humoral immune responses in functional in vitro and in 

vivo assays. Thus, oCaPs are a reliable platform for future preclinical and clinical 

vaccine trials against various pathogens. 
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3. Discussion 

The two major achievements of this study were i) the indication that T helper 

CaPs can be used as a replacement for T helper VLPs in the induction of ISH 

effects, which comes along with additional advantages such as the dispensability 

of adjuvants and the avoidance of HIV-specific CD4+ T cell induction, and ii) that 

the nanoparticle design was optimized by an aldehyde-tag-based, orthogonal 

coupling mechanism, which preserves the conformation of the Env trimers on the 

CaP surface and leads to better BCR crosslinking.  

CaPs encapsulating TLR ligands or peptides have been used for preclinical, 

immunomodulatory studies before 104,
 

240 and are physiologically well tolerated, 

since the main chemical reagents, calcium phosphate and silicon dioxide, are part 

of human bone 121 and are used in the food industry 241, respectively. The biological 

safety of polyethylenimine is yet controversial 242. This cationic polymer, however, 

may be easily replaced by another chemically inert one for the stabilization of the 

nanoparticle matrix, before moving on in clinical trials and applications. The 

zetapotential of functionalized rCaPs and oCaPs was between +20 mV and +27 

mV and the orthogonally coupled nanoparticles had hydrodynamic sizes between 

104 nm and 120 nm in diameter. These properties render the particles likely to enter 

the lymphatic system and to be taken up by cells 131,
 

100. Interestingly, the 

hydrodynamic diameters of rCaPs were about thrice as big as those of oCaPs 

(Table 1, Table 2). The principle of random coupling of Env trimers to the surface 

of CaPs was based on the targeting of primary amines on the antigen by sulfo-

SMCC crosslinker-mediated NHS esters 101. In one gp140 Env molecule, 33 lysine 

residues were expected to have a solvent-exposed side chain and, thus, could be 

harnessed for random coupling 243,244. 

After synthesis, the capability of rCaPs to induce activation of Env-specific B 

cells in vitro was evaluated in advance to in vivo experiments. B cell receptor-

transgenic PGT121 mice were used as B cell donors, since approximately 70 % of 

their naïve B cell repertoire bear the broadly-neutralizing Env-antibody PGT121 as 

IgM (BCR) on the surface 232. One Env trimer exposes three identical epitopes for 

PGT121 and binding of this antibody is not restricted to a specific antigen 

conformation 28. Importantly, rCaPs induced a comparable magnitude of PGT121 
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B cell activation than lentiviral VLPs, which served as a positive control for BCR-

dependent B cell activation 245. On the contrary, both kinds of nanoparticles were 

not able to induce activation of wt B cells, as expected. In order to control the 

inducibility of these B cells, LPS-treated controls were performed to demonstrate 

the total polyclonal capability of B cell activation 246. On the other hand, since wt B 

cells did not show any activation in the presence of rCaPs or lentiviral VLPs, this 

means that all nanoparticle preparations were free of polyclonal activators such as 

endotoxin. The PGT121 B cell activation by soluble Env-His8 was significantly 

reduced in comparison to rCaPs, which is in line with other studies demonstrating 

that liposomes conjugated with Env are superior over soluble Env trimers in Env-

specific B cell activation 112,113.  

To induce in vivo ISH effects, mice were initially immunized with a licensed 

Tetanus Toxoid-based vaccine (Tetanol®pur) and boosted with rCaPs 

intramuscularly. This type of application was previously shown to be the most 

appropriate delivery route for B and T cell antigens via CaPs into draining lymphoid 

organs 104. rCaP-mediated ISH strongly increased the magnitude of Env-specific 

IgG1 levels in contrast to mock-prime or nanoparticle control groups. Despite a 

dose of 10 µg Env on nanoparticles per mouse, mock-primed mice demonstrated 

poor Env-specific humoral immune responses. In previous studies, immunizations 

with HEL-functionalized nanoparticles (CaPs or VLPs) alone were sufficient to 

induce strong immune responses in highly sensitive C3H mice 104,247. Despite the 

capability of rCaPs to directly activate Env-specific B cells in vitro, CD4+ T cell help 

is additionally necessary to induce primary in vivo antibody responses 248. As a 

consequence, the poor humoral immune responses induced by rCaPs alone might 

be the result of i) a generally weak MHC-II-restricted CD4+ T cell help towards Env 

trimers in wt mice 249,250 or ii) a suboptimal immunogenicity of non-adjuvanted CaPs. 

The first hypothesis is supported by the fact that the encapsulation of Tetanus 

Toxoid p30 peptide, which is a universal T helper epitope 249, into rCaPs (rCaP-

p30) was enough to significantly increase the magnitude of the Env-specific 

humoral immune response in mock-primed mice. A similar observation was already 

made in a previous study, where the encapsulation of p30 into CaPs functionalized 

with HEL has overcome the lack of HEL-derived CD4+ T cell epitopes in C57bl/6 

mice that are genetically predisposed not to provide anti-HEL CD4+ T cell help 104. 

Nevertheless, the Env-specific antibody response in ISH mice (Tetanol®pur + 
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rCaP-p30) was about 10-fold higher than the “rCaP-p30 / mock-prime” group and 

more than 100-fold higher than the “rCaP only” group. Induction of Tetanus-

mediated ISH effects was previously shown in mice immunized with p30-

incorporating lentviral VLPs after a prime administration of Tetanol®pur 224. This 

experimental setup was reproduced in the current study as a positive control group 

with lentiviral VLPs that incorporated p30 and displayed membrane-anchored 

BG505 Env trimers on the surface (Env-VLP-p30) to obtain a direct comparison of 

VLP- and CaP-mediated ISH effects. The dosage of Env-VLP-p30 normalized to 

the bulk amount of Env per mouse was adapted from previous studies and was 

about 33-fold lower than the CaP dosage (0.3 µg vs. 10 µg)  211,224. Most importantly, 

the strength and phenotype of the ISH between rCaP-p30- and Env-VLP-p30-

immunized mice was comparable, indicating that T helper VLPs can be replaced 

by synthetic T helper CaPs in future preclinical and clinical vaccine applications. 

The phenotype of ISH was consistent with the results of the cytokine profiling of 

p30-specific CD4+ T cells. ISH mice showed significantly elevated levels of IL-5-

secreting, p30-specific T helper cells. ISH for Env-specific B cells given by these 

CD4+ T cells may be responsible for the dominant anti-Env IgG1 response, while 

elevated levels of cells secreting Th1 cytokines IFN-γ and TNF-α were sufficient to 

additionally increase the magnitude of Env-specific IgG2c responses in a significant 

manner in the same mice 180,251.  

In the past, as an alternative for the recruitment of heterologous, non-Env T 

cell help, TLR ligands were encapsulated into CaPs for immunomodulatory vaccine 

trials. Here, incorporation of TLR9 ligand CpG resulted in the highest increase of 

IgG antibody responses against a model antigen beside a number of other 

advantages 104. Furthermore, CpG 1018 is approved as an adjuvant for clinical 

applications 234. In this study, the hypothesis that ISH can compete with the 

modulatory effects of adjuvants was tested by direct comparison of animal groups 

that have received either rCaP-p30 in an ISH setup or rCaP-CpG. In fact, both 

groups demonstrated a comparable magnitude of Env-specific total IgG responses. 

Nevertheless, while Tetanus-mediated ISH induced an anti-Env IgG1-dominated 

response, CpG adjuvantation resulted in predominant IgG2c levels. These findings, 

however, were in line with immune response phenotypes in previous studies 104,224. 

Moreover, it is possible to alter the ISH-mediated immune response phenotype by 

using different heterologous T helper epitopes 225,227.  
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The success of a vaccine is not only dependent on the elicitation of protective 

humoral immune responses, but also on avoiding the vaccine-mediated induction 

of immune mechanisms that may increase the susceptibility for infection 252. 

Multiple studies have demonstrated that vaccine-induced HIV-specific CD4+ T cells 

may act as a target for HIV and promote the infection after inoculum-mediated 

activation and expansion 213,214. To evaluate, whether the recruitment of non-HIV-

specific CD4+ T cells via ISH can bypass the induction of HIV-specific T cell help, 

the ISH and CpG-adjuvanted CaP mice were analyzed for the presence of Env-

specific CD4+ T cell responses. To this end, splenocytes of completely immunized 

mice (w18) were co-cultured with Env-specific B cells previously incubated with 

lentiviral VLPs for the restimulation of CD4+ T cells, since no universal Env peptide 

is described in the literature. This co-culture assay as a prerequisite for intracellular 

cytokine staining of Env-specific T cells has been established in this study. Indeed, 

while both groups (ISH vs. CpG) showed similar levels of anti-Env total IgG, Env-

specific CD4+ T cells that secrete pro-inflammatory cytokines IL-2, TNF-α and IFN-

γ 253 were only detected in the rCaP-CpG group, but not in the ISH group. The 

pronounced Env-specific CD4+ T cell responses in rCaP-CpG mice might be a 

result of TLR9 ligation in DCs 126,254. IFN-γ-secreting CD4+ T cells were particularly 

in focus in this experiment, since non-human primate SIV infection models have 

shown that vaccinated macaques with a high number of vaccine-induced IFN-γ-

secreting T cells were more likely to be infected with challenge virus than animals 

with a low SIV-specific CD4+ T cell number 213. Thus, the current study indicates 

that CpG-incorporation into CaPs, but not ISH, may result in immune responses 

that potentially enhance the susceptibility for HIV acquisition.  

To summarize the immunological findings, the encapsulation of non-HIV 

peptides as heterologous T helper epitopes into rCaPs induced ISH effects that 

modified the phenotype and magnitude of the Env-specific antibody response in a 

comparable range than a commercial adjuvant, but without the additional induction 

of HIV-specific CD4+ T cells that are suspected to increase the susceptibility for 

HIV infection. Thus, these findings provide multiple reasons to further push the 

concept of ISH in the context of HIV-1 vaccination into clinical studies. 

In fact, nanoparticle delivery platforms for clinical applications in HIV-1 

vaccine research have been tremendously put into spotlight during the last decade 
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255. The targeting of cells and tissues as well as the immune response induction 

requires a surface functionalization with either antigens, antibodies or small 

molecules such as peptides 256. The HIV-1 surface glycoprotein Env is the only 

target for the humoral immune system on native virions. Therefore, in the context 

of an HIV-1 vaccine candidate, the surface functionalization of nanoparticles with 

Env is required to improve B cell targeting and the immunogenicity towards the 

antigen. A multitude of studies describe various mechanisms for the generation of 

nanoparticles conjugated with Env trimers 257. In this study, T helper CaPs were 

functionalized with Env trimers in a randomly oriented manner via sulfo-SMCC 

crosslinkers. However, state-of-the-art coupling mechanisms manage to surface-

functionalize nanoparticles in a way that preserves the pre-fusion conformation of 

stabilized Env trimers which contains epitopes for broadly-neutralizing antibodies 

110,113. Furthermore, site-specific Env immobilization may contribute to make the 

trimer bases, which contains immunodominant epitopes that lead to non-

neutralizing antibody responses, inaccessible for B cell receptors (BCRs) 258. In 

order to improve the design of T helper CaPs, a two-step coupling mechanism for 

orthogonal Env functionalization of CaPs was planned, established and evaluated 

in the course of this study. This mechanism is based on two highly selective and 

well-characterized bioconjugation reactions – oxime ligation (Step-one) and 

copper-catalyzed azide-alkyne cycloaddition (Click reaction; Step-two) 130,259. 

BG505 Env trimers based on the subtype A transmitted/founder virus BG505.B1 

were used as the antigen of choice for orthogonal coupling, since they are broadly 

applied as vaccine candidates and allow a direct comparison to rCaPs 56,260. 

Moreover, native-like soluble BG505 NFL trimers were reported to be 

predominantly in a non-dissociated, trimeric state after affinity chromatography 

alone, without the need for further size-exclusion purification 76. A genetically 

encoded aldehyde-tag was introduced at the C-terminus of Env as prerequisite for 

the coupling mechanism. 

Initially, it was planned to directly conjugate aminooxy-functionalized 

nanoparticles with aldehyde-tagged Env trimers. However, since the oxime ligation 

requires a low acidic environment and the calcium phosphate matrix is not stable 

under these conditions, this problem was bypassed via an additional crosslinker 

and second bioconjugation step at neutral pH. In theory, pH-insensitive 

nanoparticles such as liposomes can be coupled in a single step via the aldehyde-
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tag mechanism. However, since missing flexibility in the proximity of conjugation 

reactions is reported to impede the coupling efficiency, the two-step mechanism 

may even be beneficial in this regard 109. Oxime ligations form covalent bonds 

between the reaction partners and, thus, have advantages in comparison to 

coupling strategies based on affinity interactions or random antigen immobilization 

via targeting of primary amines with a low conjugation efficiency 113,261. The site-

specific bioconjugation can compete well with already published mechanisms 

harnessing recombinant cysteines and maleimide head groups or orthogonal 

immobilization on biocompatible silica nanoparticles 109,137.   

The Fgly conversion rate and both bioconjugation steps were analyzed 

independently in terms of efficiency and specificity in order to assess the total 

performance of the two-step coupling mechanism. In a prokaryotic expression 

system, 85 % of the C-terminal aldehyde-tags in the maltose binding protein (MBP) 

demonstrated converted Fgly residues upon co-expression of FGE from M. 

tuberculosis 167. Another study reported that Fgly conversion in 6-mer aldehyde-

tags introduced downstream of Fc domains was done at a rate of 28 ± 1 % 

(endogenous FGE only) and 45 ± 1 % (FGE overexpression) during protein 

expression in eukaryotic CHO cells 166. In this study, the Fgly conversion rate was 

addressed by mass spectrometry (MS) analysis and gel shift assays. In general, 

Env expression takes place in the secretory pathway. Due to extensive co-

translational modifications such as glycosylation, Env may be exposed to FGE 

activity a proportional amount of time 19. Since three heterodimers with individual 

aldehyde-tags form one Env trimer, the Fgly conversion in one gp120-gp41 subunit 

would be sufficient for theoretical trimer coupling. MS analysis has proven that Fgly 

conversion was detectable in both the endogenous (Env-Ald6) and the 

overexpression setting (Env-Ald6/FGE). Nevertheless, the calculated conversion 

rate based on the MS data was much lower in Env-Ald6 (7 % vs. 42 %). Surprisingly, 

despite this low endogenous conversion rate, the gel shift assay demonstrated 

efficient oxime ligations of both Env-Ald6 and Env-Ald6/FGE with a 40 kDa 

aminooxy-PEG[n] linker (71.8 % vs. 92.2 %). Assuming a statistically necessary 

conversion rate of 33.3 % to introduce one reactive aldehyde group per trimer, the 

gel shift assay suggested minimum conversion rates of 23.9 % (endogenous 

setting; 0.718 x 33.3) and 30.7 % (overexpression setting; 0.922 x 33.3), 

respectively. Despite the divergence of the calculated conversion rates from both 
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assays, the data clearly draw the conclusion that transient FGE overexpression is 

strongly recommended for future production of aldehyde-tagged Env. 

