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based subunit vaccine, the protein antigen often needs to adopt a native-like conformation. This 45 
is particularly important for pathogen-surface antigens that are membrane-bound proteins. Cell-46 
free methods have been successfully used to produce correctly folded functional membrane 47 
protein through the co-translation of nanolipoprotein particles (NLPs), commonly known as 48 
nanodiscs.  49 
 50 
This strategy can be used to produce subunit vaccines consisting of membrane proteins in a lipid-51 
bound environment. However, cell-free protein production is often limited to small scale (<1 mL). 52 
The amount of protein produced in small-scale production runs is usually sufficient for 53 
biochemical and biophysical studies. However, the cell-free process needs to be scaled up, 54 
optimized, and carefully tested to obtain enough protein for vaccine studies in animal models. 55 
Other processes involved in vaccine production, such as purification, adjuvant addition, and 56 
lyophilization, need to be optimized in parallel. This paper reports the development of a scaled-57 
up protocol to express, purify, and formulate a membrane-bound protein subunit vaccine.  58 
 59 
Scaled-up cell-free reactions require optimization of plasmid concentrations and ratios when 60 
using multiple plasmid expression vectors, lipid selection, and adjuvant addition for high-level 61 
production of formulated nanolipoprotein particles. The method is demonstrated here with the 62 
expression of a chlamydial major outer membrane protein (MOMP) but may be widely applied 63 
to other membrane protein antigens. Antigen effectiveness can be evaluated in vivo through 64 
immunization studies to measure antibody production, as demonstrated here. 65 
 66 
INTRODUCTION:  67 
Prokaryotic or eukaryotic lysates for cell-free expression of proteins are readily available as 68 
commercial products for synthesizing proteins of interest (for a complete review, see 1). These 69 
expression systems are available at various scales and utilize lysates from various organisms, 70 
including E. coli, tobacco plants, and mammalian cultures. Cell-free lysates offer multiple benefits 71 
over traditional recombinant protein production approaches, including ease of use and robust, 72 
rapid protein production. While these approaches are primarily used to produce soluble proteins, 73 
this group has pioneered an approach for their use to express membrane proteins.  74 
 75 
This novel approach makes minor modifications to existing cell-free expression systems by 76 
including DNA encoding two protein products for expression, an apolipoprotein and the 77 
membrane protein of interest. The expressed apolipoprotein (derivatives of either ApoA1 or 78 
ApoE4) interacts with lipids added to the cell-free lysate to spontaneously assemble (~20 nm) 79 
NLPs. When co-translated with a membrane protein of interest, the NLP and membrane protein 80 
form a soluble nanoparticle complex wherein the membrane protein is embedded within the NLP 81 
lipid bilayer. Thus, the membrane protein is more accessible for downstream applications, as it 82 
is contained within soluble, discrete particles. This approach can produce functional oligomeric 83 
protein complexes within the NLP bilayer2 and can produce the antigen component of a subunit 84 
vaccine, which is subsequently mixed with lipophilic adjuvants to form a nanoparticle vaccine 85 
featuring co-localized antigen and adjuvant suitable for in vivo assessment.  86 
 87 
This current method is modified from a previously published protocol3. Key modifications are 88 
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focused on the scale-up of the cell-free reaction and subsequent purification of the protein-NLP 89 
complex. A further modification includes the addition of an amphiphilic polymer known as a 90 
telodendrimer, which is first mixed with the lipids before addition to the cell-free reaction. Co-91 
translation of the plasmids in the presence of the telodendrimer and the lipids produces a 92 
telodendrimer NLP (tNLP). The addition of the telodendrimer also helps modulate the size and 93 
monodispersity of the resulting tNLP nanoparticles4. This protocol is specifically optimized for for 94 
large-scale vaccine studies to produce a membrane-bound subunit antigen protein, chlamydial 95 
MOMP5,6. The method produces recombinant MOMP associated with tNLP to form a highly 96 
soluble MOMP-tNLP complex that retains MOMP oligomerization. A typical 3 mL scale-up 97 
production yields >1.5 mg of purified MOMP. The cell-free produced MOMP-tNLP is amenable to 98 
rapid adjuvant addition for in vivo immunogenicity testing. 99 
 100 
PROTOCOL:  101 
 102 
All animal studies were performed at the University of California, Irvine, in Public Health Service 103 
(PHS)-assured facilities in accordance with the guidelines set by the Institutional Animal Care and 104 
Use Committee. 105 
 106 
1. Glassware preparation 107 
 108 
NOTE: All materials used in producing vaccine-grade formulations for animals are endotoxin-free. 109 
  110 
1.1. To destroy contaminating endotoxin, bake cleaned glassware that will hold buffers in an oven 111 
at 180 °C for 4 h. 112 
 113 
2. Buffer preparation 114 
 115 
2.1. Prepare 250 mL of the Ni affinity purification buffers listed in Table 1. Store them at 4 °C for 116 
up to 6 months. 117 
 118 
3. Reaction preparation 119 
 120 
3.1. Weigh out 20 mg of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) into an endotoxin-121 
free, 1.5 mL centrifuge tube. Dissolve it in 1 mL of endotoxin-free water, probe-sonicate at least 122 
four times at 6 A for 1 min, with 1 min pauses in between, until clear. Remove any contaminant 123 
metal from the probe by centrifugation at 13,000 × g for 2 min at 22 °C and then transfer the 124 
solubilized lipid to a new 1.5 mL endotoxin-free tube. 125 
 126 
3.2. Weigh out 1 mg of PEG5k-CA8 telodendrimer into a 1.5 mL endotoxin-free tube. Dissolve in 127 
endotoxin-free water to a concentration of 20 mg/mL. Vortex until fully dissolved and dilute to 2 128 
mg/mL. 129 
 130 
3.3. In a new endotoxin-free tube, combine 210 µL of 20 mg/mL DMPC solution with 210 µL of 2 131 
mg/mL telodendrimer solution. 132 
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 133 
4. Cell-free production of MOMP-tNLPs for subunit vaccine formulations 134 
 135 
4.1. Prepare MOMP-tNLPs using cell-free methods modified from a previously published 136 
protocol5.  137 
 138 
4.1.1. Two hours before setting up the cell-free reaction, open the prokaryotic cell-free protein 139 
expression kit and thaw one of the reconstitution buffers. Once thawed, add one tablet of EDTA-140 
free protease inhibitor cocktail and let it dissolve fully. 141 
 142 
4.2. Follow this protocol using a kit designed to run 5 x 1 mL reactions.  143 
   144 
4.2.1. For each 1 mL reaction, add 525 µL of reconstitution buffer to the E. coli lysate bottle and 145 
gently roll to dissolve. Add 250 µL of reconstitution buffer to the bottle containing reaction 146 
additives (e.g., ATP, GTP) and gently roll to dissolve.  147 
 148 
4.2.2. Add 8.1 mL of reconstitution buffer to the reaction feed bottle, recap with a rubber stopper 149 
(take care not to touch the inside of the rubber stopper), and invert/roll gently to dissolve.  150 
 151 
4.2.3. Add 3 mL of reconstitution buffer to the amino acid mixture bottle, recap with a rubber 152 
stopper, and invert/roll gently to dissolve. 153 
 154 
4.2.4. Add 1.8 mL of reconstitution buffer to the methionine bottle, roll gently to dissolve, and 155 
then store on ice until use. 156 
 157 
4.3. Prepare the reaction solution.  158 
 159 
4.3.1. To the E. coli lysate bottle, add 225 μL of reconstituted Reaction Mix, 270 μL of 160 
reconstituted amino acid mix without methionine, and 30 μL of reconstituted methionine. 161 
Additionally, add 400 μL of the DMPC/telodendrimer mixture, 15 μg of MOMP plasmid, and 0.6 162 
μg of Δ49ApoA1 plasmid. Roll/gently shake to mix.  163 
 164 
4.3.2. Take 20 μL of the total solution and set it aside in a 1.5 mL tube for the GFP-expressing 165 
control reaction (see below). 166 
 167 
4.4. Prepare the feed solution. To the feed mix bottle, add 2.65 mL of reconstituted amino acid 168 
mix without methionine and 300 μL of reconstituted methionine. Roll/gently shake to dissolve.  169 
 170 
4.5. Transfer 1 mL of the reaction solution to the inner reaction chamber provided in the cell-free 171 
reaction kit and seal when filled. Transfer 10 mL of the feed solution to the outer chamber of the 172 
reaction vessel and seal.  173 
 174 
4.6. Add 0.5 μL of the GFP control plasmid (0.5 mg/mL) to the previously aliquoted 20 µL reaction 175 
mixture.  176 
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 177 
4.7. Place the reaction in a shaker at 300 rpm, 30 °C for up to 18 h. To verify that the reaction was 178 
successful, use a UV light source to check for fluorescence due to the synthesis of the control GFP 179 
(Figure 1A) after as little as 15 min of incubation. 180 
 181 
5. MOMP-tNLP purification 182 
 183 
5.1. Use immobilized nickel affinity chromatography to purify the MOMP-tNLP nanoparticle 184 

