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Introduction

Summary

Microbial structures activate Toll-like receptors (TLRs) and TLR-mediated
cell signalling elicits and regulates host immunity. Most TLRs are poorly
expressed but the underlying expression mechanism is not clear. Exam-
ination TLR sequences revealed that most human TLR genes deviated
from using major human codons. CD14 resembles TLRs in sequence but
its gene preferentially uses major codons. Indeed, CD14 expression on
monocytes was higher than expression of TLR1 and TLR2. The TLR9
gene is abundant in major codons and it also showed higher expression
than TLR1, TLR2 and TLR7 in transfected 293T cells. Change of the
5'-end 302 base pairs of the TLR2 sequence into major human codons
markedly increased TLR2 expression, which led to increased TLR2-medi-
ated constitutive nuclear factor-kB activation. Change of the 5'-end
381 base pairs of the CD14 sequence into prevalent TLR codons markedly
reduced CD14 expression. These results collectively show that the devi-
ation of TLR sequences from using major codons dictates the low TLR
expression and this may protect the host against excessive inflammation
and tissue damages.

Keywords: CD14; codon usage; expression; NF-kB activation; Toll-like
receptor

mammalian TLR (i.e. TLR4) was identified based on its
sequence similarity to Toll and IL-1R; functionally it was

To the host immune system, microbial pathogens provide
two major classes of signals, i.e. immunogenic epitopes
and adjuvant stimuli. Antigenic epitopes are processed on
antigen-presenting cells (APCs) before presentation to
antigen-specific T cells.' Adjuvant signals promote antigen
processing and enhance T-cell activation through increas-
ing major histocompatibility complex and costimulatory
molecule expression on APCs and stimulating production
of inflammatory cytokines.” Host APCs and other cells
recognize microbial adjuvant structures predominantly
through Toll-like receptors (TLRs).> TLRs are type I
receptors with large extracellular domains characterized
by leucine-rich repeats and cytoplasmic domains resem-
bling that of the Drosophilla Toll protein and the interleu-
kin-1 receptor (IL-1R), called the Toll/IL-1R homology
(TIR) domain.*™®

The benefits of adjuvant in vaccination have long been
described” but the host receptors that recognize adjuvant
stimuli are only now being characterized. The first

shown to activate nuclear factor-kB (NF-kB) upon dime-
rization.® TLR4 was independently identified as a receptor
for the bacterial wall component lipopolysaccharide
(LPS), a well-characterized adjuvant, because a mutation
in the TLR4 gene rendered C3H/He] mice hyporesponsive
to LPS-induced systemic inflammation or septic shock."
Nine additional TLRs, i.e. TLR2-TLR10, were subse-
quently identified based on their sequence features.''™"
All TLRs contain extracellular leucine-rich repeats and
cytoplasmic TIR domains and some of these TLRs have
been shown to recognize distinct microbial adjuvant
structures, e.g. CpG DNA, double-stranded RNA, bacter-
ial lipopeptides, etc.’™ CDI4 is also characterized by
leucine-rich repeats but it is distinct from TLRs in that it
lacks typical transmembrane/cytoplasmic domains. CD14
is a glycosylphosphatidylinositol-linked receptor.'® Being
highly expressed on monocytes and macrophages, CD14
binds to LPS and mediates LPS-elicited cell signalling
through TLR4.'®"7

Abbreviations: APC, antigen-presenting cell; TIR, Toll/interleukin-1 receptor homology; TLR, Toll-like receptor.
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The fact that none of the TLRs were identified at the
protein level based on their ability to recognize microbial
structures is, to certain extent, the result of their poor
TLR expression as pointed out previously.'® The mechan-
ism underlying low TLR expression is not clear. In the
present study, we observed that most human TLR genes
deviated from using major codons and showed that par-
tial optimization of the TLR2 gene using major codons
could markedly improve TLR2 expression. We also
showed that introduction of prevalent TLR codons into
the CD14 sequence significantly reduced CD14 expres-
sion. Our results suggest that TLR expression is main-
tained at low levels through a robust mechanism acquired
during evolution. The ability to increase TLR expression
through codon optimization will also assist structural
characterization of TLRs and investigation of TLR inter-
action with adjuvant structures.

Materials and methods

Cell culture, antibodies and expression vectors

The 293T cells were cultured in Dulbecco’s modified
Eagle’s minimal essential medium supplemented with
10% (v/v) bovine calf serum (Hyclone, Logan, UT).
Monoclonal antibodies against human TLR1, TLR2 and
TLR9 were obtained from Imgenex Co. (San Diego, CA).
The anti-CD14 antibodies [purified immunoglobulin G
(IgG) and fluorescein isothiocyanate (FITC) -labelled]
were purchased from Ancell Co. (Bayport, MN). The
anti-myc monoclonal antibody was obtained from Roche
Diagnostics (Mannheim, Germany). Monocytes were iso-
lated from peripheral blood as previously described."®

Expression constructs

The pCD14, pTLR4 and pMD2 expression vectors were as
previously described.”® Vectors for the expression of
human TLR1, TLR2, TLR7 and TLR9Y with C-terminal #myc-
His tags were constructed as follows. RNA was isolated
from monocytes using the Trizol reagent (Life Technol-
ogies, Grand, Island, NY). The cDNA encoding these TLRs
were amplified by reverse transcription polymerase chain
reaction (RT-PCR) from the monocyte RNA using the fol-
lowing primers (5’ to 3): TLRI: cggggtaccaccatgactagcatctt
ccattttg/gaagggccctagactatttctttgettget; TLR2: cggggtaccacc
atgccacatactttgtggatg/gaagggccctaggactttatcgcagetc;  TLR7:
cggggtaccaccatggtgtttccaatgtggaca/gaagggeccctagaccgtttectt
gaacac; TLRO: aggggtaccaccatgagactcatcagaaacattt/agaagg
gcccttatagacaatctgttctcatca.

