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Recent advances in synthetic biology have led to the development of nucleic acid polymers with backbone
structures distinct from those found in nature, termed xeno-nucleic acids (XNAs). Several unique properties of
XNAs make them attractive as nucleic acid therapeutics, most notably their high resistance to serum nucleases
and ability to form Watson–Crick base pairing with DNA and RNA. The ability of XNAs to induce immune
responses has not been investigated. Threose nucleic acid (TNA), a type of XNA, is recalcitrant to nuclease
digestion and capable of undergoing Darwinian evolution to produce high affinity aptamers; thus, TNA is an
attractive candidate for diverse applications, including nucleic acid therapeutics. In this study, we evaluated a
TNA oligonucleotide derived from a cytosine-phosphate-guanine oligonucleotide sequence known to activate
toll-like receptor 9-dependent immune signaling in B cell lines. We observed a slight induction of relevant
mRNA signals, robust B cell line activation, and negligible effects on cellular proliferation.
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modification, B cell

Introduction

Chemical modifications have been utilized extensively
to improve the binding energy, stability, and tolerability

of potential therapeutics, including antisense oligonucleo-
tides, siRNAs, and aptamers, among others. Phosphor-
othioate modifications in particular have been effective due
to their ability to enhance cellular uptake and evade nuclease-
mediated degradation in serum. More recently, advances in
synthetic biology have led to the development of an expanded
set of nucleic acid polymers with backbone structures distinct
from those found in nature, termed xeno-nucleic acids
(XNAs) [1,2].

XNAs are particularly attractive in the field of nucleic acid
therapeutics due to several unique properties of several
XNAs, mostly notably their high resistance to serum nucle-
ases [2] and their ability to form Watson–Crick base pairing
with DNA and RNA [1]. Based on these properties, XNA
modifications are under exploration for a variety of applica-
tions, such as selection of aptamers targeted to specific pro-
teins, development of nanostructures for therapeutic delivery
of payloads, and diagnostics [2–7]. Thus, XNA-based nucleic
acid-based tools hold much promise in the field.

However, XNAs have not been extensively evaluated for
their ability to induce innate immune responses, and such
evaluations will be critical for further therapeutic development
of XNAs. Notably, some chemical modifications have been
shown to abolish or decrease immune signaling (e.g., locked
nucleic acid and 2’-Fluoro substitutions) [8], while others ro-
bustly induce immune signaling (e.g., phosphorothioate
cytosine-phosphate-guanine [CpG] oligonucleotides [ODNs]).
Both phenotypic classes are highly relevant to therapeutics, as
some conditions may benefit from stimulation of the immune
system (e.g., vaccine adjuvants and anticancer applications),
while others may benefit from inhibition of immune signaling
(e.g., autoimmune disease) or avoidance of immune signaling
(e.g., antisense, XNA-mediated payload delivery) [3,4,9–11].

Threose nucleic acids (TNAs) are XNAs in which the nat-
ural ribose sugar found in RNA has been replaced by a four-
carbon a-L-threofuranose sugar [12]. TNA adopts an A-like
helical geometry, facilitating stable, anti-parallel Watson–
Crick duplexes with complementary strands of DNA and
RNA [13,14]. Due to a high level of resistance to serum
nucleases [15] and recent advances in the use of engineer-
ed polymerases that can copy genetic information back and
forth between TNA and DNA [1,16], TNA has become an
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attractive tool for a variety of applications. In fact, in vitro
selection of TNA aptamers targeting human thrombin [16],
HIV reverse transcriptase [5], and ochratoxin A [6] has re-
cently been reported, as well as an antisense TNA targeted to
green fluorescent protein (GFP) that suppresses GFP ex-
pression in live cells [17].

Despite recent progress in the utilization of XNAs such as
TNA for therapeutic applications, the ability of various
XNAs to either avoid or initiate immune responses remains
largely unexplored. In this study, we set out to evaluate the
ability of TNAs to induce innate immune responses in B cell
lines by utilizing TNA sequences derived from ligands rec-
ognized by human toll-like receptor 9 (TLR9).

