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Abstract

primary HIV infection (PHI).
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progression.

Background: Chemokines are small chemotactic cytokines involved in inflammation, cell migration, and immune
regulation in both physiological and pathological contexts. Here, we investigated the profile of chemokines during

Methods: Fifty-four participants with blood samples before and during HIV infection and clinical information avail-
able were selected from an HIV-negative man who have sex with men (MSM) prospective cohort. Thirty chemokines
and 10 cytokines were measured pre- and post-HIV infection in the same individuals using a Bio-Plex Pro™ Human

Results: Levels of 18 chemokines/cytokines changed significantly during PHI relative to pre-HIV infection levels; 14
were up-regulated and 4 down-regulated. Among them, CXCL9, CXCL10, and CXCL11 were the most prominently
raised. Levels of CXCL9 and CXCL10 were much higher in the high-set point group (log viral load (IgVL) >4.5) than
those in the low-set point group (IgVL < 4.5) and levels of CXCL9, CXCL10, and CXCL11 were higher in the low-CD4™"
T-cell count group (CD4* T-cell count > 500). A formula to predict HIV disease progression using a combination panel
comprising CXCL9, CXCL10, and CXCL11 was developed, where risk score =0.007 x CXCL9 4 0.004 x CXCL10—0.033
x CXCL11 —1.724, with risk score values higher than the cutoff threshold (0.5211) indicating more rapid HIV disease

Conclusions: A panel of plasma CXCL9, CXCL10, and CXCL11 measured during primary HIV-1 infection could predict
long-term HIV disease prognosis in an MSM group and has potential as a novel biomarker in the clinic.
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Background

Chemokines are small proteins and the largest subfam-
ily of cytokines that act on G protein-coupled recep-
tors (GPCRs) with seven transmembrane domains
[1]. Chemokines are classified into four subfamilies
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according to their structural characteristics: CXC,
CC, CX3C, and XC [2]. To date, 17 CXC-chemokines,
28 CC chemokines, 2 XC chemokines, 1 CX3C
chemokine, and approximately 20 chemokine recep-
tors have been identified [3, 4]. Plasma chemokines
are primarily secreted by monocytes, T cells, dendritic
cells (DCs), and some epithelia [3]. Chemokines can
attract immunocytes to areas of inflammation, infec-
tion, and tissue damage [5], and are critical in the
development and differentiation of immune cells. Addi-
tionally, chemokines contribute to the pathogenesis of
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multiple diseases, including autoimmune disorders,
hypersensitive reactions, cancers, and viral infections
[1, 6-8]. A chemokine panel was used to screen plasma
samples from patients with colorectal cancer, and five
chemokines and four cytokines identified as associated
with increased total mortality, among which TNF-«
and CCL24 were exclusively associated with colorec-
tal cancer-specific mortality [9]. Further, Weisheng
et al. [10] identified a 14-biomarker panel (chemokines
and cytokines) for detecting endometriosis. Hence,
chemokine panels can be valuable for disease diagnosis
and/or progression prediction.

Primary HIV infection (PHI) refers to the early period
of HIV infection (approximately the first 12 weeks after
infection) [11], during which the virus disseminates from
the original infection site to different tissues and organs.
Subsequently, numerous events occur, including estab-
lishment of a viral set-point, which determines subse-
quent HIV progression [12—16]. Different immune cell
subsets are activated in response to HIV and secrete large
quantities of cytokines and chemokines potentially asso-
ciated with disease progression, opportunistic infection,
and increased mortality [17-20].

Investigators have focused on the immunological role
of chemokines in early HIV infection. During acute sim-
ian immunodeficiency virus (SIV) infection, levels of
MCP-1, MIP-1qa, and MIP-1f can distinguish progres-
sive and non-progressive SIV infection in Chlorocebus
sabaeus [21]. Further, seven human plasma chemokines
were assessed, and fold-change in CXCL10 (HIV™ vs.
HIV™ plasma level) was significantly higher in HIV rapid
progressors, with CXCL10 level during PHI negatively
correlated with CD4% T-cell counts at the 4-month-
infection point [22]. Additionally, 15 cytokines and 1
chemokine (CXCL10) are present at higher levels in
rapid relative to slow disease progressors during acute
HIV-1 infection [23]. Furthermore, the combination
of IL-12p40, IL-12p70, IEN-y, IL-7, and IL-15, but not
chemokines, could predict HIV disease progression in
women with acute HIV-1 infection [24]. Overall, cytokine
levels during HIV infection have been studied; however,
only 6-8 chemokines were generally assessed, hence the
magnitude of alterations in the majority of chemokine
profiles during PHI remain unknown. Further, studies
usually compare concentrations of chemokines in sam-
ples from HIV-positive and healthy HIV-negative indi-
viduals, and high-within-person-variability can result
in measurement errors. Changes in chemokine profiles
pre- and post-HIV infection during PHI in the same indi-
vidual may more accurately represent disease conditions.

Here, we used 108 plasma samples collected from 54
patients at two sampling points (pre- and post-PHI) to
determine alterations in profiles of 30 chemokines and 10
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cytokines between the two sampling points. Furthermore,
we analyzed the relationship between chemokine concen-
trations and disease progression. Finally, we developed the
combination of CXCL9, CXCL10, and CXCL11 levels dur-
ing PHI as a biomarker to predict HIV disease progression.

Methods

Study participants

We set up a prospective open cohort study in the Key
Laboratory of AIDS Immunology of the National Health
and Family Planning Commission [The First Affiliated
Hospital of China Medical University (CMU)], which to
date includes>2000 men who had sex with men (MSM)
high-risk study participants, who were HIV-negative when
they were enrolled, and all of whom have been screened
for HIV infection every 1-3 months. Among newly-diag-
nosed participants, 54 participants with available clinical
information and blood samples from two time points; pre-
HIV infection (HIV seronegative and HIV RNA-negative)
and post-HIV infection (HIV seropositive or HIV RNA-
positive), were selected; the estimated time of HIV infec-
tion ranged from 13 to 155 days (Table 1). The estimated
time of infection was defined as previously described
[25]. Briefly: (i) by referring to Fiebig stage [26]; (ii) if the
patient could clearly recall the time of high-risk exposure,
that time point was the estimated infection time [25]; (iii)
the midpoint between the last time point of HIV antibody
negative test and the first HIV antibody positive test was
the estimated infection time [25]. On collection, all plasma
samples were immediately stored at —80 °C until use.
After diagnosis with HIV infection, the 54 participants
were followed up for an average of 1745 days (range from
7 to 3431 days). All clinical study protocols were approved
by the Ethics Review Committee of The First Affiliated
Hospital of China Medical University, Shenyang, P. R.
China, and the study was conducted according to the prin-
ciples of the Declaration of Helsinki ([2018] 2015-140-5).

Detection of CD4™* T-cell count and HIV viral load (VL)

The FACSCalibur (BD, Franklin Lakes, New Jersey, USA)
flow cytometer were used to measured absolute blood
CD4" T-cell counts (cells/uL). The levels of plasma
HIV-1 RNA (copies/mL) were detected by the COBAS
Ampliprep/COBAS TagMan 48 Analyzer (Roche Diag-
nostics, Branchburg, New Jersey, USA).

