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Abstract 24 

Macromolecules such as antibody fragments (herein called macrodrugs) have been 25 

reported that can interfere with intracellular targets but their use is limited to delivery 26 

systems where expression is achieved from vectors such as plasmids or viruses. We 27 

have developed homogeneous poly-lactic acid PEGylated nanoparticles, and 28 

including the cationic lipid 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP), that 29 

are functionalized with monoclonal anti-CD7 antibody for receptor-mediated 30 

endocytotic delivery of macrodrug mRNA. Similarly, antigen-specific endocytosis was 31 

produced in T cell leukaemia cell lines using nanoparticles functionaliszed with anti-32 

CD53 or anti-GPR56 antibodies. Incorporation of DOTAP as the lipid component of 33 

the poly-lactic acid nanoparticles enhanced release of the immuno-particles from the 34 

endosomes following cell entry for release of reporter mRNA into the cytosol 35 

compared to NPs from poly-lactic acid alone. Systemic delivery of these anti-CD7 36 

immuno-nanoparticles into humanised CD7 transgenic mice, resulted in localisation 37 

in the spleen, uptake into splenocytes and release of low amounts of reporter mRNA 38 

translation. These functionalised nanoparticles are the basis for elaboration and 39 

optimisation for realising their potential in therapeutic applications to carry specific 40 

macrodrug mRNAs targeting intracellular proteins mediating diseases.  41 

 42 

43 
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Introduction 44 

Drug development in recent years has begun to focus on targeted therapy where the 45 

chemical drug interferes with specific properties of a protein. Notable successes 46 

have been in compounds that inhibit the kinase activity of the chromosomal 47 

translocation proteins BCR-ABL [1, 2]  or BRAF inhibition drugs [3, 4]. An alternative 48 

strategy is the selection of macromolecular protein inhibitors that can more readily be 49 

produced with enhanced potency using molecular biology techniques. These include 50 

antibody fragments [5, 6], peptide aptamers [7, 8] and peptides [9]. In addition to the 51 

importance of selection techniques, protein drugs (herein called macrodrugs [10]) 52 

can perform functions such as inhibiting protein-protein interactions which have been 53 

thought to be more challenging to target with small molecules [11] but also to be 54 

capable of drugging previously undruggable targets like mutant RAS [12] or 55 

transcription factors [13]. 56 

One of the problems with the use of macromolecules as macrodrugs is that 57 

proteins generally do not enter cells unless they first bind to a receptor on the 58 

surface, for example like antibodies bind to cell surface proteins, and subsequently 59 

internalized by endocytosis. Protein transduction has been well developed in which 60 

small peptide elements, such as from Antennapedia [14] or HIV tat elements [15, 16], 61 

have been appended to proteins or fragments. Nonetheless, apart from 62 

immunogenicity issues, proteins are physicochemically diverse and may be 63 

degraded if administered systemically preventing them from reaching their target 64 

location. Ideally, methods are required to deliver macrodrugs to cells in protected 65 

form, prior to their being released into the cytosol.  66 

Potentially, genetic material (DNA or RNA) encoding for macrodrugs is an 67 

alternative delivery option. DNA delivery has been achieved with viral and non-viral 68 

vectors [17-20] but also mRNA because it can be directly translated to the protein of 69 

interest in the cytosol by the translation machinery of the [21-23] cell. Chemical 70 

modifications of synthetic mRNA renders it more efficiently translated, making mRNA 71 
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a feasible candidate as a therapeutic agent [24-26] but degradation after systemic 72 

administration before reaching its molecular target is a factor that leads to inefficient 73 

utility. Protection of systemically delivered nucleic acid using attenuated viruses has 74 

been developed but these have limitations of safety and complicated manufacturing 75 

processes adding potentially high costs of goods.  On the other hand, non-viral 76 

systems based on variety of polymers and lipids have shown promise [27-30] and 77 

are currently the lead non-viral delivery system for nucleic acids, with FDA approved 78 

formulations [31]. 79 

Lipid nanoparticles (LNPs) and polymeric nanoparticles, such as comprising 80 

biodegradable poly-lactic acid (PLA) have been used for encapsulation of RNA [32, 81 

33] and some are in clinical trials to deliver siRNA and shRNA, along with Onpattro® 82 

that is an FDA approved siRNA LNP-based commercial product by Alnylam 83 

Pharmaceuticals [34-37]. Like siRNA, mRNA also needs to cross the barrier of cell 84 

membranes to reach the intracellular space, and also requires protection from 85 

extracellular ribonucleases that are present in blood. Safe homing of mRNA within 86 

nanoparticles has shown promising results for protein synthesis from the mRNA 87 

cargo [38, 39] but there are limited numbers of reports. We have recently described a 88 

novel LNP formulation able to encapsulate mRNA and delivery this mRNA for protein 89 

translation to a variety of cells, but mRNA release requires enhancement by the 90 

application of shock waves [40].  91 

There are several general problems with mRNA delivery. First, achieving 92 

sufficient mRNA loading within the particles so that reasonable levels of protein can 93 

be produced following cellular uptake of the NPs and release of the mRNA and 94 

second, selectivity towards the desired target cell.  The poly-lactic acid-based NPs 95 

can potentially overcome these problems [41, 42] since these are formed by double 96 

emulsion solvent evaporation where nucleic acid is encapsulated in the internal water 97 

droplet, which condenses the nucleic acid material to smaller cores in the polymer 98 

matrix bed during the evaporation step. Including positively charged DOTAP further 99 
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assists condensing negatively charged nucleic material and reduces the chances of 100 

their escape from internal aqueous phase to external phase during the polymer 101 

hardening process leading to efficient encapsulation [33]. Further, the application of 102 

functionalised NPs, in which monoclonal antibodies are linked to the coat of the NPs 103 

(immuno-nanoparticles), can potentially address the limitation of non-selective 104 

delivery of the NPs because cell surface-binding antibodies provide specificity along 105 

with rapid receptor-mediated endocytosis [43, 44]. In this respect, the surface protein 106 

CD7 is of particular interest for our work on T cell acute leukaemia (T-ALL). This 107 

protein is expressed on all T-ALL as well as a proportion of acute myeloid 108 

leukaemias and can be internalised by binding anti-CD7 antibody [45]. 109 

We have developed immuno-polymeric lipid composite nanoparticles made 110 

from PEGylated PLA and the cationic surfactant DOTAP generating nanoparticles 111 

with co-polymer of hydrophobic poly-lactic acid, covalently conjugated to a 112 

hydrophilic chain of PEG. An anti-CD7 monoclonal antibody has been functionalized 113 

to the NP surface and mRNA encapsulated in the PLA that forms the core of the NPs 114 

acting as a reservoir for the cargo, DOTAP improves release of the NPs from 115 

endosomes to allow some mRNA release after exposure to the low endosomal pH 116 

and membrane fusion. We demonstrate that these immuno-particles, functionalised 117 

with anti-CD7 antibody, preferentially engage CD7-expressing cells in vitro and in 118 

vivo.  119 

  120 
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Results 121 

Immuno-nanoparticle characterisation 122 

Nanoparticles were synthesized with PLA-PEG block copolymers of various chain 123 

lengths and the polylactic acid and polyethylene glycol were covalently conjugated to 124 

give a single polymeric chain.  Pre-formed PEG of various sizes (Mw 2000, 3400 and 125 