TLR9 is a pattern recognition receptor that specifically
recognizes DNA. Chemical modifications, specifically pho-
sphorothioate modifications, have long been incorporated
into ligands for TLR9, and these ligands have been investi-
gated extensively for a variety of therapeutic applications
(e.g., adjuvants and anticancer drugs) due to their ability to
induce innate immune responses and prime the adaptive im-
mune response. Initiation of innate immune responses through
TLR9 by self-DNA [18], unmethylated CpG DNA [19–22],
RNA-DNA duplexes [23], and synthetic oligonucleotide se-
quences containing phosphorothioate-modified CpG ODN
motifs [19–22] has been documented.

Notably, most of the work to date evaluating TLR9-
specific responses has utilized phosphorothioate-modified
CpG ODNs [24], demonstrating that TLR9 ligands are
amenable to chemical modification while retaining func-
tionality. However, the nature, magnitude, and cell specific-
ity of innate immune induction can differ significantly
between the chemically modified phosphorothioate and the
natural phosphodiester backbones [25–27], suggesting that
there is more to learn about interactions of various natural and
unnatural nucleic acids with nucleic acid-sensing receptors.

Currently, there are three classes of CpG ODNs. Class A
CpG ODNs are characterized by a phosphodiester palin-
dromic motif containing a central CpG motif and a pho-
sphorothioate-modified poly-G string on the 3¢ end that has
been shown to increase cellular uptake and provide resistance
to serum nucleases [20,21,28,29]. Class A ODNs induce high
levels of interferon (IFN) production in plasmacytoid den-
dritic cells, but only weakly stimulate signaling through
TLR9-dependent nuclear factor kappa B (NFkB) activation
[21,29]. Class B CpG ODNs contain a full phosphorothioate
backbone with one or more CpG dinucleotides. Unlike Class
A ODNs, Class B ODNs strongly stimulate NFkB signaling,
but only weakly stimulate IFN signaling [21,30,31]. Class C
CpG ODNs are a combination of classes A and B, with a
complete phosphorothioate backbone and a CpG-containing
palindromic motif, with the capability to induce IFN secre-
tion and activate NFkB signaling [21,22].

For the purposes of this study, we utilized ODN sequence
2395 (5¢-tcgtcgttttcggcgc:gcgccg-3¢), one of several com-
monly studied Class C TLR9 ligands, which contains
nuclease-resistant phosphorothioate nucleotides and is shown
with the palindrome underlined. This ODN has been dem-
onstrated to induce both IFN and pro-inflammatory responses
[21,32,33] and to activate B cells [34]. Our experiments were
performed with sequence 2395 synthesized using a fully
phosphorothioate backbone (CpG 2395), a fully phospho-
diester backbone (DNA 2395), and a fully TNA backbone

(TNA 2395) to enable comparison of the induction of innate
immune responses among the three backbones in B cell lines.

We then measured induction of various innate mRNAs by
quantitative real time-polymerase chain reaction (qRT-PCR),
B cell line activation by upregulation of surface-expressed
CD86, and proliferative responses. Our data indicate that
while TNA 2395 induces only low-level upregulation of IFN
and pro-inflammatory genes at the dosages utilized in this
study, TNA 2395 is capable of robust B cell line activation,
similar to both CpG 2395 and DNA 2395. While the specific
receptor involved in TNA 2395-mediated signaling remains
unknown, these data clearly establish that TNA 2395 is ca-
pable of inducing innate immune responses in B cell lines.

Materials and Methods

Unless otherwise noted, all chemicals were purchased
from Sigma-Aldrich (St. Louis, MO). Poly I:C was purchased
from Invivogen (San Diego, CA). The synthetic TLR9 li-
gand, CpG ODN 2395, a type C ODN, was purchased from
Invivogen. DNA 2395 was purchased from Integrated DNA
Technologies (Coralville, Iowa). TNA molecules were synthe-
sized on an Applied Biosystems 3400 DNA synthesizer using
standard b-cyanoethyl phosphoramidite chemistry with chemi-
cally synthesized TNA phosphoramidites [35]. QUANTI-Blue
detection reagent for use with the HEK-Blue hTLR9 secreted
alkaline phosphatase (SEAP) reporter cell line was purchased
from Invivogen (San Diego, CA).