Plasma chemokine/cytokine detection

Plasma chemokine/cytokine levels were determined using
a Bio-Plex Pro'" Human Chemokine Panel 40-Plex (BIO-
RAD), including CXCL1/Gro-a, CXCL2/Gro-p, CXCL5/
ENA-78, CXCL6/GCP-2, CXCLS8/IL-8, CXCL9/MIG,
CXCL10/IP-10, CXCL11/I-TAC, CXCL12/SDF-1A+,
CXCL13/BCA-1, CXCL16/SCYB16, CCL1/1-309, CCL2/
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Table 1 Patient demographic and clinical characteristics

Characteristic

Pre-HIV infection (HIV™)

Post-HIV infection (HIV*)

Sociodemographic variables

N 54
Sex Male (54/54)
Age, years [median (IQR)]* 32.5(28,41)

<20 0

20-30 19

30-40 20

40-50 10

>50 5

Unknown 4
Marital status [n/total (%)]

Unmarried 45 (83%)

Married 6 (11%)

Divorced 3 (6%)
MSM 54/54
Chinese 54/54
Ethnicity Han (45/54)

Man (7/54)
Other (2/54)

Clinical
HBV Ag N/A 4/54
HCV Ab N/A 1/54
TPPA N/A 26/54
Fiebig staging

I - 14

=1V - 16

V-V - 24
Estimated infection day (days) [median (IQR)]® —91 (=141, —56) 31 (25, 49)
Methods for estimating infection day (N)

i. Fiebig stage N/A 6

ii. Remembered time of high-risk exposure N/A 24

iii. Laboratory HIV antibody detection N/A 24

Follow-up (days) [median (IQR))® N/A 1719 (1142, 2625)
CD4" T-cell count (cells/ulL) [median (IQR)I°
Chemokine detection sampling point N/A 424 (328, 531)
Set-point N/A 488 (390, 634)
One-year-infection point® N/A 412 (328, 555)
Viral load (copies/mL) [median (IQR)J°
Chemokines detection sampling point N/A 78,500 (11,370, 753,000)
Set-point N/A 24,900 (8450, 83,050)
One-year-infection pointb N/A 22,887 (8482.5, 36,600)

Viral subtype [N/total]

CRF-OTAE (53/54)
CRF-0TAE/BC (1/54)

N/A not applicable, MSM men who have sex with men
2@ Data presented as median (IQR, interquartile range)

b Antiretroviral therapy-naive patient at 1-year-infection point
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MCP-1, CCL3/MIP-1a, CCL7/MCP-3, CCL8/MCP-2,
CCL11/Eotaxin, CCL13/MCP-4, CCL15/MIP-18, CCL17/
TARC, CCL19/MIP-3B, CCL20/MIP-3a, CCL21/6Ckine,
CCL22/MDC, CCL23/MPIE-1, CCL24/Eotaxin-2,
CCL25/TECK,  CCL26/Eotaxin-3, @ CCL27/CTACK,
CX3CL1/Fractalkine, GM-CSFE, MIF, TNF-«, IEN-y, IL-1§,
IL-2, IL-4, IL-6, IL-10, and IL-16. Chemokine/cytokine
standards supplied by the manufacturer were detected in
duplicate and run on each plate. All data were acquired
using a Bio-Plex 200 System (BIO-RAD). Chemokine/
cytokine levels below/above the minimum/maximum
thresholds of detection are reported as the minimum/
maximum threshold values for each chemokine/cytokine.

Statistical analysis

Statistical analyses were performed using GraphPad Prism
version 6.0 and SPSS Statistics 20.0. All tests were two-
tailed and p values <0.05 were considered significant. The
nonparametric Wilcoxon matched pairs test was used to
evaluate differences in chemokine/cytokine levels from
the same individual at different time points (i.e., pre-and
post-HIV infection). The nonparametric Mann—Whitney
U test was used to compare between-group distributions.
Spearman correlation analysis was used to estimate cor-
relation. Kaplan—Meier curves were used to estimate the
time to an outcome (CD47" T-cell counts <500 or VL > 10*
copies/mL). The predictive value of the combination of
CXCL9, CXCL10, and CXCL11 levels for HIV disease
progression was estimated using receiver operating char-
acteristic (ROC) curves. Predictive values were expressed
as the area under the curve (AUC). For ROC analysis of
CXCL9, CXCL10, and CXCL11 combinations, p (prob-
ability of a patient sample) was calculated for inclusion in
the ROC analysis using the formula:

X = logit(p) = In (1”> = by + b ACT}
+ by ACTy + b3ACT3 ...+ b,ACT,

where b, terms were the ith regression coefficients by
binary logistic regression, and ACT; terms were the rela-
tive expression levels of each chemokine [24]. In this
study, a CXCL9, CXCL10, and CXCL11-chemokine com-
bination panel (X=—1.724+0.007 x CXCL9+ 0.004 x C
XCL10—0.033 x CXCL11, and p=e*/(1+¢X)) was used
predict disease progression.

Results

Study participants

Fifty-four HIV-infected individuals from an MSM
cohort were recruited to this study. Their basic infor-
mation is presented in Table 1. Most were unmarried
(76%). Median estimated infection day was 31 days and
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median CD4% T-cell count and VL at the chemokine
detection sampling point during PHI were 424 cells/
puL and 78,500 copies/mL, respectively. Five patients
were followed for <120 days, 14 received antiretroviral
therapy immediately after diagnosis, and set-point sam-
ples were collected from the remaining 35, with median
CD4" T-cell count and VL at set-points of 488 cells/uL
and 24,900 copies/mL, respectively. Thirty-two HIV-
infected individuals were followed for at least 1 year
without antiretroviral therapy, with median CD4%
T-cell count and VL at 1-year-infection of 412 cells/pL
and 22,887 copies/mL, respectively.

CXCL9, CXCL10, and CXCL11 were the most prominently
raised of 16 chemokines with altered levels during PHI
relative to pre-HIV infection
To clarify the profile of chemokine changes during
PHI, we compared the levels of 30 chemokines and 10
cytokines in blood plasma from the same individu-
als at two time points, pre and post-HIV infection. Of
the 40 measured chemokines/cytokines, 18 were sig-
nificantly changed in blood plasma post-HIV infec-
tion (Fig. 1a); fold-change values for each chemokine/
cytokine in each individual are presented as a heat map
(Fig. 1b). Moreover, 16 of the 18 significantly altered
chemokines/cytokines were chemokines, among
which 12 were up-regulated and four down-regulated.
Only two cytokines, TNF-a and IL-16, were up-regu-
lated during PHI. Further, comparison of percentage
change values [(HIV-positive chemokine level — HIV-
negative chemokine level)/HIV-negative chemokine
level x 100%] among the 18 significantly altered
chemokines/cytokines revealed alterations ranging
from —33.24% to 225.26%. Interestingly, among up-
regulated chemokines, CXCL9, CXCL10, and CXCL11
were those with the highest percentage change:
225.26%, 187.02%, and 139.29%, respectively (Fig. 1c).
As CXCL9, CXCL10, and CXCL11 all bind to the
same receptor chemokine, (C-X-C motif) recep-
tor 3 (CXCR3), further statistical analysis was con-
ducted to examine whether the changes in these three
chemokines were interrelated. As shown in Fig. 1d,
analysis of correlation between levels of any two among
CXCL9, CXCL10, and CXCL11, either pre- or post-
HIV infection, revealed positive correlations. Thus,
the three most up-regulated chemokines in PHI may
impact disease progression.

