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days for the 5 CPs. The mean hospitalization period among
IM-like illness patients was 16 + 4.3 days for APs and 31 +
9.8 days for CPs.

Clinical presentation following treatment with acyclo-
vir is indicated in Table 5. Bilateral lymphadenopathy
symptoms worsened in 13 of the 17 CPs, but dramatically
improved in 6 APs (P = 0.01). Pharyngeal pain was allevi-
ated in 8 CPs and 6 APs (P = 0.16), and headache had sub-
sided in significantly more APs than CPs (P < 0.01).
Moreover, improvement in arthralgia symptoms was
observed in 5 CPs and 6 APs (P < 0.01), and mucosal
bleeding improved more significantly among APs than CPs
(P < 0.01). On the other hand, rash was similarly observed
in CPs and APs (P = 0.17). In general, acyclovir reduced
tissue inflammation and symptoms associated with it such
as lymphadenopathy, headache, arthralgia, and mucosal
bleeding.

Discussion

In this study, we demonstrated the benefits of empiri-
cal acyclovir treatment of IM and IM-like illness patients.
Acyclovir reduced the duration of hospitalization and of
fever; it also led to a rapid decline in the levels of the acute
inflammatory marker SAA, within a period of time shorter
than the half-life time of ferritin and CRP, which is a
chronic inflammation marker. Additionally, acyclovir-
mediated improvement in vital signs such as fever, which is
indicative of increased inflammatory cytokine secretion as
part of the immunological response against the pathogen,
was correlated with the laboratory findings. The recovery
of neutrophil count was also more prominent than that of
Iymphocyte count in APs.

The mechanism behind the beneficial effects of acy-
clovir on AP condition is unknown. One possible explana-
tion is that acyclovir anti-viral activity also inhibits the
DNA replication of viruses other than HHVI1 to 3.
According to a previous study, acyclovir did not exhibit
activity against HHV-7 infection (Zhang et al. 1999). On
the other hand, acyclovir combined with interferon-beta
demonstrated anti-CMV activity in vitro (Spector et al.
1982). Acyclovir antiviral activity against EBV was also
reported in vitro (Long et al. 2003). Some studies have
shown that acyclovir combined with prednisolone inhibits
replication of oropharyngeal EBV without affecting the
duration of IM clinical symptoms (Ernberg and Andersson
1986; Tynell et al. 1996). However, no studies have yet
reported clinical data indicating that acyclovir is effective
in the treatment of EBV-IM and IM-like illness in vivo.

Another possible explanation is that acyclovir exhibits
anti-inflammatory activity through suppressing virus-
induced cytokine secretion. Studies have reported that
HSV enhances the expression of cytokines such as inter-
feron-gamma and tumor necrosis factor-alpha, and that
EBV can immortalize B cells activated by cytokines
(Wendel-Hansen et al. 1994; Chen et al. 2000).
Interestingly, a previous study has reported that acyclovir

blocks the expression of inflammatory cytokines (Halford
et al. 1997). Moreover, recent reports have shown that anti-
biotics such as minocycline or macrolides demonstrate anti-
inflammatory activity in addition to their known function
(Amin et al. 1996).

However, the present study had several disadvantages.
For instance, it included a small number of patients, and
only clinical features and conventional markers were exam-
ined. Therefore, future studies should include a larger num-
ber of cases and additional clinical markers such as galec-
tin-9 or osteopontin, which reflect disease activity, should
be examined (Chagan-Yasutan et al. 2009; Saitoh et al.
2012).

In conclusion, treatment with acyclovir reduced the
duration of hospitalization and of fever without having any
evident adverse effects. Therefore, acyclovir treatment may
be effective in treating patients suspected of having a viral
infection. Additionally, after experiencing a severe earth-
quake followed by a tsunami in March of 2011 (Shibahara
2011), we observed that, in such resource-limited condi-
tions, acyclovir treatment could constitute one of the initial
empirical therapies for IM-like patients.
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T-20 (enfuvirtide) resistance is caused by the N43D primary resistance mutation at its presumed binding
site at the N-terminal heptad repeat (N-HR) of gp41, accompanied by the S138A secondary mutation
at the C-terminal HR of gp41 (C-HR). We have discovered that modifying T-20 to include S138A (T-
20s1334) allows it to efficiently block wild-type and T20-resistant viruses, by a mechanism that involves
improved binding of T-20s;384 to the N-HR that contains the N43D primary mutation. To determine
how HIV-1 in turn escapes T-20s333a We used a dose escalation method to select T-20s13g4-resistant

’ég}’;’fgﬂ; HIV-1 starting with either wild-type (HIV-Twr) or T-20-resistant (HIV-1naapjs138a) Virus. We found that
HIV-1 when starting with WT background, I37N and L44M emerged in the N-HR of gp41, and N126K in the
gpal C-HR. However, when starting with HIV-Tna3psi3sa. L33S and 169L emerged in N-HR, and E137K in C-

T-20 HR. T-20s138a-Tesistant recombinant HIV-1 showed cross-resistance to other T-20 derivatives, but not
Mutation to C34 derivatives, suggesting that T-20s1334 suppressed HIV-1 replication by a similar mechanism to
Fusion inhibitor T-20. Furthermore, E137K enhanced viral replication kinetics and restored binding affinity with N-HR
containing N43D, indicating that it acts as a secondary, compensatory mutation. We therefore introduced
E137Kinto T-20s138a (T-20g1371/s1384) and revealed that T-20gq37x/s1384 Moderately suppressed replication
of T-20g13ga-resistant HIV-1. T-20g37x/s1384 retained activity to HIV-1 without L33S, which seems to be a
key mutation for T-20 derivatives.

Our data demonstrate that secondary mutations can be consistently used for the design of peptide

inhibitors that block replication of HIV resistant to fusion inhibitors.
© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Human immunodeficiency virus type 1 (HIV-1) fusion to host
cell membrane is mediated by formation of a six-helix bundle of
the transmembrane subunit gp41 (Chan et al.,, 1997). Peptides cor-
responding to amino acid sequences of the gp41 carboxyl-terminal
heptad repeat (C-HR) inhibit the HIV-1 fusion by acting as decoys

* Corresponding author at: Division of Emerging Infectious Diseases, Tohoku Uni-
versity School of Medicine, Sendai 980-8575, Japan. Tel.: +81 22 717 7199;
fax: +81 22717 7199.
E-mail addresses: kodama515@med.tohoku.ac,jp,
kodausa21@gmail.com (E.N. Kodama).

1357-2725($ - see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.biocel.2013.01.015

and interfering with the formation of the six-helix bundle (Chan
et al, 1998; Malashkevich et al., 1998). Although modified pep-
tides such as SC34EK (Nishikawa et al., 2009), T-2635 (Dwyer et al,,
2008), and D-peptides (Welch et al., 2007), and small molecules
(Debnath et al., 1999) have been developed, T-20 (enfuvirtide)is the
only fusion inhibitor approved for HIV therapy. It is a 36 amino acid
peptide derived from the sequence of C-HR of gp41. It is thought to
bind at the N-HR domain of gp41and interfere with the C-HR-N-HR
interactions required for membrane fusion and injection of virus
into the host cell. T-20 has potent anti-HIV-1 activity and effec-
tively suppresses replication of HIV-1 in vivo (Kilby et al., 1998;
Lalezari et al., 2003; Lazzarin et al.,, 2003). However, HIV-1 rapidly
develops resistance through mutations in the amino-terminal HR
(N-HR)ofgp41, especially in the region between L33 and L45, which
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isthought tobe the binding site of T-20 (Aquaro et al., 2006; Cardoso
et al,, 2007; He et al.,, 2008). Among these residues, N43D in the N-
HR is one of the representative mutations for resistance to T-20
(Bai et al., 2008; Cabrera et al., 2006; Oliveira et al., 2009; Izumi
et al,, 2009; Ueno et al.,, 2009). Interestingly, most variants show
impaired replication fitness, and thus often go on to acquire sec-
ondary mutations, such as S138A (Xu et al,, 2005), in the C-HR
region of gp41 that corresponds to the sequence of T-20. We and
others have recently demonstrated that S138A functions as sec-
ondary resistance mutation and enhances resistance to T-20 by
restoring impaired replication kinetics of T-20-resistant variants
that contain primary mutations in the N-HR region, most notably
N43D (Izumi et al,, 2009; Watabe et al., 2009).

To preempt this escape strategy, we have previously designed
a peptide analog of T-20 with the S138A change incorporated in
it (T-20s1384; Fig. 1A) and showed that this peptide significantly
suppresses replication of T-20-resistant HIV-1 through enhance-
ment of binding affinity to mutated N-HR, such as N-HRn43p (Izumi
et al,, 2009). Using circular dichroism (CD) and structural analyses,
we also demonstrated that the S138A change provided increased
stability to the six-helix bundle (Watabe et al., 2009). In subse-
quent studies, we validated our approach on another peptide-based
fusion inhibitor, C34. In this case, we designed a variant of (34
carrying a secondary escape mutation, N126K, selected for the
induction of C34 resistance (Nameki et al., 2005) and also present in
HIV-1isolates from T-20 experienced patients (Baldwin etal., 2004;
Cabrera et al., 2006; Svicher et al., 2008). We showed that this (34
variant can effectively inhibit replication of C34-resistant HIV-1.
These studies provided the proof of principle that it is possible to
design improved peptide-based fusion inhibitors that are efficient
against a major mechanism of drug resistance through introduction
of resistance-associated mutation(s).