 The oxime ligation (Step-one) was first evaluated in terms of specificity by 

reactions of aldehyde- and His-tagged Env proteins with a fluorescent aminooxy-

dye. Aminooxy groups react most preferentially with aldehyde groups, but in 

declining affinity also with ketones, amides and carboxylic acids. Native Env does 

not contain any naturally occurring aldehyde or ketone groups. Nevertheless, major 

unspecific targeting of other Env domains except the recombinantly introduced 

aldehyde-tag by aminooxy groups had to be excluded. Especially the glycan shield 

was a matter of concern, since various publications describe the immobilization of 

monosaccharides or more complex glycans on gold nanoparticles via aminooxy-

terminated linker molecules 262–264. However, this immobilization was done by 

targeting free C1 atoms on the ring structures and the reactions were catalyzed via 

aniline. The Env glycan shield is comprised of N-linked complex or high-mannose 

glycans, where free C1 atoms do not occur, since they are always conjugated by 

1,4- or 1,6-glycosidic bonds and, thus, inaccessible 265–267. However, GlcNAc and 

Neu5Ac residues located at the stem and caps of oligosaccharides, respectively, 

contain amide moieties, which are potential but hardly reactive targets of aminooxy 

groups 268,269. These moieties might be responsible for the weak signals in the 

oxime reporter gel assay with Env-His8, but this amount of unspecific binding is 

neglectable, especially because only 0.5 % of Env-His8 was bound in the gel shift 

assay. Studies indicating the presence of O-glycosylation in Env are rare 270. The 

amino acids asparagine and glutamine contain additional amide groups. Moreover, 

both Neu5Ac as well as aspartic and glutamic acid bear free carboxylic acid groups. 

Yet, in the absence of a catalytic reagent, it is unlikely that the propargyl-PEG3-

aminooxy linker would react with above mentioned moieties. In summary, the 

genetically encoded aldehyde-tags at the C-termini of Env were the specific and 

preferential targets for oxime ligations. 

The conformational stability of BG505 Env trimers at low acidic environment 

(pH 4.5) required for an optimal oxime ligation efficiency was a major concern in 

the course of this study. Thus, the conformational integrity of Env was evaluated by 

ELISA using trimer-specific antibodies (PG9, PG16, PGT145) after antigen 

treatment at neutral, low acidic or highly acidic environment (pH 7.0, pH 4.5 and pH 
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3.0, respectively). These antibodies are commonly applied to confirm the closed 

conformation of native-like trimers 61,139. Additional detection was done with glycan-

binding, trimer-unspecific antibody 2G12 to control an equal amount of coated Env 

molecules. As a result, low acidic environment had no influence of the structural 

integrity of the trimers, whereas pH 3.0 as a positive control induced dramatic loss 

of conformation. This is consistent with other studies that observed a declining 

stability of BG505 Env trimers at pH values below 3.6 271,272. The preservation of 

the pre-fusion conformation after the complete two-step coupling mechanism was 

confirmed again later by surface staining of oCaPs with a panel of monoclonal Env 

antibodies and flow cytometry analysis. Here, the MFI values of the different 

antibodies were in the same ratio (3 : 1) as their potential binding sites on the Env 

trimers 55. This strongly indicates that the aldehyde-tag-mediated coupling 

mechanism resulted in a dense array of conformationally preserved Env spikes on 

the surface of oCaPs. On a side note, since the oxime ligation reporter assay with 

AlexaFluor®-647-aminooxy ran highly specific and efficient and the preservation of 

the trimeric conformation was proven after the reaction, this setup can be used in 

the future for conformation-sensitive labeling of Env trimers as a requirement for 

multiple applications such as antigen-staining of memory B and plasma cells for 

FACS as well as localization and tracking of conformational trimers in living cells 

and lymphoid organs of vaccinated animals 273–275. The conformational labeling via 

oxime ligation is, thus, an advantage to unspecific labeling via targeting of primary 

amines, which easily leads to dissociation of the pre-fusion conformation, and an 

alternative to a parallel approach that introduces GFP at a specific site within the 

Env ORF which did not lead to loss of conformation after protein expression 238.  

The advantages of nanoparticle-immobilized antigens in comparison to 

soluble forms in terms of immunogenicity and immunomodulation have been 

demonstrated in numerous studies before 85,137,140,222. Functional in vitro assays, 

i.e. the activation of antigen-specific B cells, can act as surrogate markers to predict 

the outcomes of subsequent in vivo trials 106,113. In this study, the superior in vitro 

activation of Env-specific, naïve B cells by rCaPs compared to soluble Env trimers 

was a reproduction of these studies’ findings with the CaP system. However, since 

an orthogonal coupling mechanism was additionally established in this study, a 

functional comparison between rCaPs and oCaPs was reasonable to evaluate the 

advantages of orthogonal antigen immobilization. In fact, the in vitro B cell activation 
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assay with rCaPs and oCaPs demonstrated that oCaPs induced an improved 

activation of PGT121 B cells in several nanoparticle dilution steps than rCaPs. B 

cell activation in general is triggered by BCR crosslinking. Recently, it was shown 

that BCRs are not equally distributed on the B cell surface. They are rather 

clustered in multiple protein islands within the plasma membrane that consist of 

approximately 30 BCRs each. The diameters of these islands have an average size 

of 150 nm 276. The hydrodynamic diameter of oCaPs indicates that one nanoparticle 

may cover a BCR island completely. Due to orthogonal coupling, oCaPs display a 

dense array of repetitive, identical epitopes. Thus, they display an increased 

valence of accessible epitopes to the BCRs compared to rCaPs (Fig. 21). This 

situation may favor the inter-BCR Env binding (BCR crosslinking) 277 and would be 

a possible explanation for the better activation of PGT121 B cells by oCaPs with 

bulk Env concentration between saturation and background.  

 

Figure 21) Improvement of BCR crosslinking by oCaPs 

oCaPs display a high number of well-accessible, identical Env epitopes on the surface in comparison 

to rCaPs. This feature may facilitate an improved BCR recognition and crosslinking. (Adapted from 

Damm et al., 2022). 

 

Native HIV-1 virions display approximately 14 Env trimers on the surface 20. 

The trimers are comprised of non-covalently linked subunits and, thus, they may 

dissociate or dynamically shift between different conformational states 278. These 

escape mechanisms (among others) retard the generation of broadly-neutralizing 
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antibodies. The quantitative, orthogonal immobilization of conformationally 

stabilized Env trimers on the surface of nanoparticles for vaccination may overcome 

this bias 279. The calculated amount of Env trimers on the surface of oCaPs is 

comparable to the dense array of well-ordered spikes described for synthetic 

liposomes 109. On another note, antigen spacing may also play a role in B cell 

activation 280. This concern can be addressed in future experiments that include 

alterations of the crosslinker length and variations of reactive groups on the 

nanoparticle surface. 

 Finally, the advantage of oCaPs over rCaPs was demonstrated in vivo 

by intramuscular immunization of wt mice with CpG-adjuvanted oCaPs and rCaPs. 

Here, oCaP-immunized mice showed significantly higher anti-Env total IgG and 

IgG1 levels than rCaP mice after one dose of nanoparticles. This is in line with the 

B cell activation results. Beside Tetanus-mediated ISH, a Th2 bias in mice after Env 

immunization is typical 169,222. However, the mice sera were unsuitable for 

neutralization assays, since murine CDRH3 domains of IgG heavy chains in wt mice 

are too small to potentially neutralize tier-2 HIV strains 258,281. Future immunization 

experiments in transgenic mice either with humanized VDJ segments or 

recombinant knock-ins of germline precursor sequences of bnAbs may give more 

insights in the potential of oCaPs to elicit neutralizing immune responses 239,282.  

Taken together, this study provides a proof-of-principle that orthogonal 

immobilization of Env trimers on the surface of nanoparticles via aldehyde-tag-

mediated oxime ligation under low acidic environment and medium temperature is 

feasible and highly efficient without the loss of antigen conformation. This feature 

is highly relevant for the rational design of nanoparticle-based HIV-1 vaccine 

platforms for clinical applications. The current study additionally shows that 

orthogonal coupling has many functional advantages over random coupling. 

Furthermore, this approach can be easily applied with antigens from different 

pathogens such as the spike proteins of coronaviruses, surface glycoproteins of 

Ebola and Marburg filoviruses as well as E-antigen dimers of Zika and Dengue 

flaviviruses 283–285. Together with the possibility to induce ISH-mediated 

immunomodulation, these nanoparticles might be powerful tools for future 

diagnostic applications and vaccine development.  
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4. Material and Methods 

4.1. Material 

If not specified otherwise, the supplier or manufacturer was located in Germany. 

Table 3) Disposables 

Name of Material Manufacturer 

6-Well cell culture plate Greiner Bio-One, Frickenhausen 

24-Well cell culture plate Greiner Bio-One, Frickenhausen 

48-Well cell culture plate Greiner Bio-One, Frickenhausen 

96-Well cell culture plate (U bottom)  Greiner Bio-One, Frickenhausen  

96-Well cell culture plate (V bottom) A. Hartenstein GmbH, Würzburg  

96-Well microtest plate (flat bottom) Sarstedt, Nümbrecht 

Alcohol swabs  Vivomed GmbH, Geislingen  

Amicon Ultra-4 centrifugal filters (10 kDa)  Merck, Darmstadt  

Beaker Duran Schott, Wertheim/Main 

Blotting filters / Whatman paper  BIO-RAD, München  

BoltTM empty cassettes (1.0 mm) Thermo Fisher, Waltham, USA 

BoltTM 4-16 % Bis-Tris gels (1.0 mm) Thermo Fisher, Waltham, USA 

CA Membrane Filter (0.2 μm)  Membrane Solutions, Kent, USA  

CA Membrane Filter (0.45 μm)  Membrane Solutions, Kent, USA  

Cell culture flask (25 cm²)  Greiner Bio-One, Frickenhausen 

Cell culture flask (75 cm²)  Greiner Bio-One, Frickenhausen 

Cell culture flask (175 cm²)  Greiner Bio-One, Frickenhausen 

Countess™ Cell Counting Chamber Slides  Thermo Fisher, Waltham, USA 

Counting chamber, CE-certified Hartenstein, Würzburg 

Econo-Pac® Chromatography Columns  BIO-RAD, München  

ELISA plates, 96 Well, high binding, white  gbo, Rimbach  

Erlenmeyer flask (500 mL) Duran Schott, Wertheim 

Erlenmeyer flask (1000 mL) Duran Schott, Wertheim 

FACS tubes, mini Axygen, Union City, UK 

Falcon reaction tube (15 mL) Sarstedt, Nümbrecht 

Falcon reaction tube (50 mL) Sarstedt, Nümbrecht  

gentleMACS C tubes  Miltenyi Biotec, Bergisch Gladbach  

LS Columns  Miltenyi Biotec, Bergisch Gladbach  

Micro-Fine™ Insulin syringes  
(0.3 mL; 0.3 mm x 8 mm)  

Becton Dickinson, Franklin Lakes, USA  

Micro-Fine™ Insulin syringes  
(0.5 mL; 0.33 mm x 12.7 mm)  

Becton Dickinson, Franklin Lakes, USA  

Microtainer® SST Tubes Becton Dickinson, Franklin Lakes, USA 

Minicap capillaries Hirschmann Laborgeräte GmbH, Eberstadt 

Minisart® syringe filters (0.22 µm) Sartorius, Göttingen 

Minisart® syringe filters (0.45 µm) Sartorius, Göttingen 

Mr. Frosty Nalgene, Rochester, NY, USA 

Ni-NTA HisSorbTM plates QIAGEN GmbH, Hilden 
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Nitrocellulose membrane (0.45 µm) GE Healthcare, Chalfont St Giles, UK 

Nunc MaxiSorp ELISA plates Thermo Fisher Scientific, Schwerte 

PETG Erlenmeyer flask (125 mL) Thermo Fisher Scientific, Schwerte  

PETG Erlenmeyer flask (250 mL) Thermo Fisher Scientific, Schwerte  

PETG Erlenmeyer flask (500 mL) Thermo Fisher Scientific, Schwerte  

Pipet tip (0.1 - 10 μL) Ratiolab, Dreieich 

Pipet tip (1 - 20 μL)  Ratiolab, Dreieich  

Pipet tip (100 - 1000 μL)  Ratiolab, Dreieich  

Pipet tip (20 - 200 μL)  Sarstedt, Nümbrecht  

Polypropylene centrifuge tubes  Beckman Coulter, Brea, USA  

Polystyrene cuvettes  Sarstedt, Nümbrecht  

Pre-Separation Filters (30 μm)  Miltenyi Biotec, Bergisch Gladbach  

Reaction tube (1.5 mL)   Brand, Wertheim  

Reaction tube (2.0 mL)   Sarstedt, Nümbrecht 

SDS-PAGE gel running chamber Thermo Fisher Scientific, Schwerte 

SealPlate® EXCEL Scientific, Victorville, USA  

Stericup 0.22 μm  Merck, Darmstadt  

Stericup 0.45 μm  Merck, Darmstadt  

Sterile plastic pipets (5 mL) Corning Inc., Corning, USA 

Sterile plastic pipets (10 mL) Corning Inc., Corning, USA 

Sterile plastic pipets (25 mL) Corning Inc., Corning, USA  

Sterling nitrile gloves O&M Halyard, Mechanicsville, USA 

Suprasil® quartz cuvette PerkinElmer, Waltham, MA, USA 

Syringe Luer-Lok™ 50 mL Becton Dickinson, Franklin Lakes, USA  

YMC Triart C18 column  YMC Europe GmbH, Dinslaken 

Volumetric cylinder Duran Schott, Wertheim/Main 

Volumetric flask Duran Schott, Wertheim/Main 

 