complex from the cell-free reaction mixture using the His-tag on the 49ApoA1 protein.  185 
 186 
5.1.1. Transfer 1 mL of a 50% slurry of His-Tag Purification Resin to a disposable 10 mL 187 
chromatography column and equilibrate it with 3 mL of Binding buffer.  188 
 189 
5.1.2. Let the buffer drain, cap the outlet, and add 250 μL of Binding buffer to the resin.  190 
 191 
5.1.3. Before adding the cell-free reaction to the column, save 20 μL for later analysis by SDS-192 
PAGE. Mix the cell-free reaction with the equilibrated resin and incubate it on a laboratory rocker 193 
at 4 °C for 1 h.  194 
 195 
5.2. Uncap the column, wash the cap with 500 μL of additional Binding buffer, and add this liquid 196 
to the rest of the column.  197 
 198 
5.3. Collect the liquid flow-through from the column for later analysis by SDS-PAGE.  199 
 200 
5.4. Wash the column with 1 mL of Wash buffer containing 20 mM imidazole six times and collect 201 
fractions. Take care not to let the resin dry out between washes. On the second wash, vigorously 202 
agitate the resin by pipetting up and down using a 1 mL pipette. 203 
 204 
5.5. Elute the MOMP-tNLPs in six 300 μL fractions of Elution buffer 1 (containing 250 mM 205 
imidazole), followed by one final elution with 300 μL of Elution buffer 2 (containing 500 mM 206 
imidazole). On the second elution, vigorously agitate the resin by pipetting up and down using a 207 
1 mL pipette.  208 
 209 
5.6. Image the gels using a gel imager at 600 nm (Figure 2). Use SDS-PAGE to quantify the amount 210 
of individual protein in the nanoparticle solution if there is a protein standard for comparison.  211 
 212 
5.7. Generate a standard curve using the densities of the MOMP bands. Resolve the MOMP-tNLP 213 
samples on the same SDS-PAGE gel and calculate the MOMP component of the particles using 214 
the MOMP standard curve (Figure 3). 215 
 216 
6. Western and dot blots and storage 217 
 218 
6.1. For western blotting, resolve the samples by SDS-PAGE and transfer the gels using a 219 
commercial dry blotting system with standard settings according to the manufacturer’s protocol.  220 
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 221 
6.1.1. Remove the blots from the stack after the transfer is complete, and incubate each blot 222 
overnight at 4 °C in a suitable blocking buffer containing 0.2% Tween 20 and either 0.5 mg/mL 223 