Cell lines

The human B cell lines, Ramos (NIH AIDS Reagent Pro-
gram, Division of AIDS, NIAID, NIH: Ramos Cells from Drs.
Li Wu and Vineet KewalRamani) [36] and Raji (NIH AIDS
Reagent Program, Division of AIDS, NIAID, NIH: Raji from
Drs. Li Wu and Vineet KewalRamani) [36], were maintained
in Roswell Park Memorial Institute (RPMI) medium (Sigma-
Aldrich, St. Louis, MO) supplemented with 10% fetal bovine
serum (FBS) (Sigma-Aldrich) and 2 mM l-glutamine
(Gibco; Life Technologies, Grand Island, NY). The human
cell line expressing TLR9, HEK-Blue hTLR9 (Invivogen),
was maintained according to the manufacturer’s instructions.
All cell lines were maintained at 37�C in 5% carbon dioxide.

Cell stimulation

For stimulation experiments, Ramos and Raji cells were
plated in 1 mL serum-free medium or serum-containing me-
dium at a density of 2 · 105 cells per well in 12-well plates.
HEK-Blue hTLR9 cells were plated at 5 · 104 cells per well in
96-well plates. Following plating (Ramos and Raji) or overnight
incubation to allow adherence to the plates (HEK-Blue hTLR9),
cells were stimulated with the indicated ligands (untreated/ve-
hicle only, poly I:C, CpG ODN 2395, DNA 2395, or TNA
2395) in nuclease-free water at the indicated concentrations.

RNA isolation and quantitation

For isolation of total cellular RNA, Ramos cells treated
with or without ligands for specified TLRs were collected by
centrifugation 24 h poststimulation and washed twice with
1 · phosphate buffered saline (PBS), followed by RNA iso-
lation using TRIzol reagent (Invitrogen, Carlsbad, CA) as per
the manufacturer’s instructions. RNA was precipitated twice
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and washed with 70% ethanol to remove any contaminants
resulting from TRIzol RNA isolation procedures. Isolated
RNA was subjected to DNase treatment using TURBO
DNase (Ambion; Life Technologies, Grand Island, NY) and
quantified on a NanoDrop Spectrophotometer (Thermo
Fisher Scientific, Waltham, MA).

Real time quantitative PCR

Total cellular was used to synthesize cDNA using random
hexamer primers with the ImProm II Reverse Transcription
System (Promega, Madison, WI) as per the manufacturer’s
instructions. The cDNA synthesis was performed using
500 ng RNA. ‘‘No RT’’ and ‘‘non-template’’ (NT) controls
were included. Before performing real time quantitative PCR
(RT-qPCR), cellular and viral cDNA, including ‘‘no RT’’ and
‘‘NT’’ controls, were validated by end point PCR (40 cycles)
using primers specific for 18S rRNA to ensure that ‘‘no RT’’
and ‘‘NT’’ controls were free of contaminating signal.

RT-qPCR was performed on each set of cDNA using iTaq
Universal SYBR Green Master Mix (Bio-Rad, Hercules, CA)
with primers specific to 18S rRNA (forward 5¢-CAGCC
ACCCGAGATTGAGCA-3¢ and reverse 5¢-TAGTAGCGA
CGGGCGGTGTG-3¢), interleukin 8 (IL-8; forward 5¢-CT
TCTAGGACAAGAGCCAGGAAGAAACC-3¢ and reverse
5¢-GTCCAGACAGAGCTGTCTTCCATCAGAA-3¢), tu-
mor necrosis factor alpha (TNFa) (TNFa; forward 5¢-GA
GTGACAAGCCTGTAGCCCATGTTGTA-3¢ and reverse
5¢-GCAATGATCCCAAAGTAGACCTGCCCAG-3¢), IFN
beta (IFNb; forward 5¢-TTGTGCTTCTCCACGACAGC-3¢
and reverse 5¢-GCACAGTGACTGTCCTCCT-3¢), IFN-
induced protein with tetratricopeptide repeats 1 (IFIT-1;
forward 5¢-GTAACTGAAAATCCACAAGACAGAATAG-3¢
and reverse 5¢-GCAAATGTTCTCCACCTTGTCCA-3¢), and
2¢-5¢-oligoadenylate synthetase 1 (OAS; forward 5¢-TGTTT
CCGCATGCAAATCAACCATGC-3¢ and reverse 5¢-GCCA
GTCAACTGACCCAGGGCA-3¢), according to the manu-
facturer’s instructions.