Table 4) Devices 

Device Manufacturer 

5430/5430 R Centrifuge Eppendorf AG, Hamburg 

Agarose gel chamber  Institute for Virology, Erlangen  

Apreo S LoVac microscope ThermoFisher Scientific, Waltham, MA, USA 

BDK Laminar Flow System Weiss Umwelttechnik, Reiskirchen 

Blotting device TE77XP Hoefer, Holliston, USA 

Centrifuge, 48 R  Hettich GmbH & Co. KG, Tuttlingen 

Centrifuge Mikro 200R Hettich GmbH & Co. KG, Tuttlingen 

Centrifuge, Mikro 24-48  Hettich GmbH & Co. KG, Tuttlingen 

Centrifuge Rotina 420 R Hettich GmbH & Co. KG, Tuttlingen 

Christ Alpha 2-4 LSC instrument Martin Christ GmbH, Osterode am Harz 

Countess™ Automated cell counter Thermo Fisher Scientific, Schwerte 

DS-11 FX+ spectrophotometer “Nanodrop” DeNovix, Wilmington, USA 

Electroporator TriGrid™ Delivery System  Ichor Medical Systems, San Diego, CA, USA  

Endosafe Nexgen-PTS handheld 
spectrophotometer 

Charles River, Boston, USA 

ESEM Quanta 400 instrument FEI Co., Hillsboro, USA 

Freezer -20°C Bosch, Gerlingen-Schillerhöhe 
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Freezer -80°C Thermo Fisher Scientific, Schwerte 

Gel camera E.A.S.Y® doc plus Herolab GmbH, Wiesloch 

Gel station PEQLAB, Erlangen 

gentleMACS™ dissociator Miltenyi Biotec, Bergisch Gladbach 

HT-minitron (shaking incubator for cells)  Infors, Bottmingen 

Ice machine  ZIEGRA Eismaschinen GmbH, Isernhagen 

Incubator, CB 220  Binder, Schwerte 

Incubator (for bacteria) Heraeus, Hanau 

Incubator (for cells) Sanyo, Osaka, Japan 

INTAS advanced fluorescence imager  
Intas Science Imaging Instruments GmbH, 
Ahmedabad, India 

Keyence Biorevo BZ-9000 Keyence, Neu-Isenburg 

Leica TCS SP8X FALCON Leica, Wetzlar 

LSR-II Becton Dickinson, Franklin Lakes, USA 

Magnetic stirrer MR 3001 Heidolph Instruments, Schwabach 

Microplate washer, Asys Atlantis Biochrom, Berlin 

Microscope, AE 2000  MoticEurope, S.L.U., Barcelona, Spain 

Microscope Axiovert 25 Carl Zeiss AG, Oberkochen 

Microscope, Telaval 31 ZEISS Oberkochen 

Mini Gel Tank and Blot Module Set Thermo Fisher Scientific, Schwerte  

MS2 Minishaker IKA, Staufen 

M-Series AA spectrometer Thermo Electron Corporation, Schwerte 

Multichannel, Transferpette® p5-50 Brand, Grossostheim 

Mutlichannel, Transferpette® p30-300 Brand, Grossostheim 

Multilabel plate reader, Victor X4  Perkin Elmer, Hamburg  

ND-1000 NanoDrop®  PEQLAB, Erlangen 

Neubauer counting chamber A. Hartenstein GmbH, Würzburg 

Orion Microplate Luminometer Berthold Detection Systems, Pforzheim 

pH-Meter  Mettler Toledo, Wien, Austria  

Pipettes Gilson, Middleton, WI, USA  

Pipetus  Hirschmann Laborgeräte, Eberstadt  

Power Pac 300 BIO-RAD, München 

Power supply, EPS 301  Pharmacia, Lissabon, Portugal 

QuadroMACS™ Separator Miltenyi Biotec, Bergisch Gladbach 

Refrigerator 4°C Liebherr, Biberach an der Riß 

Rolling incubator, REAX 2  Heidolph, Schwabach 

Scale  Kern, Balingen 

Scale Sartorius AG, Göttingen 

SDS gel running chamber Thermo Fisher Scientific, Schwerte 

Shaking incubator for bacterial culture Infors, Bottmingen 

Sonotrode (UP50H, Sonotrode N7,  
amplitude 70%, pulse duration 0.8 s 

Hielscher Ultrasonics GmbH, Teltow 

Sorvall RC-5B Refrigerated Superspeed 
Centrifuge 

DuPont Instruments, Wilmington, DE, USA 

Sorvall RC5B Plus DuPont Instruments, Wilmington, DE, USA 

Sorvall WX Ultra Series centrifuge Thermo Electron Corporation, Schwerte 

Sprout Minicentrifuge Biozym, Hessisch Oldendorf 

Thermal cycler MJ Mini BIO-RAD, München 
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Thermomixer compact Eppendorf AG, Hamburg 

timsTOF Pro mass spectrometer Bruker Daltonik GmbH, Bremen 

Ultimate 3000 RS system  Bruker Daltonik GmbH, Bremen 

Ultracentrifuge L7-55 Beckman Coulter, Brea, USA 

Ultracentrifuge Optima XPN-80 Beckman Coulter, Brea, USA 

UV-transilluminator Clare Chemical Research, Denver, USA 

Varian Cary 300 Bio spectrophotometer Agilent Technologies, Santa Clara, USA 

Vortex mixer Phoenix Instrument GmbH, Garbsen 

Water bath Mason technology, Dublin, Ireland 

ZetaSizer Nano S90 Malvern Pananalytical, Kassel 

Zetasizer Nano ZS (λ = 633 nm) Malvern Instruments, Malvern, UK 

 

Table 5) Chemicals 

Chemical / Solution Manufacturer 

0.1 M DTT Thermo Fisher Scientific, Waltham, MA, USA  

2-Mercaptoethanol, 50 mM in PBS, sterile  PAN-Biotech, Aidenbach  

(3-azidopropyl)triethoxysilane Select Lab, Münster 

(3- mercaptopropyl)trimethoxysilane (MPS) Sigma-Aldrich, Taufkirchen 

3-(N-morpholino)propanesulfonic acid Carl Roth, Karlsruhe 

3.1 Buffer (NEB Buffer r3.1) New England Biolabs, Ipswich, MA, USA  

3,3',5,5'-Tetramethylbenzidine (TMB) KPL, Gaithersburg, USA 

4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES)  

Thermo Fisher Scientific, Waltham, MA, USA  

6x Purple DNA Loading Dye New England Biolabs, Frankfurt am Main 

Acetic acid  Sigma-Aldrich, Taufkirchen 

Agarose  SERVA GmbH, Heidelberg 

Agarose bound Galanthus Nivalis lectin Vector laboratories inc., Burlingame 

AlexaFluor®-647-hydroxylamine Thermo Fisher Scientific, Schwerte 

AlexaFluor®-488-azide Thermo Fisher Scientific, Schwerte 

AlexaFluor®-488 phalloidin Thermo Fisher Scientific, Schwerte 

Aminoguanidine hydrochloride (AGHC) Sigma-Aldrich, Taufkirchen  

Ammonium persulfate (APS)  Merck, Darmstadt 

Ampicillin  Sigma-Aldrich, Taufkirchen  

Aqua ad iniectabilia B. Braun Melsungen AG, Melsungen 

Aqueous ammonia solution (7.8 wt%) Carl Roth, Karlsruhe 

Bacto-agar Becton Dickinson, Heidelberg 

Boric Acid Carl Roth, Karlsruhe 

Bovine serum albumin (BSA)  Carl Roth, Karlsruhe 

Brefeldin A (1000x)  eBioscience, Frankfurt am Main 

Bromophenol blue  Sigma-Aldrich, Taufkirchen  

Calcium Lactate Sigma-Aldrich, Taufkirchen 

Cell Trace™ CFSE Thermo Fisher Scientific, Schwerte 

Copper(I) sulfate (CuSO4) Jena Bioscience, Jena 

CutSmart Buffer New England Biolabs, Frankfurt am Main 
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D-(+)-trehalose solution Sigma-Aldrich, Taufkirchen 

Diammonium hydrogen phosphate  VWR, Radnor, PA, USA  

Dimethyl sulfoxide (DMSO) VWR, Radnor, PA, USA  

Disodium phosphate (Na2HPO4 x 2(H2O)) Sigma-Aldrich, Taufkirchen 

dNTPs GE Healthcare, Freiburg 

Dulbecco’s Modified Eagle Medium (DMEM) Gibco, Waltham, MA, USA 

Dulbecco’s Phosphate Buffered Saline 
(DPBS) 

Gibco, Waltham, MA, USA 

Ethanol (EtOH)  Merck, Darmstadt 

Ethidiumbromide SERVA, Heidelberg 

Ethylene glycol-bis(β-aminoethyl ether)-
N,N,N′,N′-tetraacetic acid (EGTA)  

Sigma-Aldrich, Taufkirchen  

Ethylenediaminetetraacetic acid (EDTA)  VWR, Radnor, PA, USA  

Fetal calf serum (FCS)  Capricorn Scientific GmbH, Ebsdorfergrund 

Fetal calf serum (FCS) Sigma-Aldrich, Taufkirchen 

Fixable Viability Dye eFluor™ 450  eBioscience, Frankfurt am Main 

FreeStyle™ 293 Expression Medium  Thermo Fisher Scientific, Waltham, MA, USA  

Gel Loading Dye, Purple (6X)  New England Biolabs, Ipswich, MA, USA  

GeneRuler™ DNA Ladder Mix Thermo Fisher Scientific, Waltham, MA, USA 

GlutaMax™ (100x)  Thermo Fisher Scientific, Waltham, MA, USA  

Glycerol Merck, Darmstadt 

Glycine SERVA, Heidelberg 

Hydrogen peroxide  Merck, Darmstadt 

Iodoacetamide Merck, Darmstadt 

Isofluran  CP Pharma, Burgdorf 

Isopropanol  Merck, Darmstadt 

Liberase™ Sigma-Aldrich, Taufkirchen 

Lipopolysaccharide (LPS) Sigma-Aldrich, Taufkirchen 

Luminol sodium salt  VWR, Radnor, PA, USA  

Lysogeny broth with agar (LB-broth)  SERVA GmbH, Heidelberg  

Methanol  Merck, Darmstadt 

Methyl-α-D-mannopyranosid  Sigma-Aldrich, Taufkirchen 

Monopotassium phosphate (KH(PO4)2) Sigma-Aldrich, Taufkirchen 

MOPS Sigma-Aldrich, Taufkirchen 

NativeMark™ Unstained Protein Standard Life Technologies, Carlsbad, USA 

N,N,N´,N´-Tetraacetylethylenediamine 
(TEMED)  

AppliChem GmbH, Darmstadt  

Opti-MEM reduced serum medium Thermo Fisher Scientific, Schwerte 

Opti-PRO™ SFM serum-free Thermo Fisher Scientific, Schwerte 

PageRuler™ Prestained Protein ladder Thermo Fisher Scientific, Waltham, MA, USA 

Paraformaldehyde solution (PFA)  Morphisto, Frankfurt am Main 

Penicillin  Sigma-Aldrich, Taufkirchen 

Phenol red Merck, Darmstadt 

Phosphoric Acid Carl Roth, Karlsruhe 

Polyethyleneimin, Branched, (PEI 25K™)  Sigma-Aldrich, Taufkirchen 

Polyethyleneimin, Linear, (PEI 25K™)  Polysciences, Warrington, PA, USA  
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Potassium Phosphate, dibasic (K2HPO4) Sigma-Aldrich, Taufkirchen 

Potassium Phosphate, monobasic (KH2PO4) Sigma-Aldrich, Taufkirchen 

Propargyl-PEG3-aminooxy BroadPharm, San Diego, CA, USA 

RPMI 1640 Thermo Fisher Scientific, Waltham, MA, USA  

Saponin  Sigma-Aldrich, Taufkirchen 

Skimmed milk powder  Heirler-Cenovis GmbH, Radolfzell 

Sodium ascorbate (SAsc) Sigma-Aldrich, Taufkirchen 

Sodium chloride (NaCl)  Sigma-Aldrich, Taufkirchen 

Sodium dodecyl sulfate (SDS)  SERVA GmbH, Heidelberg  

Sodium hydroxide (NaOH)  Sigma-Aldrich, Taufkirchen 

Sodium thiocyanate Sigma-Aldrich, Taufkirchen 

Streptomycin (Strep)  Sigma-Aldrich, Taufkirchen 

Sucrose PanReac AppliChem, Darmstadt 

Sulfosuccinimidyl-trans-4-(N-
maleimidomethyl)cyclohexane-1-carboxylate 
(sulfo-SMCC) 

Merck, Darmstadt 

SUNBRIGHT® ME-400CA (GSL) NOF Corporation, Tokyo, Japan 

Super optimal broth with glucose (SOC) Thermo Fischer Scientific, Schwerte 

Tetraethylorthosilicate (TEOS) Sigma-Aldrich, Taufkirchen 

Tris(hydroxymethyl)aminomethane (TRIS)  Carl Roth, Karlsruhe 

TRIS-HCl  Merck, Darmstadt 

Tris(3-hydroxypropyltriazolylmethyl)amine Sigma-Aldrich, Taufkirchen 

Trypanblue Thermo Fisher Scientific, Schwerte 

Trypsin  Gerbu, Heidelberg 

Tween-20  AppliChem GmbH, Darmstadt 

Ultra Pure™ Agarose Invitrogen, Carlsbad, USA 

Ultrapure ELGA LabWater Purelab, Celle 

 

Table 6) Buffers 

Buffer / Solution  Composition 

0.1 % Saponin in PBS  
(Permeabilization Buffer) 

100 mL DPBS 
100 µL Saponin  

10x Transfer buffer 
30.3 g Tris 
144.2 g glycine 
ad 1 L H2O 

2 % skimmed milk solution 
20 g/L skimmed milk powder 
in PBS/T  

2x oxime labeling buffer 
500 mM NaOAc 
in H2O (ad pH 4.5) 

35 % Sucrose solution 
17.5 g sucrose  
ad 50 mL DPBS 

5 % skimmed milk solution 
50 g/L skimmed milk powder  
in PBS/T  
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6x SDS sample buffer  

10 mL 1.5 M Tris-HCL pH 6.8 
3.78 g glycerol  
1.9 g SDS 
0.93 g DTT 
600 µL 0.2 % bromphenol blue in 50 mM EDTA 

70 % Ethanol 
70 mL Ethanol  
30 mL H2O 

ACK Buffer 

100 nM NH4Cl 
1 mM KHCO3 
1 mM EDTA 
in H2O 

Bacteria Lysis Buffer 
10 mL 10 % SDS 
10 mL 2 M NaOH 

Bacteria Neutralization Buffer 
1.32 M Potassium acetate  
ad 500 mL H2O  
(adjusted with acetic acid to pH 4.8 - 6.0) 