MAb40 or 0.2 mg/mL MAbHIS anti-His-tag antibody directed against the His-tag from 49ApoA1 224 
protein.  225 
 226 
6.1.2. Wash each blot 3 times for 5 min with PBS-T (1x PBS, 0.2% Tween 20, pH 7.4).  227 
 228 
6.1.3. Incubate the blots for 1 h in blocking buffer containing secondary antibody conjugated to 229 
a fluorophore (e.g., IRDye) at a 1:10,000 dilution. 230 
 231 
6.1.4. Rewash the blots 3 times for 5 min with PBS-T. Use a fluorescence imager to image the 232 
blots after the final wash.  233 
 234 
6.2. For dot blots, blot 3 μg of purified MOMP-tNLP and empty tNLP using a dot blot apparatus. 235 
Block and develop the blots using the same methods described above for western blotting.  236 
 237 
6.3. Freeze the mixed solution on dry ice and lyophilize it overnight using a lyophilizer. Store the 238 
dried formulations at -20 °C until needed. 239 
 240 
6.4. Reconstitute lyophilized tNLPs using endotoxin-free water. Gently roll until the lyophilized 241 
cake is fully dissolved and rehydrated. To remove trehalose, dialyze the solution against PBS using 242 
a 3.5 kDa cutoff dialysis membrane. 243 
 244 
7. Adjuvant addition 245 
 246 
NOTE: These and other similar NLP-based sub-unit vaccine formulations can readily incorporate 247 
lipophilic adjuvants such as CpG-ODN1826 and FSL-1. CpG-ODN1826 is a modified Class B CpG 248 
oligonucleotide (5'-tccatgacgttcctgacgtt-3') with a full phosphorothioate backbone featuring a 5' 249 
cholesterol moiety (5'-chol-C6). The conjugation of CpG-ODN1826 to tNLPs is mediated by the 250 
hydrophobic interactions between the cholesterol moiety and the phospholipid bilayer of the 251 
tNLP and has been demonstrated and well-characterized, as previously reported9,10.  252 
 253 
7.1. Prior to incorporation into these formulations, purify the cholesterol-modified CpG by 254 
reversed-phase chromatography to remove contaminating endotoxin as well as any unmodified 255 
CpG molecules.  256 
 257 
7.1.1. Upon receipt from the vendor, rehydrate the lyophilized CpG material in endotoxin-free 258 
water and purify it on a preparative C4 RP-HPLC column using a separation gradient consisting of 259 
10 mM triethylammonium acetate (TEAA) (mobile phase A) and acetonitrile (mobile phase B).  260 
 261 
NOTE: Additional details are available in Table 2. 262 
 263 
7.1.2. Pool and lyophilize the fractions containing cholesterol-modified CpG. To ensure complete 264 
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removal of residual TEAA, reconstitute the CpG with 15 mL of endotoxin-free water and re-265 
lyophilize it three times.  266 
 267 
7.1.3. After the final lyophilization, reconstitute CpG in endotoxin-free water (>20 mg/mL final 268 
CpG concentration), aliquot, and store it at -80 °C until needed. For addition to formulations, 269 
dilute the CpG to a concentration of 1–2.5 mg/mL.  270 
 271 
NOTE: FSL-1 is available as a vaccine-grade, lyophilized powder. This is reconstituted using sterile 272 
and endotoxin-free water at a concentration of 1 mg/mL. The vaccine is administered 273 
intramuscularly (i.m.), with each dose containing 10 μg of MOMP in a total volume of 50 μL.  274 
 275 
7.2. To achieve the desired formulation dose, dialyze the nanoparticles into PBS and concentrate 276 
them using a centrifugal vacuum concentrator before adjuvant addition. Take care when doing 277 
this to prevent complete drying of the sample—check the sample volume every 20–30 min during 278 
centrifugation. 279 
 280 
7.3. Add the adjuvant under sterile conditions in a biosafety cabinet. To assess successful 281 
incorporation, analyze the final formulations and their components by analytical size-exclusion 282 
chromatography (SEC).  283 
 284 
NOTE: For these preparations, an SEC column was used in PBS buffer (0.5 mL/m in flow rate), and 285 
elution was detected using a UV-vis diode array detector. Incorporation was assessed by 286 
comparing the absorption of the adjuvanted particles to that of the unadjuvanted particles at 287 
214 and 280 nm. 288 
 289 
7.4. Store the adjuvanted MOMP-tNLP and empty tNLP at 4 °C prior to animal use for a period of 290 
up to 14 days. To fully assess the stability of a new tNLP formulation, periodically analyze the 291 
stored tNLPs by SEC. 292 
 293 
NOTE: Stability will vary from formulation to formulation.  294 
 295 
8. Serum testing 296 
 297 
8.1. Obtain female 3-week-old mice (BALB/c, n = 6). 298 
 299 
8.2. Vaccinate the mice intramuscularly (i.m.) in each hindlimb with 10 µg of MOMP in the form 300 

of MOMP-tNLP adjuvanted with 5 µg of CpG and 1 µg FSL-1 (total volume per injection = 50 L).  301 
 302 
8.3. Four weeks after the initial vaccination (prime), vaccinate the animals a second time (boost) 303 
with 10 µg of MOMP in the form of MOMP-tNLP adjuvanted with 5 µg of CpG and 1 µg FSL-1 304 

(total volume per injection = 50 L).  305 
 306 
8.4. On day 56 after the initial vaccination, collect blood to assess antibody titers. Begin by 307 
anesthetizing the mice by injecting i.p. a solution of xylazine (0.3 mg/20 g body weight) and 308 
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ketamine (3.0 mg/20 g body weight). Pinch the front and hind legs to make sure no jerking occurs. 309 
Apply petroleum jelly around the eyes to prevent eye dryness during anesthesia. 310 
 311 

8.5. Using a micro-hematocrit capillary tube, puncture the retro-orbital plexus. Collect 100 L of 312 
blood in a microcentrifuge tube. 313 
 314 
8.6. After blood collection, observe the mice until they recover from anesthesia and can maintain 315 
sternal recumbency.  316 
 317 
8.7. Let the blood clot at room temperature for 30 min and then spin down at 2,000 × g for 10 318 
min. Collect the serum and freeze at -80 °C. 319 
 320 
8.8. At this time, challenge the animals with Chlamydia muridarum or euthanize them. Euthanize 321 
the mice by first injecting i.p. a solution of xylazine (0.3 mg/20 g body weight) and ketamine (3.0 322 
mg/20 g body weight) followed by cervical dislocation. 323 
 324 
8.9. Test serum antibodies specific for MOMP using western blotting techniques as described 325 
above. Pool mouse sera from all immunized mice and use the pooled serum in place of a primary 326 
antibody at 1:5,000 dilution.  327 
 328 
REPRESENTATIVE RESULTS:  329 
The SDS-PAGE profile of the Ni affinity purification of MOMP-tNLP from a 1 mL cell-free reaction 330 
is shown in Figure 1B. The reaction resulted in high levels of expression for both the MOMP and 331 

the 49ApoA1 protein. Previous results showed that the cell-free expression of 49ApoA1 in the 332 
presence of DMPC and telodendrimer resulted in the formation of telodendrimer 333 

nanolipoprotein particles (tNLPs)4. The co-elution of MOMP with 49ApoA1 indicated that 334 