The PCR products, all flanked with the Kpnl and Apal
restriction sites, were cloned into the pcDNA3-1/myc-His
vector to generate the pTLR1, pTLR2, pTLR7 and pTLR9
vectors. To express these TLRs with C-terminal myc-His
tags, site-directed mutations were introduced to inactivate
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the 3’ stop codons. All these mutations were introduced
at the first base of the stop codon, ie. ‘' (the comple-
mentary nucleotides ‘@’ are underlined), which were dele-
ted in the pTLR1 vector and mutated to ‘a’ in the other
three vectors to generate the pTLR1-MH, pTLR2-MH,
pTLR7-MH and pTLR9-MH vectors. All expression vec-
tors or mutations were verified by sequencing.

Transfection and flow cytometry

The 293T cells were transfected in six-well plates using the
GenePORTER 2 reagent (Gene Therapy Systems, La Jolla,
CA) essentially as previously described.”’ The cells were
transfected with the TLR expression vectors each at 2 pg/
well unless otherwise stated. As controls, 293T cells were
transfected with the pcDNA3.1 vector. The cells were cul-
tured for 36 hr and then analysed by flow cytometry.
Briefly, transfected 293T cells were fixed in 1% (w/v)
paraformaldehyde and then permeabilized in 0-2% (w/v)
saponin for 10 min The cells were blocked for 30 min in
20% goat serum in phosphate-buffered saline (PBS) and
then stained for 45 min with the anti-myc antibody
(20 pg/ml). The cells were washed in PBS containing 0-1%
(w/v) saponin and then stained with FITC-conjugated
goat anti-mouse IgG. After washing, these cells were
analysed on the FACScalibur using the CELLQUEST soft-
ware (BD Biosciences, San Jose, CA). Intracellular TLRY in
isolated monocytes was detected using a similar method.
To detect CD14 and TLR expression on monocytes, the
cells were washed in PBS and then incubated with anti-
bodies against human TLR1, TLR2, TLR9 and CD14 or, as
controls, isotype mouse IgG. Monocytes that were incuba-
ted with the primary antibodies, were then stained with
FITC-conjugated goat anti-mouse IgG. The cells were
washed in FACSwash (PBS containing 2-:5% (v/v) bovine
calf serum), fixed in 1% (w/v) paraformaldehyde in PBS
(pH 76), and then analysed by flow cytometry.

Databases and sequence analyses

The average codon usage frequencies in the human genome
were extracted from http://www.kazusa.or.jp/codon/cgi-
bin/showcodon.cgi?species=Homo-+sapiens+[gbpri]. Codon
usage in human CD14 and TLR genes was analysed using
the coponw software (http://bioweb).pasteur.fr/seqanal/
interfaces/codonw.html#defaults) and codon frequencies
generated from the CD14 and TLR genes were expressed as
percentages, taking the overall frequencies of all codons
encoding an amino acid as 100%, and aligned with the
average human codon frequencies.

Codon optimization of the TLR2 coding sequence
Eleven sense (F1-F11) and 11 antisense (R1-R11) oligo-

nucleotide primers were synthesized, as listed below, that
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overlap to span the 5 302 base pairs (bp) of the TLR2-
coding sequence in the pTLR2-MH vector.

F1:CGGGGTACCACCATGCCCCACACCCTGTGGATG
F2:GGATGGTGTGGGTGCTGGGCGTGATCATCAGCCTG
F3:GCCTGAGCAAGGAGGAGAGCAGCAACCAGGCCAGC
F4:CCAGCCTGAGCTGCGACCGCAACGGCATCTGCAAG
F5:GCAAGGGCAGCAGCGGCAGCCTGAACAGCATCCCC
F6:TCCCCAGCGGCCTGACCGAGGCCGTGAAGAGCCTG
F7:GAGCCTGGACCTGAGCAACAACCGCATCACCTACATC
F8:ACATCAGCAACAGCGACCTGCAGCGCTGCGTGAAC
FO:TGAACCTGCAGGCCCTGGTGCTGACCAGCAACGGC
F10:ACGGCATCAACACCATCGAGGAGGACAGCTTCAGC
F11:TCAGCAGCCTGGGCAGCCTCGAGCACCTGGACCTG
R1:GCACCCACACCATCCACAGGGTGTG
R2:CCTCCTTGCTCAGGCTGATGATCACG
R3:CGCAGCTCAGGCTGGCCTGGTTGCT
R4:CGCTGCTGCCCTTGCAGATGCCGTTG
R5:TCAGGCCGCTGGGGATGCTGTTCAG
R6:TGCTCAGGTCCAGGCTCTTCACGGCC
R7:CGCTGTTGCTGATGTAGGTGATGCG
R8:GGGCCTGCAGGTTCACGCAGCGCTGC
RO:-TGGTGTTGATGCCGTTGCTGGTCAG
R10:TGCCCAGGCTGCTGAAGCTGTCCTCC
R11:AGTTGTAGCTCAGGTCCAGGTGCTC

These primers were synthesized using major human
codons. The 5-GGTACC Kpnl site and the 3 CTCGAG
Xbal sites are in bold letters and are incorporated in prim-
ers F1 and F11, respectively. A corresponding Xbal site
was created in the pTLR2-MH vector through nonsense
mutations (as indicated in Fig. 2b). The 22 primers were
used, each at 0-5 pM, in PCR using pfu DNA polymerase
(Promega, Madison, WI). The longest PCR product was
purified and re-amplified using the F1 and R11 primers.
The PCR products were cloned between the Kpnl and the
newly created Xbal sites and clones were sequenced to
identify a clone that is free of mutations (pTLR2opt-MH).

