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Regulation of the lectin galectin 9 (Gal-9) was investigated for the first time during human cytomegalovirus (HCMV) infection.
Gal-9 transcription was significantly upregulated in transplant recipients with reactivated HCMV in vivo. In vitro, Gal-9 was
potently upregulated by HCMV independently of viral gene expression, with interferon beta (IFN-�) identified as the mediator
of this effect. This study defines an immunoregulatory protein potently increased by HCMV infection and a novel mechanism to
control Gal-9 through IFN-� induction.

Primary human cytomegalovirus (HCMV) infection is fol-
lowed by lifelong latency (1). Reactivation from latency is as-

sociated with severe morbidity and mortality in the immunocom-
promised, especially in the allogeneic hematopoietic stem cell
transplant (HSCT) setting, where donor or recipient HCMV se-
ropositivity is associated with adverse outcomes. In addition,
HCMV is the leading infectious cause of birth defects in the de-
veloped world (2).

Galectins are a family of lectins that preferentially bind �-gal-
actosides. Galectin 9 (Gal-9) can modulate diverse biological ac-
tivities, including cell adhesion, proliferation, apoptosis, and cell
cycle progression (3). Despite such varied functions, regulation of
Gal-9 is very poorly understood. Functionally, Gal-9 is best char-
acterized as an immunoregulatory molecule controlling T-cell ac-
tivity via interaction with its receptor, Tim-3 (4), although Tim-
3-independent functions have also been described (5). Gal-9 can
play an important role in virus life cycles. It modulates human
immunodeficiency virus type 1 (HIV-1) entry (6, 7), while Gal-9-
knockout mice exhibit more potent antiviral T-cell responses than
wild-type mice (8, 9), and infection with Epstein-Barr virus (EBV)
modulates Gal-9 expression to evade immune clearance, inducing
apoptosis of EBV-specific CD4� T cells (10, 11). We investigated
the expression of Gal-9 in the context of HCMV infection both in
vivo and in vitro, identifying a novel, virally induced mechanism to
promote Gal-9 expression.

Galectin 9 is upregulated in hematopoietic stem cell trans-
plant recipients with reactivated HCMV infection. We hypoth-
esized that Gal-9 is upregulated in patients with active HCMV
replication. Blood samples were drawn from HSCT recipients be-
fore peripheral blood mononuclear cells (PBMCs) were isolated
by Ficoll density gradient centrifugation from patients with or
without HCMV reactivation at a range of time points posttrans-
plant (detailed in Tables 1 and 2). Patients were monitored for
HCMV reactivation by quantitative PCR (qPCR; Roche Cobas
Amplicor CMV Monitor test), with a sustained rise in serum
HCMV genome copies above assay detection limits over at least
two time points used to define HCMV reactivation.

RNA was then isolated from PBMCs using an RNAqueous kit
(Ambion). RNA was converted to cDNA using random primers and
SuperScript III reverse transcriptase (Life Technologies). cDNA levels
were assayed by qPCR (StepOnePlus real-time PCR system; Life

Technologies) using 2� Brilliant II SYBR green qPCR master mix
(Agilent Technologies) at 95°C for 10 min and then for 45 cycles at
95°C for 15 s and 60°C for 45 s. Relative transcript levels of Gal-9
were normalized to that of glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) using the following primers: Gal-9 forward, CT
TTCATCACCACCATTCTG; Gal-9 reverse, ATGTGGAACCTC
TGAGCACTG; GAPDH forward, TCACCAGGGCTGCTTTT
AAC; and GAPDH reverse, GACAAGCTTCCCGTTCTCAG.