MOMP is associated with tNLPs, as the His-tag is only present on the tNLP scaffold 49ApoA1 335 
and not on MOMP. MOMP is a highly insoluble protein that can only be eluted through 336 
complexing with tNLPs, which have been shown to facilitate the solubilization of membrane 337 
proteins.  338 
 339 
The elution fractions containing MOMP-tNLPs were pooled and the total protein concentration 340 
determined using a fluorescence-based quantitation device, or a device that measures 341 
concentration through absorbance at 280 nm, following the manufacturer’s instructions for 342 
protein quantitation. To allow for precise dosing of the MOMP vaccine, it is also important to 343 
determine the concentration of MOMP in the purified complexes. We developed a method to 344 
quantify MOMP based on gel densitometry (Figure 2) wherein a purified recombinant MOMP 345 
with known concentration was used as the standard. By establishing the standard curve and 346 
comparing it to the MOMP-tNLP sample, the MOMP concentration can be quantified accurately. 347 
The determination of MOMP concentration in the purified sample enabled the estimation of the 348 
yield of MOMP in cell-free reactions at various scales, which is important for planning the 349 
reaction setup appropriate to downstream studies (Table 3).  350 
 351 
MOMP needs to form oligomers to elicit a robust immune response11. To test the oligomeric state 352 
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of MOMP, MOMP-tNLP was analyzed in the presence and absence of both heat and the reducing 353 
agent dithiothreitol (DTT, 50 mM, Figure 3A). Higher-order oligomers of MOMP were identified 354 
through SDS-PAGE when samples were not treated with heat and DTT. In comparison, samples 355 
treated with heat in the presence of DTT showed primarily two distinct bands on the gel, 356 
corresponding to MOMP and Δ49ApoA1 (approximately 40 kDa and 22 kDa, respectively). These 357 
results closely resemble the gel banding pattern attributed to oligomer formation of MOMP, 358 
which is critical to its effectiveness.  359 
 360 
Further western blot analysis using MAb40, an antibody against the linear epitope on the variable 361 
domain of MOMP protein, showed a similar banding pattern, confirming the oligomer formation 362 
by MOMP protein in its non-denatured state (Figure 3B). An important factor impacting MOMP 363 

oligomer formation is the ratio between the MOMP plasmid and the 49ApoA1 plasmid during 364 
the cell-free reaction setup. Table 4 lists the ratio of plasmids and the resulting insertion rate of 365 
MOMP into tNLPs. Previous studies indicated that chlamydial MOMP and other outer membrane 366 
proteins may exist primarily as trimers12. To maximize the trimer formation in the cell-free 367 
reaction, it is desirable to have the insertion rate close to three MOMP proteins per NLP, which 368 

corresponds to a ~25:1 MOMP-to-49ApoA1 plasmid ratio.  369 
 370 
A dot blot assay was used as a more streamlined method to detect the presence of MOMP and 371 
tNLP. The MAb40 antibody was used to detect total MOMP. The MAbHIS antibody targeted to 372 

the His-tag on the 49ApoA1 scaffold of the tNLP was used to assess the presence of tNLP. The 373 
co-signaling of MAb40 and MAbHIS antibodies indicated MOMP-tNLP formation. The control 374 
reaction produced empty tNLP, which only showed a positive signal from MAbHIS (Figure 3C). To 375 
test the immunogenicity of MOMP-tNLPs produced in the cell-free reaction, we adjuvanted 376 
MOMP-tNLP with CpG + FSL-1 and injected intramuscularly (i.m.) into mice in a prime-boost 377 
regimen as described above. Sera were collected from the immunized mice, and MOMP-specific 378 
IgG antibody was measured using a western blot assay (Figure 4). The sera from mice injected 379 
with adjuvanted MOMP-tNLP showed strong MOMP binding, indicating that MOMP-tNLP could 380 
elicit an immune response in vivo.  381 
 382 
FIGURE AND TABLE LEGENDS:  383 
Figure 1: Expression and purification of MOMP-tNLP. (A) Image of tubes containing small 384 
aliquots of a cell-free reaction that successfully expressed GFP controls luminating under UV light 385 
source (right) compared to lysates without GFP plasmid (left). (B) Protein Gel stained with SYPRO 386 
Ruby after SDS-PAGE shows the purification profile of MOMP-tNLP. MOMP migrates at 40 kDa 387 

and the 49ApoA1 migrates at 22 kDa. Abbreviations: MOMP = chlamydial major outer 388 
membrane protein; tNLP = telodendrimer nanolipoprotein particle; MOMP-tNLP = MOMP-tNLP 389 
complex; GFP = green fluorescent protein-encoding plasmid; MW = Molecular weight marker; T 390 
= total cell-free lysate; FT = flow-through; R1–R3 = cell-free reaction aliquots; W1, W6 = Washes 391 