5000 Da) was used and lactide monomers were polymerized to obtain a chain length 126 

ratio of 4:1 of lactide monomers:ethylene glycol. PLA forms a hydrophobic core of the 127 

nanoparticles and is mainly responsible for carrying the cargo (in our work mRNA) 128 

and for controlling their release profile, whereas PEG forms the corona around the 129 

nanoparticles and gives a structure around the spherical core [46].  130 

Since the PEG chains are the primary interfaces seen by the cells, they 131 

confer the interaction behavior of the nanoparticles with the cells and the longer 132 

chain lengths have a higher repulsion by cells. Block copolymers were synthesized 133 

by ring opening polymerization (ROP) with various PEGs (2000, 3400 and 5000Da). 134 

1H-NMR confirmed the synthesis of the copolymer and their chain lengths 135 

(Supplementary Figure S1). Nanoparticles were generated by double emulsion 136 

solvent evaporation method [Jain 2015]. The formulation method was optimized for 137 

empty nanoparticles prepared with molecular weight 3400 Da for process variables 138 

that generated uniform nanoparticles of 156±4 nm (Table 1) and this method was 139 

subsequently implemented for other copolymers for the synthesis of nanoparticles.  140 

For the conjugation of the antibodies on the surface of the nanoparticles, 141 

PLA-PEG-maleimide was used and freshly prepared NPs were incubated with 142 

thiolated antibodies (treated with Traut’s reagent) at room temperature in PBS. The 143 

average hydrodynamic diameter of the immuno-nanoparticles (i-NPs) was found to 144 

be 171 ±6nm (Table 1). The presence of antibodies on the surface of NPs caused a 145 

slight decrease in the zeta potential of the i-NPs compared to NPs. Nanoparticles 146 

prepared with PLA-PEG2000 and PLA-PEG5000 showed a similar trend where 147 

antibody conjugated i-NPs displayed slightly higher averaged diameter than the 148 
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native non-conjugated NPs. Further, these nanoparticles had enlarged diameter with 149 

increase in the polymer molecular weight as this provides longer PLA chains to form 150 

the core of the NPs and giving it the bulk.  151 

Lipid composite NPs were formulated of PLA-PEG3400 polymers, in which 5 152 

or 10% w/w polymer was substituted by DOTAP. This was found to decrease the 153 

particle size (perhaps by causing a denser core), and decrease in zeta potential that 154 

may be attributed to the positive charge of DOTAP (Table 1). The presence of the 155 

positive charged lipid in the polymer phase also ensured the better encapsulation of 156 

mRNA and retention during the solidification step of solvent evaporation.  157 

The PEG chains form the corona around the nanoparticles that prevents 158 

adsorption of the proteins to the surface of circulating NPs giving them longer blood 159 

circulation half-life [47, 48] as well as potentially avoiding non-specific uptake by 160 

cells. The cell-association of NPs or i-NPs was assessed in culture with the human T 161 

cell lines Jurkat and KOPT-K1 (both expressing the surface protein CD7 162 

(Supplementary Figure S2)) using fluorescently-labelled NPs and flow cytometry. 163 

This shows that PEG2000 was not efficient to avoid the non-specific adhesion of NPs 164 

to the surface of Jurkat and KOPT-K1 (Figure 1A, C), while nanoparticles with 165 

PEG3400 or PEG5000 exhibited low levels of non-specific association with these 166 

cells. In addition, while PEG is required to avoid non-specific uptake, it does not 167 

interfere with receptor mediated endocytosis since anti-CD7 antibody conjugated 168 

nanoparticles showed significant uptake by both lines for all three PEG lengths 169 

(Figure 1B, D).  170 

 171 

i-NPs specifically bind to CD7 positive cells 172 

For further evaluation of the specificity of PLA-PEG3000, the CD7 expressing human 173 

T cell lines (Jurkat, KOPT-K1 and MOLT4, Supplementary Figure S2) and various 174 

CD7 negative cells (the mouse myeloma NS0, the human Burkitt’s lymphoma RAJI 175 

and murine erythro-leukaemia MEL cells) were incubated with PLA-PEG3000 i-NPs 176 
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and were evaluated for the uptake by flow cytometry analysis (Figure 2A, B). None of 177 

the CD7 negative cells showed any association with the PLA-PEG3000 i-NPs or 178 

NPs, whereas all three CD7 expressing cells showed a good uptake of i-NPs (Figure 179 

2A). 180 

The requirement for expression of surface CD7 was further assessed using 181 

an engineered derivative of the human lung carcinoma cell line A549 that expresses 182 

surface CD7 (herein A549-CD7 cells) (Supplementary Figure S2B). In the same way 183 

as naturally CD7 expressing cell lines, the A549-CD7 cell line exhibited specific 184 

uptake of i-NPs only (Figure 3A, B) whereas A549 parental cells (CD7-negative) did 185 

not display association with i-NPs on their surface (Figure 3B).  The specificity was 186 

confirmed by seeding mixtures of A549-CD7 cells together with native A549 cells 187 

(CD7-) at various ratios and incubating with fluorescent NPs. After four hours, cells 188 

were recovered and analysed by flow cytometry with anti-CD7 antibody, thereby 189 

comparing cell numbers with surface CD7 labelling with NP uptake (fluorescent 190 

particles). A high percentage of A549-CD7 cells take up the i-NPs (Figure 3C) and 191 

when mixed populations of A549-CD7 with A549 were transfected, the fraction of 192 

positively transfected A549-CD7 cells in the seeded populations was reflected by the 193 

proportion of i-NPs positive cells (Figure 3D, E). 194 

i-NPs could be made by conjugating with other antibodies that define specific 195 

cell surface proteins. I-NPs were prepared with anti-CD53 or anti-GPR56 antibodies 196 

and these were tested on KOPT-K1 cells (cells that naturally express CD53 and 197 

GPR56) along with CD7 antibody. Each of the specific i-NPs bound to these T cells, 198 

albeit with varying levels of association. Unconjugated NPs showed no association 199 

with the cells (Supplementary Figure 3A). 200 

 201 

Modified mRNA encapsulated PLA-PEG NPs 202 

Our purpose was to develop NPs that could encapsulate mRNA, carry the molecules 203 

safely to cells, and release the mRNA in an intact form for protein translation. The 204 
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substitution of pseudo-uridine for uridine during the in vitro transcription mRNA helps 205 

it evade recognition and cleavage by ribonuclease [25] and avoids recognition by 206 

Toll-like receptors as well as by retinoid-inducible gene I (RIG I) [24, 49, 50], and it 207 

does not activate protein kinase PKR [26, 51]. Accordingly, we synthesized modified 208 