Each sample was assayed in triplicate to determine tech-
nical variability. Relative quantities were determined using
the relative quantity (2-DDCT) method as previously described
[37]. Samples were normalized to the specified endogenous
control (18S rRNA) to determine expression level relative to
total cellular RNA, and these values were plotted relative to
the corresponding value for the negative controls (untreated,
set to 1). Samples were assayed on the ABI 7500 (Applied
Biosystems, Foster City, CA) and analyzed using ABI 7500
Software Version 2.3. Experiments were repeated thrice.

Flow cytometry

Activation of Ramos and Raji B cell lines was determined
using flow cytometry to detect surface-expressed CD86 after 24
or 72 h poststimulation. A phycoerythrin (PE)-labeled antibody
for CD86 (B7–2) and a corresponding isotype control, mouse
IgG2b kappa, were purchased from eBiosciences (now Thermo
Fisher Scientific, Grand Island, NY). Following stimulation of
Ramos and Raji cells for 72 h as described in ‘‘cell stimula-
tion,’’ cells were collected by centrifugation and resuspended in
1 · PBS. Cells were incubated with aCD86-PE or isotype
control for 30 min at 4�C followed by washing twice in 1 · PBS.
Cells were then analyzed by flow cytometry using a BD Ac-
curi C6 Flow Cytometer (BD Biosciences, San Jose, CA).

Proliferation assays

Proliferation of Ramos cells in response to cell stimulation
was assessed by performing cell counts 24 or 72 h poststimu-
lation. Cell counts were performed by collecting cells, staining
with Trypan blue to exclude nonviable cells, and counting
using hemacytometer. Cell counts were confirmed by counting
using a BD Accuri C6 Flow Cytometer (BD Biosciences).

SEAP reporter assays

HEK-Blue hTLR9 cells were seeded at a density of 5 · 104

cells per well in 96-well plates. Cells were stimulated
in triplicate with the indicated ligands at the indicated
concentrations for either 24 or 72 h. Following stimulation,
QUANTI-Blue reagent was added to a separate 96-well plate
according to the manufacturer’s instructions. To assess SEAP
activity, 20 mL of supernatant from each well was added to
the QUANTI-Blue reagent (180mL). Reactions were incu-
bated for 2 h at 37�C, and absorbance was detected using a
PerkinElmer Plate Reader at an optical density of 655 nm.

Results and Discussion

Differential mRNA upregulation by low and high doses
of TLR9 ligands in Ramos cells

To explore the impact of phosphorothioate, phosphodie-
ster, and TNA backbones on the ability of sequence 2395 to
induce innate immune responses, we first sought to deter-
mine the responsiveness of the Ramos cells to low and high
doses of the previously characterized, commercially avail-
able TLR9 ligand, CpG 2395 (phosphorothioate backbone),
and the phosphodiester form of CpG 2395, DNA 2395. Cells
were also stimulated with the TLR3 ligand, Poly I:C, which is
also known to induce innate immune responses in Ramos
cells [38], as a positive control.

Ramos cells were plated in serum-free medium and stimu-
lated with either 1 or 10mg/mL ligand for 24 h. Stimulated
samples were then subjected to analysis by qRT-PCR to de-
termine RNA levels of a combination of innate immune genes,
including IFIT-1, IFNb, IL-8, OAS, and TNFa. These genes
were chosen to represent both the IFN response initiated
through IFN regulatory factor 7 (IFIT-1, IFNb, OAS) and the
pro-inflammatory response initiated through NFkB (IL-8 and
TNFa) that can be elicited by Class C ODNs, such as CpG 2395.

As shown in Fig. 1A and B, we observed minimal RNA
upregulation with the low dose ligand, while we observed
high levels of RNA upregulation with high dose ligands.
Notably, the observed response profiles were very similar for
CpG 2395 and DNA 2395. These results demonstrate that
both the phosphorothioate and phosphodiester forms of se-
quence 2395 are capable of upregulating IFN and pro-
inflammatory genes upon stimulation in Ramos cells and that
the magnitude of the response is dose dependent.