Levels of CXCL9, CXCL10, or CXCL11 were associated

with CD4* T-cell count and VL

To further evaluate the association of up-regula-
tion of CXCL9, CXCL10, CXCL11 and HIV disease
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matched pairs test was used for evaluation of the significance of differences between groups. b Heat map showing the fold-change values of 18
chemokines/cytokines with levels significantly changed in each individual during HIV infection. White, non-significant fold-change in chemokine/
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cytokine levels between the two time points (HIV™ and HIVT), respectively. The darker and more saturated the color, the greater the extent of the
fold-change. ¢ Percentage change in the 18 chemokines/cytokines with significantly altered levels: CXCL9, CXCL10, CXCL11, CXCL13, CXCL16, CCL2,
CCL3, CCL8, CCL11, CCL17,CCL20, CCL22, CCL23, CCL24, CCL25, CX3CL1, TNF-a, and IL-16. d Correlation analysis of plasma CXCL9, CXCL10, and
CXCL11 levels in HIV™ and HIV* samples. Pearson’s correlation coefficient values between chemokines are shown. *p < 0.05, **p < 0.01, **p <0.001,
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progression, we analyzed the correlation between
plasma chemokine levels during PHI and parameters
related to HIV disease progression. First, we evaluated
the relationship between the three chemokines and VL
measured at the same sampling time point. CXCL9 and
CXCL10 were positively correlated with VL (CXCLO9,
r=0.2764, p=0.0496; CXCL10, r=0.4055, p=0.0032)
(Fig. 2a). Further, we categorized participants into two
groups, according to VL level at the sampling point,
with a threshold of 4.5 (VL-high, log VL (IgVL) > 4.5,
n=33; VL-low, lgVL<4.5, n=18), and determined
whether the groups had differing chemokine levels dur-
ing PHI. CXCL9 and CXCL10 levels in the VL-high
group were both higher than those in the VL-low group

(p=0.0381 and p=0.0079, respectively) (Fig. 2b). As
VL set-point measured at 120 days post-HIV-infection
is recognized as an index of disease progression, we
next evaluated the relationship between levels of the
three chemokines and VL at set-point. We detected
a tendency toward correlation between CXCL9 and
CXCL10 with VL at set-point; however, the rela-
tionships were not significant (CXCL9, p=0.0793;
CXCL10, p=0.0697) (Fig. 2c). We next categorized
participants into high (IgVL>4.5, n=24) and low
(IgVL<4.5, n=11) set-point value groups and found
that, compared with the low VL set-point group, levels
of CXCL9 (p=0.0035) and CXCL10 (p =0.0052) were
elevated in the high VL set-point group (Fig. 2d).
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point (n=51). b Comparisons of CXCL9, CXCL10, and CXCL11 levels between VL-high (n=33) and VL-low (n=18) groups at the sampling

point (CXCL9, p=10.0381; CXCL10, p=0.0079; CXCL11, p=0.1161). ¢ Analysis of the correlations between plasma CXCL9 (r=0.2963, p=0.0793),
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Next, we evaluated the relationship between levels of
the three chemokines and another key index of HIV dis-
ease progression, CD4" T-cell count. We found no sig-
nificant correlation with CD4" T-cell counts at either the
sampling or set-points (Fig. 3a, c). Further, we analyzed
the relationship between the three significantly altered
chemokines and CD4" T-cell count at the 1-year-infec-
tion point without antiretroviral therapy, as an approxi-
mation of HIV disease progression. CXCL9 and CXCL11
were negatively correlated with CD4" T-cell count at
1-year-infection point (CXCL9, r=—0.5692, p=0.0007;
CXCL11, r=-0.3741, p=0.0349) (Fig. 3e). Furthermore,
participants were categorized into two groups, accord-
ing to CD4<500 and CD4>500; [(i) sampling point:
CD4-high, n=16, CD4-low, n=36; (ii) set-point: CD4-
high, n=16, CD4-low, n=19; (iii) 1-year-infection point:
CD4-high, n=10, CD4-low, n=22)]. We found no sig-
nificant difference in CXCL9, CXCL10, and CXCL11 lev-
els between the CD4-high and CD4-low groups at either
the sampling or set-points (Fig. 3b, d); however, levels of
all three chemokines were higher in the CD4 <500 group
relative to those in the CD4>500 group at the 1-year-
infection point (CXCL9, p =0.0008; CXCL10, p =0.0242;
CXCL11, p=0.0106) (Fig. 3f).

Together, our results demonstrate that CXCL9,
CXCL10, or CXCL11 levels during PHI are associated
with multiple indices of HIV infection, and that higher
levels of chemokines during PHI may indicate rapid HIV
disease progression.

Dynamic changes in CXCL9, CXCL10, and CXCL11

during PHI

To investigate the dynamics of plasma CXCL9, CXCL10
and CXCL11 during PHI, sequential longitudinal plasma
samples, collected from five individuals pre- to post-
infection (6—8 sampling points/patient) were analyzed.
Plasma levels of each chemokine and estimated infec-
tion time are presented in Fig. 4. All three chemokines
were significantly elevated post-HIV infection, and
changes in levels of the three chemokines were consist-
ent with those of VL, with patterns of fluctuation of the
three chemokines similar during PHI (Fig. 4a, b). Levels
of CXCL10 in two patients peaked earlier than those of
CXCL9 and CXCL11. Simultaneously, peak levels of the
three chemokines were consistent with lowest CD4%"
T-cell counts during PHI. Although we did not test pre-
infection CD4" T-cell counts in these participants, the
mean pre-infection value was 800 cells/uL in this cohort;
therefore, we set 800 cells/uL as the initial CD4™ T-cell
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count pre-HIV infection. Together, these data illustrate
the dynamic features of elevations in CXCL9, CXCL10,
and CXCL11 levels during HIV infection, including rapid
and transient elevations in these chemokines as viremia
increased and CD4" T-cell counts decreased.