1 and 6; E1–E7 = Elutions 1 through 7; 49ApoA1 = His-tagged mouse ApoA1 derivative. 392 
 393 
Figure 2: Quantification of MOMP in MOMP-tNLP samples. (A) SDS-PAGE gel stained with SYPRO 394 
Ruby for the quantification of MOMP. Recombinant MOMP with known concentration was 395 
loaded onto the gel to obtain the standard curve. Each lane contained 0.1 µg, 0.2 µg, 0.5 µg, 1 396 
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µg, and 2 µg of MOMP. MOMP-tNLP samples that were being quantified were loaded on the 397 
same gel. (B) The MOMP concentration standard curve was generated using densitometry. An 398 
equation relating normalized band density and the amount of MOMP was established. The 399 
equation was used to calculate the MOMP content in the unknown samples. Abbreviations: 400 
MOMP = chlamydial major outer membrane protein; tNLP = telodendrimer nanolipoprotein 401 
particle; MOMP-tNLP = MOMP-tNLP complex; SDS-PAGE = sodium dodecylsulfate polyacrylamide 402 
gel electrophoresis. 403 
 404 
Figure 3: Cell-free-produced MOMP-tNLP allow MOMP to form higher-order structures. (A) 405 
SDS-PAGE gel of MOMP-tNLP with and without treatment of heat and reducing agent DTT, 406 
stained with SYPRO Ruby. With heat and DTT, MOMP primarily appeared as a monomer band at 407 
~40 kDa, as heat and the reducing agent broke down the majority of higher-order MOMP 408 
structure. In the absence of heat and DTT, the higher-order bands were present, indicating 409 
MOMP oligomer conformation. (B) Western blot of MOMP-tNLP and MOMP alone, untreated 410 
and treated with heat and DTT. After transfer, the membrane was probed with MAb40 (1:1,000 411 
dilution). A banding pattern similar to the SYPRO Ruby-stained gel was observed, confirming that 412 
the higher molecular weight bands were indeed MOMP oligomers. (C) Dot blot of MOMP-tNLP 413 
and empty tNLP samples (in duplicate) probed with MAb40 and MAbHIS. Abbreviations: MOMP 414 
= chlamydial major outer membrane protein; tNLP = telodendrimer nanolipoprotein particle; 415 
MOMP-tNLP = MOMP-tNLP complex; SDS-PAGE = sodium dodecylsulfate polyacrylamide gel 416 
electrophoresis; DTT = dithiothreitol. 417 
 418 
Figure 4: Cell-free-produced MOMP-tNLP is highly immunogenic. Serum from immunized mice 419 
showed strong anti-MOMP IgG signal. MOMP-tNLP adjuvanted with CpG + FSL-1 was used to 420 
immunize mice. Sera from six immunized mice were collected, pooled, and used to probe MOMP-421 
tNLP. The serum was able to bind to MOMP in a western blotting assay and showed strong IgG 422 
signal (left). The western blot using MAb40 as primary antibody (right) showed similar bands, 423 
indicating that the serum contained MOMP-specific IgG. Abbreviations: MOMP = chlamydial 424 
major outer membrane protein; tNLP = telodendrimer nanolipoprotein particle; MOMP-tNLP = 425 
MOMP-tNLP complex; CpG = cholesterol-modified CpG adjuvant; FSL-1 = lipophilic adjuvant.  426 
 427 
Table 1: List of buffers needed for nickel affinity purification detailing concentrations of each 428 
component and pH. 429 
 430 
Table 2: Conditions for reversed phase HPLC purification of cholesterol-modified CpG. 431 
Abbreviations: TEAA = triethylammonium acetate; MeCN = acetonitrile.  432 
 433 
Table 3: The quantity of lipids, telodendrimer, and plasmids used for differently scaled cell-free 434 
reactions and the corresponding yields. Abbreviations: MOMP = chlamydial major outer 435 
membrane protein; DMPC = 1,2-dimyristoyl-sn-glycero-3-phosphocholine. 436 
 437 
Table 4: The plasmid ratios in a cell-free reaction and the resulting MOMP insertion rates. 438 
Abbreviations: MOMP = chlamydial major outer membrane protein; tNLP = telodendrimer 439 

nanolipoprotein particle; 49ApoA1 = His-tagged mouse ApoA1 derivative. 440 
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 441 
DISCUSSION:  442 
Chlamydia is the most common sexually transmitted infection that affects both men and women. 443 
Although vaccine research on Chlamydia spans decades, a safe and effective vaccine that can be 444 
scaled to mass production has remained elusive13. The chlamydial MOMP is considered the lead 445 
candidate as a protective vaccine antigen; however, MOMP is highly hydrophobic and prone to 446 
incorrect folding14,15. Further study has revealed that MOMP exists in oligomeric states that are 447 
essential for its immunogenicity11. Detailed here is a validated, cell-free co-expression method 448 
that produces oligomeric MOMP formed within tNLP nanoparticle as a vaccine, with yields of 449 
approximately 1.5 mg of purified MOMP per 3 mL of lysate. This fully collated procedure can be 450 
further scaled for industrial production, increasing its prospects as a useful approach for 451 
generating vaccines. 452 
 453 
We have previously published on using cell-free expression to produce membrane proteins 454 
embedded within NLPs3,16, as well as expression into telodendrimer-stabilized discs. However, 455 
this latter technique produced membrane-protein particles with greater heterogeneity and lower 456 
solubility.4 Additionally, the immunogenicity of MOMP-telodendrimer particles is unclear 457 
compared to MOMP-tNLP particles17. 458 
 459 
This procedure can be adapted to scale up the expression of bacterial membrane proteins that 460 
are promising candidates as antigens for use in subunit vaccines. Not only does this procedure 461 
produce solubilized bacterial membrane protein, but the overall nanoparticle structure is 462 
amenable to further modification using a variety of lipophilic vaccine adjuvants including, but not 463 
limited to, CpG conjugated to a cholesterol moiety or FSL-1. Expression of other candidate 464 
antigens from bacteria is feasible, although parameters such as expression temperature, lipid 465 
choice, and type of expression system may need to be explored to achieve optimal yields.  466 
 467 
Additionally, plasmid choice and ratio are critical in this process. Both plasmids used should be 468 
constructed from the same backbone. If the inserts are approximately the same length, the ratios 469 
can be based on the mass of the plasmid added, as described here. However, ratioing based on 470 
moles will give more reproducible results, particularly when scaling the reactions. Ratios that 471 
work well in screen-scale reactions (< 0.5 mL) may not be applicable to larger reactions and may 472 
require additional optimization. Non-membrane proteins can still be expressed using cell-free 473 
kits but may not require the lipid nanoparticle (co-expression) to produce a soluble product. 474 
Additionally, while this protocol describes adjuvanting with CpG and FSL-1, this system is 475 
amenable to formulation with other lipophilic adjuvants or admixing with soluble adjuvants as 476 
desired. 477 
 478 
It is essential to avoid contamination when setting up the cell-free expression reaction as this can 479 
affect yields. Any additives to the reaction, including the plasmids themselves, should be highly 480 
pure. Additionally, the expressed proteins should only be in contact with materials and solutions 481 
that are free of endotoxin contamination. Endotoxin contamination in candidate formulations 482 
can lead to inconsistent and spurious results of immunological assays and can be harmful in 483 
sufficient quantities. While not described here, additional purification following nickel affinity 484 
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chromatography may be necessary if many contaminants are observed in subsequent analysis 485 
steps such as through SDS-PAGE. This could be accomplished with SEC, although conditions may 486 
require optimization on a formulation by formulation basis. 487 
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Buffer name NaH2PO4 NaCl Imidazole pH
Binding Buffer 50 mM 300 mM 10 mM 8.0

Wash Buffer 50 mM 300 mM 20 mM 8.0

Elution Buffer 1 50 mM 300 mM 250 mM 8.0

Elution Buffer 2 50 mM 300 mM 500 mM 8.0
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Runtime 50 min

Flow rate 6.0 mL/min

Gradient type Binary

Buffer A 10 mM TEAA in H20

Buffer B MeCN

Gradient % Buffer B

0 min 25%

30 min 60%

30.5 min 100%

40 min 100%

40.5 min 25%

50 min 25%

Table 2 Click here to access/download;Table;Table 2 (6).xlsx

https://www.editorialmanager.com/jove/download.aspx?id=1376262&guid=2ed80ba4-d7a7-4910-80fb-7b4b502a83af&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1376262&guid=2ed80ba4-d7a7-4910-80fb-7b4b502a83af&scheme=1


Cell-free lysate 

(mL)

DMPC lipid 

(mg)

Telodendrimer 

(mg)

MOMP 

plasmid (µg)

Purified 

MOMP yield 

(mg)

1 4 0.4 15 0.5

2 8 0.8 30 1.1

3 12 1.2 45 1.6

5 20 2 75 2.7
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Ratios of plasmid input, MOMP : D49ApoA1 1:1 5:1
Ratios of the amount of protein produced, MOMP : D49ApoA1 0.02 0.32

Estimated number of MOMP insertion per tNLP 0.03 0.37
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10:1 25:1 50:1 100:1
0.64 3.46 6.55 20.04

0.75 4.04 7.65 23.39
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Editor’s comments: 

1. Please take this opportunity to thoroughly proofread the manuscript to ensure 
that there are no spelling or grammar issues. 
All authors have reviewed the manuscript and we have corrected any errors 
found. 
 

2. Please provide an institutional email address for each author. 
Done. 
 

3. Please reword the lines to avoid previously published works:191-193, 194-195, 
197-199, 330-333. Please refer to the iThenticate report attached. 
We have reviewed the report and made an effort to avoid overlap of text with 
previous works. 
 

4. Please revise the text to avoid the use of any personal pronouns (e.g., "we", 
"you", "our" etc.). 
We have reduced the use of pronouns in the manuscript. 
 

5. JoVE cannot publish manuscripts containing commercial language. This 
includes trademark symbols (™), registered symbols (®), and company names 
before an instrument or reagent. Please remove all commercial language from 
your manuscript and use generic terms instead. All commercial products 
should be sufficiently referenced in the Table of Materials. 
Use of commercial language has been removed. 
 

6. Line 45-53: Please include the lines as paragraph. 
Corrected. 
 

7. Please include an ethics statement before your numbered protocol steps, 
indicating that the protocol follows the animal care guidelines of your 
institution (Please move the lines 293-296) 
We have moved the ethics statement to the correct position. 
 

8. Please ensure that all text in the protocol section is written in the imperative 
tense as if telling someone how to do the technique (e.g., “Do this,” “Ensure 
that,” etc.). The actions should be described in the imperative tense in 
complete sentences wherever possible. Avoid usage of phrases such as “could 
be,” “should be,” and “would be” throughout the Protocol. Any text that 
cannot be written in the imperative tense may be added as a “Note.” However, 
notes should be concise and used sparingly. Please include all safety 
procedures and use of hoods, etc. 
The protocol section has been edited to use the imperative tense when possible.  
 

9. Line 95-96: The Protocol should contain only action items that direct the reader 
to do something. Consider revising the lines to direct the reader to do 
something. 



 
 
 

We have changed this step to direct the reader: 
 
“1.1. All material used in producing vaccine-grade formulations for animals are 
endotoxin-free. To prepare glassware for this process, bake cleaned glassware in 
an oven at 180ºC for four hours.” 
 

10. For SI units, please use standard abbreviations when the unit is preceded by a 
numeral throughout the protocol. Abbreviate liters to L to avoid confusion. 
Examples: 10 mL, 8 µL, 7 cm2 
Corrected. 
 

11. For time units, please use abbreviated forms for durations of less than one day 
when the unit is preceded by a numeral throughout the protocol. Do not 
abbreviate day, week, month, and year. Examples: 5 h, 10 min, 100 s, 8 days, 
10 weeks 
Corrected. 
 

12. Please note that your protocol will be used to generate the script for the video 
and must contain everything that you would like shown in the video. Please 
add more details to your protocol steps. Please ensure you answer the “how” 
question, i.e., how is the step performed? Alternatively, add references to 
published material specifying how to perform the protocol action. Please add 
more specific details (e.g. button clicks for software actions, numerical values 
for settings, etc) to your protocol steps. There should be enough detail in each 
step to supplement the actions seen in the video so that viewers can easily 
replicate the protocol. 
 

13. Line 297-298: Please specify the volume injected. 
We have added this information: 
 
“Total volume per injection is 50 µL.” 
 

14. Line 299-300; How much was the booster dose. 
We have added this information: 
 
“11.2. Four weeks after the initial vaccination (prime), animals are vaccinated a 
second time (boost) with 10 µg of MOMP in the form of MOMP-tNLP adjuvanted 
with 5 µg of CpG and 1 µg FSL-1. Total volume per injection is 50 µL.” 
 

15. Line 301: Please specify the volume of blood drawn. What was used to draw 
blood. 
We have added this information: 

 



 
 
 

“11.6. On day 56 after the initial vaccination, collect blood to assess antibody 
titers. Using a micro-hematocrit capillary tube, puncture the retro-orbital plexus. 
Collect 100 µL blood in a microcentrifuge tube.” 

16. Being a video based journal, JoVE authors must be very specific when it comes 
to the humane treatment of animals. Regarding animal treatment in the 
protocol, please add the following information to the text: 

a) Please include an ethics statement before all of the numbered protocol 
steps indicating that the protocol follows the animal care guidelines of 
your institution. 

b) Please specify the euthanasia method, if any. 
c) Please mention how animals are anesthetized and how proper 

anesthetization is confirmed. 
d) Please specify the use of vet ointment on eyes to prevent dryness while 

under anesthesia. 
e) For survival strategies, discuss post-surgical treatment of animal, 

including recovery conditions and treatment for post-surgical pain. 
f) Discuss maintenance of sterile conditions during survival surgery. 
g) Please specify that the animal is not left unattended until it has 

regained sufficient consciousness to maintain sternal recumbency. 
h) Please specify that the animal that has undergone surgery is not 

returned to the company of other animals until fully recovered. 
i) Please do not highlight any steps describing euthanasia. 

We have added in the pertinent details to section 11 of the protocol. 

17. Please highlight up to 3 pages of the Protocol (including headings and spacing) 
that identifies the essential steps of the protocol for the video, i.e., the steps 
that should be visualized to tell the most cohesive story of the Protocol. 
Remember that non-highlighted Protocol steps will remain in the manuscript, 
and therefore will still be available to the reader. 
We have indicated the essential sections. 
 

18. Please remove the embedded Table from the manuscript. All tables should be 
uploaded separately to your Editorial Manager account in the form of an .xls 
or .xlsx file. Each table must be accompanied by a title and a description after 
the Representative Results of the manuscript text. 
Corrected. 
 

19. As we are a methods journal, please revise the Discussion to explicitly cover 
the following in detail in 3-6 paragraphs with citations: 

a) Critical steps within the protocol 
b) Any modifications and troubleshooting of the technique 
c) Any limitations of the technique 
d) The significance with respect to existing methods 
e) Any future applications of the technique 



 
 
 

We have revised the discussion section to address these points. 

20. Please do not use the &-sign or the word “and” when listing authors in the 
references. Authors should be listed as last name author 1, initials author 1, 
last name author 2, initials author 2, etc. Title case and italicize journal titles 
and book titles. Do not use any abbreviations. Article titles should start with a 
capital letter and end with a period and should appear exactly as they were 
published in the original work, without any abbreviations or truncations. 
Corrected. 
 

21. Use Uppercase letters to label the figures in a multipaneled image (replace “a, 
b, c” by “A, B,C”) 
Corrected. 
 

22. Figure 1: Please label the figure to make it more informative 
Corrected. 
 

23. Graphical abstract: Please add the figure as a schematic (e.g., Figure 1) and 
include a title and description in the Figure Legends. 
We have added a description in the legends. 
 

24. Please revise the table of the essential supplies, reagents, and equipment. The 
table should include the name, company, and catalog number of all relevant 
materials in separate columns in an xls/xlsx file. Please sort the Materials Table 
alphabetically by the name of the material. Please remove trademark (™) and 
registered (®) symbols from the Table of Equipment and Materials. 
Done.  

 
Reviewer #1: 
 
1. What is the novelty of the current work compared to the previous ones? For 
example, a similar work has already been published in journal of biochemical 
chemistry, 2017, J Biol Chem. 2017 Sep 8;292(36):15121-15132. doi: 
10.1074/jbc.M117.784561, Cell-free production of a functional oligomeric form of a 
Chlamydia major outer-membrane protein (MOMP) for vaccine development cited as 
ref.5. 
 
We concur that similar work has been published with a focus on production, function 
and immunogenicity of the Chlamydia major outer-membrane protein (MOMP). 
However, those previous publications did not focus on replicating and visually illustrating 
the minute details related to the methodology for co-translation with ApoA1 in the 
presence of lipids solubilized by the telodendrimer using the continuously fed cell-free 
lysate. Publication of these details in JOVE will reach a far broader audience and allow 
other groups to apply these methodologies to wider range of membrane bound proteins.  
 
2. If the goal was to enhance the yield of protein production, 1.5mg/ml reported by 



 
 
 
others suffice for vaccine purposes. Also, the yield of protein production as the 
novelty of current work is an important factor yet is not mentioned throughout the 
paper, more specifically in the abstract part. 
 
We totally agree with the reviewer and have tried to further highlight the scale of the 
protein production from a few mLs of cell free lysate. We have added text to the abstract 
and discussion to further make this point.  
 
3. Another key issue is that subunit vaccines are incapable of eliciting full protection 
against all serotypes/serovars due to the nature of C.t. as an intracellular bacterium 
and the complicated β-barrel transmembrane structure of MOMP. Thus using a 
subunit vaccine in the current work compared to other recent attempts deems 
fruitful. see the recent study https://www.nature.com/articles/s41541-021-00312-
9 which is much better that the current work and also ref.5. 
 
Our current manuscript is focused on presenting the collated details for a cell-free 
protein production protocol that can produce a fully functional beta-barrel such as the 
MOMP pore (He et al., 2017) that is capable of being protective in an animal challenge 
study (Tifrea et al., 2021).  The methods we have detailed for JOVE cover several other 
factors regarding lipids, adjuvants and other possible additives that may improve 
expression as well as potentially protection in future studies. We cannot comment on the 
reviewers suggested work given the antigen, adjuvants, experimental methods as well as 
animal model systems are very different.   
 
Reviewer #2: 
P3, L135: "w/o" change to "without" 
Corrected.  
 
P3, L141: "w/o" change to "without" 
Corrected.  
 
P5, L183: How much amount of eluted MOMP-tNLP? 
We now specify 5-15 µl of the eluted MOMP-tNLP is loaded. 
 
“Aliquots of the eluted MOMP–tNLPs, washes, flowthrough, and total lysate are mixed 
with 4X SDS-PAGE sample loading buffer.” 
 
P6, L211: Information about PVDF could be added to the table of materials 
The PVDF transfer stacks are listed in the table of materials, catalog number IB24001. 
 
P6, L218: "5 minutes" change it to "5 minutes each" 
Corrected.  
 
P6, L222: "5 minutes" change it to "5 minutes each" 
Corrected.  



 
 
 
 
P7, L244: "DI water" Please provide the full name (i.e., deionized water) before using 
the acronym 
Corrected.  
 
P7, L246: "at on dry ice" change to "on dry ice" 
Corrected.  
 
P8, L288: Detected at specific wavelength? 
We now specify the wavelengths of 214 and 280 nm. 
 
“Incorporation is assessed through comparing absorption of the adjuvanted particles to 
the unadjuvanted particles at 214 and 280 nm.” 
 
P9, L310: "previous results" Is this referring to the previous study or this study? 
This is referencing a previous article by He et al. We have added the reference number 
here. 
This refers to a previous article and we have added the reference number here.  
 
P9, L316-318: This info could be added to the protocol. 
We have made a note to follow the instructions provided by the manufacturer for 
protein quantitation. 
 
“The elution fractions containing MOMP-tNLPs were pooled and the total protein 
concentration were determined using a fluorescence-based quantitation device, or a 
device that measures concentration through absorbance at 280 nm, following 
manufacturers instructions for protein quantitation.” 
 
P9, L328: To include DTT in the table of materials. 
The DTT solutions used are purchased pre-made and these are listed as catalog number 
NP0009. 
 
P11, L326-328: The DTT was the one added in the sample buffer? What was the 
concentration? (10X was the stock?) I wonder this experiment should also be 
described in the protocol? 
We have added the diluted concentration of DTT for clarity. 
 
“To test the oligomeric state of MOMP, we analyzed MOMP-tNLP in the presence and 
absence of both heat and the reducing agent DTT (50 mM, Figure 3a).” 
 
P9, L339: Since authors are referring to the "Previous studies", perhaps authors could 
provide at least 2 or more references here. 
We have added additional references supporting this claim, see references 12-15. 
 
P12, L407: If this is the authors' previous paper, please include the citation. 
We have inserted references 3 and 19 here clarifying this. 



 
 
 
 
P11, L399: Perhaps authors could also discuss or compare their findings with other 
similar studies and highlight the amount of purified MOMP produced from this study? 
We described the MOMP yield in the introduction, but reiterate it here. 
“Detailed here is a validated cell-free co-expression method that produces oligomeric 
MOMP formed within tNLP nanoparticle as a vaccine, with yields of approximately 1.5 
mg of purified MOMP per 3 mL of lysate.” 
 
Figure 1a: Image without color? Is this for GFP color? 
We have replaced this with a color image that shows the GFP color more clearly. 
 
Reviewer #3:  
1. Lane 108 in the protocol section, is the DMPC lipid can be used for different 
membrane antigens? 
Yes, DMPC can be used to prepare other membrane protein formulations, but there may 
be a benefit from screening other lipids. We have made a note of this in the discussion: 
 
“Expression of other candidate antigens from bacteria is feasible, although parameters 
such as expression temperature, lipid choice, and type of expression system may all 
need to be explored in order to achieve optimal yields.” 
 
2. Lane 111 in the protocol section, the authors need to specify the temperature of the 
centrifugation. 
Corrected. 
 
“Remove any contaminant metal from the probe by centrifugation at 13k for 2 mins at 
22°C and then transfer the solubilized lipid to a new 1.5 mL endotoxin-free tube.” 
 
3. Lane 156 in the protocol section, what kind of shaker has been used? The shaking 
speed (to be included) and the temperature (30°C) are suitable for the production of 
the chlamydial MOMP antigen but are they appropriate for the overexpression of 
other membrane proteins? 
The shaker is listed in the materials as being from New Brunswick. We make a note that 
conditions may need to be optimized for other proteins. 
 
“Place the reaction in a shaker at 300 RPM, 30°C for up to 18 hours. These conditions, 
particularly temperature, may need to be optimized for expression of other membrane 
proteins.” 
 
4. Lane 164, please mention the reference of the chromatography column. 
These columns are listed in the materials table as “Disposable, polypropylene fritted 
columns 10 ml capacity”. 
 
5. Lane 301, please give the protocol for obtaining the whole blood from vaccinated 
mice. 
We have added additional detail for this procedure: 



 
 
 
“11.5. On day 56 after the initial vaccination, collect blood to assess antibody titers. 
Begin by anesthetizing mice by injecting i.p. a solution of Xylazine (0.3mg/20g body 
weight) and Ketamine (3.0 mg/20g body weight). Front and hind legs are pinched to 
make sure no jerking occurrs. Apply vaseline jelly around the eyes to prevent eye 
dryness during anesthezia. 

11.6. Using a micro-hematocrit capillary tube, puncture the retro-orbital plexus. Collect 
100 µL blood in a microcentrifuge tube.” 

 
6. Figure 1, several contaminants are visible in the elution fractions. At an industrial 
scale, it would be interesting to know whether these contaminants are presents in the 
different batches of the recombinant vaccine preparations and the potential toxicity 
of these contaminants. How can the authors may characterize these contaminants? A 
specific protocol to remove these contaminants has to be added in the protocol 
section. 
We have made a note at the end of the discussion that size exclusion chromatography 
can be used to further purify formulations if desired purity is not achieved after nickel 
affinity chromatography: 

“While not described here, additional purification following nickel affinity 
chromatography may be necessary if many contaminants are observed in subsequent 
analysis steps such as through SDS-PAGE. This could be accomplished with SEC, but 
conditions may require optimization on a formulation by formulation basis.” 
 
Reviewer #4: 
1. How to prepare the highly insoluble recombinant MOMP protein. 
 
Our protocol is designed to produce a scaffold supported MOMP that is soluble without 
the need for the use of detergents in a single step, where co-translation produces both 
the MOMP and ApoA1 protein in the presence of lipids. Another approach is the use of 
preformed NLPs added to cell-free reaction with plasmids encoding MOMP (Katzen et 
al., 2008). The protocol could also potentially work with insoluble recombinant MOMP 
by including detergents and lipids as a means to solubilize MOMP. The process could 
then just focus on the translational system for expressing  ApoA1 protein to form the 
supporting nanodisc scaffold within the reaction.  
 
2. What micropipette and pipette tips are used. 
We have added the manufacturer and catalog information for the pipettes and tips used 
to the materials table. 
 
3. What type of glass vials were used for lyophilization. 



 
 
 
Polypropylene tubes were used as containers during lyophilization and this is now 
specified in the text: 
 
“Make note of the final volume and aliquot into endotoxin-free 15 mL or 50 mL 
polypropylene tubes as desired.” 
 