It remains unknown to this date how HIV-1 develops further
resistance to T-20513g5. Moreover, it is not known whether we can
expand our strategy and modify T-20s;3g4 to include the secondary
mutation(s) that emerge during the selection of T-20513g5-Tesistant
HIV, resulting in a strategy that is applicable to the design of pep-
tides customized to address viral resistance mutations. Hence, in
the current study we selected T-20s1384-Tesistant HIV-1 in vitro by
a dose-escalating method. We revealed that the resistance muta-
tions that emerged during selection experiments with wild-type
or T-20-resistant HIV-1 are located in both the N-HR and the C-HR
regions. Furthermore, the 137N and L33S mutations appeared to
act as primary mutations for wild-type and T-20-resistant HIV-1,
respectively. E137K, a C-HR mutation located in the T-20 sequence,
improved replication kinetics and enhanced affinity to N-HR, indi-
cating that E137K acts as a secondary mutation. Introducing the
E137K change into the T-20s13ga (T-20g137x/s1384) Tesulted into
a peptide inhibitor effective against T-20s;3g4-resistant variants,
suggesting that secondary or compensatory mutations can be
widely applicable to the design of next generation peptide-based
inhibitors that are active against HIV-1 resistant to earlier genera-
tion fusion-targeting drugs.

2. Materials and methods
2.1. Cells and viruses

MT-2 and 293T cells were grown in RPMI 1640 medium and
Dulbecco’s modified Eagle medium-based culture medium, respec-
tively. HeLa-CD4-LTR-P-gal cells were kindly provided by Dr. M.
Emerman through the AIDS Research and Reference Reagent Pro-
gram, Division of AIDS, National Institute of Allergy and Infectious
Disease (Bethesda, MD), and used for the drug susceptibility assay,
as previously described (Nameki et al, 2005; Nishikawa et al,,

2009). Recombinant infectious HIV-1 clones carrying various muta-
tions were generated through site-directed mutagenesis of the
pNL4-3 plasmid, as previously described (Nameki et al.,, 2005;
Nishikawa et al., 2009). Each molecular clone was transfected into
293T cells with TransIT (Madison, WI). After 48 h, the supernatants
were harvested and stored at —80°C.

2.2. Antiviral agents

The peptides used in this study (Fig. 1A) were chemically syn-
thesized using standard Fmoc-based solid-phase techniques, as
previously described (Oishi et al., 2008; Otaka et al., 2002). An HIV-
1 reverse transcriptase inhibitor, 2’,3’-dideoxycytidine {(ddC) was
purchased from Sigma-Aldrich Japan (Tokyo, Japan) and used as a
control.

2.3. Determination of drug susceptibility

Peptide sensitivity of infectious clones was determined by the
multinuclear activation of galactosidase indicator (MAGI) assay
as previously described (Nameki et al., 2005; Nishikawa et al,,
2009). Briefly, the target cells (HeLa-CD4-LTR-$-gal; 10* cells/well)
were plated in flat 96-well microtiter culture plates. On the fol-
lowing day, the cells were inoculated with the HIV-1 clones (60
MAGI units/well, resulting into 60 blue cells after 48h incuba-
tion) and cultured in the presence of various concentrations of
drugs in fresh medium. Forty-eight hours after virus exposure, all
the blue cells stained with X-gal (5-bromo-4-chloro-3-indolyl-3-
p-galactopyranoside) were counted in each well. The activity of
test compounds was determined as the concentration that reduced
HIV-1 infection by 50% (50% effective concentration [ECsg]).

2.4. Induction of HIV-1 variants resistant to T-20s;3ga

MT-2 cells were exposed to HIV-1 and cultured in the presence
of T-20s1334. Cultures were incubated at 37 °C until an extensive
cytopathic effect (CPE) was observed. The culture supernatants
were used for further passages in MT-2 cells in the presence of two-
fold increasing concentrations of T-20s1334 when massive CPEs
were seen in the earlier periods. Each passage usually took 57 days.
The timing is highly dependent on the type of specific mutations
introduced, as previously reported (Nameki et al., 2005; Shimura
et al,, 2010). For example, a passage that follows introduction of
novel mutation(s) should shorten the passage period to perhaps
4-5 days. However, there will be longer delays for passages where
there are no novel mutations or when there is appearance of only
secondary mutations. The dose-escalation process was repeated
until resistant variants were obtained. This selection was carried
out for a total of 60 passages (approximately 1 year). At the indi-
cated passages (Fig. 1B and C), the sequence of the env region was
determined by direct sequencing of the proviral DNA extracted
from the infected MT-2 cells.

2.5. Viral replication kinetics assay

MT-2 cells (105 cells/1 mL) were infected with each virus prepa-
ration (500 MAGI units) for 16 h. Infected cells were then washed
and cultured in a final volume of 3 mL. The culture supernatants
were collected on day 2 through day 5 post-infection, and amounts
of p24 antigen were determined.

2.6. CD spectroscopy

Each peptide was incubated at 37 °C for 30 min (the final concen-
trations of peptides were 10 wM in phosphate buffered saline [PBS};
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Fig. 1. Domains of gp41 and induction of T-20s;38a-resistant HIV-1. (A) Domains of gp41, substitutions observed during in vitro passage with T-20s1354, and amino acid
sequences of T-20- and (34-based peptides used in this study. The locations of the fusion peptide (FP), amino-terminal heptad region (N-HR), carboxyl-terminal heptad
region (C-HR), transmembrane domain (TM), and C-HR-derived peptides are shown. The residue numbers of T-20 and C34 correspond to their positions in gp41. Substitutions
of N- and C-HR in gp41 of wild-type (WT) and T-20s; 384 -resistant HIV-1 are shown. Res.-WT and Res.-NDSA indicate resistant HIV-1 that were initially selected from wild-type
and HIV-1y,3ps1388, Tespectively. (B and C) Induction of T-20s,; 334 -resistant HIV-1 by dose-escalating selection in MT-2 cells. Induction of resistant HIV-1 was carried out for a
total of 60 passages of HIV-1wt (B) and HIV-1na3pjsi3sa (€), in 0.1 nM and 1 nM of T-20s1 334, respectively. At the indicated passages, proviral DNA was sequenced, and the ECso
values of the HIV-1 variants were determined using the MAGI assay. To improve the replication kinetics, substitution of D36G was introduced into the NL4-3 background

used in this study (wild-type virus) (Izumi et al., 2009; Mink et al., 2005).

pH 7.4).CD spectra were recorded on an AVIV model 202 spectropo-
larimeter (Aviv Instruments, Proterion Corporation, Piscataway, Nj)
with a 1 mm path-length cuvette at 25°C as the average of eight
scans. The thermal stability was assessed by monitoring the change
in the CD signal at 222 nm. The midpoint of the thermal unfolding
transition (melting temperature [Ty, ]) of each complex was deter-
mined as previously described (Izumi et al., 2009).

3. Results
3.1. Selection of HIV-1 resistant to T-20s;3g4

An HIV-1y14.3 strain containing a D36G substitution, which
improves replication kinetics, was used as a wild-type virus (HIV-
1wr) and for the construction of various mutants, as described
(Izumi et al., 2009; Mink et al., 2005). HIV-1yr or T-20-resistant
HIV-1n43p/51384 Were used for selection of T-20s;3g4-resistant HIV-
1. MT-2 cells were infected with HIV-1wy and HIV-1n43p/s1384, and
incubated in the presence of T-20s73g,4 at the initial concentrations
of 0.1nM and 1nM, respectively. At the indicated passages, the
sequence of the env region was determined by direct sequencing
of the proviral DNA extracted from the infected MT-2 cells. During
the selection, mutations in the gp41 were observed and are shown
in Fig. 1B and C.

In the selection with HIV-1wr (Fig. 1B), at passage 28 (P-
28), when T-20s13g4 concentration was 51.2nM (P-28, 51.2nM),
isoleucine at position 37 in the gp41 was substituted to asparagine
(I37N). At P-60 (3.3 uM), L44M and N126K in the gp41 further
emerged. On the other hand, in the selection with T-20-resistant
HIV-Tng3pjs1384 (Fig. 1C), at P-28 (512nM) and at P-40 (2 uM),

E137Kinthe gp41, and L33S and 169L in the gp41 emerged, respec-
tively. The emergence of the 169L mutation in diverse HIV-1 strains
has been previously reported (Eshleman et al., 2007). At P-60, the
resistance of selected viruses from HIV-Twr and HIV-Tns3pjsi3sa
to T-20s1384, reached approximately 110- and 200-fold, respec-
tively. These results indicate that even though T-20g;2g4 Was active
against T-20 resistant variants, resistant HIV-1 emerged relatively
rapidly compared with the next generation fusion inhibitors, such
as SC34EK, which required 120 passages to acquire the resistance
(Shimura et al., 2010).

3.2. Susceptibility of T-20s13g4-resistant HIV-1 to T-20 and C34
derivatives

To validate our resistance data we used site-directed mutagen-
esis to prepare recombinant HIV-1 with the T-20s;3g4-Tesistance
mutations and examined its susceptibility to T-20 and C34 deriva-
tives with MAGI assay (Table 1). We also used as controls the
modified a-helix T-20- and C34-peptide inhibitors, T-20EK (Oishi
et al., 2008) and SC35EK (Nishikawa et al., 2009; Shimura et al,,
2010), respectively, which are more efficient in vitro replication
inhibitors of T-20-resistant HIV-1 than T-20 or C34. Finally, we
also used as a control C34y;26¢, @ modified version of C34 that
includes the resistance-associated N126K substitution that effec-
tively suppress replication of C34-resistant HIV-1 in vitro (Izumi
et al.,, 2009).