Bacteria Resuspension Buffer 

5 mL 1 M Tris pH 7.5 
2 mL 0.5 M EDTA 
10 mg RNAse A 
93 mL H2O 

Click reaction MasterMix 
60 µL 20 mM CuSO4 
120 µL 50 mM THPTA 

Click reaction (nanoparticles) 

50 µL oxime ligation mix 
7.5 µL Click reaction MasterMix 
25 µL 11 g/L AGHC 
25 µL 20 g/L SAsc 
25 µL nanoparticle suspension 
367 µL 0.1 M K2PO4 (pH 7.0) 

Click reaction (nanoparticles) 

50 µL oxime ligation mix 
7.5 µL Click reaction MasterMix 
25 µL 11 g/L AGHC 
25 µL 20 g/L SAsc 
2.5 µL 10 mM AlexaFluor®-488-azide 
390 µL 0.1 M K2PO4 (pH 7.0) 

ELISA coating buffer 
15 mM Na2CO3 
35 mM NaHCO3 
in H2O (pH 9.6) 

Endotoxin removal buffer A  

12.5 mL 1 M MOPS (pH 7.0)  
37.5 mL 5 M NaCl  
25 mL Triton-X 100  
50 mL isopropanol  
ad 250 mL H2O  

Endotoxin removal buffer B 

100 mL 1 M NaAc (pH 5.0) 
150 mL 5 M NaCl 
10 mL Triton-X 100 
ad 1 L H2O 

Enhanced chemiluminescence solution  
(ECL solution)  

10 mL Solution A  
100 μL Solution B  
3.4 μL Hydrogen peroxide (30 %) 

FACS Buffer 
1 % BSA  
1 mM EDTA  
in DPBS 

Fixation buffer 
50 mL 4 % PFA 
50 mL DPBS 
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Gel Fixation buffer 
600 mL H2O 
300 mL 98 % ethanol 
100 mL acetic acid 

K2PO4 buffer (0.1 M; pH 7.0) 
61.5 mL 1 M K2HPO4 
38.5 mL 1 M KH2PO4 
900 mL H2O 

Lectin elution buffer 
19.5 g Methyl-α-mannopyranosid  
100 mL Lectin washing buffer 

Lectin washing buffer 
500 mL DPBS 
1 mM EDTA and 1 mM EGTA  

MACS Buffer 
1 % BSA 
1 mM EDTA  
in DPBS 

MACS Dissociator Buffer 
0.5 % BSA  
2 mM EDTA 
in DPBS 

Oxime ligation (gel shift) 

2x oxime ligation buffer 
6 µg Env 
500 µM gel shift linker 
ad 50 µL H2O 

Oxime ligation (propargyl-PEG3-aminooxy) 

2x oxime ligation buffer 
6 µg Env 
125 µM / 250 µM / 500 µM linker 
ad 50 µL H2O 

Oxime ligation (reporter assay) 

2x oxime ligation buffer 
6 µg Env 
500 µM AlexaFluor®-488-hydroxylamine 
ad 50 µL H2O 

PBS/T 
0.1 % Tween-20  
in DPBS without bivalent cations 

PEI stock  
10 mg/mL 
in H2O  
for transfection 1:10 diluted in H2O  

Phosphate buffered saline (PBS/O)  

8 g NaCl  
1.15 g Na2HPO4 x 2H2O  
0.2 g KH2PO4  
0.2 g KCl  
in 1 L H2O, pH 7.3  

SDS running buffer 

25 mM Tris 
192 mM glycine 
0.1 % SDS 
in H2O 

SDS Separating gel 8 %  

4.7 mL H2O  
2.6 mL 30 % acrylamide/bis solution  
2.5 mL 1.5 M Tris (pH 8.8)  
0.1 mL 10 % SDS  
0.1 mL APS  
0.004 mL TEMED  

SDS Separating gel 10 %  

4.0 mL H2O  
3.3 mL 30 % acrylamide/bis solution  
2.5 mL 1.5 M Tris (pH 8.8)  
0.1 mL 10 % SDS  
0.1 mL APS  
0.004 mL TEMED  
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SDS Separating gel 12 % 

3.3 mL H2O 
4.0 mL 30 % acrylamide/bis solution 
2.5 mL 1.5 M Tris (pH 8.8) 
0.1 mL 10 % SDS 
0.1 mL APS 
0.004 mL TEMED 

Solution A for ECL  
0.1 M Tris-HCl (pH 8.6)  
250 mg/L luminol sodium salt  
in 100 mL H2O  

Solution B for ECL 
110 mg p-coumaric acid 
50 mL DMSO 

Stacking gel  

1.4 mL H2O  
0.33 mL 30 % acrylamide/bis solution  
0.25 mL 1.5 M Tris (adjust to pH 6.8)  
20 μL SDS 10 %  
20 μL APS  
2 μL TEMED  

TBE Buffer 

10.8 g/L Tris 
5.5 g/L H3BO4 
2 mM EDTA 
in H2O 

Transfer buffer with methanol 
100 mL methanol 
100 mL 10x Transfer buffer 
800 mL H20 

Trypsin-EDTA  

0.12 % Trypsin  
0.5 mM EDTA  
0.0005 % Phenol red  
in PBS  

 

Table 7) Media 

Medium Composition 

D0 (Serum-free) 
500 mL DMEM 
5.5 mL GlutaMax 

D1.5 (1.5 % FCS) 

500 mL DMEM 
7.5 mL FCS  
1 mL Pen/Strep  
5.5 mL GlutaMax 

D10 (10 % FCS) 

500 mL DMEM 
50 mL FCS  
1 mL Pen/Strep  
5.5 mL GlutaMax 

Fluoromount-G™ Mounting Medium Thermo Scientific, Schwerte 

FreeStyle™ 293 Expression Medium Thermo Scientific, Schwerte 

Freezing medium 10 % DMSO in FCS 

LB medium  

10 g/L Pepton from Casein  
5 g/L Yeast-Extract  
5 g/L NaCl  
in H2O, pH 7.2  

R0 
500 mL RPMI 1640 
5.5 mL GlutaMax 
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R10 

500 mL RPMI 1640 
50 mL FCS 
5.5 mL GlutaMax 
5.5 mL HEPES 
1 % Pen/Strep 
500 µL 2-Mercaptoethanol 

SOC Medium  

20 g/L Bacto Trypton  
5 g/L Bacto Yeast Extrakt  
500 mg/L NaCl  
186 mg/L KCl (from 100x solution)  
in H2O, pH 7; autoclave  
When cooled down, add:  
200 mg/L MgCl2 6H2O (from 200x solution) 3.6 
g/L D(+) Glucose (from sterile 50x solution)  
 

Solid Agar  

36 g Bacto-agar  
in 1 L LB medium (prior to autoclaving)  
autoclaving 20 min (121°C)  
after cooling down to 50°C, add antibiotic  

 

Table 8) Antibodies 

Name Clone Host, isotype Manufacturer 

17b  Human NIH, Bethesda, MD, USA 

2G12  Human 
Polymun Scientific, 
Klosterneuburg, Austria 

anti-goat/sheep IgG (HRP) polyclonal Rabbit Dianova, Hamburg 

anti-gp120  Goat 
Acris Antibodies GmbH, 
Herford 

anti-His  Mouse Dianova, Hamburg 

anti-human IgG  
(AlexaFluor®-488) 

polyclonal  Goat 
Jackson Immuno Research, 
West Grove, PA, USA 

anti-human IgG  
(AlexaFluor®-647) 

M1310G05 Rat, IgG2a 
Biolegend, San Diego, CA, 
USA 

anti-human IgG (HRP) polyclonal Goat Dianova, Hamburg 

anti-human/mouse CD44 (FITC) IM7 Rat, IgG2b 
eBioscience, Waltham, MA, 
USA 

anti-mouse IgG (HRP) polyclonal Goat Dianova, Hamburg 

anti-mouse IgG1 (HRP)  Goat 
Southern Biotech, 
Birmingham, AL, USA 

anti-mouse IgG2c (HRP)  Goat 
Southern Biotech, 
Birmingham, AL, USA 

anti-mouse CD4 (BV 650)  RM4-5 Rat, IgG2a 
Biolegend, San Diego, CA, 
USA 

anti-mouse CD11c (PerCP) N418  Biolegend, San Diego, CA, 
USA 

anti-mouse CD16/CD32 93 Rat IgG2a 
eBioscience, Waltham, MA, 
USA 

anti-mouse CD19 (PE-Cy7) 1D3 Rat, IgG2a 
BD Pharmingen, Franklin 
Lakes, NJ, USA 

anti-mouse CD19 (PerCP) 6D5  Biolegend, San Diego, CA, 
USA 

anti-mouse CD19 (Qdot 655) 6D5  Molecular Probes, Eugene, 
OR, USA 

anti-mouse CD25 (APC) PC61 Rat, IgG1 
BD Pharmingen, Franklin 
Lakes, NJ, USA 
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anti-mouse CD28 37.51 
Golden Syrian 
Hamster IgG 

eBioscience, Waltham, MA, 
USA 

ati-mouse CD40 (PE)  Rat 
eBioscience, Waltham, MA, 
USA 

anti-mouse CD4 (FITC) GK1.5 Rat IgG2b 
BD Pharmingen, Franklin 
Lakes, NJ, USA 

anti-mouse CD44 (APC) IM7 Rat IgG2b 
BD Pharmingen, Franklin 
Lakes, NJ, USA 

anti-mouse CD45R/B220 (APC)  Rat 
BD Pharmingen, Franklin 
Lakes, NJ, USA 

anti-mouse CD45R/B220  
(PE-Cy7) 

RA3-6B2 Rat IgG2a 
BD Pharmingen, Franklin 
Lakes, NJ, USA 

anti-mouse CD62L (APC)  Rat 
eBioscience, Waltham, MA, 
USA 

anti-mouse CD62L (PE) MEL-14 Rat, IgG2a 
BD Pharmingen, Franklin 
Lakes, NJ, USA 

anti-mouse CD69 (PE-Cy7) H1.2F3 
Armenian 
Hamster, IgG 

eBioscience, Waltham, MA, 
USA 

anti-mouse CD80 (APC) 16-10A1 
Armenian 
Hamster, IgG2 

BD Biosciences, Franklin 
Lakes, NJ, USA 

anti-mouse CD80 (FITC)  Armenian 
Hamster, IgG 

eBioscience, Waltham, MA, 
USA 

anti-mouse CD86 (FITC) GL-1  Biolegend, San Diego, CA, 
USA 

anti-mouse IFN-γ (PE) XMG1.2 Rat IgG1 
eBioscience, Waltham, MA, 
USA 

anti-mouse IL-2 (APC) JES6-5H4  eBioscience, Waltham, MA, 
USA 

anti-mouse IL-4  
(AlexaFluor®-488) 

11B11 Rat IgG1 
eBioscience, Waltham, MA, 
USA 

anti-mouse MHC-II  
(APC eFluor 780) 

 Rat 
eBioscience, Waltham, MA, 
USA 

anti-mouse TNF-α (PE-Cy7) MP6-XT22 Rat IgG1 
eBioscience, Waltham, MA, 
USA 

anti-p24  Mouse Überla lab 

b12  Human NIH, Bethesda, MD, USA 

PG16  Human NIH, Bethesda, MD, USA 

PG9  Human NIH, Bethesda, MD, USA 

PGT145  Human NIH, Bethesda, MD, USA 

TRES567hu  Humanized Antonia Sophia Peter 

 

Table 9) Proteins 

Name Application Provider 

conS.gp140.CFI.avi ELISA standard 
Dr. Jamie Peacock, Duke University, 
Durham, NC, USA 

p24 ELISA standard Aalto Bio Reagents, Dublin, Ireland 

BG505 NFL gp140-His 
(Env-His8) 

Nanoparticle 
functionalization 

self-made 

BG505 NFL gp140-LCTPSR 
(Env-Ald6) 

Nanoparticle 
functionalization 

self-made 
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Table 10) Enzymes 

Name Buffer Manufacturer 

AgeI-HF NEBuffer rCutSmart New England BioLab Inc., Ipswich, USA 

BamHI-HF  NEBuffer rCutSmart  New England BioLab Inc., Ipswich, USA  

DpnI NEBuffer rCutSmart  New England BioLab Inc., Ipswich, USA 

EcoRI NEBuffer rCutSmart New England BioLab Inc., Ipswich, USA  

Glu-C Glu-C buffer New England BioLab Inc., Ipswich, USA  

HindIII-HF  NEBuffer rCutSmart  New England BioLab Inc., Ipswich, USA 

Ligase T4 DNA Ligase Buffer New England Biolabs, Frankfurt am Main 

NcoI NEBuffer rCutSmart New England BioLab Inc., Ipswich, USA  

Nhel-HF  NEBuffer rCutSmart  New England BioLab Inc., Ipswich, USA 

Phusion High-Fidelity 
DNA-Polymerase 

Phusion HF Buffer Thermo Fisher Scientific, Schwerte 

SmaI NEBuffer rCutSmart New England BioLab Inc., Ipswich, USA  

Sph-I  NEBuffer rCutSmart  New England BioLab Inc., Ipswich, USA 

Taq DNA-Polymerase Taq Buffer Genaxxon Bioscience, Ulm 

Xbal-HF  NEBuffer rCutSmart  New England BioLab Inc., Ipswich, USA  

 

Table 11) Peptides 

Name Sequence Application 

p30  FNNFTVSFWLRVPKVSASHLE Nanoparticle encapsulation 

 

Table 12) Vaccines and Adjuvants 

Name Manufacturer 

CpG  Eurofins MWG Operon, Ebersberg 

Tetanol®pur Novartis Vaccines and Diagnostics, Marburg 

 

Table 13) Cells and Bacteria 

Strain Genotype Source 

DH10B E. 
coli 

Δ(ara-leu) 7697 araD139 fhu ΔlacX74 galK16 
galE15 e14- φ80dlacZΔM15 recA1 relA1 endA1 
nupG rpsl (StrR) rph spoT1 Δ(mrr-hsdRMS-
mcrBC) 

New England BioLab Inc., 
Ipswich, USA  

HEK293T 
human Ad5/SV40 (T)-transformed kidney epithelial 
cells 

DSMZ, Leibniz Institut, 
Braunschweig 

HEK293F 
human Ad5/SV40 293 F-transformed kidney 
epithelial cells 

Thermo Fisher Scientific, 
Waltham, MA, USA 

HeLa  CLS Cell Lines Service 
GmbH, Eppelheim 

STBL2  
E. coli 

F-mcrA Δ(mcrBC-hsdRMS-mrr) recA1 
endA1longyrA96 thisupE44 relA1 λ- Δ(lac-proAB) 