EYFP reporter mRNA and initially tested this by lipofectamine-mediated transfection 209 

compared to unmodified mRNA (Supplementary Figure S4). Fluorescence 210 

microscopy images (panels A-D) indicate that the modified mRNA is superior in the 211 

translational capacity than normal synthesized mRNA and the EYFP fluorescence 212 

intensity increases with mRNA dose dependency (panel E, F). To ensure the 213 

nanoparticle preparation did not affect the physical or biological stability of the 214 

mRNA, the nanoparticle-encapsulated mRNA was extracted by disrupting the NPs in 215 

chloroform:water where chloroform dissolved the polymer and releases the mRNA to 216 

the aqueous phase. The extracted mRNA were quantified and transfected to the cells 217 

using lipofectamine. The results (Supplementary Figure S4G) show that the 218 

extracted mRNA was biologically active and translational capacity was equivalent to 219 

native untreated mRNA. Finally, the potential toxicity of the nanoparticles was 220 

assessed by determining the cell viability after incubation with the nanoparticles for 221 

72 hours compared with untreated cells (Supplementary Figure S5).  No toxicity was 222 

observed up to the highest concentration of 1000 µg/ml. 223 

 224 

Endosomal escape of PLA-lipid composite NPs  225 

The PLA-PEG i-NPs with encapsulated intact and biologically active mRNA were 226 

tested on the A549-CD7 cells for their ability to deliver mRNA to the cytosol for 227 

translation by endogenous ribosomal machinery. Fluorescent particles with 228 

encapsulated EYFP mRNA (with or without conjugated anti-CD7 antibody) were 229 

incubated with A549-CD7 and viewed by confocal microscopy. This showed i-NPs 230 

were efficiently internalised by the cells (Supplementary Figure S6A) but there was 231 

no evidence of EYFP mRNA translation into fluorescent protein. Further, flow 232 
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cytometry analysis confirmed there was little EYFP protein translation from mRNA, 233 

even with the i-NPs (Supplementary Figure S6B, C). It appears that the NPs are 234 

engulfed by endocytosis but they become trapped inside these vesicular structures 235 

and fail to release their content to the cytosol. 236 

Cationic polymers and lipids are known to exhibit endosomolysis by proton 237 

sponge effect [52, 53] and to facilitate this, DOTAP was includes in the NPs, since 238 

DOTAP is a cationic lipid widely used for the cytosolic delivery of nucleic acids [54-239 

56]. Lipid polymer composite nanoparticles were therefore prepared by incorporating 240 

this endosomolytic lipid in the PLA-PEG polymer at the level of either 5% or 10% of 241 

the total polymer content. Confocal microscopy analysis of A549-CD7 cells incubated 242 

with NP-DOTAP or i-NP-DOTAP indicated that these cationic lipids facilitated 243 

breakage of the vesicular entrapment resulting in homogeneous distribution within 244 

the cytosol (Figure 4, Supplementary Figure 7). Co-localisation of the anti-LAMP-1 245 

endo-lysosomal marker was confirmed in anti-CD7 i-NPs (Figure 4C). In addition, the 246 

i-NPs with incorporated DOTAP cationic lipid retained the CD7-specific association 247 

and uptake and the NPs lacking anti-CD7 did not enter the cells (Figure 4 A, B).  248 

Modified mRNA was encapsulated within NPs that were made with either 5% 249 

or 10% DOTAP and with or without conjugated of anti-CD7 antibody and the NPs 250 

were labelled with Alexa Fluor 555. These NPs were incubated for 1 to 3 days with 251 

A549-CD7 cells. After incubation, cells were recovered and flow cytometry used to 252 

assess fluorescence signal from translation of released EYFP mRNA and 253 

fluorescence from the particles themselves (Figure 5). The non-antibody conjugated 254 

NPs in each case did not yield EYFP fluorescence with DOTAP-modified NPs. 255 

However, antibody-conjugated i-NPs-DOTAP displayed small levels of fluorescence 256 

resulting from the delivered mRNA and translation with either 5% (Figure 5A) or 10% 257 

DOTAP incorporation (Figure 5B). mRNA translation was not altered by varying 258 

amounts of mRNA used at 24 hours  and was similar whether 5% (Figure 5C) or 10% 259 

(5D).  260 
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 261 

i-NP-DOTAP in spleen cells after in vivo administration 262 

In vivo biodistribution studies were carried out in transgenic mice expressing human 263 

CD7 in spleen and thymus [57] using 5% DOTAP NPs concentration with 264 

encapsulated EYFP modified mRNA. The NPs were labelled with the near infrared 265 

fluorescent DiR dye to facilitate visualisation in whole animal tissues using an imager 266 

IVIS (Perkin Elmer). Figure 6A shows measurements of the fluorescence intensity of 267 

thymus, spleen, lung, liver and kidney collected 24 hours and 48 hours after 268 

intravenous administration of the nanoparticles. These fluorescent data are 269 

quantitated in Figure 6B. Tissue association was found when anti-CD7 conjugated i-270 

NPs was systemically delivered as we observed staining of the spleen and some in 271 

liver. When unconjugated NPs were employed, the predominant fluorescence was 272 

observed in the liver of the recipient mice and lower amounts in spleen (some in 273 

kidney-associated fluorescence was also seen) as would be expected from lack of 274 

targeted tissue association We observed very little staining of the thymus with anti-275 

CD7 conjugated i-NPs, despite their being human CD7-expressing thymus cells.  276 

The biodistribution profiles and deposition of the i-NPs selectively to the 277 

spleen was confirmed by confocal microscopy with isolated cells from the tissues. 278 

Spleens were fixed after resection, cryosectioned and mounted on slides after 279 

staining with DAPI (for nuclear staining). Figure 6C displays high deposition of the i-280 

NPs with spleen cells compared to the NPs. These data show only that the 281 

fluorescent i-NPs are associated with spleen cells and not whether the NPs are 282 

endocytosed into cells when they have engaged the human CD7 on the surface of 283 

the cells and whether these i-NPs release their mRNA cargo for translation into 284 

EYFP. Accordingly, EYFP fluorescence was evaluated in single cell suspension of 285 

spleen of the treated mice analysed by flow cytometry (Figure 6C).  Fluorescence of 286 

both NP and i-NP is evident in spleen cells, as expected from the whole organ 287 

imaging (Figure 6A), but there is a larger number and higher intensity when the i-NPs 288 
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were used. It is, however, unclear if the particles are partly internalized or simply 289 

associated with the CD7 surface proteins. When the spleen cells were examined by 290 

flow cytometry, the amount of fluorescence resulting from expression of EYFP is only 291 

fractionally greater in mice treated with i-NPs compared with non-conjugated NPs 292 