Selected mutations 137N and L33S provided various levels of
resistance to T-20 and its derivatives, T-2051384 and T-20EK, appar-
ently acting as primary mutations to peptides with a T-20 backbone
(Table 1). Other mutations, L44M, 169L, and E137K, which were
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Table 1
Antiviral activity of C-HR-derived peptides against gp41 recombinant viruses.
ECso (nM)
T-20 T-2051384 T-20EK 34 C34n126K SC35EK
HIV-Twg? 24406 0.6+0.1 1.9+0.5 2.1+0.7 1.6+0.5 24+09
HIV-1i37n 47 +£6.9 (20) 43+1.3(7.2) 21+24 (11) 3.3+£1.1(1.6) 1.9+0.1(1.2) 1.0+0.4(04)
HIV-1144m 4.1+1.2 (1.7) 0.7+0.2(1.2) 22+06(1.2) 1.1£0.3(0.5) 0.8+0.2(0.5) 0.6+0.2(0.3)
HIV-Ty126K 4.4+1.3 (1.8) 1.2+0.4(2.0) 2.8+0.2(15) 6.3+1.2(3.0) 1.5+0.2(0.9) 33+0.2(1.4)
HIV-Tp37n/n126K 660+ 180(275) 16+4.8 (27) 14£5.1(74) 20+£4.5(9.5) 3.4+04(2.1) 2.9+0.3(1.2)
HIV-1p378/L4amN126K >1000 (>417) 1304+ 40(220) 240 95(126) 6623 (31) 4.0+£0.8(25) 1.1£0.1(0.5)
HIV-1133s 23155 (9.6) 3.1+0.6(5.2) 1326 (6.8) 3.2+£1.1(1.5) 2.1+£0.1(1.3) 3.0+£0.8(1.2)
HIV-1n43p 49+£10 (20) 3.5+£0.9(5.8) 4.1+1.2(22) 4.4+£0.4(2.1) 1.4+£0.1(0.8) 0.4+£0.2(0.2)
HIV-1j69; 2.14+0.5 (0.9) 0.540.2(0.8) 22+0.4(1.2) 2.7+0.2(1.3) 22:+05(1.4) 2.7£0.5(1.1)
HIV-1g137% 2.0+0.3 (0.8) 0.7+0.1(1.2) 2.5+04(1.3) 2.6+0.2(1.2) 23+0.7(14) 3.1+0.8(1.3)
HIV-1na3p/51384 84416 (35) 3.2+1.0(5.3) 3.4+1.1(1.8) 2.7+0.2(1.3) 1.6+0.5(1.0) 0.3+0.1(0.1)
HIV-1;335/N43D/51384 >1000 (>417) 550+ 72(174) 33094 (14) 30+£9.2(2.6) 42+1.2(04) 0.9+0.3(0.4)
HIV-Ina3pei37x/s138a 11031 (46) 14+4.7 (23) 7.0+£24(3.7) 7.4+1.9(3.5) 2.1+£0.7(1.3) 1.9:+0.6(0.8)
HIV-11335/Na3D/E137K/5138A >1000 (>417) >1000(>1667) >1000 (>526) 31+£5.0(15) 6.7+1.7(4.2) 1.24+0.2(0.5)
HIV-1335/N43D/169L/E137K/S138A >1000 (>417) >1000(>1667) >1000 (>526) 50+12 (24) 28+7.1(17.5) 1.0:0.9(0.4)

Anti-HIV activity was determined using the MAGI assay. Fifty percent effective concentration (ECso ) values and SD were obtained from the results of at least three independent
experiments. Shown in parentheses are the fold-increases in resistance (increase in ECso value) calculated by comparison to a wild-type virus (HIV-1wr). Increases of over

10-fold are indicated in bold.

2 To improve the replication kinetics, substitution of D36G, observed in majority of HIV-1 strains, was introduced into the NL4-3 background used in this study (wild-type

virus; HIV-1wz) (Jzumi et al.,, 2009; Mink et al., 2005).

observed in wild-type HIV-1 as polymorphisms (Kuiken et al,
2010; Loutfy et al., 2007), conferred little resistance to all pep-
tide fusion inhibitors tested. However, introduction of L44M to
HIV-1137n/8126k (HIV-T1378/L44m/N126K ) Temarkably enhanced resis-
tance to T-20 derivatives. This was consistent with previous
studies that also reported a resistance enhancement (1.8-fold) by
L44M to T-20 (Loutfy et al, 2007). Collectively, these data sug-
gest that L44M has as a role in HIV-1 resistance as a secondary
mutation. All peptides sufficiently suppressed HIV-1yg9;, suggest-
ing that 169L may be a secondary mutation or a polymorphism.
N126K conferred only marginal resistance (<3-fold) to all peptide
fusion inhibitors, but in the background of I37N (HIV-1;37n/n126k)
it enhanced resistance to T-20, T-205y384, and C34. L33S, which
was originally reported as a (34 resistance associated mutation
(Armand-Ugon et al., 2003), significantly enhanced resistance in
the background of N43D/S138A mutations (HIV-1;335/n43D/5138A)-
Similar to the N126K mutation, E137K also enhanced resistance by
N43D/S]38A (HIV’]N43D/E137K/S]38A) and L33S/N43D/S]38A (HIV-
1L33$/N43D/E]37K/S]38A) to T-20s138a, T-20, and T-20EK. These results
indicate that L33S and 137N appear to be primary mutations for
T-20 derivatives.

3.3. Effect of substitutions in the gp120 on peptide susceptibility

Polymorphisms in the gp120 that influence co-receptor usage
may influence T-20 susceptibility (Labrosse et al., 2003; Reeves
et al., 2002). Meanwhile, others reported that T-20 susceptibility
was not influenced by co-receptor usage (Cilliers et al., 2004; Melby
et al,, 2006). Resistance induction experiments performed in this
study revealed that most laboratory strains with in vitro resistance
to fusion inhibitors acquired substitutions in both the gp120 and
the gp41 (Armand-Ugon et al., 2003; Eggink et al., 2011; Fikkert
et al., 2002; Izumi et al., 2010; NamekKi et al.,, 2005; Shimura et al.,
2010). However, most substitutions showed little impact on resis-
tance, and only contributed to a small enhancement of replication
capacity (Eggink et al., 2011; Izumi et al., 2010; Nameki et al., 2005;
Shimura et al,, 2010). In the present study, we examined peptide
susceptibility of cloned viruses that contain all Env substitutions
observed inthe selection (both gp120 and gp41). Most substitutions
in the gp120 attenuated resistance to fusion inhibitors (Table 3).
Therefore, in vitro experiments showed that substitutions in the
gp120 are not likely associated with resistance.

3.4. Influence of mutations in the gp41 on HIV-1 replication

To address the effects of mutations on HIV-1 replication, we
examined the replication Kkinetics of T-20s13ga-resistant HIV-
1n43p/s138a Variants. Consistent with a previous report (Lohrengel
et al,, 2005), the L33S mutation did not significantly affect the
replication kinetics and infectivity compared with those of
HIV-1wr (Fig. 2A). The S138A mutation restored the replication
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Fig. 2. Replication kinetics of T-20s;334-resistant variants. Replication kinetics of
T-20s1334-TeSistant recombinant variants that introduced 133S mutation (A), or
combinations of 133S, E137K, and S138A mutations in HIV-1n43p (B). To improve
replication kinetics, the D36G polymorphism was introduced into the NL4-3 back-
ground used in this study (HIV-1wr). Supernatants from infected MT-2 cells were
collected on days 2-7 and the amount of p24 produced was determined. Represen-
tative resuits are shown as mean values with standard deviations estimated from
three independent experiments.
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kinetics of HIV-1n43p (Fig. 2B), as previously described (Izumi
et al, 2009). E137K was also associated with N43D mutation
in vivo (Svicher et al, 2008), and restored infectivity impaired
by N43D (Tolstrup et al, 2007). Introduction of E137K into
N43D/S138A enhanced the replication Kkinetics, and further
addition of 1L33S to N43D/E137K/S138A resulted in equivalent
replication kinetics compared with HIV-1n43p/E137K/51384 (Fig. 2B)
as observed in HIV-1wr based mutants. During the passage of
HIV-1n43p/s138a, @ Synonymous mutation at amino acid posi-
tion L44, TTG to CTG, was observed. Interestingly, Ltrg44lcrg
enhanced viral replication kinetics through enhanced stabil-
ity of the Rev-responsive element (RRE) secondary structure
(Ueno et al., 2009). Therefore, we examined the viral replication
kinetics of mutants with Lyrg44lcrg, and compared HIV-1wr,
with HIV-Tyaacre, and HIV-1i335na3ppaai-crierszgjsizsa With
HIV-Ty335/N43p/1441-CTGI69L/E137K/51384- AS expected, the presence
of Ltrg44lcrg enhanced replication in all viruses. Surprisingly,
mutants with resistance mutations showed enhanced replication
kinetics as determined by the p24 production assay of culture
supernatants (Fig. 4A). Therefore, we further examined infectivity
using the MAGI! assay and determined that the infectivity of
resistance variants containing Lirg44Lcrg was reduced compared
with HIV-1yg (Fig. 4B). These results indicate that the primary
mutation, L33S, possesses less ability to attenuate HIV-1 replica-
tion, while I69L, S138A, and E137K enhance replication kinetics of
T-20-resistant HIV-1 to a comparable level of HIV-1yr.

3.5. Circular dichroism

To clarify the effect of E137K substitutions on peptide bind-
ing, we examined the binding affinities of E137K-containing C-HR
peptides to N-HR using CD analysis. CD spectra reveal the pres-
ence of stable a-helical structures of six-helix bundles that are
required for biological activity and are thought to mechanistically
and thermodynamically correlate with HIV-1 fusion (Bianchi et al.,
2005). Since in vitro T-20 does not interact with the N36 peptide
(amino acid positions 35-70 of the N-HR), we used instead peptide
C34 with E137K and/or S138A substitutions (Fig. 1A). We found
that mixtures of C34g137x, C34s138a, OF C34g137k/s138a With N36
or N36n43p showed sufficient and comparable a-helicity at 25°<C
(Fig.3A and B). We also determined the thermal stability of the heli-
cal complexes formed by the N36 and C34 peptides, which is also
an indication of the binding affinity of these peptides. Hence, we
measured and compared the melting temperatures (Ty, ) of various
complexes, which indicates the 50% disruption of the six-helix bun-
dle (Fig. 3C). Complexes of N36 and C34 containing the S138A and
E1l 37K[S] 38A substitutions (N36/C345]33A and N36/C34E137K[S133Av
respectively), showed higher thermal stability than N36/C34. Sim-
ilarly, S138A and E137K/S138A restored the binding affinity of C34
to N36n43p. These results indicate that E137K acts as a compen-
satory mutation for the T-205q3ga-Tesistance primary mutation,
causing enhancement of replication kinetics.