Invitrogen, Waltham, MA, 
USA  

XL10-Gold  
E. coli 

TetrD(mcrA)183 D(mcrCB-hsdSMR-mrr)173 
endA1 supE44 thi-1 recA1 gyrA96 relA1 lac Hte [F ́ 
proAB lacIqZDM15 Tn10 (Tetr) Amy Camr] 

Stratagene, San Diego, CA, 
USA  
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Table 14) Primers 

Name Sequence Application 

CMV_fwd 5’-CGCAAATGGGCGGTAGGCGTG-3’ Sequencing 

BG505_seq_1 5'-CGAGCTGCGAGACAAGAAAC-3' Sequencing 

BG505_seq_2 5’-ACCTGGAAGTGACAACTCAC-3’ Sequencing 

BG505_seq_3 5’-GTTTCTGGGAGCCGCTGG-3’ Sequencing 

conB_seq_1 5‘-CCTGCTGAACACCAACTC-3‘ Sequencing 

conB_seq_2 5’-GATCGTGAAGAAGCTGCGC-3’ Sequencing 

BGH_rev 5’-TAGAAGGCACAGTCGAGG-3’ Sequencing 

BG505_seq_as1 5'-CACTCTTCGTTTAGCGCGGG-3' Sequencing 

BG505_seq_as2 5'-CTGAAGGGCAGGGTCCTG-3' Sequencing 

BG505_seq_as3 5'-GCTCCACCATATTGTTCTTCC-3' Sequencing 

BG505_gp41del_fwd 
GGGAGCGGAGGAGGAGGCAGCCACCATCAT
CACCACCATCACCATTGA 

Removal of gp41 
ectodomain 

BG505_gp41del_rev 
GTGGTGATGATGGTGGCTGCCTCCTCCTCCG
CTCCC 

Removal of gp41 
ectodomain 

LCTPSR_fwd 
CTCCCTGTGCACCCCCTCCCGGTGATAAGCT
TAAGTTTAAACCGCTGATCAGC 

Replacment of His8 
with Ald6 

LCTPSR_rev 
AGCTTATCACCGGGAGGGGGTGCACAGGGA
GCCTCCTCCGCCATC 

Replacment of His8 
with Ald6 

 

Table 15) Plasmids 

Plasmid Application Supplier 

pBG505-NFL-gp120-His Purification control self-made 

pBG505-NFL-gp140-His Env-His8 production Prof. Dr. Rich Wyatt 

pBG505-NFL-gp140-Ald6 Env-Ald6 production self-made 

pBG505-NFL-gp140-G/TMCD VLP Production self-made 

pcDNA3.1-hSUMF1 FGE overexpression AddGene 

pConB-gp140opt-GCD Template for cloning Dr. Ghulam Nabi 

pHgpsyn VLP production Prof. Dr. Klaus Überla 

pHgpsyn-TTp30 VLP production Dr. Vladimir Temchura 

 

Table 16) Kits 

Name Manufacturer 

AlexaFluor™ 647 Protein Labeling Kit Thermo Fisher Scientifc, Schwerte 

B cell Isolation Kit, mouse Miltenyi Biotec, Bergisch Gladbach 

CD11c MicroBeads, mouse Miltenyi Biotec, Bergisch Gladbach 

CD4+ T cell Isolation Kit, mouse Miltenyi Biotec, Bergisch Gladbach 

Mouse IL-4 Ready-Set-Go!™ Kit Thermo Fisher Scientific, Schwerte 

Mouse IL-5 Ready-Set-Go!™ Kit Thermo Fisher Scientific, Schwerte 

NativePAGE™ Novex Bis-Tris Gel System Life Technologies, Carlsbad, USA 

Pierce™ BCA Protein Assay Kit Thermo Fisher Scientific, Waltham, MA, USA  

Pierce™ Silver Stain Kit Thermo Fisher Scientific, Waltham, MA, USA 

PureLink™ HiPure Plasmid Maxiprep Kit Thermo Fisher Scientific, Waltham, MA, USA  

QuikChange II Site-directed Mutagenesis Kit Agilent Technologies, Santa Clara, CA, USA 
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Table 17) Mice 

Animal Genotype Supplier 

BCR-transgenic PGT121 mice 
B6(Cg)-Tyrc-
2J/JMutH121 

Prof. Dr. Michel Nussenzweig 

C57bl/6NRj mice a (a/a) non agouti Janvier, Le Genest-Saint-Isle, France 

 

4.2. Methods 

4.2.1. Molecular biology 

4.2.1.1. Transformation of competent bacteria 

A mixture of 10 µL XL10-Gold ultracompetent bacteria and 500 ng DNA was 

incubated on ice for 10 min. Uptake of DNA was initiated by a 35 s heat shock in a 

42°C water bath followed by a 1 min return on ice. 300 µL SOC medium were then 

added and the transformed cells were incubated for 1 h at 37°C and 330 rpm. Small 

volumes of the bacterial suspension were plated on agar dishes supplemented with 

an antibiotic that matches the resistance encoded by the transformed plasmid DNA. 

After overnight incubation at 37°C, bacterial colonies were picked and transferred 

to 5 mL aliquots of LB medium with matching antibiotic resistance. The suspensions 

were further incubated at 37°C and 330 rpm for subsequent small-scale DNA 

isolation (4.2.1.2), sequencing and glycerol stocking (4.2.1.3).  

4.2.1.2. Plasmid DNA isolation 

Small-scale DNA mini-preparation 

1.5 mL of grown bacterial suspension were transferred into 1.5 mL reaction 

tubes and centrifuged for 3 min at 8000 rpm. After resuspension of the cell pellets 

in 100 µL Bacteria Resuspension Buffer, 100 µL of Bacteria Lysis Buffer were 

added and the mixtures were carefully inverted 5 – 10 times. 5 min later, another 

100 µL of Bacteria Neutralization Buffer were added and the tubes were again 

mixed by inversion and incubated for 10 min on ice. Cell debris was pelleted by 

centrifugation for 15 min at 15000 rpm. The supernatants were transferred into fresh 

reaction tubes. 300 µL isopropanol were added respectively. The mixtures were 

thoroughly vortexed and centrifuged again under the same conditions. The pellets 

were washed with 300 µL ethanol (70 %) and centrifuged a third time. The 
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supernatants were then discarded and the pellets were dried for 10 min, before 

being resuspended in 50 µL TE buffer.  

Large-scale DNA maxi-preparation 

Plasmid DNA from 250 mL grown bacterial culture was isolated using the 

PureLink™ HiPure Plasmid Maxiprep Kit following manufacturer’s guidelines. DNA 

concentration was defined by NanoDrop measurement at 260 nm absorption. 

4.2.1.3. DNA quality control 

Digestion and agarose gel electrophoresis 

Isolated plasmid DNA was digested with various restriction enzymes and 

separated on agarose gels to check for proper plasmid content and PCR products. 

All enzymes were used in excess compared to the amount of DNA and had optimal 

performance at 37°C in the presence of CutSmart buffer. Digestion reactions at final 

volumes of 20 µL consisting of 1 µg DNA, 2 µL 10x CutSmart buffer, 1 µL of each 

enzyme and water were incubated for 2 h at 37°C. The reactions were then 

supplemented with 4 µL of 6x Purple Loading Dye and separated via agarose gel 

electrophoresis. Agarose gels were prepared by boiling a suspension of 1 % (w/v) 

UltraPure™ Agarose in 100 mL TBE buffer. The liquid gel was cooled down to room 

temperature and 10 mg/mL ethidium bromide were added. The gel was poured into 

an electrophoresis chamber with a matching comb. After polymerization, the gel 

was covered in TBE buffer, 12 µL Loading Dye-supplemented DNA were loaded 

into each pocket and a voltage of 130 V was applied. DNA fragments were finally 

detected with a Quantum ST5 Imaging System. The fragment size was evaluated 

by comparison with a DNA standard ladder (GeneRuler 1 kb).  

Sequencing 

Env open-reading frames of recombinant plasmids were further quality-

checked by sequencing. Four forward primers (CMV_fwd, BG505_seq_1, 

BG505_seq_2, BG505_seq_3) as well as four reverse primers (BGH_rev, 

BG505_seq_as1, BG505_seq_as2, BG505_seq_as3) were used to obtain two 

antiparallel, full-length sequences of the Env-encoding region. Sequencing 

reactions consisting of 500 ng DNA and 0.5 pmol/µL sequencing primer (Table 14) 

in a total volume of 8 µL H2O were sent to Macrogen Europe (Amsterdam, 

Netherlands). Sequences were analyzed with SnapGene software. 
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Bacterial glycerol stocks 

Glycerol stocks of plasmid DNA-containing, bacterial cultures, that were 

quality-controlled as described above, were produced by mixing the bacterial 

suspension 1:1 (v/v) with previously autoclaved glycerol. The glycerol stocks were 

then stored at -80°C and further used for inoculation of LB medium for DNA 

preparation. 

4.2.1.4. Cloning of recombinant Env constructs 

Plasmid information and cloning strategies 

All recombinant constructs encoding soluble forms of Env were produced by 

mutagenesis PCR. The vector pBG505-NFL-gp140-His 76 was used as the basis 

for two recombinant variants used in this study, i) pBG505-NFL-gp120-His and ii) 

pBG505-NFL-gp140-Ald6. i) A mutagenesis PCR with the primer pair 

BG505_gp41del_fwd and BG505_gp41del_rev was performed to remove the 

nucleotides coding for the gp41 ectodomain. The primers are designed to connect 

the nucleotides encoding the central 2x G4S flexible linker with the C-terminal His-

tag in order to pass over the gp41 region during DNA amplification, resulting in a 

construct coding for a monomeric gp120 with a C-terminal flexible linker and His-

tag (pBG505-NFL-gp120-His). ii) The nucleotide sequence coding for the aldehyde 

tag (Ald6; LCTPSR) was optimized to human codon usage according to the 

GenScript Codon Usage Frequency Chart (www.genscript.com). The primer pairs 

LCTPSR_fwd and LCTPSR_rev contain the optimized sequence 

(ctgtgcaccccctcccgg) between the nucleotides for the C-terminal G4S linker and the 

stop codon. Amplification of pBG505-NFL-gp140-His with these primers results in 

a PCR product in which the 8x His-tag nucleotides are replaced by the aldehyde-

tag sequence (pBG505-NFL-gp140-Ald6).  

 Additionally, a plasmid coding for a membrane-embedded BG505 Env trimer 

(pBG505-NFL-gp140-G/TMCD) was provided by Dr. Ghulam Nabi. Here, the Env-

encoding sequence of pBG505-NFL-gp140-His was fused to a nucleotide 

sequence coding for the transmembrane and cytoplasmic domains of VSV-G (aa 

52 – 122 from Genbank entry CAA24524.1). The basis of this construct was the 

previously published vector pHEL-GCD 221. The plasmid pHgpsyn-TTp30 was 

kindly provided by Dr. Hassan Elsayed and Dr. Vladimir Temchura 224. This 

construct codes for codon-optimized HIV-1 GagPol. The nucleotides encoding the 

http://www.genscript.com/
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Tetanus Toxoid-derived peptide p30 (FNNFTVSFWLRVPKVSASHLE) were 

recombinantly introduced into the Gag ORF inbetween the sequences for p17 

(matrix protein) and p24 (capsid protein). The backbone of all used plasmids is 

pcDNA3.1.  

Mutagenesis PCR 

The QuikChange II Site-directed Mutagenesis Kit was used to generate 

pBG505-NFL-gp120-His, while the C-terminal aldehyde-tag was introduced utilizing 

the Phusion High-Fidelity PCR Kit. pBG505-NFL-gp140-His served as template 

DNA for both PCR reactions (Table 18). After amplification, 2 µL DpnI was added 

to each reaction. The samples were incubated for 5 min at 37°C to digest the 

parental, non-mutated supercoiled DNA. 5 µL of the mixtures were analyzed by 

agarose gel electrophoresis (4.2.1.3). XL10-Gold ultracompetent bacteria were 

transformed with 20 µL, 10 µL and 5 µL of the reaction mixtures for DNA preparation 

(4.2.1.2), glycerol stocking and quality sequencing (4.2.1.3).  

 

Table 18) Mutagenesis PCR 

PCR Kit PCR reaction Thermocycler protocol 

  37.5 µL H2O 1. 95°C 120 s 

  5 µL 10x QuikChange reaction buffer 2. 95°C 20 s 

  1 µL DNA (~ 500 ng) 3. 60°C 10 s 

QuikChange 1.5 µL BG505_gp41del_fwd (~ 150 ng) 4. 68°C 30 s / kb 

  1.5 µL BG505_gp41del_rev (~ 150 ng) 5. GoTo 2 (17x)   

  1 µL dNTP mix (10 mM) 6. 68°C 300 s 

  1.5 µL QuikSolution reagent 7. 4°C hold 

  1 µL QuikChange Lightning polymerase     

  23 µL H2O   1. 98°C 60 s 

  10 µL 5x Phusion GC buffer 2. 98°C 30 s 

  2 µL DNA (~ 1 µg) 3. 45 - 61°C 30 s 

Phusion 2 µL LCTPSR_fwd (~ 200 ng) 4. 72°C 240 s 

  2 µL LCTPSR_rev (~ 200 ng) 5. GoTo 2 (34x)   

  8 µL dNTP mix (2.5 mM) 6. 72°C 600 s 

  2.5 µL DMSO 7. 12°C hold 

  0.5 µL Phusion™ polymerase     
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4.2.2. Cytology 

4.2.2.1. Cell culture and transfection 

Adherent HEK293T cells 

HEK293T cells were cultured as monolayers in cell culture flasks at 37°C in 

incubators adjusted to 65 % humidity and 5% CO2 in D10 medium. Upon reaching 

80 – 95 % confluency, the medium was discarded and the cells were manually 

washed off with fresh D10 and split into fresh cell culture flasks. For transfection of 

HEK293T cells, a confluency of 70 – 90 % was required and the medium was 

exchanged with D0 medium. 10 µg DNA / 25 cm2 cells were diluted in D0 medium 

(1.5 mL D0 per 175 cm2 flask) and a threefold excess of linear PEI was added. After 

thorough mixing, the solutions were incubated for 15 min at RT for formation of 

PEI:DNA complexes and were finally dripped equally onto the cell monolayer. 6 h 

later, the supernatant was replaced with D1.5 medium to remove PEI. Supernatant 

of transfected cells was harvested 48 – 72 h after transfection. 