(Figure 6D). 293 

  294 
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Discussion 295 

Recent advances have revealed many intracellular molecular targets for diseases, 296 

such as cancer, but many have been considered undruggable because of their 297 

intransigence to drug therapy, like the RAS family, or because they are transcription 298 

factors that emanate from chromosomal translocation events [58]. By employing 299 

biological protein reagents (macrodrugs) such as antibody fragments [59], 300 

monobodies [60] or affimers [61], a new landscape of molecules has appeared. The 301 

delivery of such macrodrugs is a challenge because of their size and potential 302 

antigenic properties if systemically delivered. On the other hand, viral vectors to 303 

express macromolecules are in clinical trials but they are associated with potential 304 

toxicity and complicated/expensive handling. Non-viral vectors are potential more 305 

versatile and are currently, the most abundant in FDA-approved clinical trials [35, 36] 306 

especially for short RNA, such as shRNA. Our work offers an alternative to deliver 307 

modified mRNA using a lipid modified polymeric nanoparticulate system that can 308 

target delivery to a desired cellular site by conjugation of monoclonal antibody to an 309 

external surface of the particles. We have used the modified version of mRNA with 310 

pseudo-uridine that renders mRNA insensitive to various degradation/digestive 311 

cellular pathways giving a longer half-life for translation [25, 49].  312 

 313 

Immuno-nanoparticles targeting CD7-expressing cells in vitro  314 

In our current work, PLA-PEG polymeric nanoparticles have been developed with 315 

anti-CD7 antibodies on their surface.  These mono-methylether derivatives of PEGs 316 

had one side blocked with a methyl group and the other side had either an hydroxyl 317 

group or a maleimide group for the conjugation of antibodies in order that conjugated 318 

antibodies become the primary face of the nanoparticles. These functionalised 319 

particles were shown to be specifically endocytosed by CD7-positive T-cells and in a 320 

lung adenocarcinoma cell (A549) that ectopically expresses human CD7 (A549-321 

CD7). Confocal analysis of the A549-CD7 cells incubated with i-NPs confirmed the 322 
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internalization of the nanoparticles via specified receptor mediated endocytosis 323 

pathway and NPs could be seen inside the cells as soon as 30 minutes after 324 

treatment. 325 

All CD7 positive cells showed good uptake of the nanoparticles whereas 326 

there was no observed association with three CD7-negative cell lines, the mouse 327 

erythro-leukaemia (MEL), mouse myeloma (NS0) or the human Burkitt’s lymphoma 328 

cell line (Raji). Two different monoclonal antibodies (anti-GPR56 and anti-CD53) 329 

were conjugated to the nanoparticles for confirmation of the antibody dependent 330 

uptake of nanoparticles. KOPT-K1 cells that express CD7, CD53 and GPR56, were 331 

incubated with the i-NPs followed by flow cytometry and this confirmed that uptake of 332 

nanoparticles is antibody-dependent. 333 

Our aim was to evaluate cell-specific endocytosis of our nanoparticles and 334 

potential for endosomal release of the mRNA cargo. DOTAP is a cationic lipid for the 335 

intracellular gene delivery that helps nanoparticles break the endosomal membrane 336 

and release nucleic acids into the cytosol [54, 56]. We have employed DOTAP as a 337 

mixture with the poly-lactic acid polymer producing DOTAP-modified polymer lipid 338 

composite immuno-NPs. Initial tests of cell viability following treatment of cells with i-339 

NP-DOTAP for 72 hours showed no signs of toxicity, even at high amounts of 340 

nanoparticles (Supplementary figure 5). By varying the percentage of DOTAP, we 341 

found that the range from 5%-10% was optimal (Figure 5) and that 20% DOTAP did 342 

not show any significant improvement (data not shown). The cell uptake of these i-343 

NP-DOTAP with encapsulated, modified mRNA and subsequent release of mRNA 344 

and its translation into EYFP was assessed in A549-CD7 cells. This showed that the 345 

cells were only able to translate minimal EYFP reporter protein that was similar to the 346 

positive control (Lipofectamine™ MessengerMAX complexed mRNA).  347 

 348 

Immuno-nanoparticles selectively find CD7-expressing cells in vivo after 349 

systemic delivery 350 
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When nanoparticles are introduced into the blood stream, they are subject to several 351 

routes to destruction that must be overcome for their effective use [62]. In the 352 

circulation, interaction occurs with blood cells and also with blood vessel endothelium 353 

and also phagocytosis of the NPs occurs causing non-specific accumulation is 354 

spleen and liver. PEGylated systems are widely used for use in systemic delivery 355 

and was the principle behind the first FDA approved nanoparticulate formulation 356 

Doxil™ [63]. We therefore selected the PLA-PEG block co-polymer for the 357 

formulation of PEGylated nanoparticles since PLA is an FDA-approved 358 

biodegradable polymer for internal use in human and has shown efficiency to provide 359 

safe homing and controlled release of macromolecules [64].  360 

In order to mitigate the risk of non-specific associations of NPs in vivo, a 361 

PEGylated corona was used with PEG chain lengths optimized for the repulsive 362 

forces of cell membranes and attraction forces for entry of the i-NP-DOTAP into T-363 

cells via CD7-mediated endocytosis. The PEG corona should reduce association 364 

with the cells in the absence of any ligand. We evaluated various PEG chain lengths 365 

(2000, 3400 and 5000 Da) for efficiency in avoiding non-specific uptake of the 366 

nanoparticles by the cells and nanoparticles were optimized for encapsulation of the 367 

mRNA along with desired particle size (>200 nm) (Table 1). When anti-CD7 antibody 368 

was attached to the nanoparticle surface, only a slight increase in the diameter was 369 

observed, due to the steric occupation of the antibodies on the corona. Moreover, 370 

PEG repulsive forces did not hinder endocytosis of the nanoparticles into cells after 371 

adherence to the CD7 receptors. Whilst PLA-PEG2000 nanoparticles showed some 372 

non-specific binding, those prepared with PLA-PEG3400 and PLA-PEG5000 did not.  373 

The biodistribution and mRNA delivery in vivo was analysed in humanized 374 

transgenic mice that express human CD7 on leucocytes [Schanberg1995]. After the 375 

administration of i-NP-DOTAP via the tail vein of these mice, fluorescence imaging of 376 

resected organs showed that the nanoparticles accumulate primarily in the spleen 377 

and a lesser amount in liver whereas unconjugated NP-DOTAP was mainly 378 
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deposited in the liver and relatively little in spleen (Figure 6). These results were 379 

further confirmed by the immunohistochemistry where i-NP-DOTAP can be seen in 380 

transgenic mouse spleens but relatively little when NP-DOTAP was administered 381 

(Figure 6C). The ability of these i-NP-DOTAP to deliver EYFP reporter mRNA to cells 382 

in vivo was assessed after administration of i-NP-DOTAP-mRNA to the transgenic 383 

mice on three consecutive days. After this, the spleens were analysed for potential 384 

expression of reporter EYFP protein from delivered mRNA using flow cytometry of 385 

isolated spleen cells (Figure 6D) but little expression was evident and essentially no 386 

difference with the i-NP-DOTAP or NP-DOTAP. Therefore, our results show that the 387 

anti-CD7 conjugated i-NP-DOTAP are preferentially targeted to transgenic mouse 388 

splenocytes expressing CD7 but that this nanoparticle system requires significant 389 

optimization for in vivo delivery of macrodrugs in the form of mRNA into cells via 390 

surface antigen mediated endocytosis.  391 

The CD7 antigen receptor shows rapid internalization after binding to the 392 

ligand or anti-CD7 antibody that makes a suitable to be used for the receptor 393 

mediated endocytosis of the cargo and has been choice of the marker for targeting 394 

T-ALL [45, 65]. Our current work combines the ability of the anti-CD7 conjugated 395 