TNA 2395 displays lower levels of mRNA upregulation
in Ramos cells compared to CpG 2395 and DNA 2395

We next wanted to determine whether the 2395 sequence
synthesized with a TNA backbone was able to upregulate
innate immune genes in the Ramos cells. As shown in
Fig. 1C, while TNA 2395 was capable of upregulating OAS
and TNFa, very little upregulation was observed for IFIT and

ACTIVATION OF INNATE IMMUNE RESPONSES BY TNA 53



F
IG

.
1
.

U
p
re

g
u
la

ti
o
n

o
f

m
R

N
A

in
re

sp
o
n
se

to
C

p
G

2
3
9
5
,
D

N
A

2
3
9
5
,
T

N
A

2
3
9
5
,
an

d
a

T
N

A
p
an

el
o
f

v
ar

ia
b
le

se
q
u
en

ce
co

m
p
o
si

ti
o
n

in
R

am
o
s

ce
ll

s.
F

o
r

al
l

p
an

el
s,

R
am

o
s

ce
ll

s
w

er
e

p
la

te
d

at
a

d
en

si
ty

o
f

2
·

1
0

5
ce

ll
s

in
1
2
-w

el
l
p
la

te
s

w
it

h
se

ru
m

-f
re

e
m

ed
iu

m
an

d
st

im
u
la

te
d

w
it

h
th

e
in

d
ic

at
ed

li
g
an

d
s

(n
eg

at
iv

e
co

n
tr

o
l,

u
n
tr

ea
te

d
/v

eh
ic

le
o
n
ly

;
p
o
si

ti
v
e

co
n
tr

o
l,

P
o
ly

I:
C

fo
r

st
im

u
la

ti
o
n

o
f

T
L

R
3
;
te

st
li

g
an

d
s,

C
p
G

2
3
9
5
,D

N
A

2
3
9
5
,T

N
A

2
3
9
5
,a

n
d

S
eq

u
en

ce
s

A
,B

,C
,a

n
d

D
)

at
th

e
in

d
ic

at
ed

co
n
ce

n
tr

at
io

n
s

(A
,1

mg
/m

L
;
B

–
D

,1
0
mg

/m
L

).
A

ft
er

2
4

h
,c

el
ls

w
er

e
co

ll
ec

te
d
,p

el
le

te
d
,a

n
d

w
as

h
ed

in
1

·
P

B
S

.T
o
ta

lc
el

lu
la

r
R

N
A

w
as

th
en

h
ar

v
es

te
d

fr
o
m

ea
ch

sa
m

p
le

.F
o
ll

o
w

in
g

D
N

as
e

tr
ea

tm
en

to
f

th
e

to
ta

lc
el

lu
la

r
R

N
A

,c
D

N
A

w
as

sy
n
th

es
iz

ed
,a

n
d

q
u
an

ti
ta

ti
v
e

re
al

ti
m

e-
p
o
ly

m
er

as
e

ch
ai

n
re

ac
ti

o
n

w
as

p
er

fo
rm

ed
to

ex
am

in
e

ex
p
re

ss
io

n
o
f
th

e
in

d
ic

at
ed

g
en

es
(I

F
IT

,I
F

N
b

,I
L

-8
,O

A
S
,a

n
d
/o

r
T

N
F
a)

an
d

th
e

1
8
S

rR
N

A
h
o
u
se

k
ee

p
in

g
g
en

e
fo

r
n
o
rm

al
iz

at
io

n
.

R
el

at
iv

e
q
u
an

ti
ti

es
w

er
e

d
et

er
m

in
ed

u
si

n
g

th
e

re
la

ti
v
e

q
u
an

ti
ty

(2
-D

D
C

T
)

m
et

h
o
d

as
d
es

cr
ib

ed
in

M
at

er
ia

ls
an

d
M

et
h
o
d
s

se
ct

io
n
.