Western blotting

Western blotting was carried out essentially as previously
described."® Cells were washed in PBS and then lysed on ice
in a lysis buffer containing 20 mm Tris—=HCl (pH 75),
150 mMm NaCl, 1 mm EDTA, 1 mm EGTA, 1% (v/v) Noni-
det P-40 and the complete protease inhibitor cocktail
(Roche). Protein concentration was determined using the
BCA reagent (Pierce Chemical Company, Rockford, IL).
The lysates (50 pg proteins) were separated on 7-5% (w/v)
sodium dodecyl sulphate—polyacrylamide gel electrophor-
esis gels and electro-blotted onto nitrocellulose membranes.
Blots were blocked with 5% (w/v) non-fat milk in TBST
buffer [50 mm Tris-HCl (pH 7-5), 150 mm NaCl, 0-1%
(v/v) Tween-20] and were then probed with the mouse
anti-myc antibody overnight at 4°. The blots were washed
in TBST buffer and probed further with biotin-conjugated
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Codon usage in TLR expression

goat anti-mouse IgG and then horseradish peroxidase—
streptavidin  (Dako, Carpinteria, CA). Signals were
visualized by enhanced chemiluminescence (Amersham
Pharmacia Biotech, Buckinghamshire, UK).

Expression of CD14 using prevalent TLR codons

A 5’ 381-bp fragment of the CD14 sequence in the pCD14
vector, encoding the N-terminal 124 amino acids (inclu-
ding the leader sequence), was deleted with Kpnl and Xhol.
The corresponding DNA fragment was synthesized using
prevalent TLR codons (GENEART GmbH, Regensburg,
Germany) (Fig. 3a) and cloned into the pCD14 vector to
generate the pCD14cod vector. Both pCD14 and pCD14cod
were expressed in 293T cells in six-well plates at 0-25—
2 pg/well and surface CD14 was detected by flow cytometry.

NF-xB luciferase assay

The assay was carried out as previously described.”!
Briefly, 293T cells were transfected in 24-well plates with
the pTLR2-MH or pTLR2opt-MH vectors or, as a con-
trol, the pcDNA3.1 vector. The expression vectors were
used at 0, 1, 5, 25 and 125 ng/well and, in each experi-
ment, were normalized to 125 ng/well with the pcDNA3.1
plasmid. In every experiment, the NF-«B-directed firefly
luciferase (p5xNF-kB-Luc; Stratagene, La Jolla, CA)
and the cytomegalovirus-driven Renilla luciferase (pRL-
CMV; Promega) reporter vectors were cotransfected, each
at 100 ng/well. Luciferase expression was determined
30 hr after transfection using the Dual Luciferase Assay
(Promega). Where transfected cells were stimulated with
proteoglycan (10 pg/ml), it was added to the transfected
cells 24 hr after transfection and the cells were stimulated
for 6 hr. NF-kB-directed firefly luciferase expression was
determined and normalized to the CMV-driven Renilla
luciferase expression and expressed as the percentage of
the latter. The experiments were carried out in triplicate
and data are presented as mean + SD.

The 293T cells were also transfected with pTLRI,
pTLR2, pTLR4, pTLR7, or pTLRY in the presence of the
luciferase reporter plasmids and the luciferase activities
were measured in 30 hr. The 293T cells were also trans-
fected with different doses of pTLR2 or pTLR4, i.e. 1000,
200, 40 and 8 ng/well, to examine constitutive NF-kB
activation by these TLRs.

Results
Most human TLR genes exhibit low frequencies
of major codons

Low TLR expression is frequently observed in pub-
lished work and has been pointed out by Visintin et al.'®
Protein expression is regulated at multiple key steps,
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Table 1. Codon usage in the human genome and the CD14 and TLR genes