DOTAP modified PLA-PEG lipid polymer composite nanoparticles to remain stable in 396 

the blood stream after systemic delivery and deliver mRNA for protein translation in 397 

cells expressing CD7 antigen in vivo. This can equally be applied to other surface 398 

markers where the antibody binding causes endocytosis. In the case of CD7, it is 399 

expressed on T-cell acute leukaemias [66] and a subset of acute myeloid leukaemias 400 

but not on vital organs such as brain, heart, lung and kidney [67]. Thus, the 401 

nanoparticle system described here is a valuable tool to develop clinically 402 

translatable vector/cargo for delivery of macrodrugs against these cancers.  403 

  404 
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Materials and Methods 405 

Tissue culture 406 

A549 human lung adenocarcinoma cells and murine erythroleukemia cells (MEL) 407 

were grown in DMEM media supplemented with 10% FBS (Sigma); mouse myeloma 408 

NS0, T cell line Jurkat, KOPT-K1, the Burkitt’s lymphoma line RAJI were grown in 409 

RPMI medium (Life Technologies) supplemented with 10% FBS 37°C with 5% CO2. 410 

Cell lines were verified by analysis of RAS mutation isoform genotypes and, in the 411 

case, of KOPT-K1 by the presence of the t(11;14) translocation [68]. 412 

A549-CD7 cell line generation  413 

A549-CD7 cells were generated by stable transfection of pCDNA3.1-Zeo+-CD7 into 414 

A549 cells. pCDNA3.1-Zeo+-CD7 was linearized at BglII site and transfected with 415 

polyethlylamine (PEI, Sigma Aldrich) condensation into A549. After 48 hours, cells 416 

were serially diluted to obtain single cell suspensions and clones were grown in the 417 

presence of 500µg/mL Zeocine (ThermoFisher Scientific). After four weeks, cell 418 

colonies were picked and were evaluated for CD7 expression by flow cytometry 419 

(Attune NxT Flowcytometer, ThermoFisher Scientific) after staining with PE-anti-CD7 420 

antibody (BD Biosciences). One clone was selected based on CD7 protein 421 

expression using a FACSAriaII (BD Biosciences) and cells were maintained in 422 

DMEM, 10% FBS containing 100µg/mL Zeocine. This clone is called A549-CD7 423 

herein.  424 

mRNA synthesis 425 

Pseudo-uridine modified mRNA encoding EYFP was synthesized using an in vitro 426 

transcription kit (MEGAScript® T7 transcript kit, Thermo Fisher Scientific, AM1333).  427 

The template plasmid was constructed by cloning EYFP gene, amplified by PCR 428 

from pEYFP-N1 vector, into pTnT™ vector (Promega, L5620) between EcoRI and 429 

NotI restriction sites to produce pTnT-EYFP-N1 plasmid. This template plasmid was 430 

linearised by BamHI digestion, followed by a 30 min treatment with 0.5% SDS and 431 

0.1mg/mL Proteinase K at 50˚C, and finally purified by QIAquick PCR purification kit 432 
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(Qiagen, 28104). In vitro transcription reaction was set up according to the 433 

manufacturer’s instructions. Uridine was substituted with pseudo-uridine (Insight 434 

Biotechnology) and guanidine was partially substituted with ARCA cap (New England 435 

biolabs) to obtain a molar ratio of 1:4 (1.5mM:6mM with a final concentration of 436 

7.5mM equal to other NTPs). The transcription reaction was incubated for 4 hours at 437 

37˚C followed by treatment with TRUBO DNAase for 15 minutes at 37˚C. 438 

Synthesized mRNA was purified by MEGAClear™ Transcription Clean-up Kit 439 

(Thermo Fisher Scientific, AM1908) by the manufacturer’s instructions, quantified by 440 

UV spectroscopy (Nanodrop ND-8000) and verified by electrophoresis on 2% 441 

agarose gels. Biological activity was assessed by transfecting the purified mRNA into 442 

Jurkat or A549-CD7 cells after complexing with Lipofectamine™ MessengerMAX 443 

reagent according to manufacturer’s instructions. The protein product was detected 444 

by fluorescence microscopy with the EYFP filter after 16 hours.  The level of 445 

expression of the EYFP which was quantified by the flow cytometry (Attune NxT 446 

Flowcytometer, ThermoFisher Scientific). 447 

Synthesis of antibodies and characterization 448 

A stable NS0 myeloma cell line producing recombinant anti-CD7 antibodies (IgG1) 449 

was established (JZ and THR, unpublished). Cells were grown in RPMI media 450 

supplemented with 10% FCS, 1x Penicillin-Streptomycin (100 units/mL Penicillin and 451 

100µg/mL Streptomycin), 0.2 mg/mL G418 (Geneticin, Selection antibiotic, Sigma 452 

Aldrich) in a roller bottle gassed with 5% CO2 and incubated at 37˚C. After 7 days, 453 

the cell were removed by centrifugation and the supernatant filtered through a 0.2µm 454 

filter. Antibodies were purified with Protein G column chromatography (HiTrap 455 

Protein G HP antibody purification columns, GE Healthcare, Life Sciences) using an 456 

Äkta Start (GE Healthcare, Life Sciences). Supernatants were passed through the 457 

column at 1mL/min to bind antibodies in the presence of 20mM Sodium Phosphate, 458 

pH 7.0. The column was washed with 10CV of 20mM Sodium Phosphate buffer and 459 

eluted with 0.1M Glycine (pH 2.7) directly into Tris buffer pH 8.9. The buffer was 460 
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exchanged into 1x PBS by repetitive centrifugation with Amicon ultra centrifugal 461 

filters (MWCO 10kDa, Millipore) and concentrated to 1 mg/ml. Antibody batches were 462 

validated by titrating against CD7 expressing cells using FITC-IgG secondary 463 

antibody by flow cytometry with a unit number of cells and serial dilution on ice for an 464 

hour, washed and incubated with secondary antibody with FITC for 30 minutes. Cell 465 

samples for flow cytometry were prepared by washing and re-suspension in 5%FCS 466 

in PBS and analysed compared to cells treated with secondary antibody only. 467 

Synthesis of PLA-PEG 468 

MAL-PEG3400-OH or MAL-PEG2000-OH (340 mg) (from JenKemUSA) was 469 

dissolved in toluene (12 mL) before addition of D,L-lactide (1.87 g, 13.0 mmol), 470 

followed by Sn(Oct)2 (23 mg, 5.7 µmol). The resultant corresponding solutions were 471 

heated to reflux for 16 h, cooled down and concentrated in vacuo (using of a rotary 472 

evaporator attached to a diaphragm pump). The obtained white oils were dissolved in 473 

dichloromethane/methanol (10:1, 5 mL) and precipitated using diethyl ether cooled to 474 

-78 °C. The solids were filtered rapidly to minimize warming and dried in vacuo to 475 

obtain the desired polymer as a white solid. The resultant PLA-PEG compounds 476 

were confirmed by proton NMR spectra recorded on Bruker Avance spectrometers 477 

(AVII400 or AVIII 400) in the deuterated solvent stated. The field was locked by 478 

external referencing to the relevant deuteron resonance. 1H NMR (400 MHz, CDCl3) 479 

δ = 5.19-5.15 (m, OCCH(CH3)O- in PLA), 3.65 (s, -CH2CH2O- in PEG), 1.59-1.55 (m, 480 