The combination of CXCL9, CXCL10, and CXCL11

represents a key biomarker for predicting HIV disease
progression

As CXCL9, CXCL10, and CXCL11 were associated
with HIV disease progression parameters, we next
assessed whether their levels during PHI are a potential
biomarker for prediction of HIV disease progression.
We investigated whether chemokine levels in PHI could
predict CD4" T-cell count at 1-year-infection, using a

threshold of 500 cells/uL for distinguishing CD4" T-cell
count groups. ROC curve analysis showed that the pre-
dictive value of CXCL9 was 89% (p=0.0006), CXCL10
75% (p=0.0251), and CXCL11 81% (p=0.006), and
the three-chemokine combined panel had a predictive
value of 90% (p=0.0005). Using these ROC curves,
we defined the cutoff values for CXCL9, CXCLI10,
CXCL11, and the three-chemokine combined panel
as 412 pg/mL, 120.9 pg/mL, 28.24 pg/mL, and 0.6841,
respectively (Fig. 5a). Furthermore, we used these cutoff
values to verify the predictive value of chemokine lev-
els during PHI for disease progression in these partici-
pants. Participants were followed up for 1500 days, and
outcomes defined as CD4™ T-cell count <500 cells/pL.
Kaplan—Meier curves showed that disease progression
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in the CXCL11-high group during PHI was more rapid
than that in the CXCL11-low group (p =0.033); how-
ever, there was no significant difference in disease pro-
gression between the CXCL9 (p=0.1138), CXCL10

(p=0.4508), or the three-chemokine combined panel

(p=0.1571)-high and -low groups (Fig. 5b).
We then analyzed the predictive

of

value

chemokines for VL set-points. Using ROC analysis,



Yin et al. J Transl Med (2019) 17:417

Page 9 of 14

a

Chemokine prediction of CD4* T cell counts at
one-year-infection point (Threshold: 500)

CXCL9

100 100
. _‘_‘_‘_i_._._._x—H "

CXCL10

Sensitivity%
Sensitivity%

AUC=075
p=0.0251

20. AUC=0.89 20
p =0.0006

0 20 40 60 80 100 0 20 40 60 80 100
100% - Specificity% 100% - Specificity%

b

Chemokine prediction of disease progression
(Cutoff & CD4* T cell counts < 500)

CXCL9 CXCL10
%WD — CXCLS High (Cutoff) 100 — CXCL10 High (Cutoff)
§ == CXCL9 Low (Cutoff) == CXCL10 Low (Cutoff)
s p=0.1138

p=0.4508

CD4*T counts < 500 (cells/uL)

CD4"'T counts

0 500 1000 1500
Estimated Infection Days

0 500 1000 1500
Estimated Infection Days

Fig. 5 Value of CXCL9, CXCL10, and CXCL11 levels for predicting HIV CD4" T-cell count. a ROC curves for CXCL9, CXCL10, CXCL11,and a
combination panel of three chemokines, in predicting CD4* T-cell count at 1-year-infection. AUC values were used to evaluate CD4* T-cell count
at 1-year-infection and the point with the maximum sum of sensitivity plus specificity was defined as the cutoff value. b Kaplan-Meier curves for
CXCLY, CXCL10, CXCL11, and the combination panel of three chemokines. Patients were divided into high expressers (above the cutoff value) and
low expressers (below the cutoff value), according to the cutoff value for chemokine expression. CD4 T-cell count reaching < 500 cells/uL was
considered as the end point for follow-up. p values for curves provided on graphs

CXCL11

3-chemokines combined panel

Sensitivity%
Sensitivity%

AUC=0.81
» p=0.006

20 AUC =0.90
p=0.0005

0 20 40 60 80 100 0 20 40 60 80 100
100% - Specificity% 100% - Specificity %

CXCL11 3-chemokines combined panel

3
8

~— Chemokine High (Cutoff)
~— Chemokine Low (Cutoff)

p=0.1571

- CXCL11 High (Cutoff)
~- CXCL11 Low (Cutoff)

p=0.0330

<500 (cells/yL)

@
g

>

CD4*T counts < 500 (cells/ul)

CD4*T counts

0 500 1000 1500
Estimated Infection Days

0 500 1000 1500
Estimated Infection Days

the predictive accuracy for CXCL9 (p=0.0105) and
CXCL10 (p=0.0128) were 77% and 76%, respectively,
based on AUC values for rapid disease progression
(Fig. 6a). Next, we analyzed the predictive value of the
combined panel of CXCL9, CXCL10, and CXCL11 for
VL set-points, and found that it exhibited a higher pre-
dictive value (84%, p=0.0013) than any chemokine sepa-
rately (Fig. 6a). These results indicate that higher levels of
CXCL9, CXCL10, and the three-chemokine combination
panel during PHI are highly predictive of VL set-points.
For survival ROC analysis, we divided participants into
high and low groups defined by an outcome cutoff of
VL>10* copies/mL. Levels of CXCL10 (>256 pg/mL;
p=0.0198) or the combination of CXCL9, CXCL10, and

CXCL11 (>0.5211; p=0.0105) were predictive of VL
(Fig. 6b).

As HIV disease progression is determined by both
CD4" T-cell count and VL, we next defined the out-
come for analysis as a simultaneous VL >10* copies/mL
and CD4" T-cell count <500 cells/ pL. Levels of CXCL10
(p=0.048) exhibited predictive value for HIV disease
progression, while CXCL9 (p=0.0786) and CXCL11
(p=0.0605) also showed a similar tendency. Importantly,
the three-chemokine combined panel exhibited superior
predictive value for HIV disease progression (p=0.0223;
Fig. 6¢) and the equation, X=0.007 x CXCL9+ 0.004 x
CXCL10—0.033 x CXCL11 —1.724, could be used to
provide reference values for HIV disease progression,

(See figure on next page.)

Fig. 6 Value of CXCL9, CXCL10, and CXCL11 for predicting HIV viral load and disease progression. a ROC curves for CXCL9, CXCL10, CXCL11, and the
combination panel of three chemokines to evaluate their use for predicting viral load at set-point. AUC was used to evaluate viral load at set-point
and the point with the maximum sum of sensitivity plus specificity was defined as the cutoff value. b Kaplan-Meier curves for CXCL9, CXCL10,
CXCL11, and the combination panel of three chemokines. According to the cutoff value for chemokine expression levels, patients were divided

into high expressers (above the cutoff value) and low expressers (below the cutoff value). Viral load reaching > 10* copies/mL was considered the

end point of follow-up. p values for curves provided on graphs. ¢ Kaplan-Meier curves for CXCL9, CXCL10, CXCL11, and the combination panel of
three chemokines. According to the cutoff value of chemokine expression, patients were divided into high expressers (above the cutoff value) and
low expressers (below the cutoff value). Viral load reaching > 10* copies/mL and CD4* T-cell count reaching <500 cells/uL was considered the end

point for follow-up. p values for curves provided on graphs. d Schematic and formula of the combined-chemokine-predictive model for HIV disease
progression
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with X>0.5211 indicating rapid HIV disease progression
(Fig. 6d).

Discussion

Both determining the exact HIV infection time and
obtaining plasma samples from patients with PHI are
challenging. In this study, we identified 54 HIV-infected
patients with well-documented dates of infection and
report comparisons of chemokine and cytokine lev-
els between samples obtained from the same individu-
als pre-HIV infection and during PHI. During PHI, 16
of 30 chemokines exhibited significant changes post-
HIV infection in the same individuals; 12 up-regulated
and four down-regulated. We observed that expression
levels of the CXC-chemokines, CXCL9, CXCL10, and
CXCL11, were dramatically enhanced in plasma, with
substantial percentage changes in their levels during
PHI. These selective proinflammatory chemokines elicit
their biological functions by interacting with a common
receptor, CXCR3, a seven-transmembrane GPCR highly
expressed by activated lymphocytes, such as CD4" T
helper (Th) cells, CD8" cytotoxic T lymphocytes, natural
killer (NK) cells, and DCs [27-29]. We also demonstrate
that CXCL9, CXCL10, and CXCL11 have potential as
novel biomarkers associated with HIV disease progres-
sion. Based on our observations, we propose that the
combination of CXCL9, CXCL10, and CXCL11 during
PHI is a useful biomarker for prediction of HIV disease
progression.