3.6. Antiviral activity of E137K-modified peptides

Recently, we demonstrated that introduction of the S138A sec-
ondary mutation to T-20 (T-20sy334 ) enhanced binding to mutated
N-HR and suppresses resistance of T-20-resistance variants (Izumi
et al.,, 2009). Similarly, as shown in Fig. 3, E137K enhanced binding
affinity with N-HR, suggesting that introduction of E137K to T-20
may enhance the antiviral activity of T-20. We synthesized T-20
and T-20s1384 variants containing the E137K change (T-20g137¢
and T-20gq37k/s1384) (Fig. 1A) and examined their anti-HIV activity
against T-20g73g4-Tesistant HIV-1 (Table 2). All peptides exhibited
potent antiviral activity against HIV-Twr. HIV-Tj335/N43D/5138A
and HIV-1137np4amN126k Showed high resistance to T-20gi37x.
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_» N36 nasp + C34 gy5705138
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2k
195 225 255
Wavelength (nm)
C
Tn (°C)
N36  N36yup

C34 67.6 53.2

C34g437¢ 68.9 56.7

C345130n 73.2 58.0

C34eian0s138a 746 63.3

Fig. 3. CDspectra (A and B)and thermal stability (C) of N36/C34 complexes. Peptide
sequences used in this study are shown in FIG 1A and have also been previously
described (Izumi et al., 2009). CD spectra of C34g137x, C34s138a, and C34g137x/s1384
complexes with N36 (A) and N36n43p (B) are shown. Equimolar amounts (10 uM)
of the N- and C-HR peptides were incubated at 37°C for 30 min in PBS. The CD
spectra of each mixture were then collected at 25°C using a Jasco (Model J-710)
spectropolarimeter. (C) Thermal stabilities, defined as the midpoint of the thermal
unfolding transition (Ty,) values, of the potential six-helix bundles of N- and C-HR
peptides, were determined.

indicating that the resistance mechanism of T-20gq37x is similar
to that of T'205138A' On the other hand, T'20E137K/S'138A (Table 2)
maintained some antiviral activity against HIV-1;335/n43D/5138A
HIV-11335/N43D/E137K/5138A, a0d HIV-T137n/144M/N126K COmMpared with
other T-20 derivatives including electrostatically constrained
T-20EK (Table 1 and Flg. 1). C34g1371 and C34E137K/5]38A signif-
icantly suppressed all HIV-1 variants tested except for HIV-1
137NjL44M/N126K DY C34g137¢- These results indicate that peptides
with resistant mutations may sustain their activity against
particular resistant variants.

4. Discussion

The current study describes the introduction of resistance
changes into the original and modified (T-20s13g4) versions of
the T-20 peptide-fusion inhibitor. We analyzed the new T-20
derivatives using both wild-type and T-20-resistant strains. We
also identified through dose escalation experiments, T-20s13g4~
resistants. We found that T-20s13ga-resistant HIV-1 showed
cross-resistance only to the T-20 derivatives, but not to C34
derivatives. Through the CD analysis, the N126K and E137K muta-
tions in the C-HR may act as compensatory mutations for impaired
interaction by a primary mutation, I37N and N43D in the N-HR,
respectively. Since E137K is located within the T-20 sequence, we
synthesized and characterized the activity of novel T-20-based
peptides containing E137K (T-20g37¢). Here we demonstrate that
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Table 2
Antiviral activity of E137K-induced C-HR peptides against T-20s;355-resistant variants.
ECso (nM)
T-20g137¢ T-20e137x/5138A C34e137x C34g1371/51388
HIV-1y1? 0.8+0.2 0.5+0.1 1.0+03 0.7+£0.2
HIV-11335 13£3.2 (16) 22404 (4.5) 0.7 +0.2(0.7) 05+0.1(0.7)
HIV-1ng3pjs138a 42+07 (53) 0.7+02(1.4) 0.3+0.1(0.3) 0.4+0.1(0.6)
HIV-1;335/N43D/5138A 700150 (880) 45:+£9.9 (90) 23:+£04(23) 0.5+0.2(0.7)
HIV-1ng3pjE137K/5138A 12+3.6 (15) 2.4+08(4.8) 0.2+0.1(0.2) 0.4+0.1(0.6)
HIV-11335/N43D/E137K/5138A 480447 (600) 36:+3.1 (72) 3.8+1.3(3.8) 1.0+£0.4(1.4)
HIV-1{335/N43D/169L/E137K/5138A 1808 - 852(2260) 157 £83(314) 412 (4) 1.0+£04(1.4)
HIV-1137n/144m/N126K 200424 (250) 30+8.7 (60) 17+3.8(17) 2.24+0.3(3.1)

Anti-HIV activity was determined using the MAGI assay. Fifty percent effective concentration (ECso) values and SD were obtained from the results of at least three independent
experiments. Shown in parentheses are the fold-increases in resistance (increase in ECsp value) calculated by comparison to a wild-type virus (HIV-1wr ). Increases of over

10-fold are indicated in bold.

2 To improve the replication kinetics, substitution of D36G, observed in majority of HIV-1 strains, was introduced into the NL4-3 background used in this study (wild-type

virus; HIV-1wr) (Izumi et al., 2009; Mink et al., 2005).
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Fig. 4. Effect of secondary mutations in the N-HR on (A) replication kinetics and
(B) infectivity. Lrrc44Lcre was introduced into HIV-1wr and T-2053sa Tesistant
HIV-1 (HIV-11335/Na3DjL441-cTG 1691 /E137K/s138A )- Replication Kinetics were determined
by measuring p24 production in culture supernatants. HIV-1wr (open circles),
HIV-11441 (closed circles) HIV-1;335/na3pieoL/e137k/s138a (Open squares), and HIV-
11335/N43DjL44L-CTG/I69L/E137K 1384 (€losed squares). Lrrg44Lcre introduction statistically
enhanced both replication of HIV-1wr and HIV-1(33sjna3/La4r-cTG/169L/E137K/s138A {STU-
dent’s t-test, p<0.01 on day 4 and 5). Relative infectivity (blue cell counts in MAGI
cells divided by amount of p24) was calculated (B). Error bars indicate SD of three
determinations. Decrease of infectivity between HIV-1i335n43pp1691/E137k/51384 and
HIV-11335n43D/1441-CTG 1691 /E137K/51384 WETE statistically significant (Student’s t-test,
p<0.05).

the introduction of a secondary resistance mutation (E137K) in
the backbone of a peptide fusion inhibitor is a useful change that
results into more potent fusion inhibitors, even for HIV-1 strains
that are resistant to peptide fusion inhibitors.

Selection of T-20s,3ga-resistance starting with wild-type HIV-1
resulted in the emergence of 137N and L44M substitutions, which
were located in the N-HR region that is thought to interact with
T-20. Other substitutions at position 37 (I37T or 137K) also con-
ferred resistance to T-20 and C34 (Nameki et al., 2005), suggesting
that I37 in N-HR is critical for the attachment of C-HR-derived pep-
tide fusion inhibitors. The L44M mutation has only been observed
in subtype B HIV-1-infected patients treated with T-20 (Carmona
et al., 2005), and conferred weak resistance to T-20 (Loutfy et al.,
2007). In this study, L44M did not confer resistance to all peptide
inhibitors; however, L44M in combination with other mutations
(I37N/N126K) remarkably enhanced resistance to T-20513ga, SuUg-
gesting that L44M serves as a secondary mutation to enhance
resistance to T-20s73g4. N126K also enhances resistance to some
fusion inhibitors (Baldwin et al., 2004; Nameki et al., 2005; Eggink
et al., 2008) by helping recover losses in intra-gp41 interactions
that were caused by primary mutations, such as N43D.

When we selected T-20sy3ga-Tesistant HIV-1 (HIV-Ina3pjs138a)
we obtained a somehow different set of mutations that included
L33S, which is located at the presumed T-20 binding site at N-HR, as
wellas137N,N43D, and L44M.L33S was previously reported in HIV-
1 variants resistant to T-20 (Fikkert et al., 2002), C34 (Armand-Ugon

Table 3
Antiviral activity of C-HR-derived peptides against gp160 recombinant viruses.
Compound ECso (nM)
ddC 771£272
T-20 derivatives
T20 >10,000 (NA)
T20EK 27291113 (NA)
T205138a 3126+453 (NA)
T20g137x 2761 +1477 (NA)
T20¢137/51388 20354 (0.6)
C34 derivatives
34 171.0+ 106 (34)
C34n126¢ 259+46 (NA)
SC34EK 1.0£08 1)
C34g137¢ 7.0+4.4 (0.4)
C34er37k/51388 03£0.1 (0.3)

Anti-HIV activity was determined using the MAGI assay. Fifty percent effective con-
centration (ECsq) values and SD were obtained from the results of at least three
independent experiments. Shown in parentheses are the fold-increases in resistance
(increase in ECsg value) calculated by comparison to the resistant clone with muta-
tions only in gp41 (HIV-11335n43051601/E137K 51384 )- TO improve the replication kinetics,
substitution of D36G, abserved in majority of HIV-1 strains, was introduced into the
NL4-3 background used in this study (lzumi et al., 2009; Mink et al., 2005). NA, not
available; ddC, dideoxycytidine.
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et al, 2003), and a membrane-anchored C-HR-derived peptide,
M87 (Lohrengel et al., 2005). Although our work clearly demon-
strates that L33S is involved in resistance to T-20 derivatives, it
was not possible to discern whether L33S affected binding affinity
to C-HR in the CD analyses because L33 was not in the sequence
of the N36 N-HR peptide that we had to use in this study. As
shown in Fig. 2, L33S did not significantly affect replication kinet-
ics compared with HIV-1wr, suggesting that L33S might sustain
binding affinity with C-HR to form a stable six-helix bundle. The
L33S mutation is located in the loop of stem Ilc of the RRE (Ueno
et al,, 2009). Hence, nucleotide changes for L33S do not require
compensatory mutations to maintain secondary structure of the
RRE. Therefore, it is likely that 1L.33S has little effect on replication
kinetics. In this study, L33S conferred little resistance to C34 in
this study, while it was previously reported to confer up to 10-
fold resistance (Armand-Ugon et al., 2003), suggesting that some
other viral background might affect the resistance, since Armand-
Ugon et al. (2003) examined bulk virus samples obtained from the
selection.