Levels of Gal-9 mRNA (normalized to that of GAPDH tran-
scripts) were determined at two early time points prior to HCMV
reactivation and compared to those from two later time points
postreactivation (detailed in Table 1), with average serum genome
copies/ml of 33,347 � 17,468 in postreactivation samples. Analy-
sis of samples from five individual HCMV reactivation cases indi-
cated that there was a statistically significant increase in Gal-9
transcription postreactivation compared to that in prereactiva-
tion samples (P � 0.003), with no such significant change in seven
matched recipients without reactivation (detailed in Table 2) at
comparable time points posttransplant (Fig. 1A).
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TABLE 1 Details for patients with HCMV reactivation

Patient and
serostatusa

Time points (days)
posttransplant
prior to
reactivation Early

Time points (days)
posttransplant
after reactivation
Late

Day
posttransplant
reactivation
first detected

Patient 1 (D�/R�) 25, 38 52, 59 52
Patient 2 (D�/R�) 12, 17 45, 52 38
Patient 3 (D�/R�) 10, 17 31, 47 24
Patient 4 (D�/R�) 12, 18 32, 39 32
Patent 5 (D�/R�) 3, 10 45, 52 45
a D�/� and R�/� refer to the HCMV serostatus of the donor (D) and recipient (R).
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mRNA and protein expression of galectin 9 is upregulated by
both viable and UV-inactivated HCMV. The regulation of Gal-9
by HCMV in vitro was then investigated. Gal-9 transcription in
HFF-1 cells (HFs) either mock infected or infected with the bac-
terial artificial chromosome (BAC)-derived clinical HCMV strain

Merlin (UL128� RL13�) (12) at 6 and 24 h postinfection (p.i.) was
assayed by reverse transcription-quantitative PCR (qRT-PCR)
and normalized to the levels of GAPDH housekeeping transcripts.
There was a potent upregulation of Gal-9 mRNA following infec-
tion that was �100-fold more than that for mock-infected cells at
24 h p.i. (Fig. 1B). A similar increase was detected during infection
with HCMV strains AD169, Towne, TB40/E, and FIX (data not
shown). To further examine upregulation of Gal-9 by HCMV, we
mock infected or infected HFs with viable HCMV or UV-inacti-
vated virus (UV-HCMV; UV inactivated as described previously
[13]) before qRT-PCR for Gal-9 mRNA. Similar to those infected
with viable virus, HFs infected with UV-HCMV potently in-
creased Gal-9 transcription, indicating that de novo viral gene ex-
pression was not required (Fig. 1C). In parallel, mock-, HCMV-,
or UV-HCMV-infected HFs were immunoblotted for Gal-9 pro-
tein (Fig. 1D). Both HCMV and UV-HCMV strongly upregulated

TABLE 2 Details for patients without HCMV reactivation

Patient and
serostatusa

Matched early time points
(days) posttransplant

Matched late time points
(days) posttransplant

Patient 6 (D�/R�) 11, 18 53, 60
Patient 7 (D�/R�) 10, 17 45, 52
Patient 8 (D�/R�) 12, 17 45, 52
Patient 9 (D�/R�) 10, 17 45, 52
Patient 10 (D�/R�) 4, 11 40, 47
Patient 11 (D�/R�) 3, 10 38, 47
Patient 12 (D�/R�) 12, 19 33, 40
a D�/� and R�/� refer to the HCMV serostatus of the donor (D) and recipient (R).