Chemokines are crucial players in regulating lym-
phocyte functions during inflammatory processes [30].
CXCLY9, is also induced by IFN-y in macrophages, impli-
cated in cancer inflammation and viral infections, and
participates in T-cell trafficking, chemotaxis, and activa-
tion [31-38]. In the present study, the percentage change
in plasma CXCL9 was the largest among the chemokines
screened. Although levels of CXCL9 are also elevated
in oral mucosal, intestinal mucosa, semen, and decidual
tissue in vivo and in vitro during HIV infection [39-42],
the mechanism by which CXCL9 becomes elevated is
unclear. HSV induces CXCL9 expression on human
epithelial cells by activating the p38-CCAAT/Enhancer-
Binding Protein- pathway [38], which is a possible
mechanism underlying the change in CXCL9 levels dur-
ing HIV infection. Further, our results show that CXCL9
levels are positively correlated with VL at the sampling
point and that patients with high VL (IgVL>4.5) at the
sampling and set-points had higher CXCL9 levels than
those with IgVL >4.5. Elevated CXCL9 is also associated
with SIV disease progression and decreased phagocytic
activity of mucosal macrophages, which prevents the
elimination of bacterial antigens in the small intestine,
and induces immune activation [39, 42, 43]. Moreover,
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blocking CXCL9 can decrease HIV replication in cervi-
cal tissues [42, 43]. Additionally, Lajoie et al. [44] found
that significantly lower expression of CXCL9 in the geni-
tal mucosa was associated with strong protection against
HIV infection in HIV-exposed seronegative sex workers.
Thus, CXCL9 may be a particularly important factor in
relation to VL after HIV infection. Further, during the
HIV infection entry process, cortical actin is a physiologi-
cal barrier to HIV, and HIV uses gp120-CXCR4 signaling
to active cortical actin and overcome this restriction [45].
Similarly, CXCL9-CXCR3 signaling may also activate
actin to promote HIV entry and post-entry processes,
impacting the pace of disease progression. We speculate
that CXCL9-induced actin-related signaling may explain
its negative function in HIV infection. Moreover, our
results are the first to show that levels of CXCL9 correlate
negatively with CD4" T-cell count at the 1-year-infec-
tion point and we speculate that this may be because, as
CXCL9 levels are positively correlated with VL, and VL
is negatively correlated with CD4" T-cell count [46],
CXCL9 may negatively influence CD4" T-cell count.
Furthermore, a study of adults with HIV in Mozambique
found that, although levels of some factors were up-reg-
ulated during the first month of HIV infection and rap-
idly decreased in the subsequent months, CXCL9 levels
increased and remained high [47]. Thus, the alteration of
CXCL9 in the plasma milieu may be a long-term deter-
minant of CD4% T-cell count.

CXCL10, also known as interferon y-induced protein
10 (IP-10), similar to CXCL9, can be secreted by vari-
ous cells, including monocytes, leukocytes, endothelia,
and epithelia [48], and is up-regulated in numerous
diseases, including hepatitis B, tuberculosis, cancer,
diabetes, and autoimmune disorders [49-53]. Here, we
demonstrated that CXCL10 was elevated during HIV
infection and correlated with VL at the sampling point.
Additionally, we found that CXCL10 could predict VL
at set-point. Some studies have reported that systemic
levels of CXCL10 during PHI are positively associated
with VL and negatively associated with CD4% T-cell
count [22, 54, 55]; however, there have been no previ-
ous reports that CXCL10 levels in plasma during PHI
can predict VL at set-point. CXCL10 is up-regulated
during HIV infection, and may suppress IFN-y secre-
tion and T and NK cell cytotoxicity [55, 56], poten-
tially partially explaining immune system dysfunction
during HIV infection. Cecchinato et al. [57] found that
CXCR3" Th cell migration in response to CXCL10 was
impaired after HIV infection, and could be rescued by
modulating actin polymerization. We speculate that
high levels of CXCL10 cause impaired immune cell
function, leading to high VL.
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CXCL11, also referred to as interferon-inducible
T-cell alpha chemoattractant (I-TAC) and interferon-
gamma-inducible protein 9 (IP-9), is expressed at
high levels in peripheral blood leukocytes, pancreas,
and liver [58]. CXCL11 exhibits the highest affinity
for CXCR3 among its three selective ligands, followed
by CXCL10 and CXCL9 [58]. Our data demonstrate
that CXCL11 is significantly up-regulated during PHI,
positively correlating with CXCL9 and CXCL10, and
negatively associated with CD4" T-cell count at 1-year-
infection point. Furthermore, CXCL11 levels can pre-
dict CD4™" T-cell count, with increased levels detected
in mixed cryoglobulinemia, Graves’ disease, and some
autoimmune diseases [59-61]. Plasma CXCL11 lev-
els have not been reported in HIV, although higher
CXCL11 mRNA levels were observed in monocyte
derived macrophages and dendritic cells which infected
with HIV in vitro [62]. Overall, studies of CXCL11 in
HIV are limited and the exact mechanism underlying
our findings requires further investigation.

As they have a common receptor (CXCR3), CXCL9,
CXCL10, and CXCL11 have generally been stud-
ied together, and studies of combinations of CXCL9,
CXCL10, and CXCL11 in infection, injury, and immu-
noinflammatory responses have been conducted. Levels
of CXCL9 and CXCL10 in lymph nodes are positively
associated with disease progression during SIV infec-
tion [63]. CXCL9, CXCL10, and CXCL11 can regulate
the balance between CD4" effector T-cell subsets and
fork-head box P3 (FOXp3)-negative regulatory T cells
[64]. Pineda-Tenor et al. [65] found that, in HIV/HCV-
co-infected patients, genetic polymorphisms in CXCL9,
CXCL10, and CXCLI11 are associated with sustained
virologic response. Recently, the HIV-1 Nef-induced
IncRNA, AK006025, was shown to regulate expression
of the CXCL9/10/11 gene cluster in mouse astrocytes
[66]; however, plasma levels of CXCL9, CXCL10, and
CXCL11 have not been studied simultaneously in HIV-
infected individuals. Our results demonstrate that a
combined panel of CXCL9, CXCL10, and CXCL11 has
predictive value for HIV disease progression, when
both CD4" T-cell count and VL are considered. Test-
ing for plasma chemokine levels is convenient and sim-
ple; therefore, our model has potential value for clinical
application to predict HIV disease progression.

Conclusion

Our study highlights the roles of CXCL9, CXCL10, and
CXCL11 in viral control and disease progression during
HIV infection. In addition, interactions and dynamic
changes among these three chemokines may provide
important information regarding the mechanisms
underlying their roles during PHI. Overall, our results
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indicate that the combined panel of CXCL9, CXCL10,
and CXCL11 can predict HIV disease progression using
the formula, X=0.007 x CXCL9+0.004 x CXCL10—-0
.033 x CXCL11 — 1.724, and threshold value of 0.5211.