A prevalent polymorphism, E137K, which was associated with
N43D in vivo (Svicher et al,, 2008), has been proven to restore
infectivity that has been impaired by N43D (Tolstrup et al., 2007).
E137K did not affect susceptibility to all peptide fusion inhibitors
by itself, but in combination with primary mutations, it remark-
ably enhanced resistance to T-20s13g4. Moreover, introduction of
the E137K change into N43D/S138A enhanced the viral replication
kinetics as shown in Fig. 2. A possible hydrogen bond between K137
and D43 may partially restore the reported loss in six-helix bundle
stability conferred by the N43D mutation (Bai et al., 2008), sug-
gesting that E137K can compensate for losses in the interactions
between N-HRn43p and C-HR. This hypothesis is consistent with
our CD results presented in Fig. 3.

Because E137K restored binding affinity with N-HR similar to
the S138A mutation, we expected that introduction of E137K into T~
20 would effectively suppresses replication of T-20-resistant HIV-1.
We examined the antiviral activity of E137K- and E137K/S138A-
containing T-20 and C34 to T-20s;334-resistant HIV-1. We found
that T-20g137x had similar antiviral activity with other T-20 deriva-
tives such as T-20s138A and T'20E137K,‘S]38A~ Hence, we believe
that the combination of few substitution secondary mutations can
enhance the antiviral activity of peptide fusion inhibitors. There-
fore, it is possible to design peptides that include the secondary
mutations in the C-HR and use them by themselves and/or in com-
binations to block fusion inhibitor resistant viruses. Importantly,
we have successfully applied this strategy to suppress HIV-1 resis-
tance to next generation fusion inhibitor SC34EK (Shimura et al.,
2010).

In this study, we identified two distinct pathways to escape pres-
sure of T-20s73g4. Emergence of drug resistance mutants under drug
pressure involves a stochastic selection. Nonetheless, the makeup
of the final population depends on both the ability of specific popu-
lations to evade the drug, as well as their fitness that determines
their representation in the escape population. There are several
examplesin the literature where HIV becomes resistant to the same
drug by different mechanisms. For example, in the case of the most
commonly used drugs that target HIV reverse transcriptase (RT),
the virus can develop multidrug resistance by either the Q151M
complex pathway (Kavlick et al., 1998; Shirasaka et al., 1995) or by
accumulation of thymidine associated mutations (TAMs) (Hachiya
et al, 2008; Kosalaraksa et al., 1999). We recently report some
of background polymorphisms can also influence resistance path-
ways, such 172R/K in the RT region (Hachiya et al,, 2012). In the
case of the T-20S138A inhibitor, the N43D/S138A may also act as
such polymorphisms despite the presence of primary mutations
(Izumi et al.,, 2009) and preferentially affect the emergence of spe-
cific mutations.

5. Conclusion

As previously discussed (lzumi et al.,, 2009), although other
developed peptide-based fusion inhibitors need many amino acid
additions and/or substitutions for the enhancement of their antivi-
ral activity (Chinnadurai et al., 2007; Eggink et al., 2008; Dwyer
et al.,, 2007; Otaka et al., 2002), application of secondary muta-
tions similar to T-20sy3g4 and T-20gq37k/s1384 iS Straightforward.
It is based on information from viral evolution studies under drug
pressure that help design improved inhibitors.
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Background: Dengue virus (DENV) infection remains a major public health burden worldwide. Soluble
mediators may play a critical role in the pathogenesis of acute DENV infection. Galectin-9 (Gal-9) is a
soluble 3-galactoside-binding lectin, with multiple immunoregulatory and inflammatory properties.
Objective: To investigate plasma Gal-9 levels as a biomarker for DENV infection.
Study design: We enrolled 65 DENV infected patients during the 2010 epidemic in the Philippines and
measured their plasma Gal-9 and cytokine/chemokine levels, DENV genotypes, and copy number during
the critical and recovery phases of illness.
Results: During the critical phase, Gal-9 levels were significantly higher in DENV infected patients com-
pared to healthy or those with non-dengue febrile illness. The highest Gal-9 levels were observed in
dengue hemorrhagic fever (DHF) patients (DHF: 2464 pg/ml; dengue fever patients (DF): 1407 pg/ml;
non-dengue febrile illness: 616 pg/ml; healthy: 196 pg/ml). In the recovery phase, Gal-9 levels signif-
icantly declined from peak levels in DF and DHF patients. Gal-9 levels tracked viral load, and were
associated with multiple cytokines and chemokines (IL-1«, IL-8, IP-10, and VEGF), including monocyte
frequencies and hematologic variables of coagulation. Further discriminant analyses showed that eotaxin,
Gal-9, IFN-a2, and MCP-1 could detect 92% of DHF and 79.3% of DF, specifically (P<0.01).
Conclusion: Gal-9 appears to track DENV inflammatory responses, and therefore, it could serve as an
important novel biomarker of acute DENV infection and disease severity.

© 2013 The Authors. Published by Elsevier B.V. All rights reserved.

1. Background

emerging as one of the most rapidly spreading mosquito-borne
viral diseases worldwide.!? DENV has an incubation period of

Dengue is caused by the dengue virus (DENV), which
belongs to the family Flaviviridae, genus Flavivirus, and is now
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non-commercial use, distribution, and reproduction in any medium, provided the
original author and source are credited.
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E-mail address: hatoriaoi@gmail.com (T. Hattori).

3-7 days, where after the symptoms suddenly appear. Clini-
cally, the onset of symptoms is rapid and follows 3 distinct
phases: (1) an initial febrile phase on days 1-3 of iliness; (2)
a critical phase on days 4-6 of illness, which coincides with
defervescence; and (3) a spontaneous recovery phase on days
7-10 of illness. Dengue fever (DF) is accompanied by a high
fever, headaches, severe myalgia, and rash. Severe DENV infec-
tion complications can occur resulting in dengue hemorrhagic
fever (DHF), which is characterized with clinical and labora-
tory features of thrombocytopenia, coagulation abnormalities,
and plasma leakage in children and worse outcomes in adults

1386-6532/$ - see front matter © 2013 The Authors. Published by Elsevier B.V. All rights reserved.
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presenting with increased incidences of bleeding, shock and organ
failure.34

It is thought that following acute DENV infection, the high
viral load triggers an activated immunological state, resulting in
the release of inflammatory cytokines, chemokines, immune com-
plexes, and other inflammatory mediators.> During the evolution
of DENV infection, both pro-inflammatory and anti-inflammatory
cytokines and chemokines are induced, suggesting that multifacto-
rial mediators are also involved in DENV-induced pathogenesis.®-3

Galectins constitute a family of mammalian lectins that have
an affinity for B-galactoside. These proteins are released into the
extra-cellular environment under stress conditions such as infec-
tious, during which they serve as “danger signals” or exert their
actions on other cells.® Galectin-9 (Gal-9) was first described as an
eosinophilic chemoattractant.’%1? Since then, Gal-9 is reported to
be produced by both T and endothelial cells,’>3 and its functions
as a bidirectional immunoregulator was recently described.'%15
We previously described increases in Gal-9 and histamine levels
in an allergic patient and suggested that the activation of mast cells
is associated with elevation in Gal-9 levels.'® We also reported a
marked elevation of Gal-9 in acute human immunodeficiency virus
(H1V) infection and a rapid decrease after anti-retroviral therapy,
and our data from that study suggested that Gal-9 could be a poten-
tial danger signal biomarker of acute virus infection.’”1®

2. Objectives

To examine the kinetics and activities of Gal-9 in DENV infection
and its association with other circulating plasma mediators during
the course of acute DENV infection.

3. Study design
3.1. Patients and specimens

We conducted a study at the San Lazaro Hospital in Manila,
Philippines, which included 65 serially recruited patients with a
clinical diagnosis of DF and DHF.!? In 2010, there were consecutive
cases of dengue in this hospital, and we enrolled patients who met
the study'’s inclusion criteria. None of the patients included in our
study died, and all of them were discharged from the hospital when
their condition improved. EDTA plasma and serum were obtained
by centrifugation of peripheral blood at 3000 rpm for 10 min, and
were aliquoted into 1.2 ml micro tubes and stored at —80°C until
use. Specimens were collected at 2 time points during illness of
the critical phase (on days 4-5) and the recovery phase (on days
7-8). All enrolled patients underwent laboratory tests, their medi-
cal histories were recorded, and they were physically examined by
resident clinicians. Plasma was also obtained from 30 demograph-
ically matched healthy controls (HCs). HCs were donors who came
to the Hospital for annual health checks or who volunteered at the
Hospital. In addition, 90 patients with non-dengue febrile illness,
who had visited San Lazaro Hospital, were enrolled. These patients
were clinically diagnosed with leptospirosis, confirmed by serolog-
ical analysis and/or microscopic agglutination test.?? Plasma from
patients with non-dengue febrile illness was collected at the time
of admission.

3.2. Serological analysis

Primary and secondary DENV infections were confirmed by
determining antiviral IgM and/or 1gG antibodies levels using sera
(The Panbio Duo Dengue IgM and IgG Capture enzyme-linked
immunosorbent assay (ELISA), Panbio, Queensland, Australia).?!

3.3. RNA extraction

Genomic viral RNA was extracted from 140 pl of each patient
serum (critical phase, n=65) using the QlAamp viral RNA mini
kit (QIAGEN, Hilden, Germany). The extracted RNA was stored at
—80°C until further use.