HEK293F suspension cells 

Suspension-adapted HEK293F cells are widely used for the expression of 

large amounts of soluble Env trimers 55,59,61. The cells were cultivated with 

FreestyleTM 293 expression medium (FMe) in disposable PETG Erlenmeyer flasks 

in a shaking incubator at 150 rpm, 37°C and 65 % humidified air supplemented with 

8 % CO2. Thrice a week, the culture was controlled for bacterial contamination by 

inoculation of 4 mL LB medium or FCS with 200 µL HEK293F supernatant. The cell 

density was monitored using a Neubauer cell counting chamber and was constantly 

kept between 0.3 – 3 x 106 cells/mL.  Reduction of cell density was done by 

discarding a fraction of cell suspension and replacing the missing volume with fresh 

medium. HEK293F cells were transfected at an optimal density of 1 x 106 cells/mL. 

1 µg DNA per mL cell culture was diluted together with a threefold excess of linear 

PEI in OptiPro-SFM, mixed, incubated for 15 min at RT and finally added to the cell 

suspension. After 6 h incubation in the shaking incubator, the cells were centrifuged 

at 300 g and modest temperature. The PEI-containing supernatant was discarded 

and the cells were resuspended in the same volume of fresh FMe. The supernatant 

of transfected cells was harvested after 72 h for further Env purification.  
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HeLa cell culture 

HeLa cells were cultivated by Kathrin Kostka in D10 medium at 37°C in 5 % 

CO2 atmosphere. 

4.2.2.2. Isolation of primary immune cells from mice 

Preparation of splenocytes 

All steps except erythrocyte lysis (RT) and collagenase treatment (37°C) 

were performed with ice-cold buffers. Centrifugation of primary cells was done for 

3 min at 12°C and 300 g. Animals were sacrificed by cervical dislocation, before the 

spleens and/or lymph nodes were removed. The spleens were generally 

homogenized in ice-cold MACS Dissociator Buffer (1 – 3 organs in 3 mL) by mixing 

with a gentleMACS™ Dissociator. The splenocytes were then filtered through a 70 

µm strainer, centrifuged and washed with R10 medium. The cells were warmed to 

RT, centrifuged again and resuspended in 1 mL ACK buffer per spleen for 

erythrocyte lysis. After 8 min incubation at RT, the lysis suspension was filled up to 

30 mL with R10 to stop the reaction. The cells were washed once with R10 and 

were finally resuspended in 1 mL medium per spleen. An aliquot of splenocytes 

was diluted 1:100 in R10 and the cell density was analyzed using the CountessTM 

Automated cell counter. The isolated splenocytes were filled up to 15 mL with 

MACS buffer, centrifuged and resuspended in a volume of MACS buffer dependent 

on the total cell count and the magnetic cell separation kit. 

B cells 

B cells from splenocytes of both wt C57bl/6NRj and PGT121 B cell receptor-

transgenic mice were purified using the murine B cell isolation kit (Miltenyi Biotec) 

according to the manufacturer’s protocol. The kit’s antibody beads bind and 

immobilize all splenocyte-derived immune cells except B cells (negative selection). 

Thus, the B cell fraction ran through the MACS column after loading, was collected, 

centrifuged and resuspended in R10 on ice. The cell concentration was determined 

as described above.  

T helper cells 

CD4+ T cells were purified as described for B cells by negative selection 

from splenocytes using the murine CD4+ T cell isolation kit (Miltenyi Biotec) 

following manufacturer’s instructions.  
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Dendritic cells  

For DC isolation, the spleens were pre-treated with Liberase™ to dissolve 

the cell tissue. To this end, the spleens were placed in 12-well plates filled with 

Liberase™. Liberase™ was additionally injected into the spleens with syringes. The 

spleens were then cut into pieces and incubated for 45 min at 37°C. The remaining 

tissue as well as the cell suspension was then manually filtered through 70 µm 

strainers followed by splenocyte preparation as described above. DCs were finally 

purified using the murine CD11c MicroBeads (Miltenyi Biotec) following the 

manufacturer’s protocol. Here, DCs were bound by the magnetic beads, 

immobilized on the magnetic column and flushed out with 2 x 5 mL MACS buffer 

(positive selection). 

Lymph nodes 

Inguinal, axial and popliteal lymph nodes were isolated from animals and 

manually homogenized with 70 µm cell strainers in R10. The lymphocytes were 

then counted using the CountessTM Automated cell counter (Thermo Fisher). 

4.2.2.3. Characterization of CaPs by cell culture methods 

CaPs coupled with fluorescently-labeled Env trimers (AlexaFluor®-647-Env-

Ald6/FGE) were characterized via microscopy by Kathrin Kostka. Fluorescent 

imaging was done with a Keyence Biorevo BZ-9000 fluorescence microscope using 

both a GFP-B filter (Ex. 470/40 nm, DM 495 nm, BA 535/50 nm) and a TRITC filter 

(Ex. 540/25 nm, DM 565 nm, BA 605/55 nm). Confocal microscopy was done with 

a Leica TCS SP8X FALCON (Imaging Center Campus, Essen) using laser 

wavelengths of 405 nm, 488 nm and 647 nm as well as a pulsed laser WLL (470-

670 nm) and an HC PL APO UVIS CS2 63X/1.2 water immersion lens. 

Fluorescence microscopy 

5 x 104 HeLa cells were seeded in 0.5 mL medium per well in 24-well plates 

and incubated for 12 h to allow cell adhesion to the culture flask. 30 µL CaP NPs 

coupled with fluorescently-labelled Env were added to the cells and the co-culture 

was incubated for 7 h in the cell incubator. The cells were then washed three times 

with DPBS to remove any remaining nanoparticles in the supernatant. Fresh D10 

medium was added and the cells were incubated again for 24 h. Afterwards, the 

uptake of the nanoparticles was evaluated by fluorescence microscopy. 
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Confocal laser scanning microscopy 

5 x 104 HeLa cells were seeded in 250 µL D10 per well in 6-well plates with 

poly-D-lysine-coated glass coverslips and incubated for 24 h, before 30 µL of CaPs 

coupled with fluorescently-labeled Env trimers were added. The cells were 

incubated for another 24 h, washed three times with DPBS and fixated with 150 µL 

PFA per well (3.7 % stock). After 15 min fixation at RT, the cells were washed again 

and then incubated with 230 µL AlexaFluor®-488 phalloidin (1:40 in DPBS 

supplemented with 1 % BSA) per well for 20 min at RT for actin staining. The cells 

were washed two times and further incubated in 230 µL Hoechst 33342 solution 

(1:10000 in DPBS) for 15 min to stain the cell nuclei. The wells were washed thrice 

again. The coverslips with the cell samples were fixed on slides using Fluoromount-

G™ mounting medium. Finally, actin and nuclear staining as well as nanoparticle-

derived fluorescent signals were imaged with a confocal microscope. 

4.2.2.4. In vitro B cell activation 

MACS-purified B cells from both wt C57bl/6NRj and BCR-transgenic 

PGT121 mice were seeded in 96-well U-bottom plates (2 x 105 cells per well) in 100 

µL R10 medium. Lyophilized CaPs were reconstituted in H2O, vortexed and 

ultrasonicated. Dilution series (1:5) of CaPs in R10 were made ranging from 2000 

ng/mL to 0.64 ng/mL bulk Env. 100 µL of each dilution were added to the B cells, 

respectively. Additional cell samples were incubated in the presence of 200 ng/mL 

soluble Env trimers (negative control) or 1000 ng/mL LPS (positive control). As 

another positive control, both wt and PGT121 B cells were incubated with Env-VLPs 

(200 ng/mL bulk Env). After overnight incubation, the 96-well plate was centrifuged 

for 3 min at 300 g and the supernatants were discarded. The cells were washed 

once with 200 µL FACS buffer, centrifuged again and were then resuspended in 

FACS buffer containing 1:400-diluted Fixable Viability Dye, either 1:300-diluted 

anti-CD19-Qdot655 or anti-CD45R/B220-APC (both directed against B cell surface 

markers) as well as 1:300-diluted early activation marker antibody anti-CD69-PE-

Cy7. After 30 min incubation on ice, the cells were washed thrice with 300 µL FACS 

buffer, respectively. The cells were finally resuspended in 300 µL FACS buffer, 

transferred into FACS tubes and measured on a benchtop BD™ LSR II flow 

cytometer. Unstained cells were used as mock control. Analysis of activation in 

living B cells was done with FlowJo software.  



  Material and Methods 

100 
 

4.2.3. Protein biochemistry 

4.2.3.1. Expression and purification of soluble Env trimers 

Expression of Env was induced by transient transfection of HEK293F 

suspension cells with Env-encoding plasmids pBG505-NFL-gp140-His (Env-His8), 

pBG505-NFL-gp120-His (Env-His8-gp120) or pBG505-NFL-gp140-Ald6 (Env-Ald6). 

Alternatively, cells were co-transfected with pBG505-NFL-gp140-Ald6 and 

pcDNA3.1-hSUMF1 (Env-Ald6/FGE) in a ratio of 2:1 to overexpress FGE and 

optimize Fgly conversion. The supernatant was harvested 2 - 3 d after transfection. 

Cell debris was removed by centrifugation. The sterile-filtered (0.2 µm) supernatant 

was then run over an equilibrated affinity column packed with agarose-bound 

Galanthus nivalis lectin (GNL) by gravity flow. The lectin column was washed with 

three column volumes of Lectin washing buffer. Env was then eluted with two 

column volumes of Lectin elution buffer and immediately concentrated by Amicon 

10 kDa ultrafiltration. Here, the Amicon tube was refilled with PBS/O in consecutive 

centrifugation steps to re-buffer Env. The lectin column was washed multiple times 

with elution and washing buffer to remove any remaining protein and to equilibrate 

the resin. The final Env concentration was defined by UV/Vis spectroscopy using a 

NanoDrop™ adjusted to a wavelength of 280 nm and an extinction coefficient of 

113090 M-1cm-1. In order to monitor and quantify the coupling of Env trimers to 

calcium phosphate nanoparticles, Env-Ald6 was labeled with AlexaFluor®-647 

using protein labeling kits (Thermo Fisher) that target primary amines on the 

antigen.  

4.2.3.2. NativePAGE and silver stain 

The analysis of the native conformation of purified Env proteins was done 

using the NativePAGE™ Novex Bis-Tris Gel System (Thermo Fisher). 2 µg of 

protein were mixed with 7 µL 4x sample buffer and 0.5 µL 5 % G-250 sample 

additive. PBS/O was added to a total volume of 28 µL per sample. 4 – 16 % 

NativePAGE™ Bis-Tris gels were placed in gel running chambers. The combs were 

removed and the pockets were filled with Light Blue cathode buffer. 15 µL of each 

sample as well as NativeMark™ Unstained Protein Ladder diluted 1:20 in PBS/O 

were loaded onto the gels. The chamber was filled in the back of the gel with 

NativePAGE™ running buffer working as anode buffer. The front was carefully filled 



  Material and Methods 

101 
 

with Light Blue cathode buffer not to disturb the loaded samples. Native gels were 

run for 2 h under 180 V at RT, since SOSIP NFL Env trimers are stable up to 62.5°C. 

After the run, the gels were incubated overnight in Gel Fixation Buffer to remove 

unconjugated coomassie. The separated protein bands were then visualized by gel 

treatment with silver nitrate using the Pierce Silver Stain Kit following 

manufacturer’s instructions. Gel images were made with an Intas Advanced 

Fluorescence Imager, while placing the gel on a light table. 

4.2.3.3. SDS-PAGE and Western Blot analysis 

The molecular size and antigenicity of Env and VLP components as well as 

the conjugation of Env-Ald6 with 40 kDa GSL were analyzed by reducing SDS-

PAGE and subsequent Western Blot using 12 % polyacrylamide gels. 1 µg soluble 

Env or 300 ng Env on VLPs were mixed with 8 µL 6x SDS loading buffer and PBS/O 

in total volumes of 48 µL. The samples were boiled for 15 min at 95°C and 300 rpm. 

45 µL of each sample as well as 8 µL PageRuler™ Prestained Protein Ladder were 

loaded onto the gels, which were then run for 45 min at 130 V in SDS running buffer. 

Following gel electrophoresis, the proteins were transferred onto 0.45 µm 

nitrocellulose membranes with a semi-dry technique enclosed by three Whatman 

papers on both sides using SDS transfer buffer supplemented with 10 % methanol. 

After transfer for 90 min at 45 mA per 54 cm2 blotting area, the membranes were 

blocked by incubation in 5 % skimmed milk in PBS/T for 1 h at RT. Subsequently, 

the membranes were incubated overnight at 4°C with Acris polyclonal goat-anti 

gp120 antibody diluted 1:2000 in 2 % skimmed milk in PBS/T, then washed 3x with 

PBS/T for 10 min and finally incubated with Dianova HRP-coupled anti-goat IgG 

antibody diluted 1:5000 in 2 % skimmed milk in PBS/T for 1 h at RT. After another 

three washing cycles, the membranes were developed by incubation in ECL 

solution followed by imaging with an Intas Advance Fluorescence Imager in the 

dark. For gel shift analysis, 8 % polyacrylamide gels were used and run for 2 h at 

80 V to avoid gel disruption by excessive gel shift linker. In the case of VLP analysis, 

the membranes were washed and blocked again after imaging. The membranes 

were then incubated first with a hybridoma mouse anti-p24 (1:2000) and Dianova 

HRP-coupled anti-mouse IgG as secondary antibody (1:5000) with subsequent 

imaging following the same protocol as described above.  
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4.2.3.4. Deglycosylation of Env 

Lectin-purified Env samples were deglycosylated using a glycerol-free 

PNGase F kit (NEB) under denaturing reaction conditions. 20 µL Env (1 mg/mL 

stock) were mixed with 2.5 µL 10x Denaturing Buffer and 2.5 µL H2O and incubated 

for 10 min at 97°C. The reaction was chilled on ice, before 3.3 µL 10x GlycoBuffer2 

and 3.3 µL 10 % NP-40 and 1.4 µL glycerol-free PNGase F were added. The 

mixture was incubated for 1 h at 37°C. Env was then concentrated and re-buffered 

with PBS/O by Amicon 30 kDa ultrafiltration to remove PNGase F (~ 36 kDa) and 

retain deglycosylated Env (~ 70 kDa). Deglycosylation was verified by SDS-PAGE 

and Western Blot.  

4.2.3.5. Oxime ligation 

The covalent reaction of two reagents, one with a terminal aldehyde group 

and another with a terminal aminooxy group, forms an oxime molecule. Oxime 

ligations with aldehyde-tagged Env proteins were performed with different binding 

partners for analytical and nanoparticle-coupling applications. If not indicated 

otherwise, standard oxime reactions were composed of 6 µg Env and 10 mM 

aminooxy-terminated reagent in a total volume of 50 µL 2x oxime binding buffer (pH 

4.5) in PBS/O. The samples were incubated for 6 h at 37°C and 300 rpm. Variations 

in incubation time, pH value and reagent concentration were used for optimization 

experiments. 