Abbreviations

HIV: human immunodeficiency virus; PHI: primary HIV infection; MSM: men
who have sex with men; VL: viral load; Lg VL: log,q VL; HSV: herpes simplex
virus; SIV: simian immunodeficiency virus; HCV: hepatitis C virus; CXCLO:
C-X-C motif ligand 9; CXCL10: C-X-C motif ligand 10; CXCL11: C-X-C motif
ligand 11; GPCRs: G protein-coupled receptors; CXCR3: C-X-C motif receptor
3; DCs: dendritic cells; Th cells: T helper cells; NK cells: natural killer cells; IP-9:
interferon-gamma-inducible protein 9; IP-10: interferon-gamma-inducible
protein 10; I-TAC: interferon-inducible T-cell alpha chemoattractant; INncRNA:
long non-coding RNA.

Acknowledgements

The authors express their gratitude to the patients who participated in this
study. This report has been edited by native English-speaking medical editors
from the Charlesworth Group (http://charlesworth-group.com), who we thank
profusely.

Authors’ contributions

YJJ and HS designed the experiment, analyzed the data and revised the manu-
script. XWY, ZW, and TW designed and preformed the experiment, analyzed
the data, prepared the figures and wrote the manuscript. MCM, ZXC, QHH,
XXH, JJX and ZNZ participated in the part of experiment and provided the
data and the information of participants. All authors revised the manuscript.
All authors read and approved the final manuscript.

Funding
This work was supported by research grants from Mega Projects of National
Science Research for the 13th Five-Year Plan (20172X10201101).

Availability of data and materials
Authors can confirm that all relevant data and materials are available on
request from the authors.

Ethics approval and consent to participate

The study was reviewed and approved by the local ethics review commit-
tee. All participants provided written informed consent prior to research
participation.

Consent for publication
Not applicable.

Competing interests
The authors declare that there is no competing interests.

Author details

' NHC Key Laboratory of AIDS Immunology (China Medical University), Depart-
ment of Laboratory Medicine, The First Affiliated Hospital of China Medical
University, Shenyang 110001, Liaoning, China. 2 Department of Clinical Labora-
tory, The Second Affiliated Hospital of Soochow University, Suzhou 215004,
Jiangsu, China. ® National Clinical Research Center for Laboratory Medicine,
The First Affiliated Hospital of China Medical University, Shenyang 110001,
China.

Received: 24 September 2019 Accepted: 6 December 2019
Published online: 13 December 2019

References

1. Mellado M, Rodriguez-Frade JM, Vila-Coro AJ, de Ana AM, Martinez AC.
Chemokine control of HIV-1 infection. Nature. 1999;400:723-4.

2. Zlotnik A, Yoshie O. Chemokines: a new classification system and their
role in immunity. Immunity. 2000;12:121-7.


http://charlesworth-group.com

Yin et al. J Trans| Med

20.

21

22.

23.

(2019) 17:417

Griffith JW, Sokol CL, Luster AD. Chemokines and chemokine receptors:
positioning cells for host defense and immunity. Annu Rev Immunol.
2014;32:659-702.

Stone MJ, Hayward JA, Huang C, Huma Z, Sanchez J. Mechanisms of Reg-
ulation of the chemokine-receptor network. Int J Mol Sci. 2017;18:342.
Laing KJ, Secombes CJ. Chemokines. Dev Comp Immunol.
2004;28:443-60.

Beer F, Kuo CH, Morohoshi K, Goodliffe J, Munro P, Aye CC, Dawson M,
Richardson RM, Jones LH, lkeda Y, et al. Role of beta-chemokines in mast
cell activation and type | hypersensitivity reactions in the conjunctiva:

in vivo and in vitro studies. Immunol Rev. 2007;217:96-104.

Choi J, Selmi C, Leung PS, Kenny TP, Roskams T, Gershwin ME. Chemokine
and chemokine receptors in autoimmunity: the case of primary biliary
cholangitis. Expert Rev Clin Immunol. 2016;12:661-72.

Nagarsheth N, Wicha MS, Zou W. Chemokines in the cancer microenvi-
ronment and their relevance in cancer immunotherapy. Nat Rev Immu-
nol. 2017;17:559-72.

Olsen RS, Nijm J, Andersson RE, Dimberg J, Wagsater D. Circulating
inflammatory factors associated with worse long-term prognosis in
colorectal cancer. World J Gastroenterol. 2017;23:6212-9.

Weisheng B, Nezhat CH, Huang GF, Mao YQ, Sidell N, Huang RP. Discover-
ing endometriosis biomarkers with multiplex cytokine arrays. Clin
Proteomics. 2019;16:28.

. Visser ME, Durao S, Sinclair D, Irlam JH, Siegfried N. Micronutrient sup-

plementation in adults with HIV infection. Cochrane Database Syst Rev.
2017;5:CD003650.

Borrow P, Lewicki H, Hahn BH, Shaw GM, Oldstone MB. Virus-specific
CD8+ cytotoxic T-lymphocyte activity associated with control of viremia
in primary human immunodeficiency virus type 1 infection. J Virol.
1994,68:6103-10.

Wilson JD, Ogg GS, Allen RL, Davis C, Shaunak S, Downie J, Dyer W, Work-
man C, Sullivan S, McMichael AJ, Rowland-Jones SL. Direct visualization
of HIV-1-specific cytotoxic T lymphocytes during primary infection. AIDS.
2000;14:225-33.

McMichael AJ, Borrow P, Tomaras GD, Goonetilleke N, Haynes BF. The
immune response during acute HIV-1 infection: clues for vaccine devel-
opment. Nat Rev Immunol. 2010;10:11-23.

Liu Z, Cumberland WG, Hultin LE, Prince HE, Detels R, Giorgi JV. Elevated
CD38 antigen expression on CD8+ T cells is a stronger marker for the risk
of chronic HIV disease progression to AIDS and death in the Multicenter
AIDS Cohort Study than CD4+ cell count, soluble immune activation
markers, or combinations of HLA-DR and CD38 expression. J Acquir
Immune Defic Syndr Hum Retrovirol. 1997;16:83-92.

Deeks SG, Kitchen CM, Liu L, Guo H, Gascon R, Narvaez AB, Hunt P, Martin
JN, Kahn JO, Levy J, et al. Immune activation set point during early HIV
infection predicts subsequent CD44 T-cell changes independent of viral
load. Blood. 2004;104:942-7.

Hunt PW. HIV and inflammation: mechanisms and consequences. Curr
HIV/AIDS Rep. 2012;9:139-47.

Marchetti G, Tincati C, Silvestri G. Microbial translocation in the pathogen-
esis of HIV infection and AIDS. Clin Microbiol Rev. 2013;26:2-18.

Descours B, Petitjean G, Lopez-Zaragoza JL, Bruel T, Raffel R, Psomas C,
Reynes J, Lacabaratz C, Levy Y, Schwartz O, et al. CD32a is a marker of a
CD4 T-cell HIV reservoir harbouring replication-competent proviruses.
Nature. 2017,543:564-7.

Wang Z, Shang H, Jiang Y. Chemokines and chemokine receptors: accom-
plices for human immunodeficiency virus infection and latency. Front
Immunol. 2017;8:1274.