3.4. DENV genotyping

DENV genotyping was performed by the dengue genotype-
specific reverse transcriptase loop-mediated isothermal amplifi-
cation (RT-LAMP) method.?? The RT-LAMP reaction was carried
out in a 25 pl reaction mixture with the use of the Loopamp RNA
Amplification Kit (Eiken Chemical Co., Ltd., Tokyo, Japan), and it
was performed with 1l of template RNA. The reaction mix was
incubated at 60 °C for 60 min in a Loopamp real-time turbidometer
LA-320C (Teramecs, Kyoto, Japan). Positive and negative controls
were included in each run, and all precautions to prevent cross-
contamination were taken. The results were confirmed by LA-320C
software.

3.5. Real-time RT-PCR and DENV quantification

The DENV copy number in plasma was measured by a TagMan®
one-step real-time RT-PCR as described previously.23 The real-time
RT-PCR primers and hydrolysis probe specific to the 3’ untrans-
lated region (UTR) of the four-dengue genotypes were described
previously.24 In this study, hydrolysis probe was labeled by FAM
at the 5 end and BHQ-1 at the 3’ end. The real-time RT-PCR
assay was performed using the SuperScript® 11l Platinum One-Step
gqRT-PCR Kit (Invitrogen, USA), according to the manufacturer’s
instructions. Quantitative standard RNA or each DENV genotype
was performed using the in vitro transcription of the pCR®2.1-
TOPO® vector (Invitrogen, USA), which was cloned at the 3’ UTR for
each DENV genotype: genotype 1 (strain 99St-12A; GenBank acces-
sion no GU377286), genotype 2 (00St-22A; GU377287), genotype
3 (SLMC50; GU377288), and genotype 4 (SLMC318; GU377289),
respectively. The target RNA copy number was calculated, and
10-fold serial dilutions ranging from 102 to 10° RNA copies per
microliter were used for quantification standards. One microliter
of RNA standard or extracted RNA was used as template per reac-
tion. Virus titer in each reaction was calculated using 7500 System
Software (Applied Biosystems, USA).

3.6. Galectin-9 and cytokine/chemokines detection assay

Plasma Gal-9 was quantified by means of ELISA, as previously
described.!? Briefly, the sandwich ELISA consists of anti-human
Gal-9 monoclonal antibodies (clone 952-3; GalPharma, Takamatsu,
Japan) and biotinylated-anti-human Gal-9 polyclonal antibodies
(GalPharma, Takamatsu, Japan) as a coating and detection anti-
bodies, respectively. Colorimetric analysis was carried out using
streptavidin-conjugated horseradish peroxidase (Thermo Fisher
Scientific, Waltham, MA, USA) and tetramethyl benzidine (KPL,
Gaithersburg, MD, USA). Gal-9 concentration was quantified using
a standard curve constructed with recombinant human Gal-9 (Gal-
Pharma, Takamatsu, Japan). Plasma samples were also assayed for
29 selected cytokines and chemokines (EGF, eotaxin, G-CSF, GM-
CSF, IFN-a2, IFN-v, IL-10, IL-12p40, IL-12p70, IL-13, IL-15, IL-17,
IL-1ra,IL-1e, 1L-18, 1L-2,1L-3, IL-4, IL-5, IL-6, IL-7,IL-8,IP-10, MCP-1,
MIP-1a, MIP-13, TNF-o, TNF-$3, and VEGF) using a Milliplex Human
Cytokine and Chemokine multiplex assay Kit (Merck Millipore, Bil-
lerica, MA, USA). The experiments were performed according to the
manufacturers’ instructions using a Luminex 200 System (Luminex
Corporation, Austin, USA).2>
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Fig. 1. Plasma levels of galectin-9 in dengue virus infected individuals. (A) Significantly different levels of plasma galectin-9 in the critical phase of patients with DF and DHF as
well as in non-dengue febrile illness (patients with leptospirosis) and healthy controls (Kruskal-Wallis test, P< 0.0001). Dunn’s multiple comparison tests showed significant
differences between healthy controls and DF/DHF patients (P<0.001), and between non-dengue febrile illness and DF/DHF. (B) No significant differences in galectin-9 levels
between 4 serotypes (Kruskal-Wallis test). (C) Changes in the plasma levels of galectin-9 from the critical to recovery phases in patients with DF and DHF. Abbreviations:

DF, dengue fever; DHF, dengue hemorrhagic fever.

3.7. Statistical analysis

We tested for differences in plasma Gal-9 levels between
groups (DF, DHF, non-dengue febrile illness, and HCs) using the
Kruskal-Wallis test and between the critical and recovery phases
of DENV infection with the Wilcoxon signed-ranks test. Differ-
ences in the clinical data between patients with DF and DHF
and cytokine/chemokine levels between patients and HCs were
assessed by the Mann-Whitney test. These statistical analyses
were performed using GraphPad Prism 6 software (GraphPad Soft-
ware, San Diego, CA, USA). In addition, a stepwise discriminant
analysis was used to differentiate DHF from DF patients using
Gal-9 and other cytokine/chemokines. Furthermore, to determine
the variables that independently associated with Gal-9 in the
DENV infected patients, a stepwise multiple regression analysis
was performed. Multivariable analyses were conducted using the
Ekuseru-Toukei 2012 software (Social Survey Research Information
Co., Ltd., Tokyo, Japan).

4. Results

4.1. Basic and clinical characteristics of the acute DENV infected
patients

The mean age of the patients with DENV infection (n=65), non-
dengue febrile illness (n=90), and HCs (n=30) were 23.5, 33.4, and
33.7 years, respectively. All DENV infected patients had anti-DENV
IgG and/or IgM. Secondary infection that was caused by preexisting
IgG antibodies was confirmed in 62% of the total group of patients.
Secondary infection was seen in 57% and 83% of patients with DF
and DHF, respectively. Patients with DHF had significantly lower
platelet counts and significantly higher Hct levels than patients
with DF.

4.2. Assessment of DENV genotype and viral RNA copy number

We identified dengue genotypes in 27 of the 65 samples (42%)
by LAMP methods. Amongst the 27 patients, DENV 1, 2, 3, and 4
were found in 13, 4, 7, and 3 of the patients, respectively. Of the 27,
16 (59%) and 10 (37%) were found to have primary and secondary
infections, respectively.

4.3. Increased levels of plasma Gal-9 in the DENV infection

In the critical phase, plasma Gal-9 levels were a significantly
elevated in the DENV infected patients compared to those with
non-dengue febrile illness and HCs (P <0.0001, Kruskal-Wallis test,
Fig. 1A). The median plasma Gal-9 levels for DENV infected, non-
dengue febrile patients, and HCs were 1525, 616, and 196 pg/ml,
respectively. The increase in Gal-9 in DENV infected patients
was found to be apparently associated with disease severity
(1407 pg/ml in DF and 2464 pg/ml in DHF patients). Gal-9 levels in
the 4 genotypes were also elevated to a similar extent (Fig. 1B), and
to our knowledge, these levels appear to be amongst the highest
ever reported in humans.

During the recovery phase, Gal-9 levels significantly declined
overall to a median of 1010 pg/ml in all patients, except in 6 with
DF. The median level of Gal-9 in patients with DF and DHF during
the recovery phase was 1002 pg/ml! and 1126 pg/ml, respectively
(Fig. 1C).

4.4. Numerous cytokines and chemokines were elevated in DENV
infection and were associated with Gal-9 levels

We measured 29 cytokines and chemokines using a multi-
plex bead assay in all 65 patients (both in the critical as well
as the recovery phase of infection) in comparison to 30 HCs. In
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Fig. 2. Significant changes in cytokine/chemokine and galectin-9 levels in DENV
infected patients. Median fold changes in galectin-9 and cytokine/chemokine levels
were calculated as: median of the critical phase from DENV infected patients/median
of HCs. The differences between the levels of patients and HCs were evaluated by
Mann-Whitney test. DENV, dengue virus; HCs, healthy controls.

the critical phases of DENV infection, we found that 16 cytokines
and chemokines, significantly changed compared to HCs, with the
levels of IL-10, IP-10, and IL-1a having the greatest increase in
relation to Gal-9 levels (Fig. 2). The levels of 2 growth factors,
VEGF, and EGF declined. However, the median levels of other
13 cytokines and chemokines remained unchanged compared to
HCs. All cytokines and chemokines that were elevated in the crit-
ical phase decreased in the recovery phase with the exception of
eotaxin, which remained persistently high. The levels of VEGF and
EGF remained low even into the recovery phase of infection.

A stepwise discriminant analysis was used to differentiate
DHF from DF patients, in order to ascertain whether Gal-9 is an
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independent variable in DENV infection. Specifically, DF/DHF
was set as a dependent variable, and Gal-9 and other
cytokine/chemokines were set as independent variables. The
result showed that eotaxin, Gal-9, IFN-a2, and MCP-1 could detect
92% of DHF and 79.3% of DF, specifically (P<0.01). Furthermore,
using multiple regression analysis, we found that during the
critical phase of infection, Gal-9 was significantly associated with
IL-1a (P<0.05), IL-8 (P<0.001), IP-10 (P<0.01), and VEGF (P< 0.05)
(Fig. 3A), and during the recovery phase Gal-9 was significantly
associated with EGF (P<0.01), IL-10 (P<0.05), IL-8 (P<0.05), and
VEGF (P<0.05) (Fig. 3B).

4.5. Association of plasma Gal-9 levels with clinical variables of
DENYV infection

We next assessed whether plasma Gal-9 levels were associated
with the hematological variables of DENV infection using multi-
ple regression analysis. In both the critical and recovery phases of
DENV infection, we observed that Gal-9 levels were positively asso-
ciated with Hematocrit (Hct), and inversely associated with platelet
counts. Furthermore, monocyte and viral RNA copy numbers were
also associated with plasma Gal-9 levels (Fig. 3C and D).