A
v
er

ag
e

q
u
an

ti
ti

es
ar

e
sh

o
w

n
fo

r
te

ch
n
ic

al
re

p
li

ca
te

s
m

ea
su

re
d

in
tr

ip
li

ca
te

.E
rr

o
r

b
ar

s
re

p
re

se
n
t
th

e
st

an
d
ar

d
d
ev

ia
ti

o
n

fo
r

th
re

e
te

ch
n
ic

al
re

p
li

ca
te

s
w

it
h
in

ea
ch

ex
p
er

im
en

t.
A

re
p
re

se
n
ta

ti
v
e

ex
p
er

im
en

t
is

sh
o
w

n
in

ea
ch

p
an

el
.

E
x
p
er

im
en

ts
w

er
e

re
p
ea

te
d

th
ri

ce
.

T
N

A
,

th
re

o
se

n
u
cl

ei
c

ac
id

;
C

p
G

,
cy

to
si

n
e-

p
h
o
sp

h
at

e-
g
u
an

in
e;

P
B

S
,

p
h
o
sp

h
at

e
b

u
ff

er
ed

sa
li

n
e.

54



IFNb. The low level of IFNb upregulation observed in Fig. 1C
was surprising, given the higher level upregulation of OAS, as
OAS is an IFN-stimulated gene. It is possible that TNA 2395
induces another type I IFN, such as a subtype of interferon alpha
(IFNa), which could serve to upregulate OAS. However, as a
variety of different IFNa subtypes could be responsible for the
subsequent upregulation of OAS, determination of the specific
type I IFN responsible was not investigated in this study.

Collectively, the results in Fig. 1C demonstrate that while
TNA 2395 was capable of eliciting an innate immune re-
sponse at the level of mRNA through upregulation of IFN
(OAS) and pro-inflammatory (TNFa) genes in the Ramos
cells, the magnitude of the response was significantly lower
than the levels observed for CpG 2395 and DNA 2395.

TNA-induced upregulation of mRNA varies
based on sequence

To examine whether mRNA upregulation of innate im-
mune genes was a generalizable phenomenon of TNA or
whether the responses may be sequence specific, we evaluated
a small set of TNA molecules containing different sequences
and variable numbers and spacing of CpG motifs for their
abilities to upregulate IFNb, as TNA 2395 demonstrated little
ability to upregulate IFNb. Notably, variation in the ability of
CpG-containing sequences to upregulate interferons (IFNs)
through TLR9 has been documented for the different classes
of commercially available TLR9 ligands [21,32,33]. The set
of sequences tested here, with CpG motifs in bold, included
the following: Sequence A (ATCGACTCTCGAGCGTTC),
Sequence B (AACGTTAACGTTAACGTT), Sequence C
(TCGTCGCGGCGCGCGCCG), and Sequence D (TCGT
CGTGTCGTTGTCGT).

As shown in Fig. 1D, we observed variable IFNb upre-
gulation for the different TNA sequences, suggesting that
some TNAs containing CpG motifs are able to significantly
upregulate IFNb. Interestingly, the sequence most similar to
TNA 2395, Sequence C (lacking the internal tttt motif present
in TNA 2395), was able to robustly induce IFNb mRNA.
Sequence B, similarly to TNA 2395, was not a strong IFNb
inducer. A commonality between the two sequences is the
four nucleotide spacing between CpG motifs (all CpGs for
Sequence B are separated by four nucleotides, while the
second CpG and palindrome sequence of TNA 2395 is sep-
arated by four nucleotides).

Notably, the three stimulatory TNAs, Sequence A, C, and
(to a lesser extent) D, contain CpG motifs in closer proximity
and lack a palindromic sequence. Thus, it is possible that
spacing of CpG motifs may play a role in sequence specificity
for the TNA sequences and may enable tuning of TNA se-
quences for either innate immune stimulation or evasion of
stimulation. Future work beyond the scope of this study
should examine sequence specificity constraints for TNA-
mediated signaling, as well as determine whether TLR9 is
responsible for TNA-induced signaling outcomes.