FIG 1 Modulation of Gal-9 by HCMV infection (A) Relative levels of Gal-9 transcripts were determined by qRT-PCR in PBMCs isolated from peripheral blood drawn
from allogeneic HSCT recipients at two early times after transplant (Pre-reactivation) and two time points later, after reactivation (Post-reactivation), for each of five
recipients with detectable HCMV reactivation (reactivation-positive patients) and seven patients without detectable HCMV reactivation (reactivation-negative pa-
tients). Error bars indicate the standard error of the means. Significant differences in Gal-9 transcript levels at pre- and postreactivation time points were determined
using a two-tailed, paired Student’s t test (��, P 	 0.005). (B) HFs were infected with HCMV at a multiplicity of infection (MOI) of 3 before analysis of Gal-9 transcript
levels by qRT-PCR at 6 and 24 h p.i. (C) HFs were infected with HCMV and UV-HCMV at an MOI of 3 before Gal-9 transcript levels were determined by qRT-PCR at
24 h p.i. (D) Representative example of five independent replicates of immunoblotting for Gal-9 (R&D Systems) and GAPDH (Santa Cruz Biotechnology) proteins in
mock-, HCMV-, and UV-HCMV-infected HFs at 24 and 48 h p.i. (E and F) Media from mock-, HCMV-, and UV-HCMV-infected HFs was harvested at 24 h p.i. and
filtered through a 0.1-
m-pore-size filter before being added to new HF monolayers. Analyses of Gal-9 transcript levels at 24 h posttreatment (E) and protein levels at 48
h posttreatment (F) are depicted. Error bars indicate the standard error of the means. Significant differences in the results of treatments with HCMV and UV-HCMV
from the results for mock treatment were determined using a two-tailed, paired Student’s t test (�, P 	 0.05).
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Gal-9 protein expression in HFs compared to that in HFs that
were mock infected.

Upregulation of galectin 9 by HCMV is via induction of in-
terferon-beta (IFN- �). Secretion of a number of molecules is
induced by both HCMV and UV-HCMV infections (14); there-
fore, we hypothesized that a soluble factor induced by virion bind-
ing/entry may mediate Gal-9 upregulation. Supernatants from
mock-, HCMV-, and UV-HCMV-infected HFs were incubated
with uninfected HFs. There was a potent upregulation of Gal-9
mRNA and protein in HFs treated with supernatants from
HCMV- or UV-HCMV-treated cells compared with that in HFs
treated with supernatants from mock-infected cells (Fig. 1E and
F). These data demonstrate that a soluble factor is responsible for
Gal-9 upregulation by HCMV.

The regulation of Gal-9 is poorly understood, although a num-
ber of proinflammatory stimuli can promote its expression (15).
The best characterized of these is IFN-�, which can induce Gal-9
expression in several cell types (16–18). To test if the IFN-respon-
sive pathway was involved in the upregulation of Gal-9 by HCMV,

we generated HFs that stably express the V protein of parainflu-
enza virus type 5 (V-HF) or the nPro protein of bovine viral diar-
rhea virus (nPro-HF) by lentiviral expression. Lentivirus was gen-
erated from transfected 293T cells as described previously (19)
before supernatants were added to HFs and selected with 1 
g/ml
puromycin. nPro-expressing cells cannot produce type I IFN due
to interferon regulatory factor 3 (IRF3) targeting (19) but are able
to respond to exogenous IFNs, while cells expressing the V protein
are unresponsive to type I/II IFNs, as the V protein targets signal
transducers and activators of transcription 1 (STAT1) for degra-
dation (20). HCMV or UV-HCMV infection did not upregulate
Gal-9 in either V-HF or nPro-HF cells, implicating the IFN path-
way as essential in Gal-9 upregulation (Fig. 2A). Supernatants
from parental HFs infected with either HCMV or UV-HCMV did
not upregulate Gal-9 when incubated with IFN-unresponsive
V-HF but potently increased Gal-9 in IFN-responsive but produc-
tion-incapable nPro-HF (Fig. 2B), consistent with a requirement
for both IFN production and IFN responsiveness to upregulate
Gal-9.