Keating SM, Heitman JW, Wu S, Deng X, Stacey AR, Zahn RC, de la Rosa M,
Finstad SL, Lifson JD, Piatak M Jr, et al. Magnitude and quality of cytokine
and chemokine storm during acute infection distinguish nonprogressive
and progressive simian immunodeficiency virus infections of nonhuman
primates. J Virol. 2016;90:10339-50.

Liovat AS, Rey-Cuille MA, Lecuroux C, Jacquelin B, Girault |, Petitjean G,
Zitoun Y, Venet A, Barre-Sinoussi F, Lebon P, et al. Acute plasma biomark-
ers of T cell activation set-point levels and of disease progression in HIV-1
infection. PLoS ONE. 2012,7:e46143.

Huang X, Liu X, Meyers K, Liu L, SuB,Wang P, Li Z, Li L, Zhang T, Li N, et al.
Cytokine cascade and networks among MSM HIV seroconverters: implica-
tions for early immunotherapy. Sci Rep. 2016;6:36234.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33

34.

35.

36.

37.

38.

39.

40.

42.

43.

Page 13 of 14

Roberts L, Passmore JA, Williamson C, Little F, Bebell LM, Mlisana K,
Burgers WA, van Loggerenberg F, Walzl G, Djoba Siawaya JF, et al. Plasma
cytokine levels during acute HIV-1 infection predict HIV disease progres-
sion. AIDS. 2010,24:819-31.

Chen X, Lin M, Qian S, Zhang Z, FuY, Xu J, Han X, Ding H, Dong T, Shang
H, Jiang Y. The early antibody-dependent cell-mediated cytotoxicity
response is associated with lower viral set point in individuals with
primary HIV infection. Front Immunol. 2018;9:2322.

Fiebig EW, Wright DJ, Rawal BD, Garrett PE, Schumacher RT, Peddada L,
Heldebrant C, Smith R, Conrad A, Kleinman SH, Busch MP. Dynamics of
HIV viremia and antibody seroconversion in plasma donors: implications
for diagnosis and staging of primary HIV infection. AIDS. 2003;17:1871-9.
Muller M, Carter S, Hofer MJ, Campbell IL. Review: the chemokine recep-
tor CXCR3 and its ligands CXCL9, CXCL10 and CXCL11 in neuroimmun-
ity—a tale of conflict and conundrum. Neuropathol Appl Neurobiol.
2010;36:368-87.

Van Raemdonck K, Van den Steen PE, Liekens S, Van Damme J, Struyf

S. CXCR3 ligands in disease and therapy. Cytokine Growth Factor Rev.
2015;26:311-27.

Rabin RL, Park MK, Liao F, Swofford R, Stephany D, Farber JM. Chemokine
receptor responses on T cells are achieved through regulation of both
receptor expression and signaling. J Immunol. 1999;162:3840-50.

Struyf S, Proost P, Van Damme J. Regulation of the immune response

by the interaction of chemokines and proteases. Adv Immunol.
2003;81:1-44.

Farber JM. Mig and IP-10: CXC chemokines that target lymphocytes. J
Leukoc Biol. 1997,61:246-57.

Muthuswamy R, Urban J, Lee JJ, Reinhart TA, Bartlett D, Kalinski P. Ability
of mature dendritic cells to interact with regulatory T cells is imprinted
during maturation. Cancer Res. 2008;68:5972-8.

Smit MJ, Verdijk P, van der Raaij-Helmer EM, Navis M, Hensbergen PJ, Leurs
R, Tensen CP. CXCR3-mediated chemotaxis of human T cells is regulated
by a Gi- and phospholipase C-dependent pathway and not via activation
of MEK/p44/p42 MAPK nor Akt/PI-3 kinase. Blood. 2003;102:1959-65.
Tworek D, Kuna P, Mlynarski W, Gorski P, Pietras T, Antczak A. MIG (CXCL9),
IP-10 (CXCL10) and I-TAC (CXCL11) concentrations after nasal allergen
challenge in patients with allergic rhinitis. Arch Med Sci. 2013;9:849-53.
lkeda A, Aoki N, Kido M, lwamoto S, Nishiura H, Maruoka R, Chiba T, Wata-
nabe N. Progression of autoimmune hepatitis is mediated by IL-18-pro-
ducing dendritic cells and hepatic CXCL9 expression in mice. Hepatology.
2014,60:224-36.

Holt AP, Haughton EL, Lalor PF, Filer A, Buckley CD, Adams DH. Liver
myofibroblasts regulate infiltration and positioning of lymphocytes in
human liver. Gastroenterology. 2009;136:705-14.

Vandercappellen J, Van Damme J, Struyf S. The role of CXC chemokines
and their receptors in cancer. Cancer Lett. 2008,267:226-44.

Huang W, Hu K, Luo S, Zhang M, Li C, Jin W, Liu Y, Griffin GE, Shattock RJ,
Hu Q. Herpes simplex virus type 2 infection of human epithelial cells
induces CXCL9 expression and CD4+ T cell migration via activation

of p38-CCAAT/enhancer-binding protein-beta pathway. J Immunol.
2012;188:6247-57.

Allers K, Fehr M, Conrad K, Epple HJ, Schurmann D, Geelhaar-Karsch A,
Schinnerling K, Moos V, Schneider T. Macrophages accumulate in the gut
mucosa of untreated HIV-infected patients. J Infect Dis. 2014;209:739-48.
Vanpouille C, Introini A, Morris SR, Margolis L, Daar ES, Dube MP, Little

SJ, Smith DM, Lisco A, Gianella S. Distinct cytokine/chemokine network
in semen and blood characterize different stages of HIV infection. AIDS.
2016;30:193-201.

. Pereira NZ, Cardoso EC, Oliveira LM, de Lima JF, Branco AC, Ruocco RM,

Zugaib M, de Oliveira Filho JB, Duarte AJ, Sato MN. Upregulation of innate
antiviral restricting factor expression in the cord blood and decidual tis-
sue of HIV-infected mothers. PLoS ONE. 2013;8:e84917.

Milush JM, Stefano-Cole K, Schmidt K, Durudas A, Pandrea |, Sodora DL.
Mucosal innate immune response associated with a timely humoral
immune response and slower disease progression after oral transmis-
sion of simian immunodeficiency virus to rhesus macaques. J Virol.
2007;81:6175-86.

Macura SL, Lathrop MJ, Gui J, Doncel GF, Asin SN, Rollenhagen C. Blocking
CXCL9 decreases HIV-1 replication and enhances the activity of prophy-
lactic antiretrovirals in human cervical tissues. J Acquir Immune Defic
Syndr. 2016;71:474-82.



Yin et al. J Trans| Med

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

(2019) 17:417

Lajoie J, Juno J, Burgener A, Rahman S, Mogk K, Wachihi C, Mwanjewe

J, Plummer FA, Kimani J, Ball TB, Fowke KR. A distinct cytokine and
chemokine profile at the genital mucosa is associated with HIV-1 protec-
tion among HIV-exposed seronegative commercial sex workers. Mucosal
Immunol. 2012,5:277-87.