Ramos and Raji cells upregulate CD86 in response
to CpG 2395, DNA 2395, and TNA 2395

CpG ODNs are known to trigger both activation and pro-
liferation of primary B cells and various cell lines derived
from B cell malignancies [34,39–42]. Therefore, we next set
out to determine whether stimulation of Ramos and Raji B

cell lines by CpG 2395, DNA 2395, and TNA 2395 led to
upregulation of the well-known B cell activation marker,
CD86 [28,42,43]. Ramos cells were stimulated with ligands
ranging from 1 to 10 mg/mL. After 72 h, cells were collected
and analyzed for CD86 expression by flow cytometry. As
shown in Fig. 2A, Ramos cells were robustly activated by all
three 2395 sequences. The highest ligand dose utilized yiel-
ded 4.5-fold induction by CpG 2395 and a 6.5-fold induction
for both DNA 2395 and TNA 2395.

Interestingly, although TNA 2395 induced only low-level
upregulation of innate immune-associated mRNAs explored
in the context of this study, activation of Ramos cells through
upregulation of CD86 expression by TNA 2395 was similar
to that of both CpG 2395 and DNA 2395, indicating that TNA
2395 is able to robustly activate Ramos cells.

In addition to activation of the Ramos cells, the 2395 se-
quences were analyzed for their ability to activate Raji cells.
Notably, Raji cells display a higher level of CD86 expression
in their unstimulated state, presumably due to the chronic
Epstein–Barr Virus infection of the cell line [44]. Similarly to
the Ramos cells, CpG 2395, DNA 2395, and TNA 2395 were
all able to upregulate CD86 expression in the Raji cells above
the background level after 72 h stimulation, although to a
lesser extent (threefold) (Fig. 2B).

Together, these results confirm prior studies demonstrating
that CpG ODNs containing phosphorothioate and phospho-
diester backbones are able to activate B cell lines. In addition,
these data also show that a TNA backbone is able to robustly
activate B cell lines, despite only low-level upregulation of
innate immune-associated genes examined in this study com-
pared to CpG 2395 and DNA 2395.

HEK-Blue hTLR9 cells respond to CpG 2395,
but fail to respond to DNA 2395 and TNA 2395

HEK-Blue hTLR9 cells are a commercially available
cell line specifically designed to analyze the immunological
properties of TLR9-specific ligands. These cells stably express
SEAP under control of the NFkB promoter. Originally, we
planned to utilize a lentiviral vector expressing a TLR9-specific
guide RNA and CRISPR/Cas9 to knockout TLR9 in the HEK-
Blue hTLR9 cells to determine whether TNA 2395 was spe-
cifically signaling through TLR9, as B cell lines are notoriously
difficult to transduce. However, as shown in Fig. 2C and D,
while the HEK-Blue hTLR9 cells respond to Poly I:C after 24
and 72 h of stimulation and to CpG 2395 after 72 h of stimu-
lation, they fail to respond to either DNA 2395 or TNA 2395.
Thus, we were unable to examine the ability of TNA 2395 to
specifically stimulate TLR9 within the scope of this study.

Interestingly, a recent report demonstrated that expression
of human macrophage scavenger receptor 1 gene (hMSR1),
which is not expressed in the HEK-Blue hTLR9 cells, was
necessary for induction of SEAP by CpG ODN containing a
phosphodiester backbone in the HEK-Blue hTLR9 cells [45].
When hMSR1 was transfected into the HEK-Blue hTLR9
cells, uptake and SEAP activity of CpG DNA was shown to
be equivalent to that of CpG ODN with a phosphorothioate
backbone [45]. Thus, it is possible that addition of hMSR1, or
some other receptor, to our HEK-Blue hTLR9 cells could
allow uptake of DNA 2395 and TNA 2395, conveying the
ability of the cells to respond to these ligands. However, the
investigation of whether hMSR1 or some other cell surface
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receptor facilitates uptake of DNA 2395 or TNA 2395 was
beyond the scope of this study.

CpG 2395 and DNA 2395 inhibit Ramos cell
proliferation at high doses, but stimulate
proliferation at low doses

In addition to activation of B cells, CpG ODNs have been
shown to induce proliferation of primary B cells and some
cell lines derived from B cell malignancies [28,34,39,41,43].
However, stimulation with CpG ODN has also been dem-
onstrated to induce apoptosis in other B cell lines [11,41].
Therefore, we next sought to determine whether stimulation
of Ramos cells by CpG 2395, DNA 2395, and TNA 2395
leads to a proliferative response. We examined proliferative
responses by cell counting at both 24 and 72 h at a ligand dose
of 10mg/mL. As shown in Figure 3, at 24 h poststimulation,
we did not observe a difference in cell counts. This was ex-
pected, as the cells would not have undergone many rounds of
cell division. At 72 h, we observed a reduction in cell number
compared to the untreated control for Poly I:C and CpG 2395.