FIG 2 Regulation of galectin 9 expression by HCMV (A) Parental HF, V-HF, or nPro-HF were infected at an MOI of 3 with HCMV or UV-HCMV before cell
lysates were harvested at 48 h p.i. and immunoblotted for Gal-9 (R&D Systems) and GAPDH (Santa Cruz Biotechnology). (B) Media from mock-, HCMV-, or
UV-HCMV-infected parental HFs were harvested at 24 h p.i. and filtered through a 0.1-
m-pore-size filter before being added to fresh HF, V-HF, or nPro-HF
monolayers and incubated for 48 h before cell lysates were immunoblotted for Gal-9 and GAPDH. Blots are representative of at least 3 independent biological
replicates. (C) HFs were mock, HCMV, or UV-HCMV infected in the presence of an IFN-�-blocking Ab or an isotype control. Cell lysates were harvested at 48
h p.i. before immunoblotting for Gal-9 and GAPDH. (D) HFs were treated with media from mock-, HCMV-, or UV-HCMV-infected cultures (harvested at 24
h p.i. and filtered through a 0.1-
m-pore-size filter) in the presence of an IFN-�-blocking Ab or an isotype control. Cell lysates were generated at 48 h
postinfection/treatment before immunoblotting for Gal-9 and GAPDH. (E) HFs were treated with recombinant IFN-� at the concentrations indicated before
immunoblotting for Gal-9 and GAPDH at 48 h posttreatment. HFs were also mock and HCMV infected in parallel as indicated. Blots are representative of at least
3 independent biological replicates.
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Given that IFN-� is a lymphocyte-specific cytokine and HFs
are potent producers of IFN-�, whether type I IFNs upregulated
Gal-9 during HCMV infection was investigated. A microarray
study indicated that IFN-� could increase Gal-9 transcriptionally
(21); however, another report suggested that IFN-� did not mod-
ulate Gal-9 (16). HFs were mock infected or infected with HCMV
or UV-HCMV or treated with supernatants from mock-infected
or infected cells in the presence of 200 neutralization units/ml of
an anti-human polyclonal IFN-�-blocking antibody (Ab) (Milli-
pore) or isotype control. In both HCMV- and UV-HCMV-in-
fected and supernatant-treated cells, blocking IFN-� ablated
Gal-9 upregulation (Fig. 2C and D), identifying IFN-� as a mole-
cule essential for HCMV upregulation of Gal-9. Recombinant
IFN-� (PBL Interferon Source) alone also potently increased
Gal-9 (Fig. 2E), which was the first demonstration of type I IFN
controlling Gal-9 protein expression. While we cannot exclude
the possibility that other secreted factors produced during HCMV
infection may contribute to Gal-9 upregulation, the production of
IFN-� appears to be essential, and given the ability of IFN-� alone
to upregulate Gal-9 it is likely that IFN-� is the major driving
factor in HCMV-mediated Gal-9 upregulation.

This identification of IFN-� as a mediator of Gal-9 expression
during HCMV infection may help to inform other situations
where higher Gal-9 levels have been reported. Indeed, individuals
infected with hepatitis C virus (HCV), HIV-1, dengue virus, and
influenza virus have higher serum levels of Gal-9 (6, 22–24), yet
the mechanism responsible for such increases has not been iden-
tified. Given the critical role of type I IFNs in controlling viral
infections, it is tempting to speculate that IFN-� may be an essen-
tial driver of Gal-9 upregulation. Thus, Gal-9 may be a biomarker
of viral infection and perhaps also has potential as a prognostic
marker. Indeed, Gal-9 levels are extremely high in patients suffer-
ing from either dengue hemorrhagic fever or dengue fever, decline
rapidly following recovery, and are correlated with dengue virus
load during the critical phase of infection (23).

Gal-9 has been primarily studied as an immunoregulatory
molecule controlling a number of virus-specific immune re-
sponses (8–10), yet immunostimulatory functions have also been
described (25, 26). Interestingly, a recent report also indicates that
hepatic NK cells from Gal-9-knockout mice produce significantly
more IFN-� in response to murine cytomegalovirus (MCMV)
infection than hepatic NK cells from wild-type mice, indicating
the immunomodulatory potential of this molecule in the context
of CMV infection (27). Future studies will examine the functional
effects of HCMV-mediated Gal-9 upregulation on the antiviral
immune response. Gal-9 can be both secreted and expressed at the
cell surface, so functional studies will include examination of the
importance of posttranslational regulation of Gal-9 on control-
ling the HCMV-specific immune response.
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