Amino acids Std CD14 TLR1 TLR2 TLR3 TLR4 TLR5 TLR6 TLR7 TLR8 TLRO TLR10
F TTT 454 30-0 560 580 656 485 450 725 615 555 210 555
TTC 54-6 70-0 440 42:0 343 515 550 275 385 445 79:0 445
L TTA 75 0-0 213 19-8 14-3 147 88 19:0 13-0 185 0-0 19-2
TTG 125 4-8 213 20-7 218 147 16:8 95 11-2 19-8 47 183
CTT 13-0 4-8 157 157 190 123 242 36'5 16:0 14-8 42 16:0
CTC 20-0 25-8 12-:0 11-5 137 177 20-5 80 19-8 10-5 255 12-:0
CTA 7-8 14-5 93 58 14-3 130 95 63 12-3 160 52 12-:0
CTG 396 50-0 203 265 17:0 277 205 207 279 203 60-3 223
1 ATT 355 250 397 533 430 453 347 570 350 433 0-0 537
ATC 47-6 500 380 32:0 310 477 387 34-3 350 24-0 89-3 297
ATA 17-0 250 223 12-3 26:0 67 133 87 300 330 10-7 83
\% GTT 180 73 255 29:0 435 280 21-8 420 27-8 285 2:0 443
GTC 239 215 210 185 155 120 260 22:5 240 168 235 210
GTA 11-8 143 163 185 230 18:0 21-8 9-8 93 19:0 20 185
GTG 464 573 373 343 180 420 20-3 25-8 390 358 725 163
S TCT 184 13-8 293 262 295 222 125 253 217 247 80 280
TCC 220 310 11-8 250 192 14-8 32:0 155 207 193 242 70
TCA 150 35 177 150 19-2 14-8 13-8 253 17-3 16-2 47 263
TCG 55 242 2:3 3-8 13 2:5 2-8 2-8 12 32 80 1-8
AGT 149 0-0 188 17:5 115 260 153 240 195 183 11-5 228
AGC 242 277 20-0 12-5 19-2 290 237 70 19-5 183 437 14-0
P CCT 284 36'8 37:0 16:0 188 270 485 350 320 243 215 275
CCC 330 233 26:0 480 345 345 258 11-8 17:0 29-8 59:0 380
CCA 27-4 133 22-3 32:0 470 385 225 535 405 353 35 31-0
CCG 11-3 268 14-8 40 0-0 0-0 33 0-0 10-8 10-8 16:0 35
T ACT 243 55 42-8 355 283 33-3 375 420 348 310 12:8 268
ACC 362 390 23-8 20-0 260 30-8 225 23-8 245 23-8 615 233
ACA 282 333 310 378 413 333 350 315 305 363 7-8 46'5
ACG 11-4 223 25 68 43 25 1-0 2-8 10-3 9-0 180 35
A GCT 264 14-0 31-8 39-3 188 453 325 42-8 263 360 12-0 393
GCC 40-2 46'5 363 323 375 29-0 460 250 395 30-8 680 215
GCA 228 163 27-3 250 375 258 19-0 250 263 30-8 14-8 358
GCG 10-6 233 45 35 63 0-0 2-8 73 80 25 53 35
Y TAT 43-8 500 68:0 475 630 565 595 77'5 715 70-5 265 60-0
TAC 562 50-0 32:0 525 370 435 40-5 22°5 285 29-5 735 400
H CAT 41-2 14-5 40-5 750 530 520 600 775 645 540 170 565
CAC 588 855 595 250 470 48:0 400 225 355 460 830 435
Q CAA 260 14-5 50-0 310 39-0 285 375 720 465 525 14-0 655
CAG 740 855 50-0 69:0 61-0 715 625 280 535 475 860 345
N AAT 46°1 265 645 57:0 495 62:0 485 50-0 475 525 18:5 695
AAC 539 735 355 43-0 505 38:0 515 50-0 525 475 815 305
K AAA 42-8 110 540 510 650 570 450 625 56:0 625 26:0 720
AAG 572 89:0 460 49:0 350 430 550 375 440 375 740 28:0
D GAT 461 310 560 595 74'5 515 575 385 660 650 26:0 650
GAC 539 69-0 440 40-5 255 485 425 615 34-0 350 740 350
E GAA 421 450 725 625 595 62:0 640 69:0 590 68:0 17:0 725
GAG 579 550 275 375 405 380 36:0 310 410 320 830 275
C TGT 451 36'5 475 60-0 470 570 630 655 630 60-0 20-5 380
TGC 549 635 525 400 530 430 370 345 370 40-0 795 62:0
R CGT 82 137 45 93 67 65 60 10-2 10-8 152 137 57
CGC 191 500 92 93 33 97 92 62 0-0 10-8 50-0 0-0
CGA 112 0-0 0-0 63 167 12:8 9-2 40 53 10-8 60 258
CGG 207 182 45 157 133 65 60 40 10-8 152 212 2-8
AGA 20-5 137 319 282 367 355 455 612 540 262 0-0 457
AGG 20-3 45 50-0 313 233 29-0 242 14-3 19:0 217 9-2 285
86 © 2005 Blackwell Publishing Ltd, Immunology, 114, 83-93



Table 1. (Continued)

Codon usage in TLR expression

Amino acids Std CD14 TLR1 TLR2 TLR3 TLR4 TLR5 TLR6 TLR7 TLR8 TLR9 TLR10

G GGT 16-4 83 21-8 19-3 295 360 12-3 265 103 235 153 360
GGC 341 375 305 30-8 265 230 268 17-8 20-8 235 543 160
GGA 249 333 260 338 235 258 390 500 380 295 11-8 240
GGG 247 20-8 21-8 155 205 155 220 63 310 235 18-8 240

Codon frequencies in the human genome were obtained from http://www.kazusa.or.jp/codon/cgi-bin/showcodon.cgi?species=Homo-sapiens+
[gbpri] and compared with that of the CD14 and TLR genes (accession numbers: NM_000591, U88540, U88878, U88879, NM_138554,
AB060695, AB020807, AF245702, AF245703, AF245704, AF296673), which were generated using the cobponw program. Codon frequency for each
amino acid was expressed as a percentage, taking the number of codons in the human genome or the individual genes for each amino acid as

100%. The most frequently used codon, i.e. the major codon, for each amino acid residue is shown in bold type. One-letter codes were used for

the amino acid residues.

e.g. transcription, translation and post-translational modi-
fications. Besides these mechanisms, the codon usage
adopted in a gene also affects the expression of a gene at
the protein level. This has been clearly documented in
some life forms.”>*> Although the impact of codon usage
in the expression of vertebrate genes is less clear, genome-
wide analyses have revealed preferential usage of certain
codons for every amino acid in the proteins of humans
and other mammals (http://www.kazusa.or.jp/codon/cgi-
bin/showcodon.cgi?species=Human+sapiens+[gbpro]).
Modification of codon usage in the coding regions of
expression vectors can indeed increase or decrease the
expression of the encoded proteins.**

To examine whether the TLR genes have adopted com-
mon codon usage patterns, codon usage by all TLR genes
and, as a comparison, by the CD14 gene was determined
using the copoNw program. CD14 was included in this
study because it resembles the TLRs in sequence.'® The
frequency of each codon in the CD14 and TLR genes was
expressed as the percentage of the total number of codons
in a gene that encode a specified amino acid. A major
human codon was defined as the most frequently used
codon for an amino acid genome-wide, which is available
at (http://www.kazusa.or.jp/codon/cgi-bin/showcodon.cgi?
species=Human+sapiens+[gbpro]). Thus derived codon
frequencies for the CD14 and TLR genes were compared
with the human genome average to identify preferences in
each gene for the set of major codons (Table 1).