Oxime reporter assay with AlexaFluor®-647-hydroxylamine 

The specificity of oxime ligations with aldehyde-tagged Env was addressed 

in a fluorescent reporter assay using aminooxy-terminated AlexaFluor®647-

hydroxylamine as binding partner.  Control reactions with Env-His8 in the presence 

or absence of AlexaFluor®-647-hydroxylamine were additionally done. After 

incubation, the whole ligation samples were loaded onto 10 % polyacrylamide gels 

and separated by SDS-PAGE. The gel electrophoresis was performed in the dark 

and stopped before the lower protein fraction containing unconjugated dye ran out 

of the gel. This fraction was then cut off. The remaining gel containing the 

fluorescently labeled Env fraction was washed several times in SDS running buffer 

and imaged with the Advanced Fluorescence Imager exposing 150 ms with red light 

in the dark. 
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Gel Shift 

6 µg Env-His8, Env-Ald6 or Env-Ald6/FGE were used for oxime reactions in 

the presence or absence of 500 µM 40 kDa gel shift linker (GSL, ME-400CA). This 

linker consists of a long PEG chain with a terminal aminooxy group (AO-[PEG]n). 

After incubation at oxime ligation conditions, all samples were diluted 1:6 in PBS/O 

and prepared for SDS-PAGE and subsequent Western Blot. 

Ligation with Propargyl-PEG3-AO linker (Coupling Step-One) 

Lypophilized Propargyl-PEG3-aminooxy was reconstituted in ultrapure water 

at a concentration of 500 mM, aliquoted and stored at -20°C as stock solutions. 

Pre-dilutions were made 1:100 in PBS/O and stored for several weeks at 4°C. 500 

µM, 250 µM or 125 µM Propargyl-PEG3-AO were used in oxime ligations with 6 µg 

Env in total reaction volumes of 50 µL at pH 4.5 for subsequent click reaction 

reporter assays with AlexaFluor®488-azide. Oxime ligations to prepare linker-

bound, aldehyde-tagged Env (lnkr-(Env-Ald6/FGE)) for subsequent nanoparticle 

coupling were solely done with 125 µM Propargyl-PEG3-AO and Env-Ald6/FGE at 

pH 4.5 overnight. The total reaction volume was proportionally adapted to the 

amount of Env. Furthermore, lnkr-(Env-Ald6/FGE) was concentrated and re-

buffered with PBS/O by Amicon 10 kDa ultrafiltration, before Step-Two of the 

coupling procedure was done. Mock ligations without Propargyl-PEG3-AO were 

done as controls. Fluorescently-labeled Env was used in oxime ligations for later 

tracing of nanoparticles by fluorescence microscopy (4.2.2.3). 

4.2.3.6. Copper-catalyzed azide-alkyne cycloaddition (Click reaction) 

After the oxime ligation of aldehyde-tagged Env and Propargyl-PEG3-AO, 

the resulting linker-bound trimers bear C-terminal alkyne groups that can be 

harnessed for copper-catalyzed azide-alkyne cycloaddition (Click reaction). This 

reaction was performed in a reporter assay using AlexaFluor®-488-azide as well 

as for the final nanoparticle coupling (Step-Two) using calcium phosphate 

nanoparticles with surface-functionalized azide groups. 

Click reaction reporter assay 

1 M CuSO4 stock solution was pre-diluted 1:50 in water. 60 µL of this solution 

were mixed with 120 µl aqueous THPTA (50 mM) to obtain a master mix containing 

total concentrations of 33.3 mM THPTA and 6.6 mM CuSO4. The master mix was 
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incubated for at least 10 min at RT. Afterwards, several reagents were added to 

previously prepared oxime reactions of Env with Propargyl-PEG3-AO linker (total 

volume 50 µL) in the following order: 7.5 µL CuSO4/THPTA master mix, 25 µL 

aminoguanidine hydrochloride (100 mM stock), 25 µL sodium ascorbate (100 mM 

stock), 2.5 µL AlexaFluor®-488-azide (10 mM stock) and 390 µL potassium 

phosphate buffer (pH 7.0). The click reactions were incubated for 1 h at 37°C and 

300 rpm. Then, 50 µL click reaction mixture were supplemented with 10 µL 6x SDS 

loading buffer, boiled for 10 min at 95°C and loaded onto 10 % SDS gels. As 

previously described for the oxime ligation reporter assay, electrophoresis was 

stopped before unconjugated dye ran out of the gel. The upper and lower gel parts 

were cut off and the gel fragments containing the Env fractions were washed in 

SDS running buffer. Fluorescent signals were detected by 150 ms exposure with 

blue light using an Advanced Fluorescence Imager. 

Click reaction of linker-bound Env with CaP/PEI/SiO2-N3 (Coupling Step-Two) 

The conditions for click reactions of alkyne-terminated reagents to the 

surface of azide-functionalized were optimized by Rojas-Sánchez et al. 119 and 

applied by Kathrin Kostka. 3.65 µL of an aqueous solution containing 40 µM CuSO4 

and 200 µM THPTA were prepared and incubated for 10 min at RT. 38.5 µL 

aminoguanidine solution (1 mg/mL stock), 36.5 µL sodium ascorbate (100 mM 

stock) and 0.35 µL NaOH (100 mM stock) as well as 25 µL linker-conjugated Env 

(1 mg/mL stock) were added. The reagent solution was mixed with 0.5 mL 

CaP/PEI/SiO2-N3 nanoparticle dispersion and stirred for 1 h at RT in the dark. 

4.2.3.7. Conformational ELISA 

Conformational ELISAs were performed in opaque, white 96-well plates. The 

wells were coated with 100 µL murine anti-His antibody diluted 1:400 in PBS/O. 

The plates were sealed with adhesive plastic sheets and incubated overnight at 

4°C. Volumes of Env-His8 solutions were mixed with equal volumes of 2x oxime 

labeling buffer adjusted to pH 3.0, pH 4.5, pH 5.0 and pH 5.5, respectively, and 

incubated for 24 h at 37°C and 300 rpm. Env-His8 was additionally incubated with 

PBS/O at pH 7.0 as control. All samples were then filled with PBS/O (pH 7.0) to a 

final Env concentration of 1.5 µg/mL. The neutralization of the former acidic 

environment was verified using pH indicator paper. The ELISA plates were washed 

three times with PBS/O, before 300 µL 5 % skimmed milk in PBS/O were added in 
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each well for blocking. After 2 h incubation at RT, the wells were washed again, 100 

µL of the differently treated Env-His8 samples were added (150 ng Env per well) 

and the plates were incubated for another 2 h at RT. Meanwhile, serial dilutions of 

trimer-specific apex antibodies PG9, PG16 and PGT145 as well as of glycan patch 

antibody 2G12 in PBS/O ranging from 10 – 0.15 µg/mL were prepared. The wells 

were washed thrice again. The antibody dilutions were added and the plates were 

incubated for 1 h at RT. After washing, the wells were finally incubated for 1 h at 

RT in the dark with a 1:5000 dilution of HRP-coupled anti-human IgG secondary 

antibody. The plates were washed six times with PBS/O. Finally, 60 µL ECL solution 

were added per well followed by the measurement of the relative light units per 

second [RLU/s] using an Orion Microplate Luminometer.  

4.2.3.8. Mass spectrometry analysis of the formylglycine conversion rate 

The relative amount of Fgly residues within the aldehyde-tags at the C-

terminus of Env was analyzed by mass spectrometry. Preparation, measurement 

and bioinformatical analysis were done by PD Dr. Sabrina Gensberger-Reigl. 

PNGase-treated and untreated Env samples were re-buffered with 100 mM 

tris(hydroxymethyl)aminomethane hydrochloride buffer (pH 7.8) by Amicon 

ultrafiltration. Disulfides were reduced with 5 mM DTT. The alkylation of thiols was 

induced with 18 mM iodoacetamide. The samples were then treated with Glu-C for 

enzymatic hydrolysis (Glu-C:Env = 1:50) at 37°C overnight. After stopping the 

reaction by addition of formic acid, the samples were first vacuum-dried and then 

reconstituted in 2 % acetonitrile containing 0.1 % formic acid to a final concentration 

of 0.7 µg/µL Env. Peptide analysis was done by reversed phase micro liquid 

chromatography with an Ultimate 3000 RS system coupled to a timsTOF Pro mass 

spectrometer equipped with an electrospray ionization source in PASEF mode. 

Gradient elution (eluent A: 0.1 % formic acid, eluent B: acetonitrile containing 0.1 

% formic acid) was applied on a YMC Triart C18 column operated at 35°C and a 

flow rate of 15 µL/min. The eluent mixture was changed in the course of operation 

time (time [min] / % eluent B: 0 / 2, 15 / 45, 15.5 / 80, 20 / 80, 20.1 / 2, 30 / 2). Ion 

spectra were analyzed with PEAKS® XPro software and the AUC of corresponding 

extracted ion chromatograms were used to calculate the percentage of Fgly 

conversion (Rabuka et al. 286, conversion rate [%] = (AUC Fgly-aldehyde + AUC 

Fgly-diol)  ∕  (AUC Fgly-aldehyde + AUC Fgly-diol + AUC LC(+57.02)TPSR) x 100). 
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4.2.4. Nanoparticle preparation and characterization 

4.2.4.1. VLP expression, purification and quantification 

Virus-like Env-VLP-p30 particles were expressed in HEK293T cells by 

transient co-transfection with plasmids coding for Env (pBG505-NFL-gp140-

G/TMCD) and a Gag-p30 fusion protein (pHgpsyn-TTp30) in a 1:1 ratio. The cell 

supernatant containing VLPs was harvested 60 – 72 h after transfection and cell 

debris was removed by centrifugation for 10 min at 1000 g. The supernatant was 

subsequently 0.45 µm sterile-filtered and carefully layered on 5 mL 35 % sucrose 

diluted in PBS/O in polypropylene ultracentrifuge tubes. The VLPs were then 

pelletized by ultracentrifugation for 2.5 h at 28000 g. The supernatant was 

discarded completely and the VLPs were resuspended in PBS/O and aliquoted. 

The aliquots were shock-frozen in liquid nitrogen and stored at -80°C. Control VLPs 

containing only Env and Gag (Env-VLP) were purified equally after co-transfection 

of cells with pBG505-NFL-gp140-G/TMCD and pHgpsyn.  

The amount of Env and Gag in different VLP batches was determined by 

ELISA. To this end, 1:5 serial dilutions of VLPs as well as 1:2 serial dilutions of both 

recombinant conS.gp140.CFI.avi and recombinant HIV-1 Gag p24 protein were 

prepared in ELISA Coating Buffer. In total, the VLP dilution series ranged from 1:20 

to 1:12500, while the Env and Gag standard rows contained starting concentrations 

of 1000 ng/mL and ended with 0.1 ng/mL. Opaque MaxiSorp plates were coated 

overnight at 4°C with 100 µL VLP or standard dilution per well. On the next day, the 

plates were washed three times with PBS/T and the wells were blocked with 300 

µL 5 % skimmed milk in PBS/T for 2 h at RT. The blocking reagent was discarded 

and the wells were incubated either with 100 µL human 2G12 antibody (100 ng/well) 

for Env detection or with 100 µL of a 1:2000 purified hybridoma mouse anti-p24 

antibody for Gag detection. Both primary antibodies were diluted in PBS/T 

supplemented with 2 % skimmed milk. After incubation for 1 h at RT, the wells were 

washed three times with PBS/T. 100 µL of 1:5000 dilutions of HRP-conjugated anti-

human IgG and anti-mouse IgG in 2 % skimmed milk in PBS/T were added to the 

respective wells. Again, the plates were incubated for 1 h at RT in the dark. The 

wells were washed six times with PBS/T. 60 µL house-made ECL solution were 

added in each well. The relative light units per second (RLU/s) were immediately 

measured by an Orion Microplate Luminometer. Point-to-point curves of the 
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standard dilutions were created with GraphPad Prism 7 software. Both the Env and 

Gag concentrations in different VLP batches were calculated from these curves.  

4.2.4.2. Synthesis and characterization of calcium phosphate nanoparticles 

General information 

Calcium phosphate nanoparticles (CaPs) were produced by Dr. Leonardo 

Rojas-Sanchez and Kathrin Kostka. The particles were centrifuged at RT or 

ultracentrifuged at -20°C with a 5430/5430 R centrifuge and a Sorvall WX Ultra 

Series centrifuge, respectively. Sonication was done using a UP50H Sonotrode N7 

with a 70 % amplitude and a pulse duration of 0.8 s. A Zetasizer Nano ZS with a 

laser wavelength of λ = 633 nm was used for DLS and zetapotential measurement 

with the Smoluchowski approximation. The calcium concentration in particle 

batches was defined by AAS with an M-Series AA spectrometer after sample 

aliquots were dissolved in diluted HCl. Assuming a spherical morphology and 

hydroxyapatite to be the prevalent calcium phosphate component, the particle 

concentration is calculated from the Ca2+ concentration and the hydroxyapatite 

density. The amount of antigen coupled to the nanoparticle surface was determined 

by UV-Vis spectroscopy with AlexaFluor®-488-labelled Env. A detailed description 

of the calculation procedure to obtain these characterization data is described in 

Rojas-Sanchez et al. (2019) 119. UV-Vis absorption was either measured with a 

NanoDrop DS-11 FX+ spectrophotometer or with a Varian Cary 300 Bio 

spectrophotometer using a 400 µL Suprasil® quartz cuvette. The nanoparticles 

were immobilized on grids with gold/palladium for scanning electron microscopy 

(SEM) performed either with an ESEM Quanta 400 instrument or with an Apreo S 

LoVac microscope. Endotoxin levels in different CaP batches were measured with 

an Endosafe Nexgen-PTS handheld spectrophotometer. Finally, nanoparticle 

aliquots were shock-frozen in liquid nitrogen and lyophilized (72 h, 0.31 mBar,            

-10°C) with a Christ Alpha 2-4 LSC device using D-(+)-trehalose dihydrate (20 mg 

per 1 mL NP dispersion) as anti-freeze protector. The aliquots were reconstituted 

with H2O immediately before usage in downstream assays or immunizations. All 

preparations and analyses were done with ultrapure water at RT if not indicated 

otherwise. Furthermore, all buffers were sterile-filtered before use. 
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Cap/PEI/SiO2-SH and rCaPs 

5 mL calcium lactate solution (18 mM stock, pH 10.0), 5 mL diammonium 

hydrogen phosphate (10.8 mM stock, pH 10.0) and branched PEI (2 g/L stock, Mw 

= 25 kDa) were simultaneously pumped in the course of 1 min into a vessel 

containing 20 mL ultrapure water and stirred for 20 min to form CaP/PEI 

nanoparticles. For the synthesis of adjuvanted (rCaP-CpG) or peptide-containing 

(rCaP-p30) CaPs, 40 µL CpG solution (1 mg/mL stock) or 60 µL p30 peptide (1 

mg/mL stock) were added to 1 mL CaP/PEI nanoparticle dispersion and stirred for 

30 min. The CaP/PEI nanoparticles were further stabilized by a silica shell coating.  