5. Discussion

Our results reveal for the first time the dynamic of Gal-9
release in acute DENV infection. During the critical phase of acute
DENV infection, plasma Gal-9 levels were markedly elevated com-
pared to those in non-dengue febrile illness and HCs. The levels
significantly declined during the recovery phase, indicating reso-
lution of inflammation. We identified all 4 DENV genotypes in this
cohort in line with that previously reported in the Philippines?®
and demonstrated no preferential regulation of Gal-9 by

Y=2.25-0.18 x mo + 0.86 x hct
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Fig. 3. Results of stepwise multiple regression analysis when galectin-9 was set as a dependent variable. Significantly elevated cytokine/chemokines such as 1L-10, IP-10,
IL-1a, MIP-1a, IL-8, IFN-g, MCP-1, TNF-o, GM-CSF, IFN-a:2, IL-15, eotaxin, IL-1Ra, MIP-1b, VEGF, and EGF were included as independent variables in models A and B. WBC,
lymphocyte, monocyte, neutrophil, RBC, Hg, Hct, and Plt were used as independent variables in models C and D; virus titers were only obtained in the critical phase (C).

Abbreviations: mo, monocyte; Hct, hematocrit; Plt, platelet count.

- 112 -



H. Chagan-Yasutan et al. / Journal of Clinical Virology 58 (2013) 635-640 639

genotype. Multiplex analysis showed 16 out of 29 cytokines and
chemokines were significant different compared to HCs during the
critical phase. Gal-9 and above cytokines and chemokines might
be released by activated macrophages and endothelial cells fol-
lowing DENV infection. The Gal-9 levels were inversely correlated
with monocyte percentages in patients with DENV infection. There-
fore, we assumed that monocytes migrate and attach to inflamed
endothelial cells. Released Gal-9 may further activate monocytes
in autocrine manner.2?

Gai-9 levels were also associated with platelet counts and
hematocrit levels in both critical and recovery phases. As a fam-
ily, galectins serve as “danger signals” that exert their actions on
several immune cell populations, including mast cells.2® The asso-
ciation of Gal-9 with dengue virus titers in the present study results
supports this hypothesis. Further, the activation of mast cells is
important because these cells secrete histamine, which enhance
the permeability of endothelial cells. We previously reported a
possible association between Gal-9 and histamine release in an
allergic patient.'® However, other mast cell-derived mediators such
as VEGF, tryptase, and chymase have been reported to participate
in the development of DHF.2 In fact, Gal-9 levels were associated
with VEGF and also with other macrophage derived inflammatory
molecules such as IL-8 and IP-10.

From our data, it is evident that DENV viral content could regu-
late the profound increase in circulating Gal-9 levels and the diverse
cytokine and chemokine storm associated with Gal-9. Acute HIV,
unlike acute HCV or HBV, leads to a rapid cytokine storm.3? We have
shown that Gal-9 levels are greatly elevated in acute HIV infection?
and recently found it appears to be related to HIV virus titers (data
not shown) suggesting similar mechanisms may be occurring. In
the present study, we found that non-virus pathogenic agents can
upregulate Gal-9: patients with leptospirosis had elevated Gal-9
levels compared to those with HCs, although this elevation was not
as high as that in patients with DENV or acute HIV. Further stud-
ies investigating Gal-9 in various infectious diseases is necessary
to clarify the biological nature underlying the elevation of Gal-9 in
DENYV infection.

The limitation of our study was the small number of patients
with DENV and non-age matched HCs included in our study. The
precise role of Gal-9 in DENV infection requires a large-scale longi-
tudinal study that inciudes patients with serious symptoms such as
dengue shock syndrome. Taken together, the present study shows
that plasma levels of Gal-9 appears to track DENV inflammatory
responses and could serve as an important novel biomarker ofacute
DENV infection and disease severity.
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Galectin-9 prolongs the survival of septic mice by
expanding tim-3-expressing natural killer T cells
and PDCA-1" CD11¢" macrophages

Takashi Kadowaki'!, Asahiro Morishita®", Toshiro Niki', Junko Hara®, Miwa Sato®, Joji Tani?, Hisaaki Miyoshi?,
Hirohito Yoneyama®, Tsutomu Masaki®, Toshio Hattori*, Akihiro Matsukawa® and Mitsuomi Hirashima®®"

Abstract

Introduction: Galectin-9 ameliorates various inflammatory conditions including autoimmune diseases by regulating
T cell and macrophage/dendritic cell (DC) functions. However, the effect of galectin-9 on polymicrobial sepsis has
not been assessed.

Methods: We induced polymicrobial sepsis by cecal ligation and puncture (CLP) in mice. The survival rate was
compared between galectin-9- and PBS-treated CLP mice. An ELISA was used to compare the levels of various
cytokines in the plasma and culture supernatants. Fluorescence-activated cell sorting analysis was further performed
to compare the frequencies of subpopulations of spleen cells.

Results: Galectin-9 exhibited a protective effect in polymicrobial sepsis as demonstrated in galetin-9 transgenic
mice and therapeutic galectin-9 administration. In contrast, such effect was not observed in nude mice, indicating
the involvement of T cells in galectin-9-mediated survival prolongation. Galectin-9 decreased TNFaq, IL-6, IL-10 and,
high mobility group box 1 (HMGB1) and increased IL-15 and IL-17 plasma and spleen levels. Galectin-9 increased
the frequencies of natural killer T (NKT) cells and PDCA-1" CD11¢* macrophages (pDC-like macrophages) but did
not change the frequency of CD4 or CD8 T cells, y&T cells or conventional DC. As expected, galectin-9 decreased

proinflammatory cytokines.

the frequency of Tim-3" CD4 T cells, most likely Th1 and Th17 cells. Intriguingly, many spleen NK1.17 NKT cells
and pDC-like macrophages expressed Tim-3. Galectin-9 increased the frequency of Tim-3-expressing NK1.1% NKT
cells and pDC-like macrophages. Galectin-9 further increased 1L-17* NK1.1* NKT cells.

Conclusion: These data suggest that galectin-9 exerts therapeutic effects on polymicrobial sepsis, possibly
by expanding NKT cells and pDC-like macrophages and by modulating the production of early and late

Introduction

Sepsis is the leading cause of death in critically ill patients,
and the incidence of sepsis is increasing. The mortality
rate of severe sepsis is very high, up to 70%. Two types of
animal sepsis model have been established: the lipo-
polysaccharide(LPS)-induced inflammation, and the cecal
ligation and puncture (CLP) model of microbial sepsis.
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LPS stimulates macrophages to release large amounts of
TNFa and IL-1P that can precipitate tissue injury and
lethal shock. Antagonists of TNFa and IL-1B have shown
limited efficacy in clinical trials, most likely because these
cytokines are early mediators in sepsis pathogenesis [1,2].

On the other hand, high mobility group box 1 (HMGB1)
is thought to be a late mediator of endotoxin lethality in
mice, and HMGBI is first detectable in the circulation 8
hours after the onset of sepsis disease, subsequently
increasing to plateau levels from 16 to 32 hours [3]. Ad-
ministration of HMGBI1-specific neutralizing antibodies
beginning 24 hours after the onset of sepsis induced by
CLP was shown to lead to a dose-dependent rescue of
mice from lethal sepsis [4-6].

© 2013 Kadowaki et al; licensee BioMed Central Ltd. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the criginal work is properly cited.
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Recent studies have also shown that programmed
death-1 (PD-1) expression on macrophages is critically
associated with altering microbial clearance and the
innate inflammatory response to sepsis in CLP mice [7].
Upregulation of PD-1 on T cells and the PD-ligand (L) 1
on monocytes in patients with septic shock has also
been observed [8], and it has been shown that PD-1
levels correlate with increased mortality, nosocomial in-
fections, and immune dysfunction in patients with septic
shock [9]. Moreover, blockade of the PD-1/PD-L1 path-
way improves survival in CLP mice by reversing immune
dysfunction [10-12].

Galectin-9 (Gal-9) is a member of the galectin family
that selectively binds to [-galactoside [13]. Gal-9 was
first identified as an apoptosis-inducing factor for
thymocytes [14] and an eosinophil-activating factor [15].
However, recent experiments have revealed that Gal-9 is
a ligand of Tim-3 that is expressed on Thl and Th17
cells, and that Gal-9 signaling induces death of these
cells, resulting in the suppression of Thl- and Thl17-
related cytokine production in vivo and in vitro [16,17].
More recently, it has been shown that Gal-9 derived
from surface Gal-9-expressing Th cells (ThGal-9)
suppresses the development of Th17 cells and enhances
the development of FoxP3" regulatory T cells (Tregs) in
a Tim-3-independent manner [18]. In addition to the
above mechanisms, Gal-9 modulates immune responses
by expanding myeloid suppressor cells [19] and plasma-
cytoid dendritic cell (pDC)-like macrophages [20-23].
We have also shown that Gal-9 ameliorates LPS-induced
inflammation and protects mice from an LPS-induced
Schwartzman reaction by suppressing the production of
proinflammatory cytokines from LPS-stimulated macro-
phages and activating PGE2-producing neutrophils,
respectively [24]. Therefore, it is of interest to examine
the role of Gal-9 in a murine model of polymicrobial
sepsis induced by CLP. The purpose of the present
experiment is to show a beneficial effect of Gal-9 in a
murine sepsis model induced by CLP and to clarify
possible functions of Gal-9 in this model.

Materials and methods

Mice

Female wild-type (WT) Balb/c mice and Gal-9 trans-
genic (TG) mice were used in the present study [24].
These mice were maintained on a 12:12-hour light—
dark cycle under specific pathogen-free conditions at
Kagawa University. The animals were fed a standard
laboratory diet and were provided water ad libitum.
All experimental procedures were approved by the
Animal Care and Use Committee of Kagawa University.
The animals used in this research received humane
care in accordance with international guidelines and
national law.
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Induction of sepsis

CLP appears to be a reliable and clinically relevant
animal model of the human septic condition because it
produces an endogenous polymicrobial infection similar
to clinical peritonitis and sepsis. Thus, sepsis was in-
duced by CLP in the present experiments as described
elsewhere [25]. Briefly, mice were anesthetized, and the
cecum was exposed, ligated with a 3-0 silk suture and
punctured once with an 18-gauge needle. The cecum
was then replaced in the peritoneal cavity, and the inci-
sion was closed with surgical staples. All mice received a
subcutaneous injection of 1 'ml of sterile saline to avoid
dehydration and were placed on a heating pad until they
recovered from anesthesia. All mice were allowed free
access to food and water throughout the experiments.
We used stable human Gal-9 [26] to assess the effects of
Gal-9 on the survival of CLP mice. The purity of Gal-9
was >95%. The endotoxin level was determined using a
Limulus assay (BioWhittaker, Tokyo, Japan) and was
found to be <0.008 endotoxin units. CLP mice were
treated with Gal-9 intravenously or subcutaneously im-
mediately after CLP unless otherwise specified. To deter-
mine the survival of the mice, CLP mice were monitored
for 7 days after CLP. In a different set of experiments,
CLP mice were anesthetized, bled and euthanized at
indicated time points after CLP.