Methionine and tryptophan, which are encoded by sin-
gle codons, were not included for analysis. The three stop
codons were also excluded. Examining the average codon
frequencies in the human genome, as listed in Table 1,
identified major codons for most amino acids except for
arginine. Without exception, all these more frequently
used codons ended with either ‘G’ or ‘C’. Examining the
CD14 gene revealed that most amino acids in CD14,
except for serine, proline and tyrosine residues, favoured
major human codons. In the case of serine, the two most
frequently used codons were AGC and TCC (31% and
27-7%, respectively) and both were also most frequently
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used in the human genome (242% and 22-0%,
respectively). The overall usage of these two codons was
increased in the CD14 gene compared with the human
genome average. The same was true with the proline
codons in the CD14 gene (Table 1). The deviation of
tyrosine codon usage in the CD14 gene from the major
tyrosine codon TAC was probably because the CD14 gene
only contains two tyrosine residues. In summary, the
CD14 gene clearly favoured the use of major human
codons. Where major codons were preferentially adopted
in the CD14 gene, the frequencies of these codons in the
CD14 gene were mostly elevated compared with the gen-
ome average. Therefore, the CD14 gene appeared to have
evolved for more effective expression at the protein level.

In contrast, most TLR genes showed reduced usage of
major codons compared with the human genome average
(Table 1). The most frequently used codons in the TLR
genes mostly ended with ‘A’ or “T°. Where major human
codons were adopted in TLR genes also as the most fre-
quently used codons, the frequencies were mostly reduced
compared with the genome average (Table 1). However,
TLR9 was an exception. The TLR9 gene had adopted
every major human codon as its most frequently used
codon and the frequencies of these codons in the TLR9
gene were also substantially increased compared with the
human genome average (Table 1). These data indicated
that the usual low expression of TLRs was probably the
result of deviation of the TLR genes from major human
codons and they also implied that CD14 and TLRY are
probably more effectively expressed.

More CD14 expression is detected on monocytes
than TLR1 and TLR2

Monocytes express CD14 and these cells also express
TLRs. Since the CD14 gene is distinct from the TLR1 and
TLR2 genes in codon usage, the expression of these three
receptors was compared on monocytes. As shown in
Fig. 1(a), the level of CD14 on monocytes was much
higher than that of TLR1 and TLR2, approximately
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(a)

o
©

Events

32

Events
Events

10° 10" 102 10° 10*

s-TLR9 int-TLR9

Events
Events

(b)g,

48

TLR1 TLR2

Events
Events

o
10° 10" 102 10° 10* 10 10" 102 10° 10*

64
48

TLR7 TLR9

Events
Events

o o
10 10" 102 10° 10* 10° 10" 102 10° 10*
Anti-myc-FITC

Figure 1. Expression of CD14, TLR1, TLR2 and TLRY. (a) Mono-
cytes were isolated and stained with mouse antibodies specific for
these receptors, or isotype mouse IgG, followed by FITC-labelled
goat anti-mouse IgG. To detect intracellular TLR9 (int-TLR9),
monocytes were fixed and permeabilized before staining. Open histo-
grams represent signals obtained with isotype IgG and solid histo-
grams represent signals obtained with the specific antibodies.
‘s-’denotes surface expression. (b) 293T cells were transfected with
the TLR expression vectors and, after membrane permeabilization,
were stained with the anti-myc antibody or isotype IgG. Open histo-
grams represent signals obtained with isotype IgG and solid histo-
grams represent signals obtained with the anti-myc antibody.
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20-40-fold higher when mean fluorescence indices (MFI)
were compared. The expression of TLR9 was similarly
examined on monocytes, but it was not detectable on the
cell surface. However, it was clearly detected upon perme-
abilization of the cell membrane, which is consistent with
the report of its intracellular expression.”> TLR9 expres-
sion inside monocytes was found to be prominent
although it could not be directly compared with that of
surface CD14 and TLRs because of the different staining
protocols used (Fig. 1a). The high expression of CD14 on
monocytes, as compared with that of TLR1 and TLR2,
agreed with the high frequencies of major human codons
adopted in the CDI14, but not TLR1 and TLR2, genes.
However, these results are not sufficient to establish that
the different CD14, TLR1 and TLR2 expression levels
detected on monocytes resulted substantially from their
differences in codon wusage. CD14, TLR1 and TLR2
expression on monocytes was also regulated by other fac-
tors, e.g. intrinsic regulatory elements in the different
genes. The use of different antibodies may also contribute
to the apparent differences observed in CD14, TLR1 and
TLR2 expression on monocytes.

The TLR9-coding sequence is more effectively
expressed than that of TLR1, TLR2 and TLR7

To assess more directly the effects of codon usage on TLR
expression, the exact TLR coding sequences were cloned
so that they could be expressed under the regulation of
identical regulatory elements in the expression vector.
This would eliminate the influences of specific endo-
genous regulatory elements associated with each TLR gene
and would directly examine the effect of the coding
sequences on TLR expression. The exact coding sequences
of TLR1, TLR2, TLR7 and TLRY, to be compared, were
cloned into the pcDNA3.1/myc-His vector. TLR7 was
included in this experiment because it was most closely
related to TLRY in amino acid sequence and was also
known to be intracellularly expressed (data not shown).
Comparing the expression between these two TLRs is
probably most meaningful. To standardize the detec-
tion protocol, all TLR sequences were cloned to express
C-terminal myc-His tags. Thus all TLRs, irrespective of
their subcellular localization, were detected using the
same protocol by flow cytometry. As shown in Fig. 1(b),
under these conditions, TLR9 was again more effectively
expressed than the other three TLRs as judged by flow
cytometry. These results are consistent with the higher
usage of major codons in the TLRY gene.