Yoder A, Yu D, Dong L, lyer SR, Xu X, Kelly J, Liu J, Wang W, Vorster

PJ, Agulto L, et al. HIV envelope-CXCR4 signaling activates cofilin

to overcome cortical actin restriction in resting CD4 T cells. Cell.
2008;134:782-92.

Cassenote AJF, Grangeiro A, Escuder MM, Abe JM, Segurado AAC. Valida-
tion of CD4(+4) T-cell and viral load data from the HIV-Brazil Cohort Study
using secondary system data. BMC Infect Dis. 2018;18:617.

Pastor L, Urrea V, Carrillo J, Parker E, Fuente-Soro L, Jairoce C, Man-
domando |, Naniche D, Blanco J. Dynamics of CD4 and CD8 T-Cell subsets
and inflammatory biomarkers during early and chronic HIV infection in
mozambican adults. Front Immunol. 1925;2017:8.

Romagnani P, Crescioli C. CXCL10: a candidate biomarker in transplanta-
tion. Clin Chim Acta. 2012;413:1364-73.

You E, Kim MH, Lee WI, Kang SY. Evaluation of IL-2, IL-10, IL-17 and IP-10 as
potent discriminative markers for active tuberculosis among pulmonary
tuberculosis suspects. Tuberculosis. 2016;99:100-8.

Cornberg M, Wiegand SB. Importance of IP-10 in hepatitis B. Antivir Ther.
2016;21:93-6.

Lunardi S, Lim SY, Muschel RJ, Brunner TB. IP-10/CXCL10 attracts
regulatory T cells: implication for pancreatic cancer. Oncoimmunology.
2015;4:21027473.

Antonelli A, Ferrari SM, Corrado A, Ferrannini E, Fallahi P. CXCR3, CXCL10
and type 1 diabetes. Cytokine Growth Factor Rev. 2014,25:57-65.

Singh UP, Singh NP, Guan H, Hegde VL, Price RL, Taub DD, Mishra MK,
Nagarkatti M, Nagarkatti PS. The severity of experimental autoimmune
cystitis can be ameliorated by anti-CXCL10 Ab treatment. PLoS ONE.
2013;8:¢79751.

Ploquin MJ, Madec Y, Casrouge A, Huot N, Passaes C, Lecuroux C, Essat

A, Boufassa F, Jacquelin B, Jochems SP, et al. Elevated basal pre-infection
CXCL10in plasma and in the small intestine after infection are associated
with more rapid HIV/SIV disease onset. PLoS Pathog. 2016;12:e1005774.
Ramirez LA, Arango TA, Thompson E, Naji M, Tebas P, Boyer JD. High IP-10
levels decrease T cell function in HIV-1-infected individuals on ART. J
Leukoc Biol. 2014;96:1055-63.

Wang Z, Wu T, Ma M, Zhang Z, FuY, Liu J, Xu J, Ding H, Han X, Chu Z,

et al. Elevated interferon-gamma-induced protein 10 and its recep-

tor CXCR3 impair NK cell function during HIV infection. J Leukoc Biol.
2017;102:163-70.

CecchinatoV, Bernasconi E, Speck RF, Proietti M, Sauermann U, D'’Agostino
G, Danelon G, Rezzonico Jost T, Grassi F, Raeli L, et al. Impairment of
CCR6+ and CXCR3+ Th cell migration in HIV-1 infection is rescued by
modulating actin polymerization. J Immunol. 2017;198:184-95.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Page 14 of 14

Cole KE, Strick CA, Paradis TJ, Ogborne KT, Loetscher M, Gladue RP, Lin W,
Boyd JG, Moser B, Wood DE, et al. Interferon-inducible T cell alpha chem-
oattractant (I-TAC): a novel non-ELR CXC chemokine with potent activity
on activated T cells through selective high affinity binding to CXCR3.J
Exp Med. 1998;187:2009-21.

Antonelli A, Fallahi P, Ferrari SM, Corrado A, Sebastiani M, Giuggioli D,
Miccoli M, Zignego AL, Sansonno D, Marchi S, Ferri C. Parallel increase

of circulating CXCL11 and CXCL10 in mixed cryoglobulinemia, while

the proinflammatory cytokine IL-6 is associated with high serum Th2
chemokine CCL2. Clin Rheumatol. 2013,32:1147-54.

Antonelli A, Ferrari SM, Corrado A, Ferrannini E, Fallahi P. Increase of
interferon-gamma inducible CXCL9 and CXCL11 serum levels in patients
with active Graves'disease and modulation by methimazole therapy.
Thyroid. 2013;23:1461-9.

Antonelli A, Fallahi P, Ferrari SM, Sebastiani M, Manfredi A, Mazzi V, Fabiani
S, Centanni M, Marchi S, Ferri C. Circulating CXCL11 and CXCL10 are
increased in hepatitis C-associated cryoglobulinemia in the presence of
autoimmune thyroiditis. Mod Rheumatol. 2012;22:659-67.

Foley JF, Yu CR, Solow R, Yacobucci M, Peden KW, Farber JM. Roles for CXC
chemokine ligands 10 and 11 in recruiting CD4+ T cells to HIV-1-infected
monocyte-derived macrophages, dendritic cells, and lymph nodes. J
Immunol. 2005;174:4892-900.

Durudas A, Milush JM, Chen HL, Engram JC, Silvestri G, Sodora DL.
Elevated levels of innate immune modulators in lymph nodes and blood
are associated with more-rapid disease progression in simian immunode-
ficiency virus-infected monkeys. J Virol. 2009;83:12229-40.

Karin N, Wildbaum G. The role of chemokines in adjusting the balance
between CD4+ effector T cell subsets and FOXp3-negative regulatory T
cells. Int Immunopharmacol. 2015;28:829-35.

Pineda-Tenor D, Berenguer J, Jimenez-Sousa MA, Guzman-Fulgencio M,
Aldamiz-Echevarria T, Carrero A, Garcia-Alvarez M, Diez C, Tejerina F, Briz V,
Resino S. CXCLY, CXCL10 and CXCL11 polymorphisms are associated with
sustained virologic response in HIV/HCV-coinfected patients. J Clin Virol.
2014;61:423-9.

Zhou F, Liu X, Zuo D, Xue M, Gao L, Yang Y, Wang J, Niu L, Cao Q, Li X, et al.
HIV-1 Nef-induced IncRNA AK006025 regulates CXCL9/10/11 cluster gene
expression in astrocytes through interaction with CBP/P300. J Neuroin-
flamm. 2018;15:303.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	The combination of CXCL9, CXCL10 and CXCL11 levels during primary HIV infection predicts HIV disease progression
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Study participants
	Detection of CD4+ T-cell count and HIV viral load (VL)
	Plasma chemokinecytokine detection
	Statistical analysis

	Results
	Study participants
	CXCL9, CXCL10, and CXCL11 were the most prominently raised of 16 chemokines with altered levels during PHI relative to pre-HIV infection
	Levels of CXCL9, CXCL10, or CXCL11 were associated with CD4+ T-cell count and VL
	Dynamic changes in CXCL9, CXCL10, and CXCL11 during PHI
	The combination of CXCL9, CXCL10, and CXCL11 represents a key biomarker for predicting HIV disease progression

	Discussion
	Conclusion
	Acknowledgements
	References