Bacterial colony-forming unit determination

The peritoneal cavities were washed with 2 ml of sterile
saline, and the lavage fluids were harvested. A 10 pl
aliquot of lavage fluids was used to assess bacterial
colony-forming units (CFU). Peritoneal fluids (PF, 10 pl)
from each mouse were serially diluted with sterile saline.
Each PF dilution was plated on tryptic soy blood agar
plates and incubated overnight at 37°C, after which the
number of aerobic colonies was counted. Data were
expressed as CFU per 10 ul PF.

Cell preparation

Spleens were obtained at 24 hours after CLP from mice
treated with PBS or Gal-9 immediately after CLP and
dispersed into single-cell suspensions. Red blood cells
(RBC) were lysed with 0.1 N NH4Cl, and the spleen cells
were washed three times with Roswell Park Memorial
Institute medium (RPMI) 1640 and cultured in RPMI
1640 solution supplemented with 5% FCS, glutamine
and antibiotics in a 5% CO, incubator for 48 hours.

Measurement of cytokines

Murine cytokines were quantitated using a standard
sandwich ELISA according to the manufacturer’s pro-
tocol. The capture antibodies (Abs), detection Abs
and the recombinant cytokines were purchased from
R&D Systems or BioLegend. The ELISAs used in this
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study did not cross-react with other available murine
cytokines.

Flow cytometry analysis

Spleen cells were harvested from WT and Gal-9 TG
CLP mice at 24 hours after CLP, and the cells (1 x 10°
cells/ml) were suspended in PBS supplemented with 2%
FCS and 0.1% sodium azide. Cells were stained with
mAbs specific for mouse CD3, CD4, CD8, GL-3, NK1.1
and Tim-3 (BioLegend, Tokyo, Japan). Stained cells were
analyzed using a FACSCalibur (BD Biosciences, Tokyo,
Japan). To assess intracellular IL-17 production, spleen
cells were cultured for 48 hours in the presence of 1 pg/ml
brefeldin A (Sigma, Tokyo, Japan) and were permeabilized
overnight with permeabilization buffer (Cytofix/Cytoperm;
eBioscience, San Diego, CA, USA).

Statistics

Statistical significance was determined using the Mann-—
Whitney U-test. In the case of survival curves, the data
were analyzed using the log-rank test. A P-value <0.05
was regarded as statistically significant. All data were
expressed as mean + standard error of the mean (SEM).

Results and discussion

Improved survival in CLP-induced sepsis in Gal-9 TG mice

We first compared the survival rate after CLP between
(WT and Gal-9 TG mice. The survival rate of Gal-9 TG
mice was significantly higher than that of WT mice. Of
the 19 Gal-9 TG mice, 12 survived to day 7 after CLP
(63.2%), whereas only 3 of 18 WT mice survived to day
7 (16.7%) (P <0.01). Thus, Gal-9 TG mice were resistant
to the lethality induced by CLP, thereby suggesting a
beneficial effect of Gal-9 administration in mice under-
going CLP (Figure 1A).

To uncover the mechanism by which Gal-9 prolongs
the survival of CLP mice, we assessed the levels of pro-
inflammatory cytokines such as TNF-a and IL-1f in the
PF of WT and Gal-9 TG mice at 24 hours after CLP.
Figure 1B shows that the levels of TNF-a and IL-1B
were relatively decreased at this time point and that the
level of IL-12 was relatively increased in Gal-9 TG mice
compared to WT mice. However, we previously showed
that the levels of TNF-a and IL-12 in PF were signifi-
cantly suppressed in Gal-9 TG mice during early periods
(1 to 6 hours) of LPS-induced peritoneal inflammation
[24]. In contrast, the levels of IFNy and IL-10 were
significantly decreased in Gal-9 TG mice.

We further tested whether Gal-9 could decrease the
bacterial load in PF at 24 hours after CLP. The bacterial
load in Gal-9 TG mice tended to be lower than the
bacterial load in WT mice but the difference was not
statistically significant (Figure 1C). No bacterial CFU or
few bacterial CFU were found at 7 days after CLP in
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Figure 1 Survival of galectin (Gal)-9 transgenic (TG) mice
during polymicrobial sepsis induced by cecal ligation and
puncture (CLP). (A) Prolonged survival of Gal-9 TG mice. CLP was
performed, and survival was monitored for 7 days after CLP in
wild-type (WT) and Gal-9 TG CLP mice. The log-rank (Mantel-Cox)
test was used for statistical analysis; P <0.01. (B) Cytokine levels in
peritoneal fluids (PF) from WT (n = 18) and Gal-9 TG (n = 19) mice.
At 24 hours after CLP, PF was obtained and ELISA was used for
quantification of cytokine levels (P <0.05; NS, not significant). (C)
Bacterial load in WT (n=11) and Gal-9 TG (n = 8) mice. PF dilutions
were plated on tryptic soy blood agar plates and incubated
overnight at 37°C. The number of aerobic colonies was counted.

the PF of Gal-9-treated surviving mice, as expected
(data not shown).

Delayed Gal-9 treatment prolongs the survival of CLP mice
To determine whether Gal-9 exhibits protective effects
in CLP mice, we treated CLP mice with a single Gal-9
administration (intravenous (i.v.), 30 pg/mouse) immedi-
ately after CLP. As shown in Figure 2A, 7 of 16 Gal-9-
treated CLP mice survived at day 7 after CLP (43.8%),
whereas only 2 of 16 PBS-treated mice survived at this
time point (12.5%) (P <0.05). We further failed to detect
any significant difference in the bacterial loads of the PF
between PBS- and Gal-9-treated mice at 24 hours after
CLP (Figure 2B). Similar to Gal-9 TG mice, no bacterial
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Figure 2 Delayed galectin (Gal)-9 treatment prolongs the survival of cecal ligation and puncture (CLP) mice. (A) CLP mice received a
single Gal-9 injection (intravenous (iv.), 30 ng/mouse) immediately after CLP, and survival was monitored for 7 days. The log-rank (Mantel-Cox)
test was used for statistical analysis. (B) Bacterial load in peritoneal fluid (PF) in PBS- (n = 14) and Gal-9-treated (n = 13) mice at 24 hours after CLP.
PF dilutions were plated on tryptic soy blood agar plates and incubated overnight at 37°C. The number of aerobic colonies was counted (NS, not
significant). (C) Therapeutic effects of delayed iv. Gal-9 injection on septic mice induced by CLP. Gal-9 was injected iv. at 24 hours after CLP, and
survival was monitored for 7 days. The log-rank (Mantel-Cox) test was used for statistical analysis; P <0.05. (D) No therapeutic effects of iv. Gal-9
injected immediately after CLP in nude mice. The log-rank (Mantel-Cox) test was used for statistical analysis of survival.
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CFU or few bacterial CFU were found at 7 days after
CLP in the PF of Gal-9-treated surviving mice (data not
shown). These results suggest that direct bacterial
suppression by Gal-9 is not the trigger for this prolonged
survival. Further studies are required to ascertain the
mechanisms how Gal-9 finally decreases bacterial CFU
on Day 7.

Furthermore, delayed i.v. Gal-9 administration given at
24 hours after CLP also significantly prolonged the sur-
vival of CLP mice: 11 of 15 Gal-9-treated mice survived
at day 7 after CLP (73.3%), whereas only 4 of 16 PBS-
treated mice survived at this time point (25%) (P <0.05)
(Figure 2C). Moreover, we found that delayed sub-
cutaneous Gal-9 treatment given at 24 hours after CLP
similarly prolonged the survival of CLP mice: 15 of 22
Gal-9-treated mice survived at day 7 after CLP (68.2%),
whereas 8 of 22 PBS-treated mice survived at this time
point (40.0%) (P=0.058). These results suggest that
Gal-9 has therapeutic effects on microbial sepsis, prob-
ably by modulating the immune response to prolong the
survival of CLP mice.

Interestingly, Gal-9 did not exhibit any therapeutic
effects in nude mice: All animals that received Gal-9
administration died by 3 days after CLP similar to CLP
mice that did not receive Gal-9 (Figure 2D), suggesting

that T cells are critically involved in the survival
enhancement mediated by Gal-9.

Effects of Gal-9 on plasma levels of cytokines

To determine the functions of Gal-9 in CLP mice,
plasma levels of pro-inflammatory cytokines were
assessed. Similar to the Gal-9 TG mice, Gal-9 failed
to affect the levels of early pro-inflammatory cyto-
kines such as TNF-a at 24 hours after CLP, although
the level of IL-6 was suppressed by Gal-9 (Figure 3).
In contrast, the level of HMGB], a late inflammatory
mediator [3], was markedly suppressed in Gal-9-treated
mice at 24 hours after CLP (Figure 3). This result seems
reasonable because delayed administration of anti-
bodies against HMGB1 attenuates endotoxin lethality
[3] and CLP-induced sepsis in rodents [4,5]. Fur-
thermore, we found a decreased level of IL-10 and
increased levels of IL-15 and IL-17 in Gal-9-treated
CLP mice.

Based on the above results, we hypothesized that
Gal-9 plays a critical role in not only the early but
also in the late stage of sepsis, in which HMGBI1
plays a critical role [27] to protect mice from lethal-
ity. This conclusion is based on our previous findings
that Gal-9 administration suppresses the production
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