TLR2 expression is markedly increased upon partial
codon optimization

The above evidence suggests that deviation from the
usage of major codons in human TLR genes contribu-
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Figure 2. Partial optimization of TLR2 codons
increases TLR2 expression. (a) Schematic illus-
tration of overlapping oligonucleotide primers
used to synthesize the codon-optimized DNA
fragment encoding the 5’ 302 bp of the TLR2
coding sequence. The sequences of the primers
are described in the Materials and methods
section. (b) The codon-optimized TLR2
sequence (lower sequence) is aligned with the
corresponding wild-type sequence (upper seq-
uence). The cloning sites (Kpnl/Xbal) are indi-
cated at each end of the sequence and the
changed nucleotides in the optimized sequence
are highlighted in upper case letters. The leader
sequence of TLR2 was indicated using ‘italic’
letters. (c) The pTLR2-MH (wild-type TLR2)
and pTLR2opt-MH (codon-optimized TLR4)
vectors were transfected into 293T cells and
the expression of TLR2 was detected, upon
membrane permeabilization, with the anti-myc
antibody (20 pg/ml) followed by FITC-conju-
gated goat anti-mouse IgG (anti-myc anti-
body). As controls, the transfected cells were
stained with isotype IgG followed by the sec-
ondary goat antibody (isotype IgG). The per-
centages of TLR2-positive cells are indicated at
the upper-right-hand corner of each panel.
(d) Western blot analysis of TLR2-MH expres-
sion derived from the pTLR2-MH (lane 2) and
pTLR20pt-MH (lane 3) vectors. As a control,
293T cells transfected with the pcDNA3-1
vector were similarly analysed (lane 1). The
TLR2-MH bands are indicated.

ted to the usual low TLR expression. If this is true,
optimization of codon usage in TLR genes could improve
TLR expression. To test this hypothesis, the 5’ 302 bp of
the TLR2 coding sequence were replaced with a synthetic
DNA fragment in which all codons have been changed
to major human codons (Fig. 2b). The encoded amino
acid sequence was not affected by the optimized codons.

Codon usage in TLR expression

Fl F2 F3 F4 F5 F6 F7 F8 F9 F10 Fl1

Rl R2 R3 R4 R5 R6 R7 R8 R9 R10 R11

(a)

(b) 60

ggtaccaccatgccacatactttgtggatggtgtgggtcttgggggtcatcatcagecte
ggtaccaccatgccCcaCacCCtgtggatggtgtgggtGCtgggCgtGatcatcagectG
M P H T L W M V W V L G V I I S L
120
tccaaggaagaatcctccaatcaggcttctctgtecttgtgaccgcaatggtatctgecaag
AGcaaggaGgaGAGcAGcaaCcaggcCAGCctgAGCtgCgaccgcaaCggCatctgcaag
S K E E S S N Q A S L S C D R N G I C K
180
ggcagctcaggatctttaaactccattccctcagggectcacagaagectgtaaaaagectt
ggcagcAGCggCAGCCtGaacAGecatCcccAGCggCectGacCgaGgeCgtGaaGagectG
G S S G S L N S I P S G L T EA AV K S L
240
gacctgtccaacaacaggatcacctacattagcaacagtgacctacagaggtgtgtgaac
gacctgAGcaacaacCgCatcacctacatCagcaacagCgacctGecagCgCtgCgtgaac
D L S N N R I T Y I S N S D UL Q R C V N
300
ctccaggctctggtgctgacatccaatggaattaacacaatagaggaagattctttttect
ctGecaggcCctggtgctgacCAGecaaCggCatCaacacCatCgaggaGgaCAGCttCAGC
L Q AL VLTS NGTINTTIEED S F S
* 332
tccctgggcagtcttgaacatttagacttate
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This was achieved with 22 overlapping/complementary
synthetic oligonucleotide primers and a complete DNA
fragment was assembled from these primers by PCR
(Fig. 2a). The optimized TLR2 sequence is presented in
Fig. 2(b), in alignment with the corresponding wild-type
TLR2 sequence. The resultant DNA fragment was cloned
into the pTLR2-MH expression vector to replace the

© 2005 Blackwell Publishing Ltd, Immunology, 114, 83-93 89



F. Zhong et al.

(a)

60
ggtaccaccatggagcgcgecgtcctgettgttgetgetgetgetgecgetggtgecacgte
ggtaccaccatgqgaAAgAgeTtecTtgTttAttgTtgTtATtACtgeccATtAgtTcaTgta

Kpn M E R A § ¢C L L L L L L P L V H V
120
tctgcgaccacgccagaaccttgtgagectggacgatgaagattteecgetgegtectgcecaac
tctgcTacBAacAccagaaccAtgtgaACtggaTgatgaagatttTAgAtgTgtTtgTaac
s A T T P E P C E L D D E D F R C Vv C N
180
ttctccgaacctcagececcgactggteccgaagecttececagtgtgtgtectgecagtagaggtyg
ttTtcCgaaccAcaAccAgaTtggtcTgaageTttTcaAtgtgtTtetgeTgtTgaAgtT
F s E P Q P D W S E A F Q@ ¢C v s A VvV E V
240
gagatccatgccggcggtctcaacctagageccgtttctaaagecgegtecgatgecggacgee
galkatTcatgcTgyAgyATt RaaTTtGgaAccAtttTtaaaAAgAgt TgatgeTgaTgeT
E I H A 6 6 L R L E P F L K R Vv D A D A
300
gacccgcggcagtatgctgacacggtcaaggectetececgegtgcggeggectcacagtggga
gaTccAAgacaAtatgctgaTacAgtTaaAgctTtAAgAgtTAgAAgATtGacagtTgga
D P R Q ¥ A D T ¥V K A L R VvV R R L T V 6
360
gcecgecacaggttectgectcagetactggtaggegeccctgegtgtgetagegtactececege
gcTgeTcaAgtAccAgctcaActaTtagtTggqAgecTTtAAgAgtTTtageTtaTTcTAgA

A A Q VvV P A Q0 L L ¥V 6 A L R VYV L A Y S R

381
Ctcaaggaactgacgctcgag
TtGaaAgaaTtgacactcgag

L K E L T L E

Xho |
(b)

wild-type

10? 10° 10*
CD14 (PE)

64

Vector

Events

Figure 3. Partial replacement of CD14 sequence with prevalent TLR codons reduces CD14 expression. (a) A 381-bp 5 sequence of CD14 (middle
line) was synthesized using prevalent TLR codons as described in Table 1. The changed nucleotides are highlighted with capital letters. The cor-
responding wild-type sequence (upper line) and the encoded amino acid sequence (lower line) were aligned. The synthesized CD14 sequence was
cloned into the Kpnl/Xhol site of the pCD14 vector to generate the pCD14cod vector. The single letter code is used to represent the amino acid
sequence. (b) pCD14 (wild-type), pCD14cod (Codon) and, as a control, pcDNA3-1 (Vector) were used to transfect 293T cells at 0-25 pg/well in
six-well plates. After 30 hr, the transfected 293T cells were stained with a mouse anti-CD14 monoclonal antibody (FITC-labelled) and analysed

by flow cytometry (solid lines). The cells were also stained with mouse isotype IgG (FITC-labelled) as controls (filled histograms).

corresponding wild-type sequence. Both the pTLR2-MH
and pTLR2opt-MH vectors were expressed in 293T cells
and the expression of TLR2 from both vectors was detec-
ted by flow cytometry and Western blotting. As shown in
Fig. 2(c), the percentage of TLR2-positive 293T cells after
transfection with the pTLR20pt-MH vector (25:1%) was
markedly increased compared with 293T cells transfec-
ted with the unmodified pTLR2-MH vector (10-3%)
(Fig. 2¢). It was also noted that the TLR2-positive cells

20

that express the optimized TLR2 sequences also expressed
much higher levels of TLR2 at the single-cell level. By
Western blotting, the expression level of TLR2 detected in
293T cells that were transfected with the pTLR2opt-MH
vector was also clearly higher than that in 293T cells
transfected with the pTLR2-MH vector (Fig. 2d). Densi-
tometry analysis, using the Image Scanner (Amersham
Pharmacia Biotech), showed that the signal in lane 3 was
approximately fourfold higher than that in lane 2 (data
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not shown). Collectively, these results show that the
intrinsic low expression of most TLRs, except for TLRY,
is directly affected by the low frequencies of major human
codons in their genes. However, this can be experiment-
ally corrected through codon optimization.

Partial modification of CD14 sequence using
prevalent TLR codons markedly reduces CD14
expression

To examine whether the preferential adoption for major
human codons by the CD14 gene contributes to its high
expression observed on monocytes (Fig. 1a), the 5
381-bp CD14 sequence, encoding the N-terminal 124 resi-
dues (including the signal peptide), was replaced by
prevalent TLR codons (Fig. 3a). The wild-type and
codon-modified CD14 expression vectors were expressed
in 293T cells and surface CD14 expression was examined
by flow cytometry. As shown in Fig. 3(b), the 293(T) cells
transfected with the wild-type CD14 expression vector
exhibited a high level of CD14 expression, i.e. the mean
fluorescence index (MFI) reached 198:65. This was
consistent with a high level of CD14 being detected on
monocytes (Fig. la). In contrast, the partially codon-
modified CD14 vector conferred much less CD14 expres-
sion (MFI = 71-47) (Fig. 3b). As a control, 293T cells
transfected with the pcDNA3.1 vector exhibited no
detectable surface CD14. The above results were obtained
when 293T cells were transfected with the vectors at
025 pg/well. At 2 pg/well, the modified CD14 vector
showed less difference in CD14 expression compared with
the wide-type CD14 vector (data not shown). These
results show that the preferential usage of major human
codons in wild-type CD14 contributes significantly to its
high expression.

Over-expression of TLR2 constitutively
activates NF-xB

A common functional property of TLRs is the recognition
of microbial adjuvant structures which is essential to trig-
ger the production of inflammatory cytokines or host
inflammation.”® Inflammation is tightly regulated so as
to eradicate pathogens and, at the same time, prevent
excessive tissue damage. Excessive or prolonged activation
of TLRs may lead, or add, to pathological conditions.
Constitutive NF-xB activation has been observed when
TLR2 was over-expressed together with TLR1.°® In this
study, when TLR1, TLR2, TLR4, TLR7 and TLR9 were
over-expressed in 293T cells, only TLR2 was shown to
cause constitutive NF-kB activation (Fig. 4a). Induction
of constitutive NF-xB activation by TLR4 was previously
reported when it was coexpressed with MD2 and CD14.”
However, TLR4 over-expression in the absence of CD14
and MD2, at up to 1 pg/well in 24-well plates, did not
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Figure 4. Over-expression of TLR2, but not TLR1, TLR4, TLR7, or
TLRY, causes constitutive NF-kB activation. (a) pTLR1, pTLR2,
pTLR4, pTLR7 and pTLRY were expressed in 293T cells in 24-well
plates at 300 ng/well. pcDNA3-1 was used as a control (Vector).
Also cotransfected were the two luciferase reporter vectors each at
100 ng/well. After 30 hr, the NF-kB-directed firefly luciferase expres-
sion and the CMV-driven Renilla luciferase activities were determined.
NF-kB activation was presented as the firefly luciferase activities nor-
malized to the activity of Renilla luciferase. (b) 293T cells were trans-
fected with pTLR2 (black bars) or pTLR4 (open bars) in 24-well plates
at different dosages, i.e. 1000, 200, 40 and 8 ng/well. The luciferase
plasmids were similarly cotransfected. After 30 hr, luciferase expres-
sion was determined. All experiments were performed in triplicate.
The results are representative of three similar experiments.

cause detectable constitutive NF-xB activation as shown
in this study (Fig. 4b). In contrast, expression of pTLR2,
at 40 ng/well in 24-well plates, was able to induce consti-
tutive NF-kB activation which was increased in a dose-
dependent manner with the increase of the pTLR2 dosage
(Fig. 4b).