To this end, 1 mL CaP/PEI NP dispersion was mixed with 4 mL ethanol, 5 µL 

tetraethylorthosilicate and 10 µL ammonia solution. After 16 h incubation at 

constant stirring, the resulting CaP/PEI/SiO2 nanoparticles were obtained by 

ultracentrifugation for 30 min at 66,000 g and resuspension in 1 mL ultrapure water 

followed by ultrasonication to dissociate aggregates. 1 mL of CaP/PEI/SiO2 NPs 

were added to a mixture of 4 mL ethanol and 50 µL (3-mercaptopropyl)-

trimethoxysilane and stirred for 8 h to finally modify the particle surface with terminal 

thiol groups (CaP/PEI/SiO2-SH). The nanoparticles were purified by 

ultracentrifugation as described above. Lectin-purified Env-His8 trimers were 

coupled to the surface of CaP/PEI/SiO2-SH NPs in a random manner (rCaPs) by 

targeting primary amines on Env with sulfo-SMCC crosslinkers that additionally 

react with the thiol groups on the CaP surface. To this end, 600 µL Env-His8 were 

mixed with 300 µL aqueous sulfo-SMCC solution (1.78 mg/mL stock) and were 

incubated for 2 h at 4°C. After removal of unconjugated crosslinker by 3 kDa Amicon 

ultrafiltration, 330 µL sulfo-SMCC-bound Env-His8 (1 mg/mL stock) were mixed with 

4 mL CaP/PEI/SiO2-SH NPs and incubated overnight at 4°C for final rCaP 

formation. The nanoparticles were centrifuged for 30 min at 21,000 g and 8°C. They 

were resuspended once with 1 mL H2O, centrifuged again and were finally 

reconstituted in 4 mL H2O and subsequently ultrasonicated.  

CaP/PEI/SIO2-N3 and oCaPs 

First, CaP/PEI/SiO2 nanoparticles were produced as described above. As 

requirement for subsequent orthogonal Env coupling, the nanoparticle surface was 

functionalized with terminal azide groups. To this end, 1 mL CaP/PEI/SiO2 NP 

dispersion was mixed with 4 mL ethanol and 15 µL (3-azidopropyl)triethoxysilane 

and 5 µL aqueous ammonia solution and incubated for 8 h at RT under constant 



  Material and Methods 

109 
 

stirring. As previously described, the resulting CaP/PEI/SiO2-N3 nanoparticles were 

purified by ultracentrifugation (66,000 g, 30 min) and reconstitution in 0.5 mL H2O.  

Linker-bound Env (lnkr-(Env-Ald6) or lnkr-(Env-Ald6/FGE)) was then orthogonally 

conjugated to the particle surface (oCaPs) by copper-catalyzed azide-alkyne 

cycloaddition as described in 4.2.3.6. The oCaPs were purified by centrifugation for 

30 min at 5,000 rpm and 8°C. The supernatant was discarded and the oCaPs were 

redispersed and ultrasonicated in 0.5 mL ultrapure water. Coupling controls were 

done either with Env-His8 or with aldehyde-tagged Env in the absence of propargyl-

PEG3-AO linker.  

4.2.4.3. Nanoparticle characterization by flow cytometry 

Lyophilized rCaPs and oCaPs were reconstituted with PBS/O up to the initial 

aliquot volume. 30 µL nanoparticle solution were mixed with 30 µL primary antibody 

solution (2 µg/mL stock) and incubated for 30 min at 4°C. The used antibody panel 

comprised both trimer-specific apex antibodies (PG9, PGT145) and a CD4 binding 

site antibody (b12) as well as a SARS-CoV-2-specific antibody (TRES567hu) as 

isotype control. 240 µL secondary, AlexaFluor®-647-coupled anti-human-IgG (0.25 

µg/mL stock) were added to each sample. After 15 min incubation at 4°C in the 

dark, the nanoparticles were measured for antibody binding with a benchtop BD™ 

LSR II flow cytometer and evaluated using the FlowJo software. Unstained CaPs 

were used as mock control.  
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4.2.5. Immunology 

4.2.5.1. Ethical statement 

All animal experiments were approved by an external ethics committee of 

the North Rhine-Westphalian Ministry for Nature, Environment and Consumer 

Protection (license AZ 84-02.04.2014. A191), additionally acknowledged by the 

Government of Lower Franconia (license 55.2-2532-2-96) and were carried out in 

accordance with the EU Directive 2010/63/EU. The mice were housed in the Franz-

Penzoldt-Center (Faculty of Medicine, Friedrich-Alexander-Universität Erlangen, 

Germany) under specifications of the national law and were handled following 

guidelines of the Federation of European Laboratory Animal Science Associations. 

Wildtype (wt) C57bl/6NRj mice were obtained from Janvier. PGT121 mice 287 were 

provided by Dr. Michel Nussenzweig (The Rockefeller University, New York City, 

USA) and bred in the Franz-Penzoldt-Center. All immunized wt mice were female, 

while PGT121 B cells from both male and female mice were used.  

4.2.5.2. Mouse immunizations and collection of blood 

Mice were 6 – 10 weeks old at the time of the first immunization. All animals 

were immunized by intramuscular injections in both hind legs using Micro-Fine™ 

Insulin syringes. The injection volume per leg did not exceed 30 mL. 100 – 150 µL 

of blood were collected from the retrobulbar venous plexus using non-heparinized 

glass capillaries (minicaps®) prior to the start of the experiment (naïve blood) and 

2 – 3 weeks after each immunization. Blood was collected in BD Microtainer® tubes 

and the serum fraction was isolated by centrifugation for 5 min at 5000 rpm. Sera 

were stored at -20°C. Both immunizations and blood collection were performed 

under constant isoflurane anesthesia.  

Induction of intrastructural help 

Mice were immunized with the licensed vaccine Tetanol®pur diluted 1:10 in 

sterile DPBS for the induction of Tetanus-specific CD4+ T cell responses (ISH 

group) or with DPBS alone (control group) in week 0 and week 4. The mice were 

then boosted either with rCaP, rCaP-p30, rCaP-CpG or Env-VLP-p30 diluted in 

sterile DPBS in week 8, 12 and 16. The vaccine doses were normalized to the 

amount of Env. Thus, one mouse received a total of 10 µg Env on CaPs or 300 ng 

Env on VLPs, respectively. 
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Comparison between rCaPs and oCaPs 

Mice were vaccinated in week 0 with CpG-adjuvanted rCaPs or oCaPs 

diluted in sterile DPBS and normalized to a total of 3 µg Env on CaPs per mouse.  

4.2.5.3. Analysis of humoral immune responses 

Opaque, white 96-well MaxiSorp plates were coated overnight at 4°C with 

100 µL per well of 1 ng/µL Env-His8 in ELISA Coating Buffer. To prevent 

evaporation, the plates were sealed with sticky plastic cover slides during 

incubation. The wells were washed thrice with 300 µL PBS/T and were blocked with 

300 µL 5 % skimmed milk in PBS/T for 2 h at RT. The blocking suspension was 

then replaced with 100 µL mice sera diluted 1:100 – 1:1000 in 2 % skimmed milk in 

PBS/T. After 1 h incubation at RT, the wells were washed thrice with PBS/T. 100 

µL per well of HRP-coupled secondary anti-mouse IgG antibody diluted 1:4000 in 

2 % skimmed milk in PBS/T were added to evaluate the total Env-specific immune 

response. HRP-coupled anti-mouse IgG1 or IgG2c antibodies were added to 

address the IgG subtype responses in immunized mice. The wells were incubated 

in the presence of secondary antibodies for 1 h at RT. The plates were finally 

washed six times with PBS/T. 60 µL house-made ECL solution were added per well 

and the plates were immediately measured with an Orion microplate luminometer 

evaluating the relative light units per second (RLU/s) in each well. Background 

RLU/s levels were evaluated in wells that were coated with Env and only incubated 

with secondary antibodies, but not with sera (secondary antibody controls). 

4.2.5.4. Analysis of cellular immune responses 

The mice participating in the intrastructural help immunization trial were 

sacrificed in week 18. The spleens were isolated and the splenocytes were purified 

as described above. The cellular immune responses against both p30 and Env were 

analyzed by cytokine profiling with two different assays: intracellular cytokine 

staining (ICS) and cytokine ELISA. For both assays 1 x 106 purified splenocytes 

were seeded in U-bottom 96-well plates in a total volume of 100 µL R10 medium. 

At least six wells were seeded with the splenocytes from each mouse (mock-

stimulation, p30-stimulation, Env-stimulation for both ICS and cytokine ELISA, 

respectively). 100 µL of different stimulation solutions were added to the wells. All 

stimulation mixtures contained 4 µg/mL anti-CD28 superagonistic, T cell-activating 
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antibody. For subsequent ICS, 6 µg/mL intracellular protein trafficking inhibitor 

Brefeldin A was additionally added to the mix. For stimulation of Tetanus-specific T 

helper cells, 10 µg/mL p30 peptide was included and the equal volume of DMSO in 

the mock-stimulation solution. Since there are no immunodominant MHC-II-

restricted Env peptides identified for restimulation of C57bl/6 splenocytes, an 

alternative restimulation approach was established. PGT121 B cells were purified 

from B cell receptor-transgenic mice. 1 x 106 B cells per mL were incubated for 3 h 

at 37°C and 5 % CO2 atmosphere with Env-VLPs at a bulk Env concentration of 0.2 

µg/mL. As control, PGT121 B cells were incubated with the equal amount of Env-

VLPs normalized to the Gag concentration. During this incubation time the Env-

VLPs are taken up by the Env-specific B cells in a B cell receptor-dependent 

manner. The nanoparticles are processed within the cells and both Gag- as well as 

Env-derived peptides are presented by MHC-II molecules on the cell surface. After 

the incubation time, the B cells were centrifuged and washed twice in R10 to 

remove any remaining VLPs. The cells were finally resuspended in 330 µL R10 and 

mixed with 330 µL of a Master mix containing 8 µg/mL anti-CD28 and optionally 12 

µg/mL Brefeldin A in R10 to finally obtain the Env-stimulation solution. 100 µL of 

this Env-stimulation solution containing 1.5 x 105 B cells were added to the 

splenocytes. 

Intracellular cytokine staining (ICS) 

The induction of Th1-associated cytokines interferon gamma (IFN-γ), tumor 

necrosis factor alpha (TNF-α) and interleukin-2 (IL-2) was analyzed by ICS. To this 

end, splenocytes were stimulated for 6 h with stimulation solutions including 

Brefeldin A in order to block any cellular release of produced cytokines. The cells 

were pelletized and resuspended in 70 µL FACS Buffer supplemented with 1:50 

diluted anti-CD16/CD32 antibody to block any Fc receptor molecules on the cell 

surface. After incubation for 15 min at 4°C, the wells were filled with 180 µL FACS 

Buffer. The plate was centrifuged and the cells were washed with 200 µL FACS 

Buffer. After another centrifugation cycle, the cells were resuspended in 70 µL 

FACS Buffer supplemented with anti-mouse CD4 BV650 (1:300 dilution) and 

Fixable Viability Dye eFluor450 (1:400 dilution) antibodies and incubated on ice for 

30 min in the dark. 130 µL FACS Buffer were added, the cells were centrifuged and 

resuspended in Fixation Buffer. After 20 min incubation at RT in the dark, the fixed 

cells were washed twice with FACS Buffer. Subsequently, the cells were 
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resuspended in Permeabilization Buffer and incubated for 10 min at RT in the dark. 

After another centrifugation step, the cells were resuspended in 70 µL 

Permeabilization Buffer supplemented with the antibodies anti-mouse IL-2 APC, 

anti-mouse IFN-y PE and anti-mouse TNF-α PE-Cy7 (all 1:300 diluted) and 

incubated for 30 min on ice protected from light. The cells were then washed twice 

with Permeabilization Buffer and once with FACS Buffer, before they were finally 

resuspended in 250 µL FACS Buffer and transferred into FACS tubes. The 

accumulation of Th1 cytokines in CD4 T cells was analyzed by flow cytometry using 

a benchtop BD™ LSR II device. For data evaluation, the background values (mock 

for p30, Env-VLPs for Env-VLPs) were subtracted for each mouse. 

Cytokine ELISA  

Th2-associated interleukin-4 (IL-4) and interleukin-5 (IL-5) secretion was 

evaluated by colorimetric cytokine ELISAs using the Mouse IL-4 / IL-5 Uncoated 

ELISA kits according to the manufacturer’s instructions. Splenocytes were 

stimulated in the absence of Brefeldin A for 60 h. The cells were pelletized and 100 

– 150 µL of the conditioned supernatant containing the released Th2 cytokines IL-

4 and IL-5 were harvested. Briefly, transparent MaxiSorp plates were coated with 

anti-mouse IL-4 or anti-mouse IL-5 capture antibodies overnight at 4°C. After 

washing, the wells were blocked with the kit’s ELISA/ELISPOT diluent. Two-fold 

dilutions of recombinant mouse IL-4 and IL-5 standards were prepared. The wells 

were washed and both the standard rows as well as the harvested supernatants 

were added (100 µL/well) and incubated for 2 h. After thorough washing, biotin-

conjugated anti-mouse IL-4 and IL-5 detection antibodies were added. Following 

incubation and washing, the wells were finally incubated with streptavidin-HRP for 

30 min and thoroughly washed afterwards. Colorimetric signals were elicited by the 

addition of 100 µL TMB substrate and the reaction was stopped with 50 µL sulfuric 

acid (H2SO4). The signal intensity was detected using a Victor X4.  

4.2.5.5. Data evaluation and statistical analyses 

Analysis of data and generation of the corresponding graphs were done either 

with GraphPad Prism 7 or FlowJo software. Statistics were performed using 

GraphPad Prism 7 software as indicated in the Figure Legends.    
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