Poly I:C is a well-known inducer of apoptosis through TLR3-
mediated signaling, so the observed decrease was expected.
CpG ODNs have specifically been shown to induce apoptosis in
Burkitt’s Lymphoma-derived cell lines, such as the Ramos cells
[46]. DNA 2395 demonstrated a slight reduction in cell counts

at 72 h, but not to the magnitude of Poly I:C nor CpG 2395.
TNA 2395 cell numbers remained equivalent to the untreated
control, suggesting that TNA 2395 does not alter proliferative
responses despite robust activation of B cell lines, similarly to
responses observed for ligation of TLR7 in B cells [40].

In conclusion, the data presented here demonstrate that
similar to CpG 2395 and DNA 2395, the 2395 sequence
composed entirely of TNA is able to stimulate some innate
immune responses. Notably, the ability of TNAs to induce
immune responses has not previously been examined. Simi-
lar to sequences composed of phosphorothioate backbones,
the TNA equivalents are highly resistant to serum nucleases
[15], making them an attractive tool for the future develop-
ment of nucleic acid-based therapeutics.

Recent advances in TNA synthesis using engineered
polymerases have allowed for the selection of TNAs that
target human thrombin [16] and HIV reverse transcriptase,
opening the door for selections against a variety of other
protein targets. In addition, a recent study demonstrated that
antisense TNA oligonucelotides are able to effectively sup-
press GFP expression in living cells [17].

While a potential benefit of chemically modified nucleic
acids is the ability to evade the immune response (e.g., anti-
sense applications), chemically modified nucleic acid thera-
peutics such as TNAs could also be highly useful as stimulators
of immune responses (e.g., adjuvants) or inhibitors of immune

FIG. 3. CpG 2395 decreases B cell proliferation, while DNA 2395 and TNA 2395 do not alter B cell proliferation. Ramos
cells were plated at a density of 2 · 105 cells in 12-well plates and stimulated with the indicated ligands at the indicated
concentrations. After 24 (A) or 72 (B, C) hours, cells were collected and counted using a hemacytometer. Cell counts were
confirmed using a flow cytometer to ensure counting accuracy. Cell counts relative to the untreated control are shown.
Experiments were repeated 3 times.
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responses (e.g., anti-inflammatory therapies). Thus, further
exploration of the utility of TNAs and other chemical modifi-
cations is needed, including their ability to stimulate or inhibit
immune responses and the specificity of these responses.

Whether TNA 2395, or any of the other TNA sequences
tested here, signals specifically through TLR9, as with CpG
2395 and DNA 2395, remains to be determined and is beyond
the scope of this study. TNA 2395 demonstrated a lower level
of mRNA upregulation compared to CpG 2395 and DNA 2395,
but robustly activated B cells through CD86 upregulation.
Other TNA sequences tested here, however, displayed a robust
ability to regulate IFNb mRNA, suggesting that sequence
composition plays a role in the ability of TNA sequences to
induce immune responses.

TLR9 has been shown to respond differentially to various
CpG-containing sequences, as well as non-CpG sequences,
and could be responsible for TNA-induced immune signaling
[19,21,22,32,33,47,48]. However, TNA is capable of anti-
parallel, Watson–Crick base pairing with complementary
DNA, RNA, and TNA oligonucleotides, and the self-paired
TNA/TNA duplex occurs through an A-like helical geometry
[7,12,49,50]. Thus, it is possible that the TNAs tested in this
study could also signal through endosomal TLRs that rec-
ognize RNA, such as TLRs 3, 7, or 8, or even a variety of
other nucleic acid-sensing receptors should the TNA escape
the endosome. Further experiments beyond the scope of this
study will be required to determine the specificity of TNA-
induced signaling, specifically, the sequence motif require-
ments (CpG versus non-CpG) and the receptor responsible
for TNA-induced signaling outcomes.
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