To assess the implications of elevated TLR2 expression,
as a result of TLR2 codon optimization, we examined
NF-kB activation in 293T cells that were transfected with
the pTLR2-MH and pTLR2opt-MH expression vectors.
When the doses of these vectors were serially increased,
ie. at 1, 5, 25 and 125 ng/well in 24-well plates, cells
transfected with pTLR2-MH did not show detectable
NF-xB activation at the doses of 1 and 5 ng/well,
although stimulation of 293T cells, that have been trans-
fected with pTLR2-MH at 5 ng/well, with peptidoglycan
could effectively trigger NF-xB activation (Fig. 5). At the
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Figure 5. Constitutive NF-kB activation upon over-expression of
TLR2. 293T cells were transfected with a serial dose of the pTLR2-
MH or pTLR2opt-MH vectors, i.e. 1, 5, 25 and 125 ng/well in
24-well plates. Also cotransfected were the luciferase reporter vectors.
After 30 hr, the NF-«B-directed firefly luciferase expression and the
CMV-driven Renilla luciferase activities were determined. NF-kB
activation was presented as the firefly luciferase activities normalized
to the expression of Renilla luciferase. As a control, 293T cells
were transfected with pcDNA3:1 (125 ng/well), in place of the
TLR2 expression vectors. 293T cells transfected with pTLR2-MH
at 5 ng/well were, after 24 hr, also stimulated with proteoglycan
(for 6 hr) before luciferase measurement. Results are presented as
means = SD of triplicate experiments.

plasmid doses of 25 and 125 ng/well, pTLR2-MH
conferred three- to sixfold increases in constitutive NF-xB
activation (Fig. 5). In contrast, transfection of 293T cells
with the codon-optimized pTLR2opt-MH vector led to
more than seven-fold increase in NF-kB activation at
1 ng/well. At 5 ng/well, it caused a remarkable 18-fold
increase. These results indicate the risk associated with
TLR2 over-expression and stress, the essential require-
ment for mechanisms to restrict TLR2 expression.
Although the over-expression of TLR1, TLR4, TLR7 and
TLRY did not cause NF-kB activation, it is possible that it
confers higher sensitivity of the transfected cells to micro-
bial structure stimulation.

Discussion

The generally low TLR expression echoes the fact that,
although the activities of TLRs as adjuvant receptors have
long been described, none of these receptors were initially
identified at the protein level based on their functional
properties. In this study, we found that the sequences of
human TLRs, except for TLR9, were highly deviated from
using major human codons. The correlation between the
low frequency of major codons in TLR genes and the low
expression of these receptors was demonstrated through
the expression of TLR1, TLR2, TLR7 and TLRY in 293T
cells. The expression of TLR9 was higher than expression
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of the other TLRs although it was not proportionally
higher taking into account the high frequencies of major
human codons in its gene. It is possible that the flow
cytometry-based method for detecting TLR expression,
based on the C-terminal myc tags, was not sufficiently
sensitive to reflect the level of TLRY expression. The
demonstration that partial codon optimization of the
TLR2 sequence was sufficient to increase TLR2 expression
testifies to the important contribution of codon usage
to the regulation of TLR expression. The demonstration
that changing CD14 codons to prevalent TLR codons
markedly reduced CD14 expression further stressed the
role of codon choice in the control of gene expression. It
is not clear why TLR expression should be regulated by
such a rigid mechanism and in such a universal manner
because temporally regulated protein expression, e.g.
through regulatory elements in the individual TLR genes,
should provide a greater degree of flexibility.

The presence of such a mechanism in the regulation of
TLR expression stresses the importance of tight control
of TLR expression. The benefits of systematically sup-
pressed TLR expression may be deduced from the observa-
tions that over-expression of some TLRs may lead to
constitutive TLR activation. Constitutive activation has
been reported for TLR2 and TLR4 upon over-expression.
Co-expression of TLR2 with TLRI1 can result in TLR2/
TLRI heterodimers and in constitutive NF-«B activation.*®
We also showed in this study that over-expression of
TLR2, at 125 ng/well in 24-well plates, led to NF-kB acti-
vation in the absence of microbial structure stimulation
(Fig. 5). Partial codon optimization of the TLR2 sequence
resulted in increased TLR2 expression which led to
effective NF-xB activation at low plasmid dosages (e.g.
1 ng/well). Over-expression of wild-type TLR4, in the
presence of CD14 and MD2, causes constitutive NF-kB
activation.””” Uncontrolled TLR4 activation can lead to
excessive inflammation and severe tissue damage.”® Eleva-
ted TLR1, TLR2 and TLR4 expression has been reported
in atherosclerotic plaques.”® Elevated TLR4 expression has
been reported to contribute to the progression of intimal
lesions.”® There is no published evidence showing that
over-expression of other TLRs, other than TLR2, leads to
constitutive NF-kB activation. We showed that over-
expression of TLR4 alone, in the absence of CDI14 and
MD2, caused no detectable NF-«xB activation. However, it
is possible that over-expression of TLRs confers on host
cells an increased sensitivity to microbial structure
stimulation, leading to excessive inflammation and tissue
damage.

Technically, our finding appears to remove a hurdle
towards the understanding of TLR structures and TLR
recognition of microbial structures. The specificity of
TLRs for microbial structures is mostly determined
through two approaches, i.e. loss of response to specific
microbial structures in TLR-deficient mice or acquisition
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of responses to specific microbial structures by cells that
have been transfected to express specific TLRs. Studies of
direct interactions between TLRs and microbial structures

31,32 . . . .
are scarce. Investigations using purified TLRs can be

particularly informative. Our demonstration that codon
optimization could markedly increase TLR2 expression
implied that TLRs could be more effectively expressed
and purified, upon codon modification, for these studies.
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