-OCCHCH3O- in PLA); for pla-peg2k, r = 0.27; for pla-peg3.4k, r = 0.51.  481 

Formulation and characterization of nanoparticles  482 

Nanoparticles were prepared by a double emulsion solvent evaporation method. An 483 

internal aqueous phase, composed of mRNA and 0.1% BSA, was added drop-wise 484 

whilst vortexing, to an organic phase, comprised of 4% w/v poly-lactic acid polymer in 485 

dichloromethane. An emulsion was obtained by subjecting this mixture to probe 486 

sonication at 50% amplitude for 20 seconds pulsatile sonication (10 sec cycles with 3 487 

sec pause) on a Branson digital sonifier (equipped with 3mm microtip). This primary 488 
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water/oil emulsion was added to an external aqueous phase (5% polyvinyl alcohol 489 

solution, 87-90% hydrolysed 30-70 kDa, Sigma) dropwise under continuous 490 

vortexing and probe sonicated again for 40 seconds. This secondary water/oil/water 491 

emulsion was diluted with 2x volume of MilliQ water and stirred for 3 hours to 492 

evaporate the organic solvent. The nanoparticles were collected by centrifugation at 493 

40,000g for 20 mins (Avanti J-30, Beckman Coulter centrifuge). Pellets were washed 494 

twice to remove free polyvinyl alcohol and NP yield was determined by drying a unit 495 

amount of NP suspension in a hi-speed rotary evaporator, which was used for dose 496 

calculations in the experiments. The same method was used for the preparation of 497 

nanoparticles with all the polymers; PLA-PEG2000, PELA-PEG3400 and PLE-498 

PEG5000. To prepare polymer lipid composite nanoparticles with DOTAP, 5% or 499 

10%w/w polymer was replaced with DOTAP lipid maintaining the total lipid polymer 500 

content at 4% w/v in the organic dichloromethane phase.  501 

To prepare fluorescent NPs, PLA-AlexaFlour 555 polymer was synthesized using 502 

EDC/NHS chemistry. The PLA-AlexaFlour 555 polymer was added to 2.5% w/w of 503 

total polymer weight in the organic phase during the nanoparticle preparation. 0.01 504 

mmole PLA and 0.1 mmole 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) in 505 

dichloromethane were mixed together and stirred for 10 min. In parallel, 0.1 mmole 506 

N-hydroxysuccinimide (NHS) was dissolved in DMSO before diluting in 507 

dichloromethane to give 100mM solution and mixed with the polymer solution. This 508 

solution was stirred overnight and the resultant activated PLA was precipitated using 509 

an ice-cold mixture of methanol and diethyl ether (10x volume of polymer solution). 510 

This activated PLA was mixed with AlexaFlour555 dye in 3:1 molar ratio in 511 

dichloromethane and vortexed overnight after addition of diisopropylethylamine 512 

(DIPEA) (10x moles of polymer). Finally, dye conjugated polymer was precipitated 513 

with ice-cold methanol:diethyl ether mixture and this step was repeated to ensure 514 

removal of free unconjugated dye from the polymer. 515 
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Conjugation of immuno-NPs 516 

For the preparation of antibody-coated immuno-nanoparticles, the antibodies were 517 

thiolated with Traut’s reagent (2-iminothiolane) to convert their primary amine groups 518 

to thiol groups for reaction with maleimide groups available on the surface of NPs at 519 

terminal end of their PEG corona for conjugation. Antibodies were treated for 2 hours 520 

with 2-iminothiolane at a 1:40 molar ratio in PBS pH 7.4 (typically 200µg protein in 521 

500µl). Nanoparticles were added to these thiolated antibodies to obtain a ratio of 522 

20µg antibody per mg of nanoparticles and were further incubated for an hour at 523 

room temperature to allow thiol-maleimide conjugation. Finally, nanoparticles were 524 

collected and washed to remove unconjugated antibody by centrifugation at 16000g 525 

for 60 mins.  526 

For in vivo studies, nanoparticles were labeled with a near IR fluorescent dye, 527 

lipophilic carbocyanine DiR. 1% w/w DiR dye to the total polymer weight was added 528 

to the organic phase during nanoparticle preparation. The formulations were 529 

prepared in aseptic conditions and were finally filter sterilized by passing through 0.2 530 

µm filters before use in animals. 531 

Nanoparticle tolerability and mRNA expression in vitro  532 

A549-CD7 cells (2000 cells per well) were seeded in black 96-well microplates 533 

(PerkinElmer) and cultured at 37 °C in 5% CO2 atmosphere overnight. Different 534 

dilutions of the NPs, in the range of 0 to 1000 µg/mL, were added and the cells 535 

incubated for 72 hours. Cell viablity was determined using PrestoBlue according the 536 

manufacturer’s protocol and fluorescence signals measured with an Envision 2103 537 

Multilabel Microplate Reader (PerkinElmer). The fluorescence signals obtained from 538 

the nanoparticles treated cells (normalized against medium-only wells) are presented 539 

as the percent of the signal for untreated cells, considered to be 100% viable.  540 

Nanoparticle uptake into adherent cells (A459 and A549-CD7) and non-adherent 541 

mouse cells was determined differently. For adherent cells, 100,000 cells were 542 

seeded in each well of a 24-well plate the day before treatment. Unit amounts of 543 
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nanoparticles were added to the wells (final culture volume was 500µl) and incubated 544 

at 37˚C and the time of incubation was dependent on the experiment. After 545 

treatment, cells were recovered by adding 50µl of 0.5%w/v trypsin to each well and 546 

incubated for 5 minutes at 37˚C. 500µl of DMEM media with 10% FCS was added for 547 

neutralization of trypsin and cells were harvested by centrifuging at 2000g for 5 548 

minutes. The cell pellets were gently re-suspended in 200µl cold 5% FCS in PBS 549 

with DAPI (1µg/mL) and held on ice until analysed by flow cytometry (Attune NxT 550 

Flowcytometer, ThermoFisher Scientific). For mRNA expression studies, 50,000 cells 551 

were seeded in the each well and the same procedure was used.  552 

For non-adherent (suspension) cells, 200,000 cells were seeded in a non-tissue 553 

culture treated 24-well plate 2 hours prior to incubation. Unit amounts of 554 

nanoparticles were added to the wells and incubated at 37˚C for the duration of 555 

study. Cells were harvested by pipetting, centrifuged at 2000g for 5 min and re-556 

suspended in 500µl cold 5%FCS in PBS for analysis by flow cytometry.  557 

For confocal microscopy, cells were seeded on 8-chambered glass slides (Nunc Lab-558 

Tek II, Thermo Fisher Scientific). After being treated with NPs, cells were washed 559 

with cold PBS and fixed with 4% PFA in PBS for 5 min at RT. Nuclei were stained 560 

with DAPI (1mg/mL) for two minutes, washed twice with cold PBS and were mounted 561 

with non-curing SlowFade™ Diamond Antifade Mountant (Thermo Scientific). For 562 

anti-LAMP-1 staining after fixing cells were permeabilised by incubating with 0.5% 563 

Tween20 in PBS (PBST) for 15 min at room temperature, blocked with 10% FBS in 564 

PBST to avoid non-specific antibody binding. The slides were washed twice with 565 

PBST and incubated with AlexaFlour647-anti-human LAMP1 antibody (Biolegend) at 566 

room temperature for 1 hour to detect late endo-lysosomes. Excess antibody was 567 

removed by washing twice with PBST and stained with DAPI for nucleus, washed 568 

again twice with cold PBS and were mounted with non-curing SlowFade™ Diamond 569 

Antifade Mountant (Thermo Scientific). Samples were analyzed using a Zeiss 880 570 

Inverted Confocal Microscope.  571 
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In vivo tolerance, biodistribution and in vivo mRNA expression studies 572 

For in vivo biodistribution studies transgenic mice expressing huCD7 mice were 573 

employed [57]. The donor NP formulations were labeled with near IR fluorescent dye 574 

DiR (as described above), prepared aseptically and were injected via tail vain (200µg 575 

of NPs in 100µL PBS). All the mice were closely monitored up to 120min post-576 

injection for possible adverse effects (such as hunched gait, pilorection, inertia, 577 

breathing problems) and thereafter regularly until the humane end point. The mouse 578 

work was carried out as Regulated Procedures under a Home Office Approved 579 

license. None of the mice showed any abnormal features during the course of any of 580 

the studies. For biodistribution study mice were sacrificed 6, 24 and 48 hours after 581 

NP administration and were dissected to harvest vital organs. After washing in ice-582 

cold PBS, the resected organs were arranged over a imaging sheet and were taken 583 

into the imaging chamber of an IVIS imager (Lumina LT, Perkin Elmer). 584 

For the localization of the NPs in the spleen cells, confocal analysis was performed. 585 

After IVIS imaging, the spleens were fixed in neutralized buffered 10% formalin at 586 

4˚C for 1 hour, washed twice with cold PBS and submerged in 20% sucrose solution 587 

at 4˚C. Tissues were washed and transferred to cryo-preservative OCT-filled molds 588 

and snap frozen at -80˚C. These molds were cut into 10µm sections using a cryostat 589 

operating at -20˚C operating. Sections were stained with DAPI (1µg/mL) for nuclei, 590 

washed twice and mounted with SlowFade™ Diamond Antifade Mountant (Thermo 591 

S36963) for confocal analysis. Confocal analysis was performed on a Ziess LSM880.  592 

For in vivo mRNA expression of mRNA released from nanoparticles, i-NPs were 593 

loaded with mRNA coding for reporter gene EYFP and these nanoparticles were also 594 

tagged with DiR dye to locate the nanoparticles after the administration in the mice 595 

and to monitor clearance from the body. Tg-hCD7 mice received 3 intravenous 596 

injections of the nanoparticles on 3 consecutive days and were checked for any 597 

adverse reaction at regular intervals. After 48 hours from the last injection, mice were 598 

sacrificed and spleens were collected and immediately place on ice in cold PBS 599 
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containing 5% FCS. For flow cytometry, single cell suspensions were prepared by 600 

mashing the spleen tissue using a 2 ml syringe plunger and making the single cell 601 

suspensions by passing through a 70 µm cell strainer. Ice cold PBS with 5% FCS 602 

was used to wash and cells were harvested by centrifugation. Single cells 603 

suspensions were treated with red blood cell lysis buffer for 2-4 minutes before fixing 604 

them with 4% PFA at room temperature for 15 minutes prior to flow cytometry 605 

analysis.  606 

  607 



Immuno-polymer-Lipid nanoparticles for cellular delivery 

- page 25 - 

 608 

Resource List 609 

 Name Source 
Catalogue 
Number 

Plasmid EYFP-N1 BD Biosciences 6006-1 

Plasmid pTnT Promega L5610 

Plasmid pCDNA3.1-Zeo+-CD7 
Gifted by Prof. 
Linda Baum 

NA 

Antibody FITC-IgG Invitrogen 62-8411 

Antibody 
Alexa Fluor647 antiHuman CD107a (LAMP-
1) 

Biolegend 328612 

Antibody PE Mouse Anti-Human CD7 BD 555361 

 610 

611 
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Table 1 848 
 849 

Nanoparticles 
Size 
(nm) 

PDI 
Zeta potential 

(mV) 

mRNA Loading 
(µg/mg) 

Theore
tical 

Experimental 

PLA-PEG2000 144±12.1 0.091±0.034 -24.5±1.75 - - 

immuno-PLA-PEG2000 149±11.1 0.134±0.031 -25.8±2.52 - - 

PLA-PEG3400 156±4.11 0.136±0.017 -27.1±1.65 - - 

immuno-PLA-PEG3400 171±6.51 0.169±0.017 -24.9±1.59 - - 

PLA-PEG5000 186±7.55 0.157±0.025 -23.9±3.21 - - 

immuno-PLA-PEG5000 198±5.38 0.167±0.034 -25.4±2.32 - - 

mRNA Loaded PLA-PEG3400 Nanoparticles 

immuno-PLA-PEG 173±11.4 0.177±0.056 -26.6±0.80 2.5 1.32±0.05 

immuno-PLA-PEG-DOTAP 5% 158±7.02 0.143±0.040 -20.9±1.96 2.5 1.46±0.08 

immuno-PLA-PEG-DOTAP 10% 157±9.14 0.132±0.023 -16.2±0.64 2.5 1.52±0.11 

 850 
Table 1. Physico-chemical characterisation of the nanoparticles.  851 
Size and zeta potential measurements were made using a Zetasizer NanoZS. Each 852 
point was recorded as an average of five measurements for a minimum of 10 runs 853 
each, and values are the mean of three independently prepared formulations. For the 854 
determination of nucleic acid encapsulation efficiency, fluorescent mRNA were 855 
synthesized by in vitro transcription using FITC-UTP and mRNA were extracted from 856 
nanoparticles using chloroform:water and quantified by fluorescence spectroscopy.   857 
In the table, the nanoparticles are PLA-PEG or PLA-PEG-DOTAP NPs. The immuno-858 
nanoparticles refer to respective nanoparticles conjugated with anti-CD7 monoclonal 859 
antibody. 860 
 861 

  862 
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Figure Legends 863 

 864 

Figure 1. T cell uptake of PLA-PEG nanoparticles with variation of PEG 865 

molecular weight 866 

The length of the PEG corona around the nanoparticles was varied with three 867 

different PEG chain lengths; 2000, 3400 and 5000 Da. Nanoparticles prepared with 868 

these polymers were transfected into human T cell lines Jurkat (panels A, B) or 869 

KOPT-K1 cells (panels C, D), both of which express CD7 on the cell surface. The 870 

nanoparticles were prepared with and without conjugated anti-CD7 antibody 871 

(respectively designated i-NP or NP) and fluorescence was measured by flow 872 

cytometry after 4 hours. PLA-PEG2000 NPs showed some non-specific uptake in 873 

both cell lines but PLA-PEG3400 and PLA-PEG5000 uptake by cells was only 874 

observed when anti-CD7 antibody was conjugated on the nanoparticle surface. 875 
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 876 

Figure 2. Cell specific uptake of the immuno-NPs by blood cell lines 877 

CD7-expressing T cells Jurkat, KOPT-K1 and MOLT4 (panel A) or CD7-negative 878 

mouse myeloma NS0, Burkitt’s lymphoma Raji and murine erythro-leukaemia (MEL) 879 

(panel B) cells were incubated with PLA-PEG3400 NPs with and without conjugated 880 

anti-CD7 antibody (respectively designated i-NP or NP) and labelled with green 881 

fluorescence by loading FITC-BSA in the nanoparticles. Fluorescence was 882 

determined by flow cytometry after 4 hours of incubation. 883 
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 885 

Figure 3. Anti-CD7 immuno-NPs require CD7 surface expression for 886 

endocytosis 887 

A549 cells or A549-CD7 cells were incubated with FITC-BSA NPs or FITC-BSA i-888 

NPs for 4 hours and analysed by flow cytometry for assessment of cell uptake. Panel 889 

A  shows uptake of immuno-PLA-PEG3400 NPs by A549 or, panel B, by A549-CD7, 890 

a stable clone expressing human CD7. Uptake was assessed using FITC-NPs and 891 
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fluorescent (PE) anti-CD7. Fluorescent i-NPs were incubated with A549-CD7 only 892 

(panel B), or A549 parental line mixed with A549-CD7 in a ratio of 4:1 (panel C) or 893 

9:1 (panel D) for 4 hours and were treated with PE-anti-CD7 antibodies followed by 894 

flow cytometry analysis. In panels B-D, the left-hand column shows flow cytometry of 895 

control A549 parental cells without nanoparticles while the right hand four columns 896 

show flow cytometry of A549/A549-CD7 mixtures following incubation with increasing 897 

amount of i-NP (from 10-100 µg per well). 898 

  899 
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 900 

Figure 4. Sub-cellular location of endocytosed i-NPs 901 

A549-CD7 cells were incubated with unconjugated or anti-CD7 conjugated 902 

fluorescent nanoparticles (Alexafluor 555, orange staining) for various indicated 903 

times and the cells recovered for immuno-fluorescence confocal microscopy, after 904 
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staining with DAPI to detect nuclei (blue staining).  Panel A shows the uptake of 905 

polymer lipid nanoparticles prepared with 5% DOTAP or panel B 10% DOTAP. Panel 906 

C shows internalized fluorescent i-NP-DOTAP after different incubation times into 907 

A549-CD7 cells that were fixed  and cells stained with anti-LAMP-1 antibody as an 908 

endo-lysosomal marker. The scale bars represent 20µM. Enlarged images from 909 

panel B, 48 hour point of i-NP-DOTAP and from panel C 6 hour merged image are 910 

shown in Supplementary Figure S7.  911 

  912 
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 913 

Figure 5. Enhancing PLA-PEG nanoparticle mRNA delivery using DOTAP-914 

modified i-NPs to A549-CD7 cells. 915 

A459-CD7 cells were incubated with Alexa Fluor 555 fluorescent PLA-PEG NPs (with 916 

or without anti-CD7 antibody conjugation) with encapsulated EYFP mRNA. After 917 
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various incubation times, cells were recovered and the fluorescence analysed by flow 918 

cytometry. EYFP mRNA was encapsulated (1.5µg mRNA/mg of NPs; equivalent to 919 

300ng of mRNA per well) in NPs modified by the inclusion of 5% (panel A) or 10% 920 

DOTAP (panel B) and incubated with A549-CD7 cells for 24, 48 or 72 hours. 921 

Fluorescence was measured by flow cytometry. Panel C, D: EYFP expression was 922 

further assessed from mRNA in DOTAP-NPs incubated with  A549-CD7 for 24 hours 923 

with NP-DOTAP or i-NP-DOTAP (either 5%, panel C or 10% DOTAP, panel D) with 924 

increasing amounts of mRNA ranging from 75ng to 750 ng of mRNA per well. 925 

  926 
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 927 

Figure 6. In vivo biodistribution of i-NPs in transgenic mice expressing human 928 

CD7  929 

Transgenic mice expressing human CD7 (Tg-hCD7) were injected (intravenous tail 930 

vein) with 200µg of nanoparticles with encapsulated mRNA coding for EYFP and the 931 

PBS

NPs

i-NPs

24 hrs 48hrs

Thymus

Lung

Spleen

Kidney

Liver

PBS

NPs

i-NPs

PBS i-NPNP

A

B

C

D

Thymus

Lung

Spleen

Kidney

Liver

EYFP fluorescence

N
a
n
o
p
a
rt

ic
le

 f
lu

o
re

s
c
e
n

c
e

PBS NPs i-NPs

2.0

4.0

6.0

x109

0.0E+00

5.0E+08

1.0E+09

1.5E+09

2.0E+09

2.5E+09

Thymus Lungs Spleen Kidney Liver Thymus Lungs Spleen Kidney Liver

24 hrs 48 hrs

A
v
g

 R
a

d
ia

n
t 

E
ff
ic

ie
n

c
y
 

[p
/s

/c
m
²/

s
r]

 /
 [
µ

W
/c

m
²]

Avg Radiant Efficiency [p/s/cm²/sr] / [µW/cm²]

PBS

NPs

i-NPs

0 10
3

10
4

10
5

10
6

0

-10
3

10
3

10
4

10
5

10
6

0 10
3

10
4

10
5

10
6

0 10
3

10
4

10
5

10
6



Immuno-polymer-Lipid nanoparticles for cellular delivery 

- page 45 - 

NPs were labelled with the near-IR fluorescent dye DiR.  The NPs were with or 932 

without conjugated anti-CD7 antibody (respectively NPs or iNPs). Mice were 933 

sacrificed 24 and 48 hours after injection and the indicated, resected tissues were 934 

examined for fluorescence by the IVIS imaging (panel A). The quantification of the 935 

radiant efficiency of these organs, representing comparative deposition of the 936 

nanoparticles in various organs is given in panel B. Nanoparticle deposition in the 937 

spleens of the injected Tg-hCD7 mice was confirmed by histological examination of 938 

the spleens of injected mice sacrificed 24 hrs after intravenous administration of the 939 

nanoparticles. Spleens were fixed, sections made, stained with DAPI to highlight 940 

nuclei and examined for red fluorescence by  confocal microscopy. Panel C shows 941 

sections of spleens from a Tg-HCD7 mouse injected with PBS only (left hand), with 942 

unconjugated nanoparticles (middle panel, NPs) or with conjugated nanoparticles 943 

(right hand panel, i-NPs). The expression from EYFP mRNA released and translated 944 

in spleen cells of injected Tg-hCD7 mice was analysed in mice sacrificed 48 hours 945 

after three intravenous administrations of the nanoparticles with encapsulated EYFP 946 

mRNA. Single cell suspensions were taken from spleens of mice and analysed by 947 

flow cytometry to determine EYFP fluorescence (x axis) and nanoparticle 948 

fluorescence (y axis). Panel D shows spleen cell flow cytometry data from Tg-hCD7 949 

mice injected with PBS only (left hand panel), unconjugated nanoparticles (middle 950 

panel) or conjugated nanoparticles (right hand panel). The NPs were labelled with 951 

the near-IR fluorescent dye DiR. 952 

The average radiant efficiency was based on [p/s/cm²/sr] / [µW/cm²].  The 953 

fluorescence bar is shown on the right in panel A